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Highlights
e A prismatic spouted bed was modelled using CFD.
e A comparison between discrete element method (CFD-DEM) and two fluid
model (CFD-TFM) was performed.
o Results in terms of accuracy and computational effort were evaluated for each
approach.

e CFD-DEM provides a better prediction of maximum particle velocity.

o CFD-TFM predicts better the height of the fountain.

Abstract
A spouted bed was simulated through two Computational Fluid Dynamic models: CFD-TFM and
CFD-DEM. The two models were compared and validated with data from literature, showing good
agreement between experimental and simulated results. Both models were able to predict the
dynamics of the bed from the static situation to stable spouting conditions, even though some

discrepancies in the solid volume fraction or velocity profiles were observed. Overall, CFD-DEM



reproduced better the experimental measurements, and, since the computational effort was proved
to be similar in both cases due to the low number of particles in the bed, it was preferred to describe
the present spouted bed. In larger systems, however, CFD-DEM might not be so convenient,
requiring the evaluation of the degree of accuracy and the computational costs prior to the application

of this or alternative models.

1. INTRODUCTION

Spouted Beds (SB) continue to attract interest in recent years for a broad range of applications,
mostly related to drying processes, due to the high fluid-solid contact achieved [1]. Spouted beds
currently stand out as a promising technology to carry out thermo-chemical reactions such as
pyrolysis [2,3], gasification [4,5] and combustion [6,7] of different materials, such as coal or waste
products. A Spouted Bed can be described as a conventional fluidisation reactor in which the
perforated plate has been replaced by single orifice place, promoting enhanced recirculation of solids
with a particular multiphase pattern [8]. Three different regions can be distinguished in a SB: Spout

(S), Annulus (A) and Fountain (F), as shown in Figure 1.

FOUNTAIN (F) ——>

ANNULUS (A) —i)

SPOUT (S)

Air inflow

Figure 1. Regions within a SB (System PET/straw 5%uv/v; Initial bed height = 50 cm).

The gas enters the bed through a central orifice of the distributor plate, causing the formation of a
central spout in which the particles move upwards in a dilute phase. The annular space between the
spout and the vessel wall contains a packed bed of particles that moves slowly downwards and
radially inwards. The conical base enhances recirculation, enabling the movement of bigger and

more irregular particles, and preventing potential stagnant or dead zones. Several devices have



been recently studied to improve further the stability of the bed such as draft tubes [9] and fountain
confiners [10] extending their range of application. The scalability of the reactor is of the essence to
develop and apply models, as a strategy to optimise geometrical factors and minimise heat losses,

investments and operating costs.

CFD modelling has become a powerful tool for the study of multiphase flows based on the
development of computational power and the advance of numerical algorithms. Currently, two
approaches are mainly applied: the Eulerian-Eulerian approach (Two Fluid Model, CFD - TFM) and
the Eulerian-Lagrangian approach (Discrete Element Method, CFD - DEM). CFD-TFM considers
both the solid and the gas phases as interpenetrating continua, and is feasible for industrial-scale
facilities, even though it is highly sensible to the parameter choice. CFD-DEM, on the other hand,
tracks the trajectory of each discrete particle, thus representing the most natural choice, but it is
more computationally complex and can be used up to lab-scale devices [11]. It is clear that the main
difference between the two approaches is the way solid particles are considered within the
simulation. CFD-TFM implicitly calculates any particle — particle interaction using the kinetic theory
of granular flows (KTGF) to determine the patrticle interaction forces. In contrast, in the CFD-DEM
model, the particle interactions are explicitly calculated by tracking each particle or number of

particles, named parcels.

Both strategies are valid to investigate several systems in industry, including the hydrodynamics of
simple [12-14] or complex [15,16] spouted beds and the mixing of heterogeneous particles [17,18].
In the literature, the Eulerian-Lagrangian approach is typically deemed more accurate for the
simulation of spouted beds in, for example, works performed with Fluent [19], Fluent and DEMEST
[20] and OpenFOAM [21]. Similar conclusions were also drawn by comparing the two approaches
on simulations performed for fluidised bed carbonator [22] and a bubbling fluidised bed [23].
Nonetheless, both approaches present advantages and drawbacks, and the establishment of a

mature choice for the simulation of spouted beds remains open to discussion.

This paper intends to shed light about the available modelling approaches by comparing the Euler —
Euler and Euler — Lagrangian approaches for the single case of a spouted bed. The comparison is

based on the experimental data by Zhao et al. [24] and the models are compared in terms of



accuracy, simulation time or number of required variables among others using Ansys Fluent®
(ANSYS Inc. Canonsburg, USA). We envisage that the present work will provide with valuable
information in terms of general and specific set of equations, set-up of simulations and numerical
convergence considerations, and will help us determine the advantages and disadvantages of each

modelling approach to simulate spouted beds.

2. NUMERICAL MODEL DESCRIPTION

2.1. Two-Fluid Model (CFD - TFM)

The CFD-TFM approach uses a generalised form of the Navier-Stokes equations, with each phase
having its own properties. The fluid and solid phases are treated mathematically as interpenetrating
continua and the volume fractions of the overlapping phases are assumed to be continuous functions
of space and time. Equivalent conservation equations are used for each phase and additional closure
laws are applied to describe particle—particle and particle—fluid interactions, using the kinetic theory

of granular flow (KTGF) [25].

o Governing equations

The continuity equation for each phase g (g - gas or s - solid) assuming no mass transfer between

phases is
0 _ Eqg. 1
a (aqpq )"' V(aqpquq ): 0
where pq and dq are the density and velocity of phase q respectively and o, =1-«, .
Similarly, the momentum conservation equation for each phase q (q =g, s) is
Eg. 2

0 _ o . o= = = = =
a(aqpquq)%-V(aqququ): _aqu+aqpq (g + Fq + Flift,q + va,q)+vz—q +2qu
g=1

where p is the fluid pressure, § is the gravitational acceleration, F

, Is the external body

acceleration, F, , is the lift acceleration and vam,q is the virtual mass acceleration, 7, is the

Reynolds stress tensor and ﬁpq is the interaction force between phases.



Lift forces are considered when particle size is relatively large and account for the forces acting on

a particle in response to velocity gradients in the air flow field. Virtual mass occurs when a solid

phase accelerates relative to the gas phase. In this work, lift forces [26] and virtual mass (F, .= 0.5)

vm,q
were considered together with the drag force (described in detail in Section 2.3) and gravity (g = -

9.81 m/s?).

o Closure equations

One set of closure equations regards the solid-solid momentum exchange and represents the
interfacial forces, solids stress and turbulence in both phases. For this purpose, the kinetic theory of
granular flow [25] is applied, as an analogy to the well-established kinetic theory of gases.

Figure 2 shows a schematic representation of the two flow regimes that can be distinguished in
granular flows. At high particle concentrations (bed of the reactor) individual particles interact with
the multiple neighbours and normal and tangential frictional forces are the major contributions on the
particle stresses. At low particle concentrations, on the other hand, stresses are mainly caused by
particle-particle collisions or translational transfer of momentum [27]. The kinetic theory takes both
approaches and considers the sum of a rapidly shearing flow regime, in which kinetic contributions

are dominant, and a quasi-static flow regime, in which friction is the dominant phenomenon.

Fluid outlet

Kinetic stress

Solid-Solid
momentum transfer

Frictional stress
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dispersed model
Figure 2. Schematic representation of the flow regimes in granular flows.
As a result, the estimation of the solid stress is defined by the solid “pressure” and “viscosity”,

included in the general conservation equation (Eq. 3). The concept of granular temperature of the
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solids phase, O, :?, is introduced as a measure of particle velocity fluctuations, and the

conservation equation for the granular phase s is given by

3l 8 Eq. 3

E|:a(asps®s)+v(asps®s)as):| = (_ Ps - I:+%s) : VUS —V(kGSVGS)—]/@S +¢s

where (— P, - T+?Sj:vus is the generation of energy by the solid stress tensor, kQSV(aS is the
diffusion of energy, ¢, is the energy exchange between the fluid and solid phases (¢, =30, ) and
Yo, is the collisional dissipation of energy

_120-e.)alp,g,03" £a. 4

Yo, dp\/;

where ess is the inter-particle coefficient of restitution (in this work equal to 0.9), a measure of energy
dissipation in particle-particle collisions, and go the radial distribution function, defined as a correction
factor that modifies the probability of collisions between grains.

The second set of closure equations regards the gas-solid momentum exchange, which defines the

drag force exerted on patrticles in fluid-solid systems. These are usually expressed by the product of

a momentum transfer coefficient § and the relative velocity (U, —U,) between the two phases. This

term is a key modelling parameter for the simulation of spouted beds in both approaches and

therefore is described in detail in Section 2.3.

2.2. Discrete Element Method (CFD - DEM)

In the Eulerian-Lagrangian approach, the behaviour of the gaseous phase is described similarly as
for CFD-TFM, considering the local balances of mass and momentum given in Eq. 1 and 2. The
treatment of the solid phase is, however, completely different. The core principle of CFD-DEM is that
each particle is considered as a discrete element, and its behaviour is predicted through its

Newtonian equations of motion
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where:

-

o Foner IS the resulting contact force, generated upon particle-particle or particle-wall
interactions.

e [ isthe gas-solid exchange coefficient, accounting for the drag force, as explained in Section
2.3.

e (, istherotational drag coefficient, which contains the rotational Reynolds number Re,,, thus

expressed by

6.45 32.1 Eq. 7
Cw: + — q
Rey Re,,
1 - Eq. 8
. _p(Equ—wp)df, 9
€y = ™

The collisions between patrticles are evaluated through the so-called ‘soft-sphere’ approach, in which
particles slightly overlap during collisions, by considering the unit vector €;, and the overlap d of two

colliding particles 1 and 2

P Xy — Xq Eq. 9
2%, — %l
§ = ||X; — %4l — (ry +12) Eq. 10

with position vectors ¥; and radius ri.

The ‘spring-dashpot’ model only requires the definition of two values: a positive spring constant, K,
and a coefficient of restitution for the dashpot term, n (0 < n < 1), which accounts for both the
repulsivity and the inelasticity of the collisions, through a linear Hookean force and a dashpot

respectively [28]
Fi = —F, = [KS +y(lly, - 815)]é1, ma-

in which



Uy = Uy~ Fa. 12
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The force between particles in contact is evaluated through the friction collision law (called ‘friction-
dshf’ in the software). This law is based on the Coulomb friction equation and calculates the friction
force (Fricion) @S a product of a friction coefficient (us) and the force normal to the surface (Fnormal)
Frriction = UfFrorma Eq. 17

The force has a direction opposite to the relative motion of the two particles, and depends on both
the size of the tangential motion and the size of other tangential forces (such as gravity or drag). The
friction coefficient depends on the relative tangential velocity magnitude (v;) and requires the
definition of six parameters:

e Sticking friction coefficient (Usick).

e Gliding friction coefficient (ugide).

e High velocity limit friction coefficient (Uiimi).

o Gliding velocity (vgide): for lower velocity values, the friction coefficient is interpolated between

Mstick and Wgiide-

o Limit velocity (vimit): for higher velocity values, the friction coefficient approaches Uiimit.

e Speed at which the friction coefficient approaches imit (SIOp€imit).
These parameters are difficult to evaluate experimentally, and this work uses the standard values
already present in Fluent alternatively. The equations for the calculation of the friction coefficient, pr,

are



Ur = Hstick + (P—stick - P—glide)(vr/vglide - 2-0) Ur/vglide if v < Vglide Eq' 18

Hr = Hglide if Vglide < Vr < Viimit Eg. 19
1+ Vratio , Eq. 20
Ky = Wglid if v>ny
! gL + WratioVratio " it
in which:
Uratio = Flglide/p-limit s Uratio = (Ur — Viimie)/Slop€limir Eg. 21

2.3. Drag model

We use the Gidaspow drag model [29], which is the widely applied drag model for the simulation of
spouted beds [1]. The drag force for the dense phase is calculated by the Ergun equation [30] and

the drag force for the dilute phase is calculated by the Wen-Yu expression [31]

2 l-a Eq. 22
. =150( 29)2 at +1.75M‘Ug —U,|; for the range a, < 0.8
rgun agdp ag g
3(1-ay) s Eq. 23

=——p,Cra

Bluenae 1 d oCoay” [, —,|; for the range a, >0.8

where g is the air viscosity, d, is the particle diameter, Ug is the gas velocity, U, is the particle

velocity and Cp the drag coefficient, expressed as

Eq. 24
c, -4 (L+0.15(zr, Re)**" ); Re < 1000 d
a, Re
C, =0.44 ; Re=1000 Eq. 25
with Re the Reynolds nhumber
d Eq. 26
Re = 29 U, — 0,
Hy

In order to avoid the discontinuity at the boundary condition (o, = 0.8; a,= 0.2) between the two

equations, a switch function was introduced to obtain a rapid transition between regimes:



arctg[150-1.75(0.2 - a, )] Eq. 27
g +0.5

T

Thus, the interaction between fluid and particles defining the drag force can be summarised as
ﬂ = (095 ﬂ|Wen&Yu +(1_(095)ﬂ|Ergun Eq 28
Finally, the value of B is employed in Eqg. 3 for CFD-TFM, Eg. 5 for CFD-DEM and Egq. 2 for both

approaches, upon evaluation of ﬁpq

ﬁpq = ﬁ(ﬁg - 175) Eq. 29

3. MODEL SET UP

The modelling methodology is schematised in Figure 3. Firstly, the geometry of the reactor was built
with the Design Modeler tool provided within FLUENT software. This work domain was then
discretised into a number of computational cells, grids or mesh, in order to approximate the
governing equations (Section 2) by a system of algebraic expressions at discrete locations in space
and time. In this work, discretisation is based on the Finite Volume Method, and the resulting
algebraic equations were solved at each grid point by iterative methods until a converged solution
was achieved. The values are obtained at different points by interpolation of the calculated numerical
solution between the grid values. Finally, a post-treatment step is carried out to analyse the

converged solution.
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Figure 3. Scheme of the modelling methodology using FLUENT.

3.1. Definition of the device geometry

The apparatus described in Zhao et al. [24] was used in both simulations through representation of
their experimental device (considered as pseudo-2D with a width = 15 mm). The schematic view of

the geometry and its dimensions are presented in Figure 4, and further details on the experimental

conditions can be found in the literature [16].
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ZL
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Figure 4. Main dimensions of the spouted bed.

3.2. Definition of mesh



The selection of the grid for CFD calculations strongly influences the accuracy of the solution and
also affects the computational work required. In this work, three mesh sizes (dw/dp = 3, 4 and 5) were
tested to identify the largest mesh size with no significant effect on the results. The number of cells

was 8124 (dw/d, = 3), 2952 (dw/dp = 4, Figure 5) and 2108 (dw/dp = 5).

=~

Figure 5. Mesh applied in the simulations using dw/d, = 4.
The grid sensitivity was tested by evaluating the CFD results for the three grid sizes. Figure 6 shows
the time-averaged volume fraction of glass beads along the bed axis, z, for the three different mesh
sizes (CFD-TFM) on the spout centre line. Time averaging was performed over the interval 1-2 s to
ensure the statistical steady-state behaviour inside the bed. The coarser grid (dw/d, ratio=5) led to
lower volume fractions in the bed whereas the mid-sized (dm/d, ratio=4) and fine grid (dw/d, ratio=3)
provided the same qualitative trend and reasonable similar quantitative results. The mid-sized mesh
(dm/dp ratio=4) was then used in subsequent simulations as a compromise between accuracy and

computational costs.

Equivalent results were obtained for CFD-DEM simulations, in which the size of the mesh cells must
be bigger than the diameter of particles as a general requirement of convergence. In CFD-DEM
simulations, the fine grid made the calculations too slow to produce results within acceptable
computational times. In a day of calculations, less than 0.1 s of simulation was completed. This
happened because the fine mesh required a reduction of the time step to satisfy the Courant-
Friedrichs-Lewy (CFL) condition. Moreover, when the ratio dw/d, decreases, convergence becomes

more difficult and more iterations are required.
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Figure 6. Grid independence test; z = bed axis (spout centre line).

3.3. Materials and definition of bed of particles

The experimental conditions used for the simulations are summarised in Table 1. The bed is
composed of glass beads, and it is considered as a static bed (t = 0 s). Air at room temperature is

used as fluidising agent, with an inlet velocity of 26.68 m/s along the z axis.

Table 1. Definition of experimental conditions

Parameter Value Units
Air density (pg) 1.225 kg/m?3
Air viscosity (Lg) 1.7894-10° Pals
Glass beads density (pp) 2380 kg/m?3
Glass beads diameter (dp) 0.00203 m
Shape of particles Spherical -
Total number of particles 15950 -

The initial height of the bed of particles was set at 10 cm, and the particles were placed inside the
reactor in two different ways:
e Forthe case of CFD — TFM, the solid particles were evenly patched all over the domain with
as = 0.65, Figure 7(a).
¢ For CFD - DEM simulations, particles settled into the lower part of the reactor through an

injection step in absence of air, reaching the desired height, Figure 7(b).
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Figure 7. Initial static system att=0 s in CFD - TFM (a) and CFD - DEM (b) simulations.
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3.4. Physical models

3.4.1. Multiphase modelling

The governing equations were implemented through the Multiphase model. For the case of CFD-
TFM, two Eulerian phases were considered, including a granular phase (glass beads). CFD-DEM
was set by enabling the discrete dense phase model (DDPM), with the Discrete Element Method
(DEM) computing the collisions. The selected constitutive equations are presented in Table 2 (CFD-

TFM) and Table 3 (CFD-DEM). Their complete description can be found in the Fluent User Guide

[32].
Table 2. Constitutive equations and parameters applied to the TFM model.
Granular viscosity Syamal-O’Brien [21] Frictional pressure Based kgtf
Granular bulk viscosity Lun etal. [17] Frictional modulus Derived
Frictional viscosity Schaeffer [25] Frictional packing limit 0.5
Angle of friction 28.5 [26] Granular temperature Phase property [27]
Radial distribution Lun et al. [17] Solids pressure Lun et al. [17]
Elasticity modulus derived Packing limit 0.65

Table 3. Constitutive equations and parameters applied to the DEM model.

Normal contact force law Spring-dashpot Mgigce 0.2



Tangential contact force law Friction-dshf Himt 0.1

K 1000 N/m Vgide 1 m/s
n 09 Vimit 10 m/s
Mstck 0.5 slopejmt 100 s

3.4.2. Turbulence modelling

Turbulence in the gas phase may affect the gas-solid flow behaviour. However, there is no clear
consensus on the best turbulence model for CFD simulations of spouted beds and the impact of
these fluctuations on the final result. In this work, turbulence was considered using the k-¢ dispersed
model with a standard wall function as proposed by [33]. The complete set of equations and

coefficients applied in the model can be found in [34].

3.5. Boundary and operating conditions
The boundary conditions applied in both simulations were:

o INLET
o Airinflow = 26.68 m/s.
o Turbulence intensity = 0.6 Re;/®= 6.19 %.
o Hydraulic diameter = 44/2p = 0.01125 m.
e OQUTLET
o Pressure =0 Pa.
o WALL
o Gas - No slip.

o Solid — Specularity coefficient (for CFD-TFM) = 0.4.

3.6. Discretisation equations and calculation parameters



The phase-coupled SIMPLE algorithm is applied for the pressure-velocity coupling. The

discretisation schemes were:

e Spatial discretisation
o Momentum: second-order upwind.
o Volume fraction: modified HRIC.
o Turbulence: first-order upwind.

e Time discretisation: first order.

e The values of the under-relaxation factors ranged from 0.2 to 0.7.

The convergence parameters were:

e Scaled residuals: lower than 1073
e Time steps:
o 0.0001 s for CFD — TFM
o 0.0001 s (fluid phase); 5-:10° s (discrete phase) for CFD-DEM
e Maximum number of iterations: 35, even though only 5 to 10 iterations were generally

required to reach convergence.

All simulations started from a static bed condition. First, 1 s of real life simulation was run to achieve
steady state and afterwards the unsteady statistics calculations were activated and the model

continued running up to 2 s of real life simulation.

The simulations were carried out using two PCs Intel® Core(TM) i3 CPU 540 @3.07 GHz and 4 Gb

RAM.

4. RESULTS AND DISCUSSION

4.1. Particle flow dynamics

Knowledge of gas and particle dynamics is important to evaluate particle circulation rates and gas-

solid contacting efficiencies. The simulations of the particle flow patterns from the static situation in



Figure 7 to stable spouting are sequentially represented in Figure 8(a) (CFD-TFM) and 8(b) (CFD-

DEM).

01s 02s 03s 04s 0S5s 1s

Figure 8. Particle flow patterns at different simulation times, with Ug = 1.58 m/s and Hp = 10 cm:

CFD-TFM (a) and CFD-DEM (D).

The overall solid flow patterns within the spouted bed were predicted well by the two models, i.e. the
stable spout region (S), the fountain region (F) and the annular down-comer region (A). The system
moves away from its static situation (Figure 6) when the fluidising agent enters the bed
(uy = 26.68 m/s, corresponding to Ug = 1.58 m/s as reported experimentally) and opens its way
through the cavity. At 0.1 s, a marked neck is shown which propagates upwards (0.2, 0.3 s) and
finally disappears when reaching the bed surface (0.4 s).

When reaching the surface, the particles are scattered between the annulus forming the so-called
fountain, and reaches steady spouting regime at 0.5 s. The diameter of the spout increases when
moving up through the bed, regardless of the modelling approach, and in consistence with typical
spout shapes [35]. The system reaches stationary conditions after 1 s. This behaviour fully agrees
with the experimental data in which the PIV profiles showed a regular spouting of particles after 0.5

S.



As it was expected, the representations of the two simulated sequences in Figure 8 show different
degrees of detail. More precisely, since CFD-DEM calculates the particles movements individually,
the graphical representation of the system becomes more realistic and the trajectory of solids can
be easily tracked [36]. This feature becomes particularly interesting to observe the distribution of
solids if mixtures are used in the beds, and would help detect eventual segregation problems easily
[37]. With CFD-TFM, on the contrary, it is not possible to obtain accurate solid distributions, since

solids are considered as fluids.

4.2. Particle velocity profiles

Figure 9 shows the predicted (full line) and experimental (empty symbols) time-averaged particle
velocity profiles, v;, on the spout centreline for (a) CFD-TFM and (b) CFD-DEM (with the equivalent
contour representation as the inset). Both velocity profiles can be divided into three differentiated
parts: an initial increasing zone (I), a ‘plateau’ (ll) and a decreasing zone (lll). In short, in the
increasing zone, particles accelerate due to the high gas velocity close to the inlet, and decelerate
as they displace through the z axis of the reactor, essentially due to gravity. Similar trends for the
velocity profile of particles in the spout were reported in previous references [24] as well as in

experimental works [38], which further validates the obtained results.
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Figure 9. Profile of the averaged patrticles vertical velocity, v, on the spout centreline (a) CFD-TFM
and (b) CFD-DEM (Inset: equivalent contour representation). z, vertical reactor axis (full line:

simulation results; empty symbols: experimental data).

Both approaches predict the experimental behaviour qualitatively: after the end of the inlet tube,
particles are rapidly accelerated and reach the maximum velocity: this value is more or less constant

in a zone that is longer than the original static bed. Then, at the end of the fountain, particles rapidly



decelerate. In both plots, the particles velocity never reaches negative values, as experimentally
reported. The shape predicted in the plots is similar for both approaches, but CFD-TFM
underestimates the maximum velocity (which is about 1 m/s experimentally) whereas CFD-DEM
provides with a good approximation. CFD-TFM is instead more accurate at predicting the fountain
height: simulations yielded a value of about 150 mm above the end of the tube (z at which v =0 in
Figure 9a), while the experimental value is 135 mm (z at which v;e = 0),. CFD-DEM simulations, on
the other hand, over predicted the fountain height, with a value of about 200 mm (z at which v =0
in Figure 9b),.

Figure 10 displays the predicted (full lines) and experimental (empty symbols) radial profiles of the
vertical particle velocities in the spout. Individual particles are rapidly accelerated near the center
axis until a maximum value, after which the particle velocities gradually decelerate. The local vertical
particle velocity decreases with an increase in radial distance from the spout axis. Again, CFD-TFM
underestimates the velocity values and presents a slower deceleration trend for all heights, see

Figure 10(a) , whereas CFD-DEM predicts well the profiles in all cases, Figure 10(b).
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Figure 10. Radial profile of the averaged particles velocity, v, at different heights for (a) CFD-TFM

and (b) CFD-DEM (full line: simulation results; empty symbols: experimental data).

The averaged solid velocity vectors are shown in Figure 11 for the CFD-DEM model. A fast particle
motion in the spout zone (range 0.8-1 m/s) and the typical cyclic movement of solids can be easily
observed, in agreement with the literature [24]. Particles from the spout move downward in the
fountain and then fall into the annulus. Near the gas inlet, particles move from the annulus to the
spout and are carried up by the gas through the spout repeating the cycle again. In addition, solid

cross-flow can be identified (inset in Figure 11), which can be useful to evaluate the preferential solid



flow paths within the spouted. Figure 12 depicts the instantaneous velocity vectors after 5 seconds
of simulations. As it was expected, the overall pattern is almost identical to the average profile, but

there are some asymmetry effects that are absent in Figure 11, due to time-averaging.

vector-1
Mean Velocity Magnitude (phase-2)

Figure 11. Averaged solid velocity vectors for CFD-DEM (Inset: solid-cross flow).
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Figure 12. Instantaneous solid velocity vectors for CFD-DEM, att=5s.

The height of the fountain can be obtained from Figures 9 and 11, as the z value at which the velocity

of solids equals zero, giving 16 cm for CFD-TFM, and 20 cm CFD-DEM, the latter correlating well

with the experimental value of 13.5 cm as previously discussed.

The granular temperature represents the particle velocity fluctuation using a model analogue to the

kinetic theory of granular flow (Section 2), and was calculated from the CFD-TFM simulations, see



Figure 13. As expected, the instantaneous granular temperature increases in the spout zone near
the inlet due to the low concentration and high velocity of particles, and decreases in the annulus
region due to the high concentration and low velocity of particles. In the fountain zone, the granular
temperature exhibits an intermediate value among the two previously described zones. These results
are in good agreement with previous CFD works [39]. It is worth noting that this parameter could not

be calculated from the CFD-DEM simulations.

.

Figure 13. Instantaneous granular temperature distribution (t = 2 s).

4.3. CPU cost

For the selected mesh sizes, the required computational time to simulate 1 second of real spouting
was 150 min for CFD-TFM, and 200 min for CFD-DEM. These are similar values, which can be
explained by the small number of particles in the system. In this scenario, CFD-DEM becomes a
more efficient tool, providing more detailed information regarding the system at comparable time
costs. Moreover, some post-processing analysis can only be performed on CFD-DEM simulations,

such as the calculation of the solids circulation rate, as it was mentioned earlier.

It should be pointed out that the computational complexity of CFD-DEM simulations increases
exponentially with the number of particles. This might make CFD-DEM inviable for some
approaches, such as systems containing very small particles or industrial-scale devices. Conversely,

TFM simulations are not dependent on the total number of entailed particles. In CFD-DEM



simulations, it is possible to partially overcome this problem through the so-called coarse-graining
method. This method employs parcels, which are computational particles with sizes that differ from
those of the experimental particles. By employing parcels that lump several particles, it is possible
to reduce the total number of tracked elements and speed up the simulations. This is a common
procedure, which can produce reliable results [13,15,22]. Nonetheless, the use of coarse parcels
results in a coarse mesh, because the size of the parcels must be smaller than that of each cell.
Thus, this approach might not always be applicable, as a coarse mesh might result in a poor
prediction of the gas phase behaviour. This is especially valid when the diameter of physical particles
is already high. Due to the small number of particles, the coarse-graining approach was not

necessary for this work.

4.4. Comparison of modelling approaches

Table 4 summarises the main advantages and disadvantages of each of the modelling approaches

discussed along the manuscript.

The models are governed by different equations, and have common (drag and turbulence models,
restitution coefficients) and exclusive (i.e. spring constant for CFD-DEM or granular temperature for
CFD-TFM) parameters. On this basis, we could argue that the Two Fluid Model requires more fitting
parameters to obtain an accurate solution whereas the Discrete Element Method relies on fewer
numerical assumptions. The post-processing analysis is also affected by the differences in the
fundamental equations. Solid trajectories or circulation rates are only calculated by CFD-DEM |,
whereas granular temperature is exclusively obtained by CFD-TFM. In any case, an adequate choice
of the fitting parameters (specularity or restitution coefficient) is crucial to obtain accurate results,

particularly in CFD-TFM.

Overall, the simulations on our system showed that CFD-DEM is more accurate than CFD-TFM,
providing more detailed results with similar computational times and using common settings. Further
refining of the CFD-TFM model varying these settings (i.e. drag law, turbulence model, restitution
coefficient) and refinement of the mesh (it was fixed to a cell size of 8 mm for both cases) should

improve the outcomes.



Lastly, our system consisted of particles with averaged size, and comprised a moderate number of
particles. In most real-scale applications, billions of multi-dispersed particles could be present, and
at the moment this poses several problems for the widespread usage of CFD-DEM, in terms of
constraints on the mesh size and computational time. More efforts to overcome these limitations are
needed, making CFD-TFM the first choice for many industrial applications, despite some of its

inherent drawbacks that have been evidenced in the present work.

Table 4. Advantages and disadvantages of the modelling approaches.

Advantage Disadvantage

CFD - TFM

Relatively smaller CPU and memory
resource requirements: efficient
simulation of larger scale systems.

Computational requirements depend
on mesh size and not on particle
diameter: possibility of using models
with the largest independent mesh.

Greater number of parameters needs
to be fitted for an accurate solution.

Some  post-processing  analysis
cannot be performed (i.e. calculation
of solids circulation time and rate,
particle trajectories).

CFD - DEM

It requires fewer assumptions and
therefore provides more realistic
solutions.

The system can be fully described
through the calculation of all the
defining variables.

Computational requirements depend
on number and dimension of
particles: high number of particles
leads to computationally intensive
systems limited by computational
power.

Minimum size of mesh limited by
parcel dimensions.

5. CONCLUSIONS

A spouted bed was simulated through two Computational Fluid Dynamic models: CFD-TFM and
CFD-DEM. The models were validated by comparison with experimental data reported by Zhao et

al. [24], showing good agreement between experimental and simulated results.

Both models were able to predict the dynamics of the bed from the static situation to stable spouting
conditions. However, discrepancies in the solid volume fraction and the velocity profiles were

reported, and, in general terms, the CFD-DEM model reproduced more accurately the spouted bed



performance. The computational effort was proved to be similar in both cases due to the low number

of particles in the bed.

In conclusion, we believe that the CFD-DEM model is the most adequate to describe the present
spouted bed. CFD-TFM, however, might be more convenient for larger and more complex systems,
and the evaluation of the degree of accuracy and the computational costs will always be necessary

when opting for a certain simulation strategy.

Nomenclature

A area [m?]

a volume fraction [-]

Co drag coefficient [-]

Cuw rotational drag coefficient [-]

dm size of the mesh cells [mm]

dp particle diameter [mm]

€jj unit vector for parcels i and j [-]

€ss particle-particle restitution coefficient [-]

Fi collision force acting on particle i [N]

Firg lift acceleration [m/s?]

Foter  resulting acceleration of external forces acting on a particle [m/s?]

Fq external body acceleration [m/s?]

Fumg Virtual mass acceleration [m/s?]

fioss loss factor [-]

g gravitational acceleration [m/s?]



Jdo radial distribution function [-]

| identity tensor [-]

K spring-dashpot constant [N/m]

Kos diffusion coefficient for the granular energy [kg/(m-s)]

m mass of a particle [kg]

mij reduced mass for parcels i and j [kg]
p pressure [Pa]

Q gas volumetric rate [m%/h]

Rpq interaction force between the gas and solid phases [N/m?]

Re Reynolds number [-]

Reqn  Reynolds number calculated with the hydraulic diameter [-]

Re, rotational Reynolds number [-]

ri radius of particle i [m]

slop€iimit Speed at which the friction coefficient approaches Wiimit [-]
t time [s]

teol collision time scale [s]

u fluid phase velocity [m/s]

Up parcel velocity [m/s]

Ujj relative velocity for parcels i and j [m/s]

Vgise  gliding velocity [m/s]



Vimie  limit velocity [m/s]

Vi relative tangential velocity magnitude between two particles [m/s]

Xi position vector of parcel i [m]

2p perimeter [m]

Greek Symbols
B gas-solid exchange coefficient [kg/(m3:s)]
Yy damping coefficient [-]

Yos collisional dissipation of energy [Pa/s]

At CFD time step [9]

Atpem DEM time step [s]

o parcels overlap [m]

n dashpot term [-]

Os granular temperature [m?/s?]

i dynamic viscosity of the fluid [Pa-s]

M friction coefficient [-]

Hgide gliding friction coefficient [-]

Himt  high velocity friction coefficient [-]

Msick  sticking friction coefficient [-]

v kinematic viscosity of the fluid [m?/s]



P density [kg/m?]

Tq Reynolds stress tensor [Pa]
Pgs switch function [-]

ds energy exchange between fluid and solid phases [Pa/s]
Wp parcel rotational velocity [rad/s]
Subscripts

g relative to the gas phase

p particle

q generic continuum phase

s relative to the solid phase
Captions

Figure 1. Regions within a SB (System PET/straw 5%uv/v; Initial bed height = 50 cm).

Figure 2. Schematic representation of the flow regimes in granular flows.

Figure 3. Scheme of the modelling methodology using FLUENT.

Figure 4. Main dimensions of the spouted bed.

Figure 5. Mesh applied in the simulations using dw/d, = 4.

Figure 6. Grid independence test; z = bed axis.

Figure 7. Initial static system att=0 s in CFD - TFM (a) and CFD - DEM (b) simulations.

Figure 8. Particle flow patterns at different simulation times, with Ug = 1.58 m/s and Hy = 10 cm:

CFD-TEM (a) and CFD-DEM (b).

Figure 9. Profile of the averaged particles vertical velocity, v;, on the spout centreline (a) CFD-TFM

and (b) CFD-DEM (Inset: equivalent contour representation). z, vertical reactor axis.



Figure 10. Radial profile of the averaged particles velocity, v;, at different heights for (a) CFD-TFM

and (b) CFD-DEM.

Figure 11. Averaged solid velocity vectors for CFD-DEM (Inset: solid-cross flow).

Figure 12. Instantaneous solid velocity vectors for CFD-DEM, att=5s.

Figure 13. Instantaneous granular temperature distribution (t = 2 s).
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