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Summary

Influence of particle collisional properties
at elevated temperatures on fluidization
behavior

Fluidized bed reactors (FBRs) are widely used in the petrochemical and chemical process in-
dustries. They are often selected as the reactor for particles handling process, especially for the
highly exothermic oxidation process. In open literatures, different phenomenological models have
been developed for FBRs. However, previous studies and experiments have indicated two main
limitations to the performance of FBRs: (i) the measurement of fluid hydrodynamics (e.g. gas
and particle properties) usually have been obtained and validated at low temperatures and (ii)
except for the influence of gas-particle drag, the changes of complex particle-particle interactions
(Inter-Particle Forces (IPFs) and particle collisional properties) at elevated temperatures still
need to be investigated. In order to overcome these limitations, computer models are used to
study the fundamentals of dense gas-particle flows with increasing temperatures. This research
focuses on the influence of temperature on particle collisional properties and how it affects the
fluidization behavior. The main objective is to theoretically explore the connections between
temperatures and particle collisional properties, especially how normal restitution coefficient and
friction coefficient change with temperature by using a state-of-the-art Discrete Particle Model
(DPM).

Investigations on the influences of three particle collision parameters (normal and tangen-
tial restitution coefficient as well as friction coefficient) on circulation pattern and bed porosity
without temperature changes have been tested first. It has been shown that both normal resti-
tution coefficient and friction coefficient have stronger effects on circulation pattern and porosity
compared with tangential restitution coefficient, which also have been obtained in previous simu-
lation study. The simulation results offer insights on how particle collision parameters will affect
the fluidization behavior when FBRs operates at high temperatures.

Analysis from the simulation results on energy dissipation with different particle collision
parameters and a constant operation temperature comes next. Phenomena similar to the conclu-
sion drew by J.A. Laverman have been revealed: (i) most of the energy is dissipated by normal
restitution and friction coefficient at the bottom of the bubble and (ii) the position of energy
dissipation in reactor changes with the bubble’s position and most bubbles are formed in the
center region of the bed. It is concluded that in case of normal restitution coefficient increase,
the particle velocity is much closer to the previous velocity after particles collision, and this phe-
nomena results in a decrease in the energy dissipation and hence a decrease in the minimum
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fluidization velocity and minimum fluidization bed porosity in the fluidized bed reactor. Op-
positely, in case of friction coefficient increase, the particles velocity decreases more and many
particles revealed difficult to be fluidized. However, further simulations have indicated that the
change in friction coefficient with increasing temperature has a stronger effect on minimum flu-
idization velocity and minimum fluidization porosity than the change in normal and tangential
restitution coefficient. Therefore, it is concluded that the collisional properties of particles influ-
ence the incipient fluidization condition which especially holds for the friction coefficient due to
the energy dissipation during particles collision.

Then, the influence of particle collisional properties at elevated temperatures on fluidization
behavior is studied by using the same DPM method. Simulations have been carried out on the
processes under different temperatures with Geldart-B type glass beads as particles and N2 as flu-
idizing agent. Assumptions of how restitution coefficient and friction coefficient will change with
increasing temperatures have been given in simulation models. The hydrodynamics of bubbles
and particles in fluidized beds have been analyzed in detail from the simulation results. Phe-
nomena observed in the simulations is not in consistent with the previous assumptions that the
gas properties and particle interactions have much stronger influences on fluidization behavior
for small type particles (Geldart-A and Geldart-C) than for big type particles (Geldart-B and
Geldart-D). By taking the changes of particles collisional properties into consideration with in-
creasing temperatures in FBRs, the simulation results show a better agreement on minimum
fluidization velocity with the previous experiments performed by I.Campos Verlade (2010). Be-
sides, verification of the assumptions has been carried out. If the minimum fluidization porosity
is taken from the simulation results rather than from the porosity equations provided by various
authors, then the minimum fluidization velocity has a smaller relative difference with experiment
results. Possible explanations for the difference have been discussed through the analysis of the
particle collisional properties and temperatures. Nevertheless, the consideration of the changes
on normal restitution coefficient and friction coefficient with increasing temperatures in fluidized
beds shows a good prediction of minimum fluidization velocity.

Further, similar numerical investigations on particle collisional properties with a higher density
Geldart-B type ceramic beads as particles and N2 as fluidizing agent have been carried out. It was
found that when particle density is larger, the changes on particle collision parameters at a certain
temperature range should be smaller in order to match the simulation results with experiments
results. Further experiments and more detailed fundamental investigations are required. It was
concluded that different particle materials have their collisional properties change differently
with increasing temperature. In order to have proper simulation results, not only temperature
effect but also particle material characteristics should be known at a certain level. Even though
the equation of the connections between these coefficients and temperatures as well as particle
properties is not given in this thesis, the main factors that can influence particle collisional
properties have been proposed. More research about this relations can be done in future work.

At the end of this dissertation, the main results, conclusions and suggestions have been sum-
marized. Future studies are necessary for developing equations of normal restitution coefficient
with increasing temperatures and particle properties in order to improve fundamental under-
standing of the prevailing factors on fluidization behavior.
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Chapter 1

Introduction

1.1 Research background

Fluidized bed reactor (FBR) is a type of reactor device that can be used to carry out a variety
of multiphase chemical reactions. Especially the high temperature FBRs, which work closer
to reaction conditions, are more attracting to the chemical process industry. However, there
still lack of a better fundamental mechanism understanding that how temperatures affect the
fluidization behavior [Formisani et al., 2002]. It was demonstrated that for different Geldart type
particles, the changes in gas properties cannot fully explain the observed phenomenon in high
temperature fluidized beds. The changes in inter-particle forces (IPFs) and particle collisional
properties should also be included which are occurring simultaneously during fluidization behavior
at elevated temperatures [Seville and Clift, 1984].

In recent years, it is believed that for smaller type particles (Geldart-A and Geldart-C), the
gas properties and IPFs have large effects on fluidization behavior, and for larger particle types
(Geldart-B and Geldart-D), the effects are believed to be far less. However, experiments per-
formed at elevated temperatures in FBR by I.Campos Verlade (2016) present a different conclu-
sion. It was shown that with increasing temperature, the changes in the complex particle-particle
interactions, which include IPFs and particle collisional properties, also play important roles in
fluidization behavior despite what was believed before. Besides, it is reported that these particle
collisional properties also depend on temperatures [Lawrence, 2013]. Thus, previous literature
assumptions that only gas properties explain the FBR hydrodynamics at high temperatures for
Geldart-B type particles should be revised and more research are needed.

However, the lack of experiment techniques to measure detailed gas and particle behavior
under high temperatures hamper the research investigation. In 2016, the method of High-
Temperature Endoscopic-Laser PIV/DIA (HT-EPIV/DIA) was developed to study the hydro-
dynamic properties and it was proven to be useful. Moreover, a new correlation of minimum
fluidization bed porosity (Equation 1.1) has been proposed with a much higher accuracy and all
coefficients are contained in the thesis [Campos Velarde et al., 2016]. This new correlation has
remarkable improvement in the estimation of minimum fluidization bed velocity by including the
influence of temperature.

εmf = a(Arb(
ρp
ρg

)c + 1)(
T

T0
)d (1.1)
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CHAPTER 1. INTRODUCTION

Although the new technique can measure all the hydrodynamic properties, the relative contri-
butions of gas properties, IPFs and particle collision properties at different operation conditions
are still unclear for researchers during fluidization behavior changing. In order to overcome these
practical limitations, detailed computer models have gained considerable attention. To model
and understand the particle and gas behavior in FBRs, a state-of-the-art Discrete Particle Model
(DPM) is used to enable the simultaneous measurement of several properties, such as the gas
and particle velocities and the porosity which is difficult to achieve by direct experimentation.
Furthermore, the design operations of particle collisional properties and IPFs as well as operation
conditions of temperature and pressure can be changed more easily [Deen et al., 2007].

Many researches have been established on the influence of IPFs by model simulation and
experiment investigation. For example, Shanbanian (2011) and Barens (1966) have found that
IPFs have a significant role for Geldart-C type particles, while for Geldart-B and Geldart-D type
particles, not so much influence of IPFs were found. For Geldart-A type particles, the debate is
still ongoing. However, how particle collisional properties change with increasing temperatures in
FBRs still needs to be further developed. In this work, particle collisional properties have been
focused to show how these parameters change and affect fluidization behaviour with increasing
temperature. Whereas, the cohesive forces such as the Van der Waals forces are not considered.

DPM method is implemented to describe the discrete solid phase and the continuous gas
phase in FBRs. To model particle collisions in DPM, the hard-sphere model and soft-sphere
model can be used. The hard-sphere model is an event driven model which means that the model
calculates from one binary collision to the next binary collision and is mainly implemented in
dilute systems. For example, Hoomans et al (1999). induced hard sphere model to process one
collision at a time among a sequence of inelastic collisions with friction. Moreover, a sensitiv-
ity analysis was performed on the flow behavior with respect to the key collision parameters
(restitution coefficients (en and et) and friction coefficient (µf )). The results showed that the
bed behavior has a strong dependency on the collision parameters and when ideal particles were
modeled, the flow behavior was unrealistic [Hoomans et al., 1999]. The soft-sphere model is a
time driven model which means that the particles are allowed to have multiple simultaneous
collisions between several pairs of particles during a single time step. In this research, invest-
igations mainly focus on the operations in the dense regimes and a high collisional frequency
and multiple contacts are expected. Therefore, the soft-sphere DPM has been selected for this
numerical research. Furthermore, Cundall and Strack (1979) expressed the contact force with the
use of linear-spring/dashpot soft sphere model to describe the particle collisions. The motion of
each individual particle is tracked and described with Newton’s second law and the gas phase is
implemented with a series of volume-averaged Navier-Stokes equations as well as the full two-way
coupling in these two phases.

By using DPM method with soft-sphere model in the simulation to investigate the com-
prehensive hydrodynamic properties, J.A. Laverman (2010) reported that particles collisional
properties especially friction coefficient has a strong influence on the minimum fluidization velo-
city because of the mechanical energy lost during particle collisions. Besides, a conclusion was
drawn that in the bubbling fluidized bed, the energy dissipated by tangential dashpot is two
orders smaller than the energy dissipated by the normal dashpot and friction between particle-
particle and particle-wall collisions [Laverman, 2010]. In general, when environment temperature
increases, the material’s surface friction coefficient will undergo certain changes, modifying prop-
erties however vary from material to material. In addition, researches have been carried out
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CHAPTER 1. INTRODUCTION

on how restitution coefficient affects the fluidization behavior with temperatures. Experiments
performed by Mok and Duffy (1964) looked at the restitution coefficient with increasing temper-
ature. They looked at 1 steel and 2017 aluminum balls impacting lead or 6061-T6 aluminum
plates at velocities of 0 to 5 m/s and temperatures from 294K to 755K. Results have shown
that the restitution coefficient decreased around 0.08 at different impact velocities by increasing
temperature. Besides, the impacts of three types of iron spheres on aluminum oxide covered iron
plates at 973 and 1073 K at 90◦C impact angle were studied and the restitution coefficient was
found to decrease as the temperature increased [Brenner et al., 1981]. Based on these researches,
this thesis will focus on the numerical investigations on friction coefficient and normal restitution
coefficient with detailed DPM method. The value of tangential restitution coefficient is set as
constant since the influence on the fluidization behavior is two orders of magnitude smaller than
normal restitution coefficient and friction coefficient. This introductory chapter will continue
with a short outline of how normal restitution coefficient changes with increasing temperature
and different particle materials from previous experiments. Subsequently, the research objectives
and thesis outline will be defined for the rest of work in this thesis.

Experimental investigation on normal restitution coefficient with temperature

Normal restitution coefficient en have attracted a lot of attention in the research of processes
in the past decades. According to series of experiments on restitution coefficient, with increasing
temperature, different kind of particles have different trends. For polymer balls, it is known that
the restitution coefficient has different trends with increasing temperature because of its trans-
ition temperature. Polymers have transition temperature based on their material properties,
when temperature is smaller than transition temperature, the restitution coefficient of polymer
ball increases with increasing temperature. However, the restitution coefficient decreases with
temperature if the temperature is above the transition temperature [Diani et al., 2014]. In 2014,
an experiment has been performed to investigate the influence of temperature on the normal im-
pact of fine particles with a plane surface and impact angle at 90◦. Nitrogen was drawn through
a fluidized bed particle generator and carries the SiO2 particles to collide with the plane surface
with various impact velocities and different collision temperatures. Figure 1.1 depicts the res-
ults of the relation between normal restitution coefficient and temperatures [Dong et al., 2014].
In general, the en decreases with increasing temperature and has different trends with impact
velocity.

Influence of particle collisional properties at elevated temperature on fluidization behavior 3



CHAPTER 1. INTRODUCTION

Figure 1.1: The normal restitution coefficient versus the impact normal velocity under
different temperature conditions.

1.2 Research objectives

In order to overcome the experimental limitations on testing relative contributions of gas prop-
erties and complex particle collisions, a proper realization of how particle collisional properties
change at elevated temperatures and how they affect the fluidization behavior is studied in this
thesis. Although it was speculated that Van der waals forces could also influence the fluidiza-
tion, these forces will not be considered in this work. The main reason for the previous failure
of explaining what influences the fluidization behavior under high temperatures is because it is
difficult to understand how particle collisional properties change with increasing temperature.
For a better understanding of fluidization behavior under high temperatures, a more detailed
fundamental knowledge about the particle collisional properties is essential.

In this thesis, studies presented focus on the fundamental aspects of particle collisional prop-
erties by using the DPM method. Targeting at identifying the contributions of normal restitution
coefficient and friction coefficient, the researches have focused on simulating small fluidized beds
with geometries in the magnitude of several centimeters in width, depth and height. Glass beads
as Geldart-B type particles and nitrogen as fluidizing agent have been chosen first. Then, in
order to simulate the experimental situations, different model conditions that include gas proper-
ties and particle collisional properties are assumed with different temperatures based on previous
literature research. Further, Ceramic beads as Geldart-B type particles are used in the FBRs
to study the influence of temperature on particle collisional properties with different kinds of
particles.

4 Influence of particle collisional properties at elevated temperature on fluidization behavior



CHAPTER 1. INTRODUCTION

Consequently, simulations on the fluidized beds at higher temperature were carried out to
study the collisional properties. These simulations will help to specify the relative effects of
particle collisions and operation conditions on fluidization behavior. These studies will provide
fundamental insights of the particle collisional properties from temperature and particle properties
point of view, which are very important for the understanding of fluidization behavior at elevated
temperatures.

1.3 Thesis outline

This thesis presents numerical simulations on the modelling of the particle collisional properties in
the fluidized beds and how they affect the fluidization behavior at elevated temperature. Chapter
2 is fully dedicated to introduce the developed Discrete Particle Model (DPM) with soft-sphere
particle model used for all simulations. Besides, it provides the equations of solid phase and
contact force as well as the cell list and collision time step.

Chapter 3 shows the initial simulation configurations of different particle collision parameters,
simulation velocities and some other model parameters that are used in the simulation.

Chapter 4 investigates the effects of particle collision parameters (both restitution coefficient
and friction coefficient) on fluidization behavior. By implementing simulations to model the
fluidized bed in 3-D, the results reveal a similar circulation pattern and particles energy dissipation
compared with the 2-D model performed by J.A. Laverman (2010).

Chapter 5 presents more insights on the effects of temperatures on particle collision parameters
and the effect of these collisional properties on minimum fluidization velocity and minimum
fluidization porosity. Besides, another kind of Geldart-B type particles (ceramic beads) are used
to investigate the influence of temperature on different particles. In this chapter, the DPM method
is used to model this fluidized beds at higher temperatures by using Geldart-B type particles and
verified by a comparison with previous experimental results from I. Campos Velarde (2016). The
particle collision parameters with different temperatures have been analyzed in detail and the
assumptions of these parameters have been verified.

Finally, chapter 6 discusses the simulation results and provides some conclusion of the influ-
ence on particle collisional properties at elevated temperatures in fluidized bed reactors. Besides,
based on some new literature that has been found recently, some equations related to normal
restitution coefficient calculation are presented [Dong et al., 2014] [Abbasfard et al., 2016]. Fur-
thermore, several conceptual suggestions on the better understanding and implementing these
equations for the future research are also included.

Influence of particle collisional properties at elevated temperature on fluidization behavior 5



Chapter 2

Soft-sphere Discrete Particle Model

Discrete particle models (DPM) originated from molecular dynamics and have been widely used
to study the hydrodynamic characteristics of gas-solid fluidized beds. The DPM method takes
the fluid-particle drag and particle-particle interactions into account in detail, while it still allows
to investigate the hydrodynamic properties such as the solids circulation pattern of the fluidized
beds.

The soft-sphere DPM used in this work is based on the pioneering work by Tsuji et al. (1993)
and has originally been developed by Hoomans (2000) and Mao et al. (2004) as well as Lianghui
(2015). More details can be found in their thesis. It is a popular Euler–Lagrange type of model
with a discrete description of the particulate phase and a continuous description of the gas phase,
and has been widely used in studies on gas–solid fluidized beds. Because the size of the Eulerian
grid cells is larger than the particle diameter, the details of the interactions between the gas phase
and the particles is unresolved and constitutive correlations are required.

This chapter includes a description of the hydrodynamic modelling, particle-particle/wall
interaction (contact force) and gas-phase component conservation equations. Following this, the
establishment of cell list and neighbor list will be given. After that, the chapter closes with time
step for the expression of particle phase motion.

2.1 The equations of particle motion

For the solids phase, the motion of each particle is described with Newton’s second law of motion.
The translational motion of a single particle with mass ma and volume Va is computed with the
following equation:

ma
dva

dt
= ma

d2ra
dt2

= −Va∇p+
Vaβ

εp
(ug − va) +mag + Fcontact,a (2.1)

where va is the velocity and ra is the position of particle a, β is the inter-phase momentum
exchange coefficient,εp is the local solids hold up. The forces on the right hand side of Equation
2.1 represent the pressure gradient, drag force, gravity and contact force respectively. In this
work, the cohesive forces such as the van der Waals forces are not considered.
The rotational motion of a particle is given by

Ia
dωa

dt
= Ta (2.2)
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CHAPTER 2. SOFT-SPHERE DISCRETE PARTICLE MODEL

where Ia is the moment of inertia, ωa is the rotational velocity and Ta is the torque which is
given by

Ta =
∑

b∈contactlist
(ranab × Fab,t) (2.3)

2.2 Contact force

The contact force Fcontact,a is the sum of all inter-particle contact forces exerted by all particles
or the wall as a result of being in contact with the particle of interest a. It can be naturally
divided into a normal and a tangential component, where the contact list contains all particles
in contact with particle a.

Fcontact,a =
∑

b∈contactlist
Fab,n + Fab,t (2.4)

In general, the calculation of the contact force of colliding particles is very important and can be
quite costly in DPM simulations. In order to solve this problem, the simplest and most widely
implemented particle collision model was originally proposed by Cundall and Strack (1979), where
the contact forces caused by particle collisions are calculated by using a linear spring and dashpot
model. The scheme of this model is shown in Figure 2.1.

Figure 2.1: The scheme of linear-spring/dashpot soft-sphere model
[Cundall and Strack, 1979].

The procedure of evaluating these contact forces start with defining a normal unit vector, pointing
from the mass center of particle a to the mass center of particle b as is presented in Figure 2.2.
In this model, the normal component of the contact force between two particles a and b or a
particle and a wall is calculated by Equation 2.5. kn represents the normal spring stiffness, nab

the normal unit vector, ηn the normal damping coefficient and vab,n the normal relative velocity.

Fab,n = −knδnnab − ηnvab,n (2.5)

The overlap δn is given by Equation 2.6 with ra and rb representing the radius of the particles.

δn = (ra + rb)− ‖ ra − rb ‖ (2.6)

Influence of particle collisional properties at elevated temperature on fluidization behavior 7



CHAPTER 2. SOFT-SPHERE DISCRETE PARTICLE MODEL

Figure 2.2: The coordinate system used in the soft-sphere model.

The normal unit vector is defined as Equation 2.7.

nab =
rb − ra
‖ rb − ra ‖

(2.7)

The relative velocity of particle a and b is shown in Equation 2.8. va and vb are the particle
velocities and ωa, ωb are the tangential velocities.

vab = (va − vb) + (raωa + rbωb)× nab (2.8)

The normal component of the relative velocity between particle a and b is

vab,n = (vab · nab)nab (2.9)

Then the normal damping coefficient is present in Equation 2.10 where en is the normal restitution
coefficient.

ηn =


−2 ln en

√
mabkn√

π2 + ln en2
if en 6= 0,

2
√
mabkn if en = 0,

(2.10)

The mab is the reduced mass of the linear spring-dashpot system.

mab = (
1

ma
+

1

mb
)−1 (2.11)

For the tangential component of the contact force, a Coulomb-type friction law is used in Equation
2.12, where kt,δt, ηt and µf are the tangentail spring stiffness, tangential displacement, tangential
damping coefficient and friction coefficient respectively.

Fab,t =

{
− ktδt − ηtvab,t if ||Fab,t|| ≤ µf ||Fab,n|| sticking

− µf |Fab,n|tab if ||Fab,t|| > µf ||Fab,n|| sliding
(2.12)
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CHAPTER 2. SOFT-SPHERE DISCRETE PARTICLE MODEL

The tangential relative velocity vab,t and tangential unit vector tab are defined as

vab,t = vab − vab,n tab =
vab,t

||vab,t||
(2.13)

The tangential damping coefficient is defined as:

ηt =


−2 ln et

√
2
7mabkt

√
π2 + ln et2

if et 6= 0

2

√
2

7
mabkt if et = 0

(2.14)

2.3 The gas phase dynamics

The gas phase is treated as a continuous phase and a set of volume-averaged Navier-Stokes
equations are solved for the hydrodynamics. The total mass conservation equation is shown in
Equation 2.15 where ρg is the gas density, εg is the local porosity (gas holdup) and ug is the gas
velocity.

α(εgρg)

αt
+ (5 · εgρgug) = 0 (2.15)

The gas phase density is calculated with the equation of state for an ideal gas.

ρg =
Mg

RT
Pg (2.16)

In Equation 2.16, R is the global gas constant (8.314J/mol/K). T is the temperature and Mg is
the molecular mass of the gas. This equation of the ideal gas state can be applied for most gases
at moderate temperature and ambient pressure In this project, the nitrogen is injected into the
fluidized bed reactor.

2.4 Cell list and Neighbor list

Efficiency is vital to apply the DPM to large systems for relatively long simulation time, therefore,
it is essential to optimize the computational strategy to reduce computational cost. In order
to speed up the simulation a few numerical optimizations originally developed for Molecular
Dynamics Simulations were implemented in the current DPM model, such as neighbor lists and
cell lists to increase the efficiency of searching for colliding particles [Hoomans, 2000].

The cell list was designed to speed up the search for neighbors of a particle of interest. Every
fluid (Euler) cell has a cell list of all particles whose center of mass is in this cell. The neighbors
of a particle can then only be found in a maximum of neighboring Eulerian cells to the position
of the particle: either in the cell containing the particle or an immediately adjacent cell. In this
way, the search for possible collision partners is a relative rapid process.

The neighbor list was implemented to diminish the computational load of the collision detec-
tion. It contains a list of all particles within the cut-off distance of a particular particle, so that
the determination of neighbor particles does not need to be calculated at each particle time step,
which is shown in Figure 2.3. The neighbor list cut-off Scut−off should be defined with care. If

Influence of particle collisional properties at elevated temperature on fluidization behavior 9



CHAPTER 2. SOFT-SPHERE DISCRETE PARTICLE MODEL

the cut-off value is too small, it may lead some neighboring particles to be excluded from the list.
While, on the other hand, a big cut-off value will greatly reduce the computational efficiency.

Figure 2.3: The scheme of neighbor list and cell list. Te red indicates the particle of interest
and the blue indicates particles within the neighbor list cut-off. [Tan, 2015].

2.5 Time step for particle phase

The integration of ordinary differential equations describing particle motion naturally involves
a time step and it depends on the duration of a contact between particles. The time step for
such particles within the framework of the linear spring and dashpot model can be calculated
as follows: the values of the spring stiffness were varied from 1 to 10,000 N/m. The tangential
spring stiffness was chosen as 2

7 times the normal spring stiffness [Hoomans, 2000]. By using the
scientific notation method, kt is written in Equation 2.17.

kt = 2.8571× 10−1kn (2.17)

Defining KN as the minimum number of steps during one contact, the time step flow solver can
be calculated by

∆t =

√
mab(π2 + lne2n)

2kn
(2.18)
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Chapter 3

Numerical Simulations

As explained in the previous chapter, a soft-sphere DPM is used in this project. Besides, the
contact force resulting from particle-particle or particle-wall interactions is calculated using the
linear spring and dashpot model proposed by Cundall and Strack (1979) and for the gas-particle
interaction the drag force correlation derived from extensive lattice Boltzmann simulation is
used [Beetstra et al., 2007]. In the linear spring and dashpot model, normal and tangential spring
stiffness coefficient kn and kt, the normal and tangential restitution coefficient en and et and
friction coefficient µf are used to describe the contact force during particle collision. However,
it should be noticed that kn and kt in principle are related to the Young modulus and Possion
ratio of the solid material, therefore, the specification of three collision parameters en, et and µf
should be studied [Ye, 2005].

In this chapter, in order to determine the influence of different temperatures on restitution
coefficient and friction coefficient and how they affect fluidization behavior, series of simulations
have been carried out to model the fluidized beds at elevated temperature. Based on previous
research, the restitution coefficient is the most unclear parameter especially under high temperat-
ures. Therefore, the analysis will focus on the main factors that affect it. In addition, assumptions
of restitution coefficient have been made according to the particles properties and the conditions
used in FBRs.

3.1 Particle collisional properties

1. Spring stiffness - kn and kt
In DPM method, the particle spring stiffnes constant is a key input parameter. In theory, when
normal spring stiffness kn is set to an infinitely high value, then the soft-sphere model converges
towards the hard-sphere model. However, the disadvantage of an infinitely high kn is it requires
an infinitely small time step to compute the contact forces [Hoomans et al., 1999]. Hence, it is
preferred to have a value which is much smaller than the one derived from material properties in
order to increase the allowed time step and thus reduce the required CPU time [Tsuji et al., 1993].
Here, these values are chosen in a way that the maximum overlap between interacting particles
and particle-wall at any time step is always less than one percent of particle diameter. Therefore,
when kn is determined, the tangential spring stiffness in the soft sphere model is calculated by
using equation mentioned in chapter 2.

Influence of particle collisional properties at elevated temperature on fluidization behavior 11
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2. Restitution coefficient - en and et
It was reported that during a collision between two particles or a particle and wall, the en-
ergy dissipated by et is two orders of magnitude smaller than energy dissipated by en and
µf [Laverman, 2010]. Therefore, en is the primary objective to research in this thesis. Based
on previous research, there is a lack of experimental and fundamental understanding on the resti-
tution coefficient of Geldart-B type particles in fluidized bed reactor at elevated temperatures.
Thus, more investigation on normal restitution coefficient is required.

From the introduction, Dong (2014) reported that for SiO2 particles, en decreases with in-
creasing temperature in a certain range. Additionaly, the impact velocity (particle velocity before
collision), critical velocity (the maximum impact velocity at which a particle sticks on the object)
and the yield velocity (the minimum impact velocity at which a pure elastic impact starts to
have a plastic effects) also have strong influence on en [Dong et al., 2014]. The critical velocity
has shown a relation with particle size. It is reported that the critical velocity decreases with
increasing particle diameter [Dong et al., 2013]. Besides the effects of temperature and differennt
kinds of velocity, the impact angle (the acute angle formed between the direction of a particle
drop and another particle or the wall it strikes) has a strong effect on en. The experiment shows
that when impact angle increases, the resititution coefficient decreases [Delimont, 2014].

In this project, uniform glass beads with the same diameter of 528 µm are used as particles in
the fluidized bed and N2 is injected as a fluidizing agent. According to literature research in this
project, en is assumed to decrease with increasing temperature in order to have a match between
the experimental results and simulation results regarding the minimum fluidization velocity and
the minimum fluidization porosity.

3. Friction coefficient - µf
Based on the experiment results, when temperature increases in the fluidized bed, the particles
are difficult to remove and more particles stick together or on the reactor wall. Therefore, friction
coefficient is assumed to increase with increasing temperature.

4. Assumptions on input parameters
In the open literature, it is reported that the normal restitution coefficient of glass bead is 0.97 at
room temperature. Then, for fluidized bed at room temperature with glass beads as particles and
nitrogen as gas, en 0.97 and µf 0.02 are used to simulate the system at room temperature. Two
assumptions have been made during the simulation process in this project. First, according to the
literature research, en and µf are assumed to have a stronger effects on fluidization behavior than
et even with increasing temperature. Second, by analyzing the result of I.Campos Velarde (2016)
and J.A. Laverman (2010), it is presumed that en decreases and µf increases with increasing
temperature.

3.2 Initial simulation velocities

In order to investigate the minimum fluidization velocity Umf , two methods are used to change
the superficial gas velocity U0. Firstly, particles are fluidized by increasing U0 slowly. Secondly,
the gas velocity is decreased linearly and particles begin to drop down slowly. The differences are
discussed in chapter 5.
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1. Increasing gas velocity
By using DPM method, two ways can be used to fluidize the system by increasing the gas velocity.
(a): At the very beginning, particles are fluidized by a relatively large gas velocity for 1 second
in the fluidized bed. The gas velocity is set as 1.5 Umf and Umf is obtained from the experiment
results. Then, U0 is set to 0 and particles begin to drop down to form a packed bed. Finally, after
2 second, the particles have a good mixing and packing in the bed, then U0 increases linearly with
time. (b): After 2 seconds, U0 is increased every 0.5 seconds. The accuracy of time-averaging
results are analyzed and compared with the experiment results.

U0 = K1t (3.1)

The value chosen for the slope K1 is 0.05 m/s2 which is sufficiently low, so that sudden
changes of the fluidization conditions are avoided. This procedure was found to be more efficient
compared to the ”step-wise” procedures [Rhodes et al., 2001] [Ye et al., 2004]. In the step-wise
procedure, the gas velocity is increased step by step and for each gas velocity, a sufficiently long
computing time is required to ensure that the bed reaches a dynamic equilibrium, since a sudden
change of the gas flow will lead to a large fluctuations in the flow conditions. However, this
linearly-increasing approach differs from the common experimental procedure and could cause
some systematic errors when compared to the experimental correlations, Nevertheless, the linear-
increasing procedure is expected to be useful to investigate the origin of bubbling fluidization.

2. Decreasing gas velocity
By using this method, initial gas velocity U is set as 1.5 Umf and Umf is obtained from experiment
results. With time increases, the dependency of U0 with time is expressed in Equation 3.2.

U0 = U −K2t (3.2)

3.3 Simulation configuration

In the fluidized bed reactor, the main factors that affect fluidization behavior at elevated tem-
peratures for Geldart-B type particles were investigated. Two kinds of particles (dp = 528µm,
dp = 400 ∼ 600µm and dp = 500µm) have been fluidized by nitrogen (Mg = 28.014×10−3kg/mol
and R = 8.314J/mol/K). The simulation parameters that were used in DPM have been sum-
marized in Table 3.1. In the first case an average particle diameter of 528µm and a density of
2500 kg/m3 were used as same particle properties as I.Campos Velarde’s experiments (2016). In
the second case, dp = 400 ∼ 600µm have also been investigated to study the influence of particle
diameter distribution on fluidization behavior. Then, the investigation about particle collisional
properties on ceramic beads with dp = 500µm and density 4100 kg/m3 has been conducted.
Details are shown in Table 3.2.

In the numerical computation, boundary and initial conditions have to be specified. At the
top outlet, the pressure is specified as the atmospheric pressure (101.325 KPa), whereas, at
the bottom inlet, a uniform gas velocity profile with specific U0 is imposed and the other walls
are no-slip walls for the gas phase. In addition, the gas properties as well as en, et and µf
change with temperature and all the parameters for particle-wall interaction were set equal to
the particle-particle interaction.

Influence of particle collisional properties at elevated temperature on fluidization behavior 13
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Table 3.1: Summary of the main simulation parameters for glass beads in the DPM model

Temperature T, ◦C 20 50 100 200 300
N2 viscosity µg, 10−5pa · s 1.76 2.51 2.12 2.51 2.86
Particle type Glass beads

Particle diameter dp, µm 528 400∼600
Particle number Np 12000 12000
Particle density ρp, kg/m

3 2500 2500

Normal restitution coefficient en 0.97 0.96 0.95 0.92 0.9
Tangential restitution coefficient et 0.33 0.33 0.33 0.33 0.33
Friction coefficient µf 0.02 0.03 0.05 0.08 0.1
Time step flowsolver, s 1.0× 10−5 1.0× 10−5 1.0× 10−5 1.0× 10−5 1.0× 10−5

Particle contact time,s 1.0× 10−6 1.0× 10−6 1.0× 10−6 1.0× 10−6 1.0× 10−6

System height, mm 45 45 45 45 45
System width, mm 10 10 10 10 10
System depth, mm 10 10 10 10 10
Number of grid cells 36×8×8 36×8×8 36×8×8 36×8×8 36×8×8
Simulation time, s 9.5 9.5 9.5 9.5 9.5
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Table 3.2: Summary of the main simulation parameters for ceramic beads in the DPM model used in this work

Temperature T, ◦C 20 100 200 300 500 550 580
N2 viscosity µg, 10−5pa · s 1.76 2.12 2.51 2.86 3.51 3.65 3.73
Particle type Ceramic beads

Particle diameter dp, µm 500
Particle number Np 12000
Particle density ρp, kg/m

3 2500

Normal restitution coefficient en 0.94 0.935 0.93 0.925 0.15 0.912 0.91
Tangential restitution coefficient et 0.33 0.33 0.33 0.33 0.33 0.33 0.33
Friction coefficient µf 0.08 0.081 0.083 0.085 0.088 0.089 0.09

Time step flowsolver, 10−5s 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Particle contact time, 10−6s 1.0 1.0 1.0 1.0 1.0 1.0 1.0
System height, mm 45 45 45 45 45 45 45
System width, mm 10 10 10 10 10 10 10
System depth, mm 10 10 10 10 10 10 10
Number of grid cells 36×8×8
Simulation time, s 9.5
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Chapter 4

Influence of particle collision
parameters on fluidization behavior
at room temperature

4.1 Circulation pattern and bed porosity analysis

Simulation parameters

In this chapter, in order to model the effects of particle collision parameters in 3-D fluidized
bed reactors, simulations with different restitution coefficients en and et and friction coefficients
µf have been carried out initially. The simulations were similar to the ones of J.A Laverman
(2010) except that 2-D fluidized beds model have been used in his project.

Table 4.1 shows the simulation parameters that were used in this work. At a certain tem-
perature, the particles were fluidized by N2 with a superficial gas velocity of 0.66 m/s. The
total simulation time was 30 seconds. Moreover, different reactor sizes and particle numbers were
chosen because of the 2-D fluidized bed was extended into 3-D. All the other parameters were set
the same as previous simulations and more details can be found in the thesis [Laverman, 2010].
Further, the simulation results have been analyzed and compared to show the circulation patterns
and bed porosity in the bed.

Circulation pattern analysis
At the end of the simulations, the circulation patterns are plotted in x and y direction with differ-
ent en, et and µf . Similar phenomena were found in the presented model results when compared
with the result of J.A Laverman (2010).

1. The influence on circulation pattern with different en
Figure 4.1 describes the time-averaged axial and radial velocity profiles. In axial direction, two
symmetrical vortices appeared in the bed and circulation cells became strong, which means the
formation of bubbles increased with en decreases. Furthermore, both the (absolute) velocity of
the ascending (center) and descending particles (wall) increases with decreasing en indicating a
good agreement with previous work was found.
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CHAPTER 4. INFLUENCE OF PARTICLE COLLISION PARAMETERS ON FLUIDIZATION
BEHAVIOR AT ROOM TEMPERATURE

Table 4.1: Parameters for 3-D fluidized bed simulations for the investigation of the impact
of particle collision parameters on the fluidization behavior

Parameter DPM

Temperature T, ◦C 20
N2 viscosity µg, 10−5pa · s 1.76
Particle diameter dp, µm 1030
Particle number Np 45500
Particle density ρp, kg/m

3 800
Time step flowsolver, s 1.0× 10−4

Particle contact time, s 1.0× 10−5

System height, mm 216.3
System width, mm 66.95
System depth, mm 10.3
Number of grid cells 84×26×4
Superficial gas velocity, m/s 0.66
Simulation time, s 30

et=1.0; µf=0.0
Normal restitution coefficient en 1.0 0.97 0.9

en=0.97; µf=0.1
Tangential restitution coefficient et 1.0 0.6

en=1.0; et=1.0
Friction coefficient µf 0.01 0.03 0.1

2. The influence on circulation pattern with different et
Figure 4.2 shows the circulation pattern in 3-D fluidized bed with two different tangential resti-
tution coefficients. The fluidization behavior and the bubble formation in the reactor does not
change significantly even with et decreasing to 0.4. In addition, in the two graphs, the ascending
particles velocity in center and descending particles velocity near the wall are almost constant,
which leads to the conclusion that et has a minor effect on fluidization behavior.

3. The influence on circulation pattern with different µf
In Figure 4.3, the time-averaged solids velocity as function of the friction coefficient µf is presen-
ted. When µf increases from 0.01 to 0.1, the circulation pattern increases both in x and y direction
and the bubble formation rises. Additionally, two symmetrical vortices become stronger when µf
increases. Therefore, the circulation pattern also has similar fluidization behavior with what J.
Albert Laverman (2010) reported.
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(a) Influence of en on the time averaged particle velocity in x direction

(b) Influence of en on the time averaged particle velocity in y direction

Figure 4.1: Influence of the normal restitution coefficient en on the time averaged particle
velocity of the DPM simulations in fluidized beds
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(a) Influence of et on the time averaged particle velocity in x direction

(b) Influence of et on the time averaged particle velocity in y direction

Figure 4.2: Influence of the tangential restitution coefficient et on the time averaged particle
velocity of the DPM simulations in fluidized beds
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(a) Influence of µf on the time averaged particle velocity in x direction

(b) Influence of µf on the time averaged particle velocity in y direction

Figure 4.3: Influence of the friction coefficient µf on the time averaged particle velocity of
the DPM simulations in fluidized beds
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Bed porosity analysis

The minimum fluidization bed porosity εg has been researched based on different particle collision
parameters. In this section, εp is presented in 2-D with the bed length and different height (z
represents the bed height in m) in the reactor. With different restitution coefficients and friction
coefficients, the εg changes differently and detailed description will be given below.

Figure 4.4 presents three cases of different bed porosity. Firstly, with different en at different
bed heights, the et = 1 and µf = 0 were set as an ideal case. Two simulations were performed with
decreasing en. In Figure 4.5, two different tangential restitution coefficient et = 1.0 and et = 0.6
have been implemented with normal restitution coefficient en = 0.97 and friction coefficient
µf = 0.1. Then, Figure 4.6 depicts the bed porosity with decreasing friction coefficient and
constant restitution coefficients en = 1.0, et = 1.0.

In general, εg increases with decreasing en and increasing µf , meaning that bubbles are formed
easily in the bed when more energy is dissipated in the fluidized bed reactors. However, a similar
trend of εg has been found with decreasing et. This result proves that et has a minor effect on
fluidization behavior.

Another noticeable point in these three graphs is the difference of εg at different bed height. A
possible explanation for this behavior is that the small bubbles are usually formed at the bottom
of the bed and they rise with the gas flow. These small bubbles collide and they increase in size
during rising process. Therefore, bigger bubbles can be formed in the center at higher position
and a higher porosity is obtained. Besides, since solid particles fall down in circulating pattern,
a decreasing trend of εg at two sides appear.

Finally, from Figure 4.5 and Figure 4.6, it can be seen that both en and µf also have influences
on bed porosity near the wall. When µf = 0 and en = 1, then there is no friction existed between
particles and wall, so the gas flow can pass more easily through the reactor near the wall. For
this reason, the gas porosity near the wall is much higher than the middle. Additionally, when
en decreases, the gas porosity close to the wall slightly decreases and it increases considerably
in the middle of the bed, since the gas flow can pass more easily from the centre by bubbles
than near the wall. Similar explanations also hold for Figure 4.6. With increasing µf and ideal
case for restitution coefficient, the bed porosity near the wall also slightly decreases and increase
remarkably in the center. Furthermore, a difference can be noticed by comparing Figure 4.4 and
Figure 4.5. If larger µf = 0.1 is used with constant en = 0.97 and et = 1.0, the gas porosity close
to the wall is much smaller, which means µf has a stronger effect on the fluidization behavior
especially for bed porosity. Further simulation results on sliding and sticking behavior which are
described in chapter 5 provide additional explanation for this difference. It is shown that most
collisions happen between particle-particle rather than particle-wall, which means that most
energy is dissipated by particle-particle collisions in the bed. Therefore, the difference of bed
porosity near the wall is smaller than the difference in the center.

In summary,the bed porosity εg change with different bed heights and different particle colli-
sion parameters. In general, with decreasing en and increasing µf , εg increases and more bubbles
are formed. Furthermore, et has a smaller effect on the bed porosity and bubble formation com-
pared to en and µf which is also proved by J.A Laverman (2010).
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Figure 4.4: bed porosity in fluidized reactor with different en.

Figure 4.5: bed porosity in fluidized reactor with different et.
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Figure 4.6: bed porosity in fluidized reactor with different µf .

4.2 Energy dissipation study

Different kinds of energy dissipation in the reactor

In this part, energy dissipation with different collision parameters and a constant operation tem-
perature in the fluidized bed has been analyzed. Then, the effects of parameters on the minimum
fluidization velocity Umf are discussed and presented. Furthermore, the total energy dissipated
by different collision parameters during the simulation process are shown. This chapter gives
general information on the main part of energy dissipation in the fluidized bed. As conclusion,
the higher energy dissipation, the stronger the influence on fluidization behavior.

1. Effects of en on energy dissipation and fluidiation behavior
Figure 4.7 presents the effects of different normal restitution coefficients en on energy dissipations.
Several conclusions can be drawn from this graph:
(i) when en decreases, the energy dissipated by en increases. As particles prefer to stay together
and bubbles formed more easily which explains why most of the energy is dissipated at the bottom
of the bubble and more bubbles appear with decreasing en;
(ii) the position of energy dissipation in reactor changes with bubbles’ position. It is observed
that the bubbles are formed at the bottom of the reactor and then, when gas flow rises, small
bubbles begin to combine and become bigger in the central region of the bed;
(iii) with en decreasing, the particle velocity are much smaller compared with the previous velocity
after particle collisions. This difference results in an increase in energy dissipation and causes an
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increase in the Umf and εg in the fluidized bed reactor.

Figure 4.7: Energy dissipation with different normal restitution coefficient (en).

2. Effects of et on energy dissipation and fluidiation behavior
In Figure 4.8, energy dissipated by different tangential restitution coefficients et is shown. It can
be observed that when et decreases from 1.0 to 0.6, the energy dissipation is almost the same
and no more bubbles are found in the reactor. Therefore, based on previous analysis of en, since
et has minor effect on energy dissipation, consequently, it also has a very small influence on the
minimum fluidization velocity Umf .

3. Effects of µf on energy dissipation and fluidiation behavior
Figure 4.9 shows the influence of different friction coefficients µf on energy dissipations. The
analysis of this graph is presented below:
(i) with decreasing µf , energy dissipation by friction decreass. The particles in fluidized bed
reactor are distributed randomly and much closer to the ideal conditions, so the gas finds an
easier way to pass through the reactor. Thus, bubbles are difficult to be formed and less bubbles
are found in the bed. However, similar to the previous case, when bubbles are formed, then most
energy is dissipated at the bottom of the bubble;
(ii) most of the large bubbles appear in the center of the bed and bubble size decreases with
decreasing µf . The explanations are similar to the ones for the effect of different en;
(iii) if µf decreases, then after particle collisions, particle velocity reduces less, resulting in an
opposite effect of en decreasing. The particles are much easier to be fluidized and cause a decrease
in the the minimum fluidization velocity Umf and minimum fluidization porosity.
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Figure 4.8: Energy dissipation with different tangential restitution coefficient (et).

Bubbles properties with energy dissipation

Together with the investigation of the individual effect of en, et and µf , different types of energy
dissipation with en = 0.97, et = 0.6 and µf = 0.1 were analyzed. Figure 4.10 presents different
values of energy dissipation at different time. Apparently, the energy dissipated by en and µf is
much higher than the one dissipated by et. It can be also noticed that most of energy dissipation
is at the bottom of the bubble and the number of bubbles increase with increasing time. This
is because more energy is dissipated in a longer time. Therefore, it can be concluded that the
number of bubbles that are formed based on the total amount of energy dissipated.

Energy balance with different collision parameters in the reactor

In Table 4.2, the energy balance with different en, et and µf are presented (a: 0.97, 0.6, 0.1;
b: 0.97, 1.0, 0.1; c: 0.97, 1.0, 0.0; d 1.0, 1.0, 0.1 ). Different kinds of energy have been calculated
and time-averaged over a time span 10-30 s. It can be seen that the friction coefficient has the
largest influence on the kinetic, rotational and potential energy. The restitution coefficient has
hardly any influence on the kinetic, rotational and potential energy. Furthermore, the energy
dissipated by tangential dashpot is one orders of magnitude smaller than the energy dissipated
by the normal dashpot and the friction between particles. Therefore, it can be concluded that
bubbles are mainly formed due to the fact that particles dissipate energy during the collisions.
Besides, most of the energy is dissipated by the friction between the particles and the energy
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Figure 4.9: Energy dissipation with different friction coefficient (µf ).

dissipated by the normal dashpot.

Table 4.2: Influence of particle collisional properties on the energy terms and the energy
dissipation have been time-averaged over a time span 10-30 s.

different kinds of energy dissipation with different collision parameters

Ekin[J ] Erot[J ] Epot[J ] Disp en[J/s] Disp et[J/s] Disp µf [J/s]

a 4.564× 10−4 5.622× 10−6 8.803× 10−3 1.504× 10−5 9.780× 10−6 1.788× 10−5

b 2.156× 10−4 5.3102× 10−6 8.991× 10−3 1.619× 10−5 0 1.669× 10−5

c 1.322× 10−4 0 8.994× 10−3 2.052× 10−5 0 0
d 1.322× 10−4 6.188× 10−6 9.427× 10−3 0 0 2.176× 10−5

However, further simulations have indicated that the change in friction coefficient with increas-
ing temperature has a stronger effect on minimum fluidization velocity and minimum fluidization
porosity than the change in normal and tangential restitution coefficient. Therefore, it was con-
cluded that the collisional properties of particles influence the incipient fluidization condition
which especially holds for the friction coefficient due to the energy dissipation during particles
collision.
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(a) different kind of energy dissipation at t=14s

(b) different kind of energy dissipation at t=23s

(c) different kind of energy dissipation at t=29s

Figure 4.10: Energy dissipation based on different collision parameters (en = 0.97, et = 0.6
and µf = 0.1) at different time frames

Influence of particle collisional properties at elevated temperature on fluidization behavior 27



Chapter 5

Influence of particle collision
parameters on fluidization behavior
at elevated temperatures

In order to understand the influence of temperature on particle collisional properties and its ef-
fects on fluidization behavior, several simulations have been carried out to model the experiments
performed by I.Campos Velarde (2016) and A.Cruellas Labella. The structure of this chapter is
presented in following aspects:
(i) the simulations performed at 20◦C to 300◦C with same particles diameter of 528µm in the bed
have been modeled and analyzed for Umf and εmf . The circulation patterns are then compared
with the experimental results. Furthermore, simulation results from different methods that are
used to change gas velocity to fluidize the particles have been compared;
(ii) in order to model a simulation with results closer to experimental values, the particle diameter
distribution between 400µm and 600µm have been implemented and the difference between Umf

and εmf were also compared with the average particle diameter in the bed;
(iii) circulation patterns were modelled and analyzed by keeping the excess velocity constant at
different temperatures;
(iv) the assumptions that were used to model the experiments have been proved with equations
and graphs. Besides, the sliding and sticking percentage with increasing temperatures have been
presented to further verify the results;
(v) based on all the analysis and conclusions drawn, similar simulations with ceramic beads at a
wider temperature range have been researched and investigated.

5.1 Analysis methods

It is known that the minimum fluidization velocity Umf can be determined by using pressure drop
versus superficial gas velocity graph (∆p ∼ U0), which is shown in Figure 5.1. The superficial
gas velocity U0 can be changed through different ways which have been explained in chapter 3.
The results with different methods to change the velocity have been discussed later.
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Figure 5.1: Pressure drop ∆p change with different superficial gas velocity U0 [Shirai, 1958].

Moreover, the minimum fluidization velocity is also analyzed and compared by using Ergun
equation (Equation. 5.1). Different bed porosities are extracted from the simulation results and
the new correlation prediction equation which is proposed by I.Campos Verlade (2016), as it is
reported that this equation has a better prediction of the minimum fluidization bed porosity εmf

over the wide range of conditions investigated. By substituting the simulation parameters and
different minimum fluidization porosity into these equations, the minimum fluidization velocity
can be obtained.

1.75

ε3mfφ
(Remf )2 +

150(1− εmf )

ε3mfφ
2

(Remf ) = Ar (5.1)

Remf =
ρgdpUmf

µg
(5.2)

Ar =
(ρp − ρg)gρgd

3
p

µ2g
(5.3)

5.2 Results analysis with glass beads as particles at

elevated temperatures

In this section, simulations similar to the experiments that was performed by I. Campos Velarde
have been carried out. In the simulation process, the fluidized bed that was used for the exper-
iment set-up was scaled down and the bed width, depth and height are 45 mm, 10 mm and 10
mm, respectively. Additionally, the column was filled with 528µm Geldart-B type glass beads
(the average particle diameter in the experiment) initially to investigate the particle collisional
properties at elevated temperatures. Then, glass beads of 400 ∼ 600µm have been studied in the
simultaneous as a diameter distribution case which is in accordance to the experimental studies.
The glass beads were fluidized with N2 at different temperatures (20◦C, 100◦C, 200◦C and 300
◦C). In order to eliminate the changes in gas properties and investigate the influence of particle
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properties, at 50◦C, the particles were fluidized with a mixture of Helium and Argon (0.58:0.42)
which showed the same gas density and viscosity as N2 at 200◦C. All the simulations with glass
beads are remained same as the experiment conditions.

5.2.1 Particle collision parameters analysis for glass beads particles

In this part, the Umf and εmf are analyzed by showing the relative difference with experiment
results that are performed by I. Campos Velarde (2016). The simulations were carried out with
constant particle collision parameters while increasing temperatures. It showed that without
changing collision parameters, the minimum fluidization velocity from the simulation result is
at a 10 percent undershoot with the experiments. Implying that except for the gas properties,
complex particle collisional properties can also affect the Umf . Therefore, it is important to find
the best parameters for collision parameters at elevated temperatures.

Further, based on the literature research of en, µf and the analysis of particle circulation
patterns and energy dissipations, assumptions of en decreases and µf increases with increasing
temperature are used in the model. After conducting many simulations and comparing results
with experiments, a series of collision parameters have been decided under different temperature
conditions. More detailed information about simulation configuration is shown in chapter 3. Fi-
nally, by analyzing the simulation results, the Umf , εmf and circulation patterns are studied and
compared with I. Campos Verlade (2016).

Analysis with 528µm glass bead particles

1. Gas velocity are increased linearly to study the fluidization behavior
Firstly, N2 velocity is increased linearly with increasing time and particles are fluidized by the
gas flow. At the end of the simulation, the results are analyzed and presented by tables and
graphs. Figure 5.2 shows the relations between pressure drop and gas velocity, by which Umf can
be determined. In Figure 5.3, the εmf can be obtained with changing gas velocity. By using Umf

as gas velocity, the εmf can then be obtained under a certain temperature. The results of Umf

and εmf as well as the relative difference with experiments are calculated and shown in Table 5.1.

The simulation results are shown in Table 5.1 and the relative difference ∆Umf have been
used to compare the simulation values with experiment results using Equation 5.4.

∆Umf =
|Umf sim − Umf exp|

Umf exp
(5.4)

It is obvious that the simulation results have a better prediction of the experiment results
and the relative difference decreases from 15% (which only consider gas properties) to under 4%
(both gas properties and particle properties are included). Besides, the εmf (calc) at different
temperatures are calculated according to Equation 5.5. This is a new correlation to predict εmf

and it is reported that all experimental data is predicted within ±5% deviation over the wide
range of temperatures and other conditions investigated. The variables a, b, c and d it can be
found in the book [Campos Velarde et al., 2016]. Besides, ∆εmf uses a method similar to ∆Umf

to calculate the relative difference between the simulation results and the numbers from the new
correlation (Equation 5.6).
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Figure 5.2: Pressure drop changes with increasing gas velocity and temperature

Figure 5.3: bed porosity changes with increasing gas velocity and temperature
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εmf = a(Arb(
ρp
ρg

)c + 1)(
T

T0
)d (5.5)

∆εmf =
|εmf sim − εmf calc|

εmf calc
(5.6)

Table 5.1: Simulation results of 528 µm glass beads and increasing gas velocity method

T (K) 293.15 323.15 373.15 473.15 573.15
en 0.97 0.96 0.95 0.92 0.9
µf 0.02 0.03 0.05 0.08 0.1

Umf sim, m/s 0.2305 0.1815 0.2175 0.1981 0.1838
Umf exp, m/s 0.2350 0.1758 0.2145 0.1951 0.1858
∆Umf 0.0191 0.0324 0.0140 0.0154 0.0108
εmf sim 0.3870 0.3907 0.3963 0.4019 0.4049
εmf calc 0.4041 0.4105 0.4141 0.4242 0.4326
∆εmf 0.0424 0.0483 0.0430 0.0526 0.0640

From the simulation process, it is found that the particle collision parameters, especially nor-
mal restitution coefficient en and friction coefficient µf have significant influence on fluidization
behavior and need to be considered in simulations. Besides, with increasing temperature, en and
µf have opposite changing trend. For glass beads with diameter 528 µm and density 2500 kg/m3,
µf increases by 0.02 to 0.03 and en decreases by 0.01 to 0.03 when the temperature increases
with every 100K under a temperature range between 293.15K to 573.15K.

2. Gas velocity are decreased linearly to study the fluidization behavior
In order to compare the difference between the influence of increasing gas velocity and decreasing
gas velocity on fluidization behavior, similar simulation models and result analysis methods are
carried out and the final results are shown in Table 5.2. It is shown that Umf and εmf are also
close to the experiment results, but the relative differences are higher in increasing gas velocity.
These prediction results of Umf are shown in Figure 5.4. The second simulation case at 323.15K
is for the mixture of gas (0.58 Helium : 0.42 Argon) with the same gas properties as N2 at
473.15K. By combining the table and the graph, it can be concluded that with increasing gas
velocity method, the results have a better prediction of the minimum fluidization velocity and
the minimum fluidization porosity.

Analysis with 400 ∼ 600µm glass bead particles

In this part, in order to verify if the average particle diameter of 528 µm could be used to model
the real experiment conditions with glass bead diameter between 400 ∼ 600µm, simulations with
a range of particle diameter distribution with a d linear increase in the gas velocity have been
investigated. The simulation result of Umf and εmf are shown in Table 5.3. Some conclusions can
be obtained by comparing Table 5.1 and Table 5.3. It can be seen that the minimum fluidization
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Table 5.2: Simulation results of 528 µm glass beads and decreasing gas velocity method

T, K 293 323 373 473 573
en 0.97 0.96 0.95 0.92 0.9
µf 0.02 0.03 0.05 0.08 0.1

Umf sim, m/s 0.2206 0.1754 0.2054 0.1867 0.1713
Umf exp, m/s 0.2350 0.1758 0.2145 0.1951 0.1858
∆Umf 0.0613 0.0023 0.0424 0.0431 0.0780
εmf sim 0.3813 0.3874 0.3885 0.3950 0.3990
εmf calc 0.4041 0.4105 0.4141 0.4242 0.4326
∆εmf 0.0565 0.0563 0.0618 0.0688 0.0776

Figure 5.4: The relative difference between simulation results and experiment results
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velocity is slightly higher and the minimum fluidization porosity is rather small with diameter
distributed between 400 ∼ 600µm, but the difference can almost be neglected. Therefore, the
average diameter of 528 µm can be used in the simulation process to represent the experimental
conditions and to compare the circulation pattern at elevated temperatures.

Table 5.3: Simulation results of 400 ∼ 600µm glass beads and increase gas velocity method

T, K 293.15 323.15 373.15 473.15 573.15
en 0.97 0.96 0.95 0.92 0.9
µf 0.02 0.03 0.05 0.08 0.1

Umf sim, m/s 0.2332 0.1852 0.219 0.2074 0.1891
Umf exp, m/s 0.2350 0.1758 0.2145 0.1951 0.1858
∆Umf 0.0077 0.0535 0.0210 0.0630 0.0178
εmf sim 0.3870 0.3907 0.3963 0.4019 0.4049
εmf calc 0.4041 0.4105 0.4141 0.4242 0.4326
∆εmf 0.0476 0.0512 0.0522 0.0566 0.0665

5.2.2 Circulation patterns analysis

After the investigation of the minimum fluidization velocity and the minimum fluidization porosity
as well as determining the exact particle collision parameters, the solids circulation patterns of the
fluidization behavior have been researched and modelled by keeping the excess velocity constant
at 0.32 with temperature difference. The main simulation parameters are shown in Table 5.4 .

Table 5.4: Parameters for the circulation patterns simulation of glass beads

Parameter DPM

Temperature T, K 293.15 ∼ 573.15
Particle diameter dp, µm 528
Particle number Np 56250
Particle density ρp, kg/m

3 2500
Time step flowsolver, s 3.0× 10−5

Particle contact time, s 1.0× 10−6

System height, mm 118.8
System width, mm 26.4
System depth, mm 7.92
Number of grid cells 90×20×6
Superficial gas velocity, m/s 2.4Umf ∼ 2.75Umf

Simulation time, s 30

After the simulations finished, the solid circulation patterns are plotted and shown in Figure
5.5 and Figure 5.6. By comparing the simulation results with the experimental solid circulation
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patterns from I. Campos Velarde (2016)(Figure 5.7 and Figure 5.8), similar circulation patterns
can be found, but the results in the experiment is found to be stronger. Although the collision
parameters can give a good prediction on Umf and εmf , this cannot be extended to complicated
fluidization behavior. A possible explanation is that except the particle collisional properties,
there could exist the effect of the IPFs or other factors which can have influence on the fluidization
behavior at elevated temperatures. Details about the influence factors still need to be researched.

Figure 5.5: The simulation results of solids circulation patterns of 528µm glass beads
fluidized with N2 at the same excess velocity at different operating temperatures

Figure 5.6: The simulation results of solids circulation patterns of 528µm glass beads
fluidized with N2 at 200◦C and He:Ar at 50◦C with the same excess velocity
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Figure 5.7: The experiment results of solids circulation patterns of 400 ∼ 600µm glass
beads fluidized with N2 at the same excess velocity at different operating temperatures

Figure 5.8: The experiment results of solids circulation patterns of 400 ∼ 600µm glass
beads fluidized with N2 at 200◦C and He:Ar at 50◦C with the same excess velocity

5.2.3 Verification the assumptions of collision parameters

At the beginning of the simulations, two assumptions have been made to model the experiments:
(i) with increasing temperatures at the experiment range, the influence of normal restitution
coefficient en and µf are still stronger than tangential restitution coefficient et; (ii) the collision
parameters of en is assumed to be decreased and µf to be increased with increasing temper-
ature. In additions, the number of them under different temperatures are adjusted manually
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after many trials. In order to verify the first assumption about the influence of en, et and µf ,
the sliding and sticking percentage in fluidized bed with increasing temperatures were analyzed.
By combining the equations and the graphs, it can be concluded that the normal restitution
coefficient and friction coefficient have larger influence on fluidization behavior than tangential
restitution coefficient. Theoretical calculations are used to corroborate the second assumption
by implementing Ergun equation to predict the Umf . More details are shown in the following part.

Sliding and sticking analysis with increasing temperature

Firstly, the sliding and sticking case was implemented by using DPM method to verify the as-
sumptions during simulation process. The reactor was fluidized for 2 seconds with the nitrogen
velocity of 1.5 Umf and the value of Umf is obtained from the experiments. Moreover, the colli-
sion parameters were used the same as the circulation pattern simulations. Figure 5.9 shows the
total particles sliding and sticking case with particles or with wall at different temperatures. It
is obvious that the sliding percentage is much higher than sticking case. Further, with increasing
temperature, the sliding percentage become smaller and the sticking percentage increases. Ad-
ditionally, Table 5.5 presents that most sliding and sticking were happened between particle and
particle rather than particle and wall collision.

Figure 5.9: Sliding and sticking percentage with increasing temperature
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Table 5.5: Sliding and sticking percentage between particles and particles

T, K 293.15 323.15 373.15 473.15 573.15
slid pp (%) 0.9093 0.9084 0.9025 0.8984 0.90049
stic pp (%) 0.9728 0.9694 0.9608 0.96985 0.9674

Next, the graphs are compared with Equation 5.7 which has already been used earlier. By
combing the graph and other equations from chapter 2, several conclusions can be given:
(i) higher sliding percentage during fluidization behavior implicates that µf and en have stronger
effects on the minimum fluidization velocity Umf as compared to et.
(ii) the sticking percentage increase slightly at elevated temperatures suggesting the importance
of tangential restitution coefficient et increases at very high temperatures.

Fab,t =

{
− ktδt − ηtvab,t if ||Fab,t|| ≤ µf ||Fab,n|| sticking

− µf |Fab,n|tab if ||Fab,t|| > µf ||Fab,n|| sliding
(5.7)

Theoretical calculations to verify the assumption

Further, Ergun equation (Equation 5.1) is used to calculate the theoretical values of Umf by
using εmf from the simulation results and from the new correlation (Equation 5.5) that is pro-
posed by I. Campos Velarde (2016). The results are presented and analyzed in Table 5.6.

Table 5.6: Umf theoretical prediction from different εmf values

εmf obtained from simulation results

T, K 293.15 373.15 473.15 573.15
εmf sim 0.3867 0.3963 0.4022 0.4049
Umf Ergun, m/s 0.2137 0.2034 0.1872 0.1714
Umf exp, m/s 0.2350 0.2145 0.1951 0.1858
∆Umf1 0.0906 0.0519 0.0405 0.0775

εmf obtained from the new correlation (I.Campos Velarde-Equation 5.5)

εmf calc 0.4041 0.4141 0.4242 0.4326
Umf Ergun, m/s 0.2455 0.2354 0.2251 0.2167
Umf exp, m/s 0.2350 0.2145 0.1951 0.1858
∆Umf2 0.0445 0.0972 0.1536 0.1661

From the table, it can be noticed that when εmf is taken from simulation results, then the
theoretical Umf that is calculated from Ergun equation has a better prediction of the experiment.
However, if εmf is taken from the new correlation (Equation 5.5), then the calculated Umf has
a larger difference compared with the experiment results. A possible explanation is that the εmf

from simulation results also take particle collision properties into account, whereas, the correlation
that is proposed by I. Campos Velarde (2016) only considered the temperature effects. Therefore,
the assumption of en and µf are confirmed since the εmf from the graph can generate a better
result.
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5.3 Results analysis with ceramic beads as particles

at elevated temperatures

Based on all the conclusions and analysis drawn, ceramic beads that are made of sintered Zir-
conium Silicate with diameter 500 µm and density 4100 kg/m3 have been simulated by using
the same method. Firstly, the simulation was simulated by only change the gas properties with
en and µf as constant and these details are shown in Table 5.7. Then, the particle collision
parameters are considered in simulation conditions and the results are included in Table 5.8.
Figure 5.10 depicts the difference between these two cases, it is found that the results from the
simulations without changing en and µf are undershoot around 20 percent with the experiment
results, whereas, after adding the changes, better agreement with experiment results can be ob-
tained. Additionally, during the simulation process, even at a very large temperature range, the
change of normal restitution coefficient and friction coefficient is still very small compared with
the changes in glass beads. A possible explanation could be the influence of particle material
properties on the collision parameters. When particle density is high, the temperatures could
have a smaller influence on particle collision parameters. Besides, at high temperatures, IPFs
may also become more and more important in simulations. However, the detailed reason still
need to be investigated in future’s work.

Table 5.7: Simulation results of ceramic beads with only gas properties change under
different temperature conditions

T, K 293.15 373.15 473.15 573.15 773.15 823.15 853.15
en 0.98 0.98 0.0.98 0.98 0.98 0.98 0.98
µf 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Umf sim, m/s 0.3175 0.2835 0.2459 0.2181 0.1826 0.1760 0.1729
Umf exp, m/s 0.3927 0.3381 0.3116 0.2710 0.2122 0.1996 0.2068
∆Umf 0.1914 0.1616 0.2108 0.1952 0.1396 0.1180 0.1640
εmf sim 0.806 0.3814 0.3795 0.3782 0.3783 0.3792 0.3803
εmf calc 0.4016 0.4113 0.4211 0.4292 0.4424 0.4452 0.4468
∆εmf 0.0523 0.0727 0.0988 0.1189 0.1449 0.1483 0.1489
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Table 5.8: Simulation results of ceramic beads within particle collision parameters change
under different temperature conditions

T, K 293.15 373.15 473.15 573.15 773.15 823.15 853.15
en 0.96 0.95 0.94 0.93 0.92 0.915 0.912
µf 0.08 0.081 0.083 0.085 0.088 0.089 0.09

Umf sim, m/s 0.3614 0.3248 0.2944 0.2678 0.2174 0.2088 0.2026
Umf exp, m/s 0.3927 0.3381 0.3116 0.2710 0.2122 0.1996 0.2068
∆Umf 0.0796 0.0394 0.0552 0.0118 0.0244 0.0463 0.0204
εmf sim 0.3988 0.3992 0.4018 0.4036 0.4004 0.4000 0.3998
εmf calc 0.4016 0.4113 0.4211 0.4292 0.4424 0.4452 0.4468
∆εmf 0.0070 0.0294 0.0458 0.0597 0.0949 0.1015 0.1053

Figure 5.10: Simulation results comparision between with and without considering particle
collision parameters

5.4 Summary

In conclusion, the changes of particle collision parameters as a function of temperatures and
their influence on fluidization behavior have been investigated. Combining the simulations of
glass bead and ceramic bead particles, it can be concluded that not only temperature but also
particle material properties affect the fluidization behavior. In order to have proper simulation
results, not only temperature effect but also particle material characteristics should be known at
a certain level. Therefore, more experimental and fundamental modelling work is necessary to
further scrutinize the mechanisms that causes the changes of the fluidization behavior.
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Discussions and outlook

6.1 Discussions

In this thesis, the influence of particle collisional properties, especially normal restitution coeffi-
cient en and friction coefficient µf on fluidization behavior at elevated temperatures have been
investigated. Firstly, similar simulations to J.A Laverman (2010) have been carried out in 3-D
fluidized bed reactor. The circulation pattern and energy dissipation studies in the simulations
showed that en and µf have a stronger effect on fluidization behavior than the tangential resti-
tution coefficient et.

Secondly, simulations have been performed based on the experiment results with glass bead
and ceramic bead particles. The minimum fluidization velocity Umf and the minimum fluidization
porosity εmf have been obtained by changing particle collision parameters in the fluidized bed
reactor. It was assumed that with increasing temperatures, en decreases and µf increases. Then
the particles in the bed have been fluidized by increasing and decreasing the gas velocity. The
results showed that the method of increasing gas velocity resulting a better prediction of the
minimum fluidization bed velocity. Furthermore, the investigation on a small range of particle
diameter distribution between 400µm and 600µm has been studied and only small influence on
Umf and εmf were existed. Finally, based on the simulation results, there is a certain trend of the
change of restitution coefficient and friction coefficient at with increasing temperature, ceramic
particles with a higher particle density that were performed by A.Cruellas Labella. In addition,
by combining the gas properties and particle collisional properties at elevated temperatures, a
better prediction of the minimum fluidization velocity and the minimum fluidization porosity
can be obtained. Moreover, from the solid circulation patterns analysis, it was shown that the
possible IPFs could also influencing the fluidization behavior. Therefore, more experimental and
fundamental investigations about the influence factors could be considered for future work.

6.2 Outlook and suggestions

Outlook

Based on the analysis of the simulation results, it is obvious that how the normal restitution
coefficient and friction coefficient changes with temperature still need to be researched. Normal
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restitution coefficient en have attracted great attention in the research area in the past decades.
Recent literature has tested the relations between normal restitution coefficient en and temper-
ature T as well as particle velocity. Dong et. al (2014) reported that for SiO2 particles, both
temperatures and impact velocity (particle velocity before collision) as well as critical velocity
(the maximum impact velocity that a particle will sticking on the object) and yield velocity (the
minimum impact velocity at which a pure elastic impact starts to become plastic impact) can af-
fect en [Dong et al., 2014]. Moreover, the detailed equations used to calculate en are described to
derive an analytical model of the restitution coefficient en that is expressed in terms of the impact
velocity, critical velocity as well as yield velocity. Figure 6.1 shows the connections between these
parameters [Thornton and Ning, 1998]. Further, next to the normal restitution coefficient, the
equation to connect the critical velocity and IPFs also have been reported [Abbasfard et al., 2016].

Figure 6.1: Theoretical prediction of normal restitution coefficient based on velocity.

According to these literatures, the equation of en could be implemented and tested in the
DPM code. Since the drag force performed by gas flow is affected by temperature. Based on
the knowledge that the particle impact velocity will be influenced by the drag force and the drag
force performed by gas flow will be affected by the temperatures, so the impact velocity of the
particles could be changed with different temperatures. Therefore, this equation could be used
to calculate en at different temperatures. Besides, the critical velocity are described with IPFs
and this would useful since it is planned to combine both the effects of IPFs and the particle
collisional properties in future simulations. Perhaps by implementing these equations, it will
generate a closer results to the experiments.

Suggestions
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Regarding the importance of particle collision properties on fluidization behavior at elevated
temperatures, the following suggestions are proposed:
(i) the influence of IPFs and particle collisional properties can be combined to understand if there
are still other factors that affect the fluidization behavior;
(ii) since the particle diameter is very small, when particle collides with another particle or with
the wall, the impact angle could be taken as 90◦;
(iii) in the experiment, it has been found that the particle size and shape do not change too much
during fluidization behavior, therefore the yield velocity is assumed very high in simulation and
the impact velocity is smaller than yield velocity during collision process;
(iv) the critical velocity can be implemented to the code since all the parameters are known
according to the work;
(v) then the equations of the normal restitution coefficient calculation can be applied in the code
as the second step to have a better prediction of the fluidization behavior;
(vi) if possible, the experiment set up are suggested to measure the average restitution coefficient
during fluidization behavior.

Concluding, in order to have a better understanding of the fluidization behavior at elevated
temperatures, more basic simulations studies would be greatly helpful and more experimental
works still need to be carried out in the future.
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