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Abstract

Fluidization is a key technology for handling particulate systems, facilitating enhanced mixing, heat
transfer, and mass transfer in gas—solid contact processes. In bubbling fluidized beds used for
thermochemical conversion, where multiple solid phases coexist, typically involving a dense bulk solids
phase and a dilute lean solids phase, the process performance is strongly governed by the extent of
solid—solid mixing. This dependence has driven sustained research efforts focused on understanding the
fluid dynamics of bubbling fluidized beds containing heterogeneous solid phases. Much of the existing
experimental literature on solids mixing consists of studies under ambient (cold) conditions using the
same solids representative of industrial hot applications but fluidized with readily available gases (such
as air). This practice neglects the strong influence of temperature-dependent fluid properties on bed
hydrodynamics, thereby limiting the validity of such experimental findings. Further, the inability to
accurately measure the distribution of solids phases and their flow patterns in a space and time-resolved
fashion has constrained the achievement of a mechanistic understanding of mixing in these
heterogeneous systems.

This work addresses these gaps by developing a magnetic solids tracing technique for spatiotemporal
characterization of axial solids transport and by experimentally evaluating solids mixing under
industrially relevant conditions. The study systematically examines the influence on lean solids mixing
for varying operating parameters, including fluidization velocity, bed height, lean solids loading, and
different types of lean solids undergoing conversion and releasing gas.

The results demonstrate that neglecting the effect of temperature on fluid properties in cold experiments
leads to substantial overestimation of bubble size, bed dynamics, and the extent of solids mixing,
underscoring the value of fluid-dynamic scaling to capture realistic solids interactions. When
hydrodynamic similarity is preserved by accounting for temperature effects, the results indicate that
mixing is enhanced with increasing fluidization velocity and bed height, while high lean phase loadings
(>10 %vo1) promote segregation due to suppressed bubble-driven circulation. Axial transport is
dominated by bubble dynamics rather than buoyancy, with mixing of lean solids occurring at lower
characteristic frequencies than those associated with bubbles, indicating that not all the bubbles
effectively contribute to mixing. The gas release from lean solids introduces an additional transport
mechanism. At low fluidization velocities, the gas release modifies the axial distribution of lean solids
by generating a localized and transient reduction in solids concentration around the particle, reducing
inter-particle interactions between the lean solid particle and the surrounding bulk solids suspension.
This reduces the effective drag and friction opposing the particle motion, allowing lean solids to respond
differently to their relative density. While at higher fluidization velocities, the gas release from lean
solids enhances the lateral dispersion of the particle by up to 40%.

By combining fluid dynamic scaling, novel magnetic tracing technique, and contemplation of effects of
gas release from lean solids, this work advances the mechanistic understanding of solids mixing in
fluidized beds and delivers novel information about mixing under industrially relevant conditions.

Keywords: Solids mixing, Bed dynamics, Binary fluidized beds, Fluid dynamic scaling, Magnetic
solids tracing
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1 Introduction

1.1 Binary Fluidized Beds

A fluidized bed suspends solid particles in an upward gas flow, creating a dynamic fluid-like state that
promotes efficient gas-solid interactions. These interactions enable effective mixing, momentum
exchange, and high rates of heat and mass transfer, underpinning extensive use of fluidized beds in
industries such as pharmaceuticals, food processing, energy systems, petroleum refining, and mineral
processing [1-4]. Among fluidized beds, the simplest and most commonly applied class consists of a
single solids phase, often referred to as a unary or monodispersed fluidized bed. These systems have
been extensively studied, and their hydrodynamic behavior is relatively well understood. Established
models are available to describe flow regimes and particle—fluid interactions [1,2], supporting the
reliable design and operation of unary beds. Many industrial applications (e.g., thermochemical
conversion, mineral processing, and the food and pharmaceutical industries), however, involve fluidized
beds with mixtures of particles that strongly differ in size, density, or shape. These systems, known as
binary or multi-component fluidized beds, represent a distinct class of fluidized beds, exhibiting
considerably more complex hydrodynamics [5,6].

In a binary fluidized bed, one solids phase is typically present at low concentration and undergoes
physical and/or chemical transformation; hereafter referred to as the lean solids phase. The second
phase, present at higher concentrations, constitutes the bed and is referred to as the bulk solids phase.
The bulk solids may serve several purposes, such as transferring heat, acting as a catalyst for the
reactions, or simply supporting the fluidization of the lean solids phase. Depending on particle
properties and operating conditions, the two solid phases may mix to different extents or exhibit
segregation and stratification [7-14]. While intensified mixing is generally desirable to ensure effective
contact between the solids phases and therefore uniform conversion, uncontrolled segregation is often
detrimental to the process, as it can reduce process efficiency and limit operational control. However, a
purposeful segregation can sometimes be advantageous in specific contexts, for example, to achieve a
narrow residence time distribution or to facilitate particle classification and phase separation [15-17].

Despite extensive research, a detailed understanding of the interactions between these coexisting solid
phases in binary fluidized beds remains limited. When the mixing and segregation behavior of lean and
bulk solids is properly understood and controlled, binary fluidized beds offer significant opportunities
for improved process performance and tailored operations. One such process is the production of
biochar in a sand fluidized bed; effective mixing would promote the uniform conversion of biomass
into biochar, whereas segregation can be exploited to enable recovery of produced biochar from the
sand mixture.

1.2 State of the Art

Mixing and segregation in binary fluidized beds have been extensively studied through a combination
of experimental and modeling approaches; however, experimental characterization remains challenging
due to the opaque and dynamic nature of gas—solid systems. These challenges are exacerbated under
industrially relevant conditions, where high temperatures and large bed dimensions severely limit the
applicability of conventional diagnostics. Only a limited number of studies have explored hot, large-
scale binary beds, primarily using camera imaging [18,19]. Though these approaches are constrained
by limited visibility within the dense bed, leaving much of the bed dynamics largely unresolved.

Owing to the scarcity of measurement techniques suitable for high-temperature applications, most
experimental investigations have been conducted under ambient (cold) conditions, allowing the



exploitation of a wider range of diagnostic tools. Direct visual observation [11,20] provides qualitative
insights at the surface level but cannot capture the dynamics of the dense bed or quantify solids
distribution. Optical imaging [9,21,22] allows tracking of particle motion and bubble activity in real-
time, but it is generally restricted to pseudo-2D or near-wall regions, leaving the dense bed principally
unobservable. Frozen-bed techniques [8,10,23-28] enable post-mortem spatial analysis but fail to
characterize the dynamics of mixing and segregation. Pressure measurements can capture global, time-
resolved bed dynamics and bubble activity, yet they do not resolve phase-specific or localized solids
behavior.

More advanced diagnostics have been developed to probe the motion within the dense bed. Particle
tracking techniques (including radioactive [26,29,30], magnetic [31-33], and positron emission particle
tracking [34]) provide detailed Lagrangian information on the trajectories, velocities, and circulation
paths of individual tracer particles. While powerful, they typically represent only a small subset of the
system and provide limited phase-specific information, even when dummy particles are used [7]. Solids
tracing methods, such as including chemical [35,36], thermal [37,38], fluorescent [39,40], radioactive
[41], or magnetic [42—47], are designed to quantify the evolution of solid phase concentrations. These
techniques provide time-resolved, phase-specific concentration fields but typically yield spatially
averaged measurements over the sensing volume, limiting the ability to resolve instantaneous local
variations in solids concentration.

Given these experimental limitations, modeling has become an essential tool for studying mixing and
segregation in binary fluidized beds. While advanced modeling approaches have advanced
considerably, their reliability depends critically on experimental validation, which is not trivial for such
complex multiphase systems [48]. As a result, many existing models rely on simplifying assumptions,
most commonly based on two-phase theory, in which the bed is represented by bubble and emulsion
phases, supplemented by semi-empirical correlations to describe fluid-dynamic behavior and mass
conservation to account for the lean solids phase [49]. Computational fluid dynamics (CFD) is also
widely employed to model binary fluidized beds through coupled mass and momentum equations that
represent the multiphase system using Eulerian-Eulerian and Eulerian-Lagrangian techniques [50,51].
While these approaches can resolve gas—solid interactions in detail, their application to binary systems
is limited by the uncertainties in specie-dependent momentum exchange and by the high computational
cost associated with fully coupled simulations. As a result, CFD studies of solids mixing are often
restricted to simplified geometries, short timescales, or limited operating conditions.

Besides the limitations, several consistent findings have emerged from these experimental and
modelling studies. It was shown that the particle properties of the lean and bulk solids—including
density, size, and shape—strongly influence mixing and segregation of lean solids [7,11,24]. The
particle size and shape interplay with density to affect drag and inertia, influencing the direction and
extent of segregation [26]. At the macroscopic scale, mixing in fluidized beds is fundamentally mediated
by the bed dynamics, particularly through bubble formation and motion of bulk solids acting as the
primary transport mechanism. Bubbles generated by the fluidizing gas, whose growth is influenced by
bed height, are the primary drivers of mixing in fluidized beds [52,53] and are commonly referred to as
exogenous bubbles. These operating conditions, such as superficial gas velocity, bed height, and lean
solids loading, can be tuned to promote homogeneous mixing or controlled segregation. Higher gas
velocities and taller beds enhance convective mixing but may introduce practical limitations: excessive
velocity can cause jetting and gas bypass [28], while excessive height (higher aspect ratio) may induce
slugging [54]. The loading of the lean solids phase also affects hydrodynamics; higher loadings increase
particle—particle interactions and alter flow patterns, reducing particle mobility and potentially
promoting segregation, requiring a balance between the feeding of the lean solids phase and stable



fluidization [34]. A more thorough summary of studies on mixing and segregation is presented in Paper
II (refer to Table 1). While many consistent findings have been reported, neglecting temperature effects
on gas properties (e.g., density and viscosity) in cold experiments leads to Archimedes and Reynolds
numbers that are one to two orders of magnitude higher than those representative of industrial hot
conditions, thereby violating the fluid-dynamic similarity at these cold conditions and potentially
altering the governing gas—solid interaction mechanisms.

In addition to the exogenous bubbles from fluidization gas, bubbles may also form due to gas released
from the lean solids phase during conversion processes, giving rise to so-called endogenous bubbles
[55]. Unlike exogenous bubbles, these endogenously generated bubbles promote the axial segregation
of lean solids [56—60] by locally increasing the bed voidage and generating lift forces on the gas-
releasing particles [58]. Density differences govern buoyancy, with lighter particles tending to rise and
heavier particles to sink [61]. However, gas release from particles can modify the local hydrodynamics,
allowing particles to rise or remain suspended even when their density would otherwise promote sinking
[58]. It is important to highlight that existing studies on endogenous bubbles have largely been restricted
to controlled laboratory conditions, focusing on spherical lean solids uniformly releasing gas over the
whole particle surface, injected into a dense bed operated at minimum fluidization velocities. Whilst
industrial fluidized beds operate well beyond minimum fluidization velocities, with non-spherical lean
solids fed onto the bed surface, the impact of gas-release on mixing of lean solids under such conditions
remains unexplored.

As a result, extrapolating the results of present studies to large-scale high-temperature fluidized beds
introduces significant uncertainties. This highlights the need for an integrated experimental approach
that preserves industrial relevance, employs advanced measurement techniques, and yields fundamental
insights into solids mixing.

1.3 Thesis Overview

1.3.1 Aim and Objectives

The aim of this thesis is to investigate solids mixing in binary fluidized beds under industrially relevant
conditions, with particular focus on the spatiotemporal characteristics of mixing and on the influence
of particle-generated gas release on mixing dynamics.

More specifically, this thesis addresses three key knowledge gaps through the following research
questions:

I.  What is the impact of neglecting temperature effects on solids mixing?
II.  How fast and how deep do lean solids mix in the bed?
III.  How does gas release from converting lean solids influence mixing?

To answer these questions and to achieve the stated aim, the following specific objectives are pursued:

1) Develop a measurement technique based on magnetic tracing that enables space and time-resolved
acquisition of solid phase concentrations,

2) Evaluate the impact of neglecting temperature-dependent fluid properties on the mixing behavior
of lean solids under cold (ambient) conditions,

3) Characterize the extent of solids mixing under transient and steady state operations,

4) Assess the significance of gas release from the lean solids phase on their mixing in a bubbling
fluidized bed.



1.3.2  Scope and Outline

This work focuses on the experimental investigation of binary solids in a stationary bubbling fluidized
bed, with emphasis on a lean secondary solids phase that is lighter and larger than the Geldart B bulk
solids. The study uses both fluid-dynamically scaled cold models and scenarios with a gas-releasing
and non-releasing lean solids phase. The analysis covers mixing under steady state conditions as well

as transitions under various operating conditions.

Figure 1.1 summarizes the layout of this thesis and the main research questions addressed throughout

this work. The thesis is structured around three appended papers, each addressing specific aspects of
solids mixing in binary fluidized beds:

)]

2)

3)

Paper I examines the impact of disregarding the effect of temperature on the axial mixing of the
lean solids phase in cold experiments. Deviations in mixing behavior are assessed through axial
concentration profiles of the lean solids phase and spectral analysis of concentration fluctuations
associated with bubbles.

Paper II analyses the solids mixing under both steady and transient operating conditions.
Characteristic mixing lengths and times associated with the onset of mixing are determined. Steady-
state mixing dynamics are interpreted through solids concentration fluctuations and bubble
frequencies. A mixing index is used to summarize steady-state mixing behavior across varying
operating parameters.

Paper III explores the significance of gas release on mixing of lean solids under bubbling
conditions using probability density functions of axial distributions and dispersion coefficients to
quantify the mixing behavior.
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Figure 1.1 Overview of the thesis structure, highlighting the addressed research questions and defined
scope.







2  Theory

2.1 The Mixing of Lean Solids

The spatial distribution of the lean solids, their residence time within the dense bed, and their overall
mixing dynamics evolve from the interplay between drag-driven circulation of bed solids and particle-
specific buoyancy-induced segregation. The drag-driven circulation is governed by the momentum
transfer between the lean particles and their surrounding dense suspension, while buoyancy creates an
inherent tendency for lighter particles to remain near the dense bed surface, whereas heavier particles
preferentially sink into the dense bed.

Bubbles from fluidization gas (often termed as exogenous bubbles) are pivotal in establishing solids
circulation within the bed. As bubbles rise along preferential paths, they generate coherent circulation
cells [62] comprising three characteristic regions: the emulsion, the bubble wake, and the splash zone
[63]. Bulk solids are entrained into the wake of rising bubbles and transported upward, while the void
left behind by the bubble is continuously refilled by downward-moving emulsion. Bubbles upon
reaching the bed surface, erupt and eject bulk solids into the splash zone, redistributing particles laterally
before they settle back into the bed. The repeated formation and motion of bubbles along preferred
paths, therefore, give rise to a series of circulation cells that govern both axial and lateral solids
transport.

Lean solids follow these circulation mechanisms to an extent controlled by their physical properties
relative to the bulk solids emulsion. Particles that are lighter and larger than the bulk phase tend to
follow the circulation patterns established by the bubble flow within the bulk solids [64]. When captured
by a rising bubble, lean solids are entrained into the bubble wake and carried upward through the bed.
Conversely, as the emulsion phase moves downward to refill bubble-induced voids, lean solids are
dragged into this downward flow, contributing to axial transport within the dense bed, also referred to
as axial mixing. In addition to axial motion, the passage of rising bubbles induces oscillations in the
surrounding suspension, laterally pushing the lean solids within the dense phase. Upon reaching the bed
surface, bubble eruption ejects lean solids into the splash zone, contributing to lateral mixing. Figure
2.1 illustrates the mechanism of mixing of lean solids in a bubbling fluidized bed.

Overall, axial mixing of the lean solids phase arises from the interlinked upward transport in bubble
wakes and downward motion of the dense emulsion, while lateral mixing is primarily driven by bubble
eruption and particles splashing at the bed surface. The balance between these mechanisms and their
competition with buoyancy-driven segregation ultimately determines the spatial distribution and mixing
state of the lean solids phase in bubbling fluidized beds.
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Figure 2.1: Conceptual schematic of the motion of lean solids within a fluidized bed (adapted from [65]),
illustrating particle-specific segregation and circulation-driven mixing mechanisms: (1) transport
governed by buoyancy—drag competition within the downward-moving emulsion, (2) entrainment within
rising bubbles, (3) upward transport in the bubble wake, and (4) lateral redistribution via splashing upon
bubble eruption at the bed surface.

When the lean solids phase undergoes a conversion that implies a significant release of gas, an
additional transport mechanism comes into play that alters the particle motion. It has been shown that,
when the particle is immersed in the dense bed, the outward gas flux from the particle surface (Stefan
flow) locally reduces the surrounding solids concentration, potentially forming a gas pocket (commonly
referred to as an endogenous bubble) around the particle [56,58—60,66]. This gas pocket generates a lift,
partially counteracting the sinking tendency of heavier lean particles while further enhancing the
buoyancy of lighter particles [58]. This is the gas release from the particle that modifies the momentum
transfer between gas-releasing lean solids and their surrounding suspension and therefore can
significantly influence both mixing and segregation behavior within the bed. However, when a gas-
releasing particle is located over the bed surface, gas is released directly into the freeboard without
forming an endogenous bubble [60]. These two scenarios are illustrated schematically in Figure 2.2.

— Gas Release

Gas-Releasing
Particle

— Exogenous Bubble

[ 4
. Endogenous Bubble
Gas-Releasing
1 _—

Particle

Figure 2.2: Schematic of two gas-releasing fuel particles in a bubbling fluidized bed: particle (1) within
the dense bed forming an endogenous bubble, and particle (2) above the bed surface releasing gas directly
without forming an endogenous bubble.



2.2 Mathematical Descriptions

In the quantification of fluidized bed dynamics, bed voidage (&4) — defined as the volume fraction of
the bed occupied by gas — and solids holdup (&g pyix » €s,1ean) — defined as the volume fraction of the
bed occupied by solid particles — are fundamental parameters for characterizing the bed. For the binary
system, bed voidage can be determined from the following relationship:

The volumetric fractions (&) of the gas phase, bulk solids, and lean solids must sum to unity:
&g + Espuik t Esjlean = 1 [2.1]

Provided that the bed density, (ppeq), defined as the mass of solid particles per unit volume of the
suspension, can be expressed in terms of the volumetric fractions of solids and gas:

Pbed = ps,bulkgs,bulk + ps,leangs,lean + pggg [2-2]

Although the gas contribution is formally included in Eq. 2.2, it is typically very small compared to the
solids and can often be neglected. In this case, the bed density is effectively determined by the solids
alone, and the axial pressure drop across a bed section is given by:

AP = ppeagAh [2.3]

Pressure fluctuations arise from the complex interactions between the gas and solid phases and therefore
contain valuable information about bed hydrodynamics. When analyzed using statistical, spectral
analysis, and nonlinear methods, pressure signals can be used to identify different fluidization regimes
and characterize bubble dynamics [67]. In particular, the amplitude and temporal structure of pressure
fluctuations provide insights into the bed’s hydrodynamic behavior, including bubble formation,
growth, coalescence, and the extent of solids circulation. Analysis in the time domain alone may not
fully capture the complexity of the bed; isolating specific phenomena, such as bubble formation and
motion, often requires frequency-domain or spectral analysis.

Frequency-domain analysis addresses this limitation by decomposing the pressure signal into its
constituent components, thereby enabling a clearer association between observed fluctuations and the
underlying physical mechanisms [68]. To further distinguish between global and local pressure
dynamics, separating the pressure signal into coherent and incoherent components can be done. The
Coherent Output Power (COP) corresponds to pressure fluctuations that are correlated across the bed
and are associated with large-scale phenomena such as gas compression, distributor effects, and surface
bubble eruptions. In contrast, the Incoherent Output Power (IOP) represents localized pressure
fluctuations arising from individual bubble passage and small-scale turbulence [69].

The incoherent component is of particular relevance, as it enables the estimation of a characteristic gas
void length related to the bubble diameter [69]. The bubble diameter has been shown to scale with the
standard deviation of the IOP signal according to:

g10P
b Pmixg(l_smf) [24]

Where, o;0p is the standard deviation of the incoherent pressure fluctuations, p,,;.is the effective
mixture density, g is the gravitational acceleration, and (1 — & f) is the solids holdup at the minimum
fluidization velocity, with &, s denoting the bed voidage at minimum fluidization.

For a binary particle mixture, the effective mixture density (ppi,) accounts for particle composition and
is used to predict both bubble behavior and solids mixing dynamics in fluidized beds, and is calculated
based on the densities and volume fractions of the constituent particles [70] :



Pmix = ps,bulk(l - %lean) + ps,lean%lean [2-5]

where .4, 1S the volumetric loading of the lean solids phase, defined as the volume fraction of lean
solids added relative to the total solids volume in the system, and is given by:

gs,lean

Hiean =
gs,bulk + gs,lean

Additional parameters are used to characterize the distribution and mixing of the lean solid phase. Given

an axial distribution of a solid phase, in this work, the extent of axial mixing is evaluated by a mixing

index, M, which compares the fully mixed and fully segregated states, and is defined as:
M=1——Tmixed [2.7]

Osegregated

Where 0,veq and Ogegregared denote the standard deviation of the lean solids concentration in the mixed

and segregated states of reference, respectively. Specifically:

e The fully mixed state corresponds to a uniform solids distribution along the bed, where the
concentration at each axial position equals the average concentration.

o The fully segregated state represents the opposite extreme, with solids concentrated in one region
of the bed and absent elsewhere, yielding the maximum possible variation along the bed.

The mixing index increases with the degree of axial mixing, yielding M = 0 for complete segregation
and M = 1 for perfect mixing, and serves as a global metric for comparing mixing performance across
operating conditions.

Lateral mixing is quantified within a Lagrangian framework using an analogy to Brownian motion,
assuming stochastic particle motion of the lean solids within a statistically homogeneous suspension of
bulk solids. Under this assumption, the lateral dispersion coefficient of the lean solids (Djeqn) 18
calculated using the Einstein relation for Brownian motion [71]:

1 (Ayy)?
Diean = Ez—}; [28]

where Ay, is the lateral displacement over the time interval At, and (-) denotes ensemble averaging. To

ensure that the calculated dispersion reflects macroscopic mixing rather than local oscillations, small-
scale motions are filtered using a threshold value for length, following the methodology of [72].

2.3 Fluid-Dynamic Scaling

Due to the practical and technical challenges associated with conducting experiments in hot, large-scale
fluidized beds, laboratory investigations are commonly performed under cold conditions. To ensure that
results obtained at laboratory scale can be interpreted as representative of the industrial systems, fluid-
dynamic scaling laws are applied.

Fluid-dynamic scaling aims to maintain geometric, kinematic, and dynamic similarity between the
laboratory model and the reference industrial system. This is achieved by reformulating the governing
continuity and momentum equations in dimensionless form, from which the key dimensionless groups
that characterize the gas—solids interactions are identified [73—76]. Glicksman proposed a full set of
these dimensionless groups [73], which is adopted in this work:

u? upd ugl L G
Yo bs Psteds Potor 2 D g pSp [2.9]
gL pg Hg Hg D" psug

This set consists of seven dimensionless groups, i.e., Froude number, solid-to-gas density ratio, the
particle Reynolds number, the fluid Reynolds number, the bed geometry, the solids circulation flux, the
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particle sphericity, and the particle size distribution. In bubbling fluidized beds, G, is not a relevant
control parameter, as particle motion is primarily driven by bubble-induced agitation. Particle sphericity
and size distribution are kept constant in this study because nearly spherical, narrowly sized particles
are used, minimizing their influence on bed dynamics. By selecting an appropriate combination of gas
and solids while preserving these dimensionless groups, one can determine scaling factors for length,
time, and mass, providing a systematic way to link the two systems.

In the context of binary fluidized beds, proper scaling is particularly critical, as mixing and segregation
are highly sensitive to changes in gas—solids interaction and bubble dynamics. When scaling is correctly
applied, essential bed characteristics are preserved, including bed voidage and expansion, bubble size
distributions and rise velocities, as well as the structure of solids circulation cells and associated mixing
timescales [74]. Preserving these features ensures that the coupling between the lean and bulk solids
phases remains representative of the industrial system. By preserving all relevant dimensionless
numbers, the simulated system reproduces the hot reference hydrodynamics, while secondary
parameters, such as particle size distribution, shape, or mechanical/chemical/thermal properties of both
solid phases, are not explicitly accounted for and are not expected to affect the key mixing behavior

The pressure drop across the distributor plate and the bed plays a key role in establishing and
maintaining fluidization. Scaled models must reproduce the correct superficial gas velocity relative to
the minimum fluidization velocity to ensure realistic bubble formation, solids expansion, and circulation
patterns. Deviations in pressure drop can lead to altered flow regimes [77], uneven fluidization, or
channeling, which in turn impact segregation and mixing behavior [32].

Neglecting fluid-dynamic scaling, particularly the influence of temperature-dependent gas properties
such as density and viscosity, can lead to substantial deviations in bed hydrodynamics [78]. Such
deviations may alter bubble behavior, solids circulation, and particle mobility, ultimately resulting in
significant errors in predicting mixing and segregation behavior. Consequently, experimental
observations obtained under cold unscaled conditions may not reliably translate to industrial-scale,
high-temperature operations with the same gas-solids set.

The applicability of fluid-dynamic scaling to binary fluidized beds has been demonstrated in previous
work [19], where lateral mixing of fuel particles in a cold, fluid-dynamically scaled laboratory model
was directly compared with that in a large-scale hot fluidized bed. The close agreement observed
between the two systems confirms the reliability of fluid-dynamic scaling for capturing the essential
mixing behavior in binary bed configurations, providing a robust foundation for the experimental
approach adopted in this thesis.
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3 Methodology

A unified experimental methodology was applied across all measurement campaigns in this work
(detailed in Section 3.1). The full set of Glicksman scaling laws [73] are employed to preserve the

hydrodynamic similarity between ambient (cold) temperature laboratory setups and a high-temperature
industrial reference case.

Table 3.1 summarizes the relevant parameters for this unified methodology, while the descriptions

below provide additional information about the units referred to in the table:

1. Simulated hot reactor (industrial reference case)

Industrial unit for pyrolysis of biomass operating at 700°C.

Consists of a sand bed fluidized by flue gas.

The lean solids are biomass, specifically wood chips and/or pellets.

Serves as the reference whose hydrodynamic behavior is to be replicated with the lab experiments.

2. Cold-scaled model (fluid-dynamically downscaled experiments)

Ambient-temperature laboratory setup designed according to the Glicksman scaling laws [73].
Uses bronze powder as the bulk solids phase and air as the fluidizing gas.

The lean solids are artificial particles fabricated to mimic the shape, size, and density of wood
chips or pellets at downscaled conditions.

Preserves key dimensionless numbers to achieve fluid-dynamic similarity with the hot
industrial reference case.

3. Cold-unscaled model (conventional cold experiments)

Ambient-temperature laboratory setup operated without applying fluid-dynamic scaling laws.
Uses the same solids as the industrial reference case (sand and biomass) fluidized by air.

The lean solids are artificial particles fabricated to mimic the shape, size, and density of wood
chips, replicating the biomass.

Included to represent conventional cold experiments that do not preserve fluid-dynamic
similarity with the hot industrial reference case.

13
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3.1 Experimental Setup

This work investigates solids mixing in binary fluidized beds through a sequence of three experimental
campaigns, each addressing a distinct aspect of the problem. Together, the campaigns move from
assessing experimental validity to quantifying mixing behavior, and finally to isolating the effect of
particle-generated gas release. All experiments were conducted in stationary cold bubbling fluidized
beds, using two laboratory units with cross-sectional areas of 0.30 x 0.30 m? and 0.17 x 0.17 m. An
overview of the experimental conditions, measurement techniques, and operating ranges for all three
campaigns is provided in Table 3.2.
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Campaign I establishes the extent to which conventional cold experiments can meaningfully represent
industrial hot operations, addressing Research Question I. Solids mixing in an unscaled cold bed is
compared to that in a fluid-dynamically scaled cold model. The latter are first translated to hot-reference
conditions using the scaling factors in Table 3.1. The comparison focuses on deviations in the mixing
behavior of lean solids under otherwise comparable operating conditions. Experiments were conducted
in the 0.30 x 0.30 m? unit with different distributor plates: the scaled bronze—air bed used a 2.2 mm
perforated plate, while the unscaled sand—air bed used a 3.2 mm plate. These designs ensured that the
pressure-drop ratios between distributor and bed were maintained within 30 % across the two systems.

Campaign II investigates how lean solids mix under industrially relevant conditions, addressing
Research Question I1. Experiments were conducted in the 0.30 x 0.30 m? unit using the scaled bronze—
air system. To interpret the results in the context of industrial operation, the cold-scaled data were
translated to hot-reference conditions using the scaling factors in Table 3.1. Both special and temporal
characterization of lean solids mixing is performed. This campaign determines characteristic mixing
lengths, mixing times, and dominant temporal scales under both steady and transient operation.

Campaign III isolates a mechanism absent in inert systems: gas release from the lean solids phase,
addressing Research Question III. A 0.17 x 0.17 m? unit was used to track gas-releasing particles
representing converting biomass during drying and devolatilization. This campaign examines how
particle-generated gas affects both vertical and lateral mixing of lean solids.

Figure 3.1 illustrates the experimental setups and fabricated tracers used for each experimental
campaign.
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3.2 Measurement Techniques

3.2.1 Development of Novel Magnetic Solids Tracing Technique

Magnetic solids tracing (MST) is a measurement technique used to trace the spatial and temporal
distribution of solids in fluidized beds by exploiting the magnetic properties of tracer particles. In this
approach, one solid phase, or a fraction of it, holds ferromagnetic properties [42]. Induction coils placed
in or around the bed change their electrical impedance as magnetizable particles pass through the
sensing volume (volume of the magnetic field created by the coil). This excitation is converted into an
electric signal that is proportional to the concentration of magnetic material. Appropriate calibration is
required once the coil and tracer are selected. MST provides high temporal resolution (typically tens to
hundreds of hertz), enabling real-time observation of dynamic solid behavior. Previous implementations
used large coils to measure spatially averaged concentrations, providing a signal integrated over the
entire detection volume. These systems were designed to extract global metrics, such as residence time
distributions and solids velocities [43,45-47,79,80].

To yield spatial resolution, a new implementation of the MST technique in the form of a pin-probe
configuration has been developed in the present work. The probe consists of a slender rod (1 cm o.d.)
equipped with seven miniature induction coils distributed vertically along its length (Figure 3.2). The
discrete axial placement of the coils enables spatially resolved concentration measurements along the
bed height when inserted. Each coil operates at a sampling frequency of up to 100 Hz and is sensitive
to magnetically tagged particles within a radial distance of approximately 2 cm from the probe center,
providing local yet representative characterization of the surrounding mixture.

Each coil was calibrated to obtain a relationship between electrical impedance response and solids
concentration. The calibration was performed using mixtures of magnetic powder and bronze powder
with varying volumetric fractions (creating a homogeneous solids mixture). The powders have similar
particle size and density, ensuring uniform fluidization behavior. Mixtures of known composition were
homogenized by fluidization. Then, with the bed at rest, the impedance response of each coil was
measured and correlated with the magnetic tracer fraction. The expected linear dependence was
confirmed, and reliable correlations for each of the coils were determined. Figure 3.2 shows the
calibration curve determined and used in this study for experimental Campaigns I and II (Table 3.2).

By collecting signals from the vertically distributed coils, the pin-probe allows reconstruction of
spatiotemporal solid concentration fields, making it able to capture both steady-state distributions and
transient mixing behavior. The technique enables direct measurement of the local concentration of one
solid phase in unary or binary systems. In this study, the method is applied to quantify the distribution
of the lean solids phase.
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Figure 3.2: Calibration curves for the seven magnetic solid tracing coils embedded in the probe pin.

3.2.2 Experimental Implementation
1) Magnetic Solids Tracing (MST) — Campaigns I and 11

In Campaigns I and II, the axial distribution of lean solids was resolved using a pin-probe MST
technique with 100 Hz sampling (Section 3.2.1). By moving the pin along the bed height, the method
captured both mixing and segregation behavior throughout the bed and splash zone. Calibration curves
obtained from pure magnetic powder (Figure 3.2) were scaled based on the known composition of each
fabricated tracer, enabling accurate conversion to lean solids concentration. This measurement
technique provided spatiotemporally resolved concentration data, forming the foundation for linking
solids motion with bed hydrodynamics.

2) Pressure Measurements — Campaigns I and I1

To complement MST, time-resolved pressure measurements were collected at %2 and % of the static bed
height, as well as in the windbox, also at 100 Hz. These measurements captured pressure fluctuations,
overall pressure drop, and bubble activity, offering insight into the hydrodynamic events driving solids
motion. Combining MST and pressure data allowed a direct correlation between bubble dynamics and
axial solids transport, establishing a clear link between bed hydrodynamics and particle mixing.

3) Magnetic Particle Tracking (MPT) coupled with Gas Tracing — Campaign 111

Campaign III employed a custom tracer particle designed to mimic both the physical and gas-release
behavior of a lean solids particle, tracked using magnetic particle tracking (MPT) [33]. The tracer had
a cylindrical shell with porous end caps filled with dry ice to simulate gas evolution during biomass
drying and devolatilization. A small permanent magnet (3 X 3 mm) embedded in the tracer enabled real-
time 3D tracking of particle motion at 100 Hz using MPT. Particle motion data were synchronized with
downstream gas measurements at 1 Hz, allowing direct correlation between gas release and particle
movement. A non-releasing blank tracer was also tested to isolate the effect of particle-generated gas
on mixing. This approach captured the behavior of lean solids undergoing conversion (releasing gas),
providing a more complete understanding of solids mixing (see Paper III for details on mimicked gas
release rates).

20



4 Results and Discussion

This chapter presents the main findings of the thesis; selected results address the research objectives
outlined in Section 1.3.1. Section 4.1 evaluates the performance of the novel measurement technique
developed to measure local solids concentration online, while Section 4.2 examines the limitations of
conventional experimental approaches in resolving local solids concentration and mixing dynamics.
Section 4.3 analyzes the spatiotemporal mixing patterns of the lean solids phase, and Section 4.4
investigates the effect of gas release on mixing behavior.

Results from cold-unscaled tests are presented as obtained, whereas results from cold-scaled tests are
converted to the hot-reference conditions using the scaling factors provided in Table 3.1.
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4.1 Evaluation of MST Pin-Probe Measurements

The measurements performed with the MST pin-probe and presented here are evaluated in terms of
repeatability, accuracy, and representativeness using data from experimental Campaign II.

Figure 4.1 shows the time-averaged axial distributions of the lean solids phase, as measured by MST
pin-probe, for a bed of H/D = 0.27 with 10%..1 loading, and for different fluidization velocities. At low
fluidization velocities, the lighter, larger lean solids tend to accumulate near the bed surface [8,26,28].
As velocity increases, particles penetrate deeper and enter the splash zone, broadening the axial
distribution toward a more axially uniform profile. This effect is attributed to larger and more frequent
bubbles, which enhance bulk solids circulation, which in turn more intensively drags and mixes the lean
phase[63,65].

The MST pin-probe also clearly identifies key system features. These include the dense bed height and
the transition to the splash zone. The concentration peak aligns closely with the independently measured
bed expansion (Paper II, Figure 3).

Beyond capturing physically meaningful trends, Figure 4.1 also demonstrates the robustness of the
MST pin-probe technique. The high repeatability of such measurement is reflected in the standard
deviation (horizontal bars) across three independent 3-minute repetitions.

Overall, the results show that the MST pin-probe provides representative and repeatable measurements
of the lean solids distribution under the tested conditions. The method is responsive under a wide range
of concentrations, irrespective of the mixing conditions. The accuracy of the method is further discussed
below.
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Figure 4.1: Axial distribution profiles of the lean solids phase for different fluidization numbers.
Conditions: H/D = 0.27, %tican = 10%vo1. Source: Paper II
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Mass conservation was evaluated by integrating the lean solids concentration profiles over the full bed
height. Table 4.1 summarizes the reconstructed masses across all operating conditions, which include
six fluidization numbers (uo/ums = 1.5 — 4), four loadings of lean solids (#ican = 3 — 20 %y01), and three
bed heights (Hyea = 0.15 — 0.46 m). Overall, the reconstructed masses agree well with the loaded mass
for most cases, as depicted in Table 4.1. This confirms that the MST pin satisfactorily provides precise
and reliable quantification of the lean solids distribution. Larger deviations occur only at very low or
high velocities and loadings, likely due to cross-sectional maldistribution, incomplete axial resolution
(e.g., in the splash zone), or strong signal fluctuations.
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4.2 Limitations of Cold-Unscaled Test

This section addresses Research Question I by examining whether cold-unscaled experiments can
reliably represent mixing behavior under hot industrial conditions.

The analysis uses results from experimental Campaign I, comparing a fluid-dynamically scaled cold
system with a cold-unscaled system. In the scaled configuration, key dimensionless groups are
preserved, allowing cold measurements to be translated to hot-reference conditions using the scaling
factors in Table 3.1. In contrast, the unscaled system does not satisfy dynamic similarity and its results
are used as obtained.

All experiments were conducted at a static bed height of Hyea = 0.3 m and a lean solids loading of ican
=10 %vol. The comparison focuses on three aspects: axial concentration profiles of the lean solids phase;
bed dynamics inferred from pressure and concentration fluctuations; and characteristic length scales.
The ability of unscaled laboratory tests to realistically represent hot-bed mixing is systematically
assessed by contrasting the hot-reference behavior inferred from the scaled configuration with the
measured response of the unscaled system.

4.2.1 Axial Profiles of Lean Solids

Figure 4.2 compares the axial distribution of the lean solids phase for the hot-reference case—obtained
by translating the cold-scaled measurements using scaling factors listed in Table 3.1—with the directly
measured cold-unscaled results.

At low fluidization velocities (uo/umr = 1.5), both systems exhibit pronounced segregation toward the
bed surface (i.e., increased concentration near the surface and lower towards the dense region). This
behavior is expected given that the lean solids have lower density and larger size compared to the bulk
solids phase. However, the cold-unscaled bed shows a sharper surface peak and a narrower distribution,
indicating stronger segregation than predicted for the hot-reference case. Despite this pronounced
surface accumulation, measurable concentrations of lean solids remain within the dense region under
unscaled conditions. This suggests that some degree of axial transport persists even at this low velocity.

With increasing fluidization velocity, the distributions broaden in both systems, demonstrating
enhanced axial transport [61,64,81]. In the hot-reference case, the redistribution remains incomplete.
This is, the lean solids penetrate deeper into the dense bed and extend into the splash zone, but a
substantial concentration persists near the surface. In contrast, the cold-unscaled bed approaches an
almost flat distribution at higher velocities, indicating near-complete axial homogenization.

Overall, the probability density functions reveal a systematic divergence between the two
configurations. The unscaled system exaggerates segregation at low velocity and promotes excessive
homogenization at higher velocities as compared to the fluid-dynamically scaled version of the
experiments.
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a) Cold-Scaled Test b) Cold-Unscaled Test
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Figure 4.2: Probability density distributions of the lean solids phase concentrations for cold: a) scaled test,
b) unscaled test. Dash-line indicates the static bed height. Conditions: Hpea = 0.3 m, %iean = 10%yvol.

Figure 4.3 quantifies the axial distributions shown in Figure 4.2 using the mixing index (Eq. 2.6). For
both systems, the mixing index increases with fluidization velocity [28,82], consistent with enhanced
solids circulation [65]. Thus, axial mixing improves as the gas velocity increases in both configurations.
Despite this common trend, the magnitude of mixing differs substantially. In the hot-reference case, the
mixing index reaches values of approximately 0.7 at higher velocities. These values indicate improved,
but still incomplete, axial mixing. In contrast, the cold-unscaled bed approaches values near 0.9. Such
values correspond to an almost uniform axial distribution.
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Figure 4.3: Mixing index as a function of fluidization velocity. Conditions: Hyea = 0.3 m, %ican = 10%yvol.



4.2.2 Bed Dynamics

To explain the divergence in axial lean solids distributions shown in Figure 4.2, the underlying bed
hydrodynamics is examined. The axial profiles describe the spatial outcome of mixing, whereas the
pressure fluctuations reflect the dynamic mechanisms—primarily bubble-induced bed oscillations—
that govern solids transport.

Figure 4.4 presents a time series of pressure fluctuations measured at !4 of the static bed height for a
bed height of 0.3 m and a lean solids loading of 10 %..1. Figure 4.4a corresponds to the hot-reference
case inferred from dynamically scaled experiments, while Figure 4.4b shows the directly measured
response of the cold-unscaled bed.

In both systems, increasing fluidization velocity increases the amplitude of pressure fluctuations,
consistent with the intensified bubbling and the enhanced mass oscillations associated with bubble
formation, coalescence, eruption, and gas turbulence [67]. Thus, for both configurations, higher excess
velocity leads to stronger overall hydrodynamic activity.

However, the magnitude of the fluctuations differs substantially. The cold-unscaled bed exhibits
significantly larger pressure amplitudes than the hot-reference case. Since pressure fluctuations are
directly linked to bubble growth and eruption dynamics, this indicates that the unscaled system operates
with larger hydrodynamic structures and stronger oscillations. This is, the cold-unscaled system exhibits
a more vigorous fluidization regime, in which enhanced bubble coalescence and increased flow
heterogeneity may occur. Under these conditions, localized channeling and transient gas throughflow
are more likely, contributing to a less uniform gas—solid structure compared to the dynamically scaled
hot-reference configuration [68], which is likely to promote increased solids redistribution (Figure 4.2).

a) Hot-Reference (Cold-Scaled Test) b) Cold-Unscaled Test
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Figure 4.4: Time series of pressure fluctuations measured at the center of the bed for different fluidization
velocities: (a) hot-reference conditions obtained by scaling the cold scaled test, and (b) cold unscaled test.
Conditions: Hyea = 0.3m, and %iean = 10%vol.
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To complement the time-domain observation, the characteristic timescales of the mixing event are
considered. Figure 4.5 further examines the dynamic differences between the hot-reference (scaled)
and cold-unscaled systems by comparing their normalized cumulative frequency spectra of lean solids
concentration and pressure fluctuations.

Figure 4.5a shows the frequency distribution of lean solids concentration fluctuations. In the hot-
reference system, median frequencies (f50) remain below 1 Hz and are largely insensitive to fluidization
velocity. In contrast, the cold-unscaled system exhibits higher median frequencies (f50 =~ 2 Hz), with a
slight increase as fluidization velocity increases. This indicates more frequent concentration fluctuations
under unscaled cold conditions.

Figure 4.5b presents the corresponding pressure spectra, which reflect bubble-driven bed dynamics.
Both systems display similar spectral shapes and median frequencies (f50 slightly below 3 Hz), showing
that the characteristic timescales of bubble formation and eruption are broadly comparable. However,
as observed in Figure 4.4, the amplitude of these fluctuations is substantially larger in the cold-unscaled
bed.

Considering concentration and pressure spectra together reveals an important distinction. Although
bubble frequencies are similar, concentration fluctuations occur more often in the cold-unscaled system,
suggesting that a larger fraction of hydrodynamic events contributes to measurable lean solids motion.
In other words, bubble activity appears more effectively coupled to solids redistribution under unscaled
conditions. This stronger coupling is consistent with the enhanced axial mixing observed in Figure 4.2
and supports the conclusion that cold-unscaled experiments tend to overpredict mixing relative to
dynamically scaled hot-reference conditions.

a) Concentration b) Pressure
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Figure 4.5: Cumulative power spectra of the time series of the a) Concentration and b) Pressure for
varying fluidization velocity. Solid lines indicate hot-reference conditions, while dashed lines indicate
cold-unscaled test. Conditions: Hpea = 0.3m, and %iean = 10%vol.

Figure 4.6 compares bed expansion and characteristic bubble lengths as a function of fluidization
velocity for the cold-unscaled and scaled systems (translated to hot-reference conditions). The bed
voidage, calculated using Eqs. 2.1-2.3, and presented in Figure 4.6a, increases with fluidization
velocity in both systems, consistent with literature trends [83—85]. The presence of a secondary solids
phase disrupts the dense emulsion packing, increasing gas holdup [86]. This increased gas holdup is
particularly pronounced in the cold-unscaled sand bed, where the higher concentration of lean solids in
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the dense region (Figure 4.2) leads to elevated bed voidage. It should also be noted that voidage
measured under cold conditions differs fundamentally from that in a hot, reacting bed. In pyrolyzing or
thermochemically converting systems, gas released during devolatilization and char conversion locally
increases the gas fraction, an effect that cannot be reproduced in cold experiments. Consequently,
absolute voidage values from cold experiments may deviate from those in hot industrial beds [87],
underscoring the limitations of cold experiments and possible deviations.

Figure 4.6b shows characteristic lengths of gas voids, calculated using Eq. 2.4, as a function of
fluidization velocity. At high velocities, i.e., uo/umr = 3, characteristic lengths of gas voids in the cold-
unscaled bed reach approximately 0.024 m, while hot-reference beds exhibit smaller lengths around
0.012 m. These lengths are derived from the standard deviation of Incoherent Output Power (oiop),
which scales with pressure amplitude and bubble diameter [69]. Since bubble size is inferred indirectly
from pressure signals, the method tends to underestimate absolute diameters, particularly for large
bubbles where pressure signals may saturate or lose spatial resolution. However, empirical correlations
based on excess fluidization velocity enable conversion of the pressure-derived characteristic lengths
to actual bubble diameters [86].

The observed differences in bubble size are connected to variations in bed composition, solids-to-gas
density ratio, and geometry [87]. The cold-unscaled bed has a lower density ratio (Table 3.1), which
increases local voidage and promotes bubble coalescence, resulting in larger bubbles. Hot-reference
beds, with higher density ratios (Table 3.1), suppress excessive coalescence and favor smaller, more
uniform bubbles. The presence of lean solids also promotes bubble growth by reducing voids in the
dense phase, allowing more gas to accumulate. In the cold-unscaled bed, stronger mixing (Figure 4.2)
and greater lean solids content may have contributed to larger characteristic lengths of gas voids than
in the hot-reference case. Additionally, the relatively tall shape of the cold-unscaled bed (H/D = 1) may
favor axial bubble coalescence, resulting in longer, more elongated bubbles and slugs [87], whereas the
hot-reference bed with its lower aspect ratio (H/D = 0.27), promotes rather smaller, well-distributed
bubbles.

Overall, despite underestimating absolute sizes, the pressure-derived characteristic lengths reliably
capture trends in bubble growth and differences between unscaled and dynamically scaled beds and can
be quantitatively corrected to actual bubble diameters.
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Figure 4.6: a) Time-averaged bed voidage, b) Characteristic length scale of gas voids, as a function of the
fluidization velocity. Conditions: Hvea = 0.3m, and %iean = 10%yvo1.
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4.3 Spatiotemporal Mixing Patterns

This section presents the results from experimental Campaign II, addressing Research Question I
identified in Section 1.3.1. The parametric study varied fluidization velocity (uo/ums = 1.5 — 4), lean
solids loading (ican = 3 — 20%uv01), and static bed height (Hyea = 0.15 — 0.46 m). Here, only selected
results are shown, while the complete dataset and analysis are provided in Appended Paper II. As
summarized in Table 3.2, the analysis examines axial concentration profiles of the lean solids phase
and the corresponding evolution of mixing from the onset to steady state. To characterize this transition
quantitatively, characteristic mixing lengths and timescales are determined, and the corresponding
transitional mixing velocities are calculated. These assessments are further supported by a frequency-
based analysis of fluctuations in both pressure and lean solids concentration, as well as by a mixing
index, which provides a measure of the quality of the established mixing under the different operating
conditions.

4.3.1 Transient Mixing

Table 4.1 summarizes the penetration lengths and characteristic mixing times observed at the onset of
mixing, following the fate of lean solids that first rest at the bed surface, then populate other heights
after the abrupt increase in fluidization velocity from minimum fluidization to the operating condition.
The penetration length represents the characteristic depth reached by the lean solids phase during this
initial transient, while the mixing time defines the timescale required for the lean solids to reach this
depth and for the system to transition away from the initially segregated state.

The measurements show that both penetration length and mixing time increase with bed height and
fluidization velocity, reflecting enhanced axial transport and solids circulation at the onset of mixing
for Hyea > 0.3m. In contrast, shallow beds (Hpeq = 0.15m) exhibit constrained penetration of lean solids,
which appear largely confined to the bed surface, even at higher fluidization velocities. This behavior
is attributed to the limited bed height and weaker axial circulation of bulk solids. In such shallow beds,
bubbles do not fully develop and have short residence times, allowing gas to escape rapidly without
entraining lean solids in the bubble wake or inducing particle splashing. These observations highlight
bed height as a key threshold parameter governing the onset of mixing.

Further, the penetration length of lean solids remains independent of loading up to a critical value and
generally increases with fluidization velocity. Beyond a critical lean solids loading of approximately 10
%nol, the lean phase accumulates near the bed surface, forming a thick surface layer that inhibits bubble
eruption during the abrupt modification of the velocity. Instead, bubbles tend to split or percolate
through this layer, which reduces the downward transport of lean solids and limits overall axial
circulation of bulk solids. As a result, the characteristic penetration length decreases, indicating that
higher fluidization velocities or additional operational adjustments are required to establish mixing.
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Figure 4.7 graphically shows the evolution of penetration lengths and their corresponding mixing
timescales for the selected case of a bed height of Hyea = 0.3m, and a lean solids loading of %ican = 10
%vol, (fourth row in Table 4.1). The figure shows that at the onset of mixing, increasing fluidization
velocity leads, in general, to deeper penetration of the lean solids into the dense bed and, consequently,
to longer times required for the lean solids to travel from the bed surface to the attained depth. However,
this trend is not monotonic. Beyond a certain velocity, the characteristic time required to reach a given
depth decreases, reflecting enhanced solids mobility and stronger convective transport.

It must be noted that the characteristic lengths are assessed based on the axial position of the coils in
the pin, and therefore, the characteristic length (L") can only take specific discrete values. A fully
resolved length scale would show more accurately the interplay between characteristic lengths and
times.
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Figure 4.7: Penetration depth as a function of time. Conditions: Hpbea = 0.3m, and %iean = 10%vol1.

The characteristic mixing lengths and times provide also a quantitative basis for defining transitional
fluidization velocities, i.., the velocities at which the lean solids phase transitions from a segregated to
a mixed state.

Figure 4.8 presents the transitional mixing velocities for the range of bed heights investigated. In
general, increasing fluidization velocity accelerates the transition from a segregated to a mixed state,
leading to higher transitional velocities. Bed height plays a key role in modulating this behavior: taller
beds exhibit higher transitional velocities, as the increased axial extent allows bubbles to grow, coalesce,
and persist over longer rise distances. This enhanced bubble development strengthens solids circulation
and extends the effective mixing length required for the lean solids to penetrate the dense bed during
the transition.

In contrast, shallow beds reach a mixed state at lower transitional velocities. Although lean solids
penetrate to shallower depths, bubble growth is limited by the reduced bed height, resulting in shorter
bubble residence times and weaker circulation. Under these conditions, the characteristic mixing times
remain comparable to those of taller beds, despite the reduced penetration depth.
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Figure 4.8: Transitional mixing velocities as a function of fluidization velocity across varying bed height.
Conditions: %iean = 10%vol. Source: Paper II

The effect of lean solids loading is found to be negligible within the range studied and is therefore not
discussed here; corresponding results are provided in appended Paper II (refer to Figure 11).

4.3.2 Steady-State Mixing

Figure 4.9 compiles the mixing index values (Eq. 2.6) obtained over the range of operating conditions
examined in experimental Campaign II. In all bed configurations and for varying lean solids loadings,
higher fluidization velocities consistently yield larger mixing indices, reflecting improved axial mixing
of the lean solids phase. This trend is in good agreement with previous studies [13,28,82,88-90] and is
generally attributed to more vigorous bubble activity: elevated fluidization velocities generate larger,
faster-rising bubbles that enhance solids transport [91].

The influence of lean solids loading is illustrated in Figure 4.9a. For volumetric loadings up to 10%ysl,
the mixing index is relatively insensitive to changes in loading at a given fluidization velocity. At
20%yo1, however, mixing performance declines markedly. Under these conditions, a substantial
accumulation of lean solids forms near the bed surface, creating a thick surface layer that alters
fluidization dynamics. Bubble eruptions at the surface are suppressed, forcing bubbles to split and
percolate through the layer rather than promoting effective solids circulation. This reduces both upward
and downward transport, weakening axial mixing and lowering the overall mixing index. Increasing
fluidization velocity partially mitigates this effect, but a significant fraction of the lean solids remains
confined to the surface, limiting penetration into the dense bed. For loadings below this critical threshold
(£10%y41), the mixing index approaches an asymptotic value of approximately 0.7—0.8 for fluidization
numbers Uo/Ums = 3.

Figure 4.9b examines the effect of bed height at a constant lean solid loading of 10%y.1. The shallow
bed exhibits weak mixing, with only marginal improvements as fluidization velocity increases. Medium
and tall beds, however, display nearly identical mixing indices across the same velocity range. This
indicates that, once a minimum bed aspect ratio—here H/D = 0.27—is exceeded, axial mixing of the
lean solids phase becomes largely independent of bed height.
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Figure 4.9: Mixing index dependency on the fluidization velocity. (a) Varying lean solids phase loading for
H/D = 0.27, (b) Varying bed height at constant volumetric loading of the lean solids phase, %iean = 10%vol.
Source: Paper II

Figure 4.10 shows the cumulative frequency spectra of pressure and lean solids concentration
fluctuations for different bed heights, enabling a direct comparison between overall bed hydrodynamics
and mixing-relevant solids motion. Pressure fluctuations characterize the dominant bed dynamics and
are associated primarily with bubble formation, growth, and eruption. The spectra show median
frequencies (f50) below approximately 6 Hz in the shallow bed and below 3 Hz in the medium bed, with
only a marginal shift as bed height increases.

In contrast, fluctuations in lean solids concentration are dominated by significantly lower frequencies,
with median frequency (f50) below 1 Hz, indicating that effective transport and redistribution of lean
solids occur on much longer timescales than the dominant bubble activity. Although the shallow bed
exhibits more frequent pressure fluctuations, consistent with intensified bubbling, this increase is not
reflected in the concentration spectra, which remain largely insensitive to bed height.

This disparity demonstrates that the majority of bubble-related events do not lead to measurable
transport of lean solids. Only a limited subset of bubble interactions—Ilikely those involving sufficiently
large or coherent structures that induce sustained solids circulation—contributes to effective mixing.
Based on the ratio between characteristic pressure and concentration fluctuation frequencies, it is
inferred that in the shallow bed, approximately one-sixth of the bubble events contribute to lean solids
mixing, whereas in the medium and tall beds, this fraction increases to roughly one-third, reflecting the
enhanced effectiveness of bubble-induced circulation with increasing bed height.

Since the frequency analysis shows minimal dependence on fluidization velocity and lean solids
loading, further result data on this impact are omitted here but can be found in the appended Paper 11
(Figure 10).
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Figure 4.10: Cumulative power spectra of the time series of the pressure (dashed line) and lean solids
phase concentration (solid line) for varying bed height. Source: Paper I1
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4.4 Significance of gas release on Mixing Behavior

The preceding sections established the baseline mixing behavior of larger and lighter particles in the
absence of gas release. Building on this, the present section summarizes the results from experimental
Campaign II1, examining how particle gas release alters mixing by introducing a localized gas source
and influencing both axial and lateral transport across varying fluidization velocities and lean solids.
The gas release conditions mimicked in this campaign represent scenarios relevant to biomass drying
and devolatilization. Details of the imposed gas release rates are provided in the appended Paper I1I
(see Section 2 and Figure 2).

To isolate the effects of particle size and density under gas-releasing conditions, three types of lean
solids tracers were investigated at four fluidization velocities (see Table 2 in appended Paper III for
details):

o Reference tracer: baseline case, representative of the lean solids (=70 mm, 550 kg/m?), used to
capture the mixing behavior of a biomass pellet. Inherently buoyant relative to the surrounding
solids suspension.

o Larger tracer: increased size (=115 mm) but similar density to the reference, to examine the effect
of particle size. Inherently buoyant relative to the surrounding solids suspension.

e  Heavier tracer: similar in size to the reference (=67 mm) but with a higher density (<1500 kg/m?),
to evaluate the effect of particle density on transport. Non-buoyant relative to the surrounding solids
suspension.

o  Blank controls: identical in size and density to the gas-releasing tracers but without gas release,
used to isolate the influence of gas on mixing behavior.

4.4.1 Axial Mixing

Figure 4.11 shows the axial distributions of gas-releasing and blank (non-releasing) lean solids particles
for the three types across four fluidization velocities. Similar to the blank tracer case and consistent
with their intrinsic properties, the gas-releasing reference and larger particles predominantly remain
near the bed surface, whereas the heavier particle is the only one showing a significant influence of the
gas release on its mixing, as for moderate fluidization velocities, it immerses to a larger extent into the
dense bed. Increasing fluidization velocity generally shifts all distributions upward, most noticeably for
the reference particle, due to bed expansion, and broadens the distributions, reflecting enhanced axial
mixing.

The effect of gas release strongly depends on the particle’s inherent tendency to segregate. For reference
and larger particles, which are intrinsically buoyant, gas release has only a minor influence. At low
velocities (uo/ume < 2), gas-releasing particles penetrate slightly deeper, but this effect diminishes at
higher velocities. In contrast, the heavier particles are more strongly affected. At low velocities, gas
release promotes upward displacement toward the bed surface, with this effect persisting until uo/ums =
3.5. At higher velocities, the influence weakens and disappears by uo/umr = 5, where releasing and non-
releasing heavier particles exhibit identical distributions.

Gas release can, in principle, render heavier non-buoyant particles effectively buoyant while further
enhancing the buoyancy of already buoyant particles when immersed in the dense bed [58]. The present
results, however, reveal a different mechanism when fed to the bed surface. Sideways gas release from
the particles locally displaces the bulk solids beneath them, causing the particles to sink deeper into the
bed. At low fluidization velocities, the gas—solid flow is insufficient to refill the void created by the
released gas, leading to net downward motion of the particles. This behavior contrasts with previous
reports for fully immersed particles. At higher fluidization velocities, strong convective flows around
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the gas-releasing particles rapidly sweep away the released gas, thereby diminishing the influence of
gas release and causing the particles to behave similarly to blank particles.
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Figure 4.11: Probability density function of the axial location of the gas-releasing lean solid for different
fluidization velocities (uo/umr= 1.5 and 2 in the top row, and uo/umr= 3.5 and 5 in the bottom row); a)
Reference tracer; b) Larger tracer; and c) Heavier tracer. Source: Paper 111

4.4.2 Lateral Mixing

The lateral mixing of the lean solids was quantified through their lateral dispersion coefficients using
Eq 2.7 and is presented in Figure 4.12 for the four fluidization velocities tested. For all types of
particles, the lateral dispersion coefficient increases with fluidization velocity for both blank (non-
releasing) and gas-releasing lean solids, consistent with previous observations [92].

Overall, blank and gas-releasing particles exhibit coefficients of the same order of magnitude. Gas
release, however, typically enhances lateral dispersion by 30—40%. Exceptions occur for the larger
particles at uo/ums = 5 and the heavier particles at uo/ums = 2, where the dispersion coefficients of blank
and gas-releasing particles are nearly identical or slightly higher for the blank particle.

Interestingly, while axial motion becomes largely unaffected by gas release at higher fluidization
velocities (i.e., uo/ums > 3.5), lateral movement remains strongly influenced. This behavior can be
attributed to the asymmetric gas release flux, which imparts repeated small horizontal impulses to the
particle in different directions [93]. Consequently, when axial motion is weakly affected by gas release,
lateral dispersion is enhanced; conversely, when axial transport dominates, lateral spreading is minimal.
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Figure 4.12: Lateral dispersion coefficients of gas-releasing and non-releasing lean solid particles at
different fluidization velocities. Source: Paper 111
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5 Conclusions

This thesis demonstrates the capability of a newly developed implementation of the magnetic solids
tracing technique, featuring a pin-probe configuration, to resolve spatiotemporal distributions and
dynamics of solids in fluidized beds. By enabling space- and time-resolved quantification of axial solids
mixing, this technique provides direct insights into mixing dynamics and their dependence on operating
conditions in binary fluidized systems.

A central conclusion is that scaling matters: cold-unscaled laboratory experiments do not faithfully
reproduce the hydrodynamics of industrial hot beds. The observed overestimation of bubble sizes and
solids redistribution at intermediate and higher fluidization velocities, and the overprediction of
segregation at low velocities, illustrate that unscaled tests can misrepresent key mixing mechanisms.
Properly scaled experiments are therefore essential for ensuring that laboratory insights are transferable
to industrial applications, particularly when designing or optimizing fluidized bed reactors.

The governing factors controlling axial mixing were systematically investigated through variation of
fluidization velocity, bed height, and lean solids loading under fluid-dynamically scaled conditions.
Increasing fluidization velocity and bed height enhances lean solids circulation and axial mixing by
strengthening convective transport within the bulk solids. In contrast, increasing lean solids loading
suppresses bubble-driven circulation; when the lean solids volume fraction exceeds a critical threshold
of approximately 10 %.o1, mixing deteriorates due to the formation of a persistent surface layer. These
results indicate that operating conditions can be strategically tuned to achieve desired mixing
characteristics and that exceeding certain solids loadings may negatively impact reactor performance.
Consequently, controlled mixing or segregation can be established by manipulating these key
parameters. Characteristic penetration lengths and mixing times provide a robust framework for
defining transitional mixing velocities, which increase with bed height and fluidization velocity,
reflecting the rapid onset of established mixing.

Lastly, particle-centric gas release was shown to introduce additional transport mechanisms that can
significantly modify solids mixing for specific cases. At low fluidization velocities, gas release restricts
axial particle motion and promotes segregation, an effect most pronounced for heavier particles, while
lighter particles remain largely unaffected. At higher velocities, its influence shifts toward enhanced
lateral dispersion, resulting in increased lateral mixing. Neglecting these gas-release effects, particularly
the impact on lateral transport, can therefore lead to underestimation of particle residence times and
misrepresentation of solids transport pathways, with potentially significant consequences for reactor
performance and conversion efficiency.

Collectively, these findings establish a robust framework for interpreting binary solids mixing in
fluidized beds, providing both methodological validation and fundamental insight. The results
underscore the need for carefully designed experiments and scaling considerations to predict industrial-
scale behavior, while offering quantitative metrics—penetration lengths, mixing times, and transitional
velocities, lateral dispersion coefficients for gas-releasing particles—that can guide the optimization of
reactor design and operation. Overall, this work advances both experimental methodology and
fundamental understanding of mixing in binary fluidized beds and provides a validated framework for
interpreting cold experiments in the context of industrial hot fluidized-bed processes.
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6 Future work

Building on the findings of the parametric studies presented in this thesis, a promising direction for
future research is the intentional exploitation of controlled segregation to operate fluidized beds as
continuous separation devices, with relevance to the continuous production of biochar. Rather than
mitigating segregation, this approach seeks to harness predictable particle stratification to achieve solids
product separation. The parameters identified in this work suggest that segregation can be promoted
under relatively low fluidization velocities, higher lean solids fractions, and reduced bed aspect ratios,
providing a foundation for future implementation of controlled separation strategies.

Future work ought to investigate segregation behavior in a bubbling fluidized bed with an imposed solid
crossflow, enabling continuous feeding and separation of solids. Such a configuration would allow
systematic evaluation of separation yields of the lean solids phase (biochar) under varying operating
conditions, providing quantitative performance metrics for segregation-based separation.

In addition, detailed analysis of the residence time distribution of the lean solids phase can offer insights
into transport pathways and timescales governing both segregation and separation. Understanding these
dynamics is essential for designing separators that balance separation efficiency with throughput and
operational stability.

To support process design and scale-up, future studies aim to develop and further validate a mechanistic
model describing the segregation and separation behavior of the lean solids phase. Such a model can
link particle properties, bed hydrodynamics, and solids crossflow, enabling predictive assessment of
fluidized bed separators and facilitating their integration into continuous biochar production systems.
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Nomenclature

Symbols
Do

D lean

dp

FN

A

g
Ah

Hbed
L
L*
M

P
AP
At

T
Tmix*
Tseg*
Uo

>

Xy

TORAGD L

Subscripts
bulk

g

lean

]

Diameter of the bubble
Dispersion coefficient of lean solids
Diameter of particle

Fluidization number

Frequency

Gravitational constant, 9.81
Height interval

Static bed height

Length

Characteristic length

Mixing Index

Pressure

Pressure drop

Time interval

Temperature

Characteristic time of mixing
Characteristic time of segregation
Fluidization velocity

Minimum fluidization velocity
Threshold length in x-y plane
Bed voidage

Volumetric concentration of solids
Sphericity

Standard Deviation

Loading of the solids phase
Density

Viscosity

Bulk solids phase
Gas phase

Lean solids phase
Solids
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