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Abstract 
The present study focuses on the application of bubbling fluidized beds with solids crossflow, 
which is relevant in processes such as drying, iron ore reduction, pharmaceutical production, and 
waste incineration. While a uniform distribution of temperature and reactants across the beds 
can be achieved in a stationary bubbling fluidized bed, the introduction of solids crossflow is 
typically driven by the need for significant throughput of mass and/or heat transfer across the 
bed. Moreover, cross flow can aid in stabilizing the fluidization behavior, which is essential for 
consistent process performance and the scaling up of operations. Despite the critical role of 
fluidized beds in various industries, understanding their flow characteristics remains a significant 
challenge for the design and scale-up of new processes. This study aims to explore the behavior 
of solids flow within a bubbling fluidized bed featuring horizontal crossflow. The research is 
organized around four key objectives: 1. elucidating the interaction between solid convection 
and lateral dispersion, 2. analyzing fluidization quality, 3. evaluating the impact of bed-wall 
friction on solid flow, and 4. assessing the efficiency of solid convection by testing various 
conveying configurations. 

The study employs a cold flow model designed and operated according to the simplified 
Glicksman scaling laws, using Geldart B-type solids for the investigations. The study evaluates 
four measurement methods (integral mass accumulation, differential mass accumulation, 
thermal tracing, and magnetic solids tracing) to assess the solids circulation. Magnetic solids 
tracing emerges as the preferred technique, as it enables a non-intrusive, continuous, and 
detailed study of solids transport dynamics. Through this measurement method, a linear 
correlation was observed between the horizontal solids dispersion coefficient (1×10-4–5×10-3 
m2/s) and the mean solids velocity (0–6×10-2 m/s), attributed to the enhanced horizontal mixing 
due to the backmixing induced by the shear flow friction. Rheological analyses confirmed the 
non-Newtonian, shear-thinning properties of the bed, with wall shear stress ranging from 5–55 
Pa⋅s for wall shear rates within 0.002–4.5 s-1. Lastly, conveying the solids under a controlled 
bubbling fluidization regime emerged as the most efficient configuration for solids 
transportation in the studied unit.  

Keywords: Fluidization, Bubbling fluidized bed, Solids crossflow, Measurement techniques, 
Solids mixing, Frictional losses, Solids conveying configuration 

 

  



 

ii 

 

  



 

iii 

 

List of publications 
The thesis is based on the following appended papers, which are referred to in the text by their 
assigned Roman numerals: 

I. Farha, M., Guío-Pérez, D. C., Aronsson, J., Johnsson, F., & Pallarès, D. (2023). 
Assessment of experimental methods for measurements of the horizontal flow of 
fluidized solids under bubbling conditions. Fuel, 348. 
https://doi.org/10.1016/j.fuel.2023.128515 

II. Farha, M., Guío-Pérez, D. C., Johnsson, F., & Pallarès, D. (2024). Characterization of 
the solids crossflow in a bubbling fluidized bed. Powder Technology, 119967. 
https://doi.org/https://doi.org/10.1016/j.powtec.2024.119967 

III. Farha, M., Guío-Pérez, D. C., Johnsson, F., & Pallarès, D. (2024). Frictional losses in a 
bubbling fluidized bed with horizontal flow of solids. Submitted for publication. 

IV. Farha, M., Guío-Pérez, D. C., Johnsson, F., & Pallarès, D. (2024). Comparison of solids 
conveying configurations for fluidized-bed systems – alternatives to riser. Submitted for 
publication. 

 

Author contributions: 

Munavara Farha is the principal author of Papers I–IV and was responsible for most of the tasks, 
including experimental work, modeling, data processing, and evaluation. Jesper Aronsson 
contributed to the conceptualization of Paper I. Research Specialist Diana Carolina Guío-Pérez 
contributed to the conceptualization, experimental design, review, and discussion of Papers I–
IV. Professor David Pallarès contributed to the conceptualization, modeling, review, and 
discussion of Papers I–IV. Professor Filip Johnsson contributed to the review and discussion of 
Papers I–IV. 

https://doi.org/10.1016/j.fuel.2023.128515
https://doi.org/https:/doi.org/10.1016/j.powtec.2024.119967


 

iv 

 

  



 

v 

 

Acknowledgements 
 

I would like to express my heartfelt thanks to my supervisors, David and Carolina, for their 
constant guidance, support, and encouragement throughout this journey. I am also deeply 
grateful to my family and friends for their unwavering support and motivation during challenging 
times. 

 

Lastly, to Freja, my beloved cat, who was just as much a part of this journey as I was. 

 

Munavara Farha  

Gothenburg, October 2024 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

vi 

 

  



 

vii 

 

Table of Contents 

1. Introduction ................................................................................................. 9 

1.1. Background .......................................................................................................................... 9 

1.2. Aim and scope .................................................................................................................... 10 

1.3. Thesis structure .................................................................................................................. 10 

2. Theory ......................................................................................................... 13 

2.1. Solids transport mechanisms ............................................................................................ 14 

2.1.1. Transport equations .................................................................................................................... 15 

2.1.2. Compartment model ................................................................................................................... 16 

2.2. Non-Newtonian granular flow ......................................................................................... 17 

2.2.1. Rheological models..................................................................................................................... 18 

2.2.2. Granular flow regime ................................................................................................................. 20 

2.3. Fluidization regimes .......................................................................................................... 21 

3. Methodology and experimental work ................................................. 23 

3.1. Fluid-dynamic scaling ........................................................................................................ 24 

3.2. Experimental setup ........................................................................................................... 25 

3.3. Methods utilized for solids flow characterization .......................................................... 26 

3.3.1. Integral mass accumulation ....................................................................................................... 28 

3.3.2. Differential mass accumulation ................................................................................................. 29 

3.3.3. Thermal tracing ........................................................................................................................... 31 

3.3.4. Magnetic solids tracing ............................................................................................................... 32 

3.3.5. Crossflow fluidized bed rheometry ........................................................................................... 35 

3.4. Solids conveying configurations ....................................................................................... 36 

3.5. Test matrix .......................................................................................................................... 38 

4. Results and discussion ............................................................................ 39 

4.1. Evaluation of methods for quantifying solids mean velocity ....................................... 40 

4.2. Characterization of solids transport dynamics ............................................................... 43 

4.2.1. Solids mixing ................................................................................................................................ 43 

4.2.2. Rheological analysis of solids flow ............................................................................................ 45 

4.3. Solids conveying efficiency ............................................................................................... 48 

5. Conclusion ................................................................................................. 49 



 

viii 

 

6. Future work ............................................................................................... 51 

Nomenclature .................................................................................................. 53 

References ........................................................................................................ 55 



 

9 

 

1. Introduction 

1.1.  Background 
Fluidization occurs when the behavior of a bulk of solid particles is altered to resemble a fluid-
like state through the introduction of a gas or liquid that flows upwards through the solid 
medium [1]. The fluidization phenomenon is fundamental in modern industrial processes, with 
applications spanning across the chemical industry, energy and waste management sector, and 
food industry, highlighting the versatility of this technology. In the chemical industry, the 
fluidized bed configuration supports the production of polymers and pharmaceuticals by 
maintaining uniform temperature and composition, thus ensuring high-quality outputs with 
reduced batch-to-batch variability [1,2]. It enables precise control over particle dynamics and 
temperature conditions, leading to improved yield and purity. Within the energy sector 
(pyrolysis/gasification/combustion of solid fuels such as biomass and waste), the ability to handle 
wide particle sizes and different solids densities allows for efficient energy conversion with high 
fuel flexibility [1,3]. The homogeneous mixing and temperature distribution maximize 
conversion efficiency while minimizing undesired emissions (unconverted matter and 
pollutants) [1]. In the food industry, consistent heating and mixing properties provided by 
fluidized beds are crucial for processes such as drying or coating, ensuring uniform quality [1,2] 
and the gentle processing of heat-sensitive ingredients, preserving their nutritional value and 
flavor.  

Within the realm of fluidized bed systems, bubbling fluidized beds (BFBs) and circulating 
fluidized beds (CFBs) are two predominant configurations. BFBs are characterized by a distinct 
bubbling behavior where the gas flow induces the formation of bubbles within the bed, 
promoting efficient gas-solid contact. In the bubbling regime, the gas velocity is sufficient to 
fluidize and mix the solid particles and provide gas-solids contact, but not so high as to entrain 
them out of the bed [1,4]. In contrast, CFBs operate at higher gas velocities, resulting in 
continuous solid circulation throughout the system, which is advantageous for processes 
requiring high throughput [1,4].  

Building on these configurations, dual fluidized beds (DFB) can combine various fluidized bed 
types, such as CFB-CFB, CFB-BFB, or BFB-BFB, to optimize specific process needs. Typically, 
DFB systems incorporate at least one CFB to facilitate the circulation of solids. However, the 
BFB-BFB configuration remains relatively unexplored despite its potential benefits. This 
configuration offers the possibility of increased compactness and operational simplicity, making 
it a promising option for applications such as drying, iron ore reduction, pharmaceuticals, and 
waste incineration [1,2,5,6]. The integration of bubbling beds in DFB systems results in improved 
control over solids residence time [7,8], efficient solids mixing [9], uniform temperature 
distribution [10,11], and lower gas compression requirements [12].  

While many studies have examined flow characterization in crossflow beds, key knowledge gaps 
persist regarding the effects of significant solids crossflow in bubbling fluidized beds [13]. The 
macroscopic horizontal velocity of the solids influences the solids dispersive mixing and thereby 
solids residence time distributions [14]. This ultimately regulates concentration/temperature 
gradients [14–16] and the efficiency of chemical reactions [14,17]. Additionally, the impact of 
solids crossflow on fluidization quality—such as the presence of non-idealities like de-fluidized 
zones and gas channeling [14,18,19]—is not well understood. Another key aspect is the frictional 
loss induced by solids crossflow, which increases energy consumption, exacerbates equipment 
wear, and can impede smooth flow, thus impacting the efficiency and maintenance costs of the 
system [20]. Lastly, the literature explores the integration of solids crossflow without relying on 
conventional CFB riser configurations by optimizing fluidization conditions and applying 
strategic design modifications that vary depending on the industrial application [1,4,21]. 
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However, a systematic assessment and comparison of the performance of these different solids 
conveying configurations across various fluidization regimes is still lacking.  

1.2.  Aim and scope  
Building on the identified knowledge gaps, this thesis aims to understand the characteristics of 
solids flow in a bubbling fluidized bed with horizontal solids crossflow. The work is structured 
around four principal objectives: to describe the horizontal transport of solids; to examine the 
impact of crossflow on fluidization quality; to characterize the frictional losses associated with 
solids crossflow; and to investigate various conceptual designs for inducing horizontal convection 
of solids. Achieving these objectives necessitates accurate measurement of the solids crossflow 
rate, leading to an additional objective: evaluating different techniques for determining the 
solids flow rate. The scope of the work is limited to Geldart B-type solids, commonly used in 
fluidized-bed reactors for thermochemical conversion. 

1.3.  Thesis structure 
This thesis compiles key findings from four appended papers. As illustrated in Figure 1, the 
investigation begins by evaluating measurement techniques for accurately assessing solids 
transport mechanisms, encompassing parameters such as solids velocity, dispersion coefficients, 
mixing characteristics, fluidized bed rheology, and convection efficiency. Paper-I examines four 
measurement methods for estimating solids circulation flow rate in a bubbling bed with induced 
horizontal crossflow, ultimately selecting the magnetic solids tracing technique for further study 
on solids flow characterization. Paper-II examines the combined effects of solids velocity and 
horizontal dispersion, along with an evaluation of fluidization quality that accounts for system 
non-idealities. Paper-III addresses the frictional losses associated with solids crossflow by 
examining bed rheology. Lastly, Paper-IV explores configurations to induce horizontal solids 
flow, evaluating different configurations for their efficiency, controllability, and operational 
range. 
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2. Theory 
This section outlines the fundamental concepts used for solids flow characterization in bubbling 
fluidized beds with induced solids crossflow. It details the following areas: solids transport 
mechanisms, encompassing solids velocity, horizontal dispersion, and non-idealities that impact 
fluidization quality (Section 2.1); bed rheology (Section 2.2); and fluidization regimes (Section 
2.3). 
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2.1. Solids transport mechanisms 
The horizontal movement of solids in a bubbling fluidized bed with a solids cross flow is 
governed by the combined impact of solids dispersion and convection [22–24]. Convection refers 
to the macroscopic transport of solid particles induced by the solids crossflow [1,4,14]. 
Horizontal dispersion refers to the spreading and mixing of solid particles due to random motion 
and interparticle collisions [1,4,14]. This process is typically linked to random walk patterns 
caused by macroscopic structures, such as those generated by bubble flow in multiphase systems. 

Figure 2 illustrates two scenarios of solids transport in fluidized beds with horizontal solids 
crossflow: a purely convective case (Figure 2a) and a case where horizontal dispersion 
complements the convective movement (Figure 2b). Understanding the dynamics of these two 
transport mechanisms and any interplay between them is essential for accurately characterizing 
the solids flow. Further, the relative impact of convection and dispersion is expected to vary with 
operating conditions, bed geometry, and particle characteristics. Section 2.1.1 outlines the 
transport equations related to these mechanisms. 

 
(a)  

 
(b)  

Figure 2: Mechanisms of solids transport in a bubbling fluidized bed with induced horizontal 
flow: (a) pure convective transport, (b) combined convective-dispersion transport. 

The solids flow contains a varying extent of non-idealities which yield to a deviation from the 
description expressed through convection and dispersion. This is the case for dead zones and 
short-circuiting, which can influence the transport of solids within a fluidized bed. Dead zones 
are regions within the fluidized bed where solid particles remain largely immobile [14]. Short-
circuiting occurs when solids bypass the intended flow path, often due to channel formation, 
inadequate fluidization, or design flaws, leading to direct movement from inlet to outlet [14]. 
These scenarios result in poor mixing, uneven residence time distribution, and reduced process 
efficiency due to insufficient contact between solids and the gas phase. Section 2.1.2 provides a 
detailed discussion on the utilization of RTD (residence time distribution) curves to quantify the 
aforementioned non-ideal characteristics.  
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2.1.1. Transport equations 

Transport equations describe how certain parameters (e.g., mass, momentum, energy) change 
in space and time. By considering transport terms that represent convection and dispersion, the 
solids velocity and solids dispersion coefficient are included in the transport equations and can 
be studied. Two different transport equations are employed to investigate these parameters: the 
equations for species conservation and energy conservation. In this work, the transport 
equations are simplified to a 1-dimensional form, with the spatial dimension corresponding to 
the horizontal direction of solids crossflow, as illustrated in Figure 3. This 1-dimensional 
representation of the flow along the solids flow direction implies a loss of spatial resolution in 
the directions across the flow, reducing the ability to study parameter gradients due to 
phenomena such as bed-wall friction.  

 
Figure 3:  Schematic representation of the species conservation equation applied to a one-
dimensional domain along the horizontal direction of solids flow considered in this study. 

The species conservation equation describes in its transient form [Eq.(1)] the change in the 
concentration of a certain species over time and space as a function of the dispersion coefficient 
𝐷𝑆 and the solids velocity 𝑢𝑆 [25].  

𝜕𝜌𝑆

𝜕𝑡
= 𝐷𝑆

𝜕2𝜌𝑆

𝜕𝑥2
− 𝑢𝑆

𝜕𝜌𝑆

𝜕𝑥
 (1) 

Additionally, the net flow due to dispersion, or dispersive flux, is described by Fick's first law, 
which relates the flow of a substance to its concentration gradient and is proportional to the 
dispersion coefficient [25]: 

𝐽 = 𝐷𝑆

𝜕𝜌𝑆

𝜕𝑥
 (2) 

The energy conservation equation models the heat balance across a domain in its stationary form 
[Eq.(3)] to yield a temperature profile, 𝑇(𝑥), as a function of the dispersion coefficient 𝐷𝑆, the 
solids velocity 𝑢𝑆, and the gas flow parameters included in the rightmost source term [25]: 

0 = 𝜆
𝜕2𝑇

𝜕𝑥2
− {𝜌𝑆 ⋅ 𝑢𝑆 ⋅ (1 − 𝜀𝑔) ⋅ 𝐶𝑝,𝑆}

𝑑𝑇

𝑑𝑥
+ {𝜌𝑓 ⋅ 𝑢𝑓 ⋅ 𝐶𝑝,𝐹}

∆𝑇

𝐻𝑏
 (3) 

where the effective thermal conductivity of the bed, 𝜆, is linked to the solid's lateral dispersion 
coefficient, 𝐷𝑆 [26]: 

𝜆 = 𝐷𝑆(1 − 𝜀𝑔) ⋅ 𝐶𝑝,𝑆 ⋅ 𝜌𝑆 (4) 

 

∆𝑥

𝑥 𝑥 + ∆𝑥
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2.1.2. Compartment model  

Reactor design literature contains analytical expressions describing specific ideal flow patterns, 
e.g., perfectly mixed, plug flow, or stagnant. Although the flow pattern in real systems often 
deviate from such ideal reactor models, good approximations can be achieved by proper 
combination of these ideal descriptions. A compartment model aims at representing the flow 
through a given reactor by interconnecting model subunits [14]. This approach enables the 
quantification of the extent of different flow patterns, including unwanted phenomena like dead 
zones, by fitting experimental residence time distribution (RTD) data to the modeled one. 

In this study, the compartment model is used to describe the mixing of solids in the direction of 
the solids crossflow. This is achieved by modeling the process as a series of continuously stirred 
tank reactors (CSTRs) to represent dispersion, and a plug flow reactor (PFR) to represent 
convective flow, as illustrated in Figure 4. The number of CSTRs in the model indicates the 
degree of dispersion: a higher number suggests more significant dispersion effects. Conversely, 
the PFR characterizes the convective flow, where the length or size of the PFR reflects the 
dominance of convective over dispersive transport. Parameters include the number and volume 
of CSTRs (𝑁𝐶𝑆𝑇𝑅, 𝑉𝐶𝑆𝑇𝑅), the volume of the PFR (𝑉𝑃𝐹𝑅), and an additional stagnant compartment 
representing dead zones (volume 𝑉𝑑). The dead zones indicate de-fluidized regions that reduce 
the active flow volume of the solids. Other compartment models can be used to describe the flow 
in a given system, but the one presented has shown good agreement with the experimental data 
used in this work. 

 
Figure 4: Schematic of the compartment model employed, featuring a PFR, a series of CSTRs, 
and a stagnant compartment. 

Eq.(5) provides the analytical expression providing the transient outlet concentration of a tracer, 
given the input function of tracer concentration 𝐶 𝑛(𝑡). 𝑀𝑡 and 𝑄𝑡 represents the mass and 
volumetric flowrate of the tracer injected, 𝜏 is the mean residence time of solids, and 𝑖𝑑 is the 
volume share of dead zones (𝑉𝑑) in the whole system [14].  

𝐶𝑜𝑢𝑡(𝑡) = 𝐶 𝑛(𝑡) +
𝑀𝑡

𝑄𝑡
{

1

𝜏(1 − 𝑖𝑑)

𝑁𝐶𝑆𝑇𝑅
𝑁𝐶𝑆𝑇𝑅

(𝑁𝐶𝑆𝑇𝑅 − 1)!
[
(𝑡 − 𝜏𝑃𝐹𝑅)

𝜏(1 − 𝑖𝑑)
]

𝑁𝐶𝑆𝑇𝑅−1

} 𝑒
−𝑁𝐶𝑆𝑇𝑅

(𝑡−𝜏𝑃𝐹𝑅)
𝜏(1− 𝑑)  (5) 

Furthermore, the residence time distribution (RTD) for the solids (also called E-curve) 
corresponding to the employed compartment model is described by: 

𝐸(𝑡) = {
1

𝜏(1 − 𝑖𝑑)

𝑁𝐶𝑆𝑇𝑅
𝑁𝐶𝑆𝑇𝑅

(𝑁𝐶𝑆𝑇𝑅 − 1)!
[
(𝑡 − 𝜏𝑃𝐹𝑅)

𝜏(1 − 𝑖𝑑)
]

𝑁𝐶𝑆𝑇𝑅−1

} 𝑒
−𝑁𝐶𝑆𝑇𝑅

(𝑡−𝜏𝑃𝐹𝑅)
𝜏(1− 𝑑)  (6) 

  

Q

Vd

VCSTR VCSTR VCSTR

NCSTR in series

VPFR
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2.2. Non-Newtonian granular flow 
Non-Newtonian fluids [27] exhibit complex behaviors where their apparent viscosity changes in 
response to the shear rate applied, diverging from Newtonian fluids (which maintain a constant 
relationship between shear stress and shear rate). Figure 5 illustrates the distinct rheological 
behaviors exhibited by different fluid types. Shear-thinning, also known as pseudoplastic 
behavior, occurs when a fluid's apparent viscosity decreases with an increase in shear rate, 
making it flow more easily under higher stress. Conversely, shear-thickening, or dilatant 
behavior, describes a fluid whose apparent viscosity increases with the shear rate, becoming 
more resistant to flow as higher stress is applied. Further, non-Newtonian flows can exhibit a 
yield stress, requiring a stress threshold before flowing (red curves in Figure 5).  

 
Figure 5: Rheological profiles for different types of fluids. 
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2.2.1. Rheological models 

Gaining insight into the rheology of fluidized beds represents a challenge due to their non-
Newtonian characteristics [27,28] and the limited literature available. The rheological properties 
of fluidized beds have been investigated using various techniques. The falling sphere [28–30] 
method determines viscosity by tracking the descent of a sphere through the medium, applying 
Stokes' law. Capillary [28–30] techniques evaluate flow behavior in narrow tubes, utilizing the 
Hagen-Poiseuille principle. Couette [28–30] flow analysis involves studying fluid dynamics 
between two moving surfaces to assess shear stress and rate.  

For a precise representation of rheological characteristics, the development of comprehensive 
theoretical models is critical. However, existing models primarily focus on single-phase fluid 
flow, and there is a gap in assessing how well these models can describe the complex behavior of 
solids in suspension [27,28]. This study analyzes the flow of solids in a rectangular open channel 
using three established models— Kozicki et al. [31–34], Delplace-Leuliet [35] and Kostic-
Harnett [36,37]. The analytical framework for the cited models is briefly presented below.  

Assuming incompressible, steady-state flow under fully developed single-phase conditions, the 
pressure drop gradient in a channel along the direction of flow, ∆𝑃/∆𝐿, relates to the flow 
velocity (𝑢𝑆), conduit geometry, and fluid (solids suspension, in this case) properties, through 
the friction factor (𝑓𝐹) according to: 

∆𝑃

∆𝐿
=

2𝑓𝐹𝜌𝑓𝑢𝑆
2

𝐷ℎ
 (7) 

Further, a force balance analysis allows for the formulation of the equation for the average wall 
shear stress along the wetted perimeter’s contour for generalized fluids flowing in rectangular 
channels: 

𝜏𝑤 = 𝐷ℎ ⋅
∆𝑃

∆𝐿
 

(8) 

Previous research on fully developed laminar non-Newtonian fluids has also introduced 
correlations for specific conduit shapes, e.g., non-circular, that make use of a generalized 
Reynolds number 𝑅𝑒∗ and a geometric constant 𝐶: 

𝑓𝐹 =
𝐶

𝑅𝑒∗
 (9) 

To analyze the rheology of non-Newtonian fluids, the power-law model [Eq.(10)] is employed, 
which describes the non-linear relationship between wall shear stress and apparent shear rate 
through the flow behavior index 𝑛∗ and the flow consistency index 𝑘∗: 

𝜏𝑤 = 𝑘∗�̇�𝑎
𝑛∗

 

   ⇒ 𝜏𝑤 = 𝑘∗ (
8𝑢𝑆

𝐷ℎ
)
𝑛∗

 
(10) 

The apparent shear rate �̇�𝑎 is determined under the assumption that the fluid exhibits Newtonian 
flow characteristics under the given conditions and serves as an initial estimation of the wall 
shear rate. 

The flow behavior of non-Newtonian fluids in non-circular geometries has been previously 
assessed in the literature using three power-law based rheological models (listed in Table 1),  
which expand on the expressions above to account for the effect of geometry.  Kozicki et al. [31] 
(Model 1) introduced a two-shape-factor (𝑎 and 𝑏) framework to analyze the flow in rectangular 
open channels . Kostic-Hartnett [36] integrated concepts from both Kozicki et al. [31–34] and 
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Metzner-Reed [38], introducing a geometry parameter, 𝜉, in non-circular ducts. Ayas et al. [37] 
(Model 2) further refined this approach, specifically targeting its utility for shear-thinning fluids. 
Delplace-Leuliet [35] (Model 3) noted that while the geometrical coefficients used in those 
models address the characteristics of non-circular duct, the factor (8𝑛−1) in the denominator is 
specific to circular ducts and modified this with the introduction of a geometric parameter, 𝛽. 

Table 1: Rheological parameters in power-law-based models for rectangular channels. 

 Model 1 Model 2 Model 3 

References 
Kozicki et al. [31–
34] 

Kostic-Hartnett [36]. 
Further modified by 
Ayas et al. [37] 

Delplace-Leuliet [35] 

Reynolds number, 
𝑅𝑒∗ [-] 

𝜌𝑓𝑢𝑆
2−𝑛𝐷ℎ

𝑛

8𝑛−1𝐾𝐾𝑇 [
𝑎 + 𝑏𝑛

𝑛
]
𝑛 

𝜌𝑓𝑢𝑆
2−𝑛𝐷ℎ

𝑛

8𝑛−1𝐾𝐾𝐻𝜉 [
3𝑛 + 1

4𝑛
]
𝑛 

𝜌𝑓𝑢𝑆
2−𝑛𝐷ℎ

𝑛

𝛽𝑛−1𝐾𝐷𝐿 [
24𝑛 + 𝛽

(24 + 𝛽)𝑛
]
𝑛 

Flow behavior 
index, 𝑛∗ [-] 𝑛 

Flow consistency 
index, 𝑘∗ [Pa.sn] 𝐾𝐾𝑇 {

𝑎 + 𝑏𝑛

𝑛
}
𝑛

 𝐾𝐾𝐻𝜉 [
3𝑛 + 1

4𝑛
]
𝑛

 𝐾𝐷𝐿 [
24𝑛 + 𝛽

(24 + 𝛽)𝑛
]
𝑛

 

Wall shear rate, 
�̇�𝑤 [s-1] [

𝑎 + 𝑏𝑛

𝑛
] [

8𝑢𝑆

𝐷ℎ

] 𝜉1/𝑛 [
3𝑛 + 1

4𝑛
] [

8𝑢𝑆

𝐷ℎ

] [
24𝑛 + 𝛽

(24 + 𝛽)𝑛
] [

𝛽𝑢𝑆

𝐷ℎ

] 

Alternatively, extending the generalized Rabinowitsch-Mooney model developed by Kozicki et 
al. [31,32], this work proposes the following formulation for the flow consistency index for non-
circular channels: 

where 𝐶𝑊 and 𝐶𝐻𝑏
 are experimental constants indicating the impact of channel width and bed 

height on the rheological behaviour of the fluidized solids.  

  

𝑘∗ = 𝐾[𝑓(𝑊,𝐻𝑏)]
𝑛 

         ⇒ 𝑘∗ = 𝐾 [𝐶𝑊 [
𝑊

𝑑𝑆
] + 𝐶𝐻𝑏

[
𝐻𝑏

𝑑𝑆
]]

𝑛

 
(11) 
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2.2.2. Granular flow regime 

The rheologic behavior of a solids suspension strongly depends on the granular regime 
governing the flow. Therefore, knowing the granular flow regime under which measurements 
are performed is crucial for establishing the validity limits of the qualitative findings, proposed 
expressions, and parameter values. At relatively low levels of particle movement, the quasi-static 
regime is established, where particle-particle interactions are dominated by friction, causing the 
solids phase to exhibit minimal friction variation and behave in a solid-like manner. As particle 
movement increases, the intermediate regime is established, where both friction and particle 
collisions significantly influence the resulting rheology of the solids, leading to a dense, liquid-
like flow behavior in the solids phase. With a further increase in particle movement, the 
collisional regime is reached, where particle collisions dominate the solids phase, inertial effects 
become prominent, and the friction coefficient stabilizes or decreases as particle collisions 
become more prevalent, reducing the influence of confining pressure on flow behavior. 

The 𝜇(𝐼) constitutive law, as expressed in Eq.(12), provides an analytical framework to describe 
the transition of granular flow from a quasi-static regime to a collisional regime as solids 
movement increases [39–41]. To do so, it describes how the macroscopic friction coefficient, 𝜇(𝐼), 
increases with the inertial number, 𝐼: 

where 𝜇𝑆 is the static friction coefficient, 𝜇2 represents the friction coefficient at high inertial 
numbers, and 𝐼0 is a constant. The macroscopic friction coefficient [41,42] is defined as the ratio 
of the wall shear stress 𝜏𝑤 to the normal stress (or) particle pressure 𝑃𝑝. The inertial number 
[41,42] quantifies the flow state by comparing two timescales: the particle inertia time, which 
indicates particle rearrangement, and the deformation time under shear: 

 

  

𝜇(𝐼) = 𝜇𝑆 +
𝜇2 − 𝜇𝑆

𝐼0/𝐼 + 1
 (12) 

𝐼 =
𝑡𝑃
𝑡�̇�𝑤

=
√𝜌𝑆𝑑𝑆

2/𝑃𝑝

1/�̇�𝑤
 (13) 
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2.3. Fluidization regimes 
This work explores alternatives to driving solids flow beyond the conventional use of a riser. For 
this, several solids conveying configurations are tested in this work, each designed to exploit the 
specific features of gas-solids interactions that characterize the different fluidization regimes. A 
brief description of the flow characteristics of these fluidization regimes is provided below. 

Fluidization regimes represent the different behavioral states (in terms of distinct patterns of 
particle-fluid interaction) observed when a fluid (a gas in this work) passes through a bed of solid 
particles [1,4]. The transition from one regime to another is primarily influenced by the fluid 
velocity, particle characteristics, and fluid properties. Figure 6 depicts the distinct fluidization 
regimes achieved as gas velocity is increased. At low gas velocities, the system is in a fixed bed 
state, where particles remain stationary, and gas flows through the interstitial voids in the bed. 
As the gas velocity increases to a threshold value, the system reaches the minimum fluidization 
state, where the gas-solids mixture exhibits fluid-like behavior without the presence of bubbles. 
Further increase in gas velocity leads to the bubbling fluidization regime, characterized by the 
formation and ascent of gas bubbles through the bed, which enhances solids mixing. Depending 
on the bed geometry (e.g., narrow and tall beds), the system may enter the slugging regime, 
where bubbles grow large enough to occupy the entire cross-section of the bed, causing the bed 
to behave more like a plug flow reactor. As the gas velocity increases beyond the bubbling 
regime, turbulent fluidization is achieved, where individual bubbles are no longer 
distinguishable, resulting in a highly mixed state with intense particle-gas interactions. With 
further increase in velocity, the system transitions to the fast fluidization regime, marked by 
partial particle entrainment and a dense upward flow typical of circulating fluidized bed (CFB) 
systems. Finally, at the highest velocities, the system reaches the lean phase fluidization regime, 
also known as pneumatic transport, where particles are entrained by the gas flow and move 
rapidly as dispersed elements.  

 
Figure 6: Fluidization regimes established by varying fluidization velocity. 
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The efficiency of solids convection is determined by the ratio of the energy flow contained in the 
horizontally conveyed fluidized solids to the energy flow introduced into the solids conveying 
device in the form of gas: 

𝜂 =
𝐸𝑆

𝐸𝐶𝑍

 (14) 

The energy flow imparted to the effective net horizontal flow of solids is determined by the flow 
rate and the pressure drop in the direction of the solids flow: 

𝐸𝑠 = 𝑢𝑆 ⋅ 𝐴𝑀𝑍 ⋅ ∆𝑃𝑇𝑍 (15) 

The energy flow inputted with the conveying gas is defined as [1]: 

𝐸𝐼𝑁 =
𝛾

𝛾 − 1
𝑃𝐴𝑡𝑚𝑄𝐶𝑍 [(

𝑃𝑃𝑙𝑒𝑛𝑢𝑚

𝑃𝐴𝑡𝑚
)

𝛾−1
𝛾

− 1] (16) 
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3. Methodology and experimental work 
This chapter is organized into five sections. Section 3.1. presents the methodology used for fluid-
dynamic scaling applied in this study, while Section 3.2. describes the experimental setup 
employed. Section 3.3. introduces the methods used for solids flow characterization. Section 3.4.  
elaborates on the experimental setup for investigating various configurations for forcing the 
convection of solids in the horizontal direction. Lastly, Section 3.5. outlines the experimental 
matrix, providing a comprehensive overview of the variables explored. 
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3.1.  Fluid-dynamic scaling 
Fluid-dynamic downscaling enables the study of gas-solid flows in large systems operating at 
high temperatures and/or pressures by replicating their behavior in small units at room 
temperature. These cold flow models offer greater operational and geometrical flexibility, 
simplify the use of diagnostic tools, and result in safer, cost-effective experiments. The scaling 
approach in this study, based on Glicksman's simplified set of scaling laws [43,44], is based on 
maintaining specific dimensionless numbers as constant as possible between the represented hot 
unit and the scaled-down model used. 

u0
2

gD
,
ρS

ρF
,
u0

umf
,

GS

ρSu0
,
L1

L2
, φ, PSD                                                                                                                                 

This set of simplified scaling laws [43,44] is a validated experimental method [44–46] that 
substitutes the particle’s Reynolds number in the original formulation of the scaling laws (known 
as the full set of scaling laws [43]) with the u0/umf ratio. This substitution allows for greater 
flexibility in length scaling, as it depends on the minimum fluidization velocity ratio (i.e., the 
specific combination of solids and gas), as shown in Eq.(16).  

[𝐿] =
𝑊𝐶𝑂𝐿𝐷

𝑊𝐻𝑂𝑇
=

[
𝑢𝑚𝑓

2

𝑔 ⋅ 𝐹𝑟
]
𝑐𝑜𝑙𝑑

[
𝑢𝑚𝑓

2

𝑔 ⋅ 𝐹𝑟]
ℎ𝑜𝑡

= (
[𝑢𝑚𝑓]𝑐𝑜𝑙𝑑

[𝑢𝑚𝑓]ℎ𝑜𝑡

)

2

 (17) 

The experimental apparatus used in this work was designed with a length scaling factor of 
[𝐿]=0.12. This choice was influenced by laboratory constraints and bed material availability. The 
experimental unit is designed to replicate large-scale hot conditions, where silica sand with a 
mean size of 950 µm is fluidized using flue gases at 800°C. 

Table 2 compares the operational conditions and bed materials of the cold flow model with its 
high-temperature counterpart. 

Table 2: Main parameters used in the fluid-dynamically scaled model 

Parameter Units Hot unit Cold model 

Temperature ℃ 800  24  
Fluidization gas - Air or flue gases Air 
Gas density (𝜌𝐹) kg/m3 0.359  1.187  
Gas viscosity (𝜇𝐹) m2/s 1.4×10-4 1.54×10-5 
Bed geometry  m 𝐿𝐻𝑂𝑇  0.12𝐿𝐻𝑂𝑇  
Bed material - Silica sand Bronze 
Particle density (𝜌𝑆) kg/m3 2650  8770  
Mean particle diameter (𝑑𝑆) μm 950 125 
Gas superficial velocity (𝑢0) m/s 𝑢0𝐻𝑂𝑇

 √0.12 𝑢0𝐻𝑂𝑇
 

Minimum fluidization velocity (𝑢𝑚𝑓) m/s 0.31 0.074 
Solids mean velocity (𝑢𝑆) m/s 𝑢𝑆𝐻𝑂𝑇

 √0.12 𝑢𝑆𝐻𝑂𝑇
 

Solids dispersion coefficient (𝐷𝑆) m2/s 𝐷𝑆𝐻𝑂𝑇
 0.042 ⋅ 𝐷𝑆𝐻𝑂𝑇
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3.2.  Experimental setup  
The cold flow model utilized in this study [47], shown in Figure 7, operates under bubbling 
conditions. The model has dimensions of 0.5 m × 0.4 m in footprint and 0.5 m in height. It 
features a central rectangular area, termed ‘’center box’’, which forms the closed annular channel 
where fluidized solids circulate clockwise under bubbling conditions. As detailed in Figure 7a, 
the annular channel consists of transport zones (where the solids are fluidized under the 
bubbling regime) and a conveying zone (where the solids crossflow is driven by a combination 
of high-velocity nozzles and baffles). This setup allows for independent airflow adjustment of 
the conveying and transport zones.  

 

 

(a) Top view (b) Isometric view 
Figure 7: Fluid-dynamically down-scaled model with induced clockwise solids circulation. 
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3.3.  Methods utilized for solids flow characterization 
Currently, a spectrum of intrusive and non-intrusive measurement methods is available to 
characterize the flow of solids in fluidized beds. 

Intrusive methods directly interact with the bed material, potentially altering the flow they aim 
to measure. Examples include the mass accumulation [47,48] method, widely used for its efficacy 
in quantifying solid circulation rates by stopping the flow to accumulate solids over a defined 
period; optical fiber probes [49], which evaluate local particle velocities or concentrations 
through the interception of light by particles; hot film anemometers [50] which measures fluid 
flow velocity via the thermal dissipation effect on a heated element; conductivity probes [51] 
that detect variations in electrical conductivity as particles interact with the probe, thereby 
indicating flow rates and bed densities; and thermocouples [52] for capturing thermal gradients 
within the bed through the principle of thermoelectric effect. 

Conversely, non-intrusive techniques maintain the natural state of flow, preferred for their 
minimal impact on system dynamics. These includes electrostatic induction sensors [53], 
capturing charge movements induced by particle movement; acoustic emission sensors [54], 
recording sound waves generated from particle collisions; particle image velocimetry (PIV) [55], 
a laser-based method visualizing flow by tracking seeded particles; infrared thermography 
[26,47], visualizing surface temperature distributions by detecting infrared radiation emissions, 
thereby correlating these emissions to surface temperature variations; radioactive particle 
tracking [56],  traces particle movement within fluidized beds using isotopically tagged particles 
and radiation detectors to reconstruct their three-dimensional trajectories, leveraging the 
principles of radioactive decay and detection; magnetic particle tracking [47,57], involves the use 
of magnetically embedded particles and the detection of their generated magnetic fields to map 
flow paths; and electrical capacitance tomography (ECT) [58], offering a comprehensive view of 
internal component distribution by measuring electrical capacitance changes, a technique 
grounded in the principle that the dielectric properties of materials alter capacitance readings. 

In this work, five distinct measurement methods were employed to assess flow parameters: 
integral mass accumulation, differential mass accumulation, thermal tracing, magnetic solids 
tracing, and crossflow fluidized bed rheometry. Each method offers unique capabilities, is based 
on different principles, and has specific requirements for integration into the experiment. 
Measurement accuracy, unaffected by inherent fluidized bed fluctuations, is ensured through 
time-averaged calibrations of parameters such as pressure, temperature, and impedance. 

The measurement methods, along with the techniques, analytical tools, and solids flow 
parameters analyzed, are summarized in Table 3. 
 
 
 

 

 



 

27 

 

Table 3: Overview of measurement methods, including techniques, analytical tools, and solids flow parameters studied. 
Measurement 

method 
Measurement 

technique 
Measured variable Equation (or) analytical tool used 

Extracted 
variables 

Integral mass 
accumulation 

Weight 
difference 

Mass flow rate 𝑢𝑆 =
𝛥𝑚

𝛥𝑡
⋅ {

1

𝜌𝐵 ⋅ 𝐻 ⋅ 𝑊
} 𝑢𝑆 

Differential mass 
accumulation 

Pressure 
sampling 

Dynamic pressure 
gradient 

𝑢𝑆 =
𝑑𝑃

𝑑𝑡
⋅
𝐴𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡 𝑜𝑛

𝑔
⋅ {

1

𝜌𝐵 ⋅ 𝐻 ⋅ 𝑊
} 𝑢𝑆 

Thermal tracing Thermography 
Temperature field 

(2D) 

Transport equation (energy conservation): 

0 = 𝜆
𝜕2𝑇

𝜕𝑥2
− {𝜌𝑆 ⋅ 𝑢𝑆 ⋅ (1 − 𝜀𝑔) ⋅ 𝐶𝑝,𝑆}

𝑑𝑇

𝑑𝑥
+ {𝜌𝐹 ⋅ 𝑢𝐹 ⋅ 𝐶𝑝,𝐹}

∆𝑇

𝐻𝑏

 

𝐷𝑆 =
𝜆

(1 − 𝜀𝑔) ⋅ 𝐶𝑝,𝑆 ⋅ 𝜌𝑆

 

𝑢𝑆, 𝐷𝑆 

Magnetic solids 
tracing 

Inductance 
Transient tracer 

concentration profile 

Transport equation (species conservation): 
𝜕𝐶 

𝜕𝑡
= 𝐷𝑆

𝜕2𝐶 

𝜕𝑥2
− 𝑢𝑆

𝜕𝐶 

𝜕𝑥
 

𝑢𝑆, 𝐷𝑆 

Compartment model: 

𝐶𝑜𝑢𝑡(𝑡) = 𝐶 𝑛(𝑡) +
𝑀𝑡

𝑄𝑡

{
1

𝜏(1 − 𝑖𝑑)

𝑁𝐶𝑆𝑇𝑅
𝑁𝐶𝑆𝑇𝑅

(𝑁𝐶𝑆𝑇𝑅 − 1)!
[
(𝑡 − 𝜏𝑃𝐹𝑅)

𝜏(1 − 𝑖𝑑)
]

𝑁𝐶𝑆𝑇𝑅−1

} 𝑒
−𝑁𝐶𝑆𝑇𝑅

(𝑡−𝜏𝑃𝐹𝑅)
𝜏(1− 𝑑)  

id,  NCSTR, 
τPFR & τ 

Crossflow 
fluidized bed 

rheometry 

Inductance 
Transient tracer 

concentration profile 

Transport equation (species conservation): 
𝜕𝐶 

𝜕𝑡
= 𝐷𝑆

𝜕2𝐶 

𝜕𝑥2
− 𝑢𝑆

𝜕𝐶 

𝜕𝑥
 

𝑢𝑆 

Pressure 
sampling 

Steady-state pressure 
gradient 

Fanning friction factor:  
∆𝑃

∆𝐿
=

2𝑓𝐹𝜌𝑓𝑢𝑆
2

𝐷ℎ

 

𝑓𝐹, 𝜏𝑤, 𝑘∗, 
𝑛∗ 

Wall shear stress: 

𝜏𝑤 = 𝐷ℎ ⋅
∆𝑃

∆𝐿
 

Power-law model: 

𝜏𝑤 = 𝑘∗ (
8𝑢𝑆

𝐷ℎ

)
𝑛∗
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3.3.1.  Integral mass accumulation 

This method aims to obtain the solids mean velocity by the direct measurement of the solids 
mass conveyed into a container set over a given time. The setup, illustrated in Figure 8, uses two 
boxes to collect the conveyed solids. Box 1, easily removed, collects bed material for solids mean 
velocity analysis. Box 2, secured tightly against the unit walls, collects any leaked solids, which 
represent a very small amount compared to those collected in Box 1. The measurement begins 
with Box 1 sealed by a sliding wall adjacent to the conveying zone. Fluidization is set at the 
velocities selected for the experiment. After a 30-second stabilization period, the sliding wall is 
removed, allowing material to be transported to Box 1. The material is accumulated until the 
box reaches its maximum capacity of 3.5 kg. This weight determines the test duration, inversely 
related to the solids-conveying rate. After reaching the target weight, Boxes 1 and 2 are retrieved 
and weighed to assess the solids mean velocity.  

  
 

(a) Top view of the unit setting (b) Box-block arrangement 
used in the transport zone 

Figure 8: Experimental setup used for integral mass accumulation. 

The time-averaged solids velocity can be determined as: 

𝑢𝑆 =
𝛥𝑚

𝛥𝑡
⋅ {

1

𝜌𝐵 ⋅ 𝐻 ⋅ 𝑊
} (18) 

This method has limitations due to its non-steady nature. The continuous decrease in the 
inventory of fluidized solids results in a varying bed height, which affects the solids flow rate. 
Additionally, the length of the circulating loop influences the solids circulation rate, with shorter 
distances from the accumulation box likely yielding higher flow rates. Since part of the unit's 
volume is occupied by the collecting boxes, the available volume for solids is reduced, making 
the conditions less representative of the actual circulating conditions during regular operation 
of the unit. 
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3.3.2.  Differential mass accumulation 

This method involves allowing the conveyed solids to enter a stationary bubbling bed, where the 
transient pressure build-up resulting from the increased bed height is monitored. To implement 
this, a wall separator is vertically inserted along guide rails in the transport zone once steady-
state conditions are achieved, as shown in Figure 9a. This action creates an accumulating bed 
(blue section) while the remainder of the bed (green section) empties. The resulting pressure 
change 𝑑𝑃 in the accumulating bed is then used to quantify the mean velocity of the conveyed 
solids, according to: 

𝑢𝑆 =
𝑑𝑃

𝑑𝑡
⋅
𝐴𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡 𝑜𝑛

𝑔
⋅ {

1

𝜌𝐵 ⋅ 𝐻 ⋅ 𝑊
} (19) 

Pressure is monitored at three levels in both the accumulating and emptying beds: in the air 
plenum, and at 5.25 cm and 7.5 cm above the gas distributor. Figure 9b exemplifies the pressure 
transients from these measurements. The stabilization of pressure over time indicates that 
maximum material accumulation has been reached. The mean velocity of conveyed solids is 
calculated using the time derivatives of the pressure signals, focusing on the interval where the 
pressure gradient is constant. The pressure signals from the accumulating bed are used rather 
than those from the emptying bed for two reasons. First, the accumulating bed, with its smaller 
cross-section, exhibits a sharper pressure gradient for a given mass flow rate compared to the 
emptying bed. Second, the accumulating bed is fluidized by a single air plenum, ensuring uniform 
conditions, whereas the emptying bed has multiple plenums, which may cause some 
heterogeneity in fluidization.  
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(a) Top view of the unit setting 

 
(b) Transient pressure profiles 

Figure 9: Experimental setup used for the differential mass accumulation method with 
associated results. Conditions: FNTZ 3; H 0.08 m and QCZ 0.0143 m3/s. 'A' represents the 
accumulation section, 'E' the emptying section, and 'P' the plenum box. Pressure probes 
I and II are positioned 7.5 cm and 5.25 cm from the perforated plate, respectively. 

The main advantages of this method are its operational simplicity and the use of a time-resolved 
signal. However, accurate pressure measurement is crucial, especially at low solids flow rates 
where slow accumulation results in minimal pressure changes. Minor leakages from the 
accumulating to the emptying zone at high solids convection rates, observed across wall-
separator gaps, are visually estimated to have negligible impact on results. Nevertheless, this 
method uses non-steady conditions and, therefore, has some inherent inaccuracies. 
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3.3.3.  Thermal tracing  

This non-intrusive method involves heating circulating solids by fluidizing them with air at 80°C 
in a section of the circulating loop called 'heating zone' (Figure 10a) and cooling them in other 
sections of the loop fluidized with ambient air. This creates a spatial temperature gradient along 
the direction of solids flow, which facilitates the determination of the solids mean velocity. The 
experimental temperature profile is obtained using thermal imaging from the bed surface, 
resulting in a 2D temperature field that is integrated along the y-direction to produce a 1D 
profile for model fitting. The modeling uses the energy equation (refer to Section 2.1.1) in its 1D 
steady-state form, discretized using the finite volume method, to determine the solids' horizontal 
velocity that best fits the temperature profile, 𝑇(𝑥) [Eq.(3)], to the experimental data. For each 
experiment, the dispersion coefficient, 𝐷𝑆, is initially determined under bubbling conditions in 
absence of solids crossflow [Eq.(4)], allowing for the determination of 𝜆 as the sole unknown. 
Figure 10b shows the experimental and modeled profiles for determination of solids dispersion 
(red curves) and solids convection (blue curves). Boundary conditions are established using in-
bed temperature measurements at the beginning (𝑇0) and end (𝑇𝐿) of the measuring zone.  

 
 

(a) Top view of the unit setting 

(b) Experimental and modeled 
temperature profiles in the 
absence/presence of macroscopic solids 
convection. 

Figure 10: Experimental setup used for thermal tracing with associated results. Conditions: FNTZ 
3; H 0.08 m and QCZ 0.0143 m3/s. The temperature scale used is in K. 

Note that the lateral dispersion coefficient of solids is assumed constant for the specific 
fluidization velocity and bed height, regardless of the horizontal solids flow rate. However, this 
assumption was later found to be incorrect, leading to an overestimation of the calculated solids 
mean velocity. Further details are discussed in Section 4.1.  

This study employs several strategies to minimize flow and temperature fluctuations' impact on 
the measured temperature field: precise control of the fluidization velocity, maintenance of 
consistent ambient conditions, uniform heating/cooling rates, ensuring a sufficiently large 
temperature gradient throughout the measuring zone, and utilizing a thermographic camera with 
high sensitivity (around 0.04 K). However, this sensitivity declines at higher solids flow rates, 
impacting the method's accuracy. Regarding the limitations of the technique, higher flow rates 
introduce greater inaccuracies due to thermal inertia, wall friction, unit geometry, and bubble 
eruption effects, which impact the surface temperature and emissivity of fluidized bed particles. 
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3.3.4.  Magnetic solids tracing 

In this technique, a tracer material that is fluid-dynamically similar to the bed material is 
introduced into the system. Table 4 presents the physical properties of the materials along with 
their dimensionless particle size based on Archimedes’ number. 

Table 4: Comparison of the bed material and magnetic tracer. 

Parameter Unit Bed Tracer 

Material - Bronze Fe-based alloy 
Particle density (𝜌𝑆) kg/m3 8,770  7,988 
Bulk density (𝜌𝐵) kg/m3 5,522.1 4,520 
Particle size distribution 
d10-d50-d90 

 
μm 

 
80-112-132 

 
25-69-123 

Sauter mean diameter (𝑑32) μm 126 102 
Archimedes’ number, Ar1/3  - 8.386 6.127 
Minimum fluidization velocity (𝑢𝑚𝑓) m/s 0.074 0.039 
Magnetic susceptibility - 0 0.9 

Pulse tracer measurements are conducted using four inductance coils, each covering the entire 
solids flow cross-section (as illustrated in Figure 11a) located along the solids measuring zone to 
monitor the varying tracer concentration. A batch of iron-based tracer material is introduced at 
the tracer injection point, 14 cm upstream of the first coil (C1), as shown in Figure 11. The 
transient tracer concentration is sampled, allowing for the computation of the tracer residence 
time distribution, which enables the calculation of the solids' horizontal flow and dispersion 
rates. Figure 11b depicts the characteristic transient responses of raw concentration signals 
obtained from coils C1 to C4 during a tracer experiment. 

 
 

(a) Top view of the unit setting (b) Transient profiles of the measured 
tracer concentration at each coil 

Figure 11: Experimental setup used for the magnetic solids tracing method, accompanied by the 
transient concentration profiles obtained. Conditions: FNTZ=3, H=0.08 m, QCZ=0.0143 m3/s. 

The main drawbacks of this method include the time-intensive separation of the magnetic tracer 
after each experiment and the inability to exactly replicate the physical properties of the bed 
material with the available tracer materials. Additionally, tracer segregation at unit corners and 
less distinct coil signals at low circulation rates were observed, affecting the measurement 
accuracy. 
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Data from the magnetic solids tracing experiment are analyzed using two analytical approaches: 
the transient convection-dispersion model (Section 2.1.1) and the compartment model (Section 
2.1.2). Each approach allows for the study of different flow characteristics.  

For the first method, the transient convection-dispersion equation (see Eq.(1)) is solved to 
determine the values of the solids' mean velocity and dispersion coefficients. For the numerical 
solution, the transient mass balance for the tracer species is solved using the finite volume 
method, employing a fully implicit discretization scheme for stability and accurate time 
integration. The hybrid differencing scheme combines central differencing’s precision in uniform 
regions with upwind differencing’s stability in areas of steep gradients. The modeled domain 
extends from the position of coil 1 to the boundary between the transport zone and the solids 
conveying section. Boundary conditions are set as follows: a transient Dirichlet condition at coil 
1 based on the measured tracer concentration, and a zero-gradient condition at the conveying 
section inlet, simulating a wall that allows convection but not dispersion.  

For the second method, parameter fitting employs a non-linear optimization procedure to align 
the compartment model (see Eq. (5)) predictions with the measured tracer concentrations from 
the coils. The compartment model treats the signal from coil 1 as the input, and parameter 
adjustment focuses on reducing differences between predicted and measured signals for coils 2-
4. Additionally, a robust fitting strategy tackles multiple local optima by varying initial 
parameter estimates. The solids flow parameters of interest from this method are the system's 
non-idealities, such as dead zones. 
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Figure 12a illustrates an example of the data attained after fitting experimental data with the 
convection-dispersion model to estimate solids velocity and dispersion coefficient: it compares 
measured and modeled transient tracer concentration responses at each coil, along with the 
input from coil 1. The initial tracer batch passage is evident from sharp peaks in the tracer signal 
at all coils, with coils farther from the injection point showing broader peaks due to increased 
extent of the dispersive mixing. A subsequent decrease in tracer concentration and a lower 
secondary peak follow, marking the next tracer loop around the unit. Eventually, the curves 
converge to a stable state, indicating uniform tracer distribution throughout the circulating loop.  

Figure 12b presents the residence time distribution (RTD) curves derived from compartment 
model fitting. Coil 1 serves as domain inlet, with the subsequent three coils acting as respective 
outlets. As observed, the RTD curve shifts and broadens as the tracer progresses through the 
transport zone, indicating an increase in mean residence time and (extent of) dispersion as the 
tracer moves from one outlet coil to the next. 

  
Fitted variables:  
𝑢𝑆=1.35×10-2 m/s, 𝐷𝑆=1.64×10-3 m2/s 

(a)  

Fitted variables: 
𝑖𝑑=0.07, 𝑁𝐶𝑆𝑇𝑅=6, 𝜏=5.16 s, 𝜏𝑃𝐹𝑅=0.3 s 

(b)  
Figure 12: Analysis outcomes from magnetic solids tracing technique. (a) Transient profile of 
the measured tracer concentration, alongside the convection-dispersion model fitting. (b) 
Residene time distribution curves obtained from compartment model fitting. Conditions: 
FNTZ=3, H=0.08 m, QCZ=0.0143 m3/s. 
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3.3.5.  Crossflow fluidized bed rheometry 

The determination of the solids velocity parameter utilizes the magnetic solids tracing technique, 
with the coil placements depicted in Figure 13a, adjacent to the injection probe location. 
Additionally, two pressure probes are positioned within the measuring zone, as shown in Figure 
13a: one upstream of coil 1 and another downstream of coil 4. These measurements—solids 
velocity and pressure drop along the transport channel in the horizontal direction of solids 
flow—are integral to a quantitative mechanistic analysis aimed at elucidating frictional losses 
and the rheological properties of the bed. The assessment of frictional losses also considers 
experiments with varying channel widths achieved by extending the central box, as shown in 
Figure 13b.  

 
 

(a) (b) 
Figure 13: Schematic of the CFM setup configuration designed for the study of frictional 
losses in the direction of solids crossflow, indicating (a) the positions of pressure probes 
within the measuring zone, and (b) depiction of adjustments made to the channel width. 

Three key parameters are measured: bed voidage [47], pressure drop gradient along the solids 
flow, and solids velocity (Section 3.3.4. Based on the pressure and velocity data, Fanning friction 
factor and wall shear stress are calculated using Eq.(7) and Eq.(8), respectively. Using the 
power-law model as reference, the relationship between wall shear stress and apparent shear 
rate for the specific system under study is elucidated [Eq.(10)], also facilitating the determination 
of flow behavior and consistency indices. 

Lastly, the 𝜇(𝐼) constitutive law [Eq.(12)] was used to quantify the frictional behavior of the bed, 
where the macroscopic friction coefficient, 𝜇(𝐼), was determined from wall shear stress based on 
the pressure drop gradient measured. 
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3.4.  Solids conveying configurations 
The achievement of stable and controllable convection of solids in the horizontal direction has 
remained under-researched. Although some configurations have been proposed [21], their 
performance needs to be assessed in terms of range, controllability and efficiency. In this work, 
five different configurations are tested for their ability to convey solids horizontally. The 
configurations tested are illustrated in Figure 14: (a) Free solids splashing, (b) Confined solids 
splashing, (c) Slugging, (d) Solids entrainment, and (e) Directed gas injection.  

The free solids splashing configuration functions under the 'bubbling fluidization' regime, where 
particles mainly reside in a dense phase and are lifted by ascending gas bubbles. Upon reaching 
the surface, these bubbles burst, ejecting solids into the air in a process known as splashing [4]. 
This results in high velocities and a wide range of ejection angles, leading to a ballistic 
backmixing pattern of solids. [4,59,60]. The free solids splashing configuration (Figure 14a) 
confines the injected conveying gas for bubble formation using a barrier threshold from nozzle 
level to the dense bed surface and a hanging baffle that partially immerses in the dense bed, 
leaving space for solids entry. This setup allows some solids splashing in the module to cross the 
threshold, creating a net solids flow. Additionally, a roof is installed to direct splashing solids in 
the desired direction. 

The confined solids splashing configuration employs the 'turbulent fluidization' regime, which 
is marked by chaotic particle motion due to the gas phase's high kinetic energy [4,59]. Particle 
transport occurs via turbulent gas eddies and bubble buoyancy [4,59]. The confined solids 
splashing configuration (Figure 14b) utilizes a geometry with narrower lateral confinement than 
the free solid splashing. 

The slugging configuration induces the formation of slug-like gas voids through bubble 
coalescence [4]. The drag forces from rising slugs, coupled with gravitational settling, yield a 
recirculation pattern within the bed, leading to a pronounced pulsating flow [4,59,61]. The 
slugging configuration (Figure 14c) features a specialized module with six smaller bed columns 
in the conveying zone, each designed to simulate slug formation. 

The solids entrainment configuration utilizes the phenomenon where solids are lifted vertically 
from the dense bed by the gas stream. This effect intensifies at higher gas velocities seen in 
turbulent, fast fluidization, and pneumatic regimes [1,4]. With increased velocities, the 
separation between dense and dilute solids phases blurs, with the gas predominantly moving in 
jet streams rather than distinct bubbles [1,4,59]. This significant gas-driven drag of solids often 
necessitates the use of downstream separation devices like cyclones [1,4,59]. The corresponding 
configuration (Figure 14d) increases gas velocity to facilitate the upward movement of particles 
and features a gas-solids separator at the top of the module. This separator collects and redirects 
entrained solids into the unit's transport zone, thereby inducing a flow of solids. 

Lastly, in the directed gas injection configuration, the angled nozzles inject fluidizing gas to 
impart a horizontal trajectory to the gas bubbles. This action, in turn, induces horizontal 
movement of the solids by dragging them along this directional path. The configuration (Figure 
14e) uses five rows of nozzles, each set at specific inclination angles. 
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(a) Free solids splashing 

 
(b) Confined solids splashing 

 
(c) Slugging 

 
(d) Solids entrainment 

 
(e) Directed gas injection 

Figure 14: Solids conveying configurations tested. 

Solids velocity, from which the rate of conveyed solids is derived, is determined using the 
magnetic solids tracing technique (Section 3.3.4. The pressure drops experienced by the injected 
gas across the conveying module and along the transport channel are measured to analyze the 
efficiency of converting gas compression energy (see ‘𝐸𝐼𝑁’ [Eq.(16)]) into net solids flow energy 
(see ‘𝐸𝑆’ [Eq.(15)]).  
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3.5.  Test matrix 
This thesis is structured in different sub-studies, as presented in Section 1.3. Table 5 presents the 
test matrix employed across the four different studies formulated, outlining the variables that 
were extracted and analyzed. The investigation encompasses five key operating parameters: 
fixed bed height, channel width, fluidization number in the transport zone, volumetric flow rate 
in the conveying zone, and the solids conveying configuration used. These variables were 
combined according to the set goals in each of the studies. Table 5 helps in understanding the 
operational points used in each of them. 

Table 5: Overview of the experimental matrix employed in this thesis. 

Parameters Paper-I Paper-II Paper-III Paper-IV 
Fixed bed height 
[m] 

0.08 – 0.10 0.08 – 0.10 0.08 – 0.10 0.08 – 0.10 

Channel width 
W [m] 

0.12 0.12 0.07 – 0.12 0.12 

Fluidization number in the 
transport zone 
FNTZ [-] 

1.83 – 3.00 1.83 – 3.00 3.00 3.00 

Volumetric flowrate in the 
conveying zone  
QCZ [m3/s] 

0 – 0.015 0 – 0.015 0 – 0.010 0 – 0.015 

Solids conveying configuration 
[-] 

Free solids 
splashing 

Free solids 
splashing 

Directed 
gas 
injection 

a) Free solids splashing 
b) Confined solids 

splashing 
c) Slugging 
d) Solids entrainment 
e) Directed gas 

injection 

Characterization of solids flow 

1. Solids velocity × × × × 
2. Solids dispersion coefficient  × × × 
3. Fluidization quality  × 

 
 

4. Frictional loss   ×  

5. Solids conveying efficiency   
 

× 
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4. Results and discussion 
This chapter summarizes the principal findings of the thesis, structured into three sections. 
Section 4.1. assesses the ability of the four proposed measurement methods to quantify the mass 
flow rate of solids in terms of mean velocity. Section 4.2. uses the magnetic solids tracing 
technique to explore the characterization of solids transport dynamics, encompassing aspects 
such as solids mean velocity, solids lateral dispersion coefficient, fluidization quality and 
frictional losses. Lastly, Section 4.3. evaluates the performance of different configurations for 
solids conveying. 
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4.1.  Evaluation of methods for quantifying solids mean velocity 
Figure 15 displays the values of solids mean velocity as measured by four different methods, 
namely: integral mass accumulation, differential mass accumulation, thermal tracing, and 
magnetic solids tracing. These figures present data across various conditions, aiming to evaluate 
the response to changes in bed height (𝐻), fluidization number (𝐹𝑁𝑇𝑍), and the volumetric flow 
rate of air (𝑄𝐶𝑍) in the solids conveying zone. The accompanying vertical bars represent the 
variance in values across three repetitions under each set of experimental conditions. These bars 
are present for all data points but may not be visible in some plots due to the small magnitude 
of the variations.  

Overall, all four methods consistently demonstrate the same qualitative trends, with an increase 
in any of the three operational variables leading to a rise in the solids flow rate. However, the 
absolute values and the rates of increase vary across methods.  

  
(a) Integral mass accumulation (b) Differential mass accumulation 

  
(c) Thermal tracing (d) Magnetic solids tracing 

Figure 15: Solids velocity measured using four different methods, assessed under different 
operational conditions. From Paper I. 

The two mass accumulation methods yield comparable solids flow rates, generally lower than 
those obtained with the other methods, likely due to bed material leakage. Among them, the 
integral method records slightly lower rates than the differential method, making it the lowest 
on average. Both methods struggle at low solids-conveying rates: the integral method fails to 
capture low rates because splashed material doesn't attain sufficient height to enter the 
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collection box, while the differential method is affected by ambient noise masking the pressure 
signal.  

The thermal tracing method yields solids flow rates significantly higher (2.5-2.8x) than those 
obtained by mass accumulation methods. This overestimation is likely due to the thermal 
method's reliance on temperature data from the bed surface, where solids disperse more rapidly 
due to bubble splashing compared to the average dispersion throughout the bed height. Thus, 
the thermal method likely overestimates horizontal dispersion, as demonstrated in Figure 16, 
which compares dispersion values from the thermal and magnetic methods, leading to an 
underestimation of convection (velocity). Additionally, the barely perceptible spatial gradients 
of temperature reduce the robustness of the thermal method at high solids flow rates.  

Lastly, the magnetic solids tracing method typically provides higher solids flow rates than the 
other three methods, likely because it avoids the underestimation issues observed in the others. 
Thus, the magnetic method is deemed to have a superior performance for determining solids 
flow rate due to its ability to measure continuously (unlike the start-stop procedure required by 
mass accumulation methods), its consistency and reliability, and its capability to simultaneously 
assess solids velocity and lateral dispersion. 

 
Figure 16: Comparison of solids lateral dispersion coefficient without solids convection: 
Thermal tracing vs. Magnetic solids tracing analysis. 

It is important to clarify the discrepancies between Papers I–II regarding the reported solids 
velocities obtained through the magnetic solids tracing technique, as shown in Figure 17. 
Regardless of the combination of operating conditions considered, the values reported in Paper 
I are consistently underestimated compared to those in Paper II. In Paper I, the solids mean 
velocity is derived from the time delay at the peak data point of the transient tracer 
concentration profiles. This method's accuracy is limited because it does not account for 
horizontal solids dispersion, potentially leading to an underestimation of the solids mean 
velocity. Additionally, identifying the peak time becomes challenging at low solids-conveying 
rates and under conditions that favor high dispersion, such as increased fluidization velocity or 
bed height, which increases the uncertainty of the velocity values. In Paper II, the analysis 
method is improved by considering both the solids velocity and horizontal dispersion coefficient 
(as explained in Section 3.3.4. thereby enhancing reliability. Consequently, the methodology 
presented in Paper II is used for processing the magnetic solids tracing measurements in Papers 
III–IV. 
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Figure 17: Solids velocity values obtained from the measurements with the magnetic 
solids tracing technique: comparison of the analysis method in Papers I–II. 

Regression analysis was employed to study the influence of operational parameters on solids 
flow rates across four methods, aiming to further understand the suitability and potential 
limitations of each technique. Figure 18 presents factorial effect size statistics, which helps assess 
the comparative impact of the effects. In all four techniques, the airflow rate in the solids-
conveying zone exhibited the most significant influence on solids velocity (factorial effect of 48–
60%). Except for the thermal tracing method, the fixed bed height was the second most 
influential (factorial effect of 36–40%). The fluidization number in the transport zone was the 
second most influential for the thermal tracing technique (factorial effect size of 25%), but least 
impactful for the other methods (factorial effect size of 8–12%). The identification of airflow 
rate supplied to the conveying zone as the most significant factor across all techniques 
underscores its critical role in controlling solids velocity. The varying influence of bed height and 
fluidization number across different methods further highlights the importance of method-
specific considerations.  

 
Figure 18: Comparative analysis of factorial effect sizes for the three 
operational parameters across the evaluated methods. Based on Paper I. 
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4.2.  Characterization of solids transport dynamics 
Based on the results in Section 4.1. the magnetic solids tracing method was selected to further 
investigate the characteristics of solids horizontal crossflow. This section is structured into two 
subsections, each providing insights into different aspects of solids flow parameters. Section 4.2.1 
explores the solids mixing, diving into the relationship between solids velocity and the lateral 
dispersion coefficient, along with the quality of fluidization. Section 4.2.2 examines the effect of 
solids crossflow on frictional losses and presents the findings of rheological analyses.  

4.2.1. Solids mixing  

Figure 19 illustrates 𝑢𝑆-𝐷𝑆 pairings from all the experimental runs, including three repetitions 
per operational case. Both parameters—solids mean velocity and solids dispersion coefficient—
were derived by fitting the convection-dispersion equation (as explained in Section 2.1.1) to the 
measured tracer concentration curves. The figure includes bars to indicate the confidence 
interval, defined as the range yielding a 5% increase in the fitting error (refer to Eq. (9) in Paper 
II). An unexpected key finding is the strong, nearly linear correlation (r=0.804) between 
horizontal dispersion and solids mean horizontal velocity. This coupling between solids flow and 
dispersion is likely due to friction-induced shear mixing, which enhances horizontal solids 
mixing. In operation without solids circulation (𝑢𝑆 = 0), an increase in bed height or fluidization 
number notably boosts the solids horizontal dispersion, corroborating prior studies in stationary 
bubbling fluidized beds [62]. However, as solids velocity is increased, the influence of bed height 
on solids dispersion lessens, while the impact of fluidization velocity remains pronounced. 

 
Figure 19: Correlation between solids dispersion and solids velocity for 
different bed heights (H) and fluidization numbers (FNTZ). Values 
derived from the convection-dispersion equation. From Paper II. 

Figure 20 displays the impact of operational conditions on the fitted values of key parameters of 
the compartment model used in this study (see Section 2.1.2), i.e., the dead zone index (Figure 
20a) and the number of CSTR tanks in series (Figure 20b). Note that these result plots exclude 
two other parameters extracted from the model fitting: the mean residence time for the PFR and 
CSTR components. Additionally, in all cases, the calculated values of the PFR component 
yielded negligible magnitudes, making them insignificant.  

The analysis of the dead zone index, as depicted in Figure 20a, shows a decreasing trend with 
the increment of the three operational parameters studied: fluidization number, bed height, and 
the flowrate of air in the conveying zone. It is important to note that the impact of bed height 
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observed here contrasts with that in stationary bubbling beds, where increased bed height 
typically worsens gas-solids mixing due to a higher bed-to-distributor pressure drop ratio and 
larger bubble sizes. However, given the modest bed height range tested in this study, the impact 
may be minimal and likely masked by other factors. Additionally, the data shows that enhanced 
solids crossflow more effectively reduces stagnant zones in taller beds than in shallower ones, as 
the circulation rate increases with bed height (see Paper I). The second parameter ‘number of 
CSTRs arranged in series’ (Figure 20b) shows a significant increase, primarily influenced by the 
rate of conveyed solids and increases in the operational parameters—fluidization number and 
bed height. This indicates a shift from the uniform mixing characteristic of CSTRs towards a 
plug flow configuration.  

  
(a) Dead zone index (b) Number of CSTRs in series 

Figure 20: Impact of operational conditions on the variables extracted after compartment 
model fitting. From Paper II. 
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4.2.2. Rheological analysis of solids flow 

Figure 21 plots the macroscopic pressure drop gradient established in the direction the solids 
flow (measurement methodology described in Section 3.3.5. against the solids mean horizontal 
velocity (estimated as described in Section 3.3.4. The plot includes data for three different 
channel widths and three bed heights. An increase in pressure drop with higher solids velocities 
and narrower channel widths follows the anticipated trend.  

 
Figure 21: Macroscopic horizontal pressure gradient as a function of solids horizontal 
velocity. From Paper III. 
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Aiming to analyze the rheological characteristics of the suspended solids flow, the experimental 
data in Figure 21 was processed using rheological models following the methodology outlined in 
Section 2.2.1. Figure 22a compares the experimental wall shear stress data with modeled 
predictions. The R-squared values for the Kozicki et al. [31–34], Kostic-Hartnett [36,37], and 
Delplace-Leuliet [35] models are 0.314, 0.291, and 0.351, respectively, indicating significant 
discrepancies between model and experiments. Thus, although these models were developed for 
single-phase flow in rectangular channels, they have not been tested in gas-fluidized solid 
systems and show limited applicability, highlighting the need for more appropriate descriptions. 
Conversely, the new model aligns well with experimental trends, achieving an R-squared value 
of 0.785, thereby demonstrating a greater ability to describe the experimental data compared to 
existing models. The results (using data from the newly proposed model in this work), which 
highlight the relationship between wall shear stress (5–55 Pa) and true wall shear rate (0.002–4.5 
s⁻¹), are presented in Figure 22b, demonstrating shear thinning behavior. 

  
(a) Comparison of modeled & experimental wall shear stress values. 

 
(b) Wall shear stress vs. wall shear rate profile. 

Figure 22: Rheological assessment of the non-Newtonian fluid used in the present 
fluidized bed configuration, exhibiting shear-thinning behavior. From Paper III.      
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Complementary knowledge in rheological flow characterization involves analyzing the flow by 
fitting it to a constitutive granular flow model to identify the operating regime, as detailed in 
Section 2.2.2. Figure 23 illustrates the effective friction coefficient as a function of the inertial 
number, with a black-dashed line fitting the data according to the 𝜇(𝐼) constitutive law [Eq.(12)]. 
The experimental data can be adequately described by the 𝜇(𝐼) law. The data covers inertial 
numbers ranging within 10−6–10−2 and indicates that the experiments occur in the dense flow 
regime, with 𝜇(𝐼) values varying between 0.03–0.3. Thus, both interparticle friction and 
interparticle collisions play significant roles in momentum transfer within the solids flow.  

Note that while the constitutive law fit suggests threshold values for the inertial number and 
regime shifts, confirming these values requires a broader experimental window not possible with 
the current setup. 

 
Figure 23: Effective friction coefficient variation with inertial number, fitted with the 
𝝁(𝑰) constitutive law [Eq.(12)] curve. From Paper III. 
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4.3.  Solids conveying efficiency 
Figure 24 presents, for each of the five solids-conveying configurations tested, the relationship 
between the energy flow associated with the mass flow of horizontally conveyed fluidized solids 
[Eq.(15)] and the energy input into the conveying zone [Eq.(16)], together with the 
corresponding efficiency. Variations in performance of the different conveying configurations 
stem from their inherent fluidization dynamics and gas-solids interactions.  

The free solids splashing configuration achieves the highest energy transfer efficiency. This is 
attributed to the macroscopic particle movement in the bubbling regime, where rising and 
bursting gas bubbles lift and displace particles, transferring substantial kinetic energy in the 
horizontal direction. In contrast, the confined solids splashing and solids entrainment 
configurations, characterized by erratic particle motion and fast-moving gas streams, show lower 
energy transfer efficiencies. In these cases, energy is likely expended in sustaining fluidization 
and mixing at finer scales, rather than being optimally transferred to solids in the wake of clearly 
defined bubbles. Lastly, the slugging and directed gas injection configurations deliver 
intermediate performance, benefiting from solid-gas interactions that are significant but less 
chaotic than in more turbulent setups. These results emphasize the critical role that 
configuration and the nature of solid-gas interactions play in determining energy efficiency. 
Configurations with well-structured gas flows (e.g., clear bubble or slug formations) tend to 
promote better energy transfer to the solids. Additionally, although bed height generally affects 
energy efficiency, this impact is most evident in the free solids splashing configuration. 

 
Figure 24: Characterizing conveying zone dynamics in BFB-BFB bed with analysis of 
energy input and solids energy flux for the five tested configurations. The dashed lines 
indicate the solids conveying efficiency (η). From Paper IV. 

Additionally, when compared to traditional risers in CFB systems, both free splashing and 
directed gas injection configurations demonstrate higher solids conveying efficiency. These 
configurations achieve circulation rates at lower fluidization velocities, with solids circulation 
ranging from 5×10-2–2×103 kg/m2⋅s at fluidization velocities of 0.3–4.3 m/s under up-scaled (i.e., 
900℃) conditions (see Figure 10 in Paper IV). This suggests that these tested configurations 
could provide a more energy-efficient method for driving solids circulation than conventional 
risers. 
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5. Conclusion 
This thesis investigates the solids flow dynamics in bubbling fluidized beds with induced 
horizontal solids circulation. A cold-flow model, compliant with Glicksman's simplified set of 
fluid-dynamic scaling laws, is used. The model features a length scaling factor of 0.12 and is 
designed to operate at ambient conditions (20 °C, fluidized with air) while simulating hot-scale 
operation (900 °C) with Geldart B-type particles (silica sand with a mean size of 950 µm). 

The study initially evaluates four measurement methods for quantifying the conveyed solids flow 
rate, a key parameter in the research. These methods include integral mass accumulation, 
differential mass accumulation, thermal tracing, and magnetic solids tracing. The latter is 
identified as the most effective due to the resolution and quality of the information acquired, as 
well as the consistency of the measurements across a considerable range of solids flow rates 
(Paper-I). Additionally, the impact of three operational parameters—air flow rate for solids 
conveyance, bed height, and bed fluidization velocity—on the solids flow rate is examined, 
revealing that an increase in any of these parameters results in a higher solids flow rate. 
However, the air flow rate in the conveying area has the most significant impact on the rate of 
solids convection. 

Subsequently, measurements from magnetic solids tracing were combined with 1D modeling to 
elucidate the dynamics of conveyed solids flow (Paper-II). The transient convection-dispersion 
model accurately described horizontal solids transport, with an average error of 12-18% between 
modeled and measured solids concentrations across various operational conditions. A roughly 
linear relationship between the solids dispersion coefficient (1×10⁻⁴–5×10⁻³ m²/s) and horizontal 
velocity (3×10⁻⁵–6×10⁻² m/s) was identified, likely due to shear mixing induced by bed-wall 
friction. Furthermore, by fitting a compartment model that included parameters such as the dead 
zone index, residence times in the CSTR and PFR sections, and the number of CSTR reactors 
in series, the study demonstrated a reduction in the dead zone index—indicating improved 
fluidization quality—correlated with increased solids crossflow. 

The study then examined frictional losses induced by solids crossflow (Paper-III). The 
normalized pressure gradient (0–1600 Pa/m) in the direction of solids flow showed a non-linear 
relationship with solids mean horizontal velocity (0–0.035 m/s). Additionally, the solids velocity 
decreased with transport channel width, confirming the significant influence of bed-wall friction. 
Pressure drop and velocity measurements yielded wall shear stress values between 5–55 Pa, 
increasing with wall shear rates between 0.002–4.5 s⁻¹, indicating a clear shear-thinning behavior. 
Further rheological analysis using the μ(I)-constitutive model categorized the experiments 
within the dense flow regime, with inertial numbers ranging from 10⁻⁶ to 10⁻² and effective 
friction coefficients between 0.03 and 0.3.  

Lastly, the study examines various solids conveying configurations: free solids splashing, 
confined solids splashing, slugging, solids entrainment, and directed gas injection (Paper-IV). 
The free solids splashing configuration, operating within the bubbling fluidization regime, 
proved to be the most efficient in converting the energy input from fluidization gas into 
horizontal solids transport. Compared to traditional risers in CFB systems, both free splashing 
and directed gas injection configurations demonstrate higher solids convection efficiency and 
achieve circulation rates at lower fluidization velocities. Up-scaled solids circulation rates range 
from 5×10⁻² to 2×10³ kg/m²⋅s for fluidization velocities of 0.3–4.3 m/s, indicating these methods 
may offer a more energy-efficient approach to enhancing solids circulation. 
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6. Future work 
Despite its relevance in certain industrial applications, the crossflow configuration in bubbling 
fluidized beds remains underexplored in the literature. This study has made significant progress, 
but the complexity of the flow regime calls for further research using advanced measurement 
techniques and principles from fluid mechanics, reactor design, and fluidization technology. 

To better understand the mixing patterns and rheological behavior of solids flow, the fluid 
dynamics of the gas-solids system can be resolved and validated experimentally through 
Computational Fluid Dynamics (CFD) modeling. This includes aspects such as gas-solids 
interaction, quantifying frictional losses, and distinguishing between particle-particle and 
particle-wall friction.  

Another approach to further understanding the system’s flow characteristics is the use of 
advanced measurement techniques, such as sub-millimeter wave range-Doppler radar [64]. In 
the current study, the magnetic solids tracing technique is used, but it only provides surface-
resolved information. Unlike this method, which requires signal conversion to concentration 
data via a calibration factor, the Doppler radar technique enables the simultaneous acquisition 
of velocity and concentration profiles.  
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Nomenclature 
𝐴 Cross-sectional area [m2] 

𝐴𝑀𝑍 
Measurement zone area for solids velocity 
assessment [m2] 

𝐴𝑟 Archimedes number [-] 

𝑎, 𝑏 
Geometrical parameters, as defined by Kozicki et 
al. model (see Table 1) 

[-] 

𝐶 Geometrical constant [-] 

𝐶  Concentration [kg/m3] 

𝐶𝑝,𝐹 Specific heat capacity of gas [kJ/kg∙K] 

𝐶𝑝,𝑆 Specific heat capacity of solid particles [kJ/kg∙K] 

𝐶𝑊, 𝐶𝐻𝑏
 Geometrical parameters, as defined by the 

proposed model  
[-] 

𝐷ℎ Hydraulic diameter  [m] 

𝐷𝑆 Solids lateral dispersion coefficient [m2/s] 

𝑑𝑆 Mean particle diameter [μm] 

𝐸 Energy flux [W] 

𝐸(𝑡) Exit age distribution [-] 

𝐹𝑟 Froude number [-] 

𝑓𝑓 Fanning friction factor [-] 

𝑔 Gravity constant, 9.81 [m/s2] 

𝐻 Bed height [m] 

𝐻𝑏 Expanded bed height [m] 

𝐼 Inertial number  [-] 

𝐼0 Constant, 𝜇(𝐼) constitutive law [-] 

𝑖𝑑 Dead zone index [-] 

𝑘∗ Flow consistency index  [Pa.sn*] 

𝐿 Length [m] 

𝑀𝑡 Mass of solids tracer injected [kg] 

𝑚 Mass [kg] 

𝑁𝐶𝑆𝑇𝑅 Number of reactors in tank-in series component 
of the compartment model 

[-] 

𝑛∗ Flow behaviour index  [-] 

𝑃 Pressure [Pa] 

∆𝑃𝑇𝑍 Pressure drop across the transport zone [Pa] 

𝑃𝑝 Particle pressure [Pa] 

𝑄 Volumetric flowrate [m3/s] 

𝑅𝑒∗ Reynolds number [-] 
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𝑇 Temperature [K] 

∆𝑇 Temperature difference [K] 

𝑡 Time [s] 

𝑢0 Fluidization velocity [m/s] 

𝑢𝑓 Gas velocity [m/s] 

𝑢𝑚𝑓 Minimum fluidization velocity [m/s] 

𝑢𝑆 Solids' velocity [m/s] 

𝑊 Channel width [m] 

𝑥 Horizontal position [m] 

Greek letters: 

𝛽 
Geometrical parameter, as defined by the 
Delplace-Leuliet model (see Table 1) 

[-] 

𝛾 Isentropic expansion factor [-] 

𝜀𝑔 Bed voidage  [-] 

𝜂 Solids convection efficiency [-] 

𝜆 Effective thermal tracing conductivity [W/m∙K] 

𝜌𝐵 Bulk density [kg/m3] 

𝜌𝑓 Density of the bed in fluidized state [kg/m3] 

𝜌𝑆 Density of solid particles [kg/m3] 

𝜇(𝐼) Effective friction coefficient [-] 

𝜇2 
Friction coefficient at high inertial numbers, 𝜇(𝐼) 
constitutive law 

[-] 

𝜇𝐹 Gas viscosity [Pa∙s] 

𝜇𝑆 Static friction coefficient, 𝜇(𝐼) constitutive law [-] 

𝜉 
Geometrical parameter, as defined by the 
modified Kostic-Hartnett model (see Table 1) 

[-] 

𝜏 Mean residence time [s] 

𝜏𝑤 Wall shear stress [Pa] 

�̇�𝑎 Apparent shear rate [s-1] 

�̇�𝑤 Wall shear rate [s-1] 
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