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Summary

Gas-solid fluidized beds are used in numerous industrial chemical applications, such
as drying, coating, granulation, combustion, polymerization and cracking. A lot of effort
has been made to better understand the hydrodynamics, the heat transfer processes and
impact of different geometries on the performance of fluidized bed reactors. To understand
dense gas-solid flows in fluidized beds, the multiscale modeling approach offers a powerful
concept that connects the transfer of mass, momentum and heat at various length scales.
Computational Fluid Dynamics-Discrete Element Model (CFD-DEM) has been developed
as an effective tool to reduce the amount of costly and time-consuming experiments and pilot
trials. In this approach, the granular medium is treated as individual objects where relevant
attributes of each particle are tracked during the simulation. This thesis focuses on modeling
the hydrodynamics and heat transfer of dense gas-solid flows in fluidized bed reactors using
CFD-DEM simulations.

The research reported in this thesis started with the development of a new heat transfer
model, including a constant heat source term to mimic the heat liberation due to an exothermic
chemical reaction. As a first step, the model was validated by comparing the simulation
results with semi-analytical solutions from a one-dimensional model. The dimensionless
axial temperature profiles of the gas and particle phase, with and without heat production,
predicted by CFD-DEM simulations were in good agreement with the semi-analytical data.
Subsequently a detailed comparative study of the hydrodynamic and heat transfer behavior
has been performed for a pseudo-2D fluidized bed in the bubbling regime, considering the
effect of the superficial velocity, different aspect ratios and the heat source term. In the second
part of this thesis a circulating fluidized bed system was studied. Circulating fluidized beds
consist of a riser, a downcomer, cyclone and a recycling pipe. First, the effect of different
inlet and outlet geometries on the gas-solid flow characteristics were studied, including the
impact on cluster phenomena prevailing in a pseudo-2D lab-scale circulating fluidized bed
riser was. Two different configurations for the particle insertion were considered: a bottom
inlet and a side inlet respectively. Secondly, two different outlet configurations were studied:
a smooth lateral wall and a curved boundary consisting of fixed particles. To demonstrate
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Summary

the reliability of the model to predict the hydrodynamics and cluster characteristics inside
risers, the CFD-DEM simulations were successfully compared with experimental data (Varas
et al., 2017). This study provided insight regarding the influence of different geometries on
riser hydrodynamics. As expected, the inlet configurations have more influence on the flow
pattern in the bottom and middle part rather than the exit part of the riser.

In CFD-DEM simulations, an accurate description of the particle-fluid interactions, particle-
particle and particle-wall collisions is crucial and are handled in a deterministic manner.
Hence, the calculation of the collisions between particles is expensive in terms of calculation
time. In this work, a scaling method was developed to speed up the simulation while
maintaining the accuracy and efficiency of CFD-DEM simulations. In this model, the
equations of motion and the collisional behavior of the particles have been scaled using the
following parameters: d, µ , g, kn, kt , γn, γt , while maintaining invariant bed hydrodynamics.
A detailed simulation study has been performed for a pseudo-2D gas-solid circulating
fluidized bed riser to test the applicability of the adopted scaling method. In addition to the
scaling of the hydrodynamic forces an appropriate scaling of the grid is necessary. The effect
of the ratio of volume of the computational grid cell to the particle volume and the ratio of
the shallow depth of the riser and the particle diameter was quantified as well. A comparison
has been made with experimental results reported in literature (Varas et al., 2017), to test the
reliability of the new scaling method. The time-averaged solids volume fraction, the velocity
distribution and mass flux profiles as well as the cluster phenomena inside the riser were all
investigated to demonstrate the correctness of the proposed scaling model.

Finally, a binary system consisting of two types of particles was investigated to fully verify
the performance of the new scaling method. The simulation results were compared with
experimental data (Mathiesen et al., 2000). It was shown that the scaling method could well
capture the hydrodynamics and cluster phenomena of binary systems in a CFB riser.
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Nomenclature

Variables

Cp heat capacity, [J/kg/K]
d diameter, [m]
e restitution coefficient, [-]
g gravitational acceleration constant, [m/s2]

h effective interfacial heat transfer coefficient, [W/m/K]
Ip moment of inertia, [kg · m2]

k fluid thermal conductivity, [W/m/K]
k spring stiffness, [N/m]
m mass, [kg]
N number, [-]
Nu nusselt number, [-]
Pa pressure, [Pa]
Pr prandtl number, [-]
q heat production, [W]
Q source term for the interphase heat transfer exchange,

[W/m3]

r position vector, [m]
Re reynolds number, [-]
Sp momentum source term, [N/m3]

t time, [s]
T temperature, [K]
ug fluid velocity vector, [m/s]
V volume, [m3]

vp particle velocity vector, [m/s]
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Nomenclature

Greek symbols

β drag coefficient, [kg/(m3 ·s)]
γ damping coefficient, [-]
∆x width of grid cell, [m]
∆y depth of grid cell, [m]
∆z height of grid cell, [m]
ε gas volume fraction, [-]
µ dynamic friction coefficient, [-]
µg gas phase shear viscosity, [kg/(m · s)]
ρ density, [kg/m3]

σ standard deviation of particle temperature, [K]
τ stress tensor, [Pa]
Φ solids volume fraction, [-]
ω angular velocity, [1/s]

Subscripts

cell computational grid cell
f fluid phase
g gas phase
n normal
p particle phase
s solids phase
t tangential
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General Introduction

1.1 Gas-solid fluidized beds

Fluidized beds are often applied in industrial unit operations to process large amounts
of granular materials. Fluidization is a process where a fluid entering from the bottom of
the bed lifts the granular material which attains a fluid-like nature. The fluid can be liquid
or gas. When gas is the process fluid it is known as gas-solid fluidization, which is widely
used in process industries. The phenomenon of fluidization is based on the principle of a
balance between drag force (due to the inflow of gas) and gravity force (due to weight of the
solids). At a certain inlet gas velocity, the drag force between gas and particles becomes large
enough to balance the weight of the particles. This particular inlet gas velocity is termed
the minimum fluidization velocity. The inlet gas velocity is the key factor to characterize
fluidization, as shown in Figure 1.1. When increasing the gas velocity beyond the minimum
fluidization velocity, the porosity of the bed increases and gas bubbles are formed, in which
case the bed is operated as a bubbling fluidized bed. At higher gas velocities, the bed can
be further characterized by a slugging regime, and subsequently leads to a turbulent and
fast fluidization regime, which prevails in circulating fluidized bed risers. When the gas
superficial velocity is sufficiently high, all particles are entrained, leading to very dilute
systems with a rather uniform solids distribution throughout the whole system, where the
slip velocity (the difference between the gas and the particle velocities) can be assumed to be
equal to the particle terminal velocity often referred to as the pneumatic conveying regime.
In this work, two typical types of fluidized beds are investigated namely bubbling beds and
circulating beds.

1.1.1 Gas-solid bubbling fluidized beds

Fluidized beds working in the bubbling regime feature gas bubbles forming and rising
inside the emulsion phase. Bubbling fluidized beds are often encountered in processes
involving separation, classification, drying and mixing of particles due to their favourable
hydrodynamic and heat transfer characteristics. Many of the important applications of
fluidized beds involve highly exothermic or endothermic reactions which give rise to either a
high rate of heat removal or heat supply to the system. The gas bubbles collectively affect
the overall heat transfer rate and thus affect the overall performance of the fluidized systems.
The inlet gas temperature is usually different from the bed temperature, thus the bubble phase
is at a different temperature compared to the gas-solid emulsion phase in fluidized beds.
Consequently gas-particle heat transfer is of great interest.
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1.1 Gas-solid fluidized beds

Fig. 1.1 Various forms of contacting of a batch of solids by fluid. (Kunii and Levenspiel,
1991b)

1.1.2 Gas-solid circulating fluidized beds

Gas-solid circulating fluidized beds have a wide range of applications in various industries
to carry out chemical processes that require short gas residence times, such as fluid catalytic
cracking, biomass, coal gasification, polymerization, drying and granulation (Kunii and
Levenspiel, 1991b). Circulating fluidized beds consist of a riser, a downcomer, cyclone and a
recycling pipe. Risers are usually operated at high superficial velocities which enhance a large
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General Introduction

solids carryover. Under fast fluidization conditions, a so-called “core annulus” flow pattern
will be most prevalent in the riser systems which is characterized by a dense down-flow
close to the walls and a dilute solids up-flow in the core region of the reactor. Under these
conditions, clusters form and mostly in the regions close to the walls. Consequently, the
flow pattern in a circulating fluidized bed is characterized by a complicated structure with
continuous formation and disintegration of clusters of particles. Clusters have a profound
impact not only on the riser hydrodynamics, but also on mass and heat transport phenomena.
Thus, it is relevant to understand how clustering phenomena are affected by the operating
conditions such as gas superficial velocity, solids mass flux.

1.2 Multiphase flow modelling

The design and scale-up of fluidized beds requires accurate models that enable quantifica-
tion of the performance of reactors. Consequently, numerous studies have been performed
on the fundamentals of fluidization. These studies can be divided into two general classes:
experimental investigations and computational approaches. Each of these approaches have
their own advantages and disadvantages. Computational methods can be relatively cheap,
and they can provide some detailed information that is not easily accessible via experimental
methods. On the other hand, computational models require validation using experimental
data. Thus, these two different approaches are complementary to each other. The work
described in this thesis will focus on the usage of computational methods to advance over
understanding of the behaviour and characteristics of gas-solid fluidized beds. In recent
decades, various computational models have been developed for studying the behaviour of
fluidized beds. Depending upon the assumptions in the model, it is possible to apply them
from small to large scale systems, shown in Figure 1.2. Among these models, we can refer to
Direct Numerical Simulations (DNS), Discrete Element Model (DEM), Two Fluid Model
(TFM), Direct Simulation Monte Carlo (DSMC), Discrete Bubble Model (DBM) and two
phase model. Here only the most common three are discussed. DNS, at the most detailed
level, treats the fluid and particulate phases by considering the Navier-Stokes equation and
the Lagrangian equations of motion respectively. DNS fully resolves the flow around the
particles and can be used to establish relationships for the drag closures. These drag closures
are employed in DPM and TFM simulations. At the largest scale The Two-Fluid Model is
based on a Eulerian-Eulerian approach and both the fluid and the solid phases are considered
as interpenetrating fluids by a set of generalized Navier-Stokes equations (Kuipers and van
Swaaij, 1998).
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1.2 Multiphase flow modelling

Fig. 1.2 Multiscale modelling schemes for gas-fluidized beds.

In the past decades, CFD-DEM has become a powerful tool for solving industrial-scale
problems (Cleary et al., 2003; Džiugys and Peters, 2001; Kuwagi and Horio, 2002). In
CFD-DEM the gas phase is treated as a continuum (Eulerian) and the particulate phase as
discrete (Lagrangian). Through two-way-coupling both the continuum and particulate phase
experience each other through momentum exchange.

The main advantage of the CFD-DEM is its possibility to model highly complex sys-
tems using the basic physical properties of individual particles without oversimplifying
assumptions. In the meanwhile, particle motion is dictated by particle–fluid interactions,
particle–wall interactions, and particle–particle inter-actions.

The main disadvantage of the CFD-DEM technique, in comparison with the above men-
tioned methods, is related to computational requirements. This limits the number of particles
in simulations (Hoomans et al., 2000) and achievable physical time in process simulations.
To maintain a stable numerical scheme, the time step must be small enough to allow parti-
cle–particle interaction and particle–wall interaction to occur over the duration of several
time steps. This limit of the time step is related to the size of the particles, the minimum
fluidization velocity and the grid size. Secondly the number of particles affect the num-
ber of collision detection evaluations that need to be made. Researchers have developed
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General Introduction

several methods to optimize these procedures for vector supercomputers (Schoen, 1989),
building special-purpose hardware for performing molecular dynamics simulations (Bakker
et al., 1990), designing reconfigurable co-processors for DEM simulation (Schäfer et al.,
2004), developing parallel DEM codes (Rapaport, 1991), investigating efficient contact
search algorithm (Brosh et al., 2014) and coarse graining techniques. Girardi et al. (2016)
performed series of simulations of wet fluidized beds of particles in small periodic domains
by using a CFD-DEM approach. The CFD-DEM results are systematically coarse-grained to
expose the dependence of the filtered drag coefficient on Eulerian filter size, surface tension
forces, liquid loading, and solids loading in wet gas–solid fluidized beds. Coarse graining
is achieved by artificially increasing the size of the particles, such that fewer particles need
to be represented, which is illustrated in Figure 1.3. This approach requires scaling of the
relevant particle-particle and particle-fluid forces counterparts as well as a correct spatial
representation, meaning the mapping of particle properties to the fluid mesh and vice-versa.

Fig. 1.3 Elementary particles in a given volume (left); Coarse-graining particles in the same
volume (right).

1.3 Motivation

The first main objective of this research is to generate more insight into the hydrodynamics
and heat transfer characteristics of gas-solid bubbling fluidized beds by employing the
granular discrete element model of gas-solid flows. To achieve this, a new heat transfer
model is implemented which considers the heat source term. This model system is used to
mimick the temperature distributions and heat transfer phenomena due to heterogeneous
exothermic reactions prevailing in bubbling gas-fluidized beds. The second goal of this
project is to develop an efficient and accurate scaling method based on the CFD-DEM

6



1.4 Thesis outline

model to investigate hydrodynamics in CFB risers. The scaling method is compared with
experimental data reported in literature to study the hydrodynamics in gas-solid circulating
fluidized beds. Furthermore, the hydrodynamics of a binary systems is investigated to
study the behaviour and applicability of the scaling method for a bidisperse particle system.
Finally, a systematic study on the circulating fluidized bed riser with different geometry
configurations is performed by comparing the numerical results with experimental data.

1.4 Thesis outline

The thesis consists of two parts: in part one the heat transfer and hydrodynamics in
bubbling fluidized beds is introduced and investigated in detail. Part two describes the
hydrodynamic behaviour, including cluster phenomena in circulating fluidized beds, obtained
with CFD-DEM and a scaling method.

In Chapter 2, a heat transfer model is introduced by implementing the particle energy
equation with constant heat source term. Using this model, the thermal behaviour of a
heterogeneous exothermic reaction system was mimicked. The model has been incorporated
into the open-source software CFDEM coupling for the modelling of bubbling fluidized
beds. For verification, a comparison of the present model with a semi-analytical solution for
transient heat transfer in a fixed bed is carried out. Furthermore, the thermal behaviour and
hydrodynamics of gas-solid bubbling fluidized beds are studied.

In Chapter 3, some geometric configurations of circulating fluidized bed risers are investi-
gated. Specifically the influence of the solids inlet and outlet configurations as well as the
effect of gas superficial velocity on the flow motion in riser reactors is analysed. The DEM
simulations are validated by comparing with PIV-DIA experimental data (Varas et al., 2017).

In Chapter 4, a scaling method is proposed for scaling the momentum equation of granular
particles to scale down the vast number of solid particles in large industrial systems. Based
on this method, the gravity, pressure, drag force, normal and tangential inter-particle contact
forces are scaled respectively. The behaviour of the scaling method on hydrodynamics
including flow performance and cluster characteristics of circulating fluidized beds is reported.
The scaling method is fully validated by scaling the grid size and the riser depth of the riser
reactor.

Finally, in Chapter 5, the hydrodynamics of the binary system in a pseudo-2D gas-solid
circulating fluidized bed is studied, using CFD-DEM based on our newly developed scaling
method. Finally, the scaling model on binary systems is verified by detailed comparison with
the experimental results from Mathiesen et al. (2000) for a cylindrical circulating fluidized
bed.
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Chapter 2

Hydrodynamic and Heat Transfer Study
of A Fluidized Bed by Discrete Particle
Simulations

1

1This chapter is based on: L. Mu, K.A. Buist, J.A.M. Kuipers, N.G. Deen. (2020). Hydrodynamic and heat
transfer study of a fluidized bed by discrete particle simulations. Processes, 8(4),463.
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Abstract

A numerical simulation study is carried out to study the combined thermal behavior and
hydrodynamics of a pseudo 2D fluidized bed using a Computational Fluid Dynamics –
Discrete Element Method (CFD-DEM). To mimic the effect of heterogeneous exothermic
reactions, a constant heat source was implemented in the particle energy equation. The effect
of superficial gas velocity, bed height and heat source distribution was analyzed with the
aid of averaged volume fraction and temperature distributions and velocity profiles. The
comparison between results from an in-house code and an open-source code reveal similar
trends for both state-of-the-art CFD-DEM codes. Moreover, it is found that both the gas
superficial velocity and the bed aspect ratio have a profound influence on the fluidization
behavior and temperature distributions.



Hydrodynamic and Heat Transfer Study of A Fluidized Bed by Discrete Particle
Simulations

2.1 Introduction

Fluidized beds are encountered in a variety of industrial processes because of their favor-
able heat transfer characteristics. Many of the important applications of fluidized beds involve
highly exothermic or endothermic reactions which give rise to either a high rate of heat
removal or heat supply to the system. Fluid catalytic cracking, fluidized bed coal combustion
and polymerization for production of polyethylene are some of the well-known processes.
Hence, in-depth knowledge of the heat transfer processes in fluidized beds is highly relevant.
The hydrodynamics of fluidized beds has been investigated by many researchers. Moreover,
extensive studies of heat transfer in fluidized beds have been reported with many supporting
theories proposed on the prevailing heat transfer mechanisms, see the work of Basu and Nag
(1987); Kunii and Levenspiel (1991a); Zhou et al. (2009, 2010) e.g.

Most of the previous heat transfer research on fluidized beds involved the use of tem-
perature probes placed inside or on the walls of fluidized beds, see the work of Borodulya
et al. (1985); Valenzuela and Glicksman (1984). Limtrakul et al. (2004) and Zhou et al.
(2004) previously used CFD-DEM to study the hydrodynamics combined with heat transfer
in fluidized beds. However, only recently heat transfer extensions to CFD-DEM have been
used for bubble to emulsion heat transfer studies in pseudo 2D beds, see Patil et al. (2014).

In this paper, the CFD–DEM approach, a computational fluid dynamics (CFD) model
for gas-phase flow combined with a discrete element method (DEM) for particle motion
(Deen et al., 2007; Van der Hoef et al., 2008), was used to study the influence of the particle
size and the superficial gas velocity on the fluidized bed thermal behavior. CFD-DEM
simulations are performed for a pseudo 2D fluidized bed with spherical particles. The
thermal energy equation of the particles contains a source term to mimic the heat production
due to a heterogeneous exothermic chemical reaction. The simulations are carried out with
an open-source package, OpenFOAM-CFDEM-LIGGGHTS, and are compared with results
obtained previously by Li et al. (2016) with an in-house CFD-DEM code. The objective
of this work is to study the influence of superficial gas velocity, bed aspect ratio and heat
production distribution on the hydrodynamics and heat transport in the bed.
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2.2 Governing equations

The CFD-DEM model is an Euler-Lagrange model, which was originally developed by
Hoomans et al. (1996). In the CFD-DEM the gas phase hydrodynamics is described by the
Navier-Stokes equations, and the motion of each particle in the system is calculated from
Newton’s second law. The volume-averaged conservation equations for gas phase mass and
momentum are given by:

∂ (εgρg)

∂ t
+∇ · (εgρgug) = 0 (2.1)

∂ (εgρgug)

∂ t
+∇ · (εgρgugug) =−εg∇pg −∇ · (εgτg)−S+ εgρgg (2.2)

where S represents the source term for momentum originating from the particulate phase.
In this work, the Beetstra drag force correlation (Beetstra et al., 2007) has been used to
calculate the interphase momentum transfer coefficient:

S =
1

Vcell

Np

∑
i=0

βVp

1− εg
(ug −vp)D(r− rp) (2.3)

The solid phase is considered to be discrete and consequently the modeling of this phase is
based on tracking of individual particles accounting for particle-particle and/or particle-wall
encounters. The motion of a single spherical particle with mass mp and moment of inertia Ip

can be described by Newton’s equations, for spheres:

mp
d2rp

dt2 =−Vp∇p+
βVp

1− εg
(ug −vp)+mpg+Fc (2.4)

Ip
dωp

dt
= τp (2.5)

where rp is the particle position. The forces on the right-hand side of Eq. 2.4 are due to
the pressure gradient, drag, gravity and contact forces due to collisions with other particles.
For the contact force, a linear spring dashpot model (i.e. Hertz model) is used. τp is the
torque, and ωp is the angular velocity.

The thermal energy equation of the gas phase is given by:

∂ (εgρgCpgTg)

∂ t
+∇ · (εgρgugCpgTg) = ∇ ·

(
εgke f f

g ∇Tg

)
+Qp (2.6)
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where Qp represents the source term originating from interphase energy transfer whereas
ke f f

g is the effective thermal conductivity of the gas phase that can be expressed in terms of
the microscopic fluid thermal conductivity (kg) as follows:

ke f f
g =

1−
√

1− εg

εg
kg (2.7)

This equation was originally proposed by Syamlal and Gidaspow (1985). The source term
due to the heat transfer of the particles to the gas phase can be obtained by summing and
distributing the contributions of all particles using a discrete Dirac delta-function D as flows:

Qp = ∑
p

hAp (Tp −Tg)D(r− rp) (2.8)

where Tp is the particle temperature, Tg is the temperature of the gas phase at the Eulerian
position r and h is the fluid-particle heat transfer coefficient, obtained from the empirical
correlation by Gunn (1978):

Nup =
(
7−10εg +5ε

2
g
)(

1+0.7Re0.2
p Pr0.33)+ (

1.33−2.40εg +1.20ε
2
g
)

Re0.7
p Pr0.33

(2.9)

Nup =
hdp

kg
,Rep =

εgρg|ug −vp|dp

µg
,Pr =

µgCpg

kg
(2.10)

where Rep and Pr are the particle Reynolds number and Prandtl number. The thermal
energy equation for each particle phase is given by:

mpCpp
dTp

dt
= hAp (Tg −Tp)+ q̇Vp (2.11)

where q̇ is the heat production rate due to exothermal intra-particle chemical conversion.
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2.3 Model verification

In this section, two cases respectively without and with heat source term were conducted
to verify the heat transfer implementation. The test system is taken as a fixed bed with
initially cold particles (273K) that is heated up by a hot gas flow (373K) that passes through
the bed uniformly from the bottom of the bed. The particles were uniformly arranged in
a block structure and maintained stationary, which is a similar geometry as used by Van
Sint Annaland et al. (2005), Patil et al. (2014) and Li et al. (2016). In the CFD-DEM
verification simulations, the physical properties of the particles and the gas are listed in Table
2.1. The geometrical characteristics of the bed have been summarized in Table 2.2.

Table 2.1 Particle and gas phase properties in the fixed bed verification.

Gas density
(
kg/m3), ρg 1000

Inlet gas temperature (K), Tg,0 373
Gas viscosity (Pa·s), µg 1.0×10−3

Gas heat capacity (J/kg/K), Cpg 4187
Gas thermal conductivity (W/m/K), kg 0.5
Particle diameter (m), dp 3.95×10−3

Particle density
(
kg/m3), ρp 8400

Initial temperature of gas and particles (K) 273
Particle heat capacity (J/kg/K), Cpp 385

Table 2.2 Settings for DEM simulations of the fixed bed.

Width of the bed (m) 0.1
Depth of the bed (m) 0.1
Initial particle bed height (m) 0.5
Particle number 78,125(25×25×125)
∆x = ∆y = ∆z(m) 0.004
Time step of particle phase (s) 0.0001
Time step of gas phase (s) 0.002

The simulation results were verified by comparing them with results from a semi-analytical
model. The latter is based on a one dimensional convection equation with interphase heat
transfer between the gas and solid phase. For the 1-D model, the gas and particle phase
energy balances are given by:

εgρgCpg
∂Tg,z

∂ t
=−εgρgug,zCpg

∂Tg,z

∂ z
+has (Tp,z −Tg,z) (2.12)
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(1− εg)ρgCpp = has (Tg,z −Tp,z) (2.13)

where as is the specific interfacial area given by as = 6(
1−εg)

dp
. The details of the analytical

solution of Eqs. 2.12 and 2.13 can be found in Bird et al. (2001). Dimensionless axial
temperature profiles of both phases without heat production are shown in Figure 2.1. In the
plot, the simulation results are compared with the semi-analytical data from the 1D model.
Figure 2.2 shows simulation results in the case with heat production.

It is found that the results of both models (both without and with heat production) agree
very well. Hence, we conclude that the heat transfer model is correctly implemented in the
3D CFD-DEM model and can be used for heat transfer studies of fluidized beds.
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Fig. 2.1 Dimensionless axial gas and particle temperature profiles without heat production.
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Fig. 2.2 Dimensionless axial gas and particle temperature profiles with heat production.
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2.4 Simulation settings

A series of fluidization simulations were performed using the OpenFOAM-CFDEM-
LIGGGHTS package (we will refer to this package as CFDEM from here) of a pseudo-2D
fluidized bed, which is schematically presented in Figure 2.3. Details of the geometry are
shown in Table 2.4. The simulations were carried out with particles of 0.995 mm in diameter,
which are classified as Geldart D type particles. Simulations were performed for initial
bed heights of 0.04 m (aspect ratio 0.5), 0.08 m (aspect ratio 1) and 0.16m (aspect ratio 2).
The number of particles in the system amounted respectively 37,225, 74,450 and 148,900.
Free slip boundary conditions were applied to the front and back wall, and no slip boundary
conditions for the left and right walls. Table 2.1 summarizes the basic properties of the gas
and particles that were used in the simulations.

Fig. 2.3 Schematic overview of pseudo-2D fluidized bed.

Simulations were performed for several gas superficial velocities, namely 0.4 m/s, 0.5
m/s, 0.6 m/s (um f = 0.262 m/s). The particles are initialized at a temperature of 345 K, and
stacked on a cubic lattice at the bottom of the bed, after which a constant gas stream with
Tg,0 = 330 K is supplied through the gas supply at the bottom of the bed. Each particle has a
constant heat source of 0.0209 W/m/K, which is the same as used by Li et al. (2016). All
simulations were performed for 10 s.
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Table 2.3 Gas and particle phase properties in the fluidization simulations.

Gas density (kg/m3),ρg 1.49
Inlet gas temperature (K), Tg,0 330
Gas viscosity (Pa · s), µg 1.0×10−5

Gas heat capacity (J/kg/K), Cpg 1670
Gas thermal conductivity (W/m/K), kg 2.09×10−2

Particle diameter (m), dp 9.95×10−4

Particle density (kg/m3),ρp 667
Particle heat capacity (J/kg/K), Cpp 1670
Normal coefficient of restitution (particle-particle), e 0.6
Youngs Modulus 5.0×105

Possion ratio 0.45

Table 2.4 Settings for DEM simulations of the pseudo-2D fluidized bed.

Width of the bed (m) 0.08
Depth of the bed (m) 0.01
Initial particle bed height (m) 0.04/ 0.08/ 0.16
Particle number 37 225/ 74 450/ 148 900
∆x = ∆y = ∆z(m) 0.0025
Time step of particle phase (s) 1.0×10−5

Time step of gas phase (s) 2.0×10−4
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2.5 Results

2.5.1 Effect of superficial velocity and aspect ratio on bed hydrody-
namic behavior

Figure 2.4 shows snapshots of the typical volume fraction distribution under conditions for
each of the three simulated aspect ratios and superficial gas velocities. From these snapshots
it can be observed that bubbles become bigger with increasing gas superficial velocity. From
animations, it was observed that bubbles move more chaotically when the superficial gas
velocity increases. This effect becomes more apparent with increasing H0/W.

Fig. 2.4 Snapshots of instantaneous voidage patterns for varying aspect ratio: (a) H0/W =
0.5, (b) H0/W = 1, (c) H0/W = 2; and different superficial gas velocity: 0.4, 0.5 and 0.6 m/s
(from left to right).

To quantify the effect of the gas superficial velocity and initial bed height on the bubble
behavior, the temporally and spatially averaged gas porosity was obtained from the last 8 s of
simulation data. In Figure 2.5 we present a comparison between the results obtained from
an in-house CFD-DEM code and the open-source CFDEM package. The overall mean bed
voidage increases more or less linearly with increasing u0, which is seen for both codes. But
the values of the averaged voidage under high gas superficial velocities from the in-house
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code are lower than those from the open-source package. This might be because of the
different drag model used in these two series of simulations: the drag model in Li et al.
(2016) is the Ergun equation (Ergun, 1952) for the dense regime and the Wen & Yu equation
(Wen and Yu, 1966) for the dilute regime, whereas in this work the drag correlation of
Beetstra et al. (Beetstra et al., 2007) is used. When the superficial gas velocity increases, the
differences of averaged voidage between different aspect ratios increase, which is in line
with the observations from Figure 2.4.

Fig. 2.5 Temporally and spatially averaged bed voidage as a function of superficial velocity
and aspect ratio.

To quantify the effect of ug,0 and H0/W on the solids motion, the temporally and spatially
averaged particle velocity was obtained from the last 8 s of simulation data. The time-
averaged vertical particle velocities at z = H0 as a function of superficial gas velocity and
aspect ratio are depicted in Figure 2.6. It can be seen that the particle velocity is affected
by the superficial gas velocity as follows: both the up-flow in the core and the down-flow
in the annulus are enhanced. This can be attributed to enhanced bubble action. The bed
hydrodynamics is also influenced by the aspect ratio, as indicated by the altered shape of the

22



2.5 Results

time-averaged vertical velocity. When the initial bed height increases, the up-flow in the core
region becomes larger. This reveals that a higher aspect ratio promotes intensified upward
solids motion. We made a comparison at H0/W = 1.0 between the results obtained from the
open-source CFDEM package and an in-house CFD-DEM code. They both show the same
tendency of vertical particle motion. But the vertical particle velocity has a more uniform
distribution from the open-source package under low superficial gas velocities condition.

2.5.2 Effect of superficial velocity and aspect ratio on heat transfer
behavior

In this part we will focus on the effect of the gas superficial velocity and bed aspect ratio on
the gas-particle heat transfer behavior. Figure 2.7 shows snapshots of the particle temperature
at different gas superficial velocity and aspect ratios. With increasing superficial velocity,
it is obvious that the particle temperature is more homogeneous. This can be explained by
the fact that the particles become better mixed and the heat transfer rate between gas and
particles is more intense. The whole bed temperature increases with increasing aspect ratio,
which can be explained that with increasing H0/W the bed mass increases and hence also
the associated overall heat source in the bed.

To characterize the bed thermal behavior the temporal and spatial averaged particle
temperature was calculated, along with the standard deviation in the particle temperature.
Figure 2.8 shows the standard deviation (defined in Equation 2.14) of the particle temperature
as a function of the superficial velocity and bed aspect ratio. As can be seen, when the gas
superficial velocity increases, the temperature standard deviation decreases in all cases. This
can be explained by the fact that at higher u0 the bed is better mixed and hence becomes
more isothermal. Moreover, at higher aspect ratios the relative influence of entrance effects
is reduced and particles become better mixed, which further reduces the standard deviation
of the particle temperature.

σ =

√√√√ 1
Np

Np

∑
i=1

(
Tp,i −T p

)2 (2.14)

To quantify the effect of ug,0 and H0/W on the thermal behavior, the probability density
function (PDF) of the temperature was calculated. The temperature of all particles was
made dimensionless by dividing the difference between the particle and inlet gas temperature
(Tp −Tg,0) by the difference between the melting point of particle (Tp,m = 380 K) and the
inlet gas temperature (Tp,m −Tg,0). Using this definition dimensionless temperatures of 0
and 1 correspond to a particle temperature equal to respectively the inlet gas temperature
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Fig. 2.6 Profiles at different height of time-averaged vertical particle velocity for varying
aspect ratio: (a) H0/W = 0.5, (b) H0/W = 1.0, (c) H0/W = 2.0. Note that all profiles are
shown at z = H0. 24
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Fig. 2.7 Snapshots of particle temperature as a function of aspect ratio: (a) H0/W = 0.5, (b)
H0/W = 1, (c) H0/W = 2; and different superficial gas velocity: 0.4, 0.5 and 0.6 m/s (from
left to right).

and the melting point of the solid material. The PDF of the particle temperature was created
by dividing the temperature range starting from the inlet temperature of the gas (the lowest
temperature in the system) to the melting point of particle (the highest temperature) into
25 equal size bins and counting the number of particles in each of the temperature bins
during a period of 0.25-2 s. By increasing ug,0, a profound change in the particle temperature
PDF can be observed in Figure 2.9. The mean value of the temperature decreases with
increasing ug,0. It means that increasing superficial gas velocity will remove more reaction
heat from particles. When the aspect ratio increases, the mean value of particle dimensionless
temperature increases and the dimensionless temperature exceeds 1 at H0/W = 2.0. This
can be explained by the fact that at higher initial bed height, there are more particles and
consequently a stronger heat source in the bed, which will further increase the equilibrium
temperature and particle dimensionless temperature. We also made a comparison at H0/W
= 1.0 between the results obtained from an in-house CFD-DEM code and the open-source
CFDEM package. Both of these two results show the same tendency and particle temperature
distribution.

25



Hydrodynamic and Heat Transfer Study of A Fluidized Bed by Discrete Particle
Simulations

Fig. 2.8 Particle temperature standard deviation as a function of ug,0 and H0/W.
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Fig. 2.9 Dimensionless particle temperature PDF for varying aspect ratio: 0.5, 1 and 2 (top
to bottom) and different gas superficial velocity.
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Fig. 2.10 Snapshots of gas temperature as a function of aspect ratio: (a) H0/W=0.5, (b)
H0/W=1, (c) H0/W=2; and different superficial gas velocity: 0.4, 0.5 and 0.6 m/s (from left
to right).

2.5.3 Effect of heat source term on heat transfer behavior

In the previous sections, it was assumed that all particles have a uniform heat production.
Under realistic conditions though, the heat production will depend on the exact amount of
catalyst material in each particle, the degree of deactivation and differences in mass transfer
limitations. To investigate the effect of differences in heat production, we define a case with
an extreme distribution in heat production properties: 98% “inactive” particles were set to
have no heat production, whereas the remaining 2% “active” particles were set to have a heat
production 50 times higher than a particle in a bed with a uniform heat production. In this
way, both the uniform and non-uniform bed will have the same total heat production.

As can be seen from the snapshots in Figure 2.10, all particles mix well in the bed. Due to
the very high heat transfer coefficient, the heat transfer from the active particles to the gas
and from the gas to the inactive particles is very efficient.

The mean temperature attains an equilibrium state after 10 s. The steady state bed averaged
gas temperature can be derived analytically assuming ideal mixing of both gas and particles.
The thus obtained equilibrium temperatures of the gas phase and the inactive (1) and active
(2) particles are given by:

T x
g = T in

g +
(q̇1X + q̇2(1−X))HB (1− εg)

ρgCpgug,z
(2.15)
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T x
p1 = T in

g +
(q̇1X + q̇2(1−X))HB (1− εg)

ρgCpgug,z
+

q̇1 (1− εg)

has
(2.16)

T x
p2 = T in

g +
(q̇1X + q̇2(1−X))HB (1− εg)

ρgCpgug,z
+

q̇2 (1− εg)

has
(2.17)

where X is the percentage of “inactive” particles. The terms on the right hand respectively
represent the gas inlet temperature, the adiabatic temperature rise and the temperature
difference between gas and particles. Due to the very effective heat transfer, the relatively
small temperature difference between “active” and “inactive” particles is an important factor
because in reality many types of particles with different activities would be present in the bed
simultaneously. The equilibrium temperature of gas and two types of particles with different
heat production under different conditions are listed in Table 2.5.

Table 2.5 Equilibrium temperature of the gas phase (Tg) and the active/inactive particles
(Tp1/Tp2).

Non-uniform cases Uniform cases

H0/W/ug,0
Tg Tp1 Tp2

(
Tp1 −Tp2

)
/
(
Tp1 −Tg,in

)
Tg Tp

0.5/0.4 346 346 367 -1.28 346 346

0.5/0.5 343 343 362 -1.5 343 343

0.5/0.6 341 341 359 -1.7 341 341

1.0/0.4 362 362 383 -0.64 362 363

1.0/0.5 356 356 375 -0.75 356 356

1.0/0.6 351 351 370 -0.85 351 352

2.0/0.4 394 394 415 -0.32 394 395

2.0/0.5 381 381 401 -0.37 381 382

2.0/0.6 373 373 391 -0.42 373 373

From the snapshots of gas and particle temperature in Figure 2.10, the gas temperature and
the distribution of particles with and without heat source term are shown respectively. Beyond
the entrance region, the gas temperature shown in Figure 2.10 is practically homogeneous

29



Hydrodynamic and Heat Transfer Study of A Fluidized Bed by Discrete Particle
Simulations

and approximately equal to temperature of the inactive particles, as shown in Figure 2.11.
This matches well with the equilibrium temperatures given in Table 2.5. Furthermore Figure
2.11 shows the “active” particles distributed through the bed uniformly. As expected from
the equilibrium temperatures there is an obvious temperature difference between “inactive”
and “active” particles.

Fig. 2.11 Snapshots of two type particle temperature as a function of aspect ratio: (a)
H0/W=0.5, (b) H0/W=1, (c) H0/W=2; and different superficial gas velocity: 0.4, 0.5 and
0.6 m/s (from left to right).

Figure 2.12 shows the Probability Density Function of the particle temperatures, which
was created by dividing the temperature range starting from the inlet temperature of the
gas (the lowest temperature in the system) up to the melting point of particle (the highest
temperature) into 50 equal size bins and counting the number of particles in each of the bins
during a period of 10 - 20 s. The equilibrium temperatures of the (in)active particles are
included for reference.

By comparing the temperature PDF’s in Figure 2.9 (uniform heating) and the left column of
Figure 2.12 (non-uniform heating), we can see that in both cases the temperature distribution
is more uniform at lower superficial velocity. In the case of the non-uniform heating, a small
extra peak appears associated with the small number of (very) active particles.

To inspect the behavior of the active particles, separate PDF’s were obtained for both the
inactive and active particles only (see respectively the middle and right column of Figure
2.12). With lower superficial velocity and lower H0/W, inlet effects are dominant, leading to
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Fig. 2.12 Dimensionless temperature PDF of all particles, inactivity particles and activity
particles for different gas superficial velocities and varying aspect ratio: 0.5, 1 and 2.

long tails towards low temperatures for both particles classes. From the comparison between
simulation results and equilibrium temperature we observe that there still are differences, and
the differences become larger at lower superficial velocity. This is due to the fact that the
assumption of a thermally ideally mixed bed is not valid. This also illustrates the added value
of fluidized bed CFD-DEM simulations for the inspection of hot and cold zones in the bed.
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2.6 Conclusions

In this chapter, CFD-DEM simulations of a non-isothermal gas-fluidized bed were pre-
sented. A heat source was incorporated in the particle phase thermal energy equation to
mimic the heat liberation due to chemical conversion.

The influence of the gas superficial velocity and bed aspect ratio on the hydrodynamics
and thermal behavior of a pseudo 2D fluidized bed have been analyzed. With increasing
superficial velocity and initial bed height the overall mean bed voidage increases more or less
linearly. The standard deviation of particle temperature provides quantitative information
on the particle temperature distribution. At higher aspect ratio and with increasing ug,0, the
particles become better mixed, reducing the standard deviation. The open-source package
simulation data has the same tendency as in the in-house CFD-DEM code simulation results
of Li et al. (2016). Furthermore, the time-averaged particle velocity profiles strongly depend
on ug,0 and H0/W. Enhanced particle circulation with increasing superficial velocity is
observed, whereas more particles are transported upwards in the central region for increasing
initial bed heights. The fluidized bed is more isothermal when the superficial gas velocity and
aspect ratio increase. The diversity of particles with and without heat production also has an
apparent effect on heat transfer behavior. Due to the very good heat transfer characteristics
it is seen that the heat transfer from very active particles via the gas phase to the non-
active particles is very effective. The gas and particle temperatures predicted by CFDEM
simulations agree reasonably well with the equilibrium temperatures.
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Chapter 3

CFD-DEM Simulations of Riser
Geometry Effect and Cluster Phenomena

1

1This chapter is based on: L. Mu, K.A. Buist, J.A.M. Kuipers, N.G. Deen. (2021). CFD-DEM Simulations of
Riser Geometry Effect and Cluster Phenomena. Advanced Powder Technology, In Press.
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Abstract

In this paper the influence of the inlet and outlet configurations of a pseudo-2D fluidized
riser on the hydrodynamics (i.e. flow pattern and cluster characteristics) are studied. A
detailed comparison between experimental data and full 3D CFD-DEM simulation results
is performed. Solids volume fraction and mass flux are characterized and particle clusters
are detected in our CFD-DEM simulations and compared to experimental data. It is shown
that a correct representation of the outlet is very important for a correct simulation of the
solids holdup in the top section of the riser. The core-annulus flow behavior is generally well
predicted by the model and cluster characteristics such as cluster occurance and velocity are
also in good agreement with experimental data. Finally, an outlook is given for the future use
of CFD-DEM simulation approaches to study riser flows.
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3.1 Introduction

Circulating fluidized beds (CFB) are extensively employed in a large variety of chemical
and process industries that require short gas residence times (Geldart and Rhodes, 1986;
Hartge et al., 1988; Horio and Kuroki, 1994; Niewland et al., 1994; Yerushalmi, 1985).
These systems consist of a riser where usually the main reactions take place, a cyclone,
a downcomer and a return leg. Risers are usually operated at high superficial velocities
yielding a fast fluidization regime. In most CFBs, the solids are fed from the return leg to
the riser and interact with the gas phase while flowing upwards. The non-uniform solids
distribution has a strong effect on the quality of the gas-solids contact and consequently
on riser reactor performance. Understanding and prediction of the complex hydrodynamic
behavior is of importance for the proper design of CFBs. Considering the broad range
of applications of CFBs, numerous experimental and computational investigations have
been carried out (Benyahia, 2012; Hua et al., 2014; Li et al., 2014; Wang et al., 2017).
Experimental investigations clearly demonstrated an inhomogeneous solids distribution in
both the axial and radial directions (Miller and Gidaspow, 1992). These systems typically
exhibit a so-called “core-annulus” flow pattern, which is characterized by dilute solids up-
flow in the core of the riser, and a dense down-flow along the walls. Due to the loss of energy
during particle-particle collisions, the involved particles tend to form clusters, mainly close
to the walls. It is known that these clusters have an impact on the solids residence time
distribution and profoundly influence not only the riser hydrodynamics, but also the mass
and heat transport characteristics (van der Ham et al., 1994). Thus it is relevant to know how
the clustering phenomena and hydrodynamics are affected by e.g. gas superficial velocity
and the inlet and outlet configuration.

To this end, the hydrodynamics in riser flows has been widely investigated over the past
decades using a number of different models (Gidaspow et al., 2004; Kadyrov et al., 2019;
Kuang et al., 2020; Muhammad et al., 2019; Rashid et al., 2020; Wu et al., 2021; Zhu
et al., 2020). The contact efficiency between the gas and solids phase has been shown to
significantly influence the performance of riser reactors Guenther and Breault (2007). Thus,
an accurate representation of clustering properties is believed to be essential to accurately
predict the overall conversion rates of chemical processes (Sundaresan, 2013). Clusters
have been detected by means of optical probes in riser flows (Manyele et al., 2002; Sharma
et al., 2000) using the cluster criteria of Soong et al. (Soong et al., 1993). However, the
detection of structures such as clusters is not straightforward and limited to local and sectional
measurements. To characterize clusters, whole-field solids volume fraction information is
required, which is very hard to gather experimentally in particular using probes.
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Riser inlet and outlet configurations have been investigated as well and were shown to
have an influence on the gas-solids flow pattern. The particle velocity distributions have
been obtained from solids velocity measurements in the bottom and outlet sections of a riser
(Pantzali et al., 2015, 2016). The particle flow is observed to be highly disturbed due to
the asymmetrical position of both the gas and the Y-shaped solids inlet line (Pantzali et al.,
2015). The influence of the Y-shape solids inlet line on the mean radial particle velocity is
observed to quickly decay after which the riser flow can be considered as fully developed.
The Y-shaped solids inlet line induces both radial and axial particle velocity fluctuations
of the same order as the corresponding mean radial and axial particle velocity components.
Again, the effect rapidly decays in the radial direction. As the gas-solid flow is approaching
the riser outlet deceleration occurs because the flow is forced to change its main direction
near the exit of the riser (Pantzali et al., 2016). The influence of a solids side inlet on the flow
pattern in a dilute riser was investigated experimentally in a cold-flow pilot riser (De Wilde
et al., 2007). In the vicinity of the solids inlet, radial gas–solids mixing is hindered and
bypassing of the solids jet occurs, resulting in steep velocity gradients and off-center maxima
in the velocity field. Higher gas flow rates and lower solids fluxes allow bypassing to occur in
the plane of the solids inlet via the side opposite the solids inlet. Additionally, seven different
outlet configurations have been selected to quantify the internal solids circulation (Van der
Meer et al., 2000). If the outlet consists of a smooth bend, the internal recirculation becomes
more pronounced with increasing radius and can become even more intense than in abrupt
T-outlets. The effects of T- and the L-outlet configurations on dilute riser flow have been
studied experimentally and computationally (Heynderickx et al., 2011). The position and
shape of the outlet vortex, solids hold-up and axial and radial particle velocities near the
outlet openings were hardly affected. Despite all studies reported in literature, the effect of
inlet and outlet configurations on the hydrodynamic behavior and cluster characteristics is
still not clear, such as cluster solids volume fraction and mass flux, cluster occurance and
velocity, etc.

For studying clusters a number of numerical simulation techniques have been developed.
Tsuo and Gidaspow (Tsuo and Gidaspow, 1990) used a traditional (constant viscosity) two-
fluid model (TFM) to study the formation of clusters. The TFM is widely used to simulate
gas–solid flows due to its relatively modest computational cost. However, it is reported in
literature (Passalacqua et al., 2010) that the application of this model for dilute gas–solid
flows is not adequate. For dilute gas–solid flow, when applying TFM, a grid-independent
solution can only be obtained at a very (unpractically) fine grid (Passalacqua and Fox, 2011).
Efforts were thus made to develop new hydrodynamic models and corresponding solution
techniques that facilitate the study of dilute gas–solid flows. Based on the results reported
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in literature (Deen et al., 2007), it is evident that the computational fluid dynamics-discrete
element method (CFD-DEM) is a very powerful tool to study the details of flow phenomena
prevailing in fluidized beds. The CFD-DEM describes the gas phase as a continuum, whereas
each of the individual particles is treated as a discrete entity. This model accounts for the
gas-particle and particle-particle interactions and has proven to be very useful to generate
closure information required in more coarse-grained models.

The objective of this work is to study the influence of different particle inlet and outlet
configurations on riser hydrodynamics associated cluster characteristics, by performing a
thorough comparison with experimental data and full 3D simulation results. We employ
two CFD-DEM codes: an open-source package OpenFOAM-CFDEM-LIGGGHTS and
an in-house CFD-DEM code. The riser flow structure is characterized by utilizing cluster
detection algorithms. In this paper, a full comparison between two series of simulation
results will be performed to discuss which CFD-DEM code produces a better performance
to characterize the hydrodynamic behavior and cluster properties under different operating
conditions. The hydrodynamic behavior at different gas superficial velocities is analyzed in
terms of axial and cross-sectional profiles of time-averaged solids volume fraction and mass
flux. Furthermore, a description of cluster related parameters will be reported. The pros and
cons of the outlet and inlet configuration are discussed by comparing their outcomes with
full-field experimental data (Varas et al., 2017).
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3.2 Numerical method

The CFD-DEM was originally developed simultaneously by Tsuji et al. (1993) and
Hoomans et al. (1996). In CFD-DEM the gas phase is described by the volume-averaged
Navier-Stokes equations. The continuity equation for the gas phase is given by:

∂ (εgρg)

∂ t
+∇ · (εgρgug) = 0 (3.1)

whereas the momentum equation of the gas phase is given by:

∂ (εgρgug)

∂ t
+∇ · (εgρgugug) =−εg∇Pg −∇ · (εgτg)−Sp + εgρgg (3.2)

where Sp represents the sink term for momentum transfer between the gas and particle
phase:

Sp =
1

Vcell

Np

∑
i=0

βVp

1− εg
(ug −vp)D(r− rp) (3.3)

where the function D is the distribution function used to distribute the force exerted by
the particles on the gas phase in the Eulerian grid cell with volume Vcell . The inter-phase
momentum transfer coefficient β is evaluated by the Beetstra drag model (Beetstra et al.,
2007):

Fdrag =
βdp

2

µ
= 10

1− εg

εg2 +εg
2 (1+1.5

√
1− εg

)
+

0.413Re
24εg2

(
1
εg
+3εg (1− εg)+8.4Re−0.343

)
(

1+103(1−εg)Re−
1
2(1+4(1−εg))

)
(3.4)

where Re = εgρg|ug −vp|dp/µg is the particle Reynolds number.
The solids phase is described by solving Newton’s second law for each particle in the

system:

mp
d2rp

dt2 =−Vp∇p+
βVp

1− εg
(ug −vp)+mpg+Fc (3.5)

Ip
dωp

dt
= τp (3.6)

In these equations τp represents the torque and Ip the moment of inertia, which for
spherical particles with radius Rp is equal to Ip =

2
5mpRp

2. The particle collisional forces are
deterministically computed by means of a soft sphere linear spring-dashpot model that was
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firstly proposed by Cundall (Cundall and Strack, 1979). The torque follows from the cross
product of the tangent of the collision and the tangential force, multiplied the radius of the
particle. The tangential force is the minimum of the tangential spring force and the sliding
limit which is a friction factor times the normal force.
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3.3 Simulation conditions

The dimensions of the simulation domain correspond to the experimental pseudo-2D
riser plus the lateral outlet, which amount to 1.57×0.07×0.006 meters as shown in Figure
3.1(a). In the experimental riser the outlet of the system is connected to a cyclone, where the
gas-solid separation takes place. Glass beads were fed from a storage vessel via a dosage slit
with a 70×6 mm opening at an axial position of 70 mm above the gas distributor of the riser.
Figure 3.1(b) is a schematic representation of the riser, which is 70 mm in width and 1.5 m
long. The top section is a 90-degree, quarter circle bend.

At the initial state there are 50,000 particles packed at the bottom of the riser reactor. Gas
is uniformly injected from the riser bottom and new particles are inserted to the reactor at a
constant solids mass flux. Both the gas and particles travel through the riser, reach the lateral
top region and are removed from the system.

Fig. 3.1 (a) Snapshot of experimental setup; the riser section is indicated by the red box
(Varas et al., 2017). (b) Schematic of the pseudo-2D riser in CFD-DEM model.

The insertion of particles was only accepted when there was no particle overlap. The
simulations were performed for the fast fluidization regime at several gas superficial velocities
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Fig. 3.2 Inlet configuration of the riser: bottom inlet (a), side inlet (b).

Ug,in = 5.55, 5.95, 6.35, 6.74 m/s and a fixed solids mass flux of 32 kg/m2/s. Note that with
a fixed solids flux, the total solids holdup in the riser changes depending on experimental
conditions and in the simulations on the definition of inlet and outlet geometry. The particles
were inserted employing two different geometries: bottom inlet (Figure 3.2a) and side inlet
(Figure 3.2b). The side inlet geometry corresponds to the experiments, while for the bottom
inlet geometry the particles were inserted at random positions of the bottom X-Y plane of
the simulation domain at a very low velocity (0.01 m/s). The particles that reach the lateral
outlet leave the simulation domain.

At all walls, no-slip boundary conditions were applied. With a prescribed inflow axial
velocity equal to Ug,in, gas was supplied at the bottom of the domain. The left side of the
domain was subdivided into two regions: for the top-left outflow region of 0.07 m the pressure
P0 is prescribed and at the bottom left side the boundary condition is applied separately
depending on the applied particle insertion configuration as illustrated in Figure 3.2. When a
bottom-inlet configuration was used for the particles, the lower left side of the domain was
described as a wall, i.e. by no-slip boundary conditions. When a side inlet configuration
was used, free-slip boundary conditions were applied at the particle insertion opening, while
outside this region no-slip conditions were applied. For the lateral outlet of the riser two
different geometries will be considered: a smooth lateral wall (Figure 3.3a) and a rough
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Fig. 3.3 Outlet configuration of the riser: smooth outlet (a), rough outlet (b).

lateral wall (Figure 3.3b). The smooth geometry corresponds with the experimental lateral
outlet and no-slip boundary conditions were applied. The rough geometry is described with a
fixed curved wall made of particles placed at the top of the simulation domain. This mimics
the lateral curved outlet of the experimental unit.

According to studies of Wang et al. (2009) the grid size should be 2-4 particle diameter to
obtain quantitative agreement between TFM and DPM results. The mesh size (in the width
and height directions) is set around 3 times the particle diameter. The mesh number is chosen
to be four in the depth direction, two cells to account for the boundaries and two to describe
the gas flow, because one cell was not enough to capture the gas-particle flow. More details
about the simulation and experimental settings and physical parameters used are specified in
Table 3.1.

The total simulation time was 20 seconds. In the post-processing the first 10 seconds were
discarded to exclude start-up effects. Beyond 10 seconds, a pseudo steady state was attained.
Simulation data were collected each 0.01 seconds.

3.3.1 Numerical setup

Because two different numerical codes are used it is prudent to discuss the differences
here. These differences consist of differences in numerical schemes for solving the volume
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Table 3.1 Experimental (Varas et al., 2017) and simulation settings

Exp. Side Inlet Bottom Inlet Oulet

Gas density (kg/m3) 1.2 1.2 1.2 1.2

Gas viscosity (kg/m·s) 1.8×10−5 1.8×10−5 1.8×10−5 1.8×10−5

Particle density (kg/m3) 2500 2500 2500 2500

Particle diameter (mm) 0.8-0.9 0.85 0.85 0.85±0.05

Normal coefficient of restitution
(particle-particle) - 0.96 0.96 0.96

Normal coefficient of restitution
(particle-wall) - 0.86 0.86 0.86

Tangential coefficient of restitution - 0.33 0.33 0.33

Friction coefficient - 0.15 0.15 0.15

Normal spring stiffness (N/m) - 1600 1600 1600

Solids mass flux (kg/m2/s) 32 32 32 32

Solids inlet velocity horizontal(m/s) - 0.00717 0 0

Solids inlet velocity vertical(m/s) - -0.00717 0.01 0.01

Width of the riser (m) 0.07 0.007 0.07 0.07

Depth of the riser (m) 0.006 0.006 0.006 0.006

Height of the riser (m) 1.57 1.57 1.57 1.57

Cell size (m3) -
0.0025×0.0015

×0.0025
0.0025×0.0015

×0.0025
0.0025×0.0015

×0.0025

averaged Navier-Stokes equation and Newtons equations and the interpolation schemes for
solids volume fraction. The settings for the physical parameters used in above equations are
the same which holds for the numerical timesteps for the CFD and DEM parts, which are
respectively 10−4 and 10−5 s.

The details of the numerical solution methods for the in-house code can be found in Patil
et al. (2014). This method is a semi-implicit solution method. The CFDEM code follows the
description provided by Goniva et al. (2012). Newtons equations for the particle phase are
solved using a simple first order explicit integration. This in contrast to the Crank Nicolson
scheme that is used in the CFDEM code. Both the differences in numerical solution are
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estimated to have little effect on the results. Mostly since the tolerances in the two codes are
similar. For the collisions the accuracy is dependent on a combination of timestep, integration
scheme and spring-stiffness. At the given parameters these are not expected to give reason to
differences in results.

The most prominent difference is in the scheme for the communication between the two
phases of the void fraction. In the in-house code this is handled using an interpolation scheme
using a smoothed dirac delta function. Whereas in CFDEM this is handled with a subdivision
method for each particle. The accuracy of both of these methods is related to the choice of
cell size relative to the particle diameter, which in these simulations is the same.

3.3.2 Cluster detection

The pseudo-2D fast fluidized riser is characterized by a dense bottom zone and a dilute
region at the top, leading to solids fluctuations along the riser domain. Both in experiments
and simulations clusters are defined as connected regions with local solids fractions larger
than 0.2 everywhere that have a minimum area of 60 mm2 and a dense core with at least
one grid with local solids fraction larger than 0.4 (Carlos Varas et al., 2016). The area of 60
mm2 corresponds to an equivalent circle diameter of 8 mm. The detection of clusters was
performed by post-processing simulation data by means of a Matlab script. We have chosen
to maintain the same definitions to stay as close as possible to the original methodology as in
the experiments. Cluster frequency or occurance is therefore also defined as the number of
clusters found in a single image at any given time instant.

Clusters can be observed in Figure 3.4. Green ellipses correspond to clusters moving
upwards, while red ones move downwards. It is noted that dense clusters are formed close to
the wall and tend to fall down, while dilute strands of particles tend to move upwards.
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Fig. 3.4 Snapshots of the detected clusters from solids fraction field of CFD-DEM simulations
at different times. Here, the bottom half of the riser is shown where the clusters are most
prevalent.
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3.4 Results and discussion

3.4.1 Effect of inlet configuration

In this subsection we display an example of full-field simulation data for two different
inlet configurations. Figure 3.5(a) shows snapshots of the void fraction of the whole riser.
Snapshots of particle axial velocities corresponding to the bottom inlet and side inlet configu-
rations are shown in Figure 3.5 (b) and (c) respectively. The different inlet configurations
influence the collisions between particles and between particles and the wall. For the side
inlet configuration there are more particles in the bottom region leading to more collisions,
which implies that the effect of the inlet configuration matters.

Fig. 3.5 Snapshots of solids distribution: total riser (a), bottom inlet (b), side inlet (c).

Axial profiles of time-averaged solids volume fraction are obtained from our CFD-DEM
simulations at different superficial velocities and are compared with experimental data as
well as simulation data obtained from our in-house code. From Figure 3.6 it can be seen that
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Fig. 3.6 Axial profiles of time- and laterally -averaged solids holdup. (a) Ug,in=5.55 m/s, (b)
Ug,in=5.95 m/s, (c) Ug,in=6.35 m/s, (d) Ug,in=6.74 m/s.

all four sets of data possess the same features namely that the riser reactor has dense regions
at the bottom and dilute zones at the top. At higher gas superficial velocities, a much denser
bottom region is observed for the simulation with side inlet in comparison to the experiments
and the simulation with bottom inlet.

Note that in all simulations the particle insertion velocity is maintained at a constant value
of 0.01 m/s. In reality, the introduction of the particles in the riser system is abrupt where the
particle insertion velocity would be affected by changes in superficial gas velocity. At high
Ug,in the pressure at the riser side would be high and consequently less particles would enter
with a lower velocity. In the simulations the particle insertion velocity is constant, resulting
in more collisions between particles at higher gas superficial velocity and consequently more
particles residing in the dense region.
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Fig. 3.7 Cross-sectional profiles of time-averaged solids volume fraction at three lower
heights: Height=0.1 m, 0.3 m, 0.5 m (left to right) and different superficial gas velocity:
Ug,in=5.55 m/s, 5.95 m/s, 6.35 m/s, 6.74 m/s (from top to bottom).
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Fig. 3.8 Cross-sectional profiles of time-averaged solids mass flux at three lower heights:
Height=0.1 m, 0.3 m, 0.5 m (left to right) and different superficial gas velocity: Ug,in=5.55
m/s, 5.95 m/s, 6.35 m/s, 6.74 m/s (from top to bottom).
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To complete the validation of the CFD-DEM model for different inlet configurations, in
Figure 3.7, the cross-sectional profiles of solids volume fraction at the three lower axial
positions (Height = 0.1, 0.3, 0.5 m) are compared at four different superficial gas velocities.
It can be seen that for all four operating conditions the solids volume fraction attains the
typical U-shaped profile. The (average) solids volume fraction decreases significantly with
increasing axial coordinate, which corresponds to the fact that the bottom region of the riser
is much denser than the top section as evident from Figure 3.6. The U-shaped profiles possess
a more symmetric solids holdup profile at lower Ug,in. A further increase of the inlet gas
velocity to 6.74 m/s, shown in the last row of Figure 3.8, results in a higher solids volume
fraction in the annular region for the side inlet in comparison with the other three sets of
experimental and simulation results. This most likely is due to the fact that the lateral particle
insertion velocity was kept constant at the different operating conditions.

At lower Ug,in, all three sets of simulation results show a strong solids down-flow in the
annular region at lower axial coordinates in the vicinity of the region with the side inlet. At a
higher gas superficial velocity of 6.74 m/s, only the system with the side inlet configuration
exhibits strong down-flow close to the left wall which is in accordance with our observations.

As can be seen in Figure 3.9, the riser system becomes quite dilute at these high axial
positions. The open-source simulation produces lower solids volume fractions in comparison
with the experimental data and results obtained from the in-house code. This is in accordance
with the observations from Figure 3.6. This difference is unexpected because the governing
equations and the closures for the fluid-particle and particle-particle interaction are essentially
the same.

3.4.2 Effect of outlet configuration

The effect of surface roughness of the outlet top wall, respectively shown in Figure 3.2
(a) and (b), will be reported in this section. Note that the OpenFOAM-LIGGGHTS has a
smooth outlet, whereas our in-house code has a surface roughness.

Cross-sectional profiles of the time-averaged solids mass flux are shown in Figure 3.10.
At low gas velocity, the four sets of experimental and simulation profiles are in reasonable
overall agreement. However, the simulation results obtained for the outlet condition, exhibit
more asymmetric profiles in comparison with the other three sets of results. The asymmetric
behavior becomes more noticeable at high gas velocities. When the superficial gas velocity
increases, the CFD-DEM open-source simulation results exhibit lower and more symmetric
profiles in comparison with the experimental profiles. Furthermore, the two inlet conditions
show relatively larger deviations at higher superficial gas velocities, while the outlet condition
seems to overestimate the solids mass flux for low superficial gas velocities and higher in the
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Fig. 3.9 Cross-sectional profiles of time-averaged solids volume fraction at three higher
heights: Height=1.0 m, 1.2 m, 1.4 m (left to right) and different superficial gas velocity:
Ug,in=5.55 m/s, 5.95 m/s, 6.35 m/s, 6.74 m/s (from top to bottom).
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riser. In both cases the maximum difference can be up to more than 50% of the maximum
flux.

From Figure 3.9 and 3.10 it can be seen that no obvious difference exists between side and
bottom inlet results. We conclude that different inlet configurations do not have a significant
influence on the hydrodynamics in the top region of the riser, which matches our expectations.

3.4.3 Cluster analysis

Clusters were detected in the entire riser region according to the method explained in
the previous section. The main focus will be on the predictive capability of the cluster
characterisitics between the different inlet and outlet conditions. The cluster-related properties
are reported for qualitative analysis.

In Figure 3.11, we perform the core-wake cluster detection and quantify the cluster
frequency of occurance. All the experimental data and simulation results show that clusters
are mostly located close to the walls irrespective of the gas superficial velocity. This matches
the so-called core-annulus flow pattern in risers. The cluster frequency is highly influenced by
the superficial gas velocity with larger amount of clustering at lower superficial gas velocity.
This can be explained by the fact that the average holdup increases significantly with increased
dissipative particle-particle collisions promoting clustering. At Ug,in = 5.55 m/s, it is found
that in comparison with the computational results, clustering is more pronounced in the
experiments. However at a superficial gas velocity of 6.35 m/s, the cluster frequency of
occurance obtained from the experiment is much smaller than its counterpart obtained from
the simulations.

The fluidized bed reactor is governed by an excess amount of gas on top of minimum
fluidization (umf). Any excess gas on top of that usually goes into bubbles, which is the
bubbling bed regime, up to 2-5 times umf. After that particles are carried further and further
until a riser regime emerges and eventually pneumatic conveying is reached. The latter is
governed by the terminal settling velocity (Schiller-Neumann). For the particles in this study,
the minimum fluidization velocity is 0.52 m/s and the terminal velocity is 6.71 m/s. This
means that at the highest background velocity the system is at or around the terminal velocity.
The particles in that system are highly suspended and less likely to form clusters as is also
clear from the experiments.

In the simulations the amount of drag is governed by the drag correlation, in this case the so-
called Beetstra drag correlation. These drag correlations cover the entire range of velocities
and solids fractions but are known to have some difficulty near minimum fluidization and
near high Re numbers and low solids fractions (high porosity). In short near the terminal

53



CFD-DEM Simulations of Riser Geometry Effect and Cluster Phenomena

Fig. 3.10 Cross-sectional profiles of time-averaged solids mass flux at three higher heights:
Height=1.0 m, 1.2 m, 1.4 m (left to right) and different superficial gas velocity: Ug,in=5.55
m/s, 5.95 m/s, 6.35 m/s, 6.74 m/s (from top to bottom).
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velocity these drag correlations are not always performing very well, which means that such
a transition from riser to more pneumatic conveying can be difficult to predict exactly.

Fig. 3.11 Cluster occurance as function of background superficial gas velocity, for the
experiments, side-inlet, bottom-inlet and outlet conditions.

Subsequently the cluster analysis will be carried out in more detail for a relatively low gas
superficial velocity Ug,in = 5.95 m/s.

First the mean solids volume fraction of each cluster is computed for the corresponding
cells which are occupied by the identified cluster. Therefore the averaged cluster interal
solids holdup is calculated from the following expression:

ϕcluster =
∑ϕs

∑Ncells,occupied
(3.7)

In Figure 3.12, the experimental and computed cluster solids volume fraction are plotted
versus the cluster centroid locations in the horizontal direction. As can be seen, there are
more clusters close to the walls, whist the dilute cluster distribution in the core region can
not be ignored.

Better agreement between experiments and simulation data is obtained from the in-house
code, which uses the rought outlet conditions, close to the walls whereas the open source
code produces better agreement with the experiments in the center of the riser. The cluster
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formation is characterized by collisions between particles moving upwards and downwards.
Solids velocities are high in the center of the riser, hence cluster prevalence in this region
is relatively low and should be taken into account to quantify cluster characteristics. All
simulation results show that dense clusters have a tendency to move to the center region
of the riser, whereas the clusters are uniformly distributed close to the walls according to
experimental observations. This might be caused by the fact that the central region, where
particles are moving upwards (Figure 2.12), is narrower in comparison with the one observed
in the experiments (Varas et al., 2017). Clusters originate from collisions between particles
moving upwards and downwards, which implies that dense clusters are formed in regions
where most of the particle collisions occur.

Fig. 3.12 Cluster solids holdup vs centroid location: (a) experiment, (b) side inlet, (c) bottom
inlet, (d) outlet. Ug,in=5.95 m/s.

In Figure 3.13 a couple of snapshots are presented showing the distributions of particle
velocities in the axial direction. It is clear that particles are traveling downwards in the
annular region and upwards in the core of the riser. The particle motion features one upward
moving cluster in the core region and two downwards moving clusters close to the left wall,
one near the top of the image and one near the bottom. Figure 3.14 shows the experimental
and simulated cluster velocity distribution at a superficial gas velocity Ug,in = 5.95 m/s.
The typical core-annulus flow is seen here, with mostly downflowing clusters near the
wall, and only upflowing clusters in the center. The description of cluster motion for the
simulations with the side inlet show a good coorespondence with experimental data, with
mainly downwards moving clusters close to the walls whilst clusters in the core region are
moving upwards. These observations are in accordance with Figure 3.12. It can also be seen
that cluster velocity profiles shown in Figure 3.14 (c) and (d) possess a more symmetric
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distribution. This is explained by the more uniform upward motion from the bottom of the
riser with the bottom inlet. The result reveals that the open-source package has a better
performance with respect to prediction of cluster velocities, considering the narrow cluster
velocity distribution presented in Figure 3.14(d). In addition, different particle insertion
configurations have a strong impact on the cluster velocity distribution.

Fig. 3.13 Snapshot gradations of upward and downward moving patterns of clusters.
Ug,in=5.95 m/s.

Fig. 3.14 Cluster velocity: (a) experiment, (b) side inlet, (c) bottom inlet, (d) outlet.
Ug,in=5.95 m/s.
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3.5 Conclusion and recommendation

In this work, the influence of solids inlet and lateral top configurations and gas superficial
velocity on the hydrodynamic behavior and cluster phenomena is investigated computation-
ally in a cold-flow pseudo-2D fluidized riser. A comparison between experimental data and
full 3D simulation results obtained from two different CFD-DEM codes is presented.

The axial profiles of solids volume fraction provide quantitative information on the particle
distribution. The riser reactor has dense regions at the bottom and dilute regions at the
top. With increasing gas superficial velocity, a much denser bottom region is achieved from
side inlet simulation data in comparison to experimental and bottom inlet simulation results.
Firstly, at three low axial locations the cross-sectional solids volume fraction and mass flux
are presented to quantify the impact of particle insertion on flow pattern evolution. The
time-averaged solids volume fraction is significantly higher at low axial coordinates. A
U-shaped solids volume fraction profile is found and higher solids volume fraction in the
annular region is observed at high inlet gas velocities with side inlet. The time-averaged
solids mass flux strongly depends on gas superficial velocity. At low superficial velocities,
the solids motion is characterized by a relatively high solids up-flow in the core region of
the riser and a very high down-flow close to the riser walls. The mass flux decreased with
increasing superficial velocity. Secondly, two different lateral top boundaries are investigated
by examining the flow structure at three axial positions near the exit of the riser. Although
the riser system becomes quite dilute at these regions, a relatively low cross-sectional solids
volume fraction is observed from the two sets of simulations with differing inlet conditions,
whereas the profiles obtained from the simulation with a coarse outlet condition seem to
correspond better with the experimental data. For the rough lateral outlet configuration, the
solids mass flux is asymmetric and the behavior becomes more pronounced with increasing
superficial gas velocities and high axial positions. Differences in solids volume fraction and
mass flux for the side and bottom inlet are negligible near the outlet and there we conclude
that different inlet configurations do not have a significant influence on the flow pattern near
the riser exit.

Furthermore, cluster properties such as frequency of occurrence, average solids volume
fraction and velocity were chosen for cluster characterization. All experimental and com-
putational results exhibit the same tendency namely that more clusters exist close to the
walls. The cluster frequency of occurance is significantly influenced by the superficial gas
velocity. With increasing superficial velocity, there are less clusters formed in the riser.
Most clusters are generated close to the walls, whilst presence of clusters in the core region
should not be ignored. Clusters are moving predominantly upwards in the central region and
downwards in the annular region. Side inlet simulation results show a good correspondence
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with experimental data with respect to the description of cluster motion. The cluster velocity
is more symmetrical in the case where particles are introduced at the bottom of the riser.
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Chapter 4

Scaling Method of CFD-DEM
Simulations for Gas-Solid Flows in Risers

1

1This chapter is based on: L. Mu, K.A. Buist, J.A.M. Kuipers, N.G. Deen. (2020). Scaling Method of
CFD-DEM Simulations for Gas-Solid Flows in Risers. Chemical Engineering Science: X 6(2020) 100054.
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Abstract

In this chapter a scaling method is proposed for scaling down the prohibitively large
number of particles in CFD-DEM simulations for modeling large systems such as circulating
fluidized beds. Both the gas and the particle properties are scaled in this method, and a
detailed comparison among alternative mapping strategies is performed by scaling both the
computational grid size and the riser depth. A series of CFD-DEM simulations has been
performed for a pseudo-2D CFB riser to enable a detailed comparison with experimental data.
By applying the scaling method, the hydrodynamic flow behavior could be well predicted
and cluster characteristics, such as cluster velocity and cluster holdups agreed well with the
experimental data. For a full validation of the scaling method, four mapping conditions with
different ratios of the grid size and particle volume and of modified ratio of riser depth to
particle size were analyzed. The results show that in addition to hydrodynamic scaling of the
particle and fluid properties, scaling of the dimensions for the interphase mapping is also
necessary.



Scaling Method of CFD-DEM Simulations for Gas-Solid Flows in Risers

4.1 Introduction

Gas-solid fluidization in riser reactors has received substantial interest as it is widely
encountered in numerous industrial processes such as base chemical production, biomass
gasification and catalytic cracking (Gómez-Barea and Leckner, 2010; Khan et al., 2014;
Shah et al., 2016). The performance of risers has been extensively investigated over the past
decades to acquire an in-depth insight of their hydrodynamics (Geldart and Rhodes, 1986;
Horio and Kuroki, 1994; Tsuo and Gidaspow, 1990). Risers are usually operated at high
superficial velocities under fast fluidization conditions. These systems exhibit a so called
“core annulus” flow structure, which is characterized by a dilute solids up-flow in the core of
the riser, and a dense down-flow close to the walls (Bolton and Davidson, 1988; Geldart and
Rhodes, 1986; Hartge et al., 1988; Horio and Kuroki, 1994; Tsuo and Gidaspow, 1990). The
dense regions typically contain particle clusters, where the gas permeability is reduced, which
negatively impacts the performance of risers as a chemical reactor. CFD-DEM simulations
have the major advantage of having very good predictive capabilities. However in most
circulating fluidized beds, the number of particles is in the order of 109 − 1012 which is
the biggest bottleneck of these simulations. Such particle numbers would quickly lead to
prohibitively long simulation times (months-years). Considering the computational cost, it
is desirable to develop an appropriate scaling method to substantially reduce the number of
particles by increasing the particle size whilst maintaining the capability to capture main
flow features.

For gas-solid flows, Andrews and O’Rourke (1996) proposed the so-called “Multi-Phase
Particle-In-Cell” (MP-PIC) approach, which is a parcel-approach and has been widely applied
to granular flows (O’Rourke and Snider, 2010; O’Rourke et al., 2009; Snider, 2001). Instead
of tracking collisions between particles directly, the MP-PIC employs a simple “particle
pressure” model to prevent particles from becoming closely-packed. Patankar and Joseph
(2001) explored an Euler-Lagrangian numerical simulation (LNS) scheme for particulate
flow, and showed that the parcel approach is able to capture the basic flow features. But this
scheme is strictly applicable when collisions do not play a dominant role in the flow behavior,
meaning dilute flow. Sakai and Koshizuka (2009) developed a coarse-grained model, which
considers the drag force and the contact force. Their model could simulate the 3D plug flow
in a horizontal pipeline system accurately but is limited to systems with a small number of
calculated particles. The similar particle assembly (SPA) model proposed for large-scale
discrete element method simulation was validated in the work of Mokhtar et al. (2012). In
their model, particles with similar physical or chemical properties are represented by a single
particle. The influence of coarse graining was studied in literature (Bierwisch et al., 2009)
and revealed that bulk volume fractions are independent of grain size provided the underlying
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forces scale quadratically with the grain diameter. Note that the latter study was restricted
to dilute granular systems where only binary collisions occur. Whether the scaling is still
valid in the intermediate to dense regimes is not clear. Alternatively, filtered two-fluid models
(TFM) have been constructed for coarse-grid simulation (Gao et al., 2018; Milioli et al.,
2013; Parmentier et al., 2012; Schneiderbauer and Pirker, 2014). Gao et al. (2018) conducted
a comparative evaluation of several model settings to assess the effect of mesoscale solid
stress in a coarse-grid TFM simulation of gas-solid fluidized beds of Geldart A particles over
a broad range of fluidization regimes.

Various researchers have explored proper scaling rules for DEM simulations (Link et al.,
2009; Radl et al., 2011, 2012; Sutkar et al., 2013). To keep the contact forces constant, Radl
et al. (2011) derived a scaling law for a linear-spring dashpot interaction model that enables
tracking of clouds of particles through DEM-based simulation of scaled pseudo-particles.
However this work did not consider the gas phase. A sophisticated filtered drag model was
established in literature (Radl et al., 2012) for use in coarse-grid Euler-Lagrange simulations,
highlighting the significant effect of particle clustering on the average slip velocity between
particles and fluid and indicated how this clustering can be accounted for in unresolved
EL-based simulations. The unclosed terms in the filtered model could also be constructed
through a filtering operation of fine-grid resolved CFD-DEM simulations (Ozel et al., 2016,
2017).Ozel et al. (2017) performed Euler-Lagrange simulations of gas-solid flows in periodic
domains to study the effective drag force model to be used in coarse-grained EL and filtered
EE models. A dynamic scale-similarity approach was used to model the drift velocity but the
predictability of that model is not entirely satisfactory. One scaling law that could apply for
the flow regime was constructed by Glicksman et al. (1994) by keeping the key dimensionless
parameters constant, including the ratio of the inertial and viscous forces. This scaling law
could be extended to model bed-to-wall heat transfer. But additional scaling parameters
were still required. The clustering of particles in circulating fluidized beds continues to be
a fundamental issue in gas-particle hydrodynamics and has been found to be significant
in risers (Guenther and Breault, 2007; O’Brien and Syamlal, 1993). A lot of effort has
been dedicated to the characterization and quantification of clusters Cocco et al. (2010);
Lackermeier et al. (2001); Shaffer et al. (2013). However, discussions about how to scale
cluster phenomena is still lacking.

The objective of this chapter is to obtain an appropriate scaling method to scale down the
vast number of solid particles in large systems. We employ the CFD-DEM code (OpenFOAM-
CFDEM-LIGGGHTS) to obtain computational data of a pseudo-2D riser reactor, and perform
a full comparison with experimental data (Varas et al., 2017) to study the hydrodynamics and
associated cluster characteristics. The axial and horizontal profiles of time-averaged solids
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volume fraction and solids mass flux are analyzed to study the hydrodynamic behavior. The
solids holdup and spatial velocity distribution of clusters are discussed to study the cluster
phenomena. The present chapter is organized as follows: in Section 4.2 we present the
mathematical model, collision model and scaling method. The fluid and particle parameters
and mapping conditions are described in Section 4.3. In Section 4.4, the scaled results are
presented. Finally, the main conclusions are summarized in Section 4.5.
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4.2 Numerical methodology

4.2.1 Description of the gas phase

The gas flow is modeled by the volume-averaged Navier-Stokes equations:

∂ (εgρg)

∂ t
+∇ · (εgρgug) = 0 (4.1)

∂ (εgρgug)

∂ t
+∇ · (εgρgugug) =−εg∇Pg −∇ · (εgτg)−Sp + εgρgg (4.2)

where the source therm Sp is defined as:

Sp =
1

∆V

Np

∑
i=0

βVp

1− εg
(ug −vp)δ (r− rp)dV (4.3)

where ∆V is the volume of the computational cell. The distribution-function δ distributes
the reaction force of the particles exerted on the gas phase to the velocity nodes on the
Eulerian grid. To calculate the interphase momentum exchange coefficient β we employed
the Beetstra drag model (Beetstra et al., 2007):

Fdrag =
βdp

2

µ
= 10

1− εg

εg2 +εg
2 (1+1.5

√
1− εg

)
+

0.413Rep

24εg2

(
1
εg
+3εg (1− εg)+8.4Re−0.343

p

)
(

1+103(1−εg)Re
− 1

2(1+4(1−εg))
p

)
(4.4)

with:

Rep =
εgρg|ug −vp|dp

µg
(4.5)

where Rep is the particle Reynolds number.

4.2.2 Description of the particle phase

The soft-sphere Discrete Particle Model (DPM) used in this work was firstly proposed by
Cundall and Strack (1979) and first employed in a gas-fluidized system by Tsuji et al. (1993).
The particle behavior is governed by Newtonian equations of motion:

mp
dvp

dt
=−Vp∇P+

βVp

1− εg
(ug −vp)+mpg+ ∑

j ̸=1

(
Fn,i j +Ft,i j

)
(4.6)
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Ip
dωp

dt
= τp (4.7)

where τp represents the torque and Ip the moment of inertia.

4.2.3 Collision parameters

Particles interact with their nearest neighbors via contact forces. The particle collisional
forces are computed by means of the linear spring-dashpot soft sphere model (Cundall and
Strack, 1979). To solve Eqs. 4.6 and 4.7, five parameters need to be specified: normal and
tangential spring stiffness kn and kt , normal and tangential damping coefficient ηn and ηt ,
and the friction coefficient µg. In this model, the normal component of the contact force
between two particles i and j can be calculated by

Fi j,n =−knδnni j −ηnvi j,n (4.8)

By combing this force expression with Newton’s equation of motion we obtain:

me f f
d2δn

dt2 =−knδn −ηn
dδn

dt
(4.9)

where kn is the normal spring stiffness, ηn the normal damping coefficient, δn the overlap
of the two particles involved in the collision and me f f the reduced mass of normal linear
spring-dashpot system.

The damping coefficient is determined by:

ηn = 2
√

knme f f (4.10)

A similar procedure can be applied to the tangential spring-dashpot system. So the
tangential damping coefficient is defined as:

ηt =
−2lnet

√
m′

e f f kt√
π2 + ln2et

(et ̸= 0) (4.11)

where m′
e f f is the reduced mass of the tangential spring-dashpot system. The definitions

of these two reduced masses are as follows:

me f f =
mamb

ma +mb
(4.12)

m′
e f f =

2
7

me f f (4.13)
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The relation between the normal and tangential spring stiffness is given by:

kt

kn
=

2
7

π2 +(lnet)
2

π2 +(lnen)
2 (4.14)

where en and et are the normal and tangential coefficient of restitution respectively, which
are empirically determined. kn is chosen such that the maximum overlap between two
colliding particles in the simulation is smaller than 1% of the particle radius.

4.2.4 Scaling method

In order to reduce the number of discrete particles, the equations of motion and the
collisional behavior of the particles will be scaled. The scaling rules presented in this section
are chosen such that the particle size can be scaled in order to reduce the number of simulated
particles drastically, whilst maintaining the same hydrodynamic behavior. The starting point
of the analysis is the force balance of the particles. Here we consider the vertical component
(z) of the force balance introduced earlier in Eq. 4.6. For the sake of the discussion, we will
write it in a compact form, i.e. without complete expression of all forces:

m
dvz

dt
= Fg,z + fp,z +FD,z + ∑

j ̸=1

(
Fn,z,i j +Ft,z,i j

)
(4.15)

where the terms on the right hand side respectively represent forces due to gravity, far
field pressure, drag and normal and tangential inter-particle contact. For simplicity we will
subsequently drop the sub-script z in the subsequent equations.

The combined gravity and far field pressure forces can be described by:

Fg +Fp =Vpg
(
ρs −ρ f

)
(4.16)

Eq. 4.15 can be re-rewritten by dividing all terms by Fg:

1
g

dv
dt

=
Fg +Fp

Fg︸ ︷︷ ︸
I

+
FD

Fg︸︷︷︸
II

+
Fn

Fg︸︷︷︸
III

1+
Ft

Fn︸︷︷︸
IV

 (4.17)

In order to obtain the same hydrodynamic behavior each of the four dimensionless groups
on the right hand side should be kept constant. This means that if we change the particle
diameter (while keeping the overall solids volume the same), other parameters should be
changed in such a manner that the respective dimensionless groups remain constant. We will
now consider each of the four terms (groups) indicated in Eq. 4.17.
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The ratio of buoyancy and gravity force (group I)

The first group implies that the ratio between the pressure and gravity forces should remain
constant. This ratio can be simplified as:

Fg +Fp

Fg
=

Vpg
(
ρs −ρ f

)
Vpgρs

Np =
ρs −ρ f

ρs
= 1−

ρ f

ρs

(4.18)

The ratio of drag and gravity force (group II)

The second group implies that the ratio between the drag force and net gravity force should
remain constant. This ratio can be expressed in terms of the particle Reynolds number Re,
the Archimedes number Ar and the local void fraction ε:

FD

Fg
=

ρs −ρ f

ρs

Re
Ar

f (|Re| ,ε) = 1
NAr

f (|Re| ,ε),

Re =
ερ f ureld

µ
,Ar =

d3 (ρs −ρ f
)

ρ f g
µ2 ,NAr =

d2ρsg
εµurel

.

(4.19)

when Re, ε and NAr are kept constant, the proper scaling would be obtained.

The ratio of normal contact force and gravity force (group III)

The third group implies that the ratio between the normal contact force and the gravity
force remains constant. The normal contact force depends on the particle-particle overlap
during contact and can be expressed as a combination of a linear spring-dashpot (Hooke
model) (Hoomans et al., 1996):

Fn

Fg
=

kn

ρsVpg
δn +

γn

ρsVpg
δ̇n

=
knd

ρsVsg
δn

d
+

γnv0

ρsVpg
δ̇n

v0

= Nkn
δn

d
+Nγn

δ̇n

v0

(4.20)

where δn and δ̇n respectively are the overlap between the particles and the rate of change
of the overlap, which are respectively normalized with the particle diameter d and the impact
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velocity v0. The contact parameters kn and γn respectively represent the normal spring
stiffness and damping coefficient, which are contained in the dimensionless groups Nkn and
Nγn. It is desirable that the overlap scales with the particle diameter and that the change
in overlap scales with the impact velocity. These two criteria imply that the dimensionless
groups Nkn and Nγn should be kept constant in the scaling.

The ratio of normal and tangential contact forces (group IV )

The fourth group implied that the ratio between the normal and tangential contact forces
remains constant. This depends on the applied contact model, but is usually guaranteed, as
both forces depend on the particle diameter and mass in the same way.

Scaling rules

The following dimensionless group should be kept constant when scaling the particle
diameter:

ρ f

ρs
,Re =

ερ f ureld
µ

,Ar =
d3 (ρs −ρ f

)
ρ f g

µ2 ,Nkn =
Kn

ρsd2g
,Nγn =

γnv0

ρsd3g
. (4.21)

Note that alternatively the Reynolds number can be replaced by the Froude number:

ρ f

ρs
,Fr =

(
ρs −ρ f

)
ρ f

Re2

ε2Ar
=

u2
rel

gd
,Ar =

d3 (ρs −ρ f
)

ρ f g
µ2 ,Nkn =

Kn

ρsd2g
,Nγn =

γnv0

ρsd3g
.

(4.22)

The five groups can be rewritten in a more practical form as follows:

Nρ =
ρs −ρ f

ρs
,Re =

ερ f ureld
µ

,NAr =
d2ρsg
εµurel

,Nkn =
Kn

ρsd2g
,Nγn =

γnv0

ρsd3g
. (4.23)

In this work the following parameters will be kept unscaled: urel , ε , v0, ρs, ρ f , while the
seven remaining parameters will be changed to ensure proper scaling: d, µ , g, kn, kt , γn, γt .

Let us now consider system 0 that we want to scale to obtain system 1. Our goal is to
obtain larger particles, so we introduce a scaling parameter K, changing the diameter by this
scaling factor K and simultaneously changing the total number of particles by a factor K−3.
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All dimensionless groups under summarized Eq. 4.23 should be kept constant, accordingly
we obtain:

d1 = Kd0,µ1 = Kµ0,g1 =
g0

K
,Kn1 = Kkn0,Kt1 = Kkt0,γn1 = K2

γn0,γt1 = K2
γt0. (4.24)
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4.3 Simulation conditions

4.3.1 Simulation setup

To test the derived scaling rules, a pseudo-2D riser reactor with dimensions 1570×70×
6mm (height×width×depth) was simulated in our study. This riser was defined to serve as
the base case for the series of CFD-DEM simulations. In the riser reactor (see Figure 4.1a),
solid particles and gas flow co-currently upwards to the top of the riser, where the gas and
particles are separated: gas will leave the system whilst particles are fed back into the riser
from the bottom inlet region. Note that during insertion particle overlap was not accepted.
No-slip boundary conditions were applied at all vertical walls.

The particles are initially placed in a random position in the bottom section of the riser up
to a height of 0.25 m. In the base case, there are 50,000 particles positioned in this domain,
where the gas superficial velocity was set at 5.55 m/s for the base case. This is high enough
to ensure proper particle circulation in the CFB system, yet it is low enough to produce
clusters. The (unresolved) gas-solid interactions were represented by the Beetstra drag force
correlation (Beetstra et al., 2007), whereas the collision parameters corresponds to properties
of glass beads previously reported by Hoomans et al. (1996). Further details of simulation
settings of the base case are specified in Table 4.1 (column K = 1).

4.3.2 Simulation settings (the base group and scaling groups: K1; K2;
K3)

To test the scaling, variations were made with respect to the base case, using three different
scaling factors, i.e. K = 0.8, 1.25 and 2. The scaled parameters were scaled according to Eq.
4.24 and are listed in Table 4.1 along with the other key parameters.

A very important aspect to realize when scaling the particle size, is that the ratio between
the particle size and other important spatial scales changes. In particular this involves the ratio
of volumes of the computational grid cell and the particle (∆V/Vp, see Eq. 4.3) and the ratio
of the shallow depth of the riser and the particle diameter (dp/D). To check the importance
of these two parameters, four scenarios of the scaled simulations were considered:

- Condition a, base case, i.e. no scaling of grid size or riser depth,

- Condition b, scaling of grid size and no scaling of riser depth,

- Condition c, no scaling of grid size, but scaling of riser depth,

- Condition d, scaling both grid size and riser depth.
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Fig. 4.1 (a) Schematic drawing of the pseudo-2D riser system. (b) base case from top view.
(c) case with scaled depth from top view.

In Figure 4.1b and 4.1c the top views of the base case (Condition a) and cases of scaled
riser depth (Conditions c and d) are shown respectively. The scaled diameter is D1 = KD0,
where D0 is the (unscaled) experimental riser depth. The scaled mapping parameters are
specified in Table 4.2. Considering the fact that the grid number must be integer, in conditions
b and d the volume ratio ∆V/Vp is kept almost constant. For all simulations, the last 10 s of
the total 20 s were post-processed to obtain the time-averaged data. The computational cost
was found to scale roughly linearly with the number of particles and computational cells.
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Table 4.1 Numerical parameters used in the simulations. The scaled parameters are indicated
in boldface.

Parameter Unit K=0.8 K=1 K=1.25 K=2

Particle diameter, dp mm 0.68 0.85 1.06 1.70

Particle density, ρp kg/m3 2500 2500 2500 2500

Solids voidfraction, εs - 2.55% 2.55% 2.55% 2.55%

Particle number, Np - 97 656 50 000 25 600 6250

Gas density, ρg kg/m3 1.2 1.2 1.2 1.2

Gas viscosity, µg kg/ms 1.44 ·10−5 1.8 ·10−5 2.25 ·10−5 3.6 ·10−5

Gravity, g m/s2 12.26 9.81 7.848 4.905

Gas velocity, vg m/s 5.55 5.55 5.55 5.55

Normal coefficient of
restitution (p-p), en

- 0.96 0.96 0.96 0.96

Normal coefficient of
restitution (p-w), en

- 0.86 0.86 0.86 0.86

Tangential coefficient of
restitution et

- 0.33 0.33 0.33 0.33

Friction coefficient, µ - 0.15 0.15 0.15 0.15

Normal spring stiffness, kn N/m 1280 1600 2000 3200

Tangential spring stiffness
(p-p), kt

N/m 411.2 514 642.5 1028

Tangential spring stiffness
(p-w), kt

N/m 410.36 512.95 641.2 1025.9

75



Scaling Method of CFD-DEM Simulations for Gas-Solid Flows in Risers

Table 4.2 Ratio in four different mapping cases. The parameters that are kept (almost)
constant are indicated in boldface.

K = 0.8 K = 1 K = 1.25 K = 2

∆V/Vp

a 57.0 29.2 14.9 3.6

b 30.4 29.2 29.9 29.2

c 60.8 29.2 14.9 3.6

d 29.2 29.2 29.9 29.2

D/dp

a 8.82 7.06 5.65 3.53

b 8.82 7.06 5.65 3.53

c 7.06 7.06 7.06 7.06

d 7.06 7.06 7.06 7.06

Np(Ncell)

a 97 656 (67 200) 50 000 (67 200) 25 600 (67 200) 6 250 (67 200)

b 97 656 (126 000) 50 000 (67 200) 25 600 (33 600) 6 250 (8 400)

c 78 125 (50 400) 50 000 (67 200) 32 000 (84 000) 12 500 (134 400)

d 78 125 (105 000) 50 000 (67 200) 32 000 (42 000) 12 500 (16 800)
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4.4 Results and discussion

In this section the simulation results are presented, where first the overall flow patterns will
be discussed. Subsequently, the solids volume fraction and mass flux distributions will be
analyzed respectively, by making a comparison between simulation results and experimental
data from literature (Varas et al., 2017). Finally, cluster characteristics will be discussed.

4.4.1 Overall flow patterns

In this sub-section a group of full-field configurations will be shown to study the gas-
particle flow behavior. Figure 4.2 shows snapshots of gas void fraction while applying four
scaling factors to the base case (Condition a). It is noted that in the vertical direction there
is similar tendency of gas volume fraction revealing a dense region close to the riser inlet
and more dilute middle and top regions. This distribution can be explained by the nature of
particle motion in circulating fluidized beds; particles are fed to the system at the bottom
of the riser, resulting in more collisions between particles and consequently more particles
residing in this region. In the horizontal direction, a so called “core-annulus” flow pattern
prevails, which has as dilute core and dense annular regions. In the dense region particle
clusters are observed with complex mutual interactions.

Figure 4.3 shows a zoomed in section of the riser, which shows the cluster behavior in
more detail. Clusters are formed in all four scaling scenarios, and appear to exhibit the same
motion, moving downwards along the wall and upwards in the core region. When increasing
the scaling factor K, it is noted that there are fewer particles with a larger diameter in the
riser, which matches the definition of the scaling method. Clusters could be observed for all
scaling scenarios but there appear to be less and smaller clusters with higher values of the
scaling factors.

4.4.2 Time-averaged solid volume fraction distribution

The axial profiles of time-averaged solids volume fraction are shown in Figure 4.4. Every
figure contains experimental data (Varas et al., 2017) and four sets of simulation results
representing different scaling approaches. It is noted that both experimental and simulation
results show the same tendency in the sense that dense regions exist in the bottom of the
riser while the system becomes more dilute with increasing axial direction. This matches the
observations from Figure 4.2. In Figure 4.4, each sub-figure represents a mapping condition.
Even though they all maintain the same range and tendency, sub-figures (b) and (d) show a
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Fig. 4.2 Instantaneous gas-solid flow pattern: Left to right: K = 0.8, K = 1, K = 1.25, K = 2.

Fig. 4.3 Snapshots of particle velocity of the middle region (dashes region in Fig. 4.2). Left
to right: K = 0.8, K = 1, K = 1.25, K = 2.
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Fig. 4.4 Axial profiles of solids holdup under four scaling conditions.

better agreement with experiment than (a) and (c). The scatters of axial solids holdup of case
K = 0.8 in Figure 4.4(d) will probably reduce when the simulation runs longer time.

In Figures 4.5 and 4.6, the cross-sectional profiles of solids volume fraction are displayed.
The axial positions are 0.3 m and 1.2 m respectively in each figure, and each figure contains
four sub-figures, which represents four different mapping conditions. In each sub-figure four
simulation results using different scaling factors are compared with the experimental data. It
can be seen that all simulation results show the same tendency as the experimental data. In
the horizontal direction, the typical U-shaped profile is obtained. In the axial direction, the
solids holdup decreases with increasing heights, which matches what we observed in Figure
4.4. The U-shaped profiles possess a flatter solids holdup profiles at higher positions in the
riser.

The profiles of solids holdup in the dense (bottom) region are shown in Figure 4.5. All
the mapping conditions are acceptable except condition c which is scaling riser depth while
keeping the grid size constant. The volume ratio of grid size and particle is different. The
ratio of riser depth and particle diameter is constant. As the fact that the riser is a pseudo-2D
bed with no-slip boundary condition for the front/back walls, when scaling the riser depth the
bridge formation of gas-solid hydrodynamics would be changed. Furthermore conditions b
and d are suitable for all cases which applied the closured scaling up of the particle diameters.

In Figure 4.6 the solids holdup profiles in the dilute (top) region are displayed. It can be
seen that at axial position H = 1.2 m the U-shaped profiles possess an asymmetric distribution
for conditions b and d, which are cases having (almost) constant ratio of computational cell
and particle volume. This is due to the fact that the curved one-sided lateral solids outlet has
an apparent effect on the solids volume fraction in these two conditions.
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Fig. 4.5 Cross-sectional profiles of solids volume fraction under different scaling condition.
H = 0.3 m.

4.4.3 Time-averaged solids mass flux profiles

The solids mass flux constitutes another important quantity and is computed for each
computational cell from:

⟨Gs(t)⟩= ρs⟨φ(t)vs(t)cell⟩ (4.25)

where the product of the local solids volume fraction (φ = 1 - ε) and solids velocity is
time-averaged.

Figures 4.7 and 4.8 show the simulated and experimental profiles of the solids mass flux
at two axial positions 0.3 m and 1.2 m. The organization of these figures is the same as in
section 4.4.2. The experimental data and simulation results exhibit the same tendency of
solids up-flow in the core region of the riser and a relatively high down-flow close to the riser
walls. At higher axial coordinates, the solids mass flux distribution becomes relatively flat.
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Fig. 4.6 Cross-sectional profiles of solids volume fraction under different scaling condition.
H = 1.2 m.

By comparing the numerical results for different scaling factors, it is observed that scaling
conditions b and d produce a better performance than the other two approaches. In Figure
4.8, the profiles of solids mass flux at height = 1.2 m are shown. The distribution of solid
mass flux for K = 2 becomes more uniform than the other cases.

4.4.4 Cluster profiles

As previously mentioned, constant solids holdup thresholds are employed along the entire
region of the pseudo-2D riser in order to detect and classify clusters. In this way, it is ensured
that a uniform definition of clusters is used and that the quantified cluster-related properties
are not influenced by a changing definition along the axial and cross-sectional directions
of the riser. Clusters are defined as connected regions with local solids volume fractions
larger than 0.2 everywhere that have a minimum area of 60 mm2 and a dense core with
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Fig. 4.7 Cross-sectional profiles of solids mass flux under four scaling factor. H = 0.3 m.

at least one grid with ϕs > 0.4. In this work the detection of clusters was performed by
a Matlab script. Figure 4.9 displays the snapshots of particle velocity obtained from four
scaling factor scenarios using mapping condition b. Clusters can be observed, with dense
cores formed close to the wall and big dilute strands of particles that tend to move upwards.
Comparing with Figure 4.3, especially in snapshot of K = 2 the cluster phenomena becomes
more apparent in Figure 4.9. The represented clusters could be better captured when applying
the scaling approach condition b than condition a.

To quantitatively study the cluster characteristics, profiles of cluster solids holdup are
shown in Figure 4.10. The mean solids volume fraction of each cluster is computed for the
corresponding cells which are occupied by the identified cluster. Therefore the averaged
cluster internal solids holdup is calculated from the following expression:

ϕcluster =
∑ϕs

∑Ncells,occupied
(4.26)

It is noted that for all the cases using different scaling factors and mapping conditions,
the solids holdups of clusters are in a similar range with more clusters close to the walls
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Fig. 4.8 Cross-sectional profiles of solids mass flux under four scaling factor. H = 1.2 m.

whilst the clusters are sparsely distributed in the core region. This reveals that our scaling
method captures the cluster phenomena quite well. It can also be seen that a higher scaling
factor leads to less clusters in the whole system. Whilst the cluster numbers do not show an
obvious difference among the applied scaling factor approaches in conditions b and d and
the core-annulus distribution is also well captured. This indicates that the volume ratio of
grid and particle has a significant influence on cluster solids holdup profiles.

In Figure 4.11, profiles of cluster velocity are plotted for different scaling factors and
mapping conditions. The typical symmetric core-annulus distribution is seen here, with
mostly downwards flowing clusters near the wall whilst clusters in the core region are mostly
moving upwards. This also matches with the observations from Figure 4.9. Using different
scaling factors, the distribution of cluster velocity is quite similar and in the annulus region
there are more clusters moving downwards except for the cases K = 2. In the set of K =
2 cases, the velocity distribution of clusters becomes more symmetric near the walls. In
conditions b and d, the cluster number is more uniform in comparison with other conditions,
so is the cluster velocity. Hence for further studies on cluster analyses, keeping the volume
ratio constant would be advisable.

83



Scaling Method of CFD-DEM Simulations for Gas-Solid Flows in Risers

Fig. 4.9 Snapshots of cluster pattern of the middle region (dashes region in Fig. 4.2).
Condition B, scaled grid and const. depth. Left to right: K = 0.8, K = 1, K = 1.25, K = 2.
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Fig. 4.10 Cluster solids holdup vs centroid locations under different scaling factors and
mapping conditions.
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Fig. 4.11 Cluster velocity under different scaling factors and mapping conditions.
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4.5 Conclusions and recommendations

In this chapter, a scaling method is developed and validated in detail by performing
extensive simulations of a pseudo-2D circulating fluidized bed riser. To maintain the same
hydrodynamic behavior seven gas and particle properties were scaled, such as the particle
diameter, the gas viscosity, gravity, normal spring stiffness etc. Besides scaling the gas and
particle properties, the grid size and riser depth are also scaled by considering four scaled
mapping conditions. The influence of the scaling method, the scaled grid size and riser depth
on the fluidized riser hydrodynamics has been quantified.

The experimental and simulated solids volume fraction and mass flux profiles provide
quantitative information about the performance of the scaling method on gas-particle flow
behavior. Firstly, it is noted that the scaling method could well capture the typical U-shaped
solids volume fraction profiles, and the particle up-flow in the core region and a relatively high
down-flow close to the riser walls. Secondly, considering the different mapping conditions,
while applying different scaling factors (K) the solids volume fraction distributions match
quite well for all mapping conditions except when the grid size is not scaled (conditions a and
c). In the dilute region, the asymmetric geometry of the riser outlet has an apparent effect on
the cross-sectional profiles of solids volume fraction when the grid size is scaled (conditions
b and d). The solids mass flux profiles obtained for different scaling factors match much
better in conditions b and d than in the other two conditions. In other words, when applying
the scaling rules derived in this work, it is essential to also scale the value of ∆V/Vp.

Furthermore, cluster characteristics (cluster holdup and velocity) were analyzed. By
applying the scaling method, the simulation results exhibit similar trends in solids holdup and
cluster velocity. When scaling is applied, there are more downwards flowing clusters close to
the walls whilst the upwards clusters are sparsely distributed in the core region. It is noted
that clusters could be better captured when applying the scaling method under conditions
b or d than condition c. By analyzing the cluster holdups and velocity for different scaling
factors, the spatial distribution of the clusters is more uniform in conditions b and d, and
so is the cluster velocity. Finally, the core-annulus distribution is also well captured. This
confirms that scaling of ∆V/Vp is essential for faithful prediction of cluster characteristics.
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Chapter 5

Scaling Method for CFD-DEM
Simulations of Binary Particle Systems
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Abstract

In this chapter, the applicability of the scaling method developed in chapter four for
binary systems is studied. A detailed comparison between experimental data and a series of
Computational Fluid Dynamics (CFD)- Discrete Element Model (DEM) simulations of a
pseudo-2D circulating fluidized riser is performed. By applying the scaling method, both the
flow behavior and cluster characteristics are investigated, such as the velocity and holdup of
solids and clusters of the binary system. To investigate how the scaling method behaves on
binary systems, four mapping conditions with different ratios of the grid size and particle
volume and modified ratio of riser depth to particle size were analyzed. The comparison of
numerical and experimental results reveals that, to predict the hydrodynamic behavior and
cluster phenomena of binary systems, a proper scaling of the interphase momentum mapping
is necessary.
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5.1 Introduction

In recent years, gas-solid circulating fluidized riser reactors have been extensively em-
ployed in a variety of industrial facilities and process engineering applications, including coal
gasification (Bhutto et al., 2013; Kim et al., 1997; Klimanek et al., 2015; Minchener, 2005),
fluid catalytic cracking (Almuttahar and Taghipour, 2008; Lappas et al., 2017; Yeo and Kim,
2020), petroleum coke (Chen and Lu, 2007; Chen et al., 2010; Conn, 1995; Cui et al., 2018),
polymerization reactions (Gidaspow, 2019; Gobin et al., 2003; Trivedi et al., 2006). The
increasing number and diversity of applications of the CFB riser have demanded the devel-
opment of more realistic and efficient design tools. To accomplish successful and reliable
design of circulating fluidized risers, numerous investigations have been undertaken over
the past decades, facilitating a comprehensive understanding of the complex hydrodynamics
of gas-solid flows (Almuttahar and Taghipour, 2008; Li et al., 2014; Patience and Chaouki,
1993), in which clusters play a significant role in flow structure evolution (Firuzian et al.,
2014; Patel et al., 2021). Therefore, significant efforts have been made to obtain detailed
information on the characteristics and parameters of clusters through both experiments and
simulations (Wei et al., 2020; Yang and Zhu, 2014), such as the size, velocity and solid
concentration inside the clusters, and cluster live time, to obtain a better understanding of
their structure. Because of the large scale of gas-solid systems such as circulating fluidized
beds, the simulations are quite expensive and time-consuming. In industrial units, such
as FCC reactors, the distribution of catalyst particles affects the hydrodynamics behavior
profoundly (Gidaspow and Huilin, 1998; Grace and Sun, 1991; Yang et al., 2021). Careful
consideration of how to fulfill both accuracy and efficiency of the numerical simulations are
therefore essential.

In the past decades, Euler–Euler (E–E) and Euler–Lagrange (E-L) approaches have been
employed for simulations of gas-particle flows. In the E–E approach, to which the Two-
Fluid Model (TFM) belongs, both the fluid phase and the particle phases are represented
as continuous phases. In contrast, the Euler–Lagrange method combines a continuum
description of the fluid phase with a Lagrange representation of the dispersed phase, based
on the Newtonian equations of motion. Due to difficulties of an accurate representation of
the particle-particle and particle-wall collisions, the E-E method requires additional model
assumptions. In contrast, in the Euler-Lagrange approach collision detection between particle
and particle or particle and wall can be deterministically detected. Fine-grid TFM simulations
of Geldart A particles with homogeneous drag model were reported by Hong et al. (2016),
demonstrating that the method is suitable for low-gas-velocity bubbling fluidized beds but is
not adequate to resolve the meso-scale structures in high velocity fluidized beds. Adamczyk
et al. (2014) made a comparison between the standard Euler-Euler and novel hybrid Euler-
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Lagrange approaches, and found that the use of the hybrid Euler–Lagrange approach to
model air-fuel combustion is very promising, whilst there is an important disadvantage of
using the Euler-Euler approach due to long calculation times. To study the hydrodynamics
of gas-solids flows in a 3D lab-scale spouted fluidized bed, Almohammed et al. (2014)
investigated the behavior of Euler-Euler and CFD-DEM models. It turns out that the two-
fluid model shows some notable discrepancies when the gas mass flow rate is increased while
the CFD-DEM approach is more successful in reproducing realistic flow patterns. The effect
of spent catalyst distribution and horizontal baffles in an industrial FCC regenerator was
investigated by using MP-PIC numerical simulation (Yang et al., 2021), where the results
suggest that the MP-PIC simulations can be successfully employed to study the effect of
internals on the hydrodynamics in an industrial coaxial compact FCC regenerator. Alobaid
et al. (2013) proposed a procedure that allows the variation of the Eulerian grid resolution
independent of the particle size and consequently improves the calculation accuracy and
suggested that the extended CFD-DEM model can predict accurately the particle motion and
the pressure gradients in quasi-2D spouted–fluidized beds.

Recently, CFD-DEM has established itself as the most flexible simulation tool for moder-
ately large gas-solid systems. To make such simulations accurate, the adapted model should
be as realistic as possible, requiring representation of the size distribution of the particles.
The main challenge of CFD-DEM is the computational time related to the large number of
particles (Hoomans et al., 2000) and limited physical time which can be considered in the
simulations. Considerable efforts have been made by researchers to optimize the CFD-DEM
method. Parallel algorithms for the Discrete Element Method (DEM) software were utilised
to increase the speed of calculations, including tools such as the Message Passing Inter-
face (MPI) or OpenMP (Fleissner and Eberhard, 2008; Maknickas et al., 2006). However,
(Alobaid et al., 2014) states that parallelization only accelerates CFD-DEM simulations if
the critical number for the domain decomposition, which depends on the number of particles,
is not reached. Above this number, the performance is no longer proportional to the number
of processors. An increase in solids contents results in a shift of the critical decomposition
number to a higher number of CPUs. A linked and hashed DEM grid was constructed by
Brosh et al. (2014) to speed up the simulation and they found out that by carrying out an
NBS (No Binary Search) in the hashed DEM cell for particles of similar size, near linear
search behavior was attained and additionally that the contact search algorithm is much faster.
Bierwisch et al. (2009) investigated a grain-scale rule for the parameters in a certain set
of force interaction laws which can be applied to different DEM forces and claimed that
their derivation of the force scaling was valid for a dilute granular system where only binary
collisions occur and for a dense system via the solids phase stress tensor. But whether the
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scaling is still valid in intermediate dense regimes is not clear. Lichtenegger and Pirker
(2018) described the influence of the smallest particles in strongly polydisperse systems in
an implicit fashion and derived simple models for the separated and single, broad size distri-
bution cases where particle numbers are reduced drastically at minor accuracy impairments.
However, the implications of this model are discussed only for the interaction with a fluid
phase but not its impact on the contact mechanics of the material. Although a lot of effort
has been made to accelerate CFD-DEM simulations, how to speed up the simulations of
polydisperse fluidized systems still requires more attention.

Due to the broad distribution of particle diameters in circulating fluidized beds, the behavior
of the scaling method as discussed in Chapter 4 has so far not been tested on the binary
system, which will be reported in this chapter. First the methodology and governing relations
of the CFD-DEM method and the scaling method are described. Subsequently the scaled
properties and four different scaling scenarios will be introduced and discussed. In the
following section, the effect of scaling method on the binary particle flow characteristics,
including cluster characteristics are discussed. The main findings and the concluding remarks
of this work are included in the final section.
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5.2 Numerical method

The CFD-DEM method (CFDEM) developed by Kloss et al. (2009) has been employed to
carry out simulations of co-current gas-solids flow in a CFB riser. The Navier-Stokes and
continuity equations are used to describe the flow patterns of the gas phase:

∂ (εgρg)

∂ t
+∇ · (εgρgug) = 0 (5.1)

∂ (εgρgug)

∂ t
+∇ · (εgρgugug) =−εg∇P−∇ · (εgτg)−Sp + εgρgg (5.2)

where the source momentum term Sp represents the momentum exchange with the particu-
late phase and is given by:

Sp =
1

∆V

Np

∑
i=0

βVp

1− εg
(ug −vp)δ (r− rp)dV (5.3)

In the equations, the subscript g indicates the fluid phase and p the particulate phase.
Individual particles are labeled by the subscript i. The gas-particle drag coefficient β is
calculated from the Beetstra drag correlation (Beetstra et al., 2007).

The particle motion is governed by the Newtonian equations of motion:

mp
dr2

p

dt2 =−Vp∇P+
βVp

1− εg
(ug −vp)+mpg+Fc (5.4)

Ip
dωp

dt
= τp (5.5)

where rp represents the particle position. The forces on the right-hand side of Eq. 5.4 are
due to the pressure gradient, drag, gravity and contact forces. τp is the torque and ωp the
angular velocity.

The scaling model

Facing the large number of particles in a CFB riser, a moderate reduction of the number
of discrete particles would already decrease the simulation time considerably. To reach this
goal, while maintaining comparable hydrodynamic behavior, the equations of motion and the
collisional behavior of the particles will be scaled properly.

Based on the scaling method of our previous work (Mu et al., 2020), the following five
dimensionless groups will be kept constant:
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Nρ =
ρs −ρ f

ρs
,Re =

ερ f ureld
µ

,NAr =
d2ρsg
εµurel

,Nkn =
Kn

ρsd2g
,Nγn =

γnv0

ρsd3g
. (5.6)

Hence, in this study,

- The following five parameters will be kept constant:urel , ε , v0, ρs, ρ f ,

- The remaining seven parameters will be changed to ensure proper scaling:d, µ , g, kn,
kt , γn, γt ,

- The scaling rules of particles of different size are principally the same and hold for all
particle properties: diameter, spring stiffness and damping factor:

d1 = Kd0,µ1 = Kµ0,g1 =
g0

K
,Kn1 = Kkn0,Kt1 = Kkt0,γn1 = K2

γn0,γt1 = K2
γt0

(5.7)

where K represents the scaling factor.
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5.3 Simulation settings

The geometric design of the simulations is based on the experimental setup of Mathiesen
et al. (2000). The diameter of the riser is 32 mm and 1.0 m high. At the top of the riser, the
suspended particles enter a cyclone where the solids are separated from the gas and recycled
via a return loop. The gas inlet distributor is located at the bottom of the riser. Performing
simulations of this full-scale 3D cylindrical CFB riser with millions of particles is time-
consuming and difficult. Consequently it has been described to represent the actual geometry
as a pseudo-2D full-field riser reactor located in the middle section of the cylindrical riser
tube. The top view of the system and its representation is shown in Fig. 5.1. The simulation
domain in our study is 1000× 32× 1.2 mm (height×width× depth). The front and back
wall are set to free slip boundary conditions, whilst left and right wall no slip.

Fig. 5.1 Schematic drawing of the riser (from top view) tube and the representation in the
simulations.

The binary system consists of two groups of particles: type 1 and type 2, which represent
the smaller size of particles and larger ones respectively. The scaled parameters and other
relevant parameters are summarized in Table 5.1. The two distinct particle groups are mixed
thoroughly at the bottom of the riser with identical solids volume fractions. The overall
solids volume fraction in the riser amounts 2.5%. For each case the simulated time amounts
12 s where time-averaging was performed from 5 s to 12 s.

Similar to Chapter 4, four scenarios (conditions) of the scaled simulations were considered:

- Condition a, base case, i.e. no scaling of grid size or riser depth,
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Table 5.1 Numerical parameters. The scaled parameters are indicated in boldface.

Parameter Unit K = 1 K = 1.5 K = 2 K = 3

Particle diameter µm 125 185 187.5 277.5 250 370 375 555

Particle density kg/m3 2400 2400 2400 2400

Particle number - 614,465 182,064 76,808 22,758

Gas density kg/m3 1.2 1.2 1.2 1.2

Gas viscosity kg/m·s 1.8 ·10−5 2.7 ·10−5 3.6 ·10−5 5.4 ·10−5

Gravity m/s2 9.81 6.54 4.905 3.27

Gas velocity m/s 1.0 1.0 1.0 1.0

Normal coefficient
of restitution - 0.97 0.97 0.97 0.97

Tangential coefficient
of restitution - 0.33 0.33 0.33 0.33

Friction coefficient - 0.1 0.1 0.1 0.1

Normal spring stiffness N/m 1600 2400 3200 4800

Tangential spring stiffness N/m 514.08 771.13 1028.17 1542.25

- Condition b, scaling of grid size and no scaling of riser depth,

- Condition c, no scaling of grid size, but scaling of riser depth,

- Condition d, scaling both grid size and riser depth.

The effect of the above scaling conditions on some of the relevant hydrodynamic ratios
and the respective number of particles in the system are given in Table 5.2.
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5.4 Results and discussion

In this section, the results are presented for the set of simulations as described in the
previous section. First, the effect of the scaling mapping conditions (a-d) on the time-
averaged particle velocity and solids volume fraction profiles of the binary system will be
discussed. Subsequently, the effect of different scaling factors (K) on the binary system
will be studied. In both parts a comparison of the simulation results with the experiment
data from literature is included (Mathiesen et al., 2000). Finally, the effects on the cluster
characteristics of the binary system will be discussed.

5.4.1 Effect of scaling mapping conditions (K = 3)

To obtain a qualitative impression of the influence of different scaling mapping conditions
on the riser flow behavior, snapshots of the volume fraction of the gas phase in the total riser
are represented in Figure 5.2, displaying results for condition a to d from left to right. As
can be seen, under all four scaling mapping conditions the volume fraction of the gas phase
increases significantly along the riser height. Horizontally more clusters are observed close
to the walls in agreement with the expected core-annulus flow structure of a riser.

Figure 5.3 shows the time-averaged solids volume fraction of small and large particles
(left and right column) along the horizontal direction for K = 3. By comparing the simulation
results from four different scaling conditions and the experimental results, we find that the
solids volume fraction invariably decreases along the vertical direction of the riser. This
agrees with many experimental observations that CFB risers feature a dense bottom section
and a dilute top section. Horizontally, the solids volume fraction distribution is U-shaped
both for simulations and experiments which is caused by the loss of kinetic energy due to
dissipative collisions between particles and walls. Furthermore, condition b produces the
best agreement between the experimental and simulation results.

Lateral profiles of the time-averaged particle vertical velocity are shown in Figure 5.4.
These velocity profiles at three different heights are displayed from top to bottom, whilst small
and large particles are shown from left to right respectively. In each figure the comparison
between experimental data and simulation results is shown using one of the four different
scale conditions. The same tendency of up-flow in the center region and down-flow close to
the left and right walls are displayed. These results match our expectations namely a dense
region at the bottom of the riser and dilute region at the top. Conditions a and c produce
a flatter distribution than conditions b and d for both types of particle. This suggests that
scaling the grid size is an important factor in scaled simulations of solids flow in CFB risers.
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Fig. 5.2 Snapshots of gas phase volume fraction profiles of the total riser under different
scaling factor conditions, K = 3, with results from different mapping strategies a to d displayed
from left to right.

Therefore, in the following subsections, condition b will form the basis for discussion of the
impact different scaling factors on particle velocity profiles and cluster characteristics.

5.4.2 Effect of scaling factors (Condition b: scaled grid.)

Due to the large number of particles for case K = 1 and the required computational time the
final results for this case could unfortunately not be obtained. The simulation ran for 5.89 s
which took about 26 weeks of computational time. By comparing the time-averaged particle
velocity, solids volume fraction and mass flux profiles for case K = 2 for time-averaging
intervals of (5 - 12) s and (4 - 5.89) s it was found that at lower heights (i.e. less than 0.4 m) the
gas-solid phase flow has become steady whilst at higher elevation in the riser the flow pattern
is still developing. Therefore, in the first top row of Figure 5.5 the time-averaged particle
velocity at lower height under different scaling factors including K = 1 case are displayed,
whilst in the second and third row the velocity profile at higher heights under only three
scaling factor conditions are presented. The experimental data and simulation results exhibit
the same tendency of solids down-flow close to the riser walls and a relatively high up-flow
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Fig. 5.3 Time-averaged solids volume fraction profiles of small and large particles at different
heights, K = 3 with different mapping conditions a-d.
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Fig. 5.4 Time-averaged particle vertical velocity profiles of small and large particles at
different heights, K = 3, under different mapping conditions a-d.

103



Scaling Method for CFD-DEM Simulations of Binary Particle Systems

in the core region of the riser. At higher vertical positions, the particle velocity distribution
of large particles becomes relatively flat, while for small particles, the simulation results
indicate that the velocity distribution in the core region becomes narrower than observed in
the experiments.

By comparing the simulation results obtained for different scaling factors, it is observed
that at h = 0.2 m in the riser the scaled simulations produce a better performance with
respect to the predicted particle velocities in the binary system in comparison with the results
obtained at the two higher positions. However, the differences between results obtained for
different scaling factors are acceptable.

Figure 5.6 shows the simulated and experimental profiles of the solids volume fraction for
the two types of particles at three different axial positions 0.7 m, 0.4 m and 0.2 m (from top
to bottom) respectively. The organization of these figures is the same as in Figure 5.5. The
experimental and numerical profiles exhibit the same features of the U-shape distribution
along the horizontal direction with a relative dilute core region and a dense region close to
the walls of the riser. In the bottom zone the flow is more dense than in the top of the column.
These observations hold for both types of particles.

From the two sub-figures at h = 0.2 m, it can be seen that the solids volume fraction profile
for K = 1 is less smooth in comparison with the other three cases, which is due to longer
simulation times for the higher K cases. Furthermore, the distribution of solids volume
fraction of K = 3 becomes more uniform than the other cases. This observation as well holds
for both types of particles.

5.4.3 Effects on Cluster profiles

Clusters are denser regions in the riser that form naturally due to dissipative particle-
particle and particle-wall collisions in dense riser flows. Clusters have a considerable impact
on the flow structure in gas–solid circulating fluidized beds. In this subsection, the cluster
profiles of the binary system, under different scaling and mapping conditions, will be studied.
The same cluster detection method as used in Mu et al. (2020) was adopted.

Figure 5.7 displays several snapshots of the particles, colored by velocity in the middle
region of the riser. From left to right the total amount of particles, small particles and large
particles are shown in the selected region. It can be seen that the two types of particles
are well mixed in the riser and each cluster contains both types of particles. Hence the
following analyses of the cluster characteristics of the binary system will be carried out
in more detail by adding the contributions of the two type of the particles to the overall
solids volume fraction rather than dividing each cluster to two parts. The particle velocity
distributions of these two types of particles match with the observations from Figure 5.4 and
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Fig. 5.5 Time-averaged particle velocity profiles of small and large particles at different
heights, Condition b: scaling grid, for different scaling factors (K).

5.5. Furthermore the analysis reveals that the clusters in the core region are moving upwards
while the ones close to the walls are moving downwards.
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Fig. 5.6 Time-averaged solids volume fraction profiles of small and large particles at different
heights, Condition b: scaling grid, under different scaling factor (K).
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Fig. 5.7 Snapshots of cluster patterns. Left to right: total particles; small particles; large
particles.

Effect of scaling mapping conditions (K = 3)

To quantitatively discuss the effect of scaling mapping conditions on the cluster character-
istic of the binary system, the cluster solids volume fraction profiles are shown in Figure 5.8.
The mean solids holdup of one cluster is calculated from the following expression:

ϕcluster =
∑ϕs

∑Ncells,occupied
(5.8)

From Figure 5.8 it can be seen that a similar tendency for clustering is found under all
conditions, with more clusters being formed close to the walls in comparison with the core
region of the riser. Furthermore, it can be observed that a similar range of cluster solids
volume fraction is found under different scaling mapping conditions except for condition
b. Under condition b, the cluster solids holdups are relatively small and are extending more
towards the center of the bed. This reveals that the ratio of grid size and particle diameter
plays an important role on cluster solids volume fraction profiles of the binary system.
Therefore, the analysis of the cluster profiles under condition b will be mainly discussed in
the following subsection.

In Figure 5.9, the profiles of cluster velocity under different scaling mapping conditions
are presented. As can be seen, the symmetric core-annulus distribution is displayed under
all scaling mapping conditions. The clusters located close to the walls are mostly moving
downwards while mostly upwards flowing clusters are found in the core region. This also
matches with the observations from Figure 5.7. With condition b, the cluster velocity profiles
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Fig. 5.8 Cluster solids holdup under four scaling mapping conditions. (K = 3)

are relatively low in comparison with the other conditions. It follows that for this binary
system, the scaling of the ratio of grid size and particle diameter (condition b) has a significant
influence on the cluster motion, both in terms of their velocity as well as their holdup.

Fig. 5.9 Cluster velocity under four scaling mapping conditions. (K = 3)

Effect of scaling factors (Condition b: scaled grid.)

As mentioned in section 5.4.2, for K = 1 which had run for 5.89 s , the solids volume
fraction profile at higher positions of the riser had not reached the steady state. Since the
cluster formation at higher elevations would be influenced significantly the analysis of cluster-
related profiles under three scaling factor conditions, except K = 1, will be discussed in this
subsection.

The profiles of cluster solids holdup versus the cluster centroid horizontal position are
plotted in Figure 5.10. For the different scaling factors, a similar behaviour is observed in
the region close to the walls where more clusters reside that are denser than the ones present
in the center of the riser. This matches the observations from the animations of the volume

108



5.4 Results and discussion

fraction of the overall riser, where there are more clusters formed close to the walls than
in the core region. A similar behaviour can be inferred from Figure 5.2. For K = 3, the
solids holdup of clusters becomes relatively low in comparison with its counterparts obtained
from the other two cases. This suggests that there is a critical threshold for the formation or
detection of clusters for larger scaling factors, which needs to be further investigated.

Fig. 5.10 Cluster solids holdup under three scaling factor conditions. (Condition b)

In Figure 5.11, the profiles of cluster velocity of the binary system for three scaling factor
conditions are presented. It is noted that by employing different scaling factors, the cluster
velocity is well predicted where in addition a symmetric distribution is found which matches
the so-called core-annulus flow pattern in the binary system. At lower scaling factors, the
distribution of the cluster velocity in the horizontal direction is more uniform than for its
counterpart with K = 3. At higher values of K most of the clusters are located close to the
riser walls.
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Fig. 5.11 Cluster velocity under three scaling factor conditions. (Condition b)
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5.5 Conclusions and recommendations

In this work, the scaling method as described in chapter 4 has been applied to a binary
gas-solid two phase flow. Four different scaling conditions were investigated by performing
a series of simulations of a pseudo-2D circulating fluidized bed riser reactor. Scaling the
properties of both the gas and solid phase was undertaken. Moreover, the ratio of the grid
size and particle diameter and the ratio of riser depth and particle diameter were scaled as
well for the binary system, leading to four different scaling/mapping conditions. The effect
of the scaling method, the scaled grid size and the scaled riser depth on the hydrodynamics
and cluster phenomena of the binary system have been quantified.

To assess the performance of the scaling method for a binary system, the simulated particle
velocity profiles and solids volume fraction profiles were compared with experimental data
reported in literature. Firstly, the distribution of solids volume fraction profiles of the binary
system in the whole riser were compared for all four scaling mapping conditions. Both
the simulation results and experimental data display a decaying solids volume fraction .
In the horizontal direction there are relatively more particles located close to the walls in
comparison with the center region of the riser, in accordance with the core-annular flow
structure reported in literature. Secondly, at three axial locations the cross-sectional particle
velocity and solids volume fraction distributions of two types of particles under different
scaling mapping conditions were presented separately to quantify the impact of ratio of
grid size and particle diameter and ratio of riser depth and particle diameter on flow pattern
evolution. Along the horizontal direction both in the simulation results and experimental data,
the typical U-shaped distributions are observed of the time-averaged solids volume fraction,
whilst up-flow in the center region and down-flow close to the walls are found for the time-
averaged particle velocity profiles. Out of the four scaling mapping conditions, condition
b shows a better performance in comparison with the experimental results. Furthermore,
the effect of scaling factors on the hydrodynamic behavior of the binary system in the riser
were investigated by comparison of the experimental and numerical results. At higher axial
positions, the particle velocity distribution of large particles becomes relatively flat, while
for small particles the obtained simulation results revealed that the velocity distribution in
the core region becomes narrower in comparison with the experimental data. We conclude
that the adapted scaling method for the binary system could describe the gas-particle flow
characteristics reasonably well.

Finally, the effects of scaling conditions and scaling factors on cluster characteristics of
the binary system such as cluster volume fraction, cluster velocity were studied. Due to
the vigorous solids mixing of the two types of particles in the binary system, both types of
particles are present in the clusters. The analysis of cluster profiles reported in this work were
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therefore focused on the overall cluster instead of individual clusters. The applied scaling
conditions produce similar trends in both the cluster velocity and cluster volume fraction
profiles. It is noted that under scaling condition b the distribution of cluster characteristics is
less pronounced, both in terms of velocity as cluster holdup. Thus, the ratio between grid
size and particle diameter plays an important role on cluster characteristics of the binary
system and should be discussed more extensively in the future work. The distribution of
the cluster holdup and velocity profiles could be well predicted by different scaling factor,
whereas under higher scaling factor conditions there are less clusters formed in the center of
the riser. To simplify the analysis a binary solids system was chosen here. The extension of
this study to polydisperse particulate systems is suggested including the quantification of the
mass transfer characteristics.
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In this thesis a numerical study of dense bubbling gas-fluidized beds as well as circulating
gas-fluidized bed risers has been carried out. For the accurate representation of both particle-
particle as well as particle-fluid interaction the combined CFD-DEM approach was adopted.

Dense bubbling gas-fluidized beds

For the bubbling fluidized bed simulations the heat liberation due to an exothermic reaction
was mimicked by including a constant heat source term in the thermal energy equation of the
particulate phase. As a first step the implementation of the heat source term was successfully
verified by comparing the simulation results with analytical solutions and numerical results
obtained from an independent one-dimensional model for transient heat transfer in a fixed
bed. Following this verification step the 3D CFD-DEM model was used to study the influence
of the superficial gas velocity and the bed aspect ratio on the hydrodynamics and thermal
behavior of a pseudo-2D bubbling gas-fluidized bed. It was found that the particles are
better mixed when the superficial gas velocity and the bed aspect ratio increase leading to a
more isothermal bed. Furthermore, in an attempt to represent catalyst deactivation and the
associated reduction in the rate of heat production, systems with mixtures of particles with
heat source (“active particles”) and without heat source (inactive particles”) were studied.
The simulation results revealed that the heat transfer from the active to the inactive particles
via the interstitial gas phase proved to be quite effective due to the very high volumetric
gas-particle heat transfer coefficients typically prevailing in dense gas-fluidized beds.

Circulating gas-fluidized bed risers

To enable simulations of the hydrodynamics of circulating fluidized bed risers at relatively
low computational cost, a scaling method was developed and carefully validated by compar-
ing the computational results with experimental data. The influence of the solids inlet and
outlet configurations and the superficial gas velocity on the flow structure was investigated
computationally for a pseudo-2D riser using 0.85 mm glass beads. Specifically a comparison
was made between results obtained from two different CFD-DEM codes, namely an in-house
developed code and the open-source code OpenFoam-CFDEM-LIGGHTS, and experimental
data reported by Carlos Varas et al. (2017). In the analysis the obtained cross-sectional
profiles of the solids volume fraction and solids mass flux were examined at three axial
locations low in the riser and three axial locations near the riser exit. The analysis revealed
that the time-averaged solids volume fraction is significantly higher at the three low axial
positions. The effect of the inlet (side inlet or bottom inlet) on the lateral profiles of solids
volume fraction and solids mass flux near the exit is negligible. In addition it was found
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that the profiles of these quantities strongly depend on the superficial gas velocity. At low
superficial velocities the flow pattern is characterized by strong solids up-flow in the core
region and strong solids down-flow close to the riser walls. In case a lateral outlet with rough
walls is used the solids mass flux distribution becomes asymmetric which becomes more
pronounced with increasing superficial gas velocity and higher axial position in the riser. An
important feature of the complex flow structure prevailing in CFB risers are clusters which
were therefore investigated in more detail. Analysis of both experimental and simulation
results revealed that most of the clusters reside near the walls which is referred to as the
core-annulus flow structure. The cluster frequency is significantly influenced by the superfi-
cial gas velocity with a more symmetrical distribution in case particles are introduced at the
bottom of the riser. This underlines the importance of the solids inlet configuration which
should receive more attention in future work.

To achieve both accuracy and efficiency in CFD-DEM simulations of systems such as
(large scale) CFB risers, a scaling method was developed and validated as well in this work.
The equations of motion for the particles as well as the models for particle-fluid interaction,
particle-particle and particle-wall encounters were scaled such that a similar flow behavior
results while the particle number and hence the computational time significantly decreases.
Thus, seven gas and particle properties were scaled including the particle diameter, the gas
viscosity, gravitational acceleration, normal and tangential spring stiffness. Besides scaling
of the gas and particle properties, the ratio of the particle diameter and Eulerian grid size as
well as the ratio of riser depth and particle diameter were scaled to fully investigate the impact
of the scaling method on the riser hydrodynamics. Extensive simulations of pseudo-2D riser
flow were performed and the computational results were compared with experimental data to
quantify the impact of the scaling method on the profiles of solids volume fraction, solids
mass flux as well as cluster characteristics. The applied scaling methods could well capture
the typical U-shaped solids volume fraction profiles with particle up-flow in the core region
and pronounced down-flow close to the riser walls. In addition, when scaling of the ratio of
the particle diameter and the Eulerian grid size was applied, the time-averaged cross-sectional
profiles of solids volume fraction and solids mass flux matched quite well for the chosen
scaling factors. To complete the analysis, also the impact of the scaling conditions on the
cluster characteristics was studied revealing that the ratio of the particle volume and volume
of the Eulerian cells should be kept constant to correctly capture the key cluster features.

Following the assessment of the accuracy and efficiency of the developed scaling method
for a laboratory scale riser, the method was applied to a binary system. The performance
of the scaling method was investigated by performing a series of simulations of a pseudo-
2D riser containing two types of particles. The simulation results were compared with
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experimental data reported by Mathiesen et al. (2000). The effect of scaling of the properties
of the gas and solid phase, the ratio of the grid size and particle diameter and the ratio of riser
depth and particle diameter were all studied. The effect of the scaling conditions on the flow
structure and cluster characteristics of the binary particle system were also quantified. Firstly,
the profiles of particle velocity and solids volume fraction of the two types of particles were
analyzed separately for the applied scaling conditions. It was found that for both types of
particles the solids volume fraction decreases in the vertical direction of the riser whilst in the
horizontal direction the well-known U-shaped distribution was obtained. Typically up-flow
in the center region and down-flow close to the left and right walls was observed where
the particle velocity decreased in the axial direction in accordance with the expectations.
When the riser depth was scaled a flatter distribution was found in comparison with the
case where the grid size was scaled for both types of particles. This finding indicates that
scaling of the grid size affects the solids motion of binary particle systems in CFB risers.
Finally the influence of scaling conditions on cluster characteristics of binary systems was
assessed. Each detected cluster consisted of both types of particles due to the vigorous solids
mixing. Consequently, the cluster analysis was limited to the overall cluster behavior. Cluster
velocities and solids volume fraction profiles were affected by the scaling conditions but
could be well-predicted by using different scaling factors. These findings demonstrate the
performance of the new scaling method for binary systems as well as the importance of the
(scaling) ratio of grid size and particle diameter. It is suggested that in future studies the
work reported in this thesis is extended to riser flows with coupled mass and heat transfer in
the presence of catalytic reactions.
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