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Abstract

In this work, we assess the accuracy of the unresolved CFD-DEM method by
confronting simulated and experimental results of a pilot-scale cylindrical liquid-
solid fluidized bed. We used two types of particles with significantly different
densities (1029 and 3586 kgm™—2), allowing for testing a wide range of flow
regimes. Comparisons between experimental and simulated particles’ dynamics
show that the Saffman lift force is essential in predicting the physical dispersion
of particles, preventing unphysical plumes. Simulations precisely reproduced the
overall force balance in the system. The bed expansion as a function of the inlet
velocity results show excellent agreement between simulations and experiments.
High agreement between experiments and simulations is observed for the drag
models proposed by Di Felice, Rong, and Beetstra but not for Gidaspow. The
results validate the use of unresolved CFD-DEM to simulate the liquid-solid
fluidized bed.

Keywords: Liquid-solid fluidized bed (LSFB), Unresolved CFD-DEM,
FEM-DEM, Multiphase flow.

1. Introduction

Liquid-solids fluidized beds (LSFB) are applied in a wide range of unit oper-
ations, including heterogeneous reactions, crystallization, and classification [I].
Its advantages compared to fixed beds include the agitation of particles and
the possibility of increasing operational flow rates (way above the minimum
fluidization velocity) at a constant pressure drop. Together, the agitation of
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particles and high flow rates increase the heat and/or mass transfer between
phases, implying, for example, better temperature control and higher conver-
sion. Additionally, LSFB tend to form well-dispersed beds, which, together with
the high degree of agitation, preserve the uniformity of products.

The design of LSFB relies mainly on empirical correlations with little or
no phenomenological background. For example, one popular correlation in the
design of LSFB is the Richardson-Zaki equation (R-Z) [2]:

v,
%:Ef (1)

where U is the fluid inlet velocity, Uy is the free settling terminal velocity of
the particles, &y is the fluid (void) fraction in the bed of particles, and n is an
empirical parameter of the equation [2]. The R-Z equation predicts the global
porosity of the bed, given the characteristics of both flow and particles. However,
the precision of predictions is closely dependent on n and Uy, determined by
correlations in the literature (e.g., 3, 4, 5 or experimental efforts, both limited
to a given range of application. Additionally, the correlation does not predict
bed dispersion, preferential path generation, or other localized phenomena. This
lack of predictability restricts the applicability of LSFB.

In this sense, Computational Fluid Dynamics (CFD) plays an essential role
in understanding such particle-fluid flows. The Volume-Averaged Navier-Stokes
(VANS) equations [6] can be numerically solved to provide detailed descriptions
of multiphase flows. Authors such as Gidaspow [7] used this concept to model
both solid and fluid phases as continuums. This technique is called the Two-
Fluid Model (TFM) and has been applied by many authors since then (e.g., 8|
9, 10, 111 12]). The main disadvantage of this technique is that the solid phase is
modeled as a continuous phase, in which all particles’ movement and interactions
are represented by spatial averages. Consequently, it does not evaluate particles’
individual behavior.

Alternatively, the unresolved coupling between CFD and the Discrete El-
ements Method (CFD-DEM) [13] 14, 5] describes the solid phase with sig-
nificantly more details. This is because the DEM [I6], [I7] models the motion
of the solid phase at the scale of individual particles. This means that each
particle has its own movement described by Newton’s second law, individually
accounting for the collisional, non-collisional (such as gravity), and other forces.
In the unresolved CFD-DEM coupling, the mesh elements are larger than par-
ticles (preferably three to four times the size of particles) [I§], and the fluid
properties are described as volume averages within averaging volume (generally
mesh elements). The use of volume-averaged properties to describe the fluid
and its coupling with a very detailed description of the particle dynamics is key
to obtaining accurate results at a reasonable computational cost.

Several authors applied unresolved CFD-DEM [19], 20, (14}, 2T], 22}, 23], [24], 25,
20] to simulate different particle-liquid systems. These studies present promis-
ing results, showing that the technique has great potential for these systems.
For example, Di Renzo and Di Maio [19] report realistic homogeneity in glass
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beads fluidized by water simulation using unresolved CFD-DEM. They also ob-
tained good agreement between the fluid velocity and estimation of the velocity
propagation for the transient bed expansion.

One significant challenge is the choice of models for the solid-fluid interac-
tion. In the unresolved CFD-DEM approach, we use correlations to represent
drag, lift, (Basset) history, and virtual mass forces. The accuracy of the simu-
lations depends on the accuracy of these correlations. Nijssen et al. [24] showed
that forces other than drag can have a non-negligible impact on particles’ dy-
namics of a liquid-solid fluidized bed simulated using unresolved CFD-DEM.
In their case, the solids mixing was 20% slower due to the damping caused by
the dissipation forces. Nevertheless, the lack of experimental techniques with
enough resolution to accurately measure each force separately reduces the relia-
bility of such correlations. That is an important reason why works using VANS
frequently neglect forces other than drag. Another reason for the simplification
is that most works using unresolved CFD-DEM involve gas-solid systems. In
these systems, drag generally dominates other forces. Nonetheless, for liquid-
solid systems, this assumption is debatable [27, [24].

Although significant results have been reported for solid-liquid systems, only
a few liquid-solid fluidized bed studies comparing experiments and unresolved
CFD-DEM simulations are found in the literature [28] [26]. The present research
aims to validate the unresolved CFD-DEM method on the simulation of LSFB
using FEM. To do so, we confront simulation results with experiments of a pilot-
scale cylindrical liquid-solid fluidized bed. The experiments were carried out for
alginate and alumina particles, chosen because of their density difference (1029
and 3586 kgm 3, respectively), which allowed for the study of a wide range of
fluidization regimes. First, we discuss the importance of the Saffman lift force
and the smoothing of the void fraction field on the dispersion of particles and
flow pattern. After this, we investigate how different mesh topologies may affect
this result. Then, we assess the accuracy of the simulation predictions through
pressure drop and bed expansion results. Finally, we vary drag force correlations
and compare them to experimental results to assess the impact of each aspect
on the accuracy of the simulations.

2. CFD-DEM Formulation

The present section briefly describes the equations used within the unre-
solved CFD-DEM model. For a more detailed description, the authors refer the
reader to Zhou et al. [I3], Bérard et al. [I5], and Gidaspow [7] for the VANS
equations, and to Zhu et al. [I6], Blais et al. [29], and Golshan et al. [I7] for the
DEM modeling.

The simulations were carried out using Lethe [30, 17, 1], an open-source
CFD and DEM software with resolved and unresolved CFD-DEM coupling ca-
pabilities. We refer the reader to Geitani et al. [311, [82] for further details about
the numerical strategies, including derivation of the weak form of VANS equa-
tions, stabilization strategies, and void fraction smoothing.
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2.1. Solid phase modeling

In the DEM approach, we apply Newtons second law of motion on each mov-
ing particle to calculate both its linear and tangential momentum, respectively
represented by Equations [2 and

N, N,
d’Ui d L
mlﬁ = Z (.fc,ij) + Z (fnc,ij) + fpfﬂ' —+ fg,i (2)
=15+ jisi
dwi No
Ligr = > (Mg + M.;) (3)
e

where the subscripts 4 refer to the i*" particle interacting with the j%" particle,
N, is the number of particles, v represents the velocity of the particle, f. the
contact forces, fn. the non-contact forces, f,; the gravity force and f,¢ the sum
of forces exerted over particles by the fluid phase, while M; and M, are the
tangential and rolling friction torques. In this work, the non-contact forces are
neglected due to their small magnitude compared with the contact and coupling
forces.

We modeled the collisions using the soft-sphere collision model proposed by
Cundall and Strack [33]. In Equation (2), the contact forces can be decomposed
in normal (fecn;) and tangential (fe.:;;) contact forces, such that:

Jeij = Fenij + Fetij = —FnijOn,ij — VtijOn,ij — Kt,ijOt.ij — Ve,i50t.i5 (4)
tJ s stJ 45 On.ij 145 Onyij 17 O] 1§ O,

in which the subscript n and ¢ refer to normal and tangential directions, respec-
tively. The overlap (9) and its derivative with respect to time (9) are both used
to calculate the contact forces. In Equation , the tangential overlap (d; ;) is

limited by Coulomb’s law, written as:

i )

Orij < —ts,ij | fen,ijl
|0n,i5

For both normal and tangential directions, k and - are the stiffness and the
damping coefficients of the colliding pair, calculated based on the mechanical
properties of the particles, which are the effective Young’s Modulus (Y), the
coefficient of restitution (e) and Poisson ratio (v). Table [I| summarizes the
Equations for stiffness and damping calculation.

Using fen,i; and fe 5, the tangential and rolling friction torques (M ;; and
M, ;;, respectively) can be calculated by:

M i =i X (fet,ij) (6)
Wi i %
M, i = —pirij | Fet 5] mRij (7)
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Table 1: DEM equations

Property Equation

Radius of particle i R;

Distance between i and contact point T

Equivalent mass ml = ,,}L ,%
ij i 3J

Equivalent radius L=1+1
q Rij R; . R_;

. 5 1 1= V Yj
Equivalent Young’s modulus Ve T W MR
2 " — Vs

Equivalent shear modulus Gl* = 2(2+VG)(1 E ) + 2(2+V”G3F1 v)

ij i J

Normal stiffness knij = ng; R};00 i5

Tangential stiffness kij = 8G7;\/R;;0n,ij

Normal damping Yn,ij = — 5 — 1 - \/7771
n,1) \/m n,t) 17

in(e)

Tangential damping Veij = \/7 \/m\/ t,i5 110

where the coefficient of rolling friction (u,i;) and the equivalent radius (R};)
are calculated by the Equations in Table [I]

In this work, we consider large particles (d, > 1 mm), and we can neglect the
non-contact forces f,. ; since they are small compared to the contact f.;; and
particle-fluid forces f,r ;. The source of the latter is the interaction between the
liquid and the solid particles, which is calculated by:

fpf,z‘ = fd,i + .pr,i + fv__’_’i + fAr,i + fz” (8)

for particle 7, where f;; represents the drag, fv, ; is the force due to the pressure
gradient, fy.r; is the force due to the shear stress with the fluid, and f/
stands for the rest of forces less frequently considered due to their magnitude,
represented by:

fi' = fom,i + fBi + Fagi + Fsatt,i ©)

where the terms of f/’ represent virtual mass, Saffman lift, Magnus lift, and
the Basset forces, respectively. In the present work, we evaluated the influence
of the Saffman lift force in the LSFB. Magnus lift, Basset, and virtual mass
forces were also neglected due to the same assumptions used by Di Renzo and
Di Maio [19], namely that it is not possible to extrapolate the expression for
these forces, which were mathematically derived assuming very dilute systems,
to a highly concentrated contact-driven system. The remaining terms of Eq.

are described in Section 2.3

2.2. Liquid phase modeling

The equations for fluid-particle systems were first developed considering the
two-fluid model, which assumes two continuous phases. The idea is that each
phase has a fraction of the cell properties proportional to the volume it occupies.
In this sense, the Navier-Stokes equations represent not only the fluid phase
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but a volume average of the mixture. The Volume-Averaged Navier-Stokes
Equations are used in TFM and unresolved CFD-DEM to represent the fluid
phase.

The VANS equations can be expressed in two forms as described by Zhou
et al. [13], referred to as model A and B (Sets II and I, respectively), to represent
the fluid phase. In both forms, the continuity equation for an incompressible
flow is written as:

0

gjuv-(afu):o (10)
where u is the fluid velocity vector, and e is the void (fluid volume) fraction,
calculated by:

Np.c
Np.oy
€f=1—M:1—€p (11)

where N, ¢ is the number of particles inside the cell Q¢ with volume AVq,,
The difference between models A and B comes from the way we represent

pressure and shear stress. In model A, both terms are assumed to be in both

fluid and solid phases, which makes the momentum equation takes the form of:

Oesu
pf [ 61:5 +V'(6fu®u)] = —stp+6fV~T—Fp“}» (12)

where T is the viscous shear stress tensor, and sz} is the fluid-particle momen-
tum exchange (source) term for model A:
N, Np.c
1 p, 1 ’

Fy;= AVq,, Z (fai+ f]) = AVon Z (fofi — fvp — fvr — far) (13)

9

where the index N, ¢ stands for the number of particles inside the cell ¢ in
which the averaging is applied. On the other hand, in model B, the pressure
and shear stress are entirely in the fluid phase. This way, we can write the
momentum equation for model B as:

8€fu
ot

+V-(sfu®u)]_—Vp+V-T—F£c (14)

where FpBJ’c is the interaction term for model B, written as:

N
1 p,c
B __ . "
pr - AVQC Ei , .fpf,l + fi (15)

The shear stress tensor is expressed as:

T:,u{(V-U)-F(V-u)T—z(v'un] (16)

where p is the dynamic viscosity and I is the identity matrix.
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2.8. Interphase momentum transfer modeling

The interphase momentum coupling between numerical solutions for the two
phases is done through the interphase momentum exchange term Fp,r. The
components of this term are represented in what follows.

2.8.1. Pressure and buoyancy forces

Pressure and buoyancy (or Archimedes) forces are treated separately in the
present work. As explained in Section [2.2] in Lethe the fluid pressure gradient
Vp does not account for the hydrostatlc pressure. This means that the force
due to the pressure gradient takes into account only the undisturbed pressure.
As a consequence, the buoyancy force needs to be explicitly applied in Eq. .
The expressions that represent the pressure gradient and buoyancy forces are,
respectively:

Jop,i=Vp,iVp (17)

fAr,i = Vp,ipfg (18)

where V), ; is the volume of the particle 4, py is the density of the fluid, p stands
for dynamic pressure, g is the gravity acceleration vector.

2.8.2. Shear force
The force due to the fluid viscous shear stress is:

Jvri=Vp: V-1 (19)

2.8.3. Drag force

Drag stands for the friction between a body and the surrounding fluid. In
fluidization, drag and buoyancy counterbalance gravity, lifting and holding par-
ticles up in the fluidized state. Drag is defined as:

Nyp.c

Fd*Zfdz*ZBz - z (20)

In unresolved CFD-DEM, since the fluid is described at a mesoscale, drag
is conveniently defined as a function of a coefficient (;, usually referred to as
the ”interphase momentum transfer coefﬁcient” However, thib is only true for
model A because, in the absence of f!’, F, pf = Fy (see Eq. )

Several authors tried to determine f3; for particle-fluid systems. Gidaspow
[7] developed a correlation based on Ergun [34] and Wen and Yu [35] equations
for the pressure drop in particle-fluid flows. Considering perfectly spherical
particles:

(—ep)’p prlu—vil(1—ey)
ﬁi:{mo ot + 175t 2dlss) for ep < 0.8 (1)

3C’ 7”(1 eluvil gy er>0.8



where Cp ; is the drag coefficient for a single particle, calculated by:

24 0.687
Cps = | Feur (1 +0.15Re,; ) , for Re,, ; < 1000 (22)
’ Cp,; = 0.44, for Re,,; > 1000
where the Reynolds number of the particles Re,, ; is:
Repi = erpslu—wildy/p (23)

Following a similar approach, other authors proposed correlations for ;
mainly finding a function G(ey) that represents the ratio between the drag
coeflicient C'p ; and drag coeflicient for a single isolated particle Cpg:

Cp,i
CDO = G(Efv Rep7i) (24)
In this approach, j3; is:
1 7Td]20
Bi = 5Cpo—"py lu —vi| G(ep. Rey,) (25)

Di Felice [36] and Rong et al. [37] proposed a correlations for G(ey, Rey ;)
based on Cpg proposed by DallaValle [38]:

2
4.8
Cpo = (0.63+ —— 26

The correlation proposed by Di Felice for G(e¢, Rey ;) is:

2—{3.7—0.656%1}[—%} }
G(ef,Repi) = ¢ (27)

This equation assumes the strong hypothesis that the exponent is a function
only of Re, and not of 5. As shown by several authors [39, 40} 411, 42, [37], this
hypothesis leads to errors in the estimation of drag. The Rong correlation is
similar to Di Felice but tries to account for the effect of the void fraction on the
exponent, written as:

2— {2.65(5f +1)—(543—3.55f)5?ea:p [— W} }
G(er,Rep; ) = £f (28)

An alternative approach was used by Beetstra et al. [41]. It determines a
normalized drag force F(e¢,Rep ;) by correcting the drag force using the Stokes-
Einstein drag (3md,u), the latter representing the drag experienced by a single
isolated particle (¢ — 1) in the limit of Re,; — 0:

Fy

F(er,Repi) = m
D [

(29)
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The authors proposed correlations for both mono and poly-dispersed beds.
The correlation for mono-dispersed flows is:

10(1 —¢
F<EfaRep7i) = % + 52 (1 + 155?5)
f
- 30
0.413Re,; | (1/e5) +3ep (1 —f) + 8.4Rep7?'343 (30)
24e} |+ 1030 Re, (A<

2.8.4. Saffman lift force

The lift force can be separated into two components, usually referred to as
Saffman and Magnus. Both forces act perpendicular to the relative velocity
between phases, but the first happens due to the gradient of the fluid velocity
field along the particle, and the latter is caused by the particles’ rotation [43].
Since the rotation of the particles is dissipated by the presence of water and
collisions in the LSFB, the Magnus force was neglected in the present work.

The Saffman component of the lift forces acting over a particle ¢ can be
represented by combining the correlation proposed by Saffman [44] [45] and the
lift coefficient proposed by Mei [46], usually referred to as Saffman-Mei lift force
model, and is calculated by:

Fsatti = 1.161Csam id2 (10p) Y% weil ™ [(u — vi) X we,y] (31)

where the vorticity w,; corresponds to the curl of the vector field, calculated
as:
wei=VXu (32)

In equation , Cgsagr,; is the Saffman lift coeflicient, calculated by:

—0. 1/2 (ﬂ) ' 1/2 <
Coutt i = (1 —0.3314a"/2) exp ( —g2* ) +0.3314a'/2, for Re,; < 40 (33)
0'0524(alRep,i)1/2, for Rep,i > 40
where o is: .
P
@ 2\u—vz| |wb7l| (3 )

3. Fluidized Bed Experiment

In the present section, we describe the materials and experimental setup
used in the validation campaign.

3.1. Particles

We used two groups of particles in this work: alginate and alumina. The
alumina particles were used as received. We synthesized the alginate particles
by dropping a 20 g L=! sodium alginate solution (Fisher Chemical) impregnated
with titanium dioxide powder (mass ratio 25:2) into a 15 g L™ barium chloride
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solution. The sodium alginate gelifies when in contact with the barium chlo-
ride, forming barium alginate particles. We added titanium dioxide powder to
increase the weight of the particles, making them heavier than water. We refer
the reader to works by Lopes et al. [47] and Melo et al. [48] for more reference
on manufacturing these particles.

We characterized both groups of particles in density, diameter, and termi-
nal settling velocity. The diameter of the particles was measured by capturing
images with 20 random samples and processing the images using the image
processing library called OpenCV [49]. The software was calibrated using Acry-
lonitrile Butadiene Styrene (ABS) commercial particles (d, = 5.95 £ 0.01 mm)
as reference. We maintained the distance between the camera and the parti-
cles for all samples. In this work, we considered the diameter of all particles
equivalent to the superficial diameter of the set of 20 samples.

To measure the particles’ apparent densities, we applied the pycnometry
method using a 25 mL pycnometer and distilled water as reference fluid. Since
the alginate particles present a high water content and alumina is a porous
material, we measured their densities after soaking them in water for at least
24 hours.

For the terminal settling velocity, we tracked the falling trajectory of ten
particles inside a 20 cm wide 1 m height square-based tank using a high-speed
camera (correlation DSC-RX100 M, brand Sony) at 960 frames per second. We
used the open-source image processing software Tracker [50] to measure their
velocities.

The particles’ samples were weighed before every fluidization experiment.
For all experiments with alginate, the total weight of the particles was 1.1 kg,
and for the alumina, 4.0 kg.

The characterization results are presented in Table

Table 2: Summary of particles’ characterization results.

Characteristic Alginate Alumina
Total mass (M,) 1.1 kg 4.0 kg
Density (pp) 1029 + 1 kgm—3 3586 &+ 10 kgm™3
Diameter (dp) 2.66 + 0.10 mm 3.09 £ 0.16 mm

Terminal settling velocity (Up) 3.03 £ 0.01 cms™!  48.02 & 0.02 cms™?

3.2. Fluidization experiments

We used water as the fluid in all fluidization experiments. The experimental
setup consists of a 1 m height, 10 cm diameter cylindrical fluidized bed column.
A schematic representation of the experimental setup is presented in Figure [Th.

We used Arduino-based sensors in all experimental measurements. Since
we conducted the experiments using two different ranges of inlet flow rates, we
applied different Hall effect flow rate sensors according to the particles: for the
experiments with alginate particles, we used the YF-S201 (1 30 L min~'); while
for the alumina we used the YF-G1 (2 100 Lmin~'). The Arduino system

10
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Figure 1: Schematic representation of a) the equipment and b) the laser apparatus used for
bed height measurement.

registered the instantaneous inlet flow rate and calculated the time average
during the experiments. The inlet conditions of the experiments are described
in Table

Table 3: Summary of fluidization experiments inlet conditions.

Fluid inlet condition Alginate Alumina
Number of inlet flow rates 7 8

Flow rate range 2-5Lmin~" 40-75 Lmin~!
Inlet Reynolds number range 498 - 1244 9954 - 18664
Range of U/Uj 0.14 - 0.35 0.18 - 0.33

We used an analogic Negative Temperature Coefficient (NTC) thermistor
to monitor the water temperature. The average temperature among the ex-
periments was 30 °C. We used this value to estimate the water’s density and
viscosity in the simulations.

8.2.1. Pressure drop
In the fluidization regime, the total pressure drop along the bed height, —Ap
is constant, regardless of the inlet flow rate [5]. It can be calculated using the
following equation:
Ap— M, (pp — pr) g
ppAb
where M, is the total mass of the particles inside the bed and A is the cross-

section area of the equipment. The total pressure drop for the alginate particles
is 41.64 Pa, and for the alumina, it is 3608.55 Pa.

(35)

11
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3.2.2. Bed porosity

The fluidized bed porosity £y is a convenient way of representing the bed
expansion since it is dimensionless, and both quantities have a direct relation.
To determine the experimental bed expansion, we measure the bed porosity
using two techniques, depending on the particles’ characteristics.

For the alginate particle, we measure the porosity using a direct measurement
of the bed height since the top of the bed is calm and flat. We used a laser
apparatus comprising a semi-circular platform holding a 5 V laser diode, a
Light Dependent Resistor light sensor (LDR), and an Arduino microcontroller.
The platform is free to move along the equipment’s height and keeps the laser
beam pointing to the LDR. The microcontroller registers the signal returned by
the LDR and calculates the moving average of this value at 15-second intervals.
Figure [Ipb shows a picture of the laser apparatus.

During the fluidization experiments, we measured the bed height by po-
sitioning the laser apparatus at the height where the moving average of the
analog signal is within a threshold value +10% and measured the laser height.
The threshold value corresponds to the average between the LDR analog signal
measured at a particle-free zone and an utterly interrupted beam.

With the experimental bed height, we calculated £ using:

M
Fe—1— p
o (PpAbe> (36)

Since the alumina particles are heavier and tend to form a more unstable
bed top, the laser technique could not be applied. Instead, we measured the
bed expansion using the differential pressure profile along the bed height. As
shown in Figure [Tk, pressure outlets are positioned along the height of the bed,
and we measured the differential pressure to each point. With the differential
pressure (—Ap) and the height of each pressure outlet (Az), we found the slope
of the differential pressure curve along the bed height (—dp/dz) and calculated
the bed porosity using the following relation [5]:

For comparison reasons, we estimated the bed porosity using R-Z (Equation
1)). The index n was calculated using the correlation proposed by [3]. To
evaluate the fitting between the estimated and simulated results with respect
to the experiments, we apply the root-mean-squared error (RMSE), calculated
by:

(37)

N
1
RMSE = | + Z (] = Yeap)” (38)

where N is the number of inlet conditions (i.e., 7 for the alginate and 8 for
the alumina particles), y} is the estimated or simulated result, and yeyp; is
the experimental result. The RMSE is especially useful for such analysis for

12
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highlighting outliers, which can be helpful in cases where the results are close
to each other.

4. Simulation Setup

The simulations were carried out on Lethe [30 17, BT} [32], a Finite Elements
Method (FEM) open-source software with CFD, DEM, and CFD-DEM coupling
capabilities. We used the setup described in Table [f] as a benchmark for all
simulations. Unless mentioned, the parameters are the same for all simulations.

Table 4: Simulation parameters.

Parameter Alginate Alumina
Total real-time 35s 20s
Time integration method BDF1 BDF1
CFD time-step and coupling interval (Atcrp) 0.001s 0.001s
DEM time-step (Atpgrar) 0.00001s 0.00001s
Output time-step (Atpgar) 0.25s 0.10s
Diameter of the cylinder (Dy) 10 cm 10 cm
Height of the cylinder (Hp) 1.10m 1.10m
Mesh (n, X ng x n) 6 x 16 x 132 6 x 16 x 132
Liquid density (py) 996.78 kg m 3 996.78 kg m 3
Liquid dynamic viscosity () 8.352 x 10~*Pas 8.352 x 10~ Pas
Number of particles (V) 107960 72400
Diameter of the particles (d,) 2.66 mm 3.09mm
Density of the particles (pp) 1029 kgm—3 3586 kg m—3
Young’s modulus (V) 10 MPa 10 MPa
Coefficient of restitution (e) 0.9 0.9
Poisson ratio (v) 0.3 0.3
Coefficient of rolling friction (u.) 0.2 0.2
Coeficient of sliding friction (p ) 0.1 0.1
VANS model type A A

Void fraction calculation scheme PCM PCM
Void fraction smoothing length 2.0 x dp 2.0 x d,
Boundary conditions at the walls free slip free slip
Drag model Rong et al. [37] Rong et al.[37]
Gravity (g) 9.81ms~?2 9.81ms~?2

The DEM and CFD time steps were selected such that one CFD time step
occurred every 100 DEM time steps. The coupling time step was equal to
the CFD time step for all simulations. We applied the first-order Backward
Differentiation (BDF1) method for the time-stepping. Lethe addresses turbu-
lence implicitly by applying an implicit Large Eddy Simulation (LES) approach,
demonstrating high accuracy in describing turbulent systems [31], [51].

Apart from the number of particles (N,), density (p,), and diameter(d,,), we
used the same DEM parameters for both alumina and alginate particles. The
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collisional properties, such as Young’s modulus and coefficient of restitution,

were kept the same for both walls and particles.

Figure [2]is a schematic representation of the mesh and initial packing used
in the simulations. Details about the mesh refinement are provided in Table [4]
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Figure 2: Schematic representation of the mesh and initial packing of particles (units in
meters).

As presented in Figure [2] the inlet portion corresponds to a 10 cm height
flow calming region. This region without particles helps stabilize the flow below
the bed of particles.

The precise calculation of the void fraction is key to obtaining good simula-
tion results. To achieve such precision, the ratio between the size of cells and
particles should be high enough so that the void fraction values are represen-
tative. One popular way to represent this ratio is using the ratio between the
characteristic length of the cells (S.) and the diameter of the particles. The
characteristic length of the cells is calculated based on the cells’ volume (V) as:

Se=V}M3 (39)

Since the domain is cylindrical, the mesh elements are not all of the same
sizes. This implies a variation in S./d, within the domain. Figure |3|shows the
distribution of S./d, with the cross-section of the domain for both particles.

We applied the PCM void fraction scheme for the void fraction calculation.
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Figure 3: S./dp for (a) alginate and (b) alumina particles.

To avoid sharp discontinuities and enhance numerical stability, we smoothed
the void fraction for a length 2 times the diameter of the particles. This is done
by adding fQ L2V ;Vp;dQ to the left-hand side of the £? projection equation
for the void fraction, resulting in the following;:

/ pics ;A + / L*Vp;Vp;dQ = / £5,ipidS (40)
Q Q Q

where ay is the projected void fraction, L is the smoothing length, €2 is the
domain in which the equation is being resolved (CFD cell), and ¢ is the basis
(hat) function. We refer the reader to the article by Geitani et al. [32] for details
about the smoothing strategy and its effect on numerical stability.

Initially, all simulations start with the particles completely static and sed-
imented. The inlet velocity is imposed at t = 0, and after some time, the
fluidized bed reaches a pseudo-steady state. To find when the pseudo-steady
state is reached, we calculated the instantaneous porosity of the bed at each
output time-step. We considered that the pseudo-steady state was reached
when the instantaneous porosities stabilizes around the average among the last
5 seconds of the simulation. For the alginate and the alumina particles, it was
reached at around 10 and 4 seconds in real-time, respectively. To guarantee that
all results were captured in the pseudo-steady state and are not influenced by
the initial bed expansion, all the comparisons with the experimental results are
made 5 seconds after the moment when the pseudo-steady state was reached.
We present the porosity results as a function of the ratio between the fluid inlet
velocity and the terminal velocity of the particles (U/Up) so that the results
follow the shape of Equation
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5. Results and Discussion

The main objective of the present work is to prove the validity of the unre-
solved CFD-DEM method on the simulation of the LSFB. To do so, we start
with a qualitative analysis of the particle dynamics inside the equipment, and
then the quantitative analysis proceeds with the comparison between experi-
mental data and simulations.

In this sense, we first discuss the importance of void fraction smoothing and
the Saffman lift force to obtain accurate particle distribution. To do so, we qual-
itatively compare particles’ experimental and simulated behaviors. Then, since
we have a restrictive geometry (small equipment to particle size), we discuss
the mesh choice. After this, we proceed to the quantitative validation of the
simulations, comparing them with experimental results for pressure drop and
bed expansion. Finally, we compare different drag correlations to investigate
the robustness.

5.1. Flow structures, void fraction, and the importance of the Saffman lift force

For all simulations, we observed critical channeling at the walls. Clear evi-
dence of this channeling is presented in Figure [d where lines represent the ratio
between two fluid velocities: the one at the center of the bed of particles and
the spatial average of the velocities close to the walls (both at the same height).
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Figure 4: Center to walls velocity ratio for (a) alginate and (b) alumina particles, at U/Up =
0.3595 and U/Up = 0.3270, respectively.

As shown in Figure [4] the velocity close to the walls is higher than in the
center for almost the entire simulated time. The reason for this relies upon two
factors: firstly, the void fraction is naturally higher closer to the walls due to the
arrangement of the particles, and secondly, S./d, decreases towards the center
of the equipment as shown in Figure [3] virtually distorting the distribution of
the void fraction field. The first phenomenon responsible for the void fraction
distortion cannot be avoided since it is inherent to the particles’ distribution.
However, the second effect significantly diminished with void fraction smoothing.
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Since the drag correlations are highly dependent on the void fraction, thus,
distortion of the void fraction virtually increments drag in regions with smaller
cells. As a reaction, the fluid feels a higher resistance in the center of the equip-
ment than the walls, consequently being pushed toward the walls, producing
channeling. If no void fraction smoothing strategy is used, the difference be-
tween the drag force experienced in the middle of the equipment and close to
the walls would be even higher.

In real life, two things reduce this channeling effect: no-slip at the walls
and interphase forces in the radial direction. Since the mesoscale of the fluid
discretization is not fine enough to represent the boundary layer formed by
the fluid friction with the walls, particles are pushed far from the channeling.
With nothing to counterbalance this effect, the pseudo-steady state of the bed is
unstable. The consequence of this set of phenomena is the unrealistic pluming
of particles, easily visible at the top of the bed, as shown in Figures [f| and [6]

This pluming effect is significantly diminished with Saffman lift forces since
the channeling is not as persistent. The Saffman lift force pushes the particles
towards and away from the channeling regions, which breaks the flow pattern,
spreading the fluid and creating a more realistic fluid velocity distribution in
the pseudo-steady-state. As a consequence, bed height and uniformity of parti-
cle distribution are increased, and the void fraction distortion is compensated.
With the more uniform distribution of particles, drag distribution is also more
uniform, and the pseudo-steady-state is more stable. Uniformity is a crucial
aspect to be taken into account since uniformity is one of the main character-
istics of LSFB. These conclusions agree with previous studies by Koreich et al.
[10] and Zbib et al. [52]. For this reason, we apply the Saffman lift force in all
subsequent simulations in this work.

5.2. Validation of the simulations

The simulations were validated by comparing the pressure drop and the bed
porosity with experimental results.

5.2.1. Pressure drop

We compare the simulated total pressure difference with the one calculated
by Equation [35] with a 0.95 two-tailed confidence interval (o = 0.05). The
comparative results are presented in For the simulation results, the error
bars correspond to a temporal standard deviation.

For almost all simulations, the total pressure difference was precisely re-
duced, standing within the 95% confidence interval region, even accounting for
the temporal oscillations represented by the standard deviation. This means
that the numerical results precisely represent the pressure difference, correctly
accounting for the mass of all particles in the force balance.

Few simulated results, mainly the alginate particles, especially at low inlet
velocities, did not reach the expected pressure drop. This is caused by the
smoothing of the void fraction, which virtually increases the void fraction of
cells right above the bottom wall of the equipment. This slight increase in
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Figure 5: Images of the top of the pseudo-steady state (reached around 10 seconds of simula-

tion)
alginate particles bed with 2.5 seconds intervals for (a) experimental, (b)

simulation with drag force only, and (c¢) simulation with drag and lift forces
results at the highest inlet velocity (U/Uy = 0.3595).
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Figure 6: Images of the top of the pseudo-steady-state (reached around 4 seconds of simula-

tion)
alumina particles bed with 0.5 seconds intervals for (a) experimental, (b)

simulation with drag force only, and (c¢) simulation with drag and lift forces
results at the highest inlet velocity (U/Uy = 0.3270).
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Figure 7: Average of the total pressure difference for the (a) alginate and (b) alumina particles

the void fraction reduces the drag force sufficiently to prevent particles from
fluidizing. Consequently, the equipment’s bottom wall carries the weight of a
few particles and this reduces the pressure drop. This effect can be observed in

s Figure
(a) (b)
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Figure 8: Snapshot of the U/Uy = 0.1430 alginate particles simulation at 35 seconds (last
time-step), showing (a) the void fraction profile and (b) the total force acting over particles
in Newtons. Results are clipped in the axial direction to show the middle of the equipment.
It can clearly be seen that the first few layers of particles are supported by the bottom wall.

The small fluctuations in the pressure are within realistic values. They are
mainly related to the dynamics of the bed, which attests to numerical stabil-
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ity throughout the simulations, especially considering all results collected inside
the pseudo-stationary regime. Other authors found higher oscillations of pres-
sure (e.g., [[4) in the simulation of fluidized beds using Finite Volume codes.
We usually expect higher variations when PCM is applied due to the coarse
approximation of the void fraction field [I8]. In this sense, since we are using
PCM, the stability of the pressure field is attributed to void fraction smoothing,
which improves the continuity of the field, and the grad-div stabilization, which
enhances mass conservation [32].

5.2.2. Bed expansion

The bed expansion is usually represented by the spatial average of the void
fraction along the bed’s volume (or bed porosity) €. In the design of LSFB
reactors, porosity is among the essential variables because of its use in predicting
mass/heat transfer and conversion of reactants. Unlike gas-solids fluidized beds,
it is well established that LSFBs tend to present a uniform porosity.

In Figure[9] we present the numerical and experimental results of the porosity
measurement for both particles. We also present the results of the estimation
of € by the R-Z Equation (Equation , for comparison.
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Figure 9: Bed porosity for (a) alginate and (b) alumina particles.

Almost all simulations fall into the experimental results region with a two-tail
confidence interval of 90% (o = 0.1). The agreement between simulations and
experiment results is better assessed when comparing the results using R-Z. For
the alginate, the RMSE is 78% higher than R-Z estimations (RMSE = 0.0618)
compared to simulations (RMSE = 0.0347). The difference was even higher for
alumina, reaching 168% (RMSE = 0.0417 for R-Z and 0.0156 for simulations).
In the case of the alumina particles, the bed expansion was fully captured by the
simulations, with all results staying within the confidence interval. The lower
fitting in the case of the alginate particles can be associated with the diameter
distribution of particles, which is not considered in the simulations. It is also
important to note that, for all results, the bed expansion was stable with time,
with a very low standard deviation (as noted in Figure E[)
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These results highlight the reliability of unresolved CFD-DEM on the rep-
resentation of particle-liquid fluidized beds. Furthermore, since the alginate
particle’s density is about a third of the alumina particles, it also reveals that
the technique is reliable for a wide range of regimes, from the lowest fluid inlet
velocity (Re = 534) to the highest (Re = 19021).

5.3. Mesh topology

As discussed by several authors (e.g., 18, 53, [54), the mesh resolution of the
fluid representation is limited by the size of the particles. This is a limitation
of the volume-averaging approach applied to this work, which is not mesh-inde-
pendent. As a rule of thumb, when PCM is applied, S./d, > 3 is recommended,
which, in the case of coarse particles like the ones in this work, imposes an
important limitation on the mesh. In the case of finer meshes, the mesh is too
fine to have an accurate void fraction profile (even when smoothing is applied),
affecting the precision of the drag force calculation. On the other hand, coarser
meshes have an inadequate resolution to coherently capture the fluid dynamics.

One way to mitigate this limitation is to use a more continuous void frac-
tion calculation method. In the present work, we did so by smoothing the void
fraction field. Alternatives include computationally intensive analytical methods
[55, 56] and more efficient but less precise non-analytical methods [57, [(3]. In
the context of the Finite Element Method, the Quadrature-Centered Method by
Geitani and Blais [58], which is a computationally efficient analytical method
for void fraction calculation, is a good alternative. It is worth mentioning that
there are other Eulerian-Lagrangian alternatives to the unresolved CFD-DEM
approach adopted in this work such as strategies that employ volume filtering
[59] , two-grid formulation [60], and kernel-based approximation to the fluid
field [54], which allow for particle-to-cell size ratios close to 1 but involve the
implementation of more complex algorithms.

Although the mesh resolution independency test was not carried out, we
assessed the sensitivity of the method to the mesh topology. As pointed out,
one crucial reason for applying void fraction smoothing is to compensate for the
mesh elements’ size unequal distribution. To test whether a more uniform cell
size distribution along the cylinder radius impacts the dynamics of the particles,
we tested two other mesh topologies. These meshes are presented in Figure

The difference between Mesh 1 (Figure [2) and 2 is that the length of the
square side in Mesh 1 is way smaller, but the distribution of cells is the same.
Mesh 3 is completely unstructured in the radial direction but has the same cell
distribution as Meshes 1 and 2 along its height.

Besides the better distribution of cell sizes in Meshes 2 and 3, no changes
in the overall behavior of the particles were observed when compared to Mesh
1. A slightly worse representation of the behavior of the particles is observed
for the higher inlet flow rates using Mesh 2, even using the same smoothing
strategy and applying the Saffman lift force. This can be attributed to its
distortion in the outer cells, i.e., since the shape of the outer cells in Mesh 2
are irregular (sides do not present similar lengths), the void fraction profile in
the radial direction (discussed in Section is even more non-uniform. Since
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Figure 10: S¢/d) for the different mesh and particle combinations.
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drag is highly dependent of the void fraction, the plumbing effect represented
in Figures[§] and [6] are even more prominent. However, Mesh 3 produced results
similar to the original mesh presented in Figure [2] for all simulation conditions
and particles.

In terms of quantitative analysis, the total pressure drop and bed expansion
for all simulations with the different meshes stood close to one another. The
quantitative results of the mesh test are presented in Figure

48 Analytical (o = 0.05) —.3900 Analytical (a = 0.05)
£47 ® Mesh1 & ® Mesh1
S46 & Mesh2 53800 & Mesh?2
] @ Mesh3 ] @ Mesh3
545 & 3700
: b1 1 : 8
° °
544 é : o 3600/& & é
7498 8 2
g g 3500
542 Io%
g a1 g 3400
= =

40 3300

0.15 0.20 0.25 0.30 0.35 0.18 0.20 0.22 0.24 0.26 0.28 0.30
UlUo [-] UlUq [-]
(a) Alginate - Mesh 2 (b) Alumina - Mesh 2
- A+ E ei e ala=
- -~ RZ
0.70 D wen
T 3 51 & Meh oot
0.65 & 2 = @ Meh T %
5 ” :
20.60 ; g 3 ) it %
j / g B 55 T s
8055 - % 8
© . & °© : Fo3
c“.f 0.50% A ,{, ;xzperimenta\ (@=0.1) c“é 5 e
E» ® Mesh1l ; -
0.45 O Mesh2 45
@ Mesh3
0.15 0.20 0.25 0.30 0.35 8 4 8
UlUo [-] [-]
(c) Alginate - Mesh 3 (d) Alumina - Mesh 3

Figure 11: Bed expansion and pressure drop for the different mesh and particle combinations.

As observed in Figure the quantitative results for all meshes and both
particles present high similarity. Through the deviation, we observed slightly
higher oscillations on the pressure field for Mesh 2 compared to the others,
which can be attributed to the previously mentioned oscillatory behavior of the
particles due to the distribution of mesh element sizes. Such oscillations lead to
higher variability of the bed expansion in the tests with Mesh 2. Even so, the
results stood within the experimental tolerance.
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5.4. Drag model comparison

One way to assess the precision of drag correlations in representing liquid-
solid fluidized beds is by evaluating its capability of reproducing the bed ex-
pansion according to the inlet velocity. The results in Figure [12| demonstrated
that Rong, Di Felice, and Beetstra drag correlations precisely reproduce the
observed behavior of the bed expansion as a function of the inlet velocity. Al-
most all points stood within the confidence interval, except for some alginate
results. In the case of Beetstra, the highest distance between the simulated and
experimental results is for the lowest inlet velocity (simulation 14% higher than
experiment). It is important to note that the structure of the correlations is
significantly different from one to another, especially considering Beetstra, so
the results are reassuring from a validation point of view since they show that
relatively accurate results can be obtained with unresolved CFD-DEM.
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Figure 12: Bed porosity with different drag correlations for (a) alginate and (b) alumina
particles.

According to several authors [39] 40, 41} 42}, [37], neglecting € ¢ in the exponent

of G(er,Rep ;) (Equation can lead to important lack of accuracy. However,
in the case of this work, the correlation proposed by Di Felice was the one with
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the highest similarity with the alginate experimental results. Since all models
are, in fact, correlations, i.e., come from fitting an equation to a given data,
the lack of fitting with different data is expected. In the case of Rong and
Beetstra drag correlations, since the models are highly complex, overfitting e
is a hypothesis for the slightly lower accuracy compared to Di Felice. Apart
from that, all models could capture the experimental behavior of the bed.

Lack of fitting is found in Gidaspow drag correlation results. For both par-
ticles, the last points are the only ones within the 90% double tail confidence
interval. The RMSE obtained using Gidaspow was 23% and 104% higher than
the R-Z estimations for the alginate and alumina, respectively. The Gidaspow
drag model is the only one that severely underperforms among the drag models
tested.

In Figures[13]and [14] we compare the Cp calculated using all correlations in
this work with CE" (calculated using the Rong drag model) for the alginate
and alumina particles, respectively. This comparison is done by presenting a
surface plot of Cp/CH" as a function of Re,/ef and ;.

™

g - £ -

(a) CgiFelice/CgO‘ﬂg (b) Cgeetstra/cgong

g -

(©) Cgidaspow/cgong

Figure 13: Cp/ C’g‘ong comparison among correlations for the alginate particles, showing the
ratios a) CBiFEIice/Cgong, b) Cgee“tm/cg‘mg, and c) Cgmas”ow/cgo"g for Di Felice,
Beetstra, and Gidaspow, respectively. Color scales are different for each correlation due to
their high discrepancy.

As shown in Figuresand CRiFetice ) Cgong is very close to 1.0 in most
of the studied region. For the alginate particles (Figure[l13al), the drag coefficient
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Figure 14: Cp/C g""g comparison among correlations for the alumina particles, showing the
ratios a) CRiFelice joRong )y g Bectstra /GROMI - anq c) CgldaSpow/CgO"g for Di Felice,
Beetstra, and Gidaspow, respectively. Color scales are different for each correlation due to
their high discrepancy.
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is almost identical for most void fractions and particle Reynolds numbers, which
explains the similarity between the results of both correlations in Figure
As for the alumina particles, the center of the graphic in Figure [[4a] deviates
from 1, which also has an effect on the porosity trend observed in Figure [I2H]

CBeetstra Cgong (Figures and highlights the higher sensitivity of
Beetstra drag correlation to the flow regime. In the case of the alumina par-
ticles, the average CBee''@ /G for the studied region was 1.1, showing a
considerably higher drag coefficient only at very dilute regions (e¢y > 0.8), and
significantly lower at very concentrated regions with high Re,; both rarely oc-
curring in the case of fluidized beds. On the other hand, for alginate, the average
ratio was 1.4, not reaching 1.0 in any region of the graphic, which explains the
detachment between Rong and Beetstra in Figure

As for the Gidaspow drag correlation, ngd“p o/ C’gong was, on average,
1.7 and 1.9 for alginate and alumina particles, respectively. The Gidaspow drag
correlation is considerably less sensitive to €5, with a slightly better agreement
with the experimental data at dilute regions, close to the limit when the model
by Wen and Yu [35] takes place. However, the important discontinuity in this
region can lead to highly unphysical drag force distribution in those regions.
Similar features on O3 "7 were observed by Marchelli et al. [61].

6. Conclusions

In the present work, we used Lethe [30] [I7], a FEM-based CFD and DEM
code with CFD-DEM coupling capabilities, to simulate the behavior of a pilot-
scale liquid-solid fluidized bed. The numerical results were compared with
experiments with water and for two distinct particle types: alginate (p, =
1029kg m~3) and alumina (p, = 3586kg m~3). We made all comparisons in the
pseudo-steady-state regime for a considerable interval of real-time and multiple
fluidization velocities.

Comparisons between simulations with and without Saffman lift force show
that the application of the force creates more realistic dynamics of particles,
avoiding channeling close to the walls caused by inherent distortions on the
void fraction distribution along the radius. This result is in agreement with
other results in the literature [10] [52] 24]

The comparison between experimental and simulated total pressure drop
shows that the simulations could accurately represent the interphase momen-
tum change of the real system for all the inlet conditions and both particles.
Furthermore, this result shows that the magnitude of drag was successfully
achieved.

Bed average porosity comparisons also show that the numerical results agree
with the experiments in bed expansion. Bed porosities predicted by the sim-
ulations showed better agreement with experiments than the Richardson-Zaki
equation [2] with the n index calculated by the correlation proposed by Khan
and Richardson [3]. It is worth emphasizing the consistency of all tested condi-
tions.
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Tests with meshes with different topologies presented a high agreement with
each other and the experiments. Higher unwanted oscillations in the dynamics
of the particles are observed when the outer cell layers of the cylinder have a
lower aspect ratio, which negatively impacts the void fraction radial distribution
and drag. However, the quantitative results indicate a close fitting between
experiments and simulations with all meshes.

Comparison between the drag correlations proposed by Rong et al. [37],
Di Felice [30], Beetstra et al. [4I], and Gidaspow [7] shows that the Di Felice,
Rong, and Beetstra drag correlations are capable of reproducing the experimen-
tal behavior, presenting better precision on the reproduction of the experimental
bed expansion than the Richardson-Zaki equation. The only exception was Gi-
daspow.

The results of the present work highlight the capability of the unresolved
CFD-DEM to simulate a variety of solid-fluid systems in a wide range of flow
regimes with high precision. Since the method is phenomenological, extrap-
olations of the case for other liquid-particle systems may be valid. However,
additional work on solid-fluid force submodels is required to maximize the ac-
curacy of this approach. We recommend the application of Saffman lift forces
and void fraction smoothing liquid fluidized beds unresolved CFD-DEM simu-
lations. Cells with high aspect ratios are also recommended to avoid the need
for void fraction smoothing lengths larger than 2d,.
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