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Abstract

Abstract

Among the various types of fluidized beds, bubbling fluidized beds have long been

a focus for both practical applications and theoretical research. In practical applications,

particles in a bubbling fluidized bed are usually nonspherical in shape. Nonspherical

particles have a significant impact on the gas-solid flow characteristics in the bed

compared to spherical particles. However, traditional research methods often assume

that particles in a bubbling fluidized bed are spherical to simplify calculations. This

assumption fails to accurately represent the fluidization behavior of particles in the

system, which seriously affects the design, optimization, and actual operation of the

fluidized bed reactor. Therefore, studying the dynamic characteristics of gas-solid two-

phase flow of nonspherical particles in bubbling fluidized beds is crucial. In this study,

we employed experimental methods to investigate the gas-solid two-phase

hydrodynamic characteristics of nonspherical particles in a bubbling fluidized bed.

In this study, we constructed a bubbling fluidized bed experimental system and

used rod-like particles with nonspherical characteristics as the research object. Our

main objective was to investigate the effects of particle shape and superficial gas

velocity on the dynamic characteristics of gas-solid two-phase fluid. The main contents

and results of this paper are as follows:
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(1) As the particle shape deviates gradually from the spherical, particles tend to

form a channeling flow instead of a smooth transition to the bubbling fluidization. The

minimum velocity and bed expansion rate initially decrease and subsequently increase

with an increase in the aspect ratio. The vertical velocity profiles are sensitive to the

aspect ratio at low gas velocity, but not sensitive at high gas velocity. The velocity

distribution, especially the rotational velocity distribution, deviates from the

Maxwellian distribution.

(2) We identify two high-probability particle configurations, two particles in a

parallel or vertical arrangement, by calculating the radial distribution function, nematic

correlation function and coordination number. We further explain the cause of this order

appearance through entropy theory. By comparing the drag force of the above two

configurations at various angles and Re, we demonstrate that it is necessary to put

forward a configuration-dependent drag force for nonspherical particle fluidization.

(3) This study examines the impact of particle shape and superficial gas velocity

on bubble dynamics and identifies that particle configuration affects the movement and

development of bubbles. Specifically, the rising of bubbles is found to first break the

particle configuration, causing the particles to rotate towards their preferred direction.

Above the bubble, particles tend to be horizontally oriented, while on either side, they

tend to be vertically oriented. Furthermore, compared to spherical particles, rod-like
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particles exhibit a larger bubble aspect ratio and a lower bubble velocity.

In summary, the fluidization characteristics of nonspherical particles were studied

in this paper, and the macro-scale characteristics of nonspherical particles was revealed

from the aspects of pressure drop, minimum fluidization velocity and bed expansion

rate. The study also examined the particle flow characteristics by particle velocity,

orientation, particle kinetic energy, and granular temperature, and the interlocking

phenomenon inside the bed, with the radial distribution function and order parameters

used to identify two types of particle configurations and to quantitatively analyze the

dynamics of particle configuration. Furthermore, an analysis of the drag force of

different particle configurations indicated that the particle shape significantly affects

the drag force and thus the flow characteristics of nonspherical particles. Additionally,

the study highlighted the significant influence of the particle shape on bubble dynamics.

Collectively, these findings are helpful to reveal the fluidization characteristics of

nonspherical particles and promote the understanding of the mechanism of gas-solid

flow characteristics of rod-like particles, thus provide a guidance for the design,

optimization, and control of fluidized beds.

Key Words: Rod-like particle; Particles configuration; PTV; Experiment; Gas-solid

two phase flow
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1 Introduction

1 Introduction

1.1 Background and significance

Gas-solid fluidization™? is an essential branch of chemical engineering
technology which plays a very important role in industrial processes such as in food,
chemistry, medicine, metallurgy, coal and petroleum industries® 7. To optimize the
design and operation of these industrial processes, the flow behavior in fluidized beds
have been studied extensively®®1%. The assumption made in the majority of studies on
the fluidization properties of fluidized beds is that the particles are sphericall**3l for
the sake of simplicity. However, particles in realistic industrial processes, such as
biomass combustion and gasificationt*4%] granulation®®'"1, and fluid catalytic
cracking in petrochemical refinerys!*®l are nonspherical. In particular, application of
the biomass, such as wood chips, wood pellets, and straws characterized by elongated
particles*®, can reduce the greenhouse gas CO, emissions!?’l, and thus has attracted
increasing attention from scholars in many fields. The biomass combined heat and
power has emerged as a significant heating approach in Europe, the United States, and
other regions. Therefore, the research on the flow characteristics of nonspherical
particles has important significance in both theoretical and practical senses.

In principle, the complex fluidization behavior of nonspherical particles can be
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attributed to their complex dependence on inter-particle interactions (say, the stress and
interlocks between particles) and particle-fluid interactionst??4l (say, the drag
force).The two-phase flow, mass and heat transfer and chemical reactions over
nonspherical particles diffe greatly from those of spherical ones?#2%1, On the one hand,
due to the effects of the particle shape, the interparticle interaction becomes more
complicated. There may be various contact situations between points, lines, and
surfaces when nonspherical particles come into contact. On the other hand,
nonspherical particles show a variety of heterogeneity and orientations in fluids because
of the interaction between non-spherical particles and fluids. In addition, the particle
configuration arises inside the bed as a result of the the anisotropic shape of
nonspherical particles. Here, particle configuration refers to a specific set and spatial
arrangement of particles. The interparticle or particle-fluid interactions underlying
various configurations of nonspherical particles may lead to complex fluidization
behavior, e.g., interlocking!®! and channeling®l, beyond typically encountered
bubblingt?”-34. So, quantitative analysis of such configurations of nonspherical particles
is fundamental to understanding the underlying mechanism of complex fluidization
behavior of nonspherical particles, although relevant researches are rather few. The
shape characteristics of nonspherical particles affect the gas-solid flow structure in a

fluidized bed, and will inevitably affect the heat and mass transfer and chemical
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reactions between the particle-particle or the particle-fluid.

Currently, simulations and experiments of nonspherical-particle fluidized beds are
still in a early research stage. Further researches about the internal mechanism of gas-
solid two-phase flow of nonspherical particles are in urgent need. In particular, the
particle-level dynamic characteristics of nonspherical particles in a dense gas-solid two-
phase flow are needed, which is helpful for the design, operation and optimization of
gas-solid fluidized bed reactors. In this work, rod-like, nonspherical particles are chosen
to be fluidized, as they are widely encountered in energy, chemical and pharmaceutical
industries such as the biomass combustion and gasification, plastic pellet processing

and pesticide pellets preparation processest®?-%,

1.2 Fluidization

Fluidization is a unit operation in which solid particles behave like fluids when a
stream of gas or liquid flows upwards through solid particles, causing them to be lifted
and suspended®®!. The fundamental characteristic of two-phase flow is the coexistence
of the particle-rich dense phase and the fluid-rich dilute phase. An increase in gas
velocity causes a noticeable change in the flow regime in a fluidized bed. Fluidization
can be broadly categorized into the following flow regimes, including the delayed

bubbling or fixed bed, bubbling regime, slugging regime, turbulent regime, fast
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fluidization, and pneumatic conveying, as shown in Figure 1.1.
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Figure 1.1 Schematic representation showing appearance of flow regimes relevant to

gas-solid fluidization®”,

As a type of reactor, the fluidized bed is widely used in industrial processes.
Among the flow regimes as presented above, the bubbling regime is one of the most
widely encountered in industrial practice and also in academic research. The bubbling
fluidized bed is characterized by several features®®>%): (1) The particles are in contact
with the gas in a suspended state, in forms of the dense emulsion and dilute bubbles,
and the gas-solid interface area is large; (2) It has better particle mixing and gas-solid

contact, higher heat and mass transfer rate; (3) The particle flow behavior within the
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bed resembles that of a fluid; (4) Changes in porosity within the gas-solid system can
significantly impact the drag coefficient of particles. Additionally, this technology
offers a wide range of operating densities, simple equipment structure, and low cost,
making it an attractive choice for various industrial applications.

Due to global warming, climate change and the depletion of fossil resources, there
is an increasing interest around sustainable, environmentally friendly and renewable
resources. As one of the renewable resources, the biomass is advantageous due to its
wide distribution and high storage, and is environmentally friendly***4!. The bubbling
fluidized bed has gradually demonstrated its advantages in the gasification and
combustion of biomass*>*%1 and combustion of waste*’*’], and has obtained a broad
range of applications. Radmanesh et al."**! developed a model of biological gasification
in a bubble fluidized bed, with consideration of the pyrolysis and various heterogeneous

[50]

and homogeneous reaction kinetics and hydrodynamics. Kong et al.”™ analyzed the

particle behaviour of biomass gasification, and discussed the contribution of different

1511 ysed simulation to

heat transfer models in a bubble fluidized bed. Tokmurzin et al.
study the gasification process of solid waste, explored the gasification mechanism of
solid recovered fuel at the macroscale and studied the effect of the change in feed

location. The bubble fluidized bed has also been widely used in processes of chemical,

metallurgy, food, medicine, petrochemical, and agriculture industries. However, in
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realistic industrial processes, most of the particles are nonspherical. Therefore, it is

necessary to study the dynamic characteristics of gas-solid two-phase flow in bubbling

fluidized beds with nonspherical particles, which can be expected to provide theoretical

basis for the optimal design and operation of gas-solid bubbling fluidized beds in

industries.

1.3 Description of nonspherical particles

The most basic characteristics of granular matter are geometric characteristics,

including particle size, shape, etc. The geometric characteristics of particles can be

described by the external dimensions of particles. Nonspherical particles can be divided

into regular (cylindrical, cubic, ellipsoidal; see Figure 1.2) and irregular (non-

symmetric rough surfaces) shaped particles, and artificially defined parameters such as

the equivalent diameter and particle shape factor are required to describe their size and

external shape.
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Figure 1.2 Different particle shapes

[52]

1.3.1 Equivalent diameter

The equivalent diameter of particles is normally determined based on the
following three definitions:

(1) Volume equivalent diameter d,,
V =-nd,’ (1.1)
1
d, = ()3 (1.2)

where V is the particle volume.

(2) Surface area equivalent diameter dg
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S, = md* (1.3)
Syt
where S, is the surface area of the particle.

(3) Specific surface area equivalent diameter dg,

Sp _ mdsy®

v o 143 (1.5)
6 SV
6V

dsv = g (1.6)

There is a certain relationship between them. When a particle is spherical, the three
equivalent diameters are equal. When a particle is nonspherical, there are:

3
dy 2 dy > dy, and dg, =2 (1.7)

S

1.3.2 Particle shape factor

The shapes of nonspherical particles can be described by the particle shape factor,
as follows:

(1) Particle sphericity @536l

Sphericity refers to the extent to which their shape approximates that of a sphere.
It is a dimensionless parameter defined as the ratio of the surface area S,, of a sphere
equal to the volume of the particle under investigation to the surface area S, of the

particle under investigation:
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Sll dSlJ dll
0 = 5 = d_v(d_s)Z (1.8)

(2) Aspect Ratio 5759

Aspect ratio is defined as the ratio of its length (,) to width (d,,):
= b (1.9)

In addition, there are other definitions of particle shape factor such as the zingg

factor’®, corey shape factor(6-2.

1.4 Research progress of nonspherical particles

There are mainly two methods in the study of dense gas-solid two-phase flow:
numerical simulation and experiment. One of the most direct methods to research the
fluidization characteristics of gas-solid two-phase flow is through experimental
methods. Many experimental techniques, such as magnetic particle
tracking(MPT)!?>6364 " positron emission particle tracking(PEPT)!®%"! radioactive
particle tracking(RPT)[%®7% particle tracking velocimetry(PTV)?*7172] and particle

331 have been used to research dense gas-solid two-phase flow

image velocity (PIV)!

systems. With the help of various instruments, the fluidization information within the

bed can be easily and intuitively obtained by the experimental method (see Table 1.1).
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Table 1.1 Reference of experiments of nonspherical particles.

Author Particle shape Measurement  Aspect Research content
method ratio
Chenl’8 Cylindrical XPTV 1.56; Particles orientation distribution
5.33
Memal®!  Spherocylindrical MPT 4 Fluidization of spherical versus
elongated particles
Memal™"] Cylindrical X-ray 4;6 Fluidization of spherical versus
tomography elongated particles
Cail’8 Cylindrical PTV 6; 8; 10, Orientation of cylindrical
12; 14 particles
Boer!™ Cylindrical PTV 10 Orientation and de-mixing
phenomena of elongated particles
Vinay?*l  Spherocylindrical PTV 4 The effect of particle shape on

fluidization behavior

As computer technology advances rapidly, numerical simulation has also become
a crucial approach for investigating gas-solid two-phase flows.In particular, the
combination of computational fluid dynamics (CFD) and the discrete element method
(DEM) is a useful tool for describing the fluidization of particles!?’->>80-84] In recent
years, different approaches to modelling nonspherical particles have also been
employed to research the fluidization behavior of nonspherical particles, such as the

multi-sphere model®-%"] the real geometry model®®**°1, polygons/polyhedrons!3%-20-92!

and super-quadrics!>93%4],

1.4.1 Macro-scale flow description
Researchers revealed experimentally and numerically the significant impact of

10
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particle shape on the macro-scale flow description [**°] including the fluidization
regime transitions, pressure drop, the minimum fluidization/bubbling velocity!?*:6%-96-%81
particle circulation patterns®”), bed expansion, etc. These characteristics are the key and
directly related to the structure and operating parameters of key equipment such as
fluidized beds in industrial applications. Most of the research on nonspherical particles
is focused on this part. Particle shape significantly impacts the packing properties,
fluidization behavior can be observed with varying particle shapes!©?-26:100-102],

The impact of shape on the minimum fluidization velocity is significant. The

s[60.96971 decreases at first,

minimum fluidization velocity of nonspherical particle
approaching a minimum, then increases inversely as the aspect ratio (i.e., the ratio of
axial length to diameter) increases from unity (corresponding to a sphere) to higher
values. Liu et al.[%"! examined the impact of particle shape on pressure drop and
minimum fluidization velocity by distinct particle shapes: circular plate-like, cylinder,
and square cylinder. They found that the fluidization velocity of nonspherical particles
was lower compared to spheres of the same equivalent diameter. Gan et al.’®
investigated the effect of shape on pressure drop, minimum fluidization velocity, and
bubbling velocity by CFD-DEM. The findings indicate that as the aspect ratio increases,

the minimum fluidization velocity initially decreases and subsequently increases. The

impact of particle shape on the minimum fluidization velocity are investigated by

11



Flow Characteristics of a Bubbling Fluidized Bed with Nonspherical Particles

ellipsoidal particles [19%194] Ma et al.l'%! demonstrated the connection between pressure
drop and gas velocity using rod-like particles by CFD-DEM. The study results indicate
that both the drag force and the interlocking between rod-like particles have a notable
impact on the minimum fluidization velocity.

The fluidized bed tends to form channels rather than undergos smooth fluidization

1[24,95,102,106,107

when the particle shape deviates more from being spherica I (see Figure

1.3 and Figure 1.4). Two types of channeling can be further distinguished as the passive

[24,95

and the active?**]. Once a passive channeling is formed, the neighbouring particles

will reach a stable state, and no further movement can be observed. However, many

particles are sucked into the channel for an active channeling, forming a fountain?*%!,

95,102,107]

Vollmari et al.! investigated the imapct of particle shape on the pressure drop

and flow regime transitions by experiments and simulations using various regularly

shaped particles. Hilton et al.'%!

examined the imapct of particle shape on pneumatic
conveying through CFD-DEM, and discovered that particle shape had a substantial
influence on flow under identical conditions. Spherical or near-spherical particles
transit to slug flow at high gas flow rates, while nonspherical particles transit to dilute
flow.

[25]

Mema et al.'”>! also analyzed the impact of particle shape on the particle circulation

mode. For spherical particles, the particles tend to rise in the center of bed and fall on

12
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the side wall. At low gas velocity, there are two counter-rotating vortices, but as the gas
velocity increases, the counter-rotating vortices disappear. However, for elongated
particles, there are different circulation modes, and there is always a circulation mode
of rising particle boundary and falling in the middle. With an increase in gas velocity,
the spherical cylindrical particles show a more obvious double circulation mode, and
the vortex is much larger than in the case of spherical particles.

A higher bed expansion rate indicates a more favorable gas-solid contact mode,
and is significantly influenced by particle shape. For a spouted bed, Liu et al.['% used
thirteen types of particles to study the imapct of particle shape on fountain height of
nonspherical particles. Ignoring the impact of particle shape, they discovered that the
predicted fountain height was significantly lower than the experimental data. Liu et
al.®® used a real geometric model to study the effect of shape on the spouted bed. They
found that the stability of the fountain decreases as the particle shape gradually deviates
from a sphere, as does its height. Zhong et al.['®!! further studies cylindrical particles
flow by using the multi-sphere model. The results showed that the porosity of
nonspherical particles is larger than that of spherical particles, resulting in a larger bed

95]

expansion rate. Emden et al.”! also found a similar phenomenon by experiments.

13
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Figure 1.3 Flow regimes and the computed bed expansion (white line) of particles for

different shapes®!.

Packed Bed Passive Channelling Active Channelling Bubbling Fluidization

Figure 1.4 Examples of the different fluidization regimes observed in the bed with

increasing gas velocity.

Additionally, some scholars have studied the macro-scale characteristics of multi-

14
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component system, consisting of nonspherical particles and fluidized medial®*!%-116],

as shown in Figure 1.5. Fluidized media typically consist of inert materials such as silica
sand, alumina, or calcite. Researchers have primarily focused on studying the onset of

minimal fluidization of multi-component particle systems.

Gas outlet
>
S~ il ®

& |é + # %
/‘\’,;Q‘,\z\ea//\/ C_ylinder Sphere !
WO Qa‘\‘// (biomass)  (bed materials)

- - - - =
P '
i \ ) !
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coamonae 2§ + '
‘xPas\,s\e‘,“ /! \ |
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Figure 1.5 A typical dense and multi-shape particle-fluid systems!?.

Abdullah et al.'%! investigated the fluidization behavior of various types of
biomass, including the palm fibe, sawdust, peanut shell, coconut shell, and rice husk.
For each particle type, they measured the pressure drop and compared the minimum
fluidization velocity with several empirical correlations. They found that the
fluidization of both Geldart-D (rich husk) and Geldart-A (palm fiber) particles is poor.
The minimum fluidization velocity obtained from the experiment did not align with the
predicted value, except for the rice husk. Zhong et al.l’”l employed an experimental

approach to study fluidization of biomass particles such as cotton stalk, millet, mung

15
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beans, and wood chips. The results showed that the minimum fluidization velocity of
long thin biomass types such as corn stalk was proportional to transection diameters

and aspect ratio of the particles.

1.4.2 Micro-scale flow description

The research on nonspherical particles mainly focuses on the macroscopic scale.
However, the mirco-scale laws which have been extensively researched in the
fluidization of spherical particles!!!”!"8] are much less known about nonspherical
particle fluidization. The micro-scale characteristics of nonspherical particles mainly
involves issues with velocity, orientation, contact forms between particles, and so on.
Due to the anisotropy of rod-like particles in the flow field, their orientation and rotation
must be considered and the contact between particles is more complex and diverse (see

Figure 1.6), which makes their hydrodynamic characteristics more complicated.

16
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Face-face Face-Band Face-edge

Edge-edge Edge-band
Edge-edge (for disc-like particle)
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(for disc-like particle)

53

Special contact

Figure 1.6 Contact scenario between cylindroid particles used in the

literature!®%119:1201,

The drag force model is regarded as the coupling term between the gas phase and
the solid phase, which is the basis for describing the flow behavior of particles. For
nonspherical particles, the drag coefficient is not constant and can vary depending on
the orientation of the particle with respect to the flow direction. This makes the problem
of predicting the behavior of fluidized beds with nonspherical particles more
complicated. Hilton et al.[96] reported that particle shape affects the drag. Two main
categories exist in the study of drag force on nonspherical particles [2!: the first category
involves developing specific drag force models based on fixed shapes and orientation,

such as polyhedron!'?1:1221 cylinder!!23-131 diskl!32-1361 cybel!37-1401 and other shapes!!*!-

17
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3] The other is a drag model that covers as many shapes and orientations as
possiblel2!:144-152] (see Table 1.2). For example, Holzer et al.”!! proposed the standard
drag coefficient of any shape based on a comprehensive analysis of literature data. The
formula takes into account the Reynolds number, particle shape, and orientation. It is
verified that the drag model can well predict the fluidization behavior of various

nonspherical particles.

Table 1.2 General expressions of Cp for nonspherical particles'!.

Authors Equations Conditions
Chienft4] (30) 02<p<1
Cp =|(—=—|+67.289,exp(—5.030
? 7 \Re o ) Re < ~5000
Leith(4] Cp = 81 + 16 1 Stokes region
Re [p, Re [¢,
— . 1.8148__ 0.5743 )
Ganserl4! Cp =042-10 (—log®) Stokes region
Swamee[t50] Cp 03<C <1
_ 48.5
(1 4 4.56,%%5) " Re 4 1 < Re <10*
Re
0.32
G100+ 10060) Co™® + 1.05600-3}C]
Co = c/(ab)/?
0.687
Tran-Cong[s4 Cp = 24dy [1 n 0.15 (d_A Re) ] Cubes, cylinders
Re dy, [C;, \dn
d and so on.
0.42(4)?
+ n
0.1 < Re < 1500
JCr 1+ 425 x 10434 Re)116] ¢
n
Hélzer 21 81 161 3 1

Ci=——t——t——
a Re [@, Re~/g \/R—eq);

+0.42 x 1004(-log?)*? 1
1
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In addition to the drag, nonspherical particles also experience the lift force,

el22:1531591 Compared with spherical particles, the

pitching torque, and rotational torqu
lift can change significantly the particle orientation and further affect the trajectories of
nonspherical particles. Therefore, the lift of nonspherical particles cannot be
ignored!!%6:153-155] Mema et al.'>%! employed CFD-DEM approach to study the impact
of the lift force and hydrodynamic torque on nonspherical particles. The findings
indicate that the velocity of particles parallel to the gravity direction is significantly
affected by lift, and the hydrodynamic torque determines particle orientation.

In addition to the above, a big difference between nonspherical particles and

1[76,78,160-178] and have

spherical particles is that nonspherical particles are directiona
preferred orientation order and flow alignment!>*7-19%:171 Hidalgo et al.'*"! observed
that particle shape has an impact on particle packing performance, with elongated
particles showing a tendency to align perpendicular to gravity. Ma et al.[26195:181] yged
the super-ellipsoid model to research the fluidization characteristics of disc-like
particles and rod-like particles. The preferred orientation of particles differs between
fixed beds and fluidized states. In fluidized states, particles tend to align their long axis

parallel to the gas flow direction, while in fixed beds, the preferred orientation is

perpendicular to the gas flow direction. In addition, they found that particle orientation

19
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was affected by the aspect ratio. With an increase in gas velocity, the tendency of the
long axis of the particle to be parallel to the gas flow direction is higher, but the aspect
ratio has no obvious effect on the particle orientation at very high gas velocities. And
near the boundary, the long axis of particles tends to align with the vertical direction,
with larger aspect ratio particles exhibiting more pronounced wall effects. Oschmann
et al.l'” also found, through numerical investigations of nonspherical particles, that
cylindrical particles in the near-wall region tend to orient themselves parallel to the wall.

In addition to studying the distribution of particle orientation in multicomponent
systems. Ma et al.['®"] ysed the super-ellipsoid model to account for particle shape in
their investigation of fluidization in a binary mixture of rod-like and spherical particles.
Compared to a monodisperse particle system, the orientation distribution of particles in
a binary particle system is distinct. It is noteworthy that there is always an apparent wall
effect on the particle orientation, regardless of whether it is a monodisperse particle
system or a binary particle system.

At the same time, the particle velocity distribution is also different. Particle
velocity is a critical parameter that directly affects the solids mixing, heat and mass
transfer, and particle wear in a fluidized bed. Additionally, the study of particle velocity
is essential to understand the fundamental laws of gas-solid two-phase flow. A study by

Yan et al.l'®] employed an artificial neural network-based drag coefficient correlation

20
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to investigate the hydrodynamic behavior of particles.The study found that the particle
shape has a negligible effect on the horizontal velocity, but it has a significant impact
on the vertical velocity. However, this effect is not a monotonic function. Wang et al.l!34
found that ellipsoidal particles with higher sphericity have larger vertical velocity than
ellipsoidal particles with lower sphericity. The lower sphericity of ellipsoidal particles
results in the formation of more bridges, hindering bed permeability and particle
motions. Therefore, for ellipsoidal particles with low sphericity, higher superficial gas
velocity is needed to make the particles fluidize well. This phenomenon was also found
in the fluidization process of nonspherical particles in spouted bed!!83,

For binary particle system, Fotovat et al.l'36137] analyzed the velocity distribution
characteristics and particle circulation patterns in the co-fluidization process of
cylindrical particles and bed material particles by experiments and simulations. At the
same gas velocity, the rising velocity of spherical particles is greater compared to that
of cylindrical particles. At low gas velocity, cylindrical particles cannot form a complete
circulation mode in the bed and are concentrated in the upper part. Chen et al.[*®!
analyzed the distribution and velocity of cylindrical particles though stereo XPTV
technology. Cylindrical particles tend to aggregate on the side wall. With an increase in
gas velocity, the distribution of cylindrical particles becomes more uniform. Moreover,

1.1189.190

the particle velocity increases with increasing gas velocity. Ren et a I employed
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the CFD-DEM method to investigate the mixing behavior of particles. Their findings

indicated that the average translation velocity of slender particles and spherical particles

are similar when fully mixed, but the average rotation velocity of spherical particles is

higher.

1.4.3 Meso-scale characteristics: particle configuration and bubbles

1.4.3.1 Particle configuration

In a qualitative sense, the interlocking in granular materials can be described as

the state in which particles or grains lock into each other and provide additional

resistance to deformation. The interlocking is purely a geometric feature of any particle

assembly!!°,

The interlocking between nonspherical particles will hinder the
movement of particles, making the fluidity of nonspherical particles worse than that of
spherical particles, and the mutual support between particles becomes stronger, which
leads to the higher bed height of nonspherical particles. At the same time, the
interlocking phenomenon between particles is generally more obvious with the increase

[26.97.98,105] ° A Jocalized structure is formed inside the bed as a

of particle aspect ratio.
result of particles interlocking. The particle configuration can strongly affect the
fluidization behavior of particles. Analyzing these particle structures can significantly

enhance our understanding of the mechanisms underlying the fluidization behavior of
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nonspherical particles.
The imapct of particle shape on particle configuration was further analyzed from

the structural parameters such as coordination number[?48896.97.104.192-198]

, radial
distribution functionl!04180:194.198-205] a4 nematic correlation functiont!6!200-206-2151
Particle shape has an a significant impact on the packing structure of particles,
which in turn affects the transport properties of the bed. For example, elongated
particles tend to form ordered structures compared to  spherical

s[104.180.198.200201.2041 © 7hoy et al.l'% studied the packing characteristics of

particle
ellipsoid particles by employing coordination number and radial distribution function
analysis. The results show that ellipsoids tend to form locally ordered structures (see
Figure 1.7). Zhao et al.'®® studied the random packing of elongated particles and
observed that with an increase in aspect ratio, the contact between spheres decreases,
and the contact between cylinders increases. There are three different local ordered
structures in the bed: the shortest contact between the centroids of the two
spherocylinders, the vertical contact between the two spherocylinders, and an additional
particle between a pair of spherocylinders.

Nonspherical particles in fluidized beds tend to form locally ordered structures and

clusters, which move as a large lump and exhibit hydrodynamic interactions. The

coordination number increases as the aspect ratio deviates from a sphere, and ellipsoidal
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particles tend to form aggregates. Hamid et al.l*!®) observed that at a lower volume
fraction, the inhomogeneity in the microstructure of particles also leads to the formation
of clusters, and rods have a larger settling velocity than isolated particles. In addition,
due to the formation of clusters, the velocity fluctuation is greater than that of spherical
particles. These clusters move as a large lump, causing obvious hydrodynamic
interactions. In further research on fluidized particles, Gan et al.['*”! found that as the
aspect ratio deviates from that of the sphere, the average coordination number increases.
In a fluidized bed, ellipsoidal particles tend to form clusters or aggregates. Mahajan et
al.?*l found that rod-like particles tend to be coaligned within a distance of
approximately one particle length(see Figure 1.8), and even at the highest flow rate,
particles exhibit interlocking behavior and move in a large lump. However, the local
structure of particles is also susceptible to fragmentation, resulting in a decrease in the
coordination number. Boer et al.””! studied the de-mixing phenomenon of rod-like
particles. The result showed the shape-driven separation between particles occurs by
studying the de-mixing phenomena of rod-like particles. This dominance is assured by
the fact that alignment and aggregation of rod-like particles reduce the drag force per
unit mass compared to spherical particles, allowing rod-like particles to sink to the

bottom of the bed.
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Figure 1.7 Ordered packing structures for (a)spheres; (b)oblate spheroids; (c)prolate

spheroids!!'%4.,

Figure 1.8 An example of particle coalignment!>4,
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1.4.3.2 Bubble

The formation and dynamics%2!72!1 of bubbles in a fluidized bed are important
in understanding the behavior of particles in the bed. Bubbles are formed near the
distributor and interact with each other during their rise, causing coalescence and
fragmentation. The shape, size, and rising velocity of bubbles/?2?23]  affect the
fluidization quality of particles. However, most studies on bubble dynamics have

75.224-2261 " and the impact of particle shape on bubble

focused on spherical particles!
dynamics needs further investigation to improve the design and operation of fluidized
beds.

The number of studies investigating the impact of particle shape on bubble
dynamics, whether experimental or numerical, is not as high as anticipated. Shrestha et
al.??7) investigated the impact of particle shape on bubble dynamics in fluidized bed
using a continuous central jet. The results showed that the particle shape affects the
mechanism of bubble fragmentation and coalescence. The equivalent diameter
distribution of bubbles for the ellipsoid is wider compared to that of the sphere. At any
position of the bed, spheres have more circular bubbles than ellipsoids. Esgandari et
al.?%] also found that elongated sphero-cylindrical particles have a lower leakage

fraction compared to spherical particles. The bubble shape of spherical cylindrical

particles is slender, while for spherical particles, it is more rounded.
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The bubble dynamics??! of ellipsoidal particles were studied and compared to
spherical particles. There was a significant difference in the average value of the
corresponding bubble diameter between the two particle morphologies. Ellipsoidal
particles have an asymmetrical particle flow pattern due to non-uniform bubble flow,
resulting in a decrease in the velocity of bubbles. Furthermore, it has been observed that
ellipsoid particles exhibit lower bubble velocities than spherical particles. This can be
attributed to the fact that bubbles need to overcome the particle interlocking. The
influence of particle aspect ratiol??°!  on bubble dynamics was also discussed, showing
that the equivalent diameter of the bubbles gradually increases as the aspect ratio of

particles increases when the bed height is low.

1.4.4 Summary

Numerous domestic and foreign scholars have conducted extensive numerical
simulations and experimental studies on gas-solid two-phase flows in bubbling
fluidized beds, predicting flow characteristics and motion laws of gas-solid two-phase
flow. This provides a theoretical reference for the design, optimization, and operation
of fluidized bed reactors. Many factors can affect fluidization characteristics, including
the particle size and shape. However, most studies were carried out using near-spherical

particles due to their geometric simplicity. In industrial processes, however, most
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particles are nonspherical (say, spheroids, rods, and polygons). The particle shape,

being one of the most important properties of particles, significantly impacts

fluidization behavior, including flow, permeability, chemical reactions, and segregation.

The assumption of spherical particles cannot truly reflect the flow behavior of particles

in fluidized systems. Therefore, it is of great significance to study the gas-solid two-

phase flow characteristics of nonspherical particles in a bubbling fluidized bed.

At the meso-scale and micro-scale, the existing research on fluid dynamics of

nonspherical particles is insufficient, despite numerous studies on spherical particles.

Furthermore, there is still a lack of experimental research on the fluidization behavior

of nonspherical particles. At the macro-scale, the research has focused on particles with

clear shapes, and the impact of aspect ratio on macro-scale law remains incomplete. At

the micro-scale, the research on the micro-scale characteristics of rod-like particles is

still incomplete. Questions exist at such as how the velocity of the particles

(translational velocity and rotational velocity), and the orientation of the particles

change with the particle properties and operating parameters? At the meso-scale, the

research on the motion mechanism of bubble and particle configurations is still

incomplete. For example, how do operating parameters and particle properties affect

the shape and motion of bubble and particle configurations? The relationship between

bubble dynamics and nonspherical particle orientation is still unclear, and how does the
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particle configuration affect the particle dynamics of nonspherical particles? Further

research and exploration are needed on these aspects.

1.5 Outline of thesis

The current numerical simulation and experimental research mainly focus on the

gas-solid two-phase flow of spherical particles, and there are few studies on the gas-

solid two-phase system of nonspherical particles. Therefore, this study focuses on the

gas-solid two-phase flow of nonspherical particles, and uses the particle tracking

velocimetry (PTV) method to comprehensively study the fluidization behavior and

meso-scale structure of a fluidized bed with nonspherical particles, as well as the

underlying mechanism. PTV is a non-invasive, transient, full-field velocity

measurement technique that tracks the movement of all particles in the flow field. This

method is highly accurate and provides visual intuitiveness, making it particularly

useful for studying complex and dynamic flows. It has been applied in various fields

such as turbulent flows, multiphase flows, and biological flows. In order to better

understand and master the flow mechanism of rod-like particles, and, especially in light

of the importance of particle configuration in determining nonspherical fluidization

behavior above, it is necessary to explore the dependence of the particle configuration

on the particle shape and two-phase flow conditions.
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Therefore, this thesis carries out the research on the flow characteristics of rod-

like particles in a bubbling fluidized bed. The effects of particle properties and operating

parameters on the fluidization behavior and mesoscale structure of nonspherical

particles are investigated experimentally. As shown in Fig. 1.9, the thesis is structured

as follows: (1) The research on the fluidization behavior of rod-like particles was first

carried out, focusing on the macro-scale laws such as the pressure drop, minimum

fluidization velocity, and bed height, as well as the micro-scale motion laws such as

particle orientation, particle velocity, and particle kinetic energy. (2) Particle

configuration dynamics of rod-like particles was qualitatively analyzed by using the

coordination number, radial distribution function, and nematic equivalence structure

parameters, and the flow properties of super-particles were studied. (3) Exploration of

bubble dynamics of nonspherical particles, including meso-scale laws such as volume,

shape, and velocity of bubbles.
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2 Experimental Setup & Technical Approach

2 Experimental Setup & Technical Approach

2.1 Introduction

Experimental measurement is one of the important research methods in the study
of dense gas-solid two-phase flow. PTV technology finds extensive applications in the
field of fluidization as an optical measurement technology. PTV mainly utilizes a
camera to capture the movement of particles. This technology can obtain dynamic
information such as the position, velocity, and orientation of a single particle without
interfering with the flow field.

In this chapter, a fluidized bed experimental measurement platform is established
based on PTV measurement technology to conduct experimental research on the
fluidization behavior of nonspherical particles. The experimental system is introduced,
including the fluidized bed equipment, image processing, experimental data collection

and processing methods, and the definition of each variable.

2.2 Experiments

Since the PTV measurement technology is easily blocked by dense solid particles,
and cannot penetrate the bed, it is generally only suitable for measuring two-

dimensional fluidized beds. In this experiment, a pseudo-2D fluidized bed was selected
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for experimental research. Figure 2.1. shows that the experimental device is primarily
constructed of transparent polymethyl methacrylate, 150 mmx25 mmx1500 mm (width
x thickness x height). The experimental device includes four parts: inlet section, gas
chamber, fluidized bed body and an outlet section. The ambient air, measured by a
digital mass flow controller, enters the bed through the distributor made of a sintered
plate and exits through the air outlet. The sintered plate is made of stainless steel with
a thickness of 3 mm. Three types of alumina particles with equivalent volume but
different aspect ratios y, are selected. One of those are spherical particles( x=1, marked
as AR-1)), and the other two with y=2 (AR-2) and 4 (AR-4) are cylindrical. It is worth
noting that in our study, the smallest ratio of the bed thickness to the length of particles
is 3, corresponding to the case where the aspect ratio increases to 4. According to the
results of Mahajan et al.*!], such a ratio is sufficient to ensure that the particle behavior
is shape induced. In our study, particles are packed with an initial height of 150mm.
The superficial gas velocities of the observed cases are set to be 1.0, 1.4, 1.8 and 2.2
times the minimum fluidization velocity, Uy, respectively. The parameters of

experimental setup are listed in Table 2.1.
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Figure 2.1 Experimental setup of the pseudo-2D fluidized bed.
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Figure 2.2 Illustrations of particles with different aspect ratios (x): (a) x =1;(b) x

=2;(c) y =4.

Table 2.1 Experimental settings.

Parameters Value
Fluidized bed settings
Widthxheightxthickness (mmxmmxmm) 150x1500%25
Alumina particle (kg/m®) 3340~3567
Particle diameter (dp,)xlength (l,) (mmxmm) 3.6;2.5x5; 2x8
Aspect ratio () 1;2;4
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Equal volume equivalent diameter (d,) (mm) 3.6
Particle sphericity (@) 1;0.8294; 0.72
Packed bed height (mm) 150
Superficial gas velocity scaled with Uy, ¢ 1.0,14,1.8,2.2
The pore size of the sintered plate (Lm) 50
The thickness of sintered plate (mm) 3

Camera settings

Camera resolution(pixels) 1920x2560
Frame rate(fps) 1000
Shooting area (mmxmm) 150%200

The experimental measurement device consists of two main components: pressure

drop measurement and visual measurement. The pressure drop measurement system is

composed of a differential pressure transmitter (Beijing North River Instruments Co.,

Ltd., DP102MD) and a four-channel recorder (Beijing Sike Instruments Co., Ltd.,

NR2400) with a sampling frequency of 1 Hz. The pressure measurement point is located

at the elevation of 35 mm, and it measures the pressure difference between this point

and the external atmospheric pressure. The measurement result does not represent the

pressure drop of the entire bed, but the pressure drop generated by the particles above

the pressure measurement point. The effective pressure drop of the bed above the

pressure measurement point is used as the normalized reference variable in the

measurement.
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APy = &50psgh (2.1)

where &g, is the particle concentration at the initial accumulation, pg is the particle

density, g is the gravity acceleration, h is the height from the bed surface.

The minimum fluidization velocity is determined by measuring the bed pressure

drop at various gas velocities. During the preparation stage of the experiment, particles

were poured into the bed according to the same filling procedure. The particles fell from

a fixed height, filling into the bed to the surface. Afterwards the particles were allowed

to rest for a period of 10-15 minutes to reduce the effect of electrostatic effects on the

particles. The same static bed height was maintained in each experiment. Starting from

the fixed bed conditions, the bed pressure drop of each gas velocity is determined, and

the gas flow rate is increased from a fixed bed to full fluidization, then decreasing it

back to the fixed bed state. The step-change of the gas flow rate is 25 L/min. The

minimum fluidization velocity is defined by convention as the intersection of the fixed

bed line with the full fluidization line during decreasing fluidization velocity. For each

superficial gas velocity, the measurement time is 3 min, and then the average pressure

drop at each superficial gas velocity is obtained.

The visualization system includes a high-speed camera (NAC, HX-5E) and a light

source. To obtain clear images, A black background is attached to the back wall of the

fluidized bed to improve the contrast in addition to using two LED lights to illuminate
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the bed surface at a certain angle, reducing the reflection from the front wall. The

motion of particles are recorded by using a high-speed camera with a frame rate of 1000

fps and a resolution of 2560 <1920 pixels. The total image area is 150 mm x 200 mm,

and its width is equal to the width of the bed, allowing for a simultaneous recording of

details from the wall to the center. The origin point of the recording is set at the lower

left corner of the bed, with the x-coordinate representing the horizontal position and

the y-coordinate representing the vertical position, as shown in Figure 2.1.

The fluidization experiment is performed first to reach a steady state, then a

recording of 6s is taken for statistical analysis. In addition, we have repeated the

experiment and recorded the data for more than 10 seconds with a larger memory of

64G of another high-speed camera, and got similar results. As an evidence, Figure 2.3

and Figure 2.4 show the comparison of the velocity fields of these two experiments and

mean velocity results, respectively, with different time intervals. We can see that the

results are not sensitive to the variation of average span At larger than 4s. The videos

of moving particles are converted into digital images, and after image processing and

particle tracking, we obtain the particle positions and velocities.
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Figure 2.4 The variation of the mean velocity of AR-4 particles in the area between

the heights of 50 mm and 100 mm (superficial gas velocity is 2.2Uf).
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2.3 Image processing

After obtaining the original image, it is necessary to use image processing

technology and particle tracking technology to obtain the position, orientation, and area

of particles. This section will introduce the process of image processing in detail.

2.3.1 Particle identification

Particle identification refers to the process of obtaining parameters such as particle

position, area, and orientation from an original image. In order to achieve this goal, a

series of image processing techniques are needed. In this section, we take the image of

a set of AR-4 particles as an example to introduce the detailed steps of the algorithm.

Figure 2.5 Example of digital image analysis (DIA) procedure: (a) the image is
cropped and pretreated; (b) Binarized image; (c) Denoised image; (d) The center of
mass of each particle is detected, and all parts too small (<600 pixel?) or too large

(>1200 pixel?) are removed.

The image analysis in our study is based on MATLAB® and Imagel®. Four
typical step results of image processing are shown in Figure 2.5:
(a) the captured color picture is cropped, and preprocessed. It is necessary to

remove all parts of the image that interfere with image identification, such as random
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noise and the side and bottom of the container. Commonly used algorithms in Imagel
can be used to remove random noise. The boundary of the container needs to be cropped
according to the geometric size of the container. At this stage, only the pixels belonging
to each particle should be visible in the image;

(b) the automatic local threshold method is used to binarize the image; Binarization
involves converting the original grayscale image into a black and white binary image,
where the pixel grayscale belonging to the particle is set to 1, and the pixel grayscale
belonging to the background is set to 0. To accomplish this, the automatic local
threshold method is utilized. It is challenging to identify one or more suitable thresholds
from an image in image processing. Generally, according to a certain empirical
threshold, there is no obvious distinction between the original image and the binary
image, and it is slightly corrected in the subsequent image processing;

(c) the denoising algorithm is employed to separate the particles. For complex
images, the background and particles may not be completely distinguished by
binarization, and some denoising algorithms are needed to optimize mathematical
morphology.

(d) the particles are calculated and measured, and the particles too large (>1200
pixel?) or too small (<600 pixel®) are removed, then the position and orientation are

obtained and marked. The second-order central moment is used to calculate the
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orientation angle range within [0, 180). For our experimental system, the orientation
angle is defined as the angle of the principal axis of the rod to the horizontal direction,
i.e., 90 means the particle is vertical or streamwise, and 0" or 180 mean the particle

is horizontal or spanwise, as shown in Figure 2.6.

Horizontal

Horizontal

Vertical

Figure 2.6 Definition of particle orientation angle.

2.3.2 Particle tracking

After obtaining the position information of particle within the shooting area, the

particle tracking algorithm matches the corresponding particles on two successive

images (see Figure 2.7). In detail, the target position in the previous frame is taken as

the center, and then we search for the nearest neighbour in half of the particle width in
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the new frame as the matching object of the target. Here, we show an example of particle

trajectories obtained by the tracking algorithm (see Figure 2.8).

(i+Ax,j+Ay)
|
® (t + At)

Figure 2.7 The schematic of the particle tracking algorithm.

Figure 2.8 Example of particle trajectories within 105 ms.

2.4 Data processing

2.4.1 Particle velocity

After particle tracking, the displacement information of a single particle at adjacent
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time can be obtained (see 2.3.2 ), then the velocity of a single particle can be

calculated.

_ Sit+at=Sit
V= (2.2)

where i is the number of particles, t is time, At is the time interval between two
frames. Here, v is a two-dimensional vector, representing only the horizontal and
vertical directions, while disregarding motion in the thickness direction. An example is

shown in Figure 2.9.

Figure 2.9 Example of particle velocity processing (a) the original image of AR-4

particles; (b) the vector field of particle velocity.

2.4.2 Order parameters

In the analysis of the local structure of rod-like particles, the difference between
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nonspherical particles and spherical particles is that nonspherical particles have
orientation. Consequently, when investigating the ordered structure of rod-like particles,
we utilize the nematic-order correlation function and the tetratic-order correlation
function to examine their orientation-based orderingf?®%-2%2l Additionally, order
parameters can be classified as global or local, depending on their definition. The local
order parameter is more sensitive to local special structures and can be used to detect
some particles with higher order in the whole system. In contrast, global order
parameters are utilized to gauge overall system properties. The definitions of these
order parameters are introduced below.
(1) The nematic-order correlation function

For rod-like particles with obvious axial effect, the nematic-order correlation
function serves to indicate the presence of orientation consistency within their internal
structurel*60.2331,

The global nematic-order correlation function, which measures the degree of
orientation order in a single direction, is employed in our study. Specifically, we adopt
the airflow direction as our reference direction, and the function is formulated as

follows!234l:
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S, = ((2cosp — 1)) (2.3)

Here, ¢ represents the angle between the long axis of the particle and the
direction of the airflow, and the angle brackets denote an average over all such pairs of
particles within about 6000 frames of images. The value of S, ranges from 1 to -1,
where S, = 1 corresponds to the orientation of the particles is parallel to the direction
of airflow, S, = 0 indicates that the particle orientation is in an isotropic state, and
S, = —1 indicates that the orientation of the particles is perpendicular to the direction
of airflow.

The local nematic-order correlation function G,(r) of particle i is defined as,

G2(r) = {(cos2(6; — 6))) (24)

where 6; and 6; are the angles of particles i and j, respectively, i and j sweep

2001 Tt is equal to 1 if the two

over all pairs of particles separated by a distance 7!
particles are parallel and -1 if they are perpendicular to each other.
(2) The tetraic-order correlation function

The tetraic-order correlation function G, can be used to describe the parallel or

perpendicular arrangement of particles. The calculation formula is as follows[2202%I;

Gy = (cos [4(6; — 6))]) (2.5)

where 6; and 6; are the angles of particles i and j, respectively. The cubic order
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parameter, G,, provides valuable quantitative insights into the local structure of rod-
like particle fluidization. Specifically, a value of G, = 1 signifies that the rod particles
are in a perfectly ordered structure (i.e., parallel or orthogonal to each other), while a

value of G, = 0 indicates that the particles are in a completely disordered structure.
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3 Flow Description of Nonspherical Particles

3.1 Introduction

The study of gas-solid flow characteristics and interaction mechanisms of
nonspherical particles in fluidized beds remains limited, leaving many basic dynamic
problems, such as flow characteristics and the impact of particle shape on fluidization,
unresolved. The lack of understanding of the dynamic characteristics of nonspherical
particles, particularly in the case of biomass particles, has emerged as a significant
hindrance to their development and practical implementationt. Investigating the
fluidization behaviours of nonspherical particles in fluidized beds is therefore necessary.
As nonspherical particle motion exhibits strong anisotropy, understanding the
mechanism of its internal fluidization behavior and analyzing its anisotropic behavior
can significantly improve the operation and design of bubbling fluidized beds.

In this chapter, we examine the dynamic characteristics of rod-like particles with
typical nonspherical shape characteristics in a bubbling fluidized bed, including
pressure drop, bed height, particle velocity, granular kinetic energy, particle
temperature, and particle orientation. We investigate the impact of particle shape and
superficial gas velocity on the flow behavior of nonspherical particles to reveal the

motion mechanism of rod-like particles in the fluidized bed.
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3.2 Fluidization regimes

Figure 3.1 Examples of the different fluidization regimes for AR-4 particles(a: Fixed

bed; b: Passive channelling; c: Active channelling; d: Bubbling fluidization.).

Characterizing the fluidization regimes offers a detailed depiction of the fluid flow
state within the bed. This serves as a critical foundation and an effective tool for
analyzing the fluidized bed's performance. Across various gas velocities, different
fluidization regimes as described below can be observed, with illustrative examples
shown in Figure 3.1. Comparable behavior for elongated cuboids of similar dimensions
to the larger particles was also observed by Kruggel-Emden®?!.

Figure 3.1(a) depicts a fixed bed, where at low gas velocities, the particles remain
stationary and the fluid flows upward through the gaps between the particles. In this
state, the drag force of the fluid on the particles is insufficient to overcome gravity®’l.
As the gas velocity increases, the original structure of the bed is disrupted, and the

fluidized bed enters a passive channeling (Figure 3.1(b)). This state is characterized by
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the formation of one or more stable channels within the bed, where the particles remain
stationary. Further increase in gas velocity leads to the fluidized bed entering an active
channeling (Figure 3.1(c)). At this stage, particles are drawn into the channel from the
bottom, forming a fountain. The particles on either side move downward to create an
internal circulation mode, while the velocities of particles in other areas are
comparatively lower. In contrast to the passive channeling, the channel does not only
widen but also collapse rapidly while continually creating new path. These two regimes,
active and passive channelings, are observed only in particles with large aspect ratios,
possibly due to interlocking between nonspherical particles.

Figure 3.1(d) illustrates a bubbling regime, which is the most common flow pattern
observed in single-species particle fluidization and multi-component particle

114.187.236] The dominant feature of this regime is the movement of particles

fluidization!
by visible bubbles formed from a distributor plate. As these bubbles pass through the
bed, the particles are carried along by the wake of the bubbles, causing them to rise.
Concurrently, in order to fill the cavity generated after the bubbles passe, the
surrounding mixture migrates downward, resulting in a downward flow of particles

around the bubble area. This movement of bubbles upward and particles downward

generates a particle circulation mode.
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3.3 Pressure drop and minimum fluidization velocity

The pressure drop of bubbling fluidized bed is easy to obtain information in
industrial and laboratory scale fluidized beds. It can provide important insights into the
dynamic characteristics and time-averaged behavior of fluidized beds. Its temporal
evolution serves as an indicator of the fluidization state of the bed, making it one of the

most commonly used methods for investigating flow characteristics in bubbling

fluidized beds.
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Figure 3.2 Measured pressure drop for AR-1(a), AR-2(b), and AR-4(c) particles. The
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filled black square and filled red circle denote the curves of increasing pressure drop
and decreasing pressure drop, respectively, both with error bars; the empty squares to
the right axes (o/AP,) denote the standard deviation of the increasing pressure drop
curves; the horizontal dashlines denote the idealized static pressure drop, whereas the
vertical dashlines demarcate the transitions between different fluidization regimes,
1.e., packed bed (PB), passive channeling (PC), active channeling (AC), and bubbling
fluidization (BF).

Figure 3.2 displays the pressure drop profiles of three types of particles as a
function of gas velocity. The pressure drop here is normalized with the idealized
pressure drop, AP,, which is determined by the total weight of packing particles!’".
Error bars indicate the standard deviation of the measurement, defined by Eq.3.1. Figure
3.2 indicates a significant effect of particle shape on the pressure drop. This value is
around unity for AR-1 particles and AR-2 particles, indicating a full fluidization state
has been reached. For AR-4 particles, however, the normalized pressure drop is
obviously smaller than unity over the whole range of gas velocity, indicating the
occurrence of partial fluidization and even channeling!®*”), which has been reported to
include passive and active channeling®***!. As in the literature®!, the channeling(PC
and AC in Figure 3.2) is identified by lower than normal pressure drop and stronger
fluctuations of pressure drop curve. By integrating visual field observations and
standard deviation analysis of the pressure curve, it is evident that during the initial
passive channeling phase, pressure fluctuation reaches a local peak before subsequently

decreasing. As the superficial gas velocity gradually increases, the pressure fluctuation
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gradually increases, and the fluidization regime enters the active channeling. The
minimum bubbling ensues after the channeling. The discrepancy between the
decreasing and increasing pressure drop curves deteriorates significantly with the
increase of the aspect ratio of particles, which may partly be attributed to the quasi-2D
bed configuration, as has been reported in the literature!?*],

The pressure drop curve can be utilized to determine the minimum fluidization
velocity, a fundamental parameter that characterizes particle flow within the fluidized
bed. This parameter is influenced by both the geometric parameters of the fluidized bed
and the material properties of the particles[39’“4’238].Umf and U,,, strongly depend on
the aspect ratio, x, from Figure 3.2. As x increases from 1 to 2, U,,s decreases with
the increase of x, and when x increases from2to 4, U, increases with x. Likewise,
similar dependences are observed in previous studies!>*%105],

The mean projected face area of particle and voidage fraction in fixed bed for AR-
1, AR-2 and AR-3 particles are listed in Table 3.1. It should be noted that since the
direction of fluid flow is vertical, so the mean projected face area is the projection area
of particles in the x-direction. In the packed bed, the bed porosity and the average
projection area of AR-4 particles are larger than those of AR-2 particles as shown in

Table 3.1. In general, the drag force is inversely proportional to the porosity and directly

proportional to the projected area of the particles. Moreover, for rod-like particles, the
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interlocking between particles will lead to the increase of resistance, which is not
conducive to the fluidization of particles. As the aspect ratio of particles increases,
interlocking becomes more pronounced. This indicates that for rod-like particles, an
increase in voidage fraction and interlocking has a more significant impact on bed
fluidization compared to an increase in particle projection area. This results in AR-4

particles having a higher minimum fluidization velocity (Up,s) than AR-2 particles.

s= |1 N 14, - A1?(3.1) Where o is the standard

N-1
deviation and A is a serious of N measurements, of which A is the mean value.

Table 3.1 The mean projected face area of individual particle (4,, (mm?) and voidage

fraction (&) in packed bed for AR-1, AR-2 and AR-4 particles.

AR-1 AR-2 AR-4
A 10.1788 13.0679 16.0419
€ 0.2475 0.1977 0.2665

3.4 Bed height

For the design and operation of fluidized bed reactors, Bed expansion ratio
(H/H,y,y) is one of the important parameters(**>>4%], Researchers generally believe that
the bed expansion during the operation of the bubbling bed is caused by bubbles

movement and the expansion of the dense phase, and its essence is a macroscopic
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reflection of the movement of particles and bubbles. During fluidization, particles rise
due to the driving force of the air flow and fall under the influence of gravity. The
position of particles changes over time due to various forces acting on them. The study
of bed height is an important aspect in the design of fluidized bed reactors. Therefore,

H is used to characterize bed height at different superficial gas velocities®*!l.

22; 1Yi
H = === (3.2)

where y; represents the vertical coordinate of the centre of mass of particle i and N

denotes the total number of particles.
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Figure 3.3 Time evolution of the bed expansion ratio at different gas velocities for (a)

AR-1, (b)AR-2 and (c) AR-4 particles. The dotted line represents the average bed
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expansion ratio.

Figure 3.3 shows the time-dependent the bed expansion ratio curves, where Hp,r
is the average bed height at the minimum fluidization velocity. The bed expansion rate
is affected by the gas velocity and particle shape. Particle motion within the bed is
significantly influenced by the gas velocity. Increasing the gas velocity results in a
greater force being exerted by the gas phase on the solid phase, leading to an increase
in bed expansion rate, stronger interaction between the particle phases, more efficient
mixing between the gas and particles, and periodic changes in bed expansion rate. As
x increases from 1 to 2, H/H,,; decreases with an increase in y. However, when y
increases from 2 to 4, H/H,,; increases with an increase in y. The impact of aspect
ratio on the bed expansion rate is similar to that on the minimum fluidization velocity

(Figure 3.2).

3.5 Particle flow characteristics of bubbling fluidized bed

3.5.1 Particle velocity

Particle velocity is a crucial parameter in the study of bubbling fluidized bed flow.
During the bubbling fluidization process, particles move in response to the combined

effects of buoyancy, drag force, and gravity. Specifically, particles located at the bottom
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of the bed rise gradually upward as bubbles form. Once a bubble reaches the top of the
bed, it ruptures, causing the particles to move downward due to the force of gravity
being greater than the drag force. This results in the formation of a circulating motion
of particles within the bed.

When particles in a flow field are subjected to external forces, they not only
experience horizontal or vertical motion, but also exhibit rotational motion around their
own axis. This rotation does not only affect the particle motion characteristics but also
impact the surrounding continuous-phase flow field. Moreover, particle collisions, heat
transfer, and mass transfer are among the processes that are significantly affected by

n'?*2l. From the perspective of theoretical mechanics, the reason

this rotational motio
why nonspherical particles rotate is that the particles are affected by the torque in the
flow, which is mainly caused by the uneven force of the particles, including the flow
field factors such as the velocity gradient and pressure gradient in the local area, as well
as the factors such as collision between particles and irregular shape of particles®**!.
Studying the velocity in fluidized beds is important to both theoretical
investigations of dense gas-solid flows and the development of more accurate
simulations of gas-solid multiphase flows. Moreover, particle velocity directly impacts

the efficacy of the gas-solid contact, heat and mass transfer processes that occur during

thermochemical processes such as combustion, pyrolysis, or gasification. Therefore, it
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is a critical parameter for the design of processes, equipment, and control systems. Its

practical significance is evident in various industrial applications.
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Figure 3.6 Velocity field distribution for AR-4 particles in the X-Y plane for

different gas velocities.

Figure 3.4-Figure 3.6 show the velocity field distribution in the X-Y plane for
particles of AR-1, AR-2 and AR-4 particles. Although the averaged velocity profiles
may appear to be unphysical at first glance, this observation is attributed to the disparity
in the timescales between the upward and downward movements of the particles. And
the velocity field distribution of particles with different aspect ratios has its own
characteristics. However, with the increase of superficial gas velocity, the movement
trend of all three types of particles gradually becomes the same, and the particles fall
from the middle rising boundary.

For AR-2 particles (Figure 3.5), two circulation cells are observed under different
gas velocities. The circulation cells located at the bottom left and the top right at

1.4U,,s reform to be located in the center of the bed at 1.8U,;, but the solid
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3 Flow Description of Nonspherical Particles

circulation cell observed at the left appears to be larger and dominant. The circulation
pattern of 2.2U,,; is nearly similar as observed for 1.8U,r. For AR-4 particles
(Figure 3.6), there are multiple solid circulation cells at 1.4U,,r. However, with an
increase in gas velocity, the circulation pattern gradually becomes similar to that

observed for AR-2 particles.

d)1.4l

X(mm ’ ' X(mm Gl : X(mm

Figure 3.7 Particle vertical velocity Vy, and rotation velocity V,. profiles for AR-2

and AR-4 particles.

Figure 3.7 illustrates the profiles of the vertical velocity (V) and the rotational
velocity (V;) components for AR-2 and AR-4 particles under different gas velocities.
We divide the observation area into 68 bins along the horizontal direction. Each bin has
a height of 200 mm and a width of 15 mm. Here, due to measurement limitations, we
only consider the rotational velocity of particles around the depth axis passing through

its volumetric center and perpendicular to the paper plane. At lower gas velocity, the
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velocity distribution of particles with different shapes varies greatly, but at higher gas
velocity, the shape has little effect on the velocity profiles of particles. The shapes of
AR-2 profiles reflect that particles move upward in the center of the bed and descend
near the wall at 1.4Up,r, which is a typical flow pattern of spherical particles in a
fluidized bed?**. However, for AR-4 particles, a large cycle is evident with upward-
flowing particles near the left wall and downward-flowing near the right one. That may
be attributed to that increasing the aspect ratio makes it difficult for particle
configurations to break, and for bubbles to pass through in the bed center. In a
qualitative sense, the interlocking in granular materials can be described as a state in
which particles or grains lock among themselves and provide additional resistance
toward deformation!'!). Consequently, AR-4 particles are not fully fluidized, as shown
in Figure 3.7. By comparison, as the gas velocity increases to 2.2U,y, the velocity
profiles between AR-2 and AR-4 particles are close, as shown in Figure 3.7, indicating
a similar flow pattern for both particles at full fluidization.

At low gas velocity, V. of AR-4 particles fluctuates around zero, whereas the V.
profile of AR-2 particle is positive on the left wall and negative on the right one. More
concretely, the AR-2 and AR-4 particle rotates anticlockwise on the left side of the bed
and clockwise on the right. There is similarity between V,. and Vy profiles of AR-4

particle. Moreover, AR-2 particles have a higher rotational velocity than AR-4 particles.
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Nevertheless, at 2.2U,, the rotational velocity profiles of the two kinds of particles

show similar trends.

3.5.1.2 Particle velocity distribution
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Figure 3.8 The double-logarithmic of velocity distribution for AR-1, AR-2 and AR-4
at different gas velocities. The green and blue symbols represent 1.4U,,r and
2.2U,, 5. The red solid and black dashed lines are lines with slopes of 2 and 1.5,
respectively, with respect to ~exp[—B(V/0)?] and ~exp[—B(V/0)'°]; (a, b, ¢)
particle horizontal velocity Vy ; (d, e, f) particle vertical velocity

Vy; (g, h) particle rotational velocity V.

Figure 3.8 displays the velocity distribution throughout the range of parameters
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studied. The velocity distributions are fitted by P(V) = Cexp[—B(V/0)%], if we take a
log one time, In(P(|V])) =InC — B(g)a . Then we take the log of the above
expression again, we have —In(—In |P(V)|) + Constant = —aln (g), then we could
observe the slope of the line to judge the distribution type directly. So the red solid line
in the figure represents the Gaussian distribution with a slope, k = —2, ~exp[—B(V/
0)?] and the black dashed line represents an exponential distribution with a slope, k =
—1.5, ~exp[—B(V/0)'>]. All the velocity distributions are non-Gaussian and yield
stretched tails at high speed. The exponential distribution means that the velocity
distribution function differs drastically from the Maxwellian distribution for fast
particles whose velocities significantly exceed the thermal velocity (v; > T), which

is one of the major non-equilibrium characteristics of dissipative granular systems[?>-

2481 Generally, the more dissipative, the heavier tail of the velocity distribution. A
Maxwellian distribution cannot describe the nonspherical particle behavior in a gas-
solid bed. Accordingly, the velocity distributions are fitted by using Gaussian and
exponential distributions, i.e., f~exp[—B(V/0)®], and f ~exp[—B(V/0)?] ,
respectively. To examine the differences between velocity distributions, we plot
—In{—(P(|V]))} instead of P(V). As the aspect ratio increases, the probability of high-

populated tails is increased more frequently compared with the Gaussian distribution,

and the asymptotics can be observed. It seems P(V,) deviate much from not only the
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3 Flow Description of Nonspherical Particles

equilibrium distribution but also the exponential distribution f~exp[—B(V/0)'°],
suggesting it is harder to predict the rotational velocity using the continuum theory.
Indeed, as the rotational particle behavior is very important to understand the
fluidization of rod-like particles. More efforts are deserved to tackle its complexity as

well as its correlation with the linear velocities.
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Figure 3.9 A joint probability density function for (a) AR-2 and (b) AR-4 particles

under 2.2Up,.

To relate the rotational and translational velocity, Figure 3.9 presents the joint
probability density function of the rotational and vertical velocities for AR-2 and AR-4
particles at 2.2Up,f. It shows that the most probable area is (—0.1m/s < V;, < 0.1m/s)
and (—15rad/s < V. < 15 rad/s) for both AR-2 and AR-4 particles. V. is symmetric,
while Vy, asymmetric. Especially for AR-4, the rotation rate V,with Vy, > 0 is larger
than V,. with Vy < 0. That is, the upward moving particles have a higher rotational
velocity than those downward. This asymmetry increases with the aspect ratio. The

possible reason is that the particles with a larger aspect ratio need more space to rotate,
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which may be easier to obtain larger rotational velocity during the rise due to larger

upward airflow and agitation, as compared to the lower gas flow near the wall for

descending particles.
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Figure 3.10 Particle rotational velocity for different locations for AR-2 particles and

AR-4 particles under different gas velocity. (a,b) 1.4Uy,¢; (¢,d)1.8Upf; (€,0)2.2U.

Due to the inhibitory effect of the boundary on the rotation of rod-like particles,
we conducted a study on its impact on the rotation velocity. To achieve this, we divide
the fluidized bed into three sections according to the distance from the wall, i.e., <21/,
2~4l,, and >4l,, to study the effect of the sidewall on rotation velocity. Figure 3.10

shows the probability density distribution of rotation velocity at different positions.
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With the increase of gas velocity, the influence of boundary on rotation velocity is
gradually obvious. At lower gas velocities, particles within the bed or at the boundary
experienced mild fluidization, resulting in fewer particle collisions and thus less
frequent orientation changes. Consequently, particle rotation velocity was small and the
boundary had minimal impact on rotation velocity. However, as superficial gas velocity
gradually increased, orientation changes became more frequent, leading to larger

changes in rotation velocity and a greater influence of the boundary on rotation velocity.

3.5.1.3 RMS distribution

Gas-solid two-phase flow typically exhibits anisotropic distribution, and the root
mean square (RMS) distribution is commonly used to characterize the random and
fluctuating behavior of particle velocity. By calculating the RMS ratio of particle
velocity in different directions, it is possible to investigate the isotropy of flow in gas-
solid two-phase flow systems. Specifically, the ratio of RMS of the instantaneous
vertical velocity to RMS of the instantaneous horizontal velocity serves as a metric for
quantifying the isotropy of the system, with a value closer to 1 indicating a more

isotropic behavior of the system!!8324],

VyRMS __ \/ﬁ 2rI\lI(Vy m)-vy)

PeRMS LN () -)

(3.3)

where v represents the instantaneous velocity, v represents the average velocity, and
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N represents the number of particles.
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Figure 3.11 Isotropy distribution based on RMS of particle velocities.
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Figure 3.11 shows the ratio of the RMS of the vertical velocity of the three types

of particles to the RMS of the horizontal velocity. If the ratio is closer to 1, the system

behavior is more isotropic. For all the cases, the ratio of the RMS is closer to 1 in the

central region of the bed, indicating that the isotropic effect of gas-solid flow in this

region is stronger. At other locations, the ratio of the RMS deviates from 1, indicating

that the isotropic effect of gas-solid flow in this region is weak. Notably, the ratio of the

RMS is the largest near the side wall, indicating that the anisotropic characteristics of

the particle velocity are the most obvious. Moreover, for the same gas velocity, the

aspect ratio had a certain influence on the ratio, which was more significant.
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3.5.2 Translation and rotational kinetic energy
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Figure 3.12 Translational kinetic energy at different gas velocity for (a) AR-1, (b) AR-

o
0

2 and (c) AR-4 particles. The dotted line represents the average kinetic energy of the
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Figure 3.13 Rotational kinetic energy at different gas velocity for (a) AR-2 and (b)

AR-4 particles. The dotted line represents the average kinetic energy of the particles.

Figure 3.12-Figure 3.13 shows the time series of the rotational and translational

kinetic energy of AR-1, AR-2, and AR-4 particles under different gas velocities. The

rotational and translational kinetic energies are given by
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Er =1,V (3.4)
Ee = -mp (%’ + V%) (3.5)

where I, represents the particle moment of inertia, V. denotes the rotational velocity,
and mp stands for the particle mass. The translational energy is almost 2-orders
magnitude larger than that of the rotational energy. In all cases, the kinetic energy of
the particles increases with the gas velocity. From the average kinetic energy, we can
see the big effect of gas velocity on the rotational and translational behavior of particles.
This phenomenon can be attributed to the closer contact mode and interlocking effect
of rod-like particles, which in turn leads to the formation of a more stable structure.
Consequently, as the aspect ratio increases, a greater amount of kinetic energy is
required to facilitate the flow!!3-226],

Regarding the rotational kinetic energy of rod-like particles, it is worth noting that
they tend to rotate when in contact with the fluid and surrounding particles. At low gas
velocities, the kinetic energy of the gas is insufficient to trigger particle rotation,
resulting in a relatively small rotational kinetic energy. However, as the superficial gas
velocity gradually increases, the bed interior becomes relatively looser and the gas's
kinetic energy increases. This increase in kinetic energy promotes particle rotation,

leading to a larger rotational kinetic energy.
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3.5.3 Granular temperature

Granular temperature is a fundamental concept in particle systems and plays a
crucial role in characterizing the degree of particle activity in fluidized beds. It reflects
the strength of particle pulsating motion, and the fluidization characteristics of particles
strongly depend on the motion state of particles?%?!l. Since particles have both
translational and rotational velocities, their fluctuation includes both translational and
rotational velocity fluctuation. In terms of granular temperature, it can be divided into
translational and rotational components, which reflect the turbulent characteristics in
the translational motion of particles and the fluctuation characteristics of their rotational
velocity, respectively!?>?l. Therefore, it is feasible to infer the motion behavior of
particles in fluidized beds based on the distribution of granular temperature.

The granular temperatures are defined by!’!->>%254]

Ti(®) = S IO - %0 + (B O - {©)%/2 (3.6)
To(0) = S DL [FO - T (9)2)? (3.7)

where VI(t) are instantaneous velocity x-component of particle i and Vi(t)

instantaneous mean particle velocity, e.g., Vi(t) =% D Vi), N is the particle

number in one frame, and so are the other components.
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Figure 3.14 Granular temperature of different components for AR-1, AR-2 and AR-4
particles with different gas velocities: (Left) the translational temperature, T, (Right)

the rotational temperature, T;.

Figure 3.14 depicts the granular temperature for three types of particles. Generally,

the granular temperature increases monotonically with the gas velocity, whereas the

rotational temperature is affected more by the aspect ratio than the translational

temperature is. That also suggests a stronger nonequilibrium behavior with respect to

the rotational component. It is found that the rotational temperature of AR-2 is higher

than that of AR-4, which implies a larger aspect ratio of particles make it harder to get

the rotation energy.
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Figure 3.15 Distribution of particle translational granular temperature distribution for

AR-1 particles. (a) x — y direction; (b)x-direction;(c) y-direction.

005

Figure 3.16 Distribution of particle translational granular temperature distribution for

AR-2 particles. (a) x — y direction; (b)x-direction;(c) y-direction.

Figure 3.17 Distribution of particle translational granular temperature distribution for
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AR-4 particles. (a) x — y direction; (b)x-direction;(c) y-direction.

Figure 3.15-Figure 3.17 present the results of quantitative analysis on the

distribution of particle translational granular temperature in the bubbling bed. The

figures reveal that as the gas velocity increases, so does the particle translational

granular temperature. Regarding the x — y direction, granular temperature is larger

near the center of the bed for all three different aspect ratios, while it is smaller on both

sides of the bed, but slightly larger near the wall of the bed. This observation suggests

that the particle velocity fluctuation is more intense at the center of the bed, followed

by the side walls on both sides. Concerning the x-direction, the particle temperatures

of the three different aspect ratios are symmetrically distributed. As for the rod-like

particles, the trend of granular temperature distribution in the x direction is similar to

that in the y direction, with slight differences. Moreover, the granular temperature in

the y direction is slightly higher than that in the x direction.The distribution of

granular temperature in both directions is convex. In the case of spherical particles, the

granular temperature is larger on both sides of the bed in the y direction. In summary,

the shape and superficial gas velocity are key factors that impact the velocity fluctuation

of the particles, and changes in the gas velocity and shape lead to a corresponding

variation in the fluidization state of the bed.
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Figure 3.18 Distribution of particle rotational granular temperature distribution for

(a)AR-2 particles and (b) AR-4 particles.

Figure 3.18 shows the particle rotational granular temperature distribution of
particles. The temperature of the rotating particles is larger near the center of the bed
and smaller on both sides of the bed. The distribution trend is similar to particle
translational granular temperature. The fluctuation of particle velocity affects the
exchange of momentum and energy in the bed. Therefore, the fluctuation intensity of
particle velocity in the region with small particle temperature can be appropriately
strengthened to achieve more uniform momentum transfer and energy transfer in the
bed. At the same gas velocity, the rotational particle temperature of AR-2 is higher than
that of AR-4, but the distribution trend of the two particles is basically the same. With
the increase of superficial gas velocity, the rotational particle temperature of the
particles also increases. The distribution trend is similar under different superficial gas
velocity conditions, that is, it is larger in the central region of the bed and smaller near

the boundaries.
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3.5.4 Particle orientation

The most significant difference between spherical particles and nonspherical
particles is the orientation!®® and rotation of particles. For isotropic spherical particles,
the force when facing fluid and other particles is not affected by particle orientation.
Conversely, when rod-like particles with different orientations are in contact with the
same incoming fluid and other particles, the force and torque of rod-like particles will
change, resulting in differences in the behavior of individual particles. Additionally,
alterations in the orientation distribution of rod-like particles within a bed can lead to
changes in the flow structure and pattern of the entire bed, thereby affecting mass and
heat transfer between particles or between particles and the fluid. The orientation
distribution is a key feature to study the fluidization of nonspherical particles. Therefore,
studying the orientation distribution in a fluidized bed is a crucial step in
comprehending fluidization of nonspherical particles. The orientation of rod-like

particles is examined in this section.

5x107

Figure 3.19 Probability distribution function of particle orientation under different gas
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velocities. (a) AR-2 particles; (b) AR-4 particles.

Figure 3.19 presents the probability distribution function of particle orientation
under different gas velocities. At gas velocities of 1Up,r and 1.4Up,r, AR-2 particles
are dominated by the horizontal direction. At low superficial gas velocities, the
orientation of the particles remains the state of the fixed bed due to the milder
fluidization conditions and reduced collisions between particles. As the superficial gas
velocity increases, the rod-like particles tend to align their long axis parallel to the
direction of fluid flow, but horizontal orientation is still dominant in the bed. The
phenomenon is different for AR-4 particles, where horizontal orientation is dominant
in the bed at Up,r and 1.4U,,, but at higher gas velocities, vertical particles dominate.
Generally speaking, under the action of gravity, rod-like particles should tend to be in
a relatively stable horizontal statel!’®. At lower gas velocities, the orientation
distributions of AR-2 and AR-4 are similar in the sense that particles exhibit strongly
horizontal alignment in the bed. When the gas velocity is 2.2U,,, the drag force, not
the gravity, becomes dominant. The stable state thus tends to be vertical alignment to
avoid higher resistance or drag force!?!?2%), Nevertheless, when the gas velocity reaches
a certain value, the orientation does not change anymore, which is consistent with

previous observations!’8:10%],
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Figure 3.20 Probability distribution function of particle orientation under different

particle shape (a)1.4Up,f; (b) 2.2Up,f.

To gain a deeper understanding of the orientation of particles within a fluidized
bed, the influence of particle shape was studied. Figure 3.20 shows effect of particle
shape on orientation distribution. At a low gas velocity of 1.4U,,r, the orientation
distribution of the two particles is similar, and the particles tend to be arranged
horizontally in the bed. This is because most of the particles are in a static or gentle
fluidization state, and the rod particles cannot obtain enough energy and space to change
their orientation significantly. As a result, the orientation distribution of the two
particles is not much different and tends to be horizontal. However, at a higher
superficial gas velocity of 2.2Up,r, an increase in vertically oriented particles is
observed, and the difference in orientation distribution between the two particles
becomes larger. For AR-2 particles, most particles tend to be horizontally oriented, but
they also exhibit a significant tendency towards vertical orientation. In contrast, for AR-

4 particles, the particles are more inclined to vertical orientation.
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Figure 3.21 Probability distribution function of particle orientation for different

locations for AR-2 particles and AR-4 particles. (a, b) 1.4Upf; (¢, d) 2.2U,;.

Considering that the wall dramatically influences the orientation of nonspherical

sI7174 we divide the fluidized bed into three sections according to the distance

particle
from the wall, i.e., <2l,, 2~4/,, and >4l to study the effect of the sidewall on particle
orientation. Figure 3.21 shows the particle orientation distributions in different sections
under two gas velocities. A clear difference is observed owing to the influence of the
wall under both gas velocities. The particle orientation near the sidewall tends to be
parallel to the vertical direction. At higher gas velocity, boundary effects are more
pronounced.

Due to the collisions between particles and between particles and boundaries in
the fluidized bed, the orientation of particles becomes more randomized. To quantify

the degree of order in the particle orientation, The global nematic-order correlation

function S, is used to describe the overall degree of orientation order.
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Figure 3.22 The global nematic-order correlation function for AR-2 particles and AR-

4 particles with different gas velocity.

Figure 3.22 illustrates the impact of gas velocity on the overall degree of
orientation order for AR-2 and AR-4 particles. In all cases, S, remains close to 0,
indicating that the overall orientation of particles in dense gas-solid two-phase flow
systems with nonspherical particles tends to be disordered. At lower gas velocities, S,
is negative, indicating that the orientation of the particles tend to be perpendicular to
the direction of airflow. As the gas velocity increases, S, gradually increases,
signifying a gradual decrease in horizontally oriented particles. For AR-2 particles, S,
always remains negative, indicating that although the proportion of horizontally
oriented particles gradually decreases, they still remain dominant. Conversely, for AR-
4 particles, when the gas velocity exceeds 1.8U,y, the S, of the particles gradually
becomes positive, suggesting that vertically oriented particles are dominant, and this

trend continues to increase with the gas velocity. For particles with a higher aspect ratio,
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they tend to align parallel to the airflow at higher gas velocities.

It can be seen from Figure 3.21 that the boundaries have an effect on the orientation

of particles. Therefore, we need to explore the influence of boundary effects on the

global nematic-order correlation function.
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Figure 3.23 The global nematic-order correlation function for different locations for

(a)AR-2 particles and (b)AR-4 particles.

We divide the fluidized bed into three sections according to the distance from the

wall, i.e., <2/, 2~4l,, and >4}, to study the effect of the sidewall on the global nematic-

order correlation function. From the diagram, it is evident that S, is larger in the

boundary region compared to the central region. As the particle position gradually

moves away from the boundary, S, gradually decreases. This indicates that the

particles in the boundary area tend to be more orderly.
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3.6  Summary

This chapter presents a comprehensive investigation of the fluidization behavior

of rod-like particles using experimental methods. The primary research findings and

conclusions are summarized as follows:

(1) Compared to particles with smaller aspect ratios such as AR-1 and AR-2, AR-

4 tend to form channel flow, while the other two particles smoothly transit to the

bubbling regime. The channeling flow can be divided into two types: passive

channeling and active channeling. Additionally, the minimum fluidization velocity

initially decreases and then increases with increasing aspect ratio. The impact of particle

aspect ratio on the bed expansion rate is similar to that on the minimum fluidization

velocity.

(2) At lower gas velocities, the fluidization behavior in the fluidized bed becomes

more apparent with decreasing aspect ratio of particles, leading to the formation of

regular internal circulation where particles tend to move upward from the middle of the

bed and downward near the boundary. The rotational velocity (V,) of AR-4 particles

fluctuates around zero, while the AR-2 particles exhibit centrosymmetric behavior. At

high gas velocities, the particle shape has minimal effect on particle velocity

distribution. As superficial gas velocity increases, particle fluctuation becomes more

active, and the rotational temperature is more influenced by the aspect ratio than the
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translational temperature. Moreover, as the aspect ratio increases, the flow requires

higher kinetic energy.

The orientation distribution of rod-like particles is influenced by various factors

including the aspect ratio, fluidization gas velocity, and particle location. At the gas

velocity of 0, the long axis of the particles tends to be horizontal, but this tendency

weakens after fluidization. As the fluidization state is established, the number of

particles aligned parallel to the fluid direction increases. At high gas velocities, for AR-

2 particles, although the number of particles aligned parallel to the fluid direction

increases, most particles remain horizontally oriented. However, for AR-4 particles,

most particles tend to be aligned vertically. Notably, a clear wall effect is observed

during fluidization, where the long axis of rod-like particles located near the wall is

more likely to be oriented in the vertical direction compared to those located in the

middle region of the bed.
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4  Configuration-Dependent Dynamics of Nonspherical Particles

4.1 Introduction

Particles exist in the form of dispersed particles or particle clusters!>-%7lin gas-
solid fluidized beds. When nonspherical particles come into contact, they may
additionally form an interlocking structure that limits their relative motion besides local
cluster structure!?>%2*1, The interaction between the gas phase, discrete particle phase,
and particle cluster phase results in a more complex gas-solid two-phase flow!260-261]

that may further change the dynamics, mass transfer, and heat transfer characteristics

in fluidized beds.

In this chapter, the rod-like particles with different aspect ratios are studied
experimentally. The configuration of particles is quantified in terms of the radial
distribution function, coordination number and order parameters. The typical particle
structures and their dynamics can be addressed precisely by identifying the so-called

“super-particles”.

4.2 The configuration of particles

4.2.1 Coordination number

An important reason for the wide application of fluidized beds in industry is the
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rapid heat transfer between particles and fluid as well as between particles®®. The
contact between particles or between particles and side walls plays a very important
role in flow dynamics, and can reflect the anisotropy of different granular materials to
a certain extent. The coordination number (CN) is widely used to characterize the
internal structure of particles!?#!94262-2641 which is closely related to the heat transfer
and chemical reactions between particles. In this work, the coordination number is
defined as the number of neighbors particles in a 2[, X 2[,, region around one

reference particle as in the literature*°7),

AverageCN

55

[E]

AverageCN
»

IS
0

w
wn

AverageCN

Figure 4.1 Variation of bed averaged CN with time with different superficial gas
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velocity for(a) AR-1, (b)AR-2 and (c)AR-4. The dotted line represents the average CN

of the particles.

Figure 4.1 displays the time series of the average coordination number, i.e., the
average CN for AR-2 particles and AR-4 particles. It can be seen that the coordination
number fluctuates around a particular value, depending on the intermittent appearance
of voids or bubbles®®!. This specific value depends on the particle shape and gas
velocity. As the aspect ratio of the particles gradually increases, the average
coordination number gradually increases. This shows that for rod-like particles, when
the experimental conditions are the same, the larger the aspect ratio, the greater the
probability of particle contact. Onsager calculated the ratio of excluded volume to
particle volume between two rod-like particles (V,,/V, = 2m +3 + 2(lp / dp) +
(/2)(d,/1,))P72%>2°l For AR-2 particles, V,,/V, is 14.0686; for AR-4 particles,
Vex/Vp is 17.6759. That is to say, a higher aspect ratio results in a larger excluded
volume, which would, in turn, lead to a greater likelihood of contact with other particles.
The results demonstrate that the particle shape plays an important influence in the heat
transfer behavior between particles. Furthermore, the average coordination number of
particles decreases with an increase in gas velocity. This is because as the superficial
gas velocity increases, the average bed height becomes larger, which reduces the contact

between particles.
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Figure 4.2 Probability density distribution of CN under different superficial gas

velocities for (a) AR-2 and (b) AR-4 particles.

Figure 4.2 further displays CN probability density distribution under different

superficial gas velocities. It is worth nothing that the probability density distribution of

coordination number can be well fitted by Gaussian distribution.

As shown in the figure, the probability density distribution of rod-like particles is

approximately a Gaussian distribution. As the gas velocity increases, the energy input

into the system causes most of the particles in the system to move violently, resulting

in an increase in the average bed height and a gradual decrease in its most likely value.

The wider the probability density distribution function of the coordination number, the

longer the aspect ratio, and the fewer particles with a coordination number of 0.

For AR-4 particles, most particles have 3-10 neighbors, while most AR-2 particles

have 2-5 neighbors. Therefore, under the same conditions, the particles with a longer
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aspect ratio are less likely to fluidize, which reflects that the steric interaction makes
the particles with a longer aspect ratio easier to contact each other during the

fluidization process.

4.2.2 Radial distribution function

Above CN only reflects statistics of the particles within a fixed distance, to better
understand the inter-particle spatial correlation, we investigate the radial distribution
function (RDF)[1041922672691 " which is commonly used to represent the structure in
fluid-particle systems and can help analyze the typical particle arrangement caused by
the shape and orientation of the particles®®). RDF, g(r), is the probability of finding

one particle center at a distance (usually, radius) for a given particle, i.e.,

g(r) = (20 (4.1)

2mrArpg

where N(r 4+ Ar) is the number of particles at a distance between r and r + Ar
from the center of a given particle. p, is the average number of rod-particles per unit
area. The angle brackets denote an average over all such pairs of about 6000 frames of

images.
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Figure 4.3 Radial distribution functions g(r) for different particle shapes at 1.8U,.

The inset shows typical particle configuration of AR-2 and AR-4 particles.

Figure 4.3 shows the radial distribution function g(r) of rod-like particles with
different aspect ratios at a gas velocity of 1.8U,r. The distance is normalized by d,,.
The inset shows typical particle configurations with respect to the peaks on the RDF
curves. For AR-1, spherical particles, g(r) exhibits typical short-range order
characteristics, with a sharp peak at r/d, =1 and three lower peaks successively
atr/d, = 2,3,4. With the increase of the aspect ratio, the shape of the particles
gradually deviates from the sphere, and the first peak value becomes lower than that of
the sphere. That is easy to understand as, for spherical particles, six particles are allowed
to exist around a given particle, whereas for rod-like particles, only two sides are

allowed at the closest contact position for a given particle.
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The reduction in these peak values implies that rod-like particles have a poorer
short-range ordered structure than spherical particles. The first peak locations for
particles of different aspect ratios are the same, suggesting that particles tend to parallel
along their long faces. In all these particle configurations with respect to those peaks,
the rod-like particles are parallel along their long edges or perpendicular to each other.
They are relatively stable mechanical structures as the particles contact with each other
by an edge, not a point. Interestingly, there is no configuration of three particles set side
by side for AR-4 particles as is for AR-2, implying such a three-particle side-by-side
configuration is not stable for AR-4. In fact, at the low gas velocity of 1.0U,f, the AR-
4 three-particle side-by-side configuration exists, as identified by the additional
shoulder at r/d, = 2 in Figure 4.4(b). However, as the gas velocity increases, this
configuration vanishes, indicating the instability effects of the gas velocity.

To identify the dependence of g(r) on Uy, Figure 4.4 shows the radial
distribution functions of rod-like particles for AR-2 and AR-4 at different gas velocities.
It is clear that most locations of peaks remain essentially unchanged, while the peak
values decline, indicating that the increase of gas velocity breaks the configuration
formed between particles and the short-order reduction.

Generally, the RDF decays and its peaks gradually disappear with increasing

aspect ratio and gas velocity, finally collapsing to a line, i.e., the nonstructural value.
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That is easy to understand as the larger the aspect ratio, the larger the exclusion volume
and the collision frequency, the harder it is for the particles to form an ordered
configuration. Moreover, it is well known that gas-solid fluidization is inherently
heterogeneous, making it difficult to maintain a specifically uniform flow field
condition on a large scale, thus this decaying RDF phenomenon becomes more
pronounced with increasing aspect ratio and gas velocity. In other words, particles
become more uniform (i.e., no preference on specific configuration) with increasing
aspect ratio and gas velocity!!*®2!, It is also interesting to note that particles tend to
align within a distance of one particle length?*!. That is to say, the three-particle side-
by-side configuration is more stable for AR-2 and five-particle side-by-side
configuration is more stable for AR-4.

The abovel?” configurations can be classified into two types: parallel
(configurations a, c, d, f in Figure 4.3, referred to as o) and perpendicular ones
(configurations b, e in Figure 4.3, referred to as ). When rods are parallel, the excluded
volume is minimal (21Tlpd§), while being perpendicular is maximal (2l§dp). As the
entropy per rod equals kgIn(V/N), where kg is Boltzmann’s constant (for N rods in

volume V)27

, a arrangement has higher translational entropy and lower orientational

entropy, but [ is opposite, having higher orientational entropy and lower translational

entropy. For any process, we can expect that one type of entropy decreases, then the
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other increases such that the total entropy becomes larger. The second law of
thermodynamics seems still works. In other words, the isotropic-nematic transition is
accompanied by an entropy increase. Hence, in a fluidized bed, a higher probability of

above two configurations is reasonable.

15F

15F

r/w,

Figure 4.4 Radial distribution functions for (a)AR-1, (b)AR-2 and (c)AR-4 particles

with different superficial gas velocity.

4.2.3 Order parameter

In order to study the local ordered structure of particles in the bed, in addition to

93



Flow Characteristics of a Bubbling Fluidized Bed with Nonspherical Particles

the radial distribution analysis based on the particle center distribution, the distribution
of particle orientation should also be considered. Here, To accomplish this, we employ
nematic-order correlation function and tetratic-order correlation function to study the

local ordered structure of rod-like particles in the bed!!¢6-2!1-213],

4.2.3.1 The local nematic-order correlation function
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Figure 4.5 The local nematic-order correlation function for (a)AR-2 particles and

(b)AR-4 particles with different superficial gas velocity.

Figure 4.5 displays the effect of gas velocity on the nematic correlation function.
It shows that the curve rapidly decays to zero, indicating that the orientation correlation
is short-range, which may be attributed to the strong particle-fluid interaction and
collision between particles. And the gas velocity has little effect on the orientation
correlation of the particles. For all gas velocities, the orientation correlation reaches a

maximum value at contact around r/d,, = 1. Combined with the radial distribution
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function, the particles can be aligned along their long sides to maximize the orientation
correlation. For AR-2 particles, there are some peaks near r/d, = 1, or 2 which
corresponds to the structure of Figure 4.3(a) and (c). And the minimum is obtained near
r/d, = 1.6, which corresponds to the structure of Figure 4.3(b). For AR-4 particles,
the minimum is obtained near r/d, = 2.6, which corresponds to the structure of
Figure 4.3(e). There is also a smaller peak near r/d,, = 4 corresponding to Figure 4.3
(®.

In order to further study the effect of aspect ratio on the nematic correlation
function, we show the exponential fitting to the local nematic-order correlation function
at 2.2Up,r in Figure 4.5, G,(r) « ae_r/ §2, where &, is the order correlation length.
With the increase in aspect ratio, the order correlation length gradually increases, where
&, are equal to 1.28 and 4.25, respectively. Forming clusters arranged with long sides

is easier for particles with a larger aspect ratio.
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Figure 4.6 Colour maps of the local nematic-order correlation function under various
gas velocities (a) Fixed bed; (b)Active channel flow; (c) bubbling bed with AR-2 and

(d) bubbling bed with AR-4 particles under 1.4U,,;.

Figure 4.6 shows snapshots of the colour maps of the local nematic-order
correlation function of states of (a) fixed bed, (b) active channeling, (c) bubbling bed,
and (d) bubbling bed under 1.4U,,r. AR-2 particles are used in subgraph (c) whereas
AR-4 in the others. The particle configurations are rather different in these four cases.
In the fixed bed, particles tend to be oriented horizontally and G,(r) of the particles is
lower in the central region of the bed. As the gas velocity increases, channeling appears
in the center of the bed, where G,(r) of the particles is large and the particles tend to
be vertically oriented. It implies that the interlocking is locally broken as the gas

velocity increases, and the fluid follows the channel where flow resistance is low.
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The gas will promote the vertical orientation of the particles, thereby making G,(r) of
the particles larger. Figure 4.6(c) and (d) depicts the colour map of the nematic
correlation field of the bubbling bed of AR-2 and AR-4 particles. It can be seen that
there are small clusters for larger values of the nematic correlation, the particles of
which are parallel to each other. There are many particles parallel to each other above
the bubbles. Compared with AR-2 particles, AR-4 particles have more particles that are
parallel to each other, indicating that the larger the aspect ratio, the more serious the

interlocking between particles.

4.2.3.2 Tetratic-order correlation function

By analyzing the radial distribution function and the nematic-order parameter G,
we observe that rod-like particles tend to form perpendicular structures. To provide a
more detailed characterization of particle arrangements, this experiment introduces the

208,209,211-213,271-273]

tetratic-order correlation function G, ! It can characterize the

arrangement of particles in parallel or perpendicular to each other.
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Figure 4.7 The tetratic-order correlation function G, for (a) AR-2 particles and (b)

AR-4 particles with different superficial gas velocity.

The tetratic-order correlation function of particles with different aspect ratios were

obtained by calculation. Figure 4.7 shows the tetratic-order correlation function of AR-

2 and AR-4 particles at different superficial gas velocities. In all cases, G, clearly

shows that the system does not show significant ordering, and the distribution curve

shows a series of peaks (parallel or vertical) over a short distance. This behavior is

attributed to the local structure of nonspherical particles within the system. The peak

value of the curve decreases as the gas velocity increases, indicating an increase in the

interaction between particles and between particles and the fluid. This results in the

disruption of the local structure within the bed, leading to the formation of a loose

structure.
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4.3 Dynamics of particle configuration
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Figure 4.8 Normalized drag of different particle configurations as a function of
orientation at different Re for AR-2 particles and AR-4 particles; (a), (b), (¢), (d), (e)

and (f) represent different particles configuration in Figure 4.3.

To examine the dynamic effects of the particle configuration, we calculate the

project area at different angles and then obtain the drag force of the above particle

configurations. The drag force Fy is given by!?!:?28

1 —

Fa = 5pyCaGd3)(w —75)lu— vl (4.2)
8 1 16 1 3 1

C; = ETﬁET@J’EZ +0.42 (4.3)

% 100.4(—10g®)°‘2 i
0,

Where Cyis the drag efficient, d, the volume — equivalent diameter, 2 the gas
velocity, v the particle velocity, Re the Reynolds number, @, the lengthwise

sphericity, @ the particle sphericity, and @, the crosswise sphericity. The particle

mass is assumed to be unity here.
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Figure 4.8 compares the scaled drag force of different configurations at various
angles and Re number. For the parallel configurations (i.e., a, ¢, d, f in Figure 4.3), the
drag force per unit mass is smaller than that of individual rod-like particles. However,
for the perpendicular configurations (i.e., b, e in Figure 4.3), the drag force increases
with the angle and could even be larger than that of individual rod-like particles at a
large angle side. So it is clear that the configuration significantly affects the drag force,
which requires a configuration-dependent drag force for nonspherical particles.

The role of the super-particle is very important in under-resolved simulations (e.g.,
the two-fluid model’?’*?"7)) of rod-like particles, as the drag force?’#! and lift force!*!
there in needs the subgrid structural information of collections of particles in each
computational cell. For spherical particles, the solids volume fraction and slip velocity
are two factors normally adopted to account for the subgrid structure effects. For
nonspherical particles, especially for rod-like particles here, we are still far from
reaching a consensus regarding the modeling of subgrid particle configurations. The
super-particles analysis can be expected to help modelling of fluidization of rod-like

particles, though more efforts are definitely needed in future.

4.4 Super-particles

Rod-like particles are easy to lie parallel to each other and form clusters. These
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clusters of particles behave collectively as an assembly, which we call super-
particles®%?78] These clusters exhibit relatively high stability and can behave
independently in many ways, akin to individual particles. To further quantify the
particle configuration, in what follows we perform a statistical analysis of the super-
particles. Here, a super-particles is identified when the centroid distance between one
particle and its neighbours is less than a given value (2d,) and their orientation is

close to parallel (the intersection angle is less than 5°), see Figure 4.9.

Figure 4.9 Examples of super-particles.

4.4.1 Super-particles size distributions
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Figure 4.10 Super-particles size distributions for (a)AR-2 and (b)AR-4 particles with
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different gas velocities in the double logarithm coordinate. The total number of super-

particles normalizes the number of super-particles.

In order to quantitatively study the influence of gas velocity on super-particles, the

size distribution of super-particles is analyzed as shown in Figure 4.10, The x-axis

represents the size of super-particles, while the y -axis represents the number

distribution of super-particles of corresponding size, with the total number of super-

particles normalized. It can be seen from the figure that the number of super-particles

decreases rapidly with the increase of the size of the super-particles. Super-particles are

mainly small-sized clusters, while large-sized super-particles are less. The main reason

is that small-sized particles are less disturbed by external fluids and thus stable. Large-

sized super-particles are not easy to exist stably for a long time due to external

disturbances and frequent collisions of small particles. After continuous crushing and

reorganization, a dynamic balance is formed. The superficial gas velocity has little

effect on the size of the super-particles. For same particles, as the gas velocity increases,

the particles with a super-particles size of 2 gradually increase, while the larger super-

particles size decreases. This is due to the increase in collisions between particles and

between particles and side walls as gas velocity increases, causing larger super-particles

to split into smaller ones.
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Figure 4.11 Super-particles size distributions for AR-2 and AR-4 particles with
different gas velocities in the double logarithm coordinate. The total number of super-
particles normalizes the number of super-particles. The black and red solid lines are

the power law in a double logarithm coordinate.

Figure 4.11 shows the size distribution of super-particles for AR-2 and AR-4
particles under gas velocities of 1.4U,,r and 2.2U,f. The size here refers to the
number of rod-like particles in a super-particles. For the sake of comparison, the size
distribution is normalized by the total number of super-particles in each case. In all
cases, most super-particles are within the size of five particles, and two-particle
configuration predominates (as seen in Figure 4.3and Figure 4.5 ). The size distribution
of small super-particles satisfies a power-law relationship, i.e., for AR-2 particles,
n.(< 7)~nz** and for AR-4 particles, n.(< 5)~nz*7, where n, is the particle
number contained in a super-particles. The distribution curve of AR-4 declines faster
than that of AR-2, indicating that the longer the aspect ratio, the greater tendency to

form smaller super-particles in the bed. Further, the size distribution seems not sensitive
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to the variation of gas velocity for each particle type.

4.4.2 The lifetime of super-particles
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Figure 4.12 The distribution of super-particles lifetime under different gas velocities

for (a)AR-2 particles and (b)AR-4 particles.

Another essential characteristic of the particle configuration is the lifetimel?”].

Figure 4.12 shows the probability density distribution of the lifetime of these super-
particles. The influence of gas velocity on the lifetime distribution of super-particles is
apparent from the figure, with a critical point observed for both AR-2 and AR-4
particles. For AR-2 particles, the critical point is between 1.8U,¢-2.2U,,r. When the
gas velocity increases from 1.8U,,r to 2.2Upf, the lifetime distribution of super-
particles changes significantly. Conversely, for the gas velocity below 1.8Up,f, the
change in lifetime distribution is minimal. For AR-4 particles, the critical point is

observed between 1U,,r-1.4Up,r, when the gas velocity increases from 1U,; to
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1.4U,y, the lifetime distribution of super-particles changes obviously. However, for the
gas velocity above 1.4U,;, the change in lifetime distribution is relatively
insignificant.

For AR-2 particles, the lifetime is affected by the gas velocity, the higher the gas
velocity, the shorter the lifetime. By comparison, AR-4 particles are less affected by the
gas velocity. Generally, the lifetime of AR-2 particles is much longer than that of AR-4
particles, suggesting that a smaller aspect ratio increases the mechanical stability of the

configuration.

4.4.3 The Super-particles time fraction F,

The super-particles time fraction refers to the proportion of the total sampling time
in which the particles appear in the bed, which reflects the severity of particle

agglomeration. The super-particles time fraction of Super-particles F,!230281]
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N¢
F =21t (4.4)

ttotal

where N, is the total number of super-particles in the total sampling time t, ¢4, t; is

the existence time of super-particles i.
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Figure 4.13 Variation of super-particles time fraction F, under different gas velocities

for (a)AR-2 particles and (b)AR-4 particles.

Figure 4.13 display the variation of the super-particles time fraction of AR-2 and

AR-4 particles. The effect of superficial gas velocity is the same for AR-2 and AR-4

particles, and the general trend is that F. of super-particles decreases with an increase

in gas velocity. It shows that super-particles are not easy to exist at higher gas velocity.

The F. of AR-2 particles is significantly larger than that of AR-4 particles, indicating

that AR-2 super-particles are more prone to existing than AR-4 particles.

4.4.4 The super-particles frequency f

The super-particles frequency f. is the number of super-particles detected per unit
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(4.5)

where k represents the total number of super-particles in the total sampling time t;o¢q;-
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Figure 4.14 The super-particles frequency under different gas velocities for (a)AR-2

particles and (b)AR-4 particles.

Figure 4.14 shows the super-particles frequency of AR-2 and AR-4 particles. For

all cases, the frequency of super-particles increases with an increase in gas velocity.

Combined with Figure 4.13, at higher gas velocities, super-particles tend to exist in the

form of small sizes and have a shorter lifetime. This is due to the strong gas-solid

interaction, and the formation and fragmentation of super-particles are more frequent.
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Figure 4.15 shows the proportion of super-particles and single particles at different
times for AR-2 and AR-4 particles with different gas velocities. For all cases, the ratio
fluctuates around a constant value; As the gas velocity increases, the number of single
particles gradually increases, while the number of particles in the super-particles

gradually decreases, and the difference between the two gradually increases.

445 Super-particles velocity

The velocity of super-particles can be defined as follows:
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7e(6) = 1T, vei (8) (4.6)

where n. represents the total number of particles in a super-particles, v.; denotes the

velocity of single particle i.

Vy)

— 0.5
=

Figure 4.16 Probability density distribution of translational velocity under different
gas velocity for AR-2 and AR-4 particles. (a,b) Uyr; (¢,d) 1.4Uyf; (e,f) 1.8Uyf;

(gh) 2.2Up;.

According to the particles configuration obtained from Figure 4.3, in what follows,
we put special efforts on analyzing the super-particles with n, = 2 and 3 for AR-2
particles, and n. = 2and5 for AR-4 particles. Figure 4.16 shows the velocity
distributions of these super-particles for AR-2 and AR-4 particles under different gas

velocities. At V;, > 0 there are no significant differences between super-particles of
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different sizes for both AR-2 and AR-4. However, at V;, < 0, the disparity between
different sized super-particles grows wider. That is to say, in the particle rising stage in
the fluidized bed, there is no big difference in the velocity of different particle

configurations, but in the particle falling stage, the larger super-particles fall slower.

45 Summary

In this chapter, we investigated the configuration and dynamics of nonspherical
particles with various aspect ratios and gas velocities using experimental measurements.
Major results are as follows:

(1) By analyzing the coordination number, it becomes apparent that the larger the
aspect ratio, the larger the exclusion volume, and the greater the possibility of contact
with other particles. This highlights the significant impact that particle shape has on the
heat transfer behavior of the fluidized bed.

(2) Three ordered structures belonging to two configurations (two particles parallel
or perpendicular to each other) are identified by combining the radial distribution
function and order parameter analysis. We explain this ordering phenomenon through
entropy. Interestingly, rod-like particles tend to align within a distance of one particle

length. As the superficial gas velocity and aspect ratio increase, with no preference for
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a specific configuration, eventually forming a disordered structure. The interlocking

between particles significantly affects fluid flow within the bed.

(3) Comparing the scaled drag force of different configurations at various angles

and Re number, we found that different particle configurations have a significant impact

on drag force, with an enormous difference in drag force between different particle

configurations. Therefore, it is crucial to consider the influence of different particle

configurations when evaluating drag force.

(4) The dynamics of the particle configuration are studied, including size

distribution, lifetime, time fraction, frequency and the velocity distribution.

i.  The size distribution of the super-particles satisfies the power law at a small

size regime. A striking difference between negative vertical velocity is

found for three ordered structures. The particle configurations behave

differently in the upward and downward cycles. Their lifetime is affected

by the aspect ratio.

ii.  Analysis of time fraction and frequency reveals that AR-2 super-particles

are more likely to occur than AR-4 particles. Additionally, at higher gas

velocities, super-particles tend to have smaller sizes and shorter lifetime.
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5 The Flow Characteristics of Bubbles

5.1 Introduction

Bubble generation is a crucial feature in the operation of bubbling fluidized beds.
As a typical meso-scale structure, bubbles contain a large amount of dynamic
characteristic information related to particle motion, which is not only affected by the
interaction between particles, but also a critical factor to the heat/mass transfer

75.282-284] 'While research on the formation, development, and movement of

process!
bubbles in fluidized beds with spherical particles is well-established, the study of
bubble characteristics of nonspherical particles in fluidized beds is still limited.

In this chapter, we will conduct a study on the motion behavior and mechanism of
bubbles in fluidization of rod-like particles. We analyze the effects of fluidization gas

velocity and particle shape on various bubble characteristics such as bubble volume,

bubble velocity, bubble aspect ratio, and particle motion around the bubble.

5.2 Bubble characterization and analysis

The main objective of studying bubbles is to first detect their presence. In our

experiment, Voronoi analysis is used to obtain the local concentration of particles in the

285-287

bed at a certain instant! 1. and then coarse-grained treatment is used to obtain the

113



Flow Characteristics of a Bubbling Fluidized Bed with Nonspherical Particles

distribution space of instantaneous solid phase concentration in the bed, enabling the

characterization and analysis of bubbles in the bubbling bed.

Figure 5.1 Image processing for determination of bubbles: (a)raw
image; (b) solid concentration distributions; (c¢) bubble distributions obtained

from figure (a) and (b).

The process of bubble determination in the bubbling bed is illustrated in Figure

5.1. with (a) showing the original image, while (b) displaying the corresponding spatial

distribution of solid phase concentration, and (c) representing the binary image

corresponding to (a) and (b). The area, centroid coordinates, and aspect ratio of the

bubble are then obtained by further processing.

The bubble volume (Vp) is determined by multiplying the bubble area (Ag) by the

bubble thickness, which is assumed to be the same as the bed thickness (25mm) in the

calculation.
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Tracking the centroid position of the bubble in successive frames is a common

method to determine the bubble rising velocity in fluidized bed experiments. The

centroid position is the center of mass of the binary image corresponding to the bubble.

By comparing the centroid positions of the bubble in several successive frames with a

time interval of At, the bubble velocity can be calculated as the displacement of the

centroid position divided by the time interval. In this study, the time interval is At =

0.02s, and 6000 frames are analyzed for each video. The bubble rising velocity is

tracked on average for 200-300 frames[288-2%1,

. 2 v, 2
Vb — V(% xl—l)A:(yl Yi-1) (51)

where (x;, y;) and (x;_,, y;—1) are the coordinates of the subsequent positions of the
bubble, At is the time interval between pictures.
The aspect ratio (y;) of the bubble is used to characterize the shape information

of the bubble, which is defined as/?!,

Xp = Ymax (52)

Xmax
where v,... and x,,., are vertical and horizontal lengths of the bubble, as shown in

Fig. 5.2.
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Figure 5.2 Example of bubble aspect ratio.

5.3 Effect of superficial gas velocity

5.3.1 Bubble volume
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Figure 5.3 Bubble volume Vj as a function of distance above the gas distribution
under different gas velocity for (a)AR-1 particles, (b)AR-2 particles and (c)AR-4

particles.

Bubble size is an important factor affecting reactor performance!*?!. Therefore,
we investigated the impact of gas velocity on bubble volume Vg. As shown in Figure
5.3, Vp increases with axial height due to continuous bubble coalescence throughout
the bed. Additionally, Vg is positively correlated with gas velocity. Due to the rise in
superficial gas velocity, the amount of gas passing through the bed per unit time

increases, while there is a limitation to the increase of gas velocity between emulsion
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phases, resulting in a higher amount of gas passing through the bed with the bubble

phase, so Vg increases with an increase in gas velocity. Increasing gas velocity also

reduces the distance between bubbles, promoting higher bubble contact and

coalescence rates.

Compared to the observations in Figure 5.3(a, b, ¢), it is evident that rod-like

particles exhibit a less pronounced sensitivity to the increase in superficial gas velocity.

This may be because cylindrical particles are more likely to lead to channels with lower

resistance, thus causing the gas to pass through and resulting in decreased gas content

of the bubble phase. Hence, the change in Vp with superficial gas velocity is not as

prominent as that observed for spherical particles. As the height of the bed increases,

the volume of bubbles gradually increases, implying that the size of bubbles grows as

they rise due to bubble growth and condensation. However, the curve exhibits

fluctuations at higher bed heights, indicating that, in the middle and lower part of the

bed, bubbles primarily grow and coalesce, leading to a gradual increase in bubble size.

Conversely, in the upper section of the bed, the change in bubble volume with gas

velocity becomes more intricate due to the breakup and condensation of bubbles.
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Figure 5.4 Bubble diameter along the height above the distributor for different particle

shape, the block lines representing different correlations.

Fig.15 presents a comparison of the experimental data with two popular literature

correlations, in which the Darton model®”*! expression is
0.4
Db = (u - Umf) (H + Hd)O.Sg—l/S (53)
u represents the gas velocity, while U, refers to the minimum fluidization

velocity. H denotes the bed height, H; is the distribut plate parameter (which is set
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to 0 for the sintered version of this experiment), and g represents the acceleration due

to gravity. The Rowe model***! expression is
0.4
Db — (u _ Umf) (H + Hd)0.75g—0.25 (54)

The comparison in Figure 5.4 shows that the Darton model provides better
predictions for spherical particles, whereas the Rome model consistently
underestimates the experimental values. For rod-like particles, the Rome model also
underestimates the experimental results, while the Darton model performs well at
higher gas velocities but slightly underestimates the experimental values at lower gas
velocities. However, at a gas velocity of 2.2Up,r and higher bed heights, the predicted
results of the Darton model are larger than the experimental data. The probable reason
is that the model is limited to considering the bubble growth pattern resulting from the
coalescence of bubbles but without considering any mechanism related to bubble

splitting and breakage.

5.3.2 Bubble shape parameters

The shape characteristics of bubbles are essential parameters that strongly
influence the fluidization behavior and the efficiency of heat and mass transfer between
the gas and solid phases. The aspect ratio, as an important factor, provides information

on the approximate shape of the bubble. According to the definition of aspect ratio in
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section 5.2 , bubbles that are vertically stretched will have an aspect ratio greater than

1, while those that are horizontally stretched will have an aspect ratio less than

1 [224,290,295,296]
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Figure 5.5 Bubble aspect ratio yj, as a function of distance above the gas distribution
under different gas velocity for (a)AR-1 particles, (b)AR-2 particles and (c)AR-4

particles.

Studying the variation of bubble aspect ratio under different gas velocities can
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provide insights into how changes in flow conditions affect the shape of the bubbles.

Figure 5.5 illustrates bubble aspect ratio y; under different gas velocities for AR-1

particles, AR-2 particles and AR-4 particles. The figure shows that the aspect ratio of

bubbles for all particle shapes increases with increasing gas velocity. At lower velocities,

the bubble shape is nearly spherical, but as the gas velocity increases, the shape

becomes more elongated. The bubble aspect ratio is small, and bubble stretches

horizontally at the bottom of the bed. As bed height increases, the bubble aspect ratio

also increases, leading the bubble to transition from a flat shape to an elongated shape.

This is because as the bed height increases, the bubble volume gradually expands (as

shown in Figure 5.3), but due to the limitation of the bed width. To balance the volume

expansion resulting from gas velocity or bubble coalescence, the bubble can only

expand longitudinally. This discovery is consistent with the outcomes reported in

previous literature. This discovery is consistent with the results reported in the

literature(2°7-2%81,

5.4 Effect of particle shape

5.4.1 Bubble volume
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Figure 5.6 Bubble volume V5 as a function of distance above the gas distribution

under different particle shape for (2)1.4Uy,f, (b) 2.2Upy.

Figure 5.6 illustrates the variation in bubble volume (V) with respect to particle
shape. As depicted in Figure 5.6(a), when the gas velocity is 1.4Up,f, Vp of AR-2
particles is greater than that of AR-4 particles, indicating that the particles with smaller
aspect ratio have a lesser inhibitory effect on bubbles, resulting in a larger bubble
volume at low gas velocities. As gas velocity increases, the difference in V between
rod-like particles decreases, indicating that the influence of particle shape on the
production and development of bubbles becomes smaller when the gas velocity is
higher. Compared to rod-like particles, AR-1 particles have the smallest bubble volume,
indicating that rod-like particles are more conducive to bubble production and
development. It is likely that bubbles develop better in cases with a smaller aspect ratio,
which can be attributed to the influence of minimum fluidization velocity. This study

yielded similar results to those reported in literature®?’l, where a lower minimum
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fluidization velocity leads to a larger bubble volume and less gas leakage!???l,

According to Figure 3.2, AR-2 has the smallest U,,, and the largest bubble volume.
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Figure 5.7 The bubble fraction distribution under different fluidization gas velocities

for AR-1, AR-2, and AR-4 particles.

Figure 5.7 shows the bubble fraction distribution of the three types of particles.
The bubble fraction is determined by calculating the ratio of the bubble area to the total
instantaneous bed area, which is the combined area occupied by the bubbles and solids

during the fluidization process. As shown in the figure, the bubble fraction increases

gradually as gas velocity or aspect ratio increases.

5.4.2 Bubble velocity
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Figure 5.8 Bubble vertical velocity distribution under different fluidization gas

velocities for AR-1, AR-2, and AR-4 particles.

Figure 5.8 depicts the relationship between bubble velocity and superficial gas

velocity for AR-1, AR-2, and AR-4 particles. It is evident from the figure that as the

gas velocity increases, the bubble velocity also increases gradually. As explained earlier,

an increase in gas velocity generates more bubbles with larger size, which experience

greater buoyancy, leading to an increase in bubble velocity. This results in more

frequent interactions between bubbles and faster coalescence, resulting in a higher

bubble velocity. However, as the aspect ratio increases, the bubble velocity decreases.

It is evident from Figure 5.6 that the bubble volume of spherical particles is the smallest

under the same conditions. Combining this observation with the earlier analysis, it can

be inferred that larger bubbles experience greater velocity. However, Figure 5.8

indicates that the bubble velocity decreases as the shape of the particles deviates from

the sphere, and the bubble velocity of AR-1 particles is the largest. Therefore, we
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speculate that for rod-like particles, several particle configurations exist inside the bed,

and the bubbles need to overcome the interlocking between the particles and allow them

to rotate in the preferred direction, thereby consuming a portion of the energy and

reducing the bubble velocity. The above analysis emphasizes the significant influence

of particle shape on the rise of bubbles within the bed.

5.4.3 Bubble shape parameter
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Figure 5.9 Effects of the particle shape on the aspect ratio of bubble under different

Figure 5.9 illustrates the effect of particle shape on the aspect ratio of the bubbles.

As depicted in the figure, as the aspect ratio of the particles increases, so does the aspect

ratio of the bubbles, and the bubble shape becomes more elongated as the particle shape

deviates from a sphere. However, the impact of particle shape on bubble shape is

reduced with the increase of the gas velocity. In most regions of the bed, the bubbles of

126

1L
150 200

T
AR -1
AR -2

@ AR — 4

(b)2.2U,.¢

1
50

fluidization gas velocities.

L f
100 150
h(mm)

200



5 The Flow Characteristics of Bubbles

AR-1 particles are more spherical. This phenomenon could be attributed to the particle

arrangement within the rod-like particles, which creates greater resistance for bubbles

to move. To overcome this resistance, the bubbles tend to stretch vertically along the

bed, leading to a more elongated shape.

5.5 Particle motion around bubbles

As previously discussed, the dynamics of bubbles are significantly influenced by

particle shape. In this section, the qualitative analysis of the movement state of the

particles around the bubbles in the bubbling bed is carried out, and the movement laws

of the particles at different positions are studied.

t=100ms t=120ms t=140ms

Figure 5.10 Spatial distributions of particle orientations at 1.4Uy,s for AR-2

particles.
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t=100ms t=120ms t=140ms

Figure 5.11 Spatial distributions of particle orientations at 1.4U,,r for AR-4

particles.

Figure 5.10-Figure 5.11 illustrates the spatial distribution of particle orientation at
three consecutive moments. The value 1 denotes vertical orientation of particles, i.e.,
parallel to the direction of fluid flow, while 0 represents horizontal orientation of
particles, i.e., direction perpendicular to the fluid flow. The depicted time period
corresponds to the process of bubble rising. It can be observed that the orientation of
particles around the bubble undergoes continuous changes as the bubble rises, and the
particles tend to be positioned side by side or overlapping with each other. In the case
of AR-2 and AR-4 particles, most of the particles on either side of the bubble are
vertically oriented, while the particles above the bubble are horizontally oriented.

In order to investigate the correlation between particle orientation and bubble
characteristics in more detail, the bubble is divided into three sections, referred to as
Partl, Part2, and Part3, as illustrated in Figure 5.10-Figure 5.11. Here, the particles are

all around the bubbles.
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Figure 5.12 particle orientation of different positions for (a)AR-2 and (b)AR-4

particles at 1.4U,,y.

The analysis reveals that the rod-like particles located in Partl tend to orient
horizontally with a peak angle between 120-180°, whereas those in Part2 are inclined
towards the vertical direction with a peak angle of approximately 90°. However, the
impact of particle shape on gas-solid fluidization characteristics is more pronounced for
AR-4 particles. This is because the strong solid shear force due to collision during the
rapid falling of particles makes them tend to be arranged vertically, and the boundary
effect further promotes this vertical arrangement. These findings indicate that, in
bubbling beds, particle shape has a significant impact on gas-solid fluidization
characteristics, with rod-like particles favoring horizontal orientation above the bubble
and vertical orientation on both sides, which highlights the importance of considering
particle shape in designing and optimizing fluidized bed processes. The analysis of
orientation distribution provides further support to the observations presented in Figure

5.11. However, for Part3, the orientation distribution differs between AR-2 and AR-4
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particles, with AR-2 particles tending to be horizontally aligned and AR-4 particles

vertically aligned. This indicates that particle orientation begins to change under the

influence of particle-particle and particle-fluid interaction forces as the bubble moves

and rises through the bed. The bubble first breaks the particle configuration between

rod particles, forcing them to align strongly with the flow direction. As the bubble rises,

the horizontally oriented particles experience greater fluid dynamics and rotate to a

position with lower fluid resistance, while the bubble exerts an axial shear force on the

particles, forcing them to align with the flow direction. This is because particles in the

vertical direction have a lower projection area perpendicular to the direction of fluid

flow compared to the other directions.

5.6 Summary

In this chapter, we used image processing technology to extract static and dynamic

bubble characteristic parameters of particles with different aspect ratios. We

investigated the effects of superficial gas velocity and particle shape on bubble volume,

motion velocity, and bubble shape parameters. The main findings and conclusions are

summarized below:

(1) The results showed that the bubble volume (Vp) increases with the bubble

location (h), and Vp is positively correlated with the apparent velocity. Additionally,
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under the same conditions, the Vp of rod particles was found to be larger than that of

spherical particles. At any position in the bed, the bubble formed by spherical particles

was found to be more round compared to rod-like particles, and the aspect ratio of the

bubble increases with the increase of gas velocity.

(2) The bubble velocity V}, increases gradually with the increase of superficial

gas velocity, while it is negatively correlated with the aspect ratio. Specifically, the

bubble velocity decreases with the increase of the aspect ratio. Compared to spherical

particles, rod-like particles have lower bubble velocities due to the need for bubbles to

overcome the interlocking between particles and allow them to rotate in their preferred

direction.

(3) Particle orientation analysis revealed that when particles are located above the

bubble, they tend to be oriented perpendicular to the airflow direction, whereas on both

sides of the bubble, particles tend to be oriented parallel to the airflow direction.
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6 Conclusions and Further Studies

6.1 Conclusions

The current work investigates the hydrodynamic characteristics of nonspherical

particles by using rod-like particles as the research object. The following are the main

conclusions of this paper:

(1) Particles with a larger aspect ratio, such as AR-4 particles, have a tendency to

form channeling flows, whereas particles with a smaller aspect ratio smoothly transit to

a bubbling regime. The aspect ratio also affects the minimum fluidization velocity and

bed expansion rate, which exhibits a first decrease and then increase as the aspect ratio

increases. Furthermore, the shape of particles plays a crucial role in determining their

movement behavior: Decreasing aspect ratios lead to the formation of regular internal

circulations; Velocity distributions of the particle velocity, especially the rotational

component, deviate from Maxwellian velocity distribution, and high-velocity-tail are

observed. The joint probability density function of V: and Vy are asymmetric. V; is

positively associated with Vy. The translational energy is almost 2 orders higher than

rotational ; Particles tend to be horizontally oriented at lower gas velocity. With

increasing gas velocity, the vertical orientation becomes more dominant. For AR-2

particles, the horizontally oriented particles dominate, while for AR- 4 particles,
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vertically oriented grains predominate.

(2) Three ordered structures belonging to two configurations (two particles parallel

or perpendicular to each other) are identified by combining the radial distribution

function and the local nematic order parameter analysis. We explain this ordering

phenomenon through entropy. By analyzing the configuration dynamics of particles, it

becomes evident that particle configurations behave differently in the upward and

downward cycles. Their lifetime is affected by the aspect ratio. The size distribution of

the super-particles satisfies the power law at a small size regime. A striking difference

between negative vertical velocity is found for three ordered structures. The

coordination number generally increases with the aspect ratio. We also compare the

scaled drag force of different configurations at various angles and Re numbers. there is

an enormous difference in drag force between different particle configurations,

suggesting further research is needed on constructing a configuration-dependent drag

force.

(3) On the meso-scale, the influence of particle shape and superficial gas velocity

on bubble shape and motion is discussed, and the mechanism of rod-like particles on

bubbles is revealed. In all cases, the volume of bubbles (V) increases proportionately

with the height of the bubbles (hy) and shows a positive correlation with superficial gas

velocity. Rod-like particles were found to have a larger bubble volume compared to
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spherical particles, but the bubbles formed by spherical particles are more circular in

shape. Additionally, for rod-like particles, an interlocking structure inside the bed

resulted in directional particles and a negative correlation between V, and aspect ratio.

Analyzing the motion of particles around the bubble revealed that the rising bubble

must break the interlocking between particles and promote their rotation towards their

preferred direction, thereby requiring a certain amount of energy consumption that

ultimately reduces the velocity of the bubble.

In summary, the aspect ratio and superficial gas velocity of rod particles have an

important influence on the fluidity of particles. These findings are expected to improve

the understanding of the hydrodynamic characteristics of nonspherical particles and

have guiding significance for the fluidization of nonspherical particles. In the design

and optimization of fluidized bed reactor, the above factors need to be considered

comprehensively to achieve the purpose of improving efficiency, reducing energy

consumption, and optimizing performance.

6.2 Original contributions

The novel aspects of this study are as follows:

(1) A systematic study was conducted to investigate the flow behavior of rod-like

particles in a bubbling bed, which provided insights into the fluidization characteristics
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of nonspherical particles. The study revealed how rod-like particles' behavior varied

with particle shape and operating conditions.

(2) This paper quantifies the particle interlocking phenomenon using parameters

such as radial distribution function and order parameter. The study identified three

ordered structures in the bed and found that these configurations have an impact on

bubble dynamics. By analyzing bubble dynamics, the study revealed how these

structures affect the behavior of bubbles in the system.

6.3 Future work

According to the research content of this paper, the future research work mainly

includes the following aspects:

(1) This study obtained a comprehensive understanding of the gas-solid flow

process of rod-like particles, and the mechanism behind these laws was elaborated.

However, these laws are predominantly qualitative. In the next step, the study will focus

on quantitatively analyzing these laws and establishing correlations among the key

parameters to enhance the understanding of particle behavior in gas-solid flow

processes.

(2) This experimental study selected one shape of the particles, the next step can

choose a variety of shapes of particles for experimental research; In this experiment,
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the research regime is limited to bubbling bed, and other regimes are not involved.

Experimental research on other regimes can be carried out to improve the experimental

work and deepen the understanding of nonspherical particle fluidization.

(3) Biomass and combustible solid waste are mostly co-fluidized with fluidized

media in a fluidized bed in the form of nonspherical particles. Therefore, the next step

should be based on the experiment in this paper, adding fluidized media to study the

co-fluidization process of multi-component particles.
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