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Abstract

The accuracy of CFD-DEM simulations of particulate systems strongly depends on the
proper characterization of particle-particle and particle-wall interaction parameters. In
this study, the coefficients of restitution, static friction, and rolling friction for ABS-ABS
and ABS-acrylic interactions were experimentally determined for acrylonitrile butadiene
styrene (ABS) spheres using free-fall, inclined-plane, and launch-ramp tests, respectively.
The obtained parameters were subsequently applied in CFD-DEM simulations of a three-
dimensional conical spouted bed operating with different solid loads. In parallel, experi-
mental fluid dynamic tests were conducted to obtain characteristic pressure drop curves
and determine the minimum spouting velocity. The experimental results exhibited the
typical behavior of spouted beds, including hysteresis between the curves obtained by
increasing and decreasing the inlet air velocity and higher minimum spouting velocities at
greater solid loads. The CFD-DEM simulations successfully reproduced the main hydrody-
namic features of the system, yielding deviations of 0.9%, 6.9%, and 20.5% for the minimum
spouting velocities corresponding to solid loads of 400 g, 300 g, and 200 g, respectively.
A comparison with the interaction parameters reported in the literature showed that the
coefficients obtained through direct measurement provided better agreement between the
experimental and simulated results. These findings highlight the importance of accurately
characterizing interaction parameters to achieve reliable CFD-DEM simulations of spouted
bed systems.

Keywords: CFD-DEM; spouted bed; interaction parameters; DEM; minimum spouting
velocity

1. Introduction

Spouted beds are widely employed in particulate material processing due to their
high heat and mass transfer efficiency, resulting from the intense circulation of solids and
the continuous renewal of the gas—solid interface. Consequently, spouted beds have been
extensively used in drying operations [1-5], particle coating [6,7], and granulation [8]. Their
application has also been extended to thermochemical processes such as pyrolysis [9-11],
gasification [12-14], and combustion [15-17].

The complex hydrodynamics of these systems, characterized by intense gas—solid
interactions and the coexistence of different flow regimes, has increased the use of compu-
tational fluid dynamics (CFD) as an investigation tool. CFD provides detailed information
on system behavior at both local and global scales, often inaccessible by conventional
experimental techniques [18-20].
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Gas—solid systems can be modeled using either the Euler—Euler or Euler-Lagrange
approaches. In the Euler-Euler framework, both phases are treated as interpenetrating
continua and described by mass and momentum conservation equations. In contrast, the
Euler-Lagrange approach treats the fluid phase as a continuum and the solid phase as
discrete particles, allowing individual particle trajectories, velocities, and interactions to be
calculated based on Newton's second law [6,21,22].

Particle interactions can be described using either hard-sphere or soft-sphere contact
models. For dense systems such as spouted beds, the soft-sphere approach provides a
more realistic representation of collisions because it accounts for local deformations and
contact forces during particle impacts [23,24]. In this context, the discrete element method
(DEM) has become one of the most widely used techniques for describing the solid phase
in Euler-Lagrange simulations.

The accuracy of CFD-DEM simulations strongly depends on the proper determination
of the parameters governing particle—particle and particle-wall mechanical interactions.
Among the most important parameters are the coefficients of restitution, static friction, and
rolling friction, which describe energy dissipation as well as sliding and rolling mechanisms
during particle contacts. Determining these parameters remains a challenge and is com-
monly performed either through bulk calibration procedures [25,26] or direct measurement
techniques [27,28], each presenting specific advantages and limitations [29].

Several experimental methods have been applied for determining these interaction
parameters. Batista et al. [30] experimentally determined particle-particle and particle-wall
restitution coefficients using free-fall tests. Static friction coefficients were also evalu-
ated using inclined-plane experiments, providing a direct characterization of the contact
parameters required for DEM simulations. Gonzalez-Montellano et al. [31] measured
particle-particle restitution coefficients using free-fall tests and particle-wall restitution
coefficients using a double-pendulum method, while static friction coefficients were deter-
mined through inclined-plane experiments. Ketterhagen et al. [32] measured rolling friction
coefficients for different materials using a launch-ramp technique. Brandao et al. [33] found
that the particle-wall restitution coefficient was dependent on the thickness and type of
material of the flat surface. They used the sled method to measure the static friction coeffi-
cient and observed its increase with surface particle roughness. Xiao et al. [34] determined
restitution coefficients for ABS spheres using free-fall tests, static friction coefficients using
a UMT-3 tribometer, and rolling friction coefficients by a combination of experiments and
DEM simulations validated with L-box tests.

The diversity of methodologies and materials reported in the literature often results
in considerably different values for the same parameter, limiting the direct application of
published data to new systems. Furthermore, several studies have demonstrated that even
small variations in interaction parameters can significantly affect the simulation results.
Hu et al. [35] reported that these parameters strongly influence fountain height, velocity
profiles, and solid-phase kinetic energy in rectangular spouted beds, while Marchelli
et al. [36] observed a high sensitivity of particle trajectories to interaction parameters in
pseudo-two-dimensional models.

Considering conical spouted beds without internal devices, Batista et al. [30] ex-
perimentally determined the physical and interaction properties of sorghum grains and
incorporated these parameters into CFD-DEM simulations. The measured properties were
essential for ensuring coherence of the CFD-DEM simulations of the spouted bed and for
obtaining agreement between the simulated and experimental results. Despite recent ad-
vances, studies combining the direct experimental determination of interaction parameters
with their application in three-dimensional CFD-DEM simulations of conical spouted beds
remain limited. Moreover, comparative analyses between simulations using experimentally
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determined parameters and those adopted from the literature are still scarce and require
further investigation.

The objectives of this work were to perform hydrodynamic experiments in a laboratory-
scale spouted bed, determine the restitution, static friction, and rolling friction coefficients
for ABS-ABS and ABS-acrylic interactions through direct measurements, apply the ob-
tained parameters in three-dimensional CFD-DEM simulations, and evaluate the predictive
capability of the numerical model by comparing simulation results with experimental data.

2. Methodology
2.1. Experimental Setup

The spouted bed used in this study was constructed from transparent acrylic to
allow for the direct visualization of particle motion in the equipment. To improve the
inlet flow distribution and promote a more uniform gas flow pattern, a Venturi-type air
distributor was inserted prior to the conical base of the equipment [37,38]. The distributor
was manufactured by 3D printing using an ABS filament. The dimensions of the spouted
bed and air distributor are presented in Figure 1.

142 mm

25 mm
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g !
g !
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Figure 1. Schematic diagram of the spouted bed.

The experimental unit consisted of a blower for air supply (0.36 HP—Siemens, Munich,
Germany), a 1 in nominal diameter PVC pipeline, a main valve and a bypass valve for
airflow regulation, a Venturi air distributor, a spouted bed equipped with a particle retention
screen at the entrance of the conical base, and a Arduino® Mega 2560 Rev3 microcontroller
(Arduino, Turin, Italy) connected to a computer for data acquisition. The monitored
variable was sampled at a frequency of 9 Hz. Data acquisition was performed using a
custom routine developed in Arduino IDE 1.8.5, which calculated the average of nine
consecutive measurements every second and automatically stored the resulting value in a
spreadsheet for subsequent analysis.

The air velocity was indirectly determined from the pressure drop across an orifice
plate coupled to a pressure sensor (MPX5010DP, Freescale Semiconductor, Austin, TX,
USA). The pressure drop in the spouted bed was measured using a pressure sensor installed
downstream of the particle retention screen, while thermocouples of type K were employed
to monitor the temperature inside the equipment.
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2.2. Material Characterization

ABS spheres were used as the solid phase due to their well-defined physical properties
and geometric uniformity. The particle diameter was determined by image analysis using
the Image-Pro Plus 6® software. To ensure statistical representativeness, 75 particles were
analyzed and divided into three groups of 25 particles each. The arrangement of the particle
groups used in the image analysis is shown in Figure 2.

Figure 2. Disposition of ABS spheres for image analysis.

The apparent particle density was determined by liquid pycnometry using water as
the displacement fluid and a 25 mL pycnometer. All measurements were performed in
triplicate. The bulk density was determined using a packing-based method, in which the
particles were loaded into a graduated cylinder of known volume [39]. The measurements
were also carried out in triplicate. The bed voidage was calculated using Equation (1),
where pp,x is the bulk density and ps is the apparent particle density.

Pvulk
=1— 1
€= 0. 1)

2.3. Interaction Parameters

The interaction parameters employed in the CFD-DEM simulations were determined
using direct measurement to ensure representative values of the materials used in the
experiments. For particle-wall interactions, an acrylic plate measuring 430 x 200 x 26 mm,
manufactured from the same material as the spouted bed, was used. For particle—particle
interactions, the measurements were performed using a 200 x 15 x 30 mm ABS plate
produced by 3D printing.

The coefficients of restitution and rolling friction were determined according to the
free-fall methodology proposed by Batista et al. [30]. For the measurement of the rolling
friction coefficient, a ramp was constructed following ASTM G194-08 [40].

To determine the static friction coefficient, test bodies consisting of four glued spheres
were employed to promote sliding rather than rolling motion. This procedure was adopted
because individual spheres tend to roll on an inclined surface instead of sliding, which
may compromise the accuracy of the measurements [27]. Figure 3 illustrates the particle
assemblies used in the experiments.

Each reported mean value was calculated from 50 independent measurements, and
the corresponding standard deviation was determined from the same dataset.
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Figure 3. Grouping of the ABS spheres for static friction coefficient measurements.

2.4. Experimental Characteristic Curves

Experimental spouted bed characteristic curves were obtained for three solid loads of
ABS spheres: 400, 300, and 200 g, corresponding to static bed heights of 8.5, 7.5, and 6.0 cm,
respectively. The solid loads were selected based on the dimensions of the equipment to
preserve the characteristic conical spouted-bed configuration. All experiments were per-
formed in triplicate to ensure the reproducibility of the results. The experimental minimum
spouting velocities were identified based on visual assessment of the bed behavior.

3. Mathematical Modeling
3.1. Fluid Phase

The continuity and momentum conservation equations for the fluid phase (f) are given
by Equations (2) and (3), respectively.

%(afpf) +V-(vcfpfﬁf) =0 2)

d — —— — - —
ot ("‘fpf”) + V'("‘fpf” “) = —afVp—afV-Tg— F+agpsg ®)

where a¢ is the volume fraction of the fluid phase, py is the fluid density, u 7 is the fluid
velocity vector, Vp is the pressure gradient, § is the gravitational acceleration vector, and
Ty is the viscous stress tensor.

The fluid volume fraction (ay) is defined as the fraction of fluid occupying a computa-
tional cell with volume V,;. It is also referred to as the void fraction or porosity and can be
calculated using Equation (4):

1 ko
ap=1- o Y 0V, )
Vcel

where k; is the number of particles contained within a computational cell of volume (V,,;),
and o; € [0, 1] represents the volumetric fraction of particle i occupying that cell.
—

The interphase interaction force per unit volume (F) acting on the particles due to the

motion of the fluid phase within each computational cell is given by Equation (5), where
—f=p
f; represents the fluid—particle interaction force acting on particle i.

— 1 ko —f-p
Fe o X, ®

cel
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The dispersed k—¢ turbulence model was adopted to describe the turbulent behavior
of the fluid phase. This model is recommended for systems with low concentrations
of the secondary phase, such as the spout region, where higher turbulence intensities
are typically observed. The Reynolds stress tensor, incorporated into the fluid-phase
momentum conservation equations, is given by Equation (6):

= 2 = T
Tf = 3 (D(fprf + vcfpfyf,tvﬂ)f) I + KfOFUF L (VZf + Vﬂ}) (6)
where ji¢; is the turbulent viscosity of the fluid phase, expressed as:

Ke2

Hip = Pfcyg 7)

where C, is an empirical turbulence-model constant with a value of 0.09.
The transport equations for the turbulent kinetic energy and its dissipation rate are
given by Equations (8) and (9), respectively:

d - Hi,
3 ((Xfprf) +V. (zxfpfufo) =V ((XfO_fVKf> + “fGK,f —agpref+ Défpr (8)
k K,f

9 O Hf £f _
g(afpfe» -i-V'((Xfpfufo) = V-(zfokVef> +“fE<C1Gk’f Czpfef) +Oéfpf1;f[ 9)

where [Tk r and ],y account for the modulation of fluid-phase turbulence by the dispersed
phase, affecting the turbulent kinetic energy and its dissipation rate, respectively, while
Gy, s represents the production rate of turbulent kinetic energy due to velocity gradients in
the fluid phase.

3.2. Solid Phase

Since the solid phase is treated as a discrete medium, its motion is described by
Newton’s equations of motion applied to each particle i of mass m; and its interactions with
other particles or rigid walls j via contact forces. The translational motion is governed by
Equation (10), whereas the rotational motion is described by Equation (11).

N
du - p-p =fr =g
miditlzzjecufij + £ + £ (10)
N
dd; — t — T
I; dtl = ZjeCLi <Mif +Mi]'> (a1
— p=p

The term } jecri f jj ~ represents the sum of the contact forces acting between particle

- f-p
i and its neighboring particles or wall, f.  is the fluid—particle interaction force, and

— &

f; is the gravitational force acting on particle i. Furthermore, I; is the particle moment of

T S LR .

inertia, wj is its angular velocity, M;; is the torque generated by tangential contact forces,
r

—
and M;; is the rolling resistance torque.
The gravitational force acting on particle 7 is calculated as:

—8

fi=mg (12)
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- f=p
The fluid—particle interaction force, f; , was assumed to be equal to the steady-state
—d
drag force, f; :
- f-p  —d
fi =i (13)
The drag force is given by:
—d V, /3 e
— P )
(i) w

where B is the interphase momentum exchange coefficient, calculated according to the
Gidaspow et al. [41] drag model:

3 txstxfpf);s—ﬁf‘
B=7Cp , a2, ap>08 (15)
S
— —
as(1—ap)u Ks0f| Vs — O
B =150 ( dg) f+1.75f)df’, af§0.8 (16)
ch s s

where d; is the particle diameter and Cp is the drag coefficient, calculated from
Equation (17) as a function of the particle Reynolds number:

24 0.687
Cp = Fe {1 1015 ((foes) } (17)
where
pfds ;s - a}f‘
Res = (18)
Hi

is the particle Reynolds number.

Several contact models have been proposed in the literature to describe particle colli-
sions in DEM simulations. Among them, the linear spring-dashpot model has been widely
adopted due to its balance between computational efficiency and predictive accuracy. Di
Renzo and Di Maio [42] demonstrated that this model provides reliable estimates of contact
forces in granular flow simulations while maintaining a relatively low computational cost.

The contact force acting on particle 1 (F;), corresponding to the particle-particle

- PP
interaction force between particles 1and 2 (f,, ), can be decomposed into normal and

tangential components:
- PP  —on ot
fip =F +F (19)
—n

The normal contact force, F , is calculated as:

—n >

F = [Ka i 7(?12.?12)] 1 (20)

where K is the spring stiffness coefficient, ¢ is the overlap (deformation) between particles,
. . . - . . . . -

7 is the damping coefficient, v 1, is the relative velocity between particles 1 and 2, and ¢ 1»

is the unit vector connecting the particle centers. According to Newton’s third law, the

force acting on particle 2 is equal in magnitude and opposite in direction to that acting on

particle 1:
o

N
Fi1=-F, (21)
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For a linear elastic collision, the unit vector (?12), defined from the center of particle 1
to the center of particle 2, is given by Equation (22), while the particle overlap is calculated

from Equation (23):
- (X2 - X])
2= 1 =l (22)
0= |x2—xf| = (r1 —1r2) (23)

where x1 and x; are the position vectors of particles 1 and 2, respectively, and r; and r; are
their radii.
The damping coefficient and relative velocity are calculated as:

y= oMzl (24)
tcoll
Uy = 02— 01 (25)

where m; is the reduced mass, ¥ is the coefficient of restitution, and ¢, is the collision time.
The reduced mass and collision time are obtained from Equations (26) and (27), respectively:
mymy

= (26)

m
ool = floss \/ % (27)
floss =Y 2+ 1”2’7 (28)

The tangential contact force is calculated according to Coulomb’s friction law:

—t —n

F = (us+ur)F (29)
—n
where i is the coefficient of static friction, y, is the coefficient of rolling friction, and F is
the normal contact force.

4. Numerical Simulation
4.1. Computational Domain

The computational domain consisted of the spouted bed and the Venturi-type air
distributor, reproducing the three-dimensional geometry of the experimental unit (Figure 1).
The mesh generation strategy was based on Kieckhefen et al. [43], who employed different
levels of mesh refinement according to the hydrodynamic characteristics of each region
of the spouted bed. In the present study, the mesh was divided into two regions using
a block-structured hexahedral mesh. The first region, referred to as the central region,
corresponds to the core of the bed where the spout channel develops. The second region,
located between the central core and the equipment wall, corresponds to the annular region.

The mesh cell size was defined as a function of the particle diameter (d,). Three meshes
with different refinement levels were generated and evaluated using Grid Convergence
Index (GCI) analysis to determine the appropriate mesh refinement. The GCI procedure
was performed according to the methodology proposed by Elsayed and Lacor [44].

The response variable adopted for the mesh independence analysis was the pressure at
the inlet section of the spouted bed. Simulations were carried out under transient conditions
for a simulated time of 5 s, using an inlet air velocity of 18 m/s. To isolate the influence
of the mesh, the simulations were performed under laminar flow conditions and without
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the presence of the solid phase. The characteristics of the tested meshes are summarized in
Table 1, while their corresponding structures are shown in Figure 4.

Table 1. Mesh configurations evaluated in the CFD-DEM simulations.

Node Spacing
Mesh Cone Inlet Cylindrical Section chnel;f': of
Central Annular Central Annular
A 0.6 dp 0.7-1.3 dp 3.4dp 4.0-7.6 dp 2720
B 0.8dp 1.1-1.7 dp 4.3dp 6.1-9.6 d;, 1392
C 1.0dp 1.1-2.2d, 5.7 dp 6.1-12.7 dp, 858
)

]
R
;2
A

%
/

fey
\\'.

(Ll
AT

Venturi

Mesh A Mesh B Mesh C

Figure 4. Computational meshes evaluated in the CFD-DEM simulations.

The three-dimensional computational domain was created using the Design Modeler
software, and the computational meshes were generated with the Meshing software, both
available in the ANSYS 19.1 package.

4.2. Numerical Procedure

Based on the volume of an individual particle and the material density, the total
number of particles corresponding to each solid load was calculated. The solid loads
of 400, 300, and 200 g were represented in the computational domain by 29,399, 20,743
and 13,857 particles, respectively. Table 2 summarizes the governing models, constitu-
tive equations, boundary conditions [30], and numerical parameters employed in the
CFD-DEM simulations.

In order to maintain simulation stability and convergence when using DEM, it is
recommended that the time step for the solid phase be lower than the Rayleigh critical time
step Atr [27]:

_ dp Ps
A =T ieac + 0877\ G (30)

In this study, the solid phase time step was about 10% of the estimated Rayleigh critical
time step. Furthermore, considering that the integration time step for the fluid phase cannot
exceed 100 times the integration time step of the solid phase [23], the fluid-phase time step
was set to five times the solid-phase time step.
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Table 2. Numerical models and simulation parameters adopted in the CFD-DEM simulations.

Category Specification

Boundary conditions Inlet: inlet air velocity
Outlet: outlet pressure
Walls: no-slip condition for the fluid phase

Solution method Pressure—velocity coupling: SIMPLE
Momentum discretization: QUICK
Volume fraction discretization: QUICK
Turbulence discretization: First-order upwind
Transient formulation: Second-order implicit

Turbulence model Standard dispersed k—¢ model
Contact force model Normal force: linear spring—dashpot
Tangential force: friction spring—dashpot

Convergence criterion 1x1073

Time step (s) Fluid phase: 1 x 104

Solid phase: 2 x 1075
Number of time steps 100,000

Maximum iterations per time step 200
Under-relaxation factors Momentum: 0.2

Volume fraction: 0.5
Discrete phase: 0.5

4.3. Simulated Characteristic Curves

Transient simulations were performed to obtain the spouted bed characteristic hydro-
dynamic curves and validate the CFD-DEM model. Each simulation was conducted for a
total simulated time of 9 s, and the reported results correspond to the average values of
the monitored variables during the last 2 s of simulation, ensuring that pseudo-stationary
conditions had been reached.

Each point of the simulated characteristic hydrodynamic curve was obtained from
an independent simulation performed at a prescribed inlet air velocity. The inlet velocity
was varied from the maximum to the minimum air velocity employed in the experimental
hydrodynamic curve and imposed at the entrance of the Venturi distributor. For each
operating condition, the average pressure drop was obtained by monitoring the inlet
section of the spouted bed.

The resulting pressure drop curve was subsequently used to determine the minimum
spouting velocity, which served as the primary criterion for model validation through
comparison with the experimental results.

5. Results and Discussion
5.1. Material Characterization and Interaction Parameters

The physical properties of the ABS spheres used in the experiments are presented
in Table 3. The low standard deviations obtained for particle density, bulk density, and
bed voidage indicate a high degree of material uniformity and good reproducibility of the
experimental procedures. Such homogeneity is particularly important for CFD-DEM simu-
lations, as it minimizes the influence of particle-to-particle variations on the hydrodynamic
behavior of the system.
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Table 3. Physical properties of the ABS spheres.

Property Value
Equivalent diameter (mm) 2.93 4+ 0.01
Surface area (mm?) 6.86 + 0.03
Perimeter (mm) 9.35 £ 0.04
Particle density (g-cm~2) 1.053 £ 0.005
Loose bulk density (g-cm~2) 0.661 4= 0.004
Bed voidage (-) 0.369 £ 0.006

The interaction parameters experimentally determined for particle-particle (pp)
and particle-wall (pw) contacts are presented in Table 4. Each reported mean value
was calculated from 50 independent measurements, which exhibited approximately
normal distributions.

Table 4. Experimentally determined interaction parameters.

Property This Work Xiao et al. [34]
Particle-wall restitution coefficient, npw 0.72 £+ 0.09 0.850 £+ 0.014
Particle-particle restitution coefficient, npp 0.81 4+ 0.02 0.873 £+ 0.024
Particle-wall static friction coefficient, s pw 0.75 £ 0.12 0.422 £+ 0.041
Particle-particle static friction coefficient, s pp 0.61 £ 0.06 0.360 £ 0.039
Particle-wall rolling friction coefficient, pypw 0.04 +0.01 0.015 £ 0.014
Particle-particle rolling friction coefficient, p,pp 0.10 £ 0.02 0.030 £ 0.011

A larger dispersion was observed for the static friction coefficients, which can be at-
tributed to the sensitivity of the inclined-plane method to small variations in the inclination
procedure. Similarly, the particle-wall restitution coefficient exhibited a higher standard
deviation than the particle—particle restitution coefficient, possibly due to slight variations
in rebound trajectories during the free-fall tests.

Table 4 also compares the interaction parameters obtained in the present work with
those reported by Xiao et al. [34]. Although both studies employed ABS particles and acrylic
surfaces, significant differences could be observed, particularly for the static and rolling
friction coefficients. Xiao et al. [34] used ABS spheres with a diameter of 4.0 mm and a
density of 1100 kg m 3, whereas the particles employed in the present work had a diameter
of 2.93 mm and a density of 1053 kg m 3. Differences in particle size, surface roughness,
manufacturing process, and material properties may contribute to the differences observed
between the measurements.

The results demonstrate that interaction parameters reported in the literature are not
necessarily transferable to different systems, even when similar materials are employed.
This finding reinforces the importance of determining material-specific interaction parame-
ters prior to performing CFD-DEM simulations.

5.2. Mesh Independence Analysis

The results of the mesh independence study, including the pressure-drop predictions,
computational times, Grid Convergence Index (GCI), asymptotic convergence ratio (A),
extrapolated solution (fexact), and deviations relative to the extrapolated solution, are
summarized in Table 5. The fexact represents the simulation response as the mesh spacing
approaches zero. The relative deviation is therefore evaluated with respect to this reference
value. The reported pressure values correspond to the average pressure drop calculated at
the inlet section of the spouted bed during the final 2 s of each simulation.

https://doi.org/10.3390 /dynamics6030025


https://doi.org/10.3390/dynamics6030025

Dynamics 2026, 6, 25 12 of 23

Table 5. Results obtained from the mesh independence analysis.

Parameter Value
Pressure drop—Mesh A (Pa) 65.22
Pressure drop—Mesh B (Pa) 61.63
Pressure drop—Mesh C (Pa) 47.33
Computational time—Mesh A 8 h 03 min
Computational time—Mesh B 7 h 38 min
Computational time—Mesh C 7 h 38 min
GClIy, 0.01
GClIyp3 0.08
GCrs 0.10

A 0.94
fexact (Pa) 65.73
Deviation—Mesh A (%) 0.78
Deviation—Mesh B (%) 6.24
Deviation—Mesh C (%) 27.99

According to the GCI methodology, Mesh A should be selected because it exhibited
both the lowest deviation from the extrapolated solution and the lowest numerical uncer-
tainty. However, convergence difficulties were observed during subsequent CFD-DEM
simulations performed with this mesh. Due to convergence difficulties commonly encoun-
tered in CFD-DEM simulations, Sturm et al. [45] recommended the use of computational
cells with dimensions larger than three times the particle diameter. Consequently, Mesh
B was adopted for the remainder of the study, as it provided a satisfactory compromise
between numerical accuracy, computational stability, and simulation cost. The selected
mesh is illustrated in Figure 5.

Longitudinal
section

I I I

Top View

_____________ Bottom View

Figure 5. Computational mesh adopted for the CFD-DEM simulations. The mesh was refined
in the central region of the spouted bed to improve the resolution of the spout channel and
gas—solid interactions.
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5.3. Characteristic Curves

Figure 6 presents the spouted bed characteristic curves obtained experimentally and
numerically for solid loads of 400 g (a), 300 g (b), and 200 g (c). The labels T1, T2, and T3
correspond to the three experimental replicates performed for each operating condition.
The experimental curves obtained for the 400 g solids load showed excellent reproducibility,
whereas some deviations were observed among the curves corresponding to the lower solid
loads, which may be attributed to spout instabilities [46]. Each point on the experimental
curves represents an average of approximately 50 pressure measurements, while the error
bars indicate the corresponding standard deviations. During the experiments, the average
air temperature ranged from 30 °C to 33 °C.

The comparison between the experimental and simulated curves allows for the eval-
uation of the CFD-DEM model’s ability to reproduce the hydrodynamic behavior of the
spouted bed under different solid loads. Attention was given to the prediction of the
pressure-drop profile and the minimum spouting velocity, which are key parameters for
model validation.

For all solid loads investigated, the experimental curves exhibited the characteristic
behavior of spouted beds, including the pressure-drop peak associated with spout initiation,
a nearly constant pressure drop under stable spouting conditions, and hysteresis between
the loading and unloading branches. The simulated curves obtained for the 400 g and 300 g
solids loads tended to overpredict the experimental pressure-drop values, with the largest
deviations occurring at the lowest and highest gas velocities.

For the 200 g solid load, the CFD-DEM simulation reproduced the overall shape of the
experimental characteristic curve with good agreement, indicating that the model was able
to capture the main pressure-drop trends across the investigated operating range. However,
despite this satisfactory global agreement, the prediction of the minimum spouting velocity
for this condition presented the largest deviation among the cases evaluated. This result
suggests that reproducing the overall pressure-drop profile does not necessarily imply an
accurate prediction of the transition between fixed-bed and spouting regimes, particularly
under low solid-load conditions, where the system becomes more sensitive to fluctuations
and instabilities.

The experimental minimum spouting velocities were determined by visual inspection
of the bed behavior. During the decreasing air velocity stage, the minimum spouting
condition was defined as the gas velocity at which the fountain disappeared. The maximum
pressure drops corresponded to the highest values measured during the increasing air
velocity stage, whereas the stable spouting pressure drops were obtained at the highest
operating velocities under fully developed spouting conditions.

Table 6 summarizes the static bed heights, maximum pressure drops, stable spouting
pressure drops, and minimum spouting velocities obtained for each solid load. The reported
values correspond to the average of the three experimental replicates.

Table 6. Experimental hydrodynamic parameters.

Maximum Stable Minimum
. Static Bed Spouting Spouting
Solid Load (g) Height (cm) Pressure Drop Pressure Drop Velocity
(Pa) -1
(Pa) (m-s—1)
400 8.5 745 + 101 148 £ 6 14.83 £ 0.05
300 7.5 764 + 96 127 + 28 13.21 £ 0.02
200 6.0 490 £ 58 93 £18 11.83 £ 0.05
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Figure 6. Experimental and simulated spouted bed characteristic curves when increasing and
decreasing the air velocity for solid loads of (a) 400 g, (b) 300 g, and (c) 200 g.

An increase in maximum pressure drop, stable spouting pressure drop, and minimum
spouting velocity was observed with increasing solid load, in agreement with previous
studies [47,48]. This behavior is attributed to the higher resistance imposed by the particle
bed to the gas flow. As the solid load increases, a greater amount of energy is required
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to overcome the inertia and frictional resistance of the particle assembly, resulting in
higher pressure drops and greater minimum spouting velocities. The decreasing airflow
stage of the characteristic curve is highly reproducible, whereas the increasing airflow
exhibits greater variability due to its dependence on bed compaction. Consequently, the
minimum spouting velocity, determined during the decreasing airflow stage, is more
reproducible than the maximum pressure drop, which is measured during the increasing
airflow stage. This explains the larger deviations observed for the maximum pressure drop
values reported in Table 6.

Because the minimum spouting velocity could not be accurately determined solely
from the simulated pressure-drop curves, an additional analysis based on solid volume
fraction contours was performed. Contour plots were evaluated on the central vertical
plane of the spouted bed geometry for time-averaged results obtained over the final 2 s of
each simulation.

Figure 7 presents the solid volume fraction contours obtained for the 400 g solid load.
The results clearly illustrate the transition from the fixed-bed regime to stable spouting
conditions as the gas velocity increases. The progressive formation and expansion of the
spout channel can be observed, accompanied by a reduction in solid concentration in the

central region and an increase in particle circulation through the annular zone.

9m/s 10 m/s 11 m/s 13 m/s

14 m/s 14.5 m/s 14.6 m/s 14.8 m/s

14.9 m/s 15 m/s 16 m/s 17 m/s 18 m/s

Figure 7. Solid volume fraction contours obtained by CFD-DEM for a solid load of 400 g.

At an inlet gas velocity of 9 m-s~!

, a small cavity can be observed near the distributor
region, indicating the onset of particle entrainment at the base of the bed. As the gas
velocity increases, the size of the low solid concentration region progressively expands
until the particle bed is penetrated and a stable spout channel is formed at approximately

1

14.7 m-s~ L. For gas velocities between 15 and 18 m-s™*, an increase in fountain height is
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observed with increasing gas velocity. At these conditions, the characteristic regions of a
spouted bed—the annulus, spout channel, and fountain—are clearly identified.

Based on the solid volume fraction contours, the minimum spouting velocity predicted
by the CFD-DEM model was determined as 14.7 m-s~!. This value differs by approximately
0.7% from the experimental result of 14.8 m-s~!, indicating excellent agreement between
the numerical and experimental analyses.

The contours obtained for the 300 g solid load also show the transition from the fixed-
bed regime to stable spouting conditions as the gas velocity increases (Figure 8). The forma-
tion of a continuous spout channel was observed at approximately 12.3 m-s~!, which was
therefore identified as the minimum spouting velocity predicted by the numerical model.

12.1 m/s

14 m/s 15 m/s 16 m/s 17 m/s 18 m/s

Figure 8. Solid volume fraction contours obtained by CFD-DEM for a solid load of 300 g.

Compared with the experimental value of 13.21 m-s~!, the simulated minimum
spouting velocity presented a deviation of approximately 6.9%. Despite this difference, the
model was able to reproduce the main hydrodynamic features of the system. After the
establishment of stable spouting conditions, further increases in gas velocity promoted a
progressive increase in fountain height and a reduction in solid concentration within the
annular region, indicating enhanced particle circulation and bed expansion.

Figure 9 presents the solid volume fraction contours obtained for the 200 g solid load.
Similar to the previous cases, the transition from the fixed-bed regime to stable spouting
conditions can be observed as the inlet gas velocity increases. Based on the formation of
a continuous spout channel, the minimum spouting velocity predicted by the CFD-DEM
model was determined as 9.4 m-s~ . This value corresponds to a deviation of approximately
20.5% relative to the experimental minimum spouting velocity of 11.83 m-s~!.

https://doi.org/10.3390 /dynamics6030025


https://doi.org/10.3390/dynamics6030025

Dynamics 2026, 6, 25

17 of 23

Solid
Volume

Fraction

062
060
058
056
0549
052
050

14 m/s 15 m/s 16 m/s 17 m/s 18 m/s

Figure 9. Solid volume fraction contours obtained by CFD-DEM for a solid load of 200 g.

The contours also reveal a progressive increase in fountain height with increasing
gas velocity up to approximately 15 m-s~!. Beyond this condition, the system gradually
loses the characteristic flow structure of a spouted bed. This behavior can be attributed
to the combination of a low solid load and high gas velocity, which promotes intense
particle entrainment and increases the degree of bed expansion. Under these conditions,
the gas flow becomes sufficient to suspend most of the particles throughout the bed volume,
leading to a fluidization-like behavior rather than the well-defined spout channel and
annular region typically observed in conventional spouted beds.

The larger deviation observed for the 200 g solid load suggests that the CFD-DEM
model presents lower predictive accuracy under conditions close to the transition be-
tween spouting and fluidization regimes. In such cases, small differences in the interac-
tion parameters or drag-force prediction may significantly affect the identification of the
minimum spouting condition, resulting in larger deviations between the numerical and
experimental results.

In Figures 7-9, regions containing solid particles within the spout channel can also be
observed, indicating the occurrence of particle pulses. This phenomenon was also observed
during the experimental tests, suggesting that the CFD-DEM model was able to adequately
reproduce this characteristic feature of the spouted-bed hydrodynamics.

Table 7 summarizes the experimental and simulated minimum spouting velocities, to-
gether with their corresponding relative deviations. The results show the expected decrease
in minimum spouting velocity with decreasing solid load, consistent with the experimen-
tal observations. The relative deviation between the experimental and simulated values
increased as the solid load decreased. This behavior may be associated with the greater
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instability of the bed under low solid loads, which increases the uncertainty in both the
experimental determination and numerical prediction of the minimum spouting condition.

Table 7. Experimental and simulated minimum spouting velocities.

Minimum Spouting Velocity (m-s—1)

Solid Load (g) : Relative Deviation
Experimental CFD-DEM (%)
400 14.83 14.70 0.9
300 13.21 12.30 6.9
200 11.83 9.40 20.5

Although deviations were observed between the experimental and simulated char-
acteristic curves, the adopted CFD-DEM model could reproduce the main hydrodynamic
features of the spouted bed. In particular, the model successfully captured the depen-
dence of the minimum spouting velocity on solid load, the formation of the spout chan-
nel, the fountain development, and the characteristic particle circulation patterns. As
previously discussed, the interaction parameters constitute fundamental inputs for DEM-
based simulations; therefore, the direct measurement methodology employed in this work
provided interaction parameters suitable for accurately representing the behavior of the
investigated system.

5.4. Characteristic Curves Using Interaction Parameters from Xiao et al. [34]

To assess the sensitivity of the CFD-DEM model to the interaction parameters, ad-
ditional simulations were carried out using the coefficients reported by Xiao et al. [34].
Although the interaction parameters reported by Xiao et al. [34] were also obtained for ABS
spheres, the particle diameter used in their study was larger than that employed in this
work, and different interaction parameters were obtained. All simulations were performed
for a solid load of 400 g. The resulting characteristic hydrodynamic curve is presented in
Figure 10, while the corresponding curve obtained using the experimentally determined
coefficients is shown in Figure 6a.

1000
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B [ncrease — T3
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g 600 g T a
< A Xy
=
Z & “ <
% 400 2 X .
& t L] =
] ' X § %
aid® 2 : x
200+ ‘! ;
| & 5 2
1 &
0 T 4 T T T T T T T T T
8 10 12 14 16 18

Air velocity (m/s)

Figure 10. Comparison between experimental and CFD-DEM characteristic curves for the spouted
bed containing 400 g of ABS particles using the interaction parameters reported by Xiao et al. [34].

As shown in Figure 10, the characteristic curve predicted using the interaction param-
eters reported by Xiao et al. [34] differed significantly from the experimental results, not
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only in terms of pressure-drop magnitude but also with respect to the overall shape of the
curve. The simulation was unable to accurately reproduce the characteristic hydrodynamic
behavior of the spouted bed, particularly the transition region between the fixed-bed and
stable spouting regimes, the maximum pressure-drop peak, and the pressure-drop pro-
file observed under stable spouting conditions. Consequently, the use of literature-based
parameters resulted in a less representative description of the system behavior.

In contrast, the simulations performed with the interaction parameters determined
experimentally in the present work reproduced the overall shape of the experimental char-
acteristic hydrodynamic curve more satisfactorily (Figure 6a). Although deviations were
still observed at the lowest and highest gas velocities, the model was able to capture the
characteristic pressure-drop evolution, the transition to stable spouting, and the pressure
levels associated with the fully developed spouting regime. This improved agreement indi-
cates that the experimentally determined parameters provide a more realistic representation
of particle-particle and particle-wall interactions in the studied system.

Furthermore, the minimum spouting velocity predicted using the experimentally
determined coefficients (14.7 m-s~!) was closer to the experimental value (14.83 m-s~!)
than that obtained using the coefficients reported by Xiao et al. [34] (15.3 m-s~!). How-
ever, the most significant improvement was observed in the overall agreement between
the simulated and experimental characteristic curves, demonstrating that the accurate
characterization of interaction parameters is essential not only for predicting the mini-
mum spouting velocity, but also for reproducing the global hydrodynamic behavior of
spouted beds.

6. Conclusions

The experimental characteristic curves exhibited the typical behavior of spouted beds,
including the influence of solid load on the maximum pressure drop, stable spouting pressure
drop, and minimum spouting velocity. The experimentally determined minimum spouting
velocities were 14.83, 13.21, and 11.83 m-s ! for solid loads of 400, 300, and 200 g, respectively.

The CFD-DEM simulations reproduced the main hydrodynamic features of the system,
including the transition from fixed-bed to stable spouting conditions, the formation of
the spout channel, and the development of the fountain region. The relative deviations
between the simulated and experimental minimum spouting velocities were 0.9%, 6.9%,
and 20.5% for solid loads of 400, 300, and 200 g, respectively. These results indicate that the
methodologies employed for determining the physical properties of the particles and the
DEM interaction parameters provided representative input data for the numerical model.

The interaction parameters obtained using direct measurement yielded more accurate
predictions than those reported by Xiao et al. [34], demonstrating the strong influence
of contact parameters on CFD-DEM results. The findings highlight the importance of
experimentally determining particle-particle and particle-wall interaction parameters for
the reliable simulation of spouted beds and other gas—solid systems. Overall, the proposed
methodology proved effective for generating representative DEM input parameters and
improving the predictive capability of CFD-DEM simulations.
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?ig Gravitational force acting on particle i
?i]. fp Particle-fluid interaction force

?ijpip Particle—particle interaction force

1\7[; Rolling torque
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Unit vector

Contact force

Friction force

Fluid—particle interaction force

Normal component of the contact force
Tangential component of the contact force

Velocity of particle i

Turbulence model coefficients
Solid particle diameter
Interphase interaction force
Rolling resistance force

Radius of particle i

Collision time

Velocity

Minimum spouting velocity
Computational cell volume
Particle velocity before collision
Particle velocity after collision
Position of particle i

Turbulent viscosity of the fluid phase
Rolling friction coefficient
Static friction coefficient

Influence of the dispersed phase on the continuous phase

Solid volume fraction in the cell
Reynolds stress tensor

Stable spouting pressure drop
Maximum pressure drop
Pressure drop

Asymptotic convergence ratio
Particle acceleration
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Cp Drag coefficient

Dg Venturi throat diameter

D; Venturi inlet diameter

D, Diameter of the cylindrical section of the spouted bed
dp Particle diameter

fexact Extrapolated asymptotic solution
g Gravitational acceleration

K Spring stiffness coefficient

m Particle mass

Re Reynolds number

o4 Phase volume fraction

B Interphase momentum exchange coefficient
Y Damping coefficient

) Deformation

€ Bed voidage

0 Inclination angle

v Dynamic viscosity

p Density

p Pressure

Subscript

f Fluid phase

PP Particle-particle interaction

pw Particle-wall interaction

5 Solid phase
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