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Summary

Electrostatic charging caused by triboelectrification is an inherent phe-
nomenon in gas—solid fluidized beds containing insulating particles and can
significantly influence hydrodynamics, particle motion, fouling, and heat
transfer. Although electrostatic effects are frequently observed in industrial
fluidized-bed processes such as polymer drying, coating, and granulation,
they are often treated as secondary disturbances rather than as governing
forces that directly influence reactor performance. This thesis combines
numerical modeling and experimental investigations to improve the under-
standing of electrostatic phenomena in fluidized beds and their implications
for industrial applications.

The thesis begins by reviewing the physical mechanisms responsible for
triboelectric charging, including conductor—conductor, conductor—insulator,
and insulator—insulator contact electrification. The influence of electrostatic
interactions on fluidization behavior is discussed together with existing
experimental and numerical studies, highlighting the remaining challenges
in accurately predicting charged particulate systems.

The first part of the thesis focuses on the numerical modeling of
electrostatic interactions in CFD-DEM simulations. Because direct Coulomb-
force calculations scale quadratically with the number of particles, they
rapidly become computationally prohibitive for industrial-scale simulations.
To overcome this limitation, a hierarchical particle-cell method is developed
in which short-range electrostatic interactions are evaluated directly using
Coulomb’s law, while long-range interactions are efficiently approximated
using lumped charges within computational cells. Validation against
exact Coulomb-force calculations for a three-dimensional fluidized bed
containing 70,000 charged particles demonstrates that the proposed method
substantially improves the accuracy of electrostatic force predictions while
maintaining computational efficiency. Consequently, the method provides
an efficient and reliable framework for incorporating long-range electrostatic
interactions into large-scale CFD-DEM simulations.

The developed numerical framework is subsequently applied to investigate
the influence of electrostatic charging on fluidized-bed hydrodynamics.



Summary

The simulations demonstrate that electrostatic interactions increase the
minimum fluidization velocity, delay bubble formation, reduce the measured
bubble area, modify particle circulation patterns, and increase bed voidage.
The contour plots further indicate that charged bubbles become more
elongated while their boundaries become increasingly diffuse because of
particle penetration. These changes arise because electrostatic forces become
comparable to gravitational and drag forces, fundamentally altering the force
balance governing particle motion.

Experimental investigations using a pseudo-two-dimensional fluidized
bed containing Geldart B glass particles confirm the numerical observations.
Charge accumulation measured using a Faraday cup resulted in an
approximately 33% increase in the minimum fluidization velocity under
dry conditions compared with humidified conditions, where electrostatic
charging was largely suppressed. Bubble characteristics were also significantly
modified. Bubble-area analysis showed a reduction in the measured
bubble area, while contour analysis revealed more elongated bubbles with
increasingly diffuse gas—solid interfaces due to particle penetration. Together,
the numerical and experimental results demonstrate that electrostatic
charging has a pronounced influence on fluidization behavior.

The final part of the thesis investigates the consequences of electrostatic
charging for fouling and heat-transfer performance in fluidized beds
containing HDPE particles. Measurements of charge density, fouling
mass, and heat-transfer coefficient demonstrate a clear relationship between
electrostatic charging, particle deposition, and thermal performance. Particle
groups exhibiting higher charge accumulation, particularly smaller particles
(fines) or with a larger particle size distribution produced greater fouling
on the grounded heating element and consequently lower heat-transfer
coefficients. The measured heat-transfer coeflicient progressively decreased
during operation to less than half of the theoretical value predicted by the
Molerus correlation for a clean fluidized bed. Comparison of particle groups
further demonstrates that increased electrostatic charging promotes fouling
formation, thereby increasing the thermal resistance between the heating
surface and the fluidized particles and reducing heat-transfer performance.

Overall, this thesis demonstrates that electrostatic interactions cannot be
regarded as secondary effects in gas—solid fluidized beds. Electrostatic charg-
ing directly influences fluidized-bed hydrodynamics, fouling formation, and
heat-transfer performance. By combining an accurate and computationally
efficient electrostatic modeling framework with comprehensive experimental
validation, this work provides new insight into the mechanisms governing
charged particulate systems and establishes a foundation for more predictive
CFD-DEM simulations and improved industrial fluidized-bed design and
operation.
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CHAPTER 1

Introduction

1.1 Motivation

Gas—solid fluidized beds are key unit operations in the chemical, petrochem-
ical, energy, food, and pharmaceutical industries, where they are employed
in catalytic cracking, combustion, drying, polymerization, coating processes,
and many other processes. Their widespread use is rooted in their excellent
gas—solid contact, high heat and mass transfer rates, and effective solids
mixing, even at industrial scales (Kunii et al. 1994). These characteristics
make fluidized beds particularly suitable for highly exothermic reactions and
thermally sensitive particulate systems, as emphasized in practical design
and operational studies (Cocco et al. 2014).

From a physical standpoint, gas—solid fluidization represents a transition
from a static granular packing to a dynamically evolving multiphase system
driven by an upward-flowing gas. Classical fluidization theory describes this
transition in terms of a balance between gravitational forces, gas—particle
drag, and inter-particle collisions (Hoomans et al. 1996; Kunii et al. 1991).
Above the onset of fluidization, excess gas forms bubbles that rise through the
particulate phase and generate large-scale circulation patterns, which govern
mixing, transport, and reactor performance (Mori et al. 1975). Despite
the success of this framework, industrial fluidized beds frequently exhibit
behaviors that cannot be explained solely by hydrodynamic forces. One of the
most persistent and industrially relevant phenomena is the accumulation of
electrostatic charge due to triboelectric effects. Bailey (1993) demonstrated
early on that powder handling processes are intrinsically prone to charge
generation, while Matsusaka et al. (2010) showed that triboelectric charging
is unavoidable in gas—solid flows involving insulating materials. In fluidized
beds, the resulting electrostatic forces can reach magnitudes comparable
to gravitational and drag forces, thereby fundamentally altering the force
balance that governs the overall fluidization behavior (Fotovat et al. 2017a).
Understanding these electrostatic effects is therefore essential for accurate
prediction of fluidization behavior and for mitigating operational problems
such as agglomeration, wall fouling, and heat-transfer degradation.
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1.2 Scope of the Thesis

This thesis focuses on electrostatic phenomena in gas—solid fluidized beds,
with particular emphasis on understanding how triboelectric charging
influences particle hydrodynamics, bubble dynamics, wall fouling, and
heat transfer. The work combines numerical modeling and experimental
investigations to provide a comprehensive understanding of electrostatic
interactions across different length scales.

The numerical part addresses the development of physically consistent and
computationally efficient models for long-range electrostatic interactions in
Discrete Particle Method (DPM) simulations and their application to charged
gas—solid fluidized beds. The experimental part focuses on quantifying the
influence of electrostatic charging on fluidization behavior and heat transfer
performance under controlled operating conditions.

Together, these complementary numerical and experimental investiga-
tions provide a unified framework for understanding, modeling, and evaluat-
ing the role of electrostatic interactions in gas—solid fluidized beds.

1.3 Fundamentals of Gas—-Solid Fluidized Beds

Fluidization occurs when a bed of granular solids is subjected to an upward
gas flow exceeding the minimum fluidization velocity, u.,¢. Below this
threshold, the gas percolates through the voids of the packed bed while the
solid phase remains mechanically stable. As gas velocity increases, drag
forces progressively counterbalance the effective weight of the particles until
mechanical equilibrium is reached and fluidization initiates (Ergun 1952;
Kunii et al. 1994). As illustrated in Figure 1.1, beyond incipient fluidization,
the bed typically enters the bubbling regime, in which gas in excess of
that required for particle suspension forms discrete bubbles. These bubbles
grow, coalesce, and rise through the emulsion phase, inducing macroscopic
circulation that enhances mixing and transport (Kunii et al. 1994).

Particle properties exert a decisive influence on fluidization behavior. A
widely used classification of particles was proposed by Geldart (1973), based
on particle size and the density difference between the solid and gas phases
(See Figure 1.2).

Geldart classified particles into four groups, commonly referred to as
Groups A-D, each exhibiting characteristic fluidization behavior. Very fine
powders (Group C) are dominated by cohesive inter-particle forces and
are difficult to fluidize. Group A particles fluidize smoothly and exhibit
controlled bubble growth. Group B particles display vigorous bubbling
behavior, while large and dense Group D particles require high gas velocities
and often show unstable or spouting behavior. This classification remains a
cornerstone for interpreting gas—solid fluidization behavior and is discussed
extensively in classical fluidization texts (Geldart 1973; Kunii et al. 1994).
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Figure 1.1: Evolution of gas—solid fluidization regimes with increasing
gas velocity, ranging from fixed bed to bubbling, slugging, turbulent, and
lean-phase transport (Kunii et al. 1994).
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Figure 1.2: Geldart’s classifications (Geldart 1973)

Figure 1.2 illustrates the qualitative differences in fluidization behavior
associated with each particle group. It is important to note that classical
fluidization theory and correlations derived for these groups implicitly
assume electrically neutral particles and short-range mechanical interactions.
Electrostatic forces, which are neglected in this framework, can therefore
fundamentally alter the expected behavior for each Geldart group when
insulating or polymeric materials are involved.

1.4 Electrostatics as A Governing Force

Electrostatic forces differ fundamentally from hydrodynamic and gravita-
tional forces in both their origin and scaling behavior. While drag and
collision forces depend primarily on gas velocity, particle size, and solids
concentration, electrostatic forces are governed by charge magnitude, spatial
charge distribution, and the dielectric properties of the surrounding medium
(Joseph et al. 1983).

As a consequence, electrostatic interactions exhibit a fundamentally
different range and persistence compared to mechanical forces. In particular,
electrostatic forces can act over longer distances and remain significant even
in regions where hydrodynamic forcing is weak, such as near minimum
fluidization conditions or within dense particle assemblies.

Experimental studies have demonstrated that charge accumulation in
fluidized beds depends strongly on particle material, surface properties,
and operating conditions (Mehrani et al. 2005). In addition, electrostatic
interactions have been shown to influence macroscopic bed behavior,
including bed expansion, solids circulation patterns, and wall fouling (Fotovat
et al. 2017a). In certain cases, the magnitude of electrostatic forces can
become comparable to gravitational and drag forces, thereby modifying the
effective force balance that governs particle motion.

4
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These observations indicate that electrostatic interactions should not
be treated merely as secondary perturbations to hydrodynamics. Instead,
they constitute an additional governing force that can fundamentally alter
fluidization behavior, particularly in systems involving fine, insulating, or
polymeric particles. This shift in perspective is essential for accurately
describing and predicting the behavior of industrial fluidized beds where
triboelectric charging is unavoidable.

1.5 Tribo-Electrification

Tribo-electrification refers to the generation of electrical charge during contact
and subsequent separation between dissimilar materials. In gas—solid systems,
this process is continuously driven by repeated particle-particle and particle—
wall collisions, where mechanical interactions such as impact, sliding, and
deformation lead to charge transfer at the contact interface (Bailey 1993). A
qualitative overview of material charging tendencies is commonly provided
by a triboelectric series, which ranks materials according to their observed
tendency to acquire positive or negative charge upon contact and separation.
Such series are based on empirical observations and are frequently used as
a conceptual tool in the analysis of triboelectric phenomena in particulate
systems.

Table 1.1 illustrates that many materials relevant to industrial fluidized
beds exhibit distinct qualitative charging tendencies. It is important to
emphasize, however, that triboelectric series do not provide quantitative
predictions of charge magnitude or distribution. The relative ordering
of materials may vary with surface roughness, contamination, humidity,
temperature, and contact history. Nevertheless, the triboelectric series
remains a useful conceptual framework for interpreting and comparing
charging behavior in complex particulate systems.

Physical Origin of Charge Transfer

At the microscopic level, triboelectric charging is governed by differences in
electronic energy states between contacting materials. When two materials
come into contact, charge redistribution occurs in order to reach electrostatic
equilibrium.

For conductive materials, charge transfer is primarily governed by
differences in work function. The work function is defined as the minimum
energy required to remove an electron from a material surface to vacuum.
A closely related concept is the Fermi level, which represents the highest
occupied electronic energy level at absolute zero temperature and can be
interpreted as the electrochemical potential of the electrons. When two
conductors with different work functions are brought into contact, electrons
transfer from the material with the higher Fermi level (lower work function)
to the material with the lower Fermi level until the Fermi levels become equal.
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Table 1.1: Representative triboelectric series indicating the qualitative
tendency of selected materials to acquire positive or negative charge after
contact and separation. The ordering is based on empirical observations
and serves as a qualitative guideline rather than a universal ranking (Adams

1987).

Material Positive charge
Air

Human hands
Asbestos
Rabbit fur
Glass

Mica

Human hair
Nylon

Wool

Fur

Lead

Silk
Aluminum
Paper

Cotton Zero reference
Steel

Wood

Amber

Sealing wax

Hard rubber

Nickel, Copper

Brass, Silver

Gold, Platinum

Sulfur

Acetate, Rayon

Polyester

Polystyrene foam (Styrofoam)
Orlon

Saran

Polyurethane

Polyethylene

Polypropylene

Vinyl (PVC)

Silicon

Teflon Negative charge
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Upon separation, a residual charge remains on each surface, the magnitude
of which depends on the separation distance and system capacitance (Harper
1951; Lowell et al. 1980).

For insulating materials, the mechanism is more complex because
electrons are not freely mobile throughout the bulk material. Instead,
charge transfer is generally attributed to localized surface states within the
band gap, which arise from defects, impurities, adsorbed molecular species,
and structural disorder. Electrons may tunnel between these localized states
during contact, leading to charge accumulation after separation (Lacks et al.
2011; Lowell 1979).

Contact Electrification Mechanisms
Conductors Contacts

In metal-metal contacts, electron transfer occurs via tunneling until
thermodynamic equilibrium is reached. The resulting charge after separation
is related to the contact potential difference:

(P2 — ®y)

Aq = CO (].1)

where C is the capacitance at separation distance, and & is the work
function (Matsusaka et al. 2003). Figure 1.3 illustrates this process in terms
of energy level alignment.

Energy

Fermi Level 1

Fermi Level

Fermi Level 2

Vetal 2 Metal 1 (+) Metal 2 (-)

Before Contact After Contact

Figure 1.3: Energy-level representation of contact electrification between
two metallic surfaces. Electron transfer occurs upon contact until Fermi
level alignment is achieved. Upon separation, charge is retained due to the
contact potential difference and finite capacitance (Lowell et al. 1980).
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Conductor-Insulator Contacts

In conductor—insulator contacts, electron transfer occurs between the
delocalized electronic states of the conductor and localized surface states
of the insulator. Unlike conductor—conductor contacts, only the electronic
states near the contact interface participate in charge transfer because
electrons cannot move freely through the insulating material. Consequently,
complete Fermi level equilibration does not occur, and the transferred charge
remains trapped in localized surface states after separation (Lacks et al.
2011; Lowell et al. 1980).

The driving force for charge transfer is the mismatch in electronic
energy levels between the contacting materials. When contact is established,
electrons tunnel from energetically favorable occupied states in the conductor
to accessible empty surface states in the insulator, thereby reducing the total
free energy of the system.

Experimental studies have shown that the net transferred charge in
conductor—insulator systems often scales approximately with the difference
in effective work function between the contacting materials, suggesting that
electron transfer remains the dominant mechanism governing charge exchange
(Harper 1951; Matsusaka et al. 2000). However, this relationship is not
strictly universal and should be interpreted as a first-order approximation.

Single-particle impact experiments, in which insulating or polymeric
particles collide with metallic surfaces, have further demonstrated that
both impact velocity and particle deformation significantly influence the
magnitude of transferred charge. These effects are typically attributed to
variations in real contact area and contact duration, which enhance the
probability of electron tunneling between the metal surface and localized
insulator states (Matsusaka et al. 2010; Matsusaka et al. 2000).

Under these assumptions, the transferred charge can be expressed in a
phenomenological form as:

Ag x M, (1.2)

e

where ®; and ®4 denote the effective work functions of the conductive and
insulating materials, respectively, and e is the elementary charge. This
relation captures the primary thermodynamic driving force for electron
transfer but does not represent a universal law, as the actual charge
magnitude is strongly influenced by surface chemistry, environmental
conditions, and repeated contact history (Lacks et al. 2011; Lowell et al.
1980).

Insulator-Insulator Contact Electrification

The charging mechanisms in insulator-insulator contacts remain less well
understood compared to conductor-involving systems, primarily due to the
absence of free charge carriers and the strong influence of surface states and
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environmental conditions. Nevertheless, a growing body of experimental
and theoretical work suggests that charge transfer in such systems arises
from a combination of electron transfer, ion exchange, and material transfer
processes occurring at the microscopic contact interface (Lacks et al. 2011;
Lowell et al. 1980).

In insulating materials, the concept of a well-defined Fermi level is
not strictly applicable. Instead, charge transfer is governed by localized
surface energy states, which may originate from structural defects, trapped
charges, adsorbed molecular layers, and chemical heterogeneities. When two
insulating surfaces come into contact, electrons can tunnel between these
localized states if the separation distance is sufficiently small, typically at
nanometer-scale asperity contacts.

In addition to electron transfer, ion transfer mediated by adsorbed water
layers has been proposed as an important charging pathway, particularly
under humid conditions. Furthermore, mechanical deformation during
collision can lead to localized material exchange, which may also contribute to
net charge redistribution between surfaces. The relative importance of these
mechanisms depends strongly on material pair, surface roughness, contact
history, and ambient conditions such as humidity and gas composition.

Experimental studies using repeated particle-particle collisions and
controlled impact experiments have demonstrated that charge accumulation
in insulating systems is highly stochastic and history-dependent. Unlike
conductor-involving contacts, no simple universal scaling law exists that
links charge magnitude directly to material properties alone. Instead,
charge transfer exhibits strong variability even under nominally identical
conditions, reflecting the sensitivity of insulator surfaces to microscopic and
environmental fluctuations (Lacks et al. 2011; Matsusaka et al. 2010).

Despite this complexity, electron transfer between localized surface
states is generally considered the dominant mechanism in dry conditions,
as supported by observations of polarity reversal and systematic charge
exchange in controlled experiments.

Figure 1.4 illustrates the conceptual mechanism of charge transfer between
insulating materials, highlighting the role of localized surface states and
nanoscale contact points in facilitating electron tunneling.

From the perspective of gas—solid fluidized beds, insulator—insulator
charging is particularly important, as many industrially relevant particles
(e.g. polymers, ceramics, and glass) behave as electrical insulators. In
such systems, continuous and repeated collisions lead to cumulative charge
build-up, which can significantly modify inter-particle forces, promote
agglomeration, and alter macroscopic flow structures.

Relevance to gas-solid fluidized beds

In gas—solid fluidized beds, triboelectric charging is a continuous stochastic
process driven by repeated particle—particle and particle-wall collisions.
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Figure 1.4: Conceptual illustration of contact electrification between two
insulating materials. Charge transfer occurs via electron tunneling between
localized surface states at nanoscale asperity contacts, followed by charge
trapping upon separation (Matsusaka et al. 2010).

Unlike controlled laboratory experiments, these interactions involve a broad
distribution of impact velocities, contact geometries, and material pairings.

As a result, charge accumulation in fluidized beds is spatially and
temporally heterogeneous. Local electric fields can develop within the
bed, introducing additional inter-particle forces that may be attractive or
repulsive depending on charge polarity.

These effects can significantly influence particle clustering, collision
dynamics, and macroscopic flow structures, thereby coupling particle-scale
electrostatic phenomena to bulk hydrodynamic behavior.

Natural example: volcanic ash charging

Explosive volcanic eruptions provide one of the most striking natural
manifestations of particle electrification in dense gas—solid flows. Volcanic ash
consists primarily of fragmented silicate minerals and glassy particles that
behave as electrical insulators. During an eruption, magma fragmentation
generates vast quantities of ash, while the rapid expansion of the eruption
column produces intense particle—particle collisions and turbulent mixing.
These processes promote efficient charge generation through a combination
of triboelectrification and fracto-electrification, resulting in significant charge
accumulation within the volcanic plume.

As charge separation develops, strong electric fields are established inside
the ash cloud. When the local electric field exceeds the dielectric breakdown
strength of air, electrical discharges occur in the form of volcanic lightning.
Figure 1.5 presents representative examples of volcanic lightning observed
during explosive eruptions at several volcanoes worldwide.

Field observations from eruptions such as Eyjafjallajokull (2010) and
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Figure 1.5: Examples of volcanic lightning observed during explosive
eruptions at several volcanoes worldwide, illustrating the occurrence of
electrical discharges within volcanic ash plumes (Cimarelli et al. 2022)

Redoubt (2009), obtained using ground-based lightning detection networks
together with satellite observations, have documented hundreds to thousands
of lightning discharges during individual eruptive events (Cimarelli et
al. 2022). These observations demonstrate that particle electrification
is an intrinsic feature of highly energetic granular flows and provide
compelling evidence that electrostatic charge generation can occur over
length scales ranging from laboratory and industrial particulate systems to
large geophysical phenomena.

1.6 Influence on Fluidization Processes

Triboelectric charging has been widely reported to influence the hydrody-
namic behavior of gas—solid fluidized beds by introducing electrostatic forces
that act in addition to gravitational, drag, and collisional forces. Electrostatic
charges generated by frequent particle—particle and particle-wall collisions
give rise to attractive or repulsive interactions, depending on charge magni-
tude and polarity, thereby modifying local force balances and particle motion
(Bailey 1993; Hendrickson 2006; Matsusaka et al. 2010). At the macroscopic
scale, such interactions have been associated with particle agglomeration,
channeling, particle deposition on walls, and electrostatic discharges, which
may pose operational and safety challenges in industrial systems. Particle
deposition on reactor walls is one of the most important industrial conse-
quences of electrostatic charging in gas—solid fluidized beds. As illustrated in
Figure 1.6, electrostatic particle deposition on reactor walls can progressively
develop into continuous polymer layers, reducing heat transfer, disturbing
bed hydrodynamics, and potentially leading to operational problems.

One of the most direct manifestations of electrostatic effects on
fluidization behavior is their influence on the minimum fluidization velocity,
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Figure 1.6: Particle deposition on reactor walls in gas—solid fluidized beds.
(a) Representative photograph of polymer particle deposition observed
in the present laboratory experiments. (b) Schematic illustration of the
development of particle deposition due to electrostatic interactions.

ums. Multiple experimental studies have reported an increase in uys in
the presence of charged particles, which has been commonly attributed to
electrostatic repulsion between similarly charged particles. These repulsive
forces increase the effective bed void fraction and hinder the development of
uniform fluidization (Alsmari et al. 2015; Dong et al. 2015; Mehrani et al.
2005). In contrast, the influence of electrostatics on the minimum bubbling
velocity, ump, is less systematic and appears to depend on a combination of
particle size, material properties, charge distribution, and bed configuration.

Experimental studies have reported conflicting observations regarding
the influence of electrostatic charging on bubble dynamics. Jalalinejad et al.
(2016) observed a reduction in bubble size together with an increase in
bubble aspect ratio as the particle charge density increased, suggesting that
electrostatic interactions suppress bubble growth. Conversely, Tan et al.
(2018) reported enhanced bubble growth under different particle properties
and operating conditions. These contrasting observations indicate that the
influence of electrostatic forces on bubble dynamics is highly sensitive to
particle properties, charge distribution, and operating conditions, and that
no universal trend has yet been established.

Targeted experimental approaches have provided further insight into
these effects. Single-bubble injection experiments combined with high-speed
imaging and digital image analysis have enabled the isolation of electrostatic
influences on local bed structure. Such studies have revealed that electrostatic
forces can modify void fraction distributions and interstitial gas pathways
within the emulsion phase, with direct implications for solids circulation,
mixing, and mass transfer (Fotovat et al. 2017a; Hogue et al. 2008). These
findings suggest that electrostatics affects fluidization not only through
global parameters such as uyf, but also through localized alterations of bed
morphology and gas—solid interaction pathways.
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To capture these complex interactions, numerical models have increasingly
incorporated electrostatic forces into fluidized-bed simulations. In Eulerian—
Eulerian frameworks, electrostatics is commonly represented through
continuum charge-density formulations coupled with Poisson’s equation
for the electric field, whereas Eulerian—Lagrangian (CFD-DEM) approaches
explicitly compute inter-particle electrostatic forces using Coulomb’s law.
These models enable the prediction of charge distributions, bubble dynamics,
and bed expansion under a range of operating conditions (Hassani et al. 2013;
Pei et al. 2013; Rokkam et al. 2010). However, the computational expense
associated with electrostatic interactions often necessitates simplifying
assumptions, which can limit quantitative predictive accuracy and motivate
the development of more efficient modeling strategies.

1.7 Previous Work and Knowledge Gaps

Significant research effort has been devoted over the past decades to
investigating electrostatic phenomena in gas—solid fluidized beds, and a
broad range of experimental and numerical studies have demonstrated that
electrostatic charging can strongly influence bed behavior. Nevertheless,
despite this body of work, a number of fundamental and practical knowledge
gaps remain that limit predictive understanding and industrial applicability.

A substantial portion of the experimental literature has focused on the
mechanisms and conditions of charge generation, including the influence of
gas velocity, humidity, particle material, and additives on net particle charge
(Alsmari et al. 2015; Cheng et al. 2012; Mehrani et al. 2005). While these
studies have provided valuable insight into charging trends, they often do not
directly link charge accumulation to changes in hydrodynamic behavior or
bed stability. As a result, electrostatics is frequently treated as a secondary
effect rather than as a force that fundamentally alters the fluidization force
balance.

Studies that explicitly investigate the hydrodynamic consequences of
electrostatic charging frequently report conflicting results. In particular,
contradictory trends have been observed with respect to bubble size, bubble
rise velocity, and particle segregation patterns. Some investigations report
suppression of bubble growth in charged beds, whereas others observe
enhanced coalescence or larger bubbles under different particle or operating
conditions (Jalalinejad et al. 2016; Tan et al. 2018). These discrepancies
highlight the strong dependence of electrostatic effects on particle properties,
charge distribution, and experimental configuration, and indicate that no
universal hydrodynamic response to electrostatic charging has yet been
established.

A further limitation lies in the experimental characterization of electro-
static charge. Most available measurement techniques, such as Faraday cups
and collision probes, provide spatially averaged charge-to-mass ratios (Dong
et al. 2015; Mehrani et al. 2005). While such measurements are useful for
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quantifying global charge levels, they do not resolve local charge hetero-
geneities or electric field gradients within the bed. This lack of spatially and
temporally resolved charge information hampers the ability to establish clear
cause—effect relationships between local electrostatic forces and observed
hydrodynamic phenomena such as clustering, bubble deformation, or wall
fouling.

On the numerical side, electrostatic effects have been incorporated
into fluidized-bed simulations using both Eulerian—Eulerian and Eulerian—
Lagrangian (CFD-DEM) approaches. However, many CEFD-DEM studies
approximate electrostatic interactions using short-range force cut-offs or
screened Coulomb potentials in order to maintain computational feasibility
(Hassani et al. 2013; Kolehmainen et al. 2016). Such approximations neglect
long-range electrostatic interactions and have been shown to introduce
significant errors in predicted force magnitudes and particle trajectories,
particularly in dense particle systems. Although hybrid modeling strategies
that combine direct short-range interactions with field-based representations
of long-range electrostatics have been proposed (Grosshans et al. 2017),
their application to realistic gas—solid fluidized-bed configurations remains
limited.

Finally, despite the clear industrial relevance of electrostatic effects,
relatively little work has been devoted to quantitatively linking electrostatic
phenomena to practical performance indicators such as fouling, heat transfer
degradation, and scale-up behavior. While charge-induced agglomeration
and particle deposition are widely recognized as precursors to fouling in
polymerization and fine-powder systems (Hendrickson 2006), systematic
studies that connect electrostatic properties to thermal performance and
long-term operational stability are still scarce.

Taken together, these gaps underscore the need for integrated experi-
mental and numerical approaches that explicitly treat electrostatics as a
governing force in gas—solid fluidized beds. Addressing these challenges is es-
sential for improving predictive capability, resolving conflicting observations
in the literature, and developing reliable mitigation strategies for industrial
fluidized-bed systems involving electrically charged particles.

The numerical investigations in this thesis focus on the influence
of electrostatic charge on fluidized-bed behaviour rather than on the
mechanisms of charge generation. To systematically isolate and quantify
these effects, a controlled numerical configuration is adopted in which
particles are assigned a prescribed, uniform charge. This approach enables
the influence of electrostatic interactions on fluidization behaviour to be
investigated independently of the additional complexities associated with
charge generation, transfer, dissipation, and bipolar charge distributions.
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1.8 Thesis Outline

The remainder of this thesis systematically addresses the knowledge gaps
identified in the preceding sections through a combination of physically
consistent numerical modeling and targeted experimental investigations.
The chapters are organized to progress from fundamental modeling aspects,
through detailed hydrodynamic analysis, to experimentally validated insights
and industrially relevant implications.

Chapter 2 presents the development of a CFD-DEM incorporating elec-
trostatic forces suitable for dense gas—solid fluidized beds consisting
of electrically insulating particles. The limitations associated with
neglecting long-range electrostatic interactions for computational ef-
ficiency are critically examined. A hybrid modeling framework that
combines short-range particle-particle interactions with long-range
field-based electrostatic forces is introduced. The accuracy and com-
putational efficiency of the proposed approach are assessed through
systematic numerical simulations.

Chapter 3 utilizes the developed CFD-DEM for charged particles to study
the hydrodynamic behavior of charged particle systems, with particular
emphasis on particle motion, bed structure, and bubble formation.
This chapter elucidates the mechanisms by which electrostatic forces
modify classical fluidization behavior.

Chapter 4 presents an experimental investigation of electrostatic effects
in gas—solid fluidized beds using glass particles. Single-bubble
injection experiments, combined with high-speed imaging and digital
image analysis (DIA), are employed to quantify the influence of
electrostatics on bubble size, bubble shape, and local bed dynamics.
The experimental results provide direct validation of the numerical
findings and offer insight into electrostatic effects under controlled
conditions.

Chapter 5 investigates the role of electrostatic charging in fouling and heat
transfer degradation in fluidized beds containing polyethylene particles.
The effects of operating parameters such as temperature, gas velocity,
and particle size on the heat transfer coefficient are systematically
analyzed.  This chapter establishes quantitative links between
electrostatic agglomeration, wall fouling, and thermal performance
degradation, with direct relevance for industrial reactor design and
operation.

Collectively, this thesis advances the fundamental understanding of
electrostatic phenomena in gas—solid fluidized beds by explicitly treating
electrostatics as a governing force alongside hydrodynamic interactions. By
combining mechanistic modeling with experimentally validated observations,
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the work provides both predictive tools and practical insights for improving
the design, operation, and reliability of industrial fluidized-bed systems
involving electrically charged particles.
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CHAPTER 2

Long-range Electrostatic

Interaction Forces in Discrete

Particle Simulations

Abstract

Electrostatic charging is a common phenomenon in gas—solid
fluidized beds and can strongly influence hydrodynamics, particle
deposition, heat-transfer performance, and operational safety.
Accurate prediction of electrostatic interactions remains com-
putationally challenging because direct evaluation of Coulomb
forces requires pairwise calculations between all charged par-
ticles, making large-scale CFD-DEM simulations prohibitively
expensive. Furthermore, the commonly adopted screened-force
method neglects long-range electrostatic interactions, potentially
compromising the reliable prediction of particle behavior.

This thesis presents a comprehensive numerical and exper-
imental investigation of electrostatic phenomena in gas—solid
fluidized beds. A hierarchical particle-cell method is developed
to efficiently account for both short-range and long-range elec-
trostatic interactions. The proposed method combines direct
Coulomb calculations for nearby particles with a hierarchical
cell-based representation of distant particle charges, substantially
reducing computational cost while maintaining high predictive
fidelity. Compared with the screened-force approach, the pro-
posed method provides markedly improved agreement with refer-
ence electrostatic force calculations, offering a significantly more
reliable representation of particle interactions while retaining
computational efficiency.

The numerical model is subsequently applied to investigate
the influence of electrostatic charging on fluidized-bed hydro-
dynamics and is validated using laboratory-scale experiments.
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Both numerical and experimental results demonstrate that elec-
trostatic charging increases the minimum fluidization velocity,
increases bed expansion, and suppresses bubble growth due to
enhanced electrostatic repulsion between particles. Experimental
investigations further demonstrate that electrostatic charging
promotes fouling on grounded heating surfaces, resulting in a sig-
nificant reduction of the heat-transfer coefficient to less than half
of the theoretical value predicted for a clean fluidized bed. The
combined numerical and experimental findings establish a direct
relationship between electrostatic charging, fouling formation,
and heat-transfer deterioration.

Overall, this work provides an accurate and computationally
efficient framework for modelling electrostatic interactions in
fluidized beds while improving the understanding of their
influence on hydrodynamics, fouling, and heat transfer. The
developed methodology provides a foundation for more predictive
CFD-DEM simulations and supports the design and optimization
of industrial fluidized-bed processes.

2.1 Introduction

Processes involving the handling of films and powders often experience
electrostatic charge build-up due to contact and triboelectric charging (Bailey
1993; Li et al. 2001; Matsusaka 2011; Matsusaka et al. 2003). In gas-solid
fluidization processes, in particular, electrostatic charge generation is a
common and generally unavoidable phenomenon resulting from frequent
particle-wall and particle-particle interactions (Cheng et al. 2012; Chowdhury
et al. 2021). This charge accumulation induces attractive or repulsive forces
between the particles, significantly influencing the hydrodynamics and motion
of the emulsion phase, i.e., the dense particle phase with interstitial gas flow.
These electrostatic effects can present several challenges, such as equipment
fouling, where charged particles adhere to reactor walls or heating elements,
leading to blockages and reduced operational efficiency (Lu et al. 2020;
Zhang et al. 2021). Additionally, charge build-up can create safety hazards
in industrial applications, as electrostatic discharges may ignite combustible
powders, increasing the risk of fires or explosions (Bailey 1993; Fotovat et al.
2018; Hou et al. 2025; Tardos et al. 1983).

Due to these challenges, investigating the effects of electrostatic forces
on fluidized bed behavior has become increasingly important. Over the past
decade, numerous studies have focused on modeling gas-solid fluidized beds
while accounting for electrostatic charging (Chowdhury et al. 2021; Fotovat
et al. 2017a). In these models, electrostatics can enter the momentum
balance in different ways depending on the level at which the phases are
represented. In particle-resolved approaches (e.g., Euler-Lagrange/CFD-
DEM), which employ a continuous gas phase and discrete particles (Wang
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et al. 2023), electrostatic charge is tracked at the particle level, requiring
the electrostatic force on each particle to be evaluated from pairwise charge
interactions with other charged particles. In continuum approaches (e.g.,
Euler-Euler/two-fluid models), which treat both the gas and emulsion phase
as interpenetrating continua (Ray et al. 2019), electrostatics is typically
introduced through a charge density and an electric field that act on a
phase-averaged momentum equation.

Accordingly, in CFD-DEM the electrostatic contribution is commonly
evaluated either (i) explicitly via direct pairwise Coulomb interactions
between particles or (ii) implicitly by first computing the electric field from
Gauss’s law (typically through a Poisson equation) using particle charges
mapped to a mesh, and then obtaining the force on each particle from
that field (Fotovat et al. 2017a). The explicit method resolves particle-
particle interactions directly from charge and separation distance, whereas
the implicit method provides a mesh-based (and therefore spatially filtered)
representation of long-range interactions.

For Euler-Euler type models (Rokkam et al. 2010), only the implicit
method is typically applied. Recent simulation studies indicate that Euler-
Euler methods, when combined with Poisson’s equation, are most suitable
for simulating fluidized beds in larger system sizes. In contrast, Euler-
Lagrange type simulations that use Coulomb’s law to account for electrostatic
particle interactions provide more detailed insights but come with a higher
computational cost (Fotovat et al. 2017a).

Table 2.1 presents a summary of recent Euler-Lagrange studies that
estimate electrostatic forces in gas-solid fluidized beds. Although the explicit
Coulomb summation for all the particles accurately captures electrostatic
forces affecting particle motion, it requires computing interactions for each
particle pair, leading to a computational complexity of O(N?) (despite being
highly parallelizable). As a result, fully resolved Coulomb summation is
generally limited to small beds or two-dimensional (2-D) domains due to
computational limitations (Pei et al. 2016; Pei et al. 2013).

To reduce the computational cost associated with explicit pairwise
Coulomb summation, many studies have adopted the screened-force methods
(SFM), also referred to as truncated-pairwise approaches, in which only
short-range electrostatic interactions are retained while contributions from
more distant particles are neglected (Cheng et al. 2012; Hadisarabi et al.
2019; Hassani et al. 2013; Hogue et al. 2008; Kazemi et al. 2021; Korevaar
et al. 2014; Norouzi et al. 2016; Tan et al. 2019; Wang et al. 2023; Yang
et al. 2017). In these methods, electrostatic forces are computed only for
particle pairs separated by less than a prescribed cut-off radius r.. An early
demonstration of this approach considered a two-dimensional system of 500
spherical particles (diameter 2 mm) flowing down an inclined chute, where
interactions beyond five particle radii were ignored (Hogue et al. 2008).

The underlying assumption of the screened-force method is that long-
range electrostatic interactions decay sufficiently rapidly due to dissipative
mechanisms such as gas drag, charge leakage, or environmental conductivity
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(Aghel et al. 2022). While this assumption may be reasonable in conductive
or humid environments, it becomes questionable in dry, insulating systems,
such as polymer powders and other high-resistivity materials, where charge
dissipation is negligible and long-range Coulombic forces can remain
significant (Hendrickson 2006). As demonstrated in several studies (Giordano
et al. 2025; Kolehmainen et al. 2016), truncating electrostatic interactions in
such conditions can lead to substantial errors in predicting particle clustering,
electrostatic effects on hydrodynamics, and wall fouling.

Table 2.1: An overview of computational studies on electrostatic force
calculation methods used in an Eulerian-Lagrangian model of gas-solid
fluidized bed

Electrostatic force com-
putational method

Reference Investigation Bed size

(Cheng et al. 2012) D x H=0.04x20m3 Coulomb’s

screened force

Experiments and numerical
simulations were used to study
the electrostatic performance in
the downer reactor of a triple-
bed combination circulating flu-
idized bed

The effect of electrostatic forces
between particles on fluidiza-
tion hydrodynamics was stud-
ied

Contact electrification and elec-
trostatic interactions between
charged particles with different
gas velocities in a 2-D fluidized
bed were investigated during
fluidization

law,

W x Hx D = 0.15 x
1.0 x 0.01m?

Coulomb’s
screened force

(Hassani et al. 2013) law,

(Pei et al. 2016; Pei et W x H = 0.01x0.02 m?

al. 2013) Coulomb’s law

o
bg
@
ot X

0.005 x

gz
Il

Coulomb’s
screened force

(Norouzi et al. 2016) Governing equations of inter-
particle forces such as van der
Waals, liquid bridge, and elec-
trostatic forces, are discussed in
the CFD-DEM modeling of the
fluidized bed in the 8th chapter
of this book

Development of a
method for electrostatic force

law,

0.003 x  Coulomb’s law for

nearby particles and

(Kolehmainen et al.
2016)

hybrid W x H =
0.096 m?

computation to consider long-
range force using Gauss’s law

Gauss’s law for long-
range forces

(Hadisarabi et al. 2019)  Development of a computa- W x H x D = 0.15 x  Coulomb’s law,
tional model for charge build  0.80 x 0.01 m? screened force
up in fluidized bed

(Tan et al. 2019) Analyses on the influence effect W x H = 0.024 x  Coulomb’s law,
of electrostatics on single bub-  0.06 m? screened force
ble rising in a 2D gas-solid flu-
idized bed

(Li et al. 2022) Hydrodynamics of a hybrid W x H x D = 0.04 x Coulomb’s law,

pulsed fluidized bed 0.32 x 0.004 m? screened force

Because neither full Coulomb summation (accurate but expensive) nor
screened-force truncation (efficient but potentially inaccurate when long-
range effects matter) is fully satisfactory for large, industrially relevant
domains, several hybrid approaches have been proposed to balance accuracy
and computational cost. These methods share a common principle: treat
the near field with particle-particle resolution, while approximating the far
field with a coarser representation.
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For instance, Kolehmainen et al. (2016) computed short-range interac-
tions via a truncated Coulomb summation and accounted for long-range
contributions by solving the Poisson equation on an Eulerian mesh to ob-
tain an electric field acting on particles. A correction term was introduced
to avoid counting the interactions represented in both parts twice. The
strength of such Poisson-based methods is that they naturally represent
long-range interactions; however, their cost and accuracy depend strongly
on mesh resolution and on how charges are mapped from particles to the
mesh, and sufficiently fine grids near strongly charged regions can become
computationally demanding.

Alternatively, Grosshans et al. (2017) proposed a hybrid formulation
in which neighbor interactions are evaluated with Coulomb’s law, while
far-field effects are approximated using Gauss’ law, building on Aboud et al.
(2004). Their results highlighted a practical limitation of standard Eulerian
field solvers in large-scale particle simulations: maintaining accuracy may
require fine grids around charged particles, which increases memory use and
runtime.

A different class of hybrid methods avoids solving a global field equation
by using particle-cell decompositions. Pei et al. (2015) introduced a hybrid
particle-cell method that partitions the electrostatic domain around each
particle into a strong-interaction (SI) region and a weak-interaction (WI)
region. Forces from particles in the SI region are computed directly by
Coulomb’s law, while forces from the WI region are approximated from
the net charge in each cell and the distance between the particle and the
cell center. Such approaches can be computationally efficient, but their
accuracy depends on how the chosen cut-off distance and cell size resolve
local heterogeneity in the charge distribution.

Although these hybrid schemes can reduce the computational complexity
to O(N log N), they often remain sensitive to spatial discretization errors
and to local charge gradients, particularly in strongly inhomogeneous systems
where charge clustering is pronounced. Notably, more advanced mesh-free
hierarchical solvers, such as the Barnes-Hut (BH) tree algorithm (Barnes
et al. 1986b) and the Fast Multipole Method (FMM) (Dehnen 2014), have,
to date, not been adopted in electrostatic CFD-DEM simulations of fluidized
beds. This absence contrasts sharply with their widespread and mature use
in other particle-based fields, including astrophysics, colloidal science, and
molecular dynamics, where BH and FMM are standard tools for efficiently
resolving long-range interactions (Gan et al. 2014; Hoffmann 2006; Kohnke
et al. 2020; Ruan et al. 2022).

Several factors have contributed to the limited adoption of hierarchical
methods in electrostatic fluidization modeling. First, electrostatic forces
in fluidized beds have long been assumed to be effectively short-ranged
under typical operating conditions, motivating the use of screened-force
approximations. Second, the need to dynamically construct and update
hierarchical data structures at each DEM time step has been viewed as
prohibitively complex. Finally, until recently, the computational resources
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available to DEM practitioners constrained the practical implementation of
such algorithms. However, as demonstrated in this work, neglecting long-
range electrostatic interactions can lead to physically inconsistent predictions,
even at moderate charge levels representative of polymer-drying and other
industrial fluidization processes.

Motivated by these limitations, the objective of this work is to propose
and characterize a hybrid force calculation method, namely hierarchical
particle-cell method, that efficiently captures both short-range and long-
range electrostatic interactions while remaining practical for large fluidized-
bed simulations. Inspired by the Barnes-Hut algorithm (Barnes et al. 1986b)
used in astrophysical N-body simulations, the proposed method employs a
hierarchical cell structure: short-range forces are computed directly within
a smaller minor cell surrounding each particle, while long-range forces are
approximated through an averaged representation over a larger major cell.
Compared with screened-force truncation, the method retains a controlled
approximation of far-field contributions; compared with purely mesh-based
Poisson solvers, it reduces reliance on globally fine grid resolution around
particles; and compared with single-level particle-cell aggregation (Pei et
al. 2015), the hierarchy improves the representation of non-uniform charge
distributions at increasing length scales. From an algorithmic perspective, the
hierarchical particle-cell method represents a first step toward a full Barnes-
Hut implementation, with the key distinction that Barnes-Hut employs
adaptive hierarchical refinement, enabling superior performance for strongly
inhomogeneous charge distributions.

The following sections provide a detailed explanation of the DEM
modeling technique including the proposed hybrid method for electrostatic
force calculations. Subsequently, we compare its performance with the
screened-force technique and the exact evaluation method (all pairwise
interactions), discuss grid-size optimization to balance accuracy and
computational cost, and present two further modifications aimed at
improving computational efficiency.

2.2 Discrete Particle Model framework

In this study, a gas-solid fluidized bed is modeled using an Euler-Lagrange
approach implemented through the Discrete Particle Model (DPM). Newton’s
equations of motion are solved for each individual particle, while the gas phase
is treated as a continuum and described on an Eulerian mesh. Additionally,
other properties, such as particle charge, are tracked separately and
considered constant and mono-polar in this study. Inter-phase momentum
coupling is handled through a mapping term in the momentum balance, which
corresponds to the drag force term in the particle equations of motion. As for
this work, the focus lies on the methods for electrostatic force calculations, the
generic modeling equations for fluid flow and particle motion are summarized
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in Table 2.2. Further details on DPM can be found in the literature, e.g.,
(Deen et al. 2007; Hoomans et al. 1996; Mihajlovic et al. 2020; Mihajlovié
et al. 2025; Tan et al. 2014; Tan et al. 2017; Zhao et al. 2024). The remainder
of this section considers the incorporation of the electrostatic forces.

Table 2.2: Summary of equations in the DPM model for the simulation of
gas-solid fluidized beds

Eulerian Equations

Continuity equation —L‘“(EB:) )_+ V. (egpgiig) =0
Navier-Stokes equation %%/ﬂﬂJrvA (egpgligiig) = —€gVpg—V.(egTy)—Sp+egpgd

Lagrangian Equations
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External force exerted on particles Fexternal = mpd — VpVps + 1—%(“9 — Up) + Felectrostatic
Contact forces, Soft sphere model ﬁcolltact,i = Z F_‘l]‘)n + ﬁi],t
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Coupling Equations

Inter-phase momentum exchange Sp = V] m f Zkao Ll/l‘%(ﬁ — Up,k)0(U — Up,k)
ce, = g

Force Calculation

Besides gravity and drag, the primary force of interest in this study is the
electrostatic force, which governs the attraction or repulsion between charged
particles. To simplify its calculation, the following assumptions were made:

1. Each charged particle is represented as a point charge located at its
center of mass.

2. Particle charge is prescribed and kept constant during each simulation
to isolate the influence of electrostatic interactions.

3. The electrostatic force is computed using Coulomb’s law (Equation 2.1).

4. Image-charge forces are neglected in the main simulations unless
otherwise stated. Their influence is examined separately in Section
3.5.

In our initial approach, Coulomb’s law (Equation 2.1) is used to calculate
the electrostatic force between particles. Since this force acts between pairs
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of charges, it affects both particles equally in magnitude but in opposite
directions. oL
F _ 49 i Ty

electrostatic — T _ 13
47‘(’50 |7’i — ’I"j|

(2.1)

Here, 7 represents the position of particle 4, and 7; — 7 is the displacement
vector between charges, with |r; — 77| representing its magnitude. The
vacuum permittivity, eo, is equal to 8.854 x 10712C2kg ' m~3s2. The
charges of the particles are indicated by ¢; and g;. The polarity and relative
positions of these charges determine the force direction: opposite charges
attract, causing the force to be directed toward each other, while like charges
repel, resulting in a force directed away from one another (Figure 2.1).

Screened-Force Method

While Coulomb’s law governs electrostatic interactions between all particles,
computing every pairwise interaction becomes computationally prohibitive
for large systems. A common strategy to mitigate this challenge is to
consider only the most significant interactions, typically those between
nearby particles. This approach has been widely adopted in previous
studies (Cheng et al. 2012; Hogue et al. 2008; Salama et al. 2013). The
screened-force technique, in particular, reduces computational complexity
by neglecting interactions beyond a predefined cut-off distance, assuming
their net contribution is negligible.

To efficiently identify particle pairs for electrostatic interaction calcula-
tions, two distinct radii are used: the electrostatic cut-off radius, r., and
the Verlet-list search radius, rs. The cut-off radius r. defines the maximum
separation at which the electrostatic interaction between a particle pair is
explicitly evaluated. In contrast, rs is a computational parameter used to
construct the neighbor list and is chosen larger than r., such that particles
that may enter the interaction range before the next neighbor-list update are
already included as potential neighbors. Thus, 74 determines which particles
are stored in the neighbor list, whereas r. determines which particle pairs
actually contribute to the electrostatic force calculation, as illustrated in
Figure 2.2.

A neighbor list is typically implemented using a Verlet list (Verlet 1967),
which stores, for each particle, a list of its potential neighbors. The Verlet
neighbor list goes beyond a simple distance check by incorporating infor-
mation from previous time steps, allowing for more efficient computational
updates and reducing the frequency of neighbor-list recalculations. As illus-
trated in Figure 2.2 (described in 2-D for convenience), particles within the
search radius r, are retained as potential neighbors and verified during the
update step, reducing redundant neighbor searches.

Since particles move during the simulation, the Verlet list is updated
dynamically. Particles that exit the search radius rs are removed, while
newly approaching particles are added. For the electrostatic force calculation,
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only particle pairs with a separation smaller than the cut-off radius r. are
considered. This adaptive mechanism ensures that relevant interacting pairs
are captured while significantly reducing the computational cost compared
with a static neighbor list.

qdi \‘\

qj
Figure 2.1: Geometrical parameters of =~ Figure 2.2: Schematic of the
two charged particles Verlet list method

For simulations utilizing the screened-force technique in this study, a
cut-off radius was selected to ensure that any electrostatic force exceeding
5% of a particle’s gravitational force is accounted for (Hassani et al. 2013).
To determine the effective separation distance for a given particle, the cut-off
radius r, was defined as the distance at which a similar particle, having
the same size and charge, exerts an electrostatic force equal to 5% of its
gravitational force. Given Coulomb’s law and the gravitational force acting
on each particle, 7. can be calculated using the following formula:

1
e = K, q 7‘53/2 y K. = (22)
(%) mppgaco

In this equation, p, represents the particle density, r, is the particle radius,
and ¢ is equal to the particle charge. The parameter « is the ratio of the
electrostatic force to the particle’s weight, below which the electrostatic
force is considered negligible. In this study, « is set to 0.05.

Hybrid Method

In this section, we propose a hybrid approach that incorporates both
long-range and short-range electrostatic forces to achieve a more accurate
calculation of electrostatic forces in fluidized beds while maintaining
the computational efficiency. The core idea of the hybrid method is
to approximate long-range electrostatic forces by averaging interactions
over spatially grouped particles rather than computing them individually,
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inspired by the approach of (Barnes et al. 1986a). This method balances
computational efficiency with accuracy. The domain is subdivided using a
regular Cartesian mesh I', where each volumetric cell dI" contains a group
of particles. It is important to note that the grid dI" used for electrostatic
force aggregation is independent of the Eulerian mesh employed for solving
the fluid flow equations in the CFD part of the CFD-DEM framework. The
electrostatic grid is introduced only for grouping particle charges and may
therefore be chosen with different resolution or alignment than the fluid grid.
In practice, both grids could be set identical for convenience, but this is not
required by the method. Each particle is assigned to the cell in which it
resides. This is an O(n) operation that can be efficiently integrated with the
neighbor list search algorithm when the cell sizes are appropriately chosen,
further enhancing computational performance.

Similar to the screened-force method, we establish a distance threshold for
each particle pair to determine whether an explicit Coulomb-type interaction
is computed or if the long-range electrostatic force calculation is applied
instead. The long-range force is computed as a weighted average of the
charges within a given cell dI', effectively representing all charges in that
cell as a single equivalent charge. This significantly reduces the number
of computations by lumping multiple particle interactions into a single
calculation.

Figure 2.4 provides a schematic representation of this approach. Unlike
the screened-force method, which employs a spherical cut-off radius
(illustrated in 2-D in Figure 2.3), the hybrid method uses a cubic region to
simplify computation. As shown in Figure 2.4, explicit pairwise Coulomb
interactions are computed for all particles (blue) within the red square.
Beyond this region, instead of considering every individual particle, a
weighted average position of aggregated particles (green) in each cell is
used.

For each cell dT'g, the total charge Qy is given by:

%= a (2.3)

JEAT,

where dI'y represents the k-th cell containing the aggregated charge Qy,
which is located at the cell’s weighted centroid Ry. The weighted centroid
Ry, is determined by:
_ qir;
Rk _ ZJGdF}C J ) (2'4)
Zjedl“k 4q;

The lumped charge @ located at Ry is then treated as an equivalent
point charge when evaluating the long-range electrostatic force on a target
particle i. The contribution of cell £ to the electrostatic force on particle 4
is calculated as

e 1 4@
YT dmeo Ry — 1y

(R —1;), (2.5)

26



2.2. Discrete Particle Model framework

where ¢; and r; are the charge and position of the target particle,
respectively. The total electrostatic force on particle 7 is obtained by
combining the directly evaluated particle—particle interactions in the region
surrounding the target particle with the contributions from the lumped
charges outside this region. This total electrostatic force enters the particle
equation of motion as Fejectrostatic:
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Figure 2.3: Screened-force method Figure 2.4: Hybrid method

Hybrid Method Improvements

As discussed in previous sections, accurately computing electrostatic forces
in gas-solid fluidized beds requires capturing both short- and long-range
interactions while ensuring computational efficiency. In Section 2.3, we will
demonstrate that the hybrid method significantly reduces computational
costs. However, it remains computationally demanding for large-scale
systems. To address this, we propose two modified hybrid methods designed
to further enhance computational efficiency, as schematically illustrated in
Figure 2.5.

The first method, the single-grid hybrid approach, uses a uniform grid
size dI" to generalize the calculation of long-range electrostatic forces. In this
approach, long-range interaction forces are computed based on the charge
center of the grid cell containing the target particle. A fixed location for
the charge center, where the target particle is located, is considered during
distance calculations (even for short-range forces before switching to lumped
particles). This approach reduces computational time but may potentially
lower accuracy. The transition from direct force calculations to lumped
approximations occurs at the boundary of dI" (as shown in Figure 2.5), where
particles beyond this boundary treated as lumped entities.

The second method, the multi-grid hybrid approach (or the hierarchical
particle-cell method), employs a hierarchical grid structure, where fine grids
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Figure 2.5: Two different modified hybrid computation methods to reduce
computational cost. Method 1: Considering the charge cell centers of the
target cell location to calculate the distance to the lumped particles. Method
2: Multi-grid sizes for the lumped particles, with coarser grids used for
particles farther from the target.

I'y are used for detailed force computations near the target particle, and
coarser grids I'. are applied for particles located at greater distances. The
transition from fine to coarse grids is defined by a distance threshold. A
schematic representation of this method is shown in Figure 2.5.

In this method, the computational algorithm begins by applying coarse-
grid force approximations for particles located in the outer regions of the
domain. As the algorithm progresses toward the target particle, finer grids
I'; are employed, ensuring that interactions within the critical vicinity of the
target particle are calculated with higher precision. Unlike the single-grid
hybrid approach, this method uses the charge center of the target particle
for electrostatic calculations. This multi-resolution framework effectively
strikes a balance between accuracy in short-range force calculations and
efficiency in handling long-range interactions.

Simulation Setup

In this study, 70,000 particles are considered for the 3-D simulation of a
fluidized bed within a computational domain measuring 3.5x3.5x20 cm3.
This domain size allows for a comprehensive representation of particle
interactions within the fluidized bed environment. The particles are initially
fluidized by a gas flow through the bottom boundary for 3 s in order to
generate a representative particle distribution. Subsequently, the gas flow is
switched off and the particles are allowed to collapse under gravity.

The electrostatic force calculation methods are benchmarked during
this collapse stage, which represents a demanding test case for electrostatic
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force evaluation due to the increased particle concentration and the large
number of particle-particle interactions. Since exact electrostatic force
evaluation scales with O(N?), performing such calculations throughout
a complete fluidization simulation would be computationally prohibitive.
Benchmarking the approximation methods against the exact solution during
the collapse stage therefore provides a practical means of assessing their
accuracy. Demonstrating good agreement with the exact solution under
these conditions provides confidence in the applicability of the approximation
methods to fluidized-bed simulations. The simulation details are provided
in Table 2.3.

For the hybrid method, two different grid sizes are defined: small grids,
equivalent to 5 times the particle radius, and large grids, equivalent to 20
times the particle radius. This approach enables the simulations to balance
computational efficiency with the accuracy required to model both short-
range and long-range electrostatic forces within the fluidized bed. Both
the screened-force and hybrid simulations are compared with the Fzact
Electrostatic Force Fvaluation method. The exact evaluation approach
explicitly computes the Coulomb forces for all possible charge pairs in the
system, following a brute-force methodology. While it provides high accuracy,
this approach is computationally prohibitive and impractical for large-scale
simulations due to its O(IN?) scaling with respect to the number of charges,
N. It was implemented here solely for benchmarking and validation purposes.

To address the computational challenges and facilitate these simulations,
parallelization techniques were employed. Each particle’s force calculation
was made independent of the others, allowing for concurrent computations
across multiple processing units. This parallel structure significantly im-
proved efficiency by leveraging modern computational resources, making
brute-force methods feasible for small-scale or specialized applications. How-
ever, the scalability limitations of this approach reaffirm its impracticality
for routine use in large systems, highlighting the necessity of approximate
methods like the screened-force and hybrid methods for practical simulations.

2.3 Results and Discussion

In this section, we first present the results of the screened-force method
and compare them with the exact evaluation method. Next, we discuss the
performance of the hybrid method relative to the exact evaluation. A detailed
comparison of particle dynamics follows, focusing on the electrostatic force
distribution and granular temperature predicted by each method. Finally, we
explore the results of the two modified hybrid approaches aimed at further
improving the computational efficiency.

29



2. Long-range Electrostatic Interaction Forces in Discrete Particle
Simulations

Table 2.3: Simulation parameters

Parameters Value
Number of particles [-] 70,000
Particle diameter [m] 1.0 x 1073
Particle density [kgm™3] 890

Particle restitution coefficient 0.9

Particle charge [pC] 6.5
Charge-to-mass ratio [nC g~1] 13.9
Simulation [-] 3D
Simulation Boundaries [-] Bottom and all sides
Bed height [m] 0.20

Bed Width [m] 3.50 x 1072
Bed depth [m] 3.50 x 10~2
Time step size [s] 1.0 x 1076
Grid size [m] 2.50 x 1073
Number of Eulerian cells [-] 15,680
Superficial gas velocity [-] U/Upys =20

Screened-Force Method Simulation Results

This section compares the results of two simulation methods, the screened-
force method and the exact electrostatic force evaluation. Simulations were
performed on a fluidized bed of charged particles under the conditions
outlined in Table 2.3. After three seconds of fluidization, electrostatic
forces were calculated using both methods. To quantitatively evaluate the
computational error of the screened-force method, the electrostatic force
acting on each particle was computed and compared against the exact
electrostatic force evaluation. The resulting difference defines the error.
The average relative error across all particles, as well as the maximum
relative error, was then determined and is presented in Figure 2.6a. For
the screened-force method, different values of the screening criterion a were
investigated. The corresponding errors are shown in Figure 2.6a, while
Figure 2.6b illustrates the influence of o on the cut-off radius and the
number of particles included in the electrostatic force calculation. The
results highlight significant discrepancies, with the screened-force method
exhibiting notably high average computational errors.

The analysis reveals that even when using screened forces with various
cut-off distances, corresponding to electrostatic-to-gravitational force ratios
ranging from 5% to as low as 0.05%, the computational errors remain
significant. These results indicate that long-range electrostatic forces are
significantly influencing the system and adjusting the hydrodynamics. This
confirms that applying a cut-off distance for force computation fails to yield
accurate results, even when the cut-off parameter « is set as low as 0.05%.
For this case, the maximum error in the system exceeds 50%, while the
average electrostatic force computational error across the entire bed remains
above 38%. As illustrated in Figure 2.6b, reducing « increases the cut-off
radius 7. and consequently increases the number of particles included in
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the electrostatic force calculation. Although the errors decrease as larger
portions of the bed are considered, substantial discrepancies remain even for
the smallest value of « investigated.
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(a) Relative error. (b) Influence of the screening criterion.

Figure 2.6: (a) Average and maximum relative errors obtained using the
screened-force method for different values of the screening criterion «. (b)
Tllustration of the screened-force method for @« = 1% and a = 0.05%. A
decrease in « increases the cut-off radius and the number of particles included
in the electrostatic force calculation.

Extending the cut-off distance to encompass an even larger range, or the
entire bed, would lead to an unreasonably high computational cost, making it
impractical for large-scale simulations. However, to achieve accurate results,
both short-range and long-range electrostatic forces must be considered.

Hybrid Method Simulation Results

In this section, we discuss the results of the proposed hybrid method, which
aims to minimize electrostatic force computational errors while maintaining
the computational efficiency of the screened-force approach. This method
considers the long-range electrostatic forces as well by averaging interactions
over spatially grouped particles. To balance computational cost and accuracy,
the transition threshold to long-range calculations was evaluated by varying
the number of cell layers around each particle, from one to three layers. The
average and maximum relative errors in electrostatic force calculations were
assessed for these configurations. Figure 2.7a presents the error as a function
of the number of surrounding cell layers used for direct Coulomb calculations.
Figure 2.7b schematically illustrates the directly resolved region I'¢ girect for
one and three surrounding cell layers.

The results demonstrate that increasing the number of surrounding cell
layers included in I'y girect improves the accuracy of the electrostatic force
calculation. As shown in Figure 2.7b, enlarging the directly resolved region
increases the number of particle-particle Coulomb interactions that are
evaluated explicitly while reducing the portion of the domain represented by
lumped charges.
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Figure 2.7: (a) Average and maximum relative errors obtained using the
hierarchical particle-cell method for different numbers of surrounding cell
layers. (b) Schematic representation of the hierarchical particle-cell method.
Electrostatic interactions within I'f girect are evaluated using direct Coulomb
calculations, whereas interactions outside this region are approximated using
lumped charges in I'¢ jumpea and I'c.

For two and three surrounding cell layers, the average relative error
remains below 0.1%, while the maximum error is reduced to below 2%. Even
for a single surrounding cell layer, the average error remains small, although
the maximum error increases to approximately 7%. This demonstrates that
accurate electrostatic force prediction can be obtained using only a limited
directly resolved region around each particle.

Despite these limitations, the hybrid method significantly reduces
computational costs by approximately a factor of 8. For instance, simulating a
particle bed with 70,000 particles for 1 ms using the exact evaluation method,
which accounts for all pairwise interactions, requires approximately 1891 min
of CPU time. In contrast, the same simulation using the hybrid method
takes only 239 min. While the hybrid method offers a promising balance
between accuracy and efficiency, it remains computationally demanding for
large-scale systems, indicating room for further optimization. The following
section will explore the results of the two alternative approaches designed to
enhance the computational efficiency of the hybrid method while maintaining
acceptable error thresholds.

Electrostatic Force Distribution Comparison

To further evaluate the accuracy of the screened-force and hybrid methods
in simulating particle dynamics, their predictions of electrostatic force and
particle position distribution are compared to the exact evaluation method
predictions. This exact evaluation serves as a benchmark for measuring the
relative performance of the other methods. For computational feasibility, a
smaller bed of 10,000 particles was employed, given the high computational
cost of the exact evaluation method. Figure 2.8 presents snapshots of
the particle bed after three seconds of simulation, just before the collapse
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phase. The figure illustrates particle positions along with a color gradient
representing the magnitudes of the electrostatic forces.
Observations from the figure are as follows:

e Screened-Force Method:

— The total electrostatic force magnitudes calculated using the
screened-force method deviate significantly from the exact
evaluation.

— The force underestimation results in particles failing to fully
spread throughout the bed, leading to a compact and confined
structure.

— This lack of fidelity highlights the limitations of the screened-
force approach in accurately capturing long-range electrostatic
interactions, leading to deviations in particle distribution and
overall fluidization behavior.

o Hybrid Method:

— The hybrid method closely aligns with the exact evaluation in
both particle positions and force magnitudes.

— Particles are well-distributed across the domain, with a clear
tendency to be drawn toward the walls.

— This behavior suggests that wall-adjacent particles experience
electrostatic forces directing them toward the boundaries, even
though image charge effects are not considered in the simulation.

+ Exact Evaluation Method:

— This method provides the ground-truth representation of the
system’s dynamics.

— It considers all pairwise interactions without approximations,
serving as a benchmark for evaluating other methods.

— Particles near the walls migrate toward them, confirming the
directional nature of electrostatic forces and their influence on
wall-adjacent particles.

The observed tendency of particles to adhere to the walls in both the
hybrid and exact methods may be attributed to the relatively small size of
the particle bed in the simulations. In smaller systems, a larger proportion
of particles experience wall-adjacent forces, potentially amplifying the wall
effect. However, this phenomenon has not been fully verified, and further
investigation is required to determine whether the effect diminishes in
larger systems, where wall influences might be distributed over a greater
volume. A more rigorous analysis, including simulations of larger domains
and experimental validation, is necessary to confirm this hypothesis.

33



2. Long-range Electrostatic Interaction Forces in Discrete Particle
Simulations

Screened Force Method Hybrid Method Exact Evaluation,Method

ElectroForce Magnitud

Figure 2.8: Snapshots of the three different methods described in this
study. In the hybrid method, particles experience stronger electrostatic
forces compared to the screened-force method, causing them to spread more
throughout the bed. Additionally, particles in the hybrid method, like those
in the exact method, are observed to adhere to the walls. This behavior is
similar to the results obtained using the exact evaluation method, which
provides a more accurate representation of the system’s dynamics.

Granular Temperature Distribution Comparison

To enable a more detailed comparison of particle dynamics across the
three methods, a granular temperature analysis is conducted. Granular
temperature serves as a key parameter in characterizing the kinetic
behavior of particulate systems, quantifying the intensity of particle velocity
fluctuations. According to the Kinetic Theory of Granular Flow (KTGF),
granular temperature represents the random velocity deviations of particles
over small spatial regions and short time intervals. It is mathematically
expressed as (Wang et al. 2010):

1
0= §(®w +60,+06.) (2.6)
where, x, y, and z represent the spatial direction. The granular temperature
in the k-th direction (Oy) is defined as follows:
Npart
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and vy, is the average velocity, which can be determined using the following
expression:
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Figures 2.9 and 2.10 illustrate the granular temperature distribution for
the three computational approaches: the screened-force method, the hybrid
method, and the exact evaluation method. As shown in Figure 2.9, the
granular temperature distribution obtained using the hybrid method closely
matches that of the exact evaluation method. In contrast, the screened-force
approach significantly overestimates the granular temperature, particularly
in the lower and central regions of the bed. This discrepancy indicates
that the screened-force method overestimates particle velocity fluctuations,
leading to inaccurate predictions of particle interactions and bed stability.

Both Figures 2.9 and 2.10 reveal a consistent trend: particle movement
is most restricted in the middle of the bed, while the upper region
exhibits greater particle mobility. However, the screened-force method
fails to accurately capture this behavior, as it unrealistically predicts
elevated granular temperatures even in regions where particle motion should
be minimal. This overestimation further underscores the screened-force
method’s limitations in resolving the intricate dynamics of electrostatic
interactions within the particle bed.

Figure 2.10 offers a more detailed quantitative comparison of granular
temperature variations along the bed’s axial direction. The exact and hybrid
methods yield similar profiles, indicating that significant particle motion
occurs primarily in the upper regions of the bed. This behavior arises due to
reduced confinement in these areas, allowing particles to move more freely
under the influence of electrostatic and fluid forces. In contrast, the screened-
force method overestimates granular temperature by predicting substantial
particle motion throughout the bed, failing to capture the expected reduction
in velocity fluctuations in confined regions. Notably, particle motion in the
hybrid and exact methods is reduced by approximately 60% compared
to the screened-force approach. This significant reduction highlights the
hybrid method’s enhanced accuracy in capturing the underlying physical
interactions, ensuring a more realistic representation of particle dynamics
within the bed.

To gain deeper insight into particle dynamics, the average particle
velocities were analyzed over time, and the resulting circulation patterns are
illustrated in Figure 2.11. The visualization is performed on a central
longitudinal slice of the bed to reduce direct front—back wall effects.
Nevertheless, owing to the relatively small bed dimensions considered in this
study, even the central region remains within the electrostatic influence range
of the container boundaries. As a result, wall effects are not fully eliminated
and continue to influence particle motion throughout the bed. In the hybrid
method, particles exhibit reduced mobility in the bulk and a tendency
to accumulate near the walls. This behavior arises from the retention
of long-range electrostatic interactions, which induce net forces directing
particles toward the boundaries. In contrast, the screened-force approach
predicts a more erratic and spatially uniform velocity field, indicating weaker
electrostatic confinement. While such motion may appear qualitatively more
similar to experimental observations without particle charges, earlier force
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Figure 2.9: Time-averaged granular temperature.

and granular temperature analyses demonstrate that this behavior originates
from an underestimation of long-range electrostatic interactions rather than
improved physical accuracy.

The granular temperature distribution and circulation patterns indicate
that the hybrid method provides a more accurate representation of the
coupling between electrostatic forces and particle dynamics than the screened-
force method. In addition to the axial profiles, the variability of the granular
temperature field is examined using the cumulative distribution function
(CDF), which quantifies the fraction of computational cells with granular
temperature below a given value. This distributional analysis reveals that
the hybrid approach closely reproduces the cumulative distribution obtained
with the exact method, whereas the screened-force approach yields a larger
fraction of elevated granular temperature values. This demonstrates that
the improved agreement of the hybrid method is not limited to averaged
quantities but also extends to the variability of the granular temperature
field.

It should be noted that these observations may be influenced by the
specific simulation conditions considered in this study. In particular, the
relatively small bed size may enhance wall effects, as particles located
near boundaries experience stronger electrostatic interactions. In larger
systems, such effects are expected to be less pronounced due to the increased
separation between the bulk particle population and the walls.

Overall, the results confirm the hybrid approach as a promising
compromise between accuracy and computational efficiency. The method
achieves close agreement with the exact evaluation while significantly
reducing computational cost. Future work should focus on assessing the
influence of bed size and wall effects more systematically, as well as exploring
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Figure 2.10: Axial distribution of time-averaged granular temperature along
the axial direction for the screened force, hybrid, and exact interaction
methods. The inset shows the cumulative distribution function (CDF) of
granular temperature over all available computational cells at the same time
instant. The CDF represents the fraction of cells with granular temperature
below a given value.

the incorporation of image charge effects to further improve accuracy in the
vicinity of boundaries.

Hybrid Method Improvements Results

In this section, we will discuss the results of the two proposed modified
hybrid methods designed to further enhance computational efficiency. The
electrostatic force calculations associated with the two proposed modified
hybrid methods are quantitatively analyzed, with the results summarized in
Table 2.4. Key observations include:

o Single-Grid Hybrid Method (Method 1): This approach introduces
significant computational errors due to the approximation of the target
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particle’s position by the charge center of the grid cell. The substitution
error becomes more pronounced as the grid size increases.

o Multi-Grid Hybrid Method (Method 2): By employing fine grids I'y
for precise force computation near the target particle and coarser grids
I'. for distant particles, this method significantly reduces both average
and maximum errors. The hierarchical grid structure introduces a
substantial reduction in computational cost compared to the hybrid
method while delivering similar accuracy.

The single-grid hybrid method introduces significant substitution errors
due to the inherent inaccuracy of representing the target particle’s position
with the grid cell’s charge center. As a result, the method has limitations in
precision, particularly in systems where accurate force localization is crucial.
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The multi-grid hybrid methodology provides a robust framework for
electrostatic force computation, effectively balancing computational cost
and precision. By leveraging a hierarchical grid structure, it achieves high
accuracy in critical regions while efficiently approximating interactions from
distant particles. Future work will focus on optimizing the grid transition
threshold and assessing the method’s scalability for larger and more complex
systems.

Table 2.4: Percentage error and CPU time for different electrostatic force
computation methods for a gas-solid fluidized bed with 70,000 charged
particles.

Average Percentage Er- Maximum Percentage Er- CPU time

ror ror
Exact Solution - - 1891m 0.029s
Hybrid Method without modification 0.151 6.75 239m 1.335s
Single-Grid Hybrid Method 3.11 48.54 57m 11.721s
Multi-Grid Hybrid Method 0.17 6.76 43m 34.443s

2.4 Conclusion

This study highlights the critical role of accurately accounting for electrostatic
interactions in predicting particle dynamics within fluidized beds containing
charged particles. The findings demonstrate that relying solely on short-
range electrostatic force calculations, as in the screened-force method, is
insufficient for capturing the complex behavior of charged particles. While
the exact evaluation of all pairwise interactions ensures the highest accuracy,
its substantial computational cost makes it impractical for large-scale
simulations.

To address these challenges, a hybrid approach, namely the hierarchical
particle-cell method, was developed that combines the efficiency of the
screened-force method with the precision of long-range electrostatic force
calculations. By employing lumped particles at the charge center of
computational cells and implementing a dual-grid system for long-range force
computations, the hybrid method achieves a balance between computational
efficiency and accuracy. This innovative methodology allows for more
realistic modeling of charged particle behavior while significantly reducing
the computational burden, making it more feasible for large-scale simulations.

The comparative analysis of particle movement, granular temperature
distribution, and axial profiles revealed that the hybrid method closely
aligns with the results of the exact method, outperforming the screened-
force approach. The hybrid method reduced errors in electrostatic
force calculations from 100% in the screened force method to under 7%,
demonstrating its improved reliability. Furthermore, it accurately captured
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critical particle behaviors, such as dispersion and wall interactions, which
were either exaggerated or misrepresented by the screened-force method.

It is important to note that the limitations observed in this study,

particularly regarding the influence of wall effects, stem from the use of a
smaller bed size, which facilitated direct comparisons with the exact method.
These limitations are not inherent to the hybrid method itself but rather
reflect the constraints of using a smaller system for validation. In larger
systems, the wall effects observed here may be less pronounced.

While this study provides valuable insights into the use of the

hybrid method for fluidized bed simulations, several areas warrant further
investigation to enhance both the understanding and application of this
method:
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e Scaling Up to Larger Systems: Future studies should assess the

computational scalability of the hybrid method in progressively larger
systems. Although the present method substantially reduces the
computational cost relative to direct pairwise Coulomb evaluation,
further improvements in computational efficiency could enable the
application of discrete particle simulations to larger laboratory-scale
systems. For industrial-scale systems, where discrete particle modeling
remains impractical, more coarse-grained approaches such as two-fluid
models (TFM) or phenomenological models incorporating electrostatic
effects would be more appropriate. Studies at larger laboratory scales
could also help determine whether wall effects diminish with increasing
system size and assess the scalability of the proposed method.

Optimization of Grid Structures: Future work could focus on
further optimizing the dual-grid structure, including implementing
adaptive grid refinement based on particle density or force magnitude.
This would improve the efficiency and accuracy of the hybrid method,
especially in systems with non-uniform particle distributions.

Implementation of fully adaptive hierarchical solvers: A
natural next step is the implementation of a fully adaptive Barnes-Hut
algorithm, which would eliminate errors associated with fixed grid
sizes by dynamically refining the spatial hierarchy based on particle
distribution. Such an approach would further improve the accuracy
of long-range electrostatic force calculations, particularly in strongly
inhomogeneous systems, while maintaining favorable computational
scaling.

Experimental Validation: Although this study focused on compu-
tational comparisons, future research should prioritize experimental
validation of the hybrid method. This would help confirm its reliability
and accuracy in replicating real-world conditions and further improve
its applicability to practical systems.



2.4. Conclusion

e Investigation of Different Charge Distributions: This study
assumed uniform particle charge distributions. Future research should
explore non-uniform charge distributions or dynamic charge evolution
during particle interactions, which could offer deeper insights into the
complexities of electrostatic effects in more realistic scenarios.

In conclusion, the hybrid method offers a robust and efficient framework
for simulating the hydrodynamics of fluidized beds under the influence of
electrostatic forces. By addressing its current limitations and exploring
the suggested areas for future research, this methodology can be further
refined and expanded for wider applications in both industrial and academic
settings.
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CHAPTER 3

Numerical investigation of the
hydrodynamics of fluidized bed

charged particles

Abstract

Hydrodynamic characteristics such as minimum fluidization
velocity, bed expansion, bubble dynamics, solids circulation,
and granular temperature determine the overall performance
of gas—solid fluidized beds. In systems containing electrically
insulating particles, these characteristics can be strongly affected
by electrostatic charge accumulation generated through repeated
particle—particle and particle-wall contacts. This chapter
numerically investigates the influence of electrostatic interactions
on the hydrodynamics of a gas—solid fluidized bed containing
Geldart B particles using the Discrete Particle Model (DPM)
framework developed in Chapter 2.

The simulations show that electrostatic charging modifies the
onset of fluidization and increases bed heterogeneity. Charged
beds exhibit larger local porosity variations and a more diffuse
transition from the fixed-bed to the fluidized state, making
the determination of a unique minimum fluidization velocity
less straightforward than in uncharged systems. The increased
emulsion-phase porosity allows a larger fraction of the gas to
percolate through the particulate phase, reducing the amount of
excess gas available for bubble growth.
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Single-bubble injection simulations demonstrate that electro-
static interactions modify bubble evolution. Increasing particle
charge promotes particle penetration into the bubble interior,
producing a more diffuse gas-solid interface. Consequently, the
measured bubble area (defined using a solids-holdup threshold)
decreases and, at sufficiently high charge levels, the bubble may
collapse before reaching the bed surface. These observations pro-
vide a mechanistic explanation for the experimentally reported
reduction in bubble size in charged fluidized beds.

Electrostatic charging also alters particle dynamics by re-
ducing particle mobility, weakening large-scale circulation pat-
terns, and decreasing granular temperature. Overall, the results
demonstrate that electrostatic interactions modify fluidized-bed
hydrodynamics through coupled effects on local bed structure,
gas distribution, bubble stability, and particle motion. This
chapter therefore provides a mechanistic link between particle-
scale electrostatic forces and macroscopic changes in bubbling
fluidization behaviour.

3.1 Introduction

Gas—solid fluidized beds are widely employed in industrial processes such as
fluid catalytic cracking, polymerization, combustion, drying, and coating due
to their excellent gas—solid contact, efficient mixing, and high rates of heat
and mass transfer (Cocco et al. 2014; Jakobsen 2014). The hydrodynamic
behaviour of fluidized beds is commonly characterized by parameters such as
the minimum fluidization velocity (Us,¢), minimum bubbling velocity, bed
expansion, bubble size, bubble rise velocity, and solids circulation patterns.
These hydrodynamic characteristics strongly influence reactor performance,
particle mixing, heat transfer, and product quality (Kunii et al. 1994; Yates
et al. 2016).

Fluidization occurs when the drag force exerted by the gas balances the
effective weight of the particles, causing the packed bed to transition into
a fluidized state (Delebarre 2004; Ergun 1952). For Geldart B particles,
bubbling generally commences shortly after minimum fluidization is reached
(Geldart 1973; Shaul et al. 2014). The subsequent hydrodynamics are largely
governed by bubble formation, bubble growth, bubble coalescence, and
bubble-induced solids circulation (Kunii et al. 1991; Kunii et al. 1994).

Bubble size and bubble rise velocity are among the most important
quantities governing hydrodynamics in bubbling fluidized beds because they
directly influence gas—solid contact, solids circulation, and mass-transfer
rates. Classical fluidization theories and correlations, such as those proposed
by Mori and Wen (Mori et al. 1975) and summarized by Kunii and Levenspiel
(Kunii et al. 1991; Kunii et al. 1994), provide a useful framework for describing

44



3.1. Introduction

bubble growth, gas distribution, and bubble evolution in conventional
fluidized beds.

In industrial fluidized beds containing insulating materials, however,
particle charging is unavoidable due to repeated particle-particle and particle—
wall collisions. The resulting triboelectric charge accumulation generates
attractive and repulsive electrostatic forces that can become comparable to
the hydrodynamic and gravitational forces acting on the particles (Fotovat et
al. 2017a; Lacks et al. 2011; Matsusaka et al. 2010). Electrostatic phenomena
have long been recognized as a major operational challenge in fluidized-bed
reactors due to their association with wall sheeting, particle agglomeration,
fouling, entrainment, and process instability (Hendrickson 2006; Salama
et al. 2013; Zhang et al. 2021).

Beyond these operational issues, electrostatic forces can directly affect
fluidized-bed hydrodynamics. Fluidization promotes particle motion and
collisions, which generate electrostatic charge, while the resulting electrostatic
forces modify particle trajectories, collision frequencies, local bed structure,
and gas—solid interactions. Consequently, electrostatics and hydrodynamics
are strongly coupled, and changes in one can significantly affect the other
(Fotovat et al. 2017a; Sowinski et al. 2010). Electrostatic interactions may
therefore influence key fluidization characteristics such as the minimum
fluidization velocity, bubble dynamics, solids circulation, particle mixing,
and entrainment behaviour (Alsmari et al. 2015; Fotovat et al. 2017b).

Several experimental and numerical studies have demonstrated that
electrostatic charging can substantially alter bubbling behaviour. Dong
et al. (2015) reported a reduction in bubble size and significant changes in
fluidization behaviour with increasing particle charge. Numerical simulations
by Jalalinejad et al. (2012) predicted that electrostatic charges can elongate
bubbles and increase their rise velocity due to modifications of the force
balance around the bubble interface. Subsequent experiments by Jalalinejad
et al. (2016) confirmed that bubbles in highly charged beds are generally
smaller and more elongated than in less-charged systems, while also exhibiting
enhanced particle raining from the bubble roof. Tan et al. (2019) and Tan et
al. (2018) further demonstrated that electrostatic forces modify gas leakage,
particle penetration, and gas—solid exchange processes around the bubble,
thereby affecting both bubble development and overall bed hydrodynamics.
Collectively, these studies indicate that electrostatic interactions have a
significant influence on bubble evolution; however, the mechanisms governing
these changes remain insufficiently understood.

Numerical investigations have provided further insight into the mecha-
nisms underlying these observations. Hassani et al. (2013) demonstrated
that electrostatic repulsion between similarly charged particles may increase
the porosity of the emulsion phase, reduce bubble size, suppress solids cir-
culation, and decrease particle diffusivity. Similarly, Rokkam et al. (2010)
reported that electrostatic effects can alter particle segregation and modify
overall bed hydrodynamics. These studies suggest that electrostatic inter-
actions influence not only particle motion but also the local porosity, gas
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distribution, bubble stability, and overall hydrodynamics of the bed.

Despite the growing body of experimental and numerical evidence,
the mechanisms through which electrostatic forces modify fluidized-bed
hydrodynamics remain incompletely understood (Fotovat et al. 2018; Fotovat
et al. 2017a). Although previous studies have demonstrated that particle
charging affects bubble characteristics, bed expansion, solids circulation,
and fluidization behaviour, the relationships between particle charging, local
bed structure, and macroscopic hydrodynamics have not yet been fully
established (Fotovat et al. 2017a; Manafi et al. 2019). In particular, it
remains unclear how electrostatic interactions alter minimum fluidization
behaviour, local porosity distributions, and the evolution of bubbles within
the bed. Consequently, many observations reported in the literature remain
largely qualitative and are difficult to interpret within the framework of
classical fluidization theory. A quantitative assessment of how electrostatic
interactions modify local porosity, bubble evolution, and fluidization
characteristics is therefore required.

One particularly important unresolved issue is the influence of electro-
static forces on bubble growth and bubble stability. Experimental studies
have consistently reported changes in bubble size, shape, and behaviour in
charged fluidized beds (Dong et al. 2015; Jalalinejad et al. 2012; Jalalinejad
et al. 2016; Tan et al. 2018). Numerical investigations have further suggested
that electrostatic interactions increase the porosity of the emulsion phase
and modify the gas distribution within the bed (Hassani et al. 2013; Rokkam
et al. 2010). An increase in emulsion-phase porosity may allow a larger
fraction of the gas flow to permeate through the particulate phase rather
than contributing to bubble growth. Consequently, less excess gas may
be available for bubble formation, potentially resulting in smaller bubbles,
enhanced gas leakage from bubbles into the surrounding emulsion phase, and
ultimately particle penetration into the bubble, producing a more diffuse gas—
solid interface and reducing the measured bubble area. Such a mechanism
could provide a physical explanation for the reduced bubble sizes reported
in previous experimental studies (Dong et al. 2015; Jalalinejad et al. 2012;
Tan et al. 2018). However, direct numerical evidence linking electrostatic
forces, local porosity variations, and bubble evolution remains limited.

Experimental investigation of these phenomena remains challenging
because local charge distributions and particle-scale electrostatic interactions
are difficult to measure directly within fluidized beds (Chen et al. 2003; Chen
et al. 2006; Fotovat et al. 2017a; Sowinski et al. 2010). Most experimental
techniques provide bed-averaged electrostatic measurements, making it
difficult to establish direct relationships between electrostatic forces and local
hydrodynamic behaviour. Numerical simulations therefore offer a powerful
alternative for investigating the underlying mechanisms. In particular, DPM
simulations enable simultaneous resolution of particle motion, gas flow, and
inter-particle electrostatic forces, providing insight into local phenomena
that are generally inaccessible through experiments alone (Deen et al. 2007;
Hassani et al. 2013; Hoef et al. 2008). Such simulations are therefore well
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suited for examining how electrostatic interactions influence fluidization
behaviour across multiple length scales.

In Chapter 2, a hierarchical particle-cell method was developed to effi-
ciently account for long-range electrostatic interactions in DPM simulations.
The method significantly reduced the computational cost associated with
electrostatic force calculations while maintaining good agreement with exact
Coulomb-force evaluations. The availability of this computational frame-
work enables detailed investigation of electrostatic effects on fluidized-bed
hydrodynamics over a broad range of operating conditions.

The objective of this chapter is therefore to investigate how electrostatic
forces influence the hydrodynamics of gas—solid fluidized beds. First, the
effects of particle charging on minimum fluidization and bubbling behaviour
are analysed using pressure-drop calculations, bed expansion, electrostatic
effects on bubble formation, bubble growth, bubble morphology, and
bubble collapse are investigated through controlled single-bubble injection
simulations. The observed bubble behaviour is interpreted within the
framework of classical fluidization theory to gain insight into the mechanisms
responsible for bubble shrinkage and particle penetration into bubbles.
Finally, the influence of electrostatics on solids circulation patterns and
granular temperature is quantified to provide a broader understanding of
how particle charging modifies fluidization behaviour.

Through these investigations, this chapter aims to bridge classical
fluidization theory and particle-scale electrostatic interactions, thereby
providing a mechanistic understanding of how electrostatic forces modify
bubbling fluidization and identifying the key hydrodynamic consequences of
particle charging.

3.2 Discrete Particle Model

The simulations presented in this chapter are performed using a Discrete
Particle Model (DPM), an Euler-Lagrange approach that combines Compu-
tational Fluid Dynamics (CFD) and the Discrete Element Method (DEM) to
study the hydrodynamics of fluidized beds containing charged particles. The
DPM enables a detailed particle-scale investigation by tracking the motion
of individual particles, although the associated computational cost restricts
simulations to relatively small system sizes (Deen et al. 2007; Hoef et al.
2008; Hoomans et al. 1996). In this approach, each particle possesses its
own physical properties, including position, velocity, mass, and electrostatic
charge, and is tracked individually using Newton’s laws of motion. Mean-
while, the gas phase is treated as a continuum and solved on an Eulerian
background mesh. The momentum exchange between the gas and particle
phases is represented through inter-phase coupling terms, such that the drag
force acting on the particles appears as an equal and opposite momentum
source term in the gas-phase equations. Since the numerical methodology
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has already been described in detail previously, only the governing equations
relevant to the present hydrodynamic simulations are briefly summarized
here.

In the DPM framework, conservation equations are solved for the gas
phase, while the translational motion of individual particles is obtained
from Newton’s second law. The gas and particle phases are coupled through
inter-phase momentum exchange terms that account for the drag force acting
between both phases. The governing equations employed in the present work
are summarized below.

The gas phase is governed by the continuity and momentum equations,

I(egpy) .
—égt L2+ V- (ggpqty) =0 (3.1)

O0(egpgtiy)

ot

Here, €4, pg, pg, and Ty denote the gas voidage, density, pressure, and
viscous stress tensor, respectively, while iy represents the local gas velocity.
The superficial gas velocity and minimum fluidization velocity are denoted
by U and U,,y, respectively. The source term S, accounts for the momentum
exchange between the gas and particle phases.
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where V¢ is the computational cell volume, IV, is the number of particles
contained within the cell, and § is the inter-phase momentum-exchange
coefficient. The coefficient /5 is evaluated using the combined Ergun and
Wen—Yu drag correlations, in which the Ergun correlation is applied in dense

regions and the Wen—Yu correlation is applied in dilute regions (Delebarre
2004; Ergun 1952):

1
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The translational and rotational motion of each particle is governed by
Newton’s second law,

dﬁ — —
mp dtp = Fcontact + Fexternah (35)

where ﬁcontact represents the forces arising from particle—particle and
particle-wall collisions. The external forces considered in the simulations are
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which correspond to the gravitational, pressure-gradient, drag, and
electrostatic forces, respectively. Particle trajectories are integrated using
the Beeman integration scheme (Beeman 1976), whereas the inelastic particle
contacts are resolved using the linear spring—dashpot contact model proposed
by Cundall et al. (1979).

Electrostatic interactions are represented through particle—particle and
particle-wall forces. The total electrostatic force acting on a particle is given
by

—

Felectrostatic = Flf—p + F;_w, (37)

where F;f_p and F’;f_w denote the particle-particle and particle-wall
electrostatic forces, respectively. Detailed formulations of these forces and
their numerical implementation are provided in Chapter 2.

Accurate evaluation of electrostatic interactions requires accounting for
long-range Coulomb forces between all charged particles. Consequently,
direct calculation of all pairwise interactions becomes computationally
prohibitive for large systems. Therefore, the hierarchical particle—cell method
developed and validated in Chapter 2 is employed throughout this work.

The hierarchical particle—cell method combines direct Coulomb-force
calculations for nearby particles with lumped-charge approximations for
distant particles. Short-range interactions are evaluated explicitly within a
fine-grid region surrounding the target particle, whereas interactions with
more distant particles are represented using lumped charges defined on fine
and coarse computational grids. This approach substantially reduces the
computational cost while maintaining high accuracy in the electrostatic force
calculations.

A schematic overview of the hierarchical particle-cell method employed
throughout this chapter is presented in Figure 3.1.

3.3 Minimum Fluidization and Bubbling Velocity

The minimum fluidization velocity (Uy,y) is one of the most important
parameters used to characterize the hydrodynamic behaviour of gas—solid
fluidized beds. It represents the transition from a fixed bed to a fluidized
state, occurring when the drag force exerted by the gas balances the effective
weight of the particles (Ergun 1952; Kunii et al. 1994). For Geldart B
particles, bubbling typically begins shortly after minimum fluidization is
reached, such that the minimum bubbling velocity (U,,s) is often close to
Uy (Geldart 1973; Kunii et al. 1994). Consequently, both quantities play
an important role in determining solids mixing, gas—solid contact, bubble
formation, and overall reactor performance.

In conventionally fluidized beds, the onset of fluidization is governed
primarily by the balance between gravitational and hydrodynamic drag
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Figure 3.1: Hierarchical particle-cell method representation for electrostatic
force calculations. The computational domain is divided into three zones: (1)
I'f direct: Zone for direct particle-particle Coulombic calculations involving
the target particle (red particle) and nearby real particles; (2) I'fumped:
Zone for fine-grid calculations using lumped particle approximations; (3) T'.:
Coarse-grid zone where long-range interactions are computed using lumped
particle methods.

forces. In beds containing charged particles, however, electrostatic forces
introduce an additional contribution to the particle force balance. Repulsive
electrostatic interactions can modify the local bed structure, alter the voidage
distribution, and influence gas flow through the bed. As a result, the classical
interpretation of minimum fluidization and bubbling behaviour may no longer
be directly applicable.

Previous experimental studies have reported that particle charging can
significantly affect fluidization behaviour. Dong et al. (2015) reported a
reduction in bubble size and changes in fluidization behaviour with increasing
particle charge. Numerical studies have also suggested that electrostatic
interactions can increase emulsion-phase porosity and modify gas distribution
within fluidized beds (Hassani et al. 2013; Rokkam et al. 2010). These
observations indicate that electrostatic forces can substantially influence
the hydrodynamics of fluidized beds, although the underlying mechanisms
remain incompletely understood.

The objective of this section is therefore to investigate how electrostatic
interactions affect minimum fluidization and bubbling behaviour. First,
the simulation methodology used to determine U,y and Upy,; is described.
Subsequently, pressure-drop numerical measurements and local bed structure
are analysed to assess how particle charging influences fluidization behaviour
and contributes to the development of bed heterogeneity.
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Simulation set-up

To investigate the influence of electrostatic forces on minimum fluidization
and bubbling behaviour, simulations were performed in a pseudo-two-
dimensional fluidized bed containing 54,000 mono-sized polyethylene
particles. Nitrogen was used as the fluidizing gas. In addition to an
uncharged reference case, mono-charged systems with different charge levels
were simulated by assigning an identical charge to all particles. The applied
charge levels are expressed as percentages of the maximum particle charge.
Based on the particle size and dielectric properties of polyethylene, the
maximum particle charge was estimated to be approximately 130 pC per
particle using the correlation proposed by Jiang et al. (Jiang et al. 1994).

The particles were initially generated in a randomly packed configuration
and allowed to settle under gravity until a stable packed bed was obtained.
Subsequently, gas flow was introduced through the distributor at the bottom
of the bed. To determine the minimum fluidization velocity, the superficial
gas velocity was increased gradually from zero to a value exceeding the
onset of bubbling. After reaching the maximum velocity, the gas flow rate
was reduced again to examine possible hysteresis effects and to facilitate
identification of the transition between the fixed and fluidized states.

During the simulations, the pressure drop across the bed was monitored
continuously as a function of superficial gas velocity. Simultaneously, the
bed structure and local porosity distributions were recorded to support
the interpretation of the pressure-drop measurements. Since electrostatic
interactions may alter the local voidage distribution and gas permeability
of the bed, pressure-drop measurements alone may not be sufficient to
identify fluidization behaviour in highly charged systems. Therefore, local
bed structure is examined in addition to the conventional pressure-drop
analysis.

The computational domain and operating conditions are summarized in
Table 3.1. Unless stated otherwise, all particle properties, gas properties,
contact-model parameters, and numerical settings are identical to those
validated in Chapter 2. The selected time-step size and grid resolution were
previously shown to provide grid-independent hydrodynamic predictions
while maintaining reasonable computational cost.

Minimum Fluidization Velocity

The minimum fluidization velocity was determined using the conventional
pressure-drop method employed in fluidization experiments (Ergun 1952;
Kunii et al. 1994). As the superficial gas velocity increases, the pressure drop
across a packed bed rises until the drag force exerted by the gas balances
the effective weight of the particles. Beyond this point, the bed enters the
fluidized state and the pressure drop remains approximately constant. The
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Table 3.1: Simulation parameters

Parameters Value
Number of particles [-] 54000
Particle diameter [m] 1.0 x 1073
Particle density [kgm ™3] 890

Bed height [m] 0.360

Bed width [m] 6.50 x 1072
Bed depth [m] 1.50 x 1072
Time step size [s] 1.0 x 1076
Grid size [m] 2.50 x 1073
Particle restitution coefficient [-] 0.9

Normal spring stiffness [N/m] 7000
Tangential spring stiffness [N/m] 2000
Friction Coefficient [-] 0.3

minimum fluidization velocity is therefore identified from the intersection of
the fixed-bed and fluidized-bed regions of the pressure-drop curve.

The procedure was first applied to the uncharged system. The superficial
gas velocity was decreased gradually while monitoring the pressure drop
across the bed. Figure 3.2 shows the resulting pressure-drop curve. As
expected for Geldart B particles, a clear transition from the fixed-bed regime
to the fluidized regime is observed. Based on the intersection of the two
regions, the minimum fluidization velocity of the uncharged system was

determined to be approximately U,,s = 0.265 ms™!.
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Figure 3.2: Pressure drop as a function of superficial gas velocity for the
uncharged bed. The intersection of the fixed-bed and fluidized-bed regions
gives the minimum fluidization velocity.
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Figure 3.3 compares the pressure-drop behaviour of the uncharged bed
with beds containing charged particles. For the lower charge level (0.1% of
the maximum particle charge, corresponding to 0.13 pC per particle), the
overall pressure-drop behaviour remains similar to that of the uncharged
bed. The pressure-drop curve closely follows that of the uncharged bed, and
the transition between the packed and fluidized states can still be identified
relatively clearly, indicating that electrostatic interactions at this charge
level have only a limited influence on the global fluidization behaviour.

For the higher charge level (1% of the maximum particle charge,
corresponding to 1.30 pC per particle), the pressure-drop curve begins
to deviate from the fixed-bed behaviour at gas velocities well below the
minimum fluidization velocity of the uncharged bed. This gradual deviation
indicates that local regions within the bed begin to expand before the onset
of global fluidization. Consequently, the transition from the packed bed to
the fully fluidized state becomes more diffuse, reflecting the development
of bed heterogeneity. In contrast to the uncharged case, where a relatively
sharp transition is observed, the charged bed exhibits a broader transition
region, making the determination of a unique minimum fluidization velocity
based solely on the global pressure drop increasingly ambiguous. Although
the apparent minimum fluidization velocity increases with particle charge,
the reduction in pressure-drop fluctuations suggests that the bed no longer
fluidizes uniformly, but instead consists of regions experiencing different
local hydrodynamic conditions.
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Figure 3.3: Pressure drop as a function of superficial gas velocity for
uncharged and charged particle beds.

For Geldart B particles, bubbling commences shortly after minimum
fluidization is reached. The onset of visible pressure-drop fluctuations in
Figure 3.3 therefore provides an approximate indication of the minimum
bubbling velocity (Uy.p). As the particle charge increases, the amplitude of
the pressure-drop fluctuations decreases markedly, indicating reduced bubble
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activity. This behaviour suggests that electrostatic interactions promote gas
percolation through the increasingly porous emulsion phase.

The pressure-drop results suggest that electrostatic interactions influence
not only the onset of fluidization but also the spatial uniformity of fluidization
throughout the bed. However, pressure-drop measurements alone do
not provide sufficient information to identify the origin of the observed
oscillations. To investigate this behaviour further, the local bed structure is
analysed in the next subsection through time-averaged porosity and solids-
holdup distributions.

Local Bed Structure and Porosity

The pressure-drop analysis indicates that increasing particle charge intro-
duces significant fluctuations in the transition region between the fixed-bed
and fluidized-bed states. However, pressure-drop measurements provide
only global information and do not reveal how fluidization varies locally
throughout the bed. To investigate the origin of these fluctuations, the
time-averaged solids holdup was evaluated at different bed heights.

Figure 3.4 shows the vertical distribution of the time-averaged solids
holdup for uncharged and charged beds. The uncharged bed exhibits
a relatively uniform profile, indicating that fluidization occurs rather
homogeneously throughout the bed. In contrast, significant deviations
are observed when electrostatic forces are present.

For the charged systems, the solids holdup near the bottom of the bed
is higher than in the upper regions, indicating that particles accumulate
towards the lower part of the bed. At the same time, the upper regions
exhibit a lower solids holdup and therefore a higher local porosity. This
non-uniform distribution suggests that electrostatic interactions promote the
development of bed heterogeneity. Instead of fluidizing uniformly, different
sections of the bed experience different local conditions.

The increase in local porosity is particularly important because it
can significantly alter the gas distribution within the bed. In classical
fluidization theory, excess gas above minimum fluidization contributes
to bubble formation and growth. However, when electrostatic repulsion
increases the porosity of the emulsion phase, a larger fraction of the gas may
pass directly through the particulate phase rather than being incorporated
into bubbles. Consequently, less excess gas is available for bubble growth.

This observation provides a possible explanation for the oscillatory
pressure-drop behaviour observed in Figure 3.3. The gas flow no longer
interacts with a bed of approximately uniform structure, but instead
encounters regions of different local porosity and permeability. As a
result, the bed exhibits heterogeneous fluidization behaviour, making the
determination of a unique minimum fluidization velocity increasingly difficult
from pressure-drop measurements alone.
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Figure 3.4: Time-averaged solids holdup at different bed heights for
uncharged and charged particle systems.

Furthermore, the porosity results suggest a possible mechanism for the
reduction in bubble size reported experimentally by Dong et al. (2015)
and observed in charged systems discussed later in this chapter. If a larger
fraction of the gas permeates through the emulsion phase, the gas available
for bubble growth decreases, leading to smaller bubbles and potentially
enhanced bubble shrinkage or collapse during their rise through the bed.

3.4 Bubble Dynamics

Bubble behaviour plays a central role in determining the hydrodynamics
of bubbling fluidized beds because it directly influences gas—solid contact,
solids circulation, mixing, and mass transfer (Kunii et al. 1991; Kunii
et al. 1994). The previous section showed that electrostatic interactions
modify the local bed structure and increase bed heterogeneity. However,
pressure-drop measurements alone do not provide sufficient information to
explain how electrostatic forces alter bubble formation and development.
To investigate these mechanisms in greater detail, controlled single-bubble
injection simulations were performed.

Single-bubble simulations provide a convenient method for isolating the
interaction between a bubble and the surrounding particle phase, eliminating
complications associated with bubble coalescence and splitting in freely
bubbling beds. Similar approaches have previously been employed to
investigate bubble behaviour in both uncharged and charged fluidized systems
(Jalalinejad et al. 2012; Jalalinejad et al. 2016; Tan et al. 2019; Tan et al.
2018). By studying the evolution of an individual bubble, direct insight can
be obtained into the influence of electrostatic forces on bubble shape, bubble
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growth, particle penetration, and bubble stability.

Bubble Injection Methodology

The single-bubble simulations were performed using the same bed configu-
ration and particle properties described in the previous section. The bed
was first fluidized under background conditions for 1 s and subsequently
allowed to stabilize for an additional 0.5 s. A single bubble was then injected
through a central inlet located at the bottom of the bed.

Bubble injection was achieved through a central injection port with an
area of 7.5 x 107° m?. A gas jet with a velocity of 6 ms~! was imposed for a
duration of 0.1 s, resulting in the formation of a single isolated bubble. During
the injection period, the remainder of the distributor continued to operate
at approximately the minimum fluidization velocity, thereby maintaining
the surrounding bed in a fluidized state while minimizing the formation of
additional bubbles. This procedure enabled the evolution of a single bubble
to be tracked and compared under different charging conditions. Bubble
boundaries were identified using a solids-holdup threshold of ¢, = 0.15
(eg = 0.85), consistent with the criterion adopted throughout this work. To
investigate the effect of electrostatic interactions, simulations were performed
for uncharged particles and for particles carrying different fractions of the
maximum particle charge. The resulting bubble behaviour was compared
in terms of bubble morphology, particle penetration, bubble stability, and
bubble size evolution during the ascent through the bed.

Bubble Morphology and Stability

The evolution of a single bubble in beds containing particles with different
charge levels is shown in Figure 3.5. Significant differences are observed
between the uncharged and charged systems.

In the contour plots, dark purple corresponds to a low solids volume
fraction (gas-rich regions), whereas yellow indicates a high solids volume
fraction representative of the dense emulsion phase. Figure 3.5(a) shows a
large, well-defined bubble with a nearly particle-free core that exhibits the
characteristic shape expected for bubbles rising in Geldart B particles. In
Figure 3.5(b), the bubble remains recognizable, but becomes more elongated.
At the same time, particles increasingly penetrate into the bubble interior,
resulting in a more diffuse gas—solid interface. Consequently, the region with
very low solids concentration becomes smaller and the boundary between
the bubble and the surrounding emulsion becomes less distinct.

In Figure 3.5(c), this behaviour becomes even more pronounced.
Although an elongated gas region is still present, particles occupy a
substantial portion of the bubble interior, increasing the local solids holdup
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Figure 3.5: Contours of solids volume fraction during single-bubble rise: (a)
uncharged particles, (b) 0.5% charged particles and (¢) 1% charged particles.
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and producing a diffuse interface. As a result, the particle-free core is
considerably reduced.

These observations suggest that electrostatic forces significantly influence
bubble stability. Rather than promoting bubble growth, electrostatic
interactions facilitate particle intrusion into the bubble and suppress the
development of a clearly defined gas void.

To investigate the bubble evolution over a longer travel distance,
additional simulations were performed using a bed with approximately
twice the original height. The results are presented in Figure 3.6.

The extended simulations confirm that increasing particle charge
suppresses bubble development. While only minor differences are observed
between the uncharged and weakly charged systems, substantial changes
occur at higher charge levels. The bubble becomes progressively more
elongated while its boundary becomes increasingly diffuse because of particle
penetration into the gas region. Consequently, the particle-free core decreases
and, for the highest charge levels, the bubble eventually loses its integrity
before reaching the bed surface.

The observed behaviour is consistent with the porosity analysis presented
in the previous section. As electrostatic repulsion increases the local porosity
of the emulsion phase, a larger fraction of the gas flow can pass through the
particulate phase rather than contributing to bubble growth. Consequently,
the amount of excess gas available to maintain the bubble decreases, causing
particle penetration and eventually bubble shrinkage or collapse.

Bubble Shrinkage and Area Evolution

The contour plots presented in the previous subsection indicate that
electrostatic interactions significantly influence the evolution of bubbles
as they rise through the bed. To quantify these observations, the bubble
area was evaluated at the center section of the bed and compared for different
charge levels.

Figure 3.7 shows the bubble area as a function of bubble position for
the uncharged bed and for particles carrying 0.5% and 1% of the maximum
particle charge. For all cases, the bubble area decreases gradually as the
bubble rises. However, the rate of shrinkage increases substantially with
increasing charge level.

Bubble identification was performed using a solids-holdup threshold of
es = 0.15. Consequently, the reported bubble area represents only the
region satisfying this criterion rather than the entire visible gas region.
As electrostatic interactions promote particle penetration into the bubble,
portions of the diffuse gas—solid interface exceed the adopted threshold and
are therefore classified as part of the emulsion phase. The measured bubble
area should therefore be interpreted as the particle-poor core of the bubble
rather than the entire visible gas-rich region.
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Figure 3.6: Comparison of single-bubble evolution for different particle
charge levels in a bed with increased height: (a) uncharged, (b) 0.5%, (c)
1%, and (d) 2% of the maximum particle charge.
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Figure 3.7: Evolution of bubble area during bubble rise for different particle
charge levels.

As electrostatic interactions promote particle penetration into the bubble,
the gas—solid interface becomes increasingly diffuse and the solids holdup
near the bubble boundary increases. Consequently, portions of the elongated
gas region no longer satisfy the adopted threshold and are classified as
part of the emulsion phase. Therefore, the measured bubble area decreases
even though the contour plots indicate that the overall gas region remains
elongated.

The reduction in the measured bubble area is consistent with the
experimental observations of Dong et al. (2015), who reported a decrease
in bubble diameter with increasing particle charging. Similar behaviour was
observed by Jalalinejad et al. (2016), who found that bubbles in highly
charged beds were generally smaller and less stable than those in weakly
charged systems. The present simulations therefore provide further evidence
that electrostatic forces can substantially modify bubble evolution.

A possible explanation for this behaviour can be obtained by combining
the bubble observations with the porosity results discussed in the previous
section. Figure 3.4 showed that electrostatic repulsion increases the local
porosity of the emulsion phase. In classical bubbling fluidization, the
excess gas above minimum fluidization contributes to bubble growth and
maintenance (Kunii et al. 1991; Kunii et al. 1994). However, when the
emulsion phase becomes more permeable, a larger fraction of the gas can
flow directly through the particulate phase instead of entering the bubble.

Consequently, the gas available for sustaining the bubble decreases as
the bubble rises through the bed. This mechanism increases gas leakage
from the bubble into the surrounding emulsion phase and promotes particle
penetration into the bubble interior, both of which contribute to bubble
shrinkage. At sufficiently high charge levels, the bubble may lose its integrity
completely and collapse before reaching the bed surface, as observed in
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Figure 3.6.

These observations provide a physical explanation for the smaller bubble
sizes observed in charged beds. Rather than being caused solely by changes
in bubble shape, the reduction in bubble size appears to be associated with
modifications of the local bed structure and gas distribution induced by
electrostatic interactions. The increased porosity of the emulsion phase
allows more gas to bypass the bubble, thereby reducing the amount of excess
gas available for bubble growth and stability.

The results therefore support the hypothesis proposed in the Introduction
that electrostatic interactions modify bubble dynamics indirectly through
changes in local porosity and gas permeability. This mechanism provides
a link between particle-scale electrostatic forces and the macroscopic
hydrodynamic behaviour observed in charged fluidized beds.

Comparison with Classical Bubble Theory

The bubble-shrinkage behaviour observed in the simulations can be
interpreted in the context of classical bubble theory. In bubbling fluidized
beds, the excess gas above minimum fluidization is assumed to form discrete
bubbles that rise through a dense emulsion phase (Kunii et al. 1991;
Kunii et al. 1994). The bubble size, rise velocity, and growth rate are
determined by the partitioning of gas between the bubble and emulsion
phases. Consequently, any mechanism that alters gas flow through the
emulsion phase has the potential to influence bubble dynamics.

According to the bubble-growth correlation proposed by Mori and Wen
(Mori et al. 1975), bubble diameter increases with bed height as bubbles
coalesce and absorb excess gas while rising through the bed. Classical bubble
models further assume that the emulsion phase remains close to minimum
fluidization conditions, such that most of the excess gas is available for bubble
growth (Kunii et al. 1991; Kunii et al. 1994). In the uncharged simulations,
the observed bubble behaviour is generally consistent with this framework,
with the injected bubble remaining clearly distinguishable throughout its
ascent.

In contrast, the charged systems exhibit a progressive reduction in bubble
area and increased particle penetration into the bubble region. The porosity
analysis presented previously suggests that electrostatic repulsion increases
the local voidage of the emulsion phase. As a result, a larger fraction of the
gas can percolate through the dense phase instead of contributing to bubble
growth. This behaviour is not accounted for in classical bubble models, which
assume that the emulsion phase remains close to the minimum fluidization
condition.

The increased permeability of the emulsion phase provides a plausible
mechanism for the observed bubble shrinkage. If a greater fraction of the
gas is transported through the particulate phase, the amount of excess gas
available to sustain the bubble decreases. Consequently, bubble growth is
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suppressed and gas leakage from the bubble into the surrounding emulsion
phase becomes more significant. Under sufficiently strong electrostatic
interactions, this mechanism may ultimately lead to bubble collapse before
the bubble reaches the bed surface.

These observations are consistent with experimental findings reported
by Dong et al. (2015), who observed smaller bubble diameters in charged
fluidized beds, and with the single-bubble studies of Jalalinejad et al. (2012)
and Jalalinejad et al. (2016) and Tan et al. (2019) and Tan et al. (2018), who
reported significant electrostatic effects on bubble evolution and gas—solid
exchange processes. The present simulations provide additional support
for the hypothesis that electrostatic interactions modify bubble behaviour
through changes in local bed structure and gas distribution.

The present observations may also help explain some of the contradictory
trends reported in the literature regarding the influence of electrostatic
charging on bubble size. Bubble identification requires the selection of
a threshold separating the bubble from the surrounding emulsion phase.
When electrostatic interactions produce a more diffuse gas—solid interface
through particle penetration, the measured bubble size becomes sensitive to
the adopted criterion. Consequently, different bubble definitions or image-
processing methods may lead to different conclusions regarding whether
electrostatic charging increases or decreases bubble size.

Although a quantitative modification of the classical bubble correlations
is beyond the scope of the present work, the results suggest that electrostatic
forces influence bubbling fluidization indirectly by altering emulsion-phase
porosity and permeability. The combination of increased gas leakage through
the particulate phase and enhanced particle penetration into the bubble
provides a consistent physical explanation for the reduced bubble sizes
observed in both the simulations and previous experimental studies.

3.5 Particle Dynamics

The previous sections demonstrated that electrostatic interactions modify
both fluidization behaviour and bubble dynamics. Changes in bubble size,
bubble stability, and local porosity are expected to influence particle motion
throughout the bed. Conversely, electrostatic forces act directly on the
particles and may alter circulation patterns, mixing behaviour, and velocity
fluctuations. To better understand the mechanisms responsible for the
observed hydrodynamic changes, the influence of electrostatic interactions
on particle circulation and granular temperature is analysed in this section.
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Bed Morphology and Bubble Activity

Snapshots of the fluidized bed provide a qualitative overview of the influence
of electrostatic interactions on the overall bed structure. Figure 3.8 compares
the behavior of uncharged particles with particles carrying 2% of the
maximum charge.
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Figure 3.8: Snapshots of uncharged and charged fluidized beds, coloured
according to the magnitude of the electrostatic force acting on each
particle, with blue indicating low electrostatic forces and red indicating
high electrostatic forces: (a) Uncharged bed, wall section (b) Charged bed
wall section (c) Uncharged bed, interior section (d) Charged bed, interior
section.

The uncharged system exhibits the characteristic bubbling behavior of a
Geldart B fluidized bed, with clearly distinguishable bubbles forming, rising,
and erupting at the bed surface. In contrast, the charged system displays a
substantial reduction in visible bubble activity. The elongated gas regions
observed in the charged bed are less clearly distinguishable because particles
penetrate into the bubble interior, producing diffuse gas—solid interfaces.

Another notable feature of the charged bed is the increased tendency
for particles to accumulate near the walls. This behavior is associated with
electrostatic interactions and results in increased particle deposition near the
walls. Such wall deposition has frequently been reported as an important
operational consequence of electrostatic charging in fluidized beds (Fotovat
et al. 2017a; Hendrickson 2006; Zhang et al. 2021).
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The snapshots therefore provide visual evidence that electrostatic
forces suppress bubble activity while simultaneously promoting particle
accumulation near the walls. These observations are consistent with
the porosity distributions and bubble analyses discussed previously and
suggest that particle motion throughout the bed is significantly altered by
electrostatic interactions.

Circulation Patterns

Particle circulation in bubbling fluidized beds is primarily induced by
rising bubbles. As bubbles ascend, particles are displaced upwards in the
wake region and subsequently descend near the walls, producing large-scale
circulation loops throughout the bed (Kunii et al. 1991; Kunii et al. 1994).
Since the previous section demonstrated that electrostatic forces suppress
bubble growth and increase bubble shrinkage, significant modifications of
particle circulation are expected.

Figure 3.9 compares the time-averaged particle velocity field for uncharged
particles and particles carrying 2.6 pC of charge. In the uncharged system,
the classical circulation pattern of a bubbling fluidized bed is observed,
with two dominant circulation loops extending over most of the bed height.
Particles rise through the central region of the bed and descend close to the
walls.

Uncharged i 2.6 pc-Wall effects considered

100

7%+

position z [mm]
position z [mm]
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Figure 3.9: Time-averaged particle circulation patterns for uncharged and
charged systems.

In the charged system, the circulation structure changes substantially.
Although the general circulation pattern remains present, additional local
circulation loops appear near the bottom of the bed. At the same time,
the magnitude of the particle velocities decreases significantly. These
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observations indicate that electrostatic interactions suppress particle mobility
while simultaneously introducing local variations in particle motion. The
reduction in particle velocity is consistent with the previously observed
reduction in bubble activity and bubble size.

The circulation patterns therefore support the conclusion that electro-
static interactions modify fluidized-bed hydrodynamics not only through
direct forces acting on particles, but also indirectly through changes in
bubble behaviour and gas distribution.

Influence of Wall Interactions

In the main simulations, particle-wall image-charge forces are neglected,
as stated in Chapter 2. To separately assess their influence, an additional
set of simulations was performed in which image-charge forces generated
by the reactor walls were included. These forces may contribute to particle
accumulation near the walls and may therefore influence circulation patterns.

Figure 3.10 compares circulation patterns obtained with and without
particle-wall image-charge forces. The first row corresponds to simulations
in which both particle-particle and particle-wall electrostatic forces
are included, whereas the second row corresponds to the main model
configuration, in which particle-wall image-charge forces are neglected.

The results indicate that the influence on the circulation pattern appears
to be limited. The principal hydrodynamic changes observed in the charged
bed are therefore attributed to interparticle electrostatic interactions.

Furthermore, particles exhibit an increased tendency to accumulate near
the bottom corners and close to the walls when electrostatic forces are
active. This behaviour is consistent with the tendency of charged particles to
migrate towards regions of reduced electric field intensity. The accumulation
of solids near the walls further contributes to the heterogeneous structure
observed previously in the solids-holdup profiles.

Granular Temperature

To further quantify the influence of electrostatic interactions on particle

motion, the granular temperature was evaluated throughout the bed.

Granular temperature is a measure of the kinetic energy associated with

random particle velocity fluctuations and is commonly used to characterize

particle mobility in fluidized beds (Godlieb et al. 2008; Wang et al. 2010).
The granular temperature is calculated as

1
0= 3040, +6.) (3.8)

where the granular temperature in each direction is given by
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Figure 3.10: Comparison of circulation patterns obtained with and without
particle—wall electrostatic interactions.
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where N,, is the number of particles within the computational cell, vy ; is
the velocity of particle ¢ in direction k, and vy, is the mean particle velocity

in that direction.

Figure 3.11 compares the time-averaged granular temperature distribu-
tions for the charged and uncharged systems.

The uncharged system exhibits relatively high granular temperatures
throughout much of the bed, particularly in regions influenced by bubble
passage and particle circulation. In contrast, the charged system displays a
significant reduction in granular temperature, especially near the walls.

The reduction in granular temperature indicates that electrostatic forces
suppress random particle motion and reduce particle velocity fluctuations.

66



3.6. Discussion

Uncharged 1.3 pC Charged

[Tt
e
)

Figure 3.11: Time-averaged granular temperature distributions for uncharged
and 1,3 pC charged particles in fluidized beds.

This observation is consistent with the reduced particle circulation velocities
observed in Figure 3.9, also provides a possible explanation for the bubble
elongation observed in the earlier simulations, as the restricted lateral
motion of particles limits bubble expansion in the horizontal direction.
Together, these results demonstrate that electrostatic interactions decrease
particle mobility throughout the bed, leading to weaker mixing and a more
heterogeneous fluidization state.

The circulation and granular-temperature analyses therefore provide
further evidence that electrostatic interactions influence fluidized-bed
hydrodynamics through a combination of direct particle forcing and indirect
modifications of bubble dynamics and local bed structure.

3.6 Discussion

Electrostatic Modification of Bed Structure

The pressure-drop and solids-holdup analyses demonstrate that electrostatic
interactions modify the internal structure of the fluidized bed. While the
uncharged bed exhibits relatively uniform fluidization, charged beds develop
significant vertical variations in solids holdup. Increased solids accumulation
near the bottom of the bed and increased porosity in the upper regions
indicate the development of bed heterogeneity.

These observations suggest that electrostatic repulsion alters particle
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packing and local voidage distributions throughout the bed. As a
consequence, the gas encounters regions of different permeability, resulting
in non-uniform gas distribution and fluidization behaviour.

Mechanism of Bubble Shrinkage

The bubble analyses showed that increasing particle charge decreases bubble
area and promotes bubble collapse. Combining these observations with the
porosity measurements suggests a consistent physical mechanism.

Electrostatic repulsion increases the porosity of the emulsion phase.
Consequently, a larger fraction of the gas flow can permeate through the
particulate phase rather than being incorporated into bubbles. This reduces
the amount of excess gas available for bubble growth and maintenance.
As a result, bubbles become smaller, particle penetration into the bubble
increases, and bubble collapse may occur before the bubble reaches the bed
surface.

The observed reduction in bubble size is therefore interpreted as an
indirect consequence of porosity modifications induced by electrostatic forces.

This interpretation is consistent with the smaller bubble sizes reported
by Dong et al. (2015) and provides a possible explanation for the bubble
behaviour observed experimentally and numerically in charged fluidized
beds.

Implications for Classical Fluidization Theory

Classical bubble theories such as those of Mori and Wen (Mori et al. 1975)
and Kunii and Levenspiel (Kunii et al. 1991; Kunii et al. 1994) assume that
the emulsion phase remains close to minimum fluidization conditions and
that excess gas is predominantly available for bubble growth. The present
results suggest that electrostatic interactions can modify this assumption by
increasing emulsion-phase permeability.

Under such conditions, a larger portion of the gas flow bypasses the
bubble phase and travels through the emulsion phase. Consequently,
classical bubble-growth behaviour is weakened, resulting in a reduction
of the particle-free bubble core and the measured bubble area. The present
results therefore indicate that electrostatic interactions influence bubbling
fluidization primarily through their effect on local bed structure rather than
through direct modification of bubble mechanics.

Consequences for Particle Dynamics

The reduction in bubble activity has direct implications for particle motion.
Smaller and less stable bubbles generate weaker solids circulation, resulting
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in lower particle velocities throughout the bed. This effect is reflected in both
the circulation-pattern analysis and the granular-temperature distributions.

The reduced granular temperature indicates weaker particle velocity
fluctuations and therefore reduced particle mixing. Electrostatic interactions
thus influence fluidized-bed hydrodynamics at multiple scales, from particle-
scale forces to bed-scale circulation behaviour.

Overall, the results support the following mechanism. Electrostatic
repulsion modifies the local bed structure by increasing emulsion-phase
porosity and introducing bed heterogeneity. The resulting increase in gas
permeability allows a larger fraction of the gas flow to pass through the
emulsion phase, reducing the amount of excess gas available for bubble
formation and growth. Consequently, bubble size decreases, bubble stability
is reduced, particle circulation weakens, and granular temperature decreases.
Through this sequence of effects, particle-scale electrostatic interactions
produce significant changes in macroscopic fluidized-bed hydrodynamics.

3.7 Conclusions

The influence of electrostatic interactions on fluidized-bed hydrodynamics
was investigated using DPM simulations of charged and uncharged particle
systems. Based on the results presented in this chapter , the following
conclusions can be drawn:

1. Electrostatic interactions modify the fluidization behaviour of gas—solid
beds and increase bed heterogeneity. While the uncharged bed exhibits
relatively uniform fluidization, charged beds develop significant vertical
variations in solids holdup and porosity.

2. Pressure-drop measurements suggest that increasing particle charge
makes the transition from the fixed-bed to fluidized state less distinct.
At high charge levels, local heterogeneity introduces oscillations in
the pressure-drop curve, complicating determination of the minimum
fluidization velocity.

3. Electrostatic repulsion increases the porosity of the emulsion phase,
allowing a larger fraction of the gas flow to pass through the particulate
phase. This modifies the gas distribution within the bed and reduces
the amount of excess gas available for bubble growth.

4. Single-bubble simulations show that electrostatic interactions reduce
bubble size, promote particle penetration into the bubble interior, and
decrease bubble stability. Bubble area decreases by approximately 4%
and 10% for particles carrying 0.5% and 1% of the maximum particle
charge, respectively.
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5. Comparison with classical bubble theory suggests that the observed

bubble shrinkage results from increased emulsion-phase permeability
rather than direct modification of bubble mechanics. Enhanced gas
leakage through the emulsion phase provides a physical explanation
for the reduced bubble sizes observed in charged beds.

. Electrostatic interactions significantly alter particle dynamics. Particle

circulation velocities decrease, additional local circulation loops appear,
and granular temperature is reduced throughout much of the bed,
indicating weaker particle mixing and mobility.

. Overall, the simulations support a mechanistic picture in which

electrostatic repulsion increases local bed porosity, modifies gas
distribution, suppresses bubble growth, weakens solids circulation, and
ultimately changes the macroscopic hydrodynamics of the fluidized
bed.



CHAPTER 4

Experimental study of

electrostatic charge effect on

hydrodynamics of gas-solid

fluidized beds

Abstract

Electrostatic charging is an inherent phenomenon in gas—solid
fluidized beds containing electrically insulating particles and can
significantly influence bed hydrodynamics. However, previous
experimental studies have reported conflicting observations

regarding its effect on fluidization behavior and bubble dynamics.

This work presents a systematic experimental investigation of
the influence of electrostatic charging on the hydrodynamics of
Geldart B glass particles fluidized in a pseudo-two-dimensional
polymethylmethacrylate (PMMA) column.

Electrostatic charges were generated by fluidizing the bed with
dry nitrogen, while humidified nitrogen was used to obtain nearly
uncharged conditions. Pressure-drop measurements, Faraday cup
charge measurements, and high-speed imaging combined with
digital image analysis were employed to quantify the effects of
charging on fluidization characteristics and bubble behavior.

Electrostatic charging increased the minimum fluidization
velocity by approximately 33%, while the minimum bubbling
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velocity remained largely unchanged. Analysis of the pressure-
drop characteristics indicates that this increase originates from
an increase in bed voidage caused by electrostatic repulsion
between particles, allowing the charged bed to behave as an
expanded fixed bed over a wider range of gas velocities. Sectional
pressure measurements further revealed that charging produces a
heterogeneous voidage distribution throughout the bed, resulting
in local bubble formation even below the global minimum
fluidization velocity.

Single-bubble injection experiments demonstrated that elec-
trostatic charging decreases the average visible bubble area by
approximately 16%, as a larger fraction of the injected gas leaks
through the more porous emulsion phase. Charged beds also ex-
hibited increased bubble instability, reduced probability of stable
bubble formation, and more frequent bubble collapse, whereas
bubble shape and rise velocity were only weakly affected. Under
freely bubbling conditions, however, bubble sizes were compara-
ble for charged and uncharged beds, indicating that electrostatic
effects are most pronounced near the onset of fluidization.

These results provide experimental evidence that electrostatic
charging fundamentally alters fluidized-bed hydrodynamics
through changes in local bed structure rather than by directly
modifying bubble motion. The findings demonstrate that
electrostatic effects should be explicitly incorporated into
hydrodynamic models to accurately predict fluidization behavior,
gas distribution, and bubble dynamics in insulating particle
systems.

4.1 Introduction

Fluidized bed reactors have been in operation in industrial applications
since as early as the 1920s, initially as coal gasifiers. In the 1940s, this
reactor technology was further developed for the production of high-octane
gasoline through Fluid Catalytic Cracking (FCC). Over time, fluidized bed
reactors have become widely utilized across various industries, including
hydrocracking processes, polymer production, pharmaceutical manufacturing,
solids drying, and numerous other applications. Their versatility and
efficiency make them indispensable tools in modern industrial processes.

A fluidized bed comprises solid particles suspended by a gas fed from
the bottom of the column, which permeates the bed through the interstitial
space. This amalgamation of suspended solids and interstitial gas forms what
is known as the emulsion phase, exhibiting fluid-like behavior. Excess gas
passes through this emulsion phase in the form of bubbles, dragging particles
along in their wakes, creating macroscopic circulation patterns. Fluidized
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bed reactors offer numerous advantages stemming from this unique behavior,
including exceptional gas-to-solid mass transfer facilitated by intense gas-
solid contacting, efficient gas-solid heat transfer, maintenance of uniform
temperatures, and versatility in handling a wide range of feedstocks.(Cocco
et al. 2014; Fotovat et al. 2017a; Jahnig et al. 1980; Kunii et al. 1994).

The conditions inside a fluidized bed in general cause the generation of
electrostatic charges on the particles and reactor walls. This occurs due
to constant collisions between particles and between particles and walls, a
phenomenon known as triboelectrification—a type of contact electrification.
These charges can lead to various operational issues. For instance, the effect
of electrostatic charges has been observed in the form of wall sheeting
in the 1940s (Cross 1987). Most effort since then has generally been
put towards minimizing this effect, even though the entire extent of the
phenomenon is still unknown (Mehrani et al. 2005). Apart from wall sheeting,
electrostatic charges may cause particle agglomeration, channeling inside the
reactor, interference with instrumentation, and even electrostatic discharge
that can potentially lead to fire and explosions(Matsusaka et al. 2010).
Particularly in polymer production, where low-weight particles are prevalent
and more susceptible to electrostatic forces, these effects are of significant
concern. They can adversely impact production quality and necessitate
reactor shutdowns. Therefore, it is crucial to thoroughly understand this
phenomenon and its implications for fluidized bed operation (Hendrickson
2006).

Recent studies have investigated the impact of electrostatic charges
using numerical and experimental approaches. Much of this research has
concentrated on understanding how hydrodynamic conditions within the
bed influence the magnitude of electrostatic charge generation.

Experiments have shown that the charge generation inside fluidized beds
increases with increasing superficial gas velocity. This is due to the increased
inter-particle and particle-wall collisions caused by the increasing gas velocity.
The effect of electrostatic charges on hydrodynamics has primarily been
investigated using single bubble injection experiments and simulations, by
measuring the bubble size and velocity (Jalalinejad et al. 2016; Tan et al.
2018).

Comparisons of bubbles injected in charged vs uncharged beds have
indicated that electrostatic forces can affect the bubble size. However,
similar experiments have led to contradicting results in the literature. The
study by Jalalinejad et al. (2016) predicted a significant increase in bubble
size with rising average charge density of the particles, whereas Tan et al.
(2018)’s study suggested a reduction in bubble size. Both experiments utilized
a Faraday cup method to measure the overall bed charge, and employed a
plexiglass column with glass particles. The one apparent difference between
these two works was the particle sizes used, potentially impacting the final
outcomes.

The minimum fluidization velocity, or Uy, is a key parameter used to
characterize the behavior of fluidized beds; the parameter is crucial in many
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correlations, such as those describing the bubble size and rise velocity, rates
of mass and heat transfer, and to predict the circulation and mixing rates.
The effect of electrostatic charges on Uy has also been investigated; in
experiments it was found that the minimum fluidization velocity increases
as a result of charged particles (Dong et al. 2015). This effect has also
been shown by other experiments, which found a decrease in bubble size for
charged particles (Alsmari et al. 2015; Kezeng et al. 2015; Mehrani et al.
2005). Using the bubble size correlation of (Mori et al. 1975), an increase in
minimum fluidization velocity was predicted (Dong et al. 2015).

The objective of this study is to assess and quantify the impact of
electrostatic charges on the hydrodynamic behavior within a fluidized bed
through experimental investigation. To achieve this goal, an experimental
setup is designed to investigate the hydrodynamics of a fluidized bed both
with and without electrostatic charges. The generation of charges in the
bed is investigated using an electrometer. The influence of these charges
on the minimum fluidization and bubbling velocity is measured. Single
bubble injections are conducted and analyzed using digital image analysis
(DIA), enabling the examination of bubble size, shape and velocity from
(high-speed) image recordings.

This paper is organized as follows; in the following section, we will detail
the experimental setup and procedures. Thereafter, we outline the findings,
in particular how electrostatic charges affect the minimum fluidization
velocity, single rising bubble behavior, and on the minimum bubbling velocity.
Moreover, we study the freely bubbling behavior for charged and uncharged
situations. In the conclusions we wrap up with the general observations that
should be accounted for when studying electrostatics in fluidized beds.

4.2 Experimental Methods and Materials

Experimental Setup

The experimental setup consists of a pseudo two-dimensional fluidized bed,
with dimensions of 1000 mm in height, 202 mm in width, and 11 mm in
depth. Only a small part of the height is actually filled with particles, while
the remainder of the column acts as a defluidization zone. The column is
made of polymethylmethacrylate (PMMA) and contains a stainless steel 316,
sintered, porous plate with the average pore size of 40 pm, serving as a gas
distributor. The distributor is located on top of a windbox, to which the gas
inlet is connected, with dimensions of 35 mm in height, 208 mm in width,
and 40 mm in depth. The fluidizing gas was nitrogen, which was fed with a
pressure of 1 bar to the distributor. The gas flow rate was regulated with a
control valve which allowed for a maximum flow rate of up to 120 Nlmin~!

i

the gas feed could be stopped with a shut-off valve. The gas line for bubble
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Figure 4.1: Experimental set-up schematics.

injection is controlled separately; this line allows for a maximum gas flow
rate of 30 Nlmin~!, and is connected to a 1 cm diameter hole located in
the center of the distributor. The gas can optionally be passed through a
humidifier before entering the distributor, in case the bed needs to be kept at
uncharged state. This humidifier comprises a vessel filled with demineralized
water. The experimental setup is depicted in Figures 4.1 and 4.2, illustrating
the column, the humidifier, the Faraday cup, and the high-speed camera
utilized for the experiments.

Since the column is made of transparent PMMA, it offers the possibility
to see and record the hydrodynamic behavior of the bed. For this purpose
a high-speed camera was set-up in front of the column. A LaVision HS4M
camera was used, equipped with a Nikon 55 mm lens. To clearly distinguish
between the emulsion phase and bubbles a bright LED light was located
directly behind the column. The obtained recordings were processed using a
digital image analysis (DIA) script, which was programmed in MATLAB,
as outlined in the next section.

The bed material consists of glass particles with a mean diameter of
475.9 pm with a standard deviation of 22.3 pm, which are classified as
Geldart B-type particles. Sieved particles with a size distribution bound
by 420 and 500 pm were used for the experiments. This distribution was
obtained by taking high-resolution images using a Nikon DLSR camera with
a 200 mm lens and analyzing the radii distance in pixels using MATLAB.
The particles were obtained by sieving particles with a size distribution
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Figure 4.2: Experimental set-up parts overview.

between 400 and 600 pm, the fraction between 420 and 500 pm was used for
the experiments.

Digital image analysis

To examine the bubble rise behavior, high-speed image recordings of bubbles
injected into the fluidized bed were captured. These recordings, obtained
in grayscale at speeds of up to 240 frames per second, were acquired using
the LaVision HS4M high-speed camera (see Figure 4.2d). Subsequently, the
recordings were imported as numerical arrays into a digital image analysis
(DIA) script developed in MATLAB 2020b.

The grayscale pixel intensity values in the arrays were normalized using
bounds measured separately; the upper bound corresponded to an empty
bed (i.e. no particles were obstructing the view of the light source behind
the column), and the lower bound corresponded to a fixed bed, where the
maximum amount of solids blocked the view of the light source. If values
exceeded the upper or lower bound they were capped to the threshold they
exceeded. This process results in a normalized pixel intensity constrained
between 0 and 1.

Subsequently, the values were inverted such that empty column values
correspond to 0 and the fixed bed corresponds to 1. This was required
for the next step, where these normalized pixel intensity values are
converted to three-dimensional solids porosity values. For this conversion,
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a correlation was developed by De Jong et al. (2012), by creating artificial
photorealistic 2D images using Discrete Particle Model (DPM) simulation
results; their simulation produced frames with an exactly known solids
porosity distribution, and the artificial images made it possible to construct
an intensity-3D porosity conversion correlation for a pseudo-2D bed - the
bed was deep enough to fit multiple particles but bubbles would still be
visible. The correlation is shown in equation 4.1.

€s5,3D,max for €s5,3D 2 €s5,3D,max
— A- Es2D
€s,3D = 1—’ for €5,3D < €5,3D,max (41)
1- R

Here, A and B are fitting parameters, which were determined as 0.021 and
0.882 respectively, €5,3D,maz 15 the maximum 3D solids fraction threshold,
set to 0.64, and €, 2p is the 2D solids fraction that could be related to the
normalized pixel intensity.

Using these settings, the weight in case of a fixed-bed can be calculated
from an image taken at zero flow conditions, which resulted in about 1.4 kg,
approximately the same weight of the particles in the bed. A graph of
Equation 4.1 is shown in Figure 4.3. The dashed line denotes the threshold
for the bubble phase, while the colored area beneath the curve signifies
all normalized pixel intensity values falling below this threshold, hence
constituting part of the bubble phase. Consequently, any pixel intensity
below 0.785 was categorized as being part of the bubble phase (De Jong
et al. 2012).

Next, the image is converted to a binary image, explicitly separating the
two phases. Here, a threshold of 0.15 is used, as indicated in Figure 4.3. All
porosity values equal or less than 0.15 were converted to 1 (representing the
bubble) and all bigger values were converted to 0 (representing the emulsion
phase). Consequently, the bubble area, diameter, center-of-mass, sphericity
and aspect-ratio are calculated and converted from pixel units to SI units by
using the width of the column as a scaling factor. The bubble rise velocity
was also obtained by using the center-of-mass coordinates of the bubble and
the time between each frame of the recording, which was obtained by taking
the inverse of the frame rate.

An example of the different stages of the DIA script is shown in Figure 4.4.
Figure 4.4A shows the normalized pixel intensity values of the image, which
are between 0 and 1. Figure 4.4B shows the solid porosity values, which
are between 0 and 0.64. Figure 4.4C shows the binary image, in which the
bubble area is shown in white with a red contour. The red dot represents
the center-of-mass of the bubble. Finally, Figure 4.4D shows the overlay of
the detected bubble on the original image.
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Figure 4.3: Correlation between the normalized pixel intensity and the 3D
solids porosity.

Table 4.1: Camera and software settings.

Operation Exposure [ps]  Frequency [Hz] ROI Aperture
Bubble injection 3999 240 [633,1464,1,2016] {/8
Freely bubbling 3999 30 [533,1464,1,2016]  £/8

The software and camera settings used during the experiments are shown
in Table 4.1. The aperture was set to £/8 and the exposure, frequency and
region of interest (ROI) were set in the camera software (pco.camware),
which was used to control the high-speed camera through tethering. The
focus of the lens was adjusted manually to focus on the column, using the
live preview setting in the software. The only difference between bubble
injection recordings and freely bubbling bed recordings is the frame rate. A
much lower frame rate was used in case of the freely bubbling bed, to record
for longer times without generating extremely large files.
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Figure 4.4: Example of the image conversions in the DIA script. A shows
the normalized pixel intensity. B shows the solid porosity. C shows the
binary image and D shows the bubble overlay on the original image.

Validation of Faraday cup

The charge density of the solids samples was measured using a Faraday cup.
A verification procedure has been conducted to make sure that the results
are (i) reproducible and (ii) provide an accurate measure for the absolute
charge inside the cup.

Optimally, the verification would be done by measuring a sample of
the particles used in our experiments repeatedly, however, performing this
measurement will change the charge density due to particle handling and
contact with the inner cup. Instead, a piece of copper, suspended by a Nylon
string, has been used to perform a reproducibility test. This test was heavily
inspired by the experiment done by Michael Faraday himself, who was using
a brass ball suspended by a silk thread for the same purpose.

The Faraday cup measures the charge when the object is almost
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Figure 4.5: Consecutive measurements of a charged copper object suspended
by a non-conductive Nylon thread moving into and out of the Faraday cup
five times consecutively .

completely surrounded by the inner cup. Since the copper piece will not be
in contact with any other conducting materials, or the inner cup itself, the
charge on the object should not change significantly within the time-span of
the experiment.

The copper object was lowered into the inner cup until it completely
surrounded the object, and then elevated again for a total of five times. The
results are shown in Figure 4.5.

The average charge of the measurement piece was roughly 2300 pC,
with a deviation of 17.4 pC between the measurements. This deviation was
deemed negligible with respect to the measuring range and therefore it was
concluded that the Faraday cup allows for reproducible measurements.

A measuring range of 3000+0.5 pC was used during this experiment,
which allows for a reproducibility of 1.5 pC of the electrometer. Nonetheless,
the results show that using this method the Faraday cup is able to
differentiate between positively and negatively charged objects consistently.
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Figure 4.6: Results of multiple charge density measurements at different
operating conditions.

4.3 Results & Discussion

This section begins with a discussion of the results pertaining to charge
generation, followed by an examination of its impact on minimum fluidization
and bubbling velocity. Subsequently, the outcomes obtained through the
digital image analysis script are deliberated upon, commencing with the
analysis of single bubble injection experiments and proceeding to the
exploration of freely bubbling bed experiments. Finally, several general
observations are summarized and discussed.

Charge generation

In this section, we will assess how the charge generation is influenced by
different superficial gas velocities. The bed was filled to around 40 cm in
the column, and subsequently, the bed was fluidized using dry nitrogen for
30 minutes at particular gas flow rates of 0.32, 0.38 and 0.48 ms~!, which
roughly corresponds to a Uy /U =~ 1.71, 2.15 and 2.71. This procedure
fluidizes the bed, and charges are generated on the particle surfaces.

The charge density was measured for the different superficial velocities
used; the bed was transferred by opening the solids valve at the bottom, and
the particles flow into the Faraday cup, which measures the average charge
density. As the location of the particle drain is placed slightly above the
porous plate, and because some particles stuck to the walls, not all particles
could be transferred to the Faraday cup. The total deficit amounts up to
about 10% of the total bed.

Generally the charge density was found to be positive. The particles
adhering to the wall and the free particles inside the system (bulk) were
collected separately to get a best possible estimate on how the charges are
distributed throughout the system. The results of multiple experiments are
shown in Figure 4.6.
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It was shown in some studies that the charge density depends on the
superficial gas velocity. (Jalalinejad et al. 2016; Manafi et al. 2019; Tan
et al. 2018) all reported an increase in the charge density for increasing
gas velocities (with similar increments of Uys). However, the results in
Figure 4.6 show more or less the same charge density for all investigated
velocities. The charge density seems to plateau around +0.5 nC/g as 'bulk’
charge density (as opposed to 'wall particles’ charge density outlined further
on).

The amount of generated charge due to the triboelectric effect seems to
be around +1 nC/g on average, including both the bulk and wall sticking
particles. The fact that the charges are positive can be hypothesized based
on the triboelectric series tables. After the bulk of the bed was removed for
the initial charge measurement, to measure the particles stuck on the wall,
they were carefully extracted by tapping on the wall or using pressurized air
to blow them off, when the bulk of the bed was already removed from the
column.

By far the highest charge densities have been found for particles that were
stuck on the column walls. The measured charge density of these particles
is also shown Figure 4.6. Clearly, the magnitude of the charge density is
much higher for the particles stuck on the wall, on average a factor 10 times
bigger. The difference is likely even bigger, since due to the position of the
sampling valve, it was impossible to prevent any ’bulk’ particles from ending
up in the Faraday cup.

Additionally, we note that it was not feasible to remove all the particles
from the column walls. As mentioned, tapping the column walls and applying
pressurized air were used to get as much particles from the walls. The latter
method being more effective, but might also introduce additional particle-
wall interactions which affect the measurement. The particles that remained
on the walls, despite the efforts of removing them, most likely had the highest
charge, since this results in the strongest electrostatic force between the
particle and wall.

Particles forming sheets on the walls were reported in other experimental
studies, but their increased charge density with respect to the bulk was not
quantified . The relatively large scatter observed can be explained by the
fact that the wall-stuck particles are only limited in number (and not all of
them can be removed without the risk of changing their charge). Moreover,
these particles act as a shielding layer, protecting the bulk of the particles
in the bed from further particle-wall interactions hence avoiding further
charge transfer to the bulk particles. This would explain why the average
charge density seems to be limited to about 0.5 nCg~!, even though the
maximum calculated theoretical charge density is around 133 nCg~! (Jiang
et al. 1994).
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Minimum fluidization velocity

The minimum fluidization velocity is an important parameter for the char-
acterization of the hydrodynamics in fluidized beds; countless correlations
on heat and mass transfer, bubble behavior and solids mixing depend on
a correct value for Uy, hence its correct calculation is crucial for accurate
phenomenological modelling.

Ut can be obtained by observing the evolution of the pressure drop
across the bed, for increasing and decreasing gas velocity. Before fluidization
starts, the particles behave as a fixed bed, and therefore the pressure drop
scales with the velocity according to the Ergun equation (Eq. 4.2) (Ergun
1952).

Ap 1504, (1 —¢€,)?

- 2 3 3 g
L dp € dp €5

Here, Ap, pg, L, dp, €4, Uy, and pg indicate the pressure drop, fluid dynamic
viscosity, characteristic length, particle diameter, bed voidage, superficial
gas velocity, and fluid density respectively. When the gas velocity surpasses
the minimum fluidization velocity, the time-averaged pressure drop across
the bed becomes stable (plateaus), as it becomes solely dependent on the
weight of the suspended bed (Eq. 4.3). Beyond the minimum fluidization
velocity, the pressure drop fluctuates due to bubbles forming and erupting,
but the pressure drop is constant under pseudo-steady-state assumption.

175pg (1 _sg)UQ (42)

U, +

Apped = Hied g (pp(1 — €4) — pg) = Hped 9 pouik (4.3)

Here, Apyed, Hpeds 9, €g5 Pps Pg, and ppur refer to the pressure drop
over the bed, the height of the bed, the gravitational acceleration constant,
the bed voidage, the solid density, the gas density, and the bulk density
respectively. Consequently, with increasing gas velocity the pressure drop
across the bed will initially increase, until it reaches the pressure drop of
the maximally expanded bed, which is at minimum fluidization velocity.

The minimum fluidization velocity can be obtained by measuring the
pressure drop over a range of gas velocities. The gas velocity at which the
pressure drop no longer increases is the minimum fluidization velocity. The
typical procedure to find this point, is to increase the gas velocity from zero,
up to and beyond the Up,s point, and then decrease the gas velocity back to
zero. The intersection of the two linear interpolants (of the expanding bed
regime and the constant pressure drop regime) indicates the Uy, point. The
decreasing of the gas velocity is a practical aspect that helps to mitigate
hysteretic effects of the bed expansion (Kunii et al. 1994).

The minimum fluidization velocity of a bed of charged particles was
investigated using dry nitrogen gas. The bed was fluidized beforehand to
charge the particles at 2U,¢ for 60 min that build up the charge to 1nC/g
on average. Again, a bed height of 42 cm was used and the gas velocity
decreased with 1 Lmin~' and was held constant for 10 min. A similar
procedure (but without the charge build-up step) was done using humidified
nitrogen, in order to also determine the U, for an uncharged bed.
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Figure 4.7 shows the pressure drop across the bed as a function of the
superficial gas velocity for both cases. For the uncharged bed, Uy was
determined to be 0.191 ms~!, measuring a pressure drop across the bed
of 0.056 bar. The charged bed showed a Uy of 0.254 ms™!, exceeding
the uncharged Uy,s with roughly 33%. The bed pressure drop stayed the
same, within measurement uncertainty. The observed increase of U, with
electrostatic charges is in accordance with results of Manafi et al. (2019),
which showed also an increase in Uy, for charged particles.

One noticeable aspect of Figure 4.7 is the negative slopes at gas velocities
above Up¢. This phenomenon initially arose due to a slight protrusion of the
column in the depth (viewing) direction at higher flow rates. This is due to
very slightly expanding, PMMA walls, being unable to withstand the weight
of the bed under fluidization conditions, in spite of adding another 8 mm
plexiglass reinforcement layer in addition to the original 3 mm-thick PMMA
walls. The bed would collapse as bubbles formed and rose, exerting significant
additional force on the walls compared to a static bed. While these thin
walls were initially chosen to accommodate electrostatic induction sensors,
these measurements were not conducted for this study. The protrusion was
largely mitigated by affixing stiff plates on the front and back walls of the
column. However, complete elimination of this expansion in the plexiglass
bed could not be achieved.

When using charged particles, the formation of bubbles becomes
significantly more pronounced, as evident from the pressure drop curves. The
error bars, representing the standard deviation of the pressure drop during the
sampling period (10 min), exhibit a greater magnitude for higher velocities,
indicating substantially larger pressure fluctuations. This phenomenon arises
from the formation and subsequent collapse of bubbles, which occur after
surpassing the minimum fluidization velocity.

It is clearly seen that initially the slope of the pressure curve for the
charged bed is much lower than that of the uncharged bed. According to
Equation 4.3, the bed voidage should be roughly 0.43 to yield this bed
pressure drop. This voidage is on the high side but not implausible. In the
velocity range of 0-Uy,s the pressure drop curves follow the Ergun equation
(Eq. 4.2). Since the eventual pressure drop doesn’t change, but Uy,¢ does, the
slope of the initial part has to change. This is clearly visible in Figure 4.7.
The slope of the uncharged bed is equal to 0.721 barsm~2 and for the
charged bed it is 0.545 barsm™2, this gives a ratio of roughly 1.32. This
change in ratio can be correlated to the Ergun equation. Since the gas
viscosity and density are hardly influenced by the humidity at 20 °C they
can be regarded as constant, and since the particle diameter also remains
constant this only leaves the bed voidage as a possible explanation for this
reduction in slope.(Tsilingiris 2008)

Equation 4.4 shows the equation that has to be solved to obtain the ratio
in bed voidage to explain the difference in slope for the pressure drop curves.
The ratio between the slopes is 1.32.
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For a bed voidage of 0.43 in case of the uncharged bed, a bed voidage
of 0.45 would be estimated for the charged bed to get this ratio between
the pressure curve slopes according to the Ergun equation. Since the bed
voidage for the uncharged bed could be different, the result has been plotted
over a wide range of bed voidage and for different velocities within the
fixed-bed regime, this result is shown in Figure 4.8. It clearly shows that
this difference can only be explained if the bed voidage is higher in case of
the charged bed (which corresponds to a lower solid holdup as shown in the
Fig. 4.8). This increased voidage could be explained by the repulsive force
between the particles, which was also observed for the particles stuck on
the column walls. Since the particles repel each other, more free space is
created, resulting in a higher bed voidage.

Moreover, the increase in bed voidage should theoretically result in a
higher bed height for the charged bed, which was also investigated. Initially,
the bed height measured 40.1 cm at minimum fluidization with an uncharged
bed. Considering the difference in bed voidage, this should theoretically
lead to a bed height increase to 42.1 cm. However, multiple measurements
yielded an average bed height of 41.3 cm with a deviation of 0.2 cm over
four different measurements. Thus, there was an increase of approximately
1.2 cm, instead of the expected theoretical increase of 2.0 cm. This deviation
could partly be explained by particles adhering to the wall, which occurs
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Figure 4.8: The difference in solid holdup between a charged and uncharged
bed required to explain the difference in pressure drop slope during the
fixed-bed state.

only when the bed is charged. Roughly 24 g of glass particles would need to
be stuck on the wall to account for the 0.8 cm difference from the theoretical
height. The images of the bed height clearly show the particles adhering
to the walls. This increased bed height further confirms the increased bed
voidage in the case of charged glass particles.

Minimum bubbling velocity

Apart from the minimum fluidization velocity, also the minimum bubbling
velocity (Upp) has been investigated, which is defined as the velocity at
which bubbles start to form. For Geldart B particles, this is usually right
after Uy has been surpassed. Some snapshots of the uncharged bed at
different gas velocities are shown in Figure 4.9. It clearly shows the expected
behavior for Geldart B type particles, with no bubble formation at Up,s (Fig.
4.9.A) and clear bubbles forming already at 1.1 Up¢ (Fig. 4.9.C). Even at
1.05 Uyt (Fig. 4.9.B) small bubbles already start to form at certain areas in
the bed.

The same was done for a charged bed. Note that in this case Uyt
increases, as was shown in the other results. Since Uy,s tends to vary a bit
between the measurements the average value was used, which was determined
at 0.254 ms~!. Figure 4.10 shows snapshots of the bed at different gas
velocities in case of a charged bed.

It is clear that bubbles in the charged bed, at the same u/U,y¢ ratios, are
much more prevalent when compared to the uncharged bed when the gas
velocity exceeds Ups. Additionally, it was observed that some bubbles would
form and rise from the middle and upper region of the bed, even when the
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B) 1.05 Uy

Figure 4.9: Investigation of Uy, for an uncharged bed. Bubble formation
shown at different superficial velocities, A) shows 1.0 Uy B) shows 1.05
Ut C) shows 1.1 Uy, and D) shows 1.2 Uyt

gas velocity was still below Uy¢. Bubbles would also appear in the lower
region of the bed, but these do not rise to the top of the bed completely, but
instead deflate into the interstitial space somewhat higher in the bed. These
results suggest a degree of heterogeneity of the bed voidage for charged beds,
playing a significant role in the bubble dynamics; apparently the excess
gas flow rate changes along the column height, having implications on the
bubble diameter, use velocity and bubble growth relations.

By measuring the pressure drop over different height sections in the bed
we were able to determine the porosity profile in the bed. In Figure 4.11,
the sectional pressure shows a decreasing trend as a function of the height.

These results demonstrate that at gas velocities just below Uy, the top
of the bed already achieves the fully expanded, fluidized state, whereas the
lower areas of the bed are more densely packed. Bubbles that form in the
lower regions can therefore more easily deflate into the more open structure
higher in the bed. We believe that this is caused by the hydrostatic pressure
of the bed, which increases towards the bottom of the bed, and herewith
(partly) overcomes the repulsive action of the electrostatic charges. This, in
turn, will affect the pressure drop and therefore the measurement of Uy
and explain the variability of Uy in the charged beds in the first place.

The gas velocity could be reduced to 0.9 Uy¢, and still bubbles
occasionally formed in the upper part of the bed. Since this concerns only a
small area of the bed, these occurrences cannot be considered as the overall
onset of bubbling; these bubbles have appeared due to the heterogeneity of
the bed. This observation suggests that the definitions of Uy, and Up,p, may
need to be reconsidered or adjusted to accommodate such variability.
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Figure 4.10: Investigation of Uy, for a charged bed. Bubble formation
shown at different superficial velocities, A) shows 0.9 Up,s, B) shows 1.0 Uy,
C) shows 1.1 Uy and D) shows 1.2 Uyys.
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Figure 4.11: Sectional pressure drop for uncharged (black) and charged (red)
bed.

Single bubble injections

Bubble phenomena play an important role in gas-solid contact and solids
circulation, therefore it is an important (hydrodynamic) property to
investigate. Injection of single bubbles in the fluidized bed was investigated
using high-speed recordings and analyzed using digital image analysis (DIA)
(Laverman et al. 2008). Accordingly, 30 bubbles were recorded during their
rise trajectory, using a high-speed camera. The orifice used for bubble
injection has a diameter of 1 cm, therefore with a flow rate of 15 Lmin~*
the injection velocity equals 3.18 ms~!.

For conducting experiments in an uncharged bed, humidified gas was
used to generate the minimum fluidization state. The bed was also charged
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Figure 4.12: Average bubble diameter in the uncharged bed (black) and
charged bed (red) as function of the height in the bed.

by first fluidizing the bed at 2 Uy, for an hour, before recording any bubble
injections.

At these conditions, 30 bubble injections were performed using an
injection volume of 50.0 mL, and their results were averaged over increments
in height of 1 cm. The bubble diameter, area, aspect-ratio and velocity were
obtained. The average bubble diameter, in case of uncharged and charged
particles is shown in Figure 4.12. When multiple bubbles would be detected,
the largest bubble in-frame was tracked to determine the bubble diameter
over the vertical position. This explains why the error bars are much smaller
in the lower part of the bed, since near the top of the bed the bubbles tend
to become unstable and break up. Nonetheless, the results show that, on
average, the bubbles in an uncharged bed are slightly bigger, when the same
injection volume of gas is used.

Figure 4.13 shows the total visible bubble area in case of an uncharged
and a charged bed. This total area also includes bubbles that are split,
which explains why the error bars are much smaller compared to the bubble
diameter. Again, it shows clearly that the bubbles are larger in case of an
uncharged bed. This can be explained by the increased bed voidage for the
charged bed, that was found for the previous results. More gas leaks to the
emulsion phase, due to the increased bed voidage caused by the repulsive
forces between particles in a charged bed. Therefore, less gas travels as
bubbles through the bed which results in smaller bubbles. On average, the
bubble area in an uncharged bed is 3575 mm? and 2848 mm? for a charged
bed. The bubble volume can be calculated with the depth of the bed, which
is 11 mm. This results in an average bubble volume of 39.3 mL and 31.3 mL
for an uncharged and a charged bed respectively. Since the injection volume
is equal to 50.0 mL, on average 78.7% of the injected volume travels as a
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Figure 4.13: Average bubble area in the uncharged bed (black) and charged
bed (red) as function of the bubble height in the bed.

bubble for an uncharged bed and 62.7% in case of a charged bed. As a
result, in case of a charged bed the average bubble size decreases with 16.0%,
due to greater leakage of gas to the emulsion phase caused by the increased
bed voidage.The observed reduction in bubble size is consistent with the
experimental findings of Jalalinejad et al. (2016), who reported that bubbles
in highly charged beds were approximately 15% smaller than those in less
charged beds. Their results were likewise attributed to modifications of
the gas-solid hydrodynamics caused by electrostatic effects. However, this
trend differs from the observations of Tan et al. (2018), who reported an
increase in bubble area with increasing charge density. These conflicting
observations suggest that the influence of electrostatics on bubble size may
depend strongly on factors such as charge distribution, particle properties,
and bed operating conditions.

Next, the influence of electrostatic charge on the shape of the bubble
was analyzed; this feature is of particular importance for the solids mixing
process, which is driven mainly by the particles travelling in the wake of the
bubbles (Mehrani et al. 2017). If the bubble shape changes, so does the solids
mixing intensity. The most common attribute is the bubble aspect-ratio,
which was determined by dividing the bubble width over the bubble height
(Kunii et al. 1991). Figure 4.14 shows the average aspect-ratio along the
vertical position. In the bottom part of the bed, the bubbles have a very
similar aspect-ratio, slightly above one. The bubbles tend to get wider in
both cases as they rise through the bed. On average the aspect-ratio of a
bubble in an uncharged bed was 1.65, while it was slightly wider (1.84) in
a charged bed. However, the error bars also indicate that the results vary
a lot more in the charged bed. This might be due to the heterogeneity of
the bed porosity. Overall, the shape of the bubbles does not seem to be
strongly influenced by the bed charge. This observation differs from the CFD
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Figure 4.14: Average bubble aspect-ratio (bubble width over bubble height)
for an uncharged bed (black) and charged bed (red).

predictions of Jalalinejad et al. (2012), who reported substantial bubble
elongation in the direction of bubble motion as particle charge increased. In
subsequent experiments, Jalalinejad et al. (2016) observed approximately
15% larger bubble height-to-width ratios in highly charged beds. In contrast,
Tan et al. (2018) found that bubbles became progressively flatter as charge
density increased. The present results indicate that, although electrostatic
charging clearly affects bubble size and stability, its influence on the mean
bubble aspect ratio is comparatively modest under the conditions studied
here. Figure 4.15 and 4.16 show examples of bubble paths for the uncharged
and charged case respectively. It was observed that the general shape of
the bubble does not change drastically. It only shows that the bubbles are
slightly smaller in case of a charged bed.

The results visualised are representing stable bubbles, that managed
to reach the top of the bed. However, injections would often not lead
to any bubble at all, or it would quickly burst and disappear in the bed
after injection, in particular when the bed was charged. Similar results were
observed in other experimental studies (Jalalinejad et al. 2016). The observed
heterogeneity of the bed in combination with the increased bed voidage may
cause this. Since gas is more likely to pass through the emulsion phase,
forming a stable bubble is more challenging; any correlations describing the
formation of bubbles should include this bifurcation as it would influence
the total number of bubbles. The lower the injection volume, the stronger
this effect was observed. Bubble injections into an uncharged bed never
resulted in unstable bubbles, and even extremely modest injection volumes
formed stable bubbles. While increased bubble instability has previously
been reported for charged beds by Jalalinejad et al. (2016) and Tan et al.
(2018), the present experiments additionally demonstrate that electrostatic
charging strongly affects the probability of successful bubble formation itself.
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Figure 4.15: Paths of bubbles in an uncharged bed with an injection volume
of 50.0 mL.
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Figure 4.16: Paths of bubbles in a charged bed with an injection volume of
50.0 mL.

To the authors’ knowledge, this reduction in the likelihood of generating a
stable injected bubble has not been explicitly quantified in previous studies.

The break-up of these initially stable bubbles was also studied. Figure 4.17
shows the percentage of bubbles that are split over the height of the bed.
The percentage is taken of the 30 recorded bubbles. The data demonstrate
that the chance of bubble splitting increases near the top of the bed in
both situations. Once a stable bubble has developed, there does not appear
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Figure 4.17: Percentage of bubbles that are split over the vertical position.
The percentage is taken from the 30 bubble recordings for each case.

to be much of a difference between the charged and uncharged beds. The
larger error bars for the aspect-ratio and bubble diameter can be explained
by the increased probability of splitting towards the top, although both
characteristics vary dramatically when a bubble splits or coalesces. The
increase in bubble splitting towards the top of the bed is consistent with
previous observations by Jalalinejad et al. (2016) and Tan et al. (2018),
who reported particle raining from the bubble roof and eventual bubble
break-up in charged fluidized beds. However, once a stable bubble was
established, the present results indicate that the overall splitting frequency
was not strongly affected by electrostatic charging.
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Figure 4.18: Average bubble rise velocity in an uncharged bed (black) and
charged bed (red).

Finally, Figure 4.18 depicts the difference in injected bubble rise velocity.
In the uncharged bed the average bubble rise velocity is 0.248 ms~! and in
the charged bed it is 0.234 ms~! which are quite similar. The rise velocity of
bubbles for Geldart B type particles is mostly influenced by the interstitial
velocity, which is influenced by the background velocity. Since Uyt increases
for charged beds, a higher background velocity was used of 0.240 ms~!
as opposed to the 0.191 ms™! used in the uncharged bed. However, on
average the rise velocity is still slightly lower for the charged bed. This might
be due to an increase in bed voidage, which should reduce the interstitial
velocity. The relatively small influence of charging on bubble rise velocity
contrasts with the numerical predictions of Jalalinejad et al. (2012), who
predicted that electrostatically elongated bubbles would rise faster than
bubbles in uncharged beds. The absence of a significant velocity increase in
the present work is consistent with the limited changes observed in bubble
shape and suggests that electrostatic effects primarily alter gas leakage and
bubble stability rather than bubble acceleration.

To check if these results are consistent with different injection volumes, the
injection volume was reduced to 33.3 mL. The results, shown in Figure 4.19,
demonstrate that again the bubble area is smaller in the charged bed. The
visible bubble volume accounted for 55.1% and 24.5% of the injected volume
for uncharged and charged beds respectively. Hence, when the bed is charged,
the bubble hold-up drops by 30.6% on average, which is nearly twice as
much as when a 50.0 mL injection volume was utilized.

In comparison to the prior results, the bubble volumes are often smaller.
The maximum average bubble volumes are just 70.4% and 33.6% of the
injected volume for the uncharged and charged bed respectively. So,
significantly less gas from the injected volume travels through the bed
in the bubble phase relative to when a bigger injection volume is used. The
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Figure 4.19: Average bubble area in uncharged bed (black) and charged bed
(red) as a function of the height in the bed with a smaller injection volume
of 33.3 mL.

bubbles tend to get substantially wider and split more often in a charged
bed according to these results. The higher tendency of the bubbles to split
is not only caused by the actual splitting of bubbles themselves, but rather
the formation of multiple bubbles during the injection. An example of this
is shown in Figure 4.20. It obviously shows the bubble that formed at the
injection hole (1), as well as another bubble that formed higher in the bed
(2). This is due to the earlier described heterogeneity of the charged bed.
Some locations in the bed have a higher voidage, which allows for bubble
formation when the additional volume of gas is introduced into the bed. So
that multiple bubbles were presented at the same time, which was recorded
as a ’split bubble’. Since the bubbles are much smaller they tend to get
wider when they are breaking higher in the bed, as it is more difficult for
the smaller gas volume to displace the solid particles.

The occurrence of multiple bubbles at different heights following a single
gas injection appears to be associated with the heterogeneous voidage
structure observed in charged beds. Although bubble splitting and instability
have previously been reported in charged fluidized beds (Jalalinejad et al.
2016; Tan et al. 2018), similar observations of bubble formation at multiple
locations within the bed were not found in the literature consulted for this
work. Further research is required to determine the generality and underlying
mechanisms of this phenomenon.

To make sure that these results are not exaggerated by the absolute
difference in background gas velocity between the charged and uncharged
cases because of the differences in the minimum fluidization velocities,
, another set of experiments was performed using the same absolute
background velocity. We opted to use the minimum fluidization velocity
as observed for uncharged beds (U, = 0.191 ms™!), which sets the relative
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Figure 4.20: Bubbles forming in multiple locations during bubble injection
with a 33.3 mL injection volume in a charged bed.

velocity for the charged bed to approximately 0.8 Uy¢. The injection velocity
was set to 4.24 ms~!, which results in an injection volume of 66.7 mL. To
induce bubble formation in the charged bed, this relatively larger injection
volume was required. A total of 10 bubbles were recorded and analyzed
for both an uncharged and a charged bed, and the results for the average
bubble area is shown in Figure 4.21.

Clearly, the area of the bubbles in the charged bed is much lower, which
is expected since the background velocity does not equal the minimum
fluidization velocity. On average, the bubble volume in the uncharged bed is
53.7 mL and only 14.8 mL in the charged bed. This decrease of 58.3% is
much more significant than those observed in previous results. These results
support that the minimum fluidization velocity is indeed higher in case of
a charged bed. Apart from the significantly smaller bubbles, the shape of
the bubble does not seem to be strongly influenced by the charge on the
particles.

Freely bubbling bed

In this section we investigate how electrostatic charges affect the behavior of
fluidization under freely bubbling conditions. Both uncharged and charged
beds are used, and the bed was operated at 1.3, 1.6, and 2.0 times the
respective value of Uys. Each experiment was recorded for three minutes
at a frame rate of 30 frames per second, yielding 5400 frames in total. The
experimental data was compared with a correlation by Shen et al. (2004),
which predicts the bubble diameter as a function of the height for pseudo
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Figure 4.21: Average bubble area in uncharged bed (black) and charged bed
(red) as function of the height in the bed when the same background velocity
was used (0.191 ms™1) with an injection volume of 66.7 mL.

2D fluidized beds with Geldart B type solids. The correlation is shown in
equation 4.5.

1

dy = 0.89 ((U0 — Uny) (h + 3.0%)) W (4.5)

Here, h is the height, Ag is the catchment area, t is the depth of the bed
and g is the gravitational acceleration constant. Their work was based on a
fluidized bed with a larger width and depth (0.68 x 0.07 m) compared to the
bed used in this work (0.202 x 0.011 m). So that their correlation probably
overpredicts the experimental results as bubbles can grow to larger diameters
in their set-up (Laverman et al. 2008; Shen et al. 2004). Figure 4.22 shows
the equivalent bubble diameter as a function of the vertical position in case of
an uncharged bed. The equivalent bubble diameter is defined as in equation

4.6.
45,
== 4.
dp - (4.6)

Here Sy is equal to the bubble area in the pseudo 2D bed. The results
show that the correlation by Shen et al. (2004) slightly underestimates the
bubble diameter obtained from the experimental results, but the general
trend of bubbles growing as they rise clearly corresponds reasonably well.

Figure 4.23 illustrates the findings of the same experiments with a charged
bed. Take into account that even though Uy is increased for the charged
bed, the correlation values are indeed slightly higher. The observations
indicate that the correlation, once again, underestimates the experimental
results. The difference appears to be larger in the case of the charged bed
than in the case of the uncharged bed. The single bubble injection tests
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Figure 4.22: Equivalent bubble diameter over the height for 1.3, 1.6 and 2.0
times Uy in an uncharged bed compared to the correlation by Shen et al.
(2004)
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Figure 4.23: Equivalent bubble diameter over the height for 1.3, 1.6 and

2.0 times Uyt in a charged bed compared to the correlation by Shen et al.

(2004)

revealed that the size of bubbles in a charged bed decreased, which was
attributed to an increase in bed voidage. As a result, comparable findings
were predicted for the freely bubbling bed results. It seems however, that
in a freely bubbling bed the bubbles are slightly larger compared to the
uncharged bed. To rule out that this is not caused by the increase in gas
flow rate due to the increase in Uy,¢. Experiments were performed with the
same background velocity, the result is shown in Figure 4.24 and clearly
shows that the obtained bubble diameters are very similar for the charged
and uncharged beds.
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Figure 4.24: The equivalent bubble diameter in a freely bubbling bed in case
of an uncharged bed (black) and charged bed (red) when the gas flow rate
is very similar (50.9 and 51.2 1/min respectively).

These results indicate that the bubble size is not affected by the charged
particles in case of a freely bubbling bed. This could be explained by
the change to the bubbling regime, when compared to the single bubble
injection experiments; the most distinctive feature of the bed under minimum
fluidization condition, i.e. the increased and inhomogeneous bed voidage,
becomes less noticeable as the overall bed voidage significantly increases for
bubbling fluidization in the first place. The small increase in voidage due to
the repulsive force between the particles has a negligible impact. However,
due to the increase in Uy, the bubble diameter should also be smaller in
case of the charged bed, as is indicated by the dashed lines in Figure 4.24.
Also this characteristic seems to become less prevalent, due to the change
to a bubbling fluidization regime, suggesting that the electrostatic charge
mostly influences the hydrodynamics at lower gas velocities around Uy, and
below, while it still does affect the absolute value for Uy, of course.

Since Uyt is increased for charged beds, the excess gas flow at a given
Uy /Ums ratio is actually higher for charged beds. The excess gas can, to a
large extent, pass through the interstitial zone (further expanding the bed in
the case of charged particles), keeping bubbles of similar size, but affecting
the amount of gas flowing through the emulsion phase.

Finally, the average bubble flow rate in the freely bubbling beds were
analyzed and compared to thee case of an uncharged and a charged bed
for the different superficial gas velocities. Figure 4.25 shows the results for
the uncharged bed and Figure 4.26 shows the results for the charged bed.
Clearly, for both cases at lower gas velocities the gas is not homogeneously
distributed over the bed. This was likely due to inconsistencies in the porous
plate that acts as gas distributor; this could result in bigger bubbles locally,
and explain the underestimation by Shen et al. (2004) correlation. However,
in case of the highest flow rates (Fig. 4.25C and Fig. 4.26C) the gas is
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Figure 4.25: Average visual bubble flow for an uncharged bed at 1.3 Uyt
(A), 1.6 Uy (B) and 2.0 Uyys (C).
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Figure 4.26: Average visual bubble flow rate for a charged bed at 1.3 Uy
(A), 1.6 Umf (B) and 2.0 Umf (C)

distributed homogeneously, yet the experimental bubble diameter in the
charged beds is still larger than the one predicted by equation 4.6. The
results also show the similarity between Figure 4.25C and 4.26B, which
correspond with the results shown in Figure 4.24. This also suggest that the
hydrodynamics for these situations are very similar.

General observations

In this final section of the results some general observations will be discussed
that were observed during the experiments. One of these observations was
the deposition of particles on the column walls. Charged particles would
stick to the inside of the column wall, forming layers of deposited particles.
This is caused by the attracting force between the particles and walls. These
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Figure 4.27: Particles attracting each other on the walls at the bed surface.

deposited particle layers were very difficult to remove and the only successful
method was to supply humidified gas to the column. The particles on the
walls seemed to mostly repel each other, since they had charges of the
same sign. However, since glass is an insulating material,its surface may be
covered with zones of positive and negative charge. This was also observed
during the experiments, as stacks of particles formed at the surface of the
bed. These stacks did not form by chance, but were caused by an attracting
force between the particles. This shows that the glass particles had zones of
opposite charge which allowed them to attract each other. An example of
this is shown in Figure 4.27.

Next, particle bridges were detected forming within the bed. These were
only observed when the bed was charged and frequently happened when
switching from a high gas velocity to Uys. Figure 4.28 shows an extreme
example of such a particle bridge. The image shows a snapshot of a 30
frames per seconds recording made when a particle bridge was present. It
demonstrates that this bridge was stable for an extended period of time.
This shows not just the development of particle bridges, but also the impact
of increasing bed voidage on bubble movement. No bubbles can be seen
flowing through the section of the bed below and above the gap created by
the bridge in the images. The bed above the bubbles is noticeably lighter,
indicating a higher level of bed voidage. In certain parts of the bed, all the
gas passes through the emulsion phase.

After the gas flow was shut off, the particle bridge collapsed, in
Figures 4.29A gas is still supplied at 1 Uy, in 4.29B the gas is shut off and
the bed starts to collapse, in 4.29C the bridge has already collapsed and is
falling down, and in 4.29D the bed has fully collapsed to itself. It only took
0.3 seconds for the bed to collapse after the gas was shut off. The formation
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Figure 4.28: Formation of a bridge (at top of the bed) during switching from
high gas flow to minimum fluidization gas flow.

A)0.00s B)1.00s

Figure 4.29: Collapse of the bridge after gas flow is turned off after 1 second

(B).

of these bridges contributed to the heterogeneity observed in the charged
beds, since no bubbles traveled through these parts of the bed.

4.4 Conclusions
Experiments have been conducted to investigate the effect of electrostatic

charge on the hydrodynamics in gas-solid fluidized beds. The designed
experimental set-up proved to be able to generate electrostatic charge
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on the glass particles. It was revealed that, on average, particles gained
approximately 1 nCg~! of electrostatic charge. The results also showed
that the generation of electrostatic charge is suppressed when the fluidizing
gas is humidified, as no significant generation of charge was observed. An
important finding was that particles that got stuck on the column walls
carried a significantly higher charge. These particles had gained on average
5.0 nC g~!, with individual measurements going as high as 15 nC g~ 1.

Experiments revealed an increase in minimum fluidization velocity in
case of charged particles. This increase is caused by the increased bed
voidage, due to the repulsive electrostatic forces between the particles. The
increased bed voidage results in a higher gas velocity needed to reach the
pressure drop over the bed, at which the particles start to fluidize, therefore
resulting in a higher minimum fluidization velocity. The increased bed
voidage also resulted in a slightly higher bed height, albeit with only a small
difference. An increase in minimum fluidization velocity was also found by
other experimental studies, which validate these results (Manafi et al. 2019).

The minimum bubbling velocity was determined visually, using recordings
of the fluidized bed. The analysis shows expected behavior for the uncharged
bed, with bubble formation when U, is exceeded, as is expected for Geldart
B type particles. However, in case of the charged bed, bubbles were formed at
Ums and required a lower velocity to completely stop bubble formation. The
formed bubbles at U,,¢ were only present in some parts of the bed, indicating
that the bed voidage was not homogeneous, which has been confirmed by a
separate measurement.

Single bubble injection experiments were conducted and showed a
decrease in the average bubble area in case of a charged bed. A decrease
of 16% visible bubble flow was observed when a bubble injection volume of
50.0 mL was used. The decreased bubble area can be linked to the increase
in bed voidage, as more gas of the bubble injectied is able to leak to the
emulsion phase. No significant differences in bubble shape were observed,
apart from the bubbles being 11% wider on average, in case of a charged
bed. One important difference was the stability of the injected bubbles.
In case of a charged bed it was much more difficult to produce a stable
bubble. However, once a stable bubble was formed they did not seem more
likely to collapse in the charged bed. In future studies, the effect of the
inhomogeneous voidage profile on the bubble formation, rise and growth
should be investigated in more detail, in order to better describe empirical
(phenomenological) models for fluidized beds; existing correlations do not
fully account for this effect.

The influence of electrostatic charging on bubble behaviour was found to
depend on the fluidization regime. While pronounced effects were observed
during the single-bubble injection experiments, the average bubble diameters
in freely bubbling beds were comparable for charged and uncharged particles
at similar gas velocities relative to Uy¢. This suggests that the increase
in bed voidage caused by electrostatic repulsion has a smaller influence on
the average bubble size under freely bubbling conditions, where the overall
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bed voidage is already substantially increased by the higher gas velocity.
Nevertheless, differences in the spatial distribution of bubble activity indicate
that electrostatic charging may still affect the local hydrodynamics of the
bed.
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CHAPTER 5

Heat transfer coefficient in the

presence of fouling

Abstract

Electrostatic charging, arising from particle interactions in gas-
solid fluidized beds, poses significant operational challenges in
industrial processes involving insulating materials such as high-
density polyethylene (HDPE). This chapter investigates the
influence of electrostatic charge accumulation on fouling and
the resulting deterioration of heat-transfer performance in a
laboratory-scale fluidized bed with an immersed heating cartridge.
The effects of operating temperature, particle size distribution,
and superficial gas velocity on electrostatic charging, fouling
behaviour, and heat transfer were systematically investigated.
Electrostatic charge densities of bulk and fouling particles
were measured using a Faraday cup, while the heat-transfer
coefficient of an immersed heating element was determined
from temperature measurements under controlled operating
conditions. The results showed that particles deposited on the
heating element consistently carried substantially higher negative
charge densities than the bulk particles, while no conclusive
dependence of charge accumulation on operating temperature
was observed. The unsieved HDPE particles exhibited the highest
charge densities and the greatest fouling deposition, whereas
gas velocity had only a limited influence on particle charging
but significantly affected fouling formation. Comparison with
the theoretical correlation of Molerus et al. (1995) showed that
progressive fouling reduced the measured heat-transfer coeflicient
to less than half of the value predicted for a clean fluidized
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bed. These findings establish a direct relationship between
electrostatic charge accumulation, fouling development, and heat-
transfer deterioration, providing valuable insight for improving
the thermal efficiency and operational reliability of industrial
polymer fluidized-bed drying systems.

5.1 Introduction

Fluidized beds are widely employed in industrial processes such as catalytic
cracking, combustion, drying, coating, and polymerization because they
provide excellent gas—solid mixing, nearly uniform temperature distributions,
and high heat and mass transfer rates. In many of these applications,
heat is supplied to or removed from the bed through immersed heating
or cooling surfaces, allowing efficient temperature control even in highly
exothermic or endothermic processes. Heat transfer in bubbling fluidized beds
is governed by gas convection, particle convection, and particle conduction,
with continuous particle renewal at the heat-transfer surface representing the
dominant heat-transfer mechanism under most operating conditions (Li et al.
2019; Molerus et al. 1995; Molerus et al. 1997). Consequently, fluidized beds
exhibit heat-transfer coefficients that are considerably higher than those of
many other gas—solid contactors, making them particularly attractive for
industrial processes requiring efficient thermal management.

The excellent heat-transfer performance of fluidized beds relies on the
continuous replacement of particles at the heat-transfer surface. Any
mechanism that suppresses particle renewal or introduces an additional
thermal resistance between the particles and the heat-exchanging surface can
significantly reduce the heat-transfer coefficient. One of the principal causes
of this deterioration is fouling, whereby particles gradually accumulate on
immersed heat-transfer surfaces and reactor walls, forming an insulating
deposit layer that impedes heat transfer and may eventually impair reactor
performance (Hendrickson 2006; Oliveira 1997).

The numerical and experimental investigations presented in the preceding
chapters have established that electrostatic charging plays an important
role in modifying the behaviour of gas—solid fluidized beds. Chapter 3
demonstrated, through numerical simulations, that electrostatic interactions
alter particle motion and fluidization hydrodynamics, whereas Chapter 4
experimentally confirmed their influence on particle charging and bubble
dynamics. In addition to these hydrodynamic effects, electrostatic charging
promotes particle deposition on solid surfaces and is expected to contribute
to fouling formation on immersed heat-transfer surfaces. As the fouling
layer grows, an additional thermal resistance is introduced between the
heat-transfer surface and the fluidized particles, leading to a progressive
deterioration of heat-transfer performance (Hendrickson 2006; Mehrani et al.
2005; Mehrani et al. 2017; Salama et al. 2013). This progression naturally
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motivates the present chapter, in which the engineering consequences of
electrostatic charging are investigated through their influence on fouling
development and heat-transfer performance.

One important industrial process affected by these phenomena is the
drying of high-density polyethylene (HDPE) particles following slurry-
phase polymerization. Fluidized-bed dryers are widely used because of
their excellent heat and mass transfer characteristics. However, repeated
particle—particle and particle-wall collisions during fluidization generate
electrostatic charges that are retained by the electrically insulating polymer
particles. The resulting particle deposition on heated surfaces promotes
fouling, reduces heat-transfer efficiency, increases maintenance requirements,
and may ultimately lead to unplanned shutdowns and significant economic
losses (Hendrickson 2006; Salama et al. 2013). Increasing the temperature
of the immersed heat-exchange surfaces is not feasible because the operating
temperature is limited by the melting point of the HDPE particles. Moreover,
even at temperatures below the melting point, the particles become
increasingly sticky, promoting agglomeration and adhesion to the surfaces of
the immersed heat exchangers.

Previous studies have shown that electrostatic charging and fouling are
strongly influenced by operating conditions such as particle size distribution,
superficial gas velocity, temperature, humidity, and material properties
(Mehrani et al. 2017; Nifuku et al. 2003; Sowinski et al. 2012; Sowinski
et al. 2010). These parameters influence not only charge generation and
dissipation but also particle transport, wall deposition, and fluidization
hydrodynamics. Fine particles generally exhibit higher charge-to-mass ratios
and a greater tendency to adhere to reactor walls and heated surfaces than
coarse particles (Sowinski et al. 2012; Sowinski et al. 2010). Consequently,
the combined influence of these operating conditions on fouling development
and heat-transfer performance remains highly coupled and difficult to predict.

Although electrostatic charging, particle deposition, fluidized-bed hy-
drodynamics, and heat-transfer mechanisms have each been investigated
extensively, these phenomena have generally been studied independently.
Relatively few experimental studies have quantitatively established the
complete relationship between electrostatic charge accumulation, fouling
development, and the resulting deterioration of heat-transfer performance
under controlled operating conditions. A systematic understanding of this
relationship is essential for developing effective mitigation strategies aimed
at improving the thermal efficiency and operational reliability of industrial
polymer fluidized-bed processes.

The objective of this chapter is therefore to experimentally investigate
the influence of operating temperature, superficial gas velocity, and particle
size distribution on electrostatic charging, fouling behaviour, and heat
transfer in a laboratory-scale gas—solid fluidized bed containing high-
density polyethylene (HDPE) particles. With an immersed heating
cartridge, electrostatic charge accumulation is quantified using Faraday
cup measurements, while fouling formation on an immersed heated surface
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is monitored simultaneously. The measured heat-transfer coefficients are
subsequently compared with the correlation proposed by Molerus et al.
(1995) to quantify the deterioration in thermal performance resulting from
electrostatic fouling.

5.2 Experimental Setup

The experimental setup consists of a stainless steel gas-solid fluidized bed
reactor, constructed from two welded sections. The bottom section houses a
porous distributor plate at the base, designed with holes of 40 pm in diameter
to ensure uniform gas distribution. Nitrogen was used as the fluidizing gas.
The nitrogen fluidizing gas was not separately preheated before entering
the column at room temperature; heating of the bed was provided by the
immersed heating element. The active fluidization zone has a diameter of
50 mm and a height of 265 mm, providing a controlled environment for the
fluidization experiments.

A centrally positioned electric heating element was integrated into the
bed to simulate industrial drying conditions. The heating element has a
diameter of 6.5 mm and a length of 75mm. The stainless-steel heating
element was electrically connected to the grounded reactor body, ensuring
that it remained at ground potential throughout the experiments. Two
thermocouples were installed to monitor the thermal conditions during the
experiments. One thermocouple measured the surface temperature of the
heating element, while the second measured the bed temperature at a fixed
distance from the heater. These measurements were used to determine the
temperature difference required for calculating the heat-transfer coefficient.

To maintain stable thermal boundary conditions and minimize heat losses
to the surroundings, the entire fluidized bed reactor was enclosed within an
insulated electrical oven. This configuration ensured nearly uniform thermal
conditions throughout all experiments. A schematic of the fluidized bed
reactor is shown in Figure 5.1, while an overview of the laboratory-scale
experimental setup is presented in Figure 5.2.

High-density polyethylene (HDPE) polymer particles were used as the
bed material because polymer particles readily accumulate electrostatic
charge and are representative of industrial fluidized-bed drying processes.
The particles had a mean volume-averaged diameter D[4, 3]= 227.8 pm and
were classified as Geldart B type particles. Under non-electrified conditions,
Geldart Group B particles typically exhibit stable bubbling fluidization,
making them a suitable baseline for investigating the influence of electrostatic
charging. To investigate the influence of particle size distribution, fouling
behaviour, and heat transfer, HDPE particles (obtained from SABIC) were
sieved into distinct size groups. In addition, experiments were performed
using the original unsieved material for comparison. The measured particle
size distribution (PSD) of both unsieved and sieved HDPE particles, along
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Figure 5.1: Schematic of the experimental setup: gas-solid fluidized bed
including a central electric heating element.

with their corresponding experimentally measured minimum fluidization
velocities (U,,s) following the procedure described in Section 4.3, are
presented in Table 5.1.

Table 5.1: HDPE particle size distribution and experimentally measured
minimum fluidization velocities of the investigated particle groups.

Particle groups D[4,3] pm | Span | Uy, s [ms™!]
Group 1 186.4 1.07 1.16
Group 2 220.8 1.05 1.37
Group 3 284.9 0.99 2.44

Group 4 (unsieved) 227.8 1.11 1.43

Particle size distribution (PSD) measurements were conducted using a
FRITSCH Micro Tech Plus Analysette 22 particle size analyzer. Detailed
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Figure 5.2: Photograph of the laboratory-scale fluidized-bed apparatus
showing the fluidization column, thermocouple connections, and heating-
element power controller

PSD results for all samples are provided in Appendix 5.4. Analysis of the
unsieved sample revealed that approximately 20% of the particles were
smaller than 100 pm. These fine particles have a tendency to adhere to
larger particles, potentially influencing fluidization behavior and making
the sieving process more challenging. Similarly, the PSD analysis of the
sieved fractions showed that more than 10% of the particles in each group
were below 100pm, which may affect interparticle interactions and charging
behavior within the fluidized bed. This is visually demonstrated in Figure 5.3,
included in Appendix 5.4, where small particles can be observed adhering to
the surface of larger particles. This adhesion tendency may contribute to
changes in effective particle size, charge transfer behavior, and fluidization
characteristics.

5.3 Results and Discussion

Charge Generation and Fouling Behavior in a Fluidized Bed at

Different Operating Temperatures

To evaluate the influence of operating temperature on electrostatic charge
accumulation and fouling behaviour, unsieved HDPE particles were fluidized
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Figure 5.3: Particle size distribution of sieved particles with 180 to 220 pm

at four different cartridge heater temperature settings. Nitrogen was supplied
as the fluidizing gas at a superficial velocity of 2.86 ms™!, corresponding
to 2.0 times the minimum fluidization velocity (U,,f). After one hour
of operation, the accumulated charge of both the bulk particles and the
fouling particles was measured using a Faraday cup following the procedure
described in Chapter 4. Here, fouling particles refer to particles that remained
deposited on the surface of the heating element at the end of the experiment.
After fluidization, the heating element was carefully removed from the bed
to avoid mixing the deposited particles with the bulk material. The heating
element was then gently tapped directly above the Faraday cup, allowing
the deposited particles to fall directly into the cup for charge measurement.
Subsequently, the bulk particles remaining in the bed were collected and
measured separately. Since the deposits were removed without rubbing or
scraping the surface, disturbance of the electrostatic charge during sample
collection was minimized. A limitation of the present charge-measurement
procedure is that particles deposited on the reactor wall could not always
be collected reproducibly. While some wall deposits could be detached by
tapping, others remained attached to the surface. These particles may have
a different charge density from the particles remaining in the bulk bed, and
their incomplete recovery may therefore contribute to the variability in the
measured charge densities. An in-line, non-intrusive charge-measurement
technique would be beneficial in future studies to monitor electrostatic charge
without requiring particle sampling.

Representative photographs of the experimental setup after operation
are shown in Figure 5.4a and 5.4b. The images illustrate the polymer
deposits observed on the cartridge heating element and on the inner reactor
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wall following the fluidization experiments. A detailed discussion of these
observations is presented together with the quantitative fouling and heat-
transfer results in the following sections.

(a) Polymer deposits on the cartridge heating element. (b) Polymer deposition on the
inner reactor wall.

Figure 5.4: Representative photographs of polymer deposition observed after
the fluidization experiments: (a) polymer deposits on the cartridge heating
element and (b) polymer deposition on the inner wall of the fluidized-bed
reactor.
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Figure 5.5: Charge of bulk and fouling particles fluidized at different
temperatures

For each operating temperature, the experiment was repeated under
identical operating conditions. The reported charge densities represent the
average of the repeated measurements, while the error bars indicate the
minimum and maximum measured values.

Analysis of the measured charge densities revealed a clear distinction
between the electrostatic behaviour of bulk and fouling particles. Under all
operating temperatures, bulk particles carried relatively low positive charge
densities, whereas particles deposited on the heating element consistently
exhibited substantially larger negative charge densities. This indicates that
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particles adhering to the heated surface preferentially accumulated negative
charge during fluidization.

Although some variation in charge density was observed with operating
temperature, no consistent trend could be identified within the investigated
temperature range. Considering the experimental variability reflected by
the error bars, the results do not demonstrate a conclusive dependence of
electrostatic charge accumulation on operating temperature.

The observation that fouling particles carried considerably larger negative
charge densities than bulk particles is consistent with previous studies on
polyethylene fluidized beds, in which particles deposited on reactor walls
were also found to exhibit more negative charge than particles remaining
in the bulk of the bed (Salama et al. 2013). This behaviour suggests that
electrostatic charging promotes the preferential deposition of negatively
charged particles on the heating surface, thereby contributing to fouling
formation.

HDPE particles generally acquire a negative electrostatic charge when
they repeatedly collide with metallic heat-exchange surfaces due to
triboelectric charging, whereby electrons are transferred from the metal to
the polymer. The direction of charge transfer depends on the work function of
the metal, the electron affinity of the polymer, surface chemistry (oxide layers,
contamination), humidity, and operating temperature. HDPE is near the
negative end of the triboelectric series, indicating a relatively strong tendency
to gain electrons from many common engineering metals, as observed in our
experiments. Elevated temperatures can enhance this effect by increasing
the contact area and contact time during collisions, while the inherently
low electrical conductivity of HDPE prevents the accumulated charge from
dissipating. As a result, negatively charged particles adhering to the heat-
exchange surfaces create electrostatic attraction for incoming particles, which,
together with thermal softening, promotes particle deposition, agglomeration,
and the progressive growth of fouling layers. However, this effect could not
be clearly discerned from our experiments.

Effect of Particle Size and Gas Velocity on Charge Generation

and Fouling Formation

To further investigate the influence of particle size distribution and gas
velocity on charge generation, four different particle size groups (listed in
Table 5.1) were fluidized at two superficial gas velocities corresponding to
2.5 and 5 times the minimum fluidization velocity. The measured charge
densities are presented in Figure 5.6. The unsieved particles sample, which
contained the broadest particle size distribution and the highest proportion
of fine particles, exhibited the largest charge densities among the investigated
particle groups. In contrast, the charge densities of the sieved particle groups
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were considerably lower. Increasing the gas velocity from 2.5 to 5 Uy, had
only a limited influence on the measured particle charge densities.

The corresponding fouling masses deposited on the heating element are
presented in Figure 5.7. In contrast to the charge measurements, gas velocity
had a more pronounced influence on fouling formation. For all particle
groups, higher gas velocity generally resulted in increased fouling deposition
on the heating element.
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Figure 5.6: Average charge density of the investigated particle groups
at different superficial gas velocities.

8 T T T
=25,
u=s.0U,

o
T

Mass (gr)
»
T
1

1 2 3 4
Particle size group

Figure 5.7: Average fouling mass deposited on the heating element for
the investigated particle groups at different superficial gas velocities.

The results presented in Figure 5.7 indicate that the unsieved particle
sample consistently exhibited the greatest fouling deposition, whereas
particle Groups 2 and 3, consisting of relatively larger particles, produced
considerably lower fouling masses. The higher fouling observed for the
unsieved material coincided with its higher measured charge density
(Figure 5.6), suggesting that the broader particle size distribution and the
presence of fine particles may promote electrostatic charge accumulation and,
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consequently, fouling formation. However, based on the present experiments,
the individual contribution of the fine particles cannot be isolated and
therefore no direct causal relationship can be established.

Smaller HDPE particles generally accumulate a higher negative electro-
static charge than larger particles because triboelectric charging is fundamen-
tally a surface phenomenon. Owing to their higher surface-area-to-volume
ratio, smaller particles acquire more charge per unit mass and undergo more
frequent collisions with neighbouring particles and heat-exchange surfaces.
Furthermore, the low electrical conductivity of HDPE inhibits rapid charge
dissipation, resulting in a charge-to-mass ratio that increases approximately
inversely with particle diameter. Consequently, electrostatic forces become
increasingly significant relative to gravitational forces as particle size de-
creases, making fine particles more susceptible to adhesion, agglomeration,
and entrainment. This trend is clearly reflected in the experimental results,
where the smaller particles exhibit a substantially higher charge density (Fig-
ures 5.6) together with a correspondingly greater fouling mass (Figure 5.7).
The particle size distribution (PSD) also has a pronounced influence on
both charge generation and particle deposition. In beds with a broad PSD,
collisions between particles of different sizes promote size-dependent tribo-
electric charge segregation, whereby fine particles preferentially acquire a
negative charge while coarse particles become relatively positive, despite
being composed of the same material. The resulting electrostatic attraction
enhances the deposition of fine particles on heated surfaces, where they
initiate and stabilize fouling layers that subsequently capture larger particles.
Moreover, a broad PSD provides a continuous supply of fines that fill voids
within the deposit, producing denser, more cohesive fouling layers. Conse-
quently, minimizing the generation and accumulation of fines by carefully
controlling PSD and particle attrition is an effective strategy for mitigating
electrostatic fouling in fluidized-bed heat exchangers. This mechanism is
strongly supported by the experimental results, which show substantially
greater fouling mass and higher charge density for the particle sample with
the broadest particle-size distribution (Figures 5.6 and 5.7). The superficial
gas velocity has two competing effects on the mass of the fouling layer formed
on heated surfaces. Increasing the gas velocity enhances particle circulation,
collision frequency, and shear, thereby intensifying triboelectric charging
and increasing the electrostatic attraction between particles and the heated
surface, which promotes the growth of thicker fouling layers. Conversely,
higher particle velocities also lead to more frequent high-energy impacts that
mechanically erode and detach adhered particles, thereby giving rise to a
self-cleaning effect. Consequently, the net fouling behaviour is determined
by the balance between enhanced electrostatic deposition and mechanical
removal, with the dominant mechanism depending on the operating condi-
tions. Within the range investigated in the present study, up to a superficial
gas velocity of approximately 5 Umf, the enhanced triboelectric charging
and deposition appear to outweigh the self-cleaning effect, as evidenced by
the increasing fouling mass and charge density observed in Figures 5.6 and
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5.7.

Impact of Fouling on Heat Transfer in the Fluidized Bed

Since high-density polyethylene (HDPE) particles are commonly dried in
fluidized bed dryers, fouling formation on immersed heat-transfer surfaces
can significantly affect thermal performance. To investigate this effect,
temperatures were continuously monitored at two locations: (i) on the
heating element surface and (ii) at a fixed position within the fluidized
bed. The electrical power supplied to the heating element was maintained
constant throughout the experiments, allowing the heat-transfer coefficient
to be determined from the measured temperature difference between the
heating surface and the fluidized bed.

Figure 5.8 shows the temporal evolution of the heating-element sur-
face temperature and the bulk-bed temperature during a representative
experiment.
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Figure 5.8: Temperature evolution of the heating element surface and the
fluidized bed during the experiment with an 80°C heater setpoint. Nitrogen
was supplied at a superficial gas velocity of 2.86 ms~! using unsieved HDPE
particles.

The measured temperatures indicate that the system gradually ap-
proaches thermal equilibrium and reaches a nearly steady thermal state after
approximately two hours of operation. A closer examination of the initial
heating period reveals a gradual reduction in the bulk-bed temperature dur-
ing approximately the first 45 minutes, while the heating conditions remained
unchanged. This behaviour coincides with the progressive accumulation of
polymer deposits on the heating element observed during the experiments.
As the fouling layer develops, an additional thermal resistance is introduced
between the heating surface and the fluidized particles, reducing the amount
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of heat transferred from the heater to the bed and consequently lowering
the bulk-bed temperature.

To quantify the influence of fouling on heat transfer, the experimentally
measured heat-transfer coefficient was compared with the theoretical
correlation proposed by Molerus et al. (1995). The Molerus correlation
predicts the particle-to-surface heat-transfer coefficient for bubbling fluidized
beds with clean heat-transfer surfaces as a function of the fluidization
conditions and the thermophysical properties of the gas—particle system. It
is expressed as

hycl 0.125(1 — ¢ 1
P : k = %5 (5.1)
g 1+ ! 1+
CpH U,-U c
3 g mf\ P
\/( U'm,f ) kgg ( g mf)
2/3
b= | —— (5.2)
9(pp — pg)
where
Rpe particle-to-surface heat-transfer coefficient,
kg gas thermal conductivity,
0 characteristic length,
Emf bed voidage at minimum fluidization,
u superficial gas velocity,
Ut minimum fluidization velocity,
Pp particle density,
Pg gas density,
Cp particle specific heat capacity,
I gas dynamic viscosity,
g gravitational acceleration.

Figure 5.9 compares the experimentally measured heat-transfer coefficient
with the value predicted by Eq. (5.1).

At the beginning of the experiment, the measured heat-transfer coefficient
agrees well with the theoretical prediction, indicating that heat transfer
initially follows the behaviour expected for a clean fluidized bed. As
the experiment progresses, however, the measured heat-transfer coefficient
gradually decreases and eventually falls to less than half of the value predicted
by Molerus’ correlation. Since the operating conditions remained constant
throughout the experiment, this progressive deviation is attributed to the
accumulation of polymer deposits on the heating element. The growing
fouling layer increases the thermal resistance between the heating surface
and the fluidized particles, thereby reducing the effective heat transfer from
the heater to the bed.
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Figure 5.9: Comparison between the experimentally measured heat-transfer
coefficient and the theoretical value predicted by the Molerus correlation for
a clean fluidized bed.
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Figure 5.10: Measured heat-transfer coefficients for the investigated HDPE
particle groups at different superficial gas velocities.

The measured heat-transfer coefficients for all investigated particle groups
are presented in Figure 5.10.

The results demonstrate that particle groups exhibiting greater fouling
deposition consistently showed lower heat-transfer coefficients. Comparison
of Figures 5.6, 5.7, and 5.10 reveals a clear relationship between electrostatic
charge accumulation, fouling formation, and heat-transfer performance. The
unsieved HDPE particle sample exhibited the highest charge densities and
the greatest fouling deposition, which corresponded to the lowest measured
heat-transfer coefficient. In contrast, particle Groups 2 and 3 generated
lower charge densities, formed less fouling, and consequently maintained
higher heat-transfer coefficients, although lower heat transfer coefficients
might have been expected in a clean bed without charge accumulation.

118



5.4. Conclusion

These observations provide experimental evidence that increased electrostatic
charging promotes preferential particle deposition on the heating surface,
increasing the thermal resistance of the fouling layer and thereby reducing
heat-transfer performance.

The observed relationship between electrostatic charge accumulation,
fouling formation, and heat-transfer deterioration indicates that electrostatic
charging is an important contributor to fouling development in the present
system. Since the heating element was electrically connected to the grounded
stainless-steel reactor, electrostatic attraction between the charged HDPE
particles and the grounded metallic surface may contribute to particle
deposition. However, the present experiments do not allow the individual
deposition mechanisms to be distinguished. Particle—surface adhesion,
together with the elevated temperature of the heating element, may also
contribute to fouling formation.

Although the experiments were performed under controlled laboratory
conditions using HDPE particles, the observed trends are directly relevant
to industrial polymer fluidized-bed dryers, where electrostatic charging and
fouling commonly occur during prolonged operation. The results demonstrate
that electrostatic charge accumulation is closely associated with fouling
development and the resulting deterioration of heat-transfer performance,
providing valuable insight for improving the design and operation of industrial
fluidized-bed systems.

5.4 Conclusion

This chapter experimentally investigated the influence of electrostatic
charging on fouling formation and the resulting deterioration of heat-
transfer performance in a gas—solid fluidized bed containing HDPE particles.
Particular attention was given to the effects of operating temperature,
particle size distribution, and superficial gas velocity on electrostatic charge
accumulation, fouling behaviour, and heat transfer.

The experimental results demonstrated a clear distinction between the
electrostatic behaviour of bulk particles and particles deposited on the heating
element. Fouling particles consistently carried substantially larger negative
charge densities than the bulk particles, indicating that electrostatic charging
promotes preferential particle deposition on heated surfaces. Although charge
densities varied between operating temperatures, no conclusive dependence
of electrostatic charge accumulation on temperature was identified within
the investigated range.

Particle size distribution was found to have a pronounced influence on
both charge generation and fouling behaviour. The unsieved HDPE particles,
containing the broadest particle size distribution and the highest proportion
of fine particles, exhibited the highest charge densities and the greatest
fouling deposition. In contrast, increasing the superficial gas velocity had
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only a limited influence on particle charge accumulation but significantly
affected the amount of fouling deposited on the heating surface.

The progressive accumulation of polymer deposits introduced an
additional thermal resistance between the heating element and the fluidized
particles, resulting in a substantial deterioration of heat-transfer performance.
Initially, the experimentally measured heat-transfer coefficient agreed well
with the theoretical correlation proposed by Molerus et al. (1995). As
fouling developed, however, the measured heat-transfer coefficient gradually
decreased to less than half of the predicted clean-bed value.

Overall, the results demonstrate that electrostatic charging plays a critical
role in fouling formation and the associated degradation of heat transfer
in polymer fluidized beds. By establishing a direct relationship between
electrostatic charge accumulation, fouling development, and heat-transfer
deterioration, this work provides valuable insight for improving the design,
operation, and thermal efficiency of industrial fluidized-bed drying systems.
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Appendix A: Particle Size

Distributions

Particle size d

istributions (PSD) for different particle fractions were measured

using a FRITSCH Micro Tech Plus Analysette 22 particle size analyzer under
dry conditions at a pressure of 5 bar.

Meas. No. 331 Date Thursday, 23 June 2022 02:21 PM
Name
Material Number
Attribute 4 - pls.
Information editin dry measurement

Configuration

Caleulation Fraunhofer TradeOff broad (1000,0)
No. of Scans ég?e(liﬁ;n' /100 (Grob-Bereich) Beam Obscuration 0,0%
Range 0,08 - 2100 pm Channels 102 Pressure 5 bar
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Mode 248,16 ym Span  (@odinjes0 1,08 D[43] 224,7pm

I

Figure 5.11: The PSD of unsieved particles
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Meas. No. 212 Date Thursday, 09 June 2022 09:32 AM
Name
Material Number
Attribute 4 - pls.
Information editin dry measurement

Configuration

Calculation Fraunhofer TradeOff broad (1000,0)

100 (Fein-
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Range 0,08 - 2100 um Channels 102 Pressure 5 bar
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Figure 5.12: The PSD of sieved particles, Below 180pm fraction

Meas. No. 326 Date Thursday, 23 June 2022 02:53 PM
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Information editin dry measurement
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Figure 5.13: The PSD of sieved particles, 180-224 pm fraction
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Meas. No. 328 Date Thursday, 23 June 2022 03:10 PM
Name
Material Number
Attribute 4 - pls.
Information edit in dry measurement
Configuration
Calculation Fraunhofer TradeOff broad (1000,0)
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Figure 5.14: The PSD of sieved particles, 224-300nm fraction
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Figure 5.15: The PSD of sieved particles, upper 300pm fraction
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CHAPTER 6

Discussion and Conclusions

Abstract

This chapter synthesizes the principal findings of the numerical
and experimental investigations presented throughout this thesis
and discusses their implications for the understanding of elec-
trostatic phenomena in gas—solid fluidized beds. The combined
results demonstrate that electrostatic charging significantly influ-
ences fluidized-bed hydrodynamics by increasing the minimum
fluidization velocity, modifying bed structure, and altering bub-
ble behaviour. In addition, experimental investigations show that
electrostatic charging promotes fouling formation on grounded
heat-transfer surfaces immersed in the fluidized bed, resulting
in a substantial deterioration of heat-transfer performance. The
chapter further evaluates the methodological contributions of the
proposed hierarchical electrostatic force model and the accom-
panying experimental studies, highlighting their significance for
the simulation and characterization of charged particulate sys-
tems. Finally, the limitations of the present work are discussed,
and future research directions are identified, including improved
charge-transfer and charge-dissipation models, humidity effects,
image-charge formulations for grounded surfaces, and advanced
experimental techniques for measuring local charge distributions.
These developments will contribute to more predictive electro-
static CFD-DEM simulations, novel strategies to mitigate fouling
and its adverse effects on the heat transfer performance, and ulti-
mately more efficient, reliable, and safer industrial fluidized-bed
processes.
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6.1 Summary and Comparative Analysis

This research systematically examined the impact of electrostatic charges on
fluidized bed hydrodynamics through numerical simulations and experimental
studies.  Numerically, with a discrete particle method (DPM), the
importance of accounting for long-range particle-particle electric forces
was demonstrated, although these long-range forces are often neglected in
screened-force methods. The DPM was extended by a hybrid computational
algorithm and was enhanced to accurately account for both short- and
long-range electrostatic interactions. This method significantly improved the
efficiency and accuracy of simulations by explicitly calculating short-range
interactions and approximating long-range interactions using lumped charges.
Experimentally, a pseudo-2D fluidized bed setup utilizing Geldart B-type
glass particles was investigated to elucidate the effects of electrostatic charges
on key fluidization parameters.

Both numerical simulations and experimental observations consistently
demonstrated that electrostatic charges notably increased the minimum
fluidization velocity (U,,f). Specifically, experimental results revealed
approximately a 33% increase in U,,s compared to uncharged conditions.
This phenomenon was attributed to electrostatically induced repulsive forces,
which increased bed voidage and allowed the charged system to function
as an expanded fixed bed at higher gas velocities prior to the onset of
full fluidization. Bubble dynamics were similarly influenced, with both
methods observing a reduction in the measured bubble area together with
more elongated and diffuse bubble structures in charged beds, attributed to
enhanced interstitial gas flow facilitated by increased bed voidage.

In addition, experiments were conducted to investigate the effect of
triboelectrically induced particle fouling on the heat transfer performance of
immersed heated surfaces as a function of particle size, operating temperature,
and superficial gas velocity. The results demonstrate the severe deterioration
in heat transfer caused by fouling and reveal the complex interplay between
enhanced electrostatic deposition and mechanical removal, which governs the
extent of fouling under different operating conditions. However, quantitative
discrepancies between numerical and experimental results were observed.
These differences can be largely explained by inherent simplifications in the
numerical model, such as neglecting particle-wall image charges, assuming
uniform charge distributions on particles, and applying idealized boundary
conditions. Moreover, the numerical model needs to be further enhanced to
allow simulations with a large number of particles, enabling for a one-to-one
comparison with experiments.
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6.2. Industrial Relevance

6.2 Industrial Relevance

The influence of electrostatic charges on fluidization behaviors observed in
this study is substantial, profoundly altering bed hydrodynamics. Specifically,
the increased bed voidage, reduced bubble formation and size, and delayed
onset of fluidization resulting from electrostatic repulsion significantly modify
gas-solid interactions. These electrostatic effects pose considerable challenges
for industrial operations, potentially leading to particle agglomeration,
uneven particle distribution, reduced reactor efficiency, and enhanced risks
of electrostatic discharges, which can trigger safety hazards such as fires or
explosions.

Given these implications, industries utilizing fluidized bed reactors should
implement proactive electrostatic monitoring and control measures. Such
measures include optimizing humidity control to manage triboelectrification,
adjusting operational parameters to minimize detrimental electrostatic
effects, and employing materials (e.g. antistatic agents) or coatings that
reduce electrostatic charge generation. Incorporating these strategies based
on the findings from this research can effectively mitigate the adverse
impacts of electrostatic charges, ensuring safer and more efficient fluidized
bed processes. The observed influence of electrostatic charging also has
implications for laboratory-scale fluidization studies. Changes in minimum
fluidization velocity, bubble dynamics, and heat-transfer behaviour caused
by electrostatic interactions may affect the experimental characterization
of fluidized beds. Accounting for these effects is therefore important when
experimental data are interpreted or used for the development and validation
of fluidized-bed models.

6.3 Evaluation of Modeling Approaches and

Methodological Contributions

This study introduced a novel hybrid numerical approach, which effectively
bridged the gap between computational efficiency and accuracy in simulat-
ing electrostatic interactions within fluidized beds. Traditional computa-
tional methods typically neglect long-range interactions or employ simplified
screened force methods, which result in substantial computational inaccura-
cies. The hybrid algorithm presented here, by contrast, significantly reduced
computational errors from around 50% to less than 7%, thus providing a
viable and robust solution for large-scale simulations.

The key contributions of this research include the development and
validation of a computationally efficient and highly accurate electrostatic
force calculation methodology. Additionally, the comprehensive experimental
validation presented herein clarified the role of electrostatic charges in
modifying fluidized bed hydrodynamics, particularly elucidating their
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6. Discussion and Conclusions

influence on critical parameters such as bubble dynamics and minimum
fluidization velocity as well as the role of electrostatics in triboelectrically
induced particle fouling and its influence on heat-exchanger performance.
These methodological advancements present important tools for both
scientific research and practical industrial applications.

6.4 Outlook

While this research achieved rigorous and insightful outcomes, several
limitations and uncertainties were acknowledged. The numerical model
employed simplified assumptions, such as uniform and prescribed particle
charges at the particle center, exclusion of image charges, and idealized
boundary conditions. Moreover, charge generation, transfer, and dissipation
were not included in the model, which limits the prediction of charge evolution
under realistic operating conditions. Similarly, experimental approaches
encountered practical limitations related to accurate charge distribution
measurements and precision in assessing electrostatic influences.

To address these limitations, future research directions are recommended.
Detailed investigations into particle-wall interactions, incorporating image
charge calculations and realistic charge distributions resulting from a detailed
triboelectric charge transfer model, would significantly refine model accuracy.
Moreover, incorporating humidity effects and variable particle charges into
simulation models would improve their applicability to real-world industrial
scenarios. Expanding experimental validation to larger, industrial-scale
fluidized bed systems is also crucial for confirming and extending the practical
relevance of these findings.

While the present thesis demonstrates the significant influence of
electrostatic interactions on fluidized-bed hydrodynamics, fouling formation,
and heat-transfer performance, several challenges remain before these
phenomena can be predicted reliably under industrial operating conditions.
The hybrid electrostatic force model developed in this work substantially
improves computational efficiency while maintaining high accuracy for
long-range electrostatic interactions. Further computational improvements
may be achieved through the implementation of hierarchical tree-based
methods, such as the Barnes-Hut algorithm, enabling larger-scale industrial
simulations. The present framework provides an efficient foundation for
electrostatic CFD-DEM simulations, while future developments should
focus on incorporating additional physical mechanisms relevant to industrial
applications. Future developments should therefore focus on incorporating
dynamic charge transfer, charge dissipation, humidity effects, temperature-
dependent particle properties, realistic particle-size distributions, and a
fully coupled heat-transfer model into electrostatic CFD-DEM simulations,
enabling direct prediction of fouling growth and its influence on heat-
transfer coefficients. Such improvements would provide a more complete
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representation of industrial fluidized-bed systems and further enhance the
predictive capability of numerical models.

On the experimental side, the present work establishes a direct
relationship between electrostatic charge accumulation, fouling formation,
and heat-transfer deterioration. Future advances in experimental techniques
capable of resolving local charge distributions, particle deposition, and
electrostatic interactions in real time would provide valuable data for
validating next-generation numerical models. The integration of such
measurements with fully coupled electrostatic, hydrodynamic, and heat-
transfer simulations would provide deeper insight into the mechanisms
governing electrostatic phenomena in fluidized beds. Future studies
combining experiments and numerical simulations could also evaluate
electrostatic mitigation strategies, including continuity additives (antistatic
agents), where practically applicable, humidity control, and material
or operating-condition modifications, to better understand their role in
mitigating triboelectric charging and fouling under industrially relevant
conditions. Ultimately, these developments will contribute to improved
reactor design, reduced fouling, enhanced heat-transfer performance, and
more reliable operation of industrial fluidized-bed processes.

Overall, this thesis demonstrates that electrostatic phenomena cannot
be treated as secondary effects in gas—solid fluidized beds. Electrostatic
charging directly influences hydrodynamics, particle deposition, and heat-
transfer performance. The numerical methods and experimental observations
presented in this work provide a foundation for the development of more
predictive electrostatic models. Coupling these models with realistic particle
charging, heat transfer, and industrial electrostatic mitigation strategies
will further improve the reliability and efficiency of industrial fluidized-bed
processes.
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