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HIGHLIGHTS GRAPHICAL ABSTRACT

e Eulerian-Eulerian CFD approach is used
to study solids transport mechanisms in
bubbling beds with crossflow.

e Low crossflow produces stable, counter-
rotating vortex structures in the bed.

e High crossflow disrupts vortex coher-
ence, raising macro-dispersion of solids.

e Increased bed height produces larger
vortex macrostructures and higher
solids dispersion.

e Bubble- and cluster-induced mixing is
two orders of magnitude higher than
random motion.

ARTICLE INFO ABSTRACT
Keywords: The aim of this study is to characterize the flow structure in a bubbling fluidized bed with a horizontal solids
Fluidization crossflow. Such configurations are integral to the processes of chemical looping combustion, indirect gasification,

Bubbling fluidized bed
Fluid-dynamical scaling
Solids mixing

Solids crossflow
Eulerian-Eulerian CFD model

drying, and coating, where solids mixing and precise control of the solids residence time distribution are critical
for maximizing reactor efficiency and/or product quality. This work combines Eulerian-Eulerian computational
fluid dynamics (CFD) modeling with experiments in a fluid-dynamically down-scaled cold-flow model. The ex-
periments provide a physical basis for assessing the reliability of the numerical predictions, while the CFD
analysis delivers detailed spatial and temporal characterization of flow phenomena not directly accessible via
measurement. The closed-loop unit incorporates a module that induces convection of the solids crossflow along a
horizontal transport channel, which has an up-scaled cross-sectional width of 0.92 m and a loop length of 10.35
m. The unit is designed and operated according to Glicksman's simplified scaling laws to replicate industrial
conditions for thermochemical processes that involve bubbling fluidization, specifically, a bed of sand-like
particles (density, 2650 kg/m>; mean diameter, 950 pm) operated at 800 °C. In this setup, two operational
parameters are varied: the bed height (0.67-0.83 m at settled state); and the solids crossflow rate (yielding mean
solids velocities in the range of 0-0.15 m/s).

The CFD model is validated against measurements of the bed voidage, solids velocity, and solids dispersion
coefficient. Thereafter, the simulated data are analyzed along the horizontal flow direction, so as to provide high-
resolution insights into the local distributions of convective (solids velocity) and dispersive (turbulent kinetic
energy) solids transport. The results indicate that at low crossflow rates (yielding Pe ~ 0.03-0.64), the solids flow
is dominated by the formation of counter-rotating vortical structures, resulting in substantial regions within
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which solids move in the direction opposite to the crossflow. At high crossflow rates (yielding Pe ~ 1.29-4.52),
the vortical flow structures are largely disrupted, resulting in flow patterns in which the particle trajectories are
more elongated and less streamlined, with only a small fraction of the solids exhibiting reverse flow. Importantly,
macroscopic dispersion increases due to the longer and less-streamlined paths that the particles follow. Analysis
of dispersion at the micro-scale reveals that the turbulent component, driven by bubble and cluster motions, is
two orders of magnitude greater than the laminar counterpart associated with random particle motion and
collisions. Vertical dispersion peaks at mid-height in the dense bed, whereas horizontal dispersion is highest near
the gas distributor and at the bed surface. These observations indicate that bubble and wake formation, as well as
bubble bursting, are the primary mechanisms driving the horizontal mixing of solids in bubbling fluidized beds.

1. Introduction

Bubbling fluidized beds with solids crossflow are used across many
industries because they provide efficient gas-solid contacts, high ther-
mal mixing, and capacity for handling high flowrates of solids. In
thermochemical processes, such as indirect pyrolysis/gasification and
chemical looping combustion, solids crossflow arises from the circula-
tion of solids that is required to ensure sufficient transport of heat and
reactive materials between reactors [1-3]. In the chemical, pharma-
ceutical and food industries, crossflow configurations are adopted for
throughput operations such as drying, coating, and granulation, where
controlling the particle residence time distribution (RTD) and uniform
exposure to process conditions is essential for high product quality
[4-6]. In the iron reduction industry, the gas-solids crossflow arrange-
ment allows for optimization of the chemical potential driving the het-
erogeneous reaction [7]. Regardless of the application, a comprehensive
mechanistic understanding of the solids flow is essential for the effective
design, scale-up, and optimization of these systems.

The gas-solids hydrodynamics of fluidized beds have been exten-
sively studied, as they strongly influence mass and heat transfer and
reaction rates, which in turn impact overall process efficiency [8-10]. A
flow pattern analysis typically involves examining the spatial develop-
ment of the solids velocity profile and quantifying solids mixing
[1,10-14]. This characterization yields insights into residence time
distribution, recirculation patterns, and potential flow issues such as
dead zones and bypassing [11,15]. Although advanced measurement
techniques, e.g., radioactive particle tracking [16], magnetic particle
tracking [17], positron emission particle tracking [10], X-ray tomogra-
phy [18], and electrical capacitance tomography [19] provide valuable
spatial and temporal insights into solids flow patterns, experimental
constraints limit their ability to resolve fully the flow structures in gas-
solids systems.

Computational fluid dynamics (CFD) address these limitations by
providing data at a spatial resolution that is unattainable through ex-
periments alone. Previous CFD-based studies have investigated the
complex flow structures and solids circulation patterns characteristic of
fluidized bed systems. For instance, Li and Kuipers, using a discrete
particle simulation (DPS) approach, analyzed the gas-solids flows in
fluidized beds, showing that bubble formation, particle collisions, and
local heterogeneities significantly affect the distribution and mixing of
solids [20]. Cooper and Coronella demonstrated that solids circulate
through bubble wakes that transport particles from the distributor to the
surface [21]. Lateral exchange between the wake and bulk phase was
also identified as a dominant mechanism influencing the flow structure.
Similarly, Norouzi et al. [16] applied the CFD-Discrete Element Method
(DEM) model to resolve solids circulation by tracking individual particle
trajectories, explicitly identifying gross circulation loops spanning the
bed height and internal circulation at the bubble scale. Their results
showed that particle entrainment in bubble wakes governs axial solids
transport, while wake-induced lateral displacement contributes to radial
mixing. Sun et al. [22], applying the Eulerian-Eulerian model with
granular kinetic theory, linked turbulent particle motion and energy
spectra to inhomogeneous flow fields and intensified wall-region fluc-
tuations. Distinct circulation patterns have also been reported. Luo et al.

[23] identified a double-recirculation pattern, entailing central particle
ascent and wall-side descent, which revealed structured loops driven by
bubble activity. Askarishahi et al. [24] observed four dominant vortices,
with solids rising near the walls and descending centrally at lower
heights, together with reversal at the top, indicating vortex-induced
circulation. Bakshi et al. [25] used fine-grid, two-fluid simulations to
show that gas bypass (throughflow) and bubble-induced wake in-
teractions drive complex, inhomogeneous flow fields that critically in-
fluence solids redistribution. Xie et al. [26] examined the influence of
boiler geometry using CFD-DEM, showing that bubble growth, rupture,
and lateral expansion shape distinct circulation regimes.

Bubbling fluidized beds with significant solids crossflows have been
investigated in a limited number of studies. Sette et al. [27] applied
potential flow theory to describe the solids velocity field in a cold-flow
model of an industrial indirect gasifier, showing that crossflow-driven
convection acts in concert with bubble-induced dispersion. Farha et al.
[28], using magnetic tracer measurements, characterized the horizontal
solids transport in a bubbling fluidized bed with crossflow, and applied
three modeling approaches (deconvolution, convection-dispersion, and
compartment modeling) to interpret the residence time distributions.
They found that the dispersion coefficient scales linearly with the
crossflow rate, and that increasing the crossflow rate, bed height, or
fluidization velocity reduces the extent of the dead zones, thereby
improving fluidization quality. Zhang et al. [29] analyzed solids flow in
a horizontal fluidized bed dryer with a screw conveyor by conducting
tracer-based RTD experiments and fitting the results with dispersion and
tanks-in-series models, showing that higher screw rotation rates pro-
moted plug flow and reduced back-mixing. Koleilat et al. [30] demon-
strated that inclined distributor jets generate a toroidal flow field in a
fluidized bed granulator, and, using dense flow tracking of video im-
aging, showed that the angular velocity of this circulation increases with
higher air jet velocity and decreases with greater bed mass, directly
correlating toroidal flow intensity with enhanced mixing of bed solids.

System compartmentalization has also been investigated in terms of
its impacts on controlling large-scale mixing and improving operational
stability. Kong et al. [31] assessed the solids mixing in a shallow
crossflow bubbling fluidized bed (with/without baffles) by measuring
the RTD in tracer experiments and testing multiple compartment
models, finding that the plug-flow-with-dispersion model best described
the system. In the absence of baffles, gas maldistribution caused the
solids in the upper bed layers to follow preferential paths across the
channel, bypassing the dense phase and producing non-uniform trans-
port. With baffles, this bypass was suppressed as solids were redis-
tributed into the dense region, resulting in a more-coherent solids
convection that was strongly influenced by the gas velocity and bed
length, although only weakly by bed height. Using electrical capacitance
tomography and pressure mapping, Migliozzi et al. [32] observed that
the flow of bubbles and the dense emulsion phase are controlled by the
gas distribution between compartments and the design of the inter-
compartmental wall openings. Uneven fluidization promoted asym-
metric exchange between compartments and destabilized the interfaces,
with solids transfer found to be highly sensitive to the configuration of
the walls and fluidization rates. Esence et al. [33] employed a
compartment model calibrated with tracer experiments to analyze
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particle RTD in a shallow crossflow fluidized-bed solar reactor, showing
that compartmentalization narrowed the RTD and reduced backmixing,
with higher compartment numbers and fluidization rates further
enhancing solids flow uniformity.

Recent studies have employed advanced CFD simulations, often in
combination with targeted experiments, to elucidate how specific design
and operating parameters shape both global and local solids flows. Hua
et al. [34] analyzed solids RTD in a dense fluidized bed with crossflow
and with continuous solids feeding, combining cold-flow experiments
with Eulerian-Eulerian CFD simulations. At higher fluidization veloc-
ities, the solids followed more-direct cross-channel paths with reduced
backmixing, producing a plug-flow-like pattern and narrower RTDs. In
contrast, higher rates of solids feeding intensified the recirculation loops
in the dense phase, broadening the RTD toward well-mixed conditions.
The addition of baffles disrupted the large-scale recirculation loops,
reduced lateral dispersion, and thereby promoted more-uniform solids
transport. Zou et al. [35] examined the RTD in a multi-compartment
fluidized bed using a Eulerian-Eulerian CFD model. They demon-
strated that dividing the bed into compartments using internal baffles
transformed the flow pattern to being closer to plug flow, thereby
reducing backmixing. Increasing the gas velocity or outlet height led to
broader RTDs, due to greater fluidization heterogeneity and faster par-
ticle exit, while double internal circulations improved flow uniformity
and extended the residence time by mitigating bypassing. Geng et al.
[36] analyzed the solids RTD in a crossflow bubbling fluidized bed using
a Eulerian-Eulerian CFD model, finding that a higher solids inventory
promoted broader RTDs, whereas a higher solids flux resulted in a
narrower RTD. In all cases, the tail of the RTD curves followed an
exponential decay, reflecting delayed particle exiting, caused by internal
recirculation within the dense phase. Zou et al. [37] simulated the solids
RTD in bubbling fluidized beds using Eulerian-Eulerian CFD model with
a structure-based drag formulation. Increasing the solids feed rate pro-
moted plug-flow behavior, whereas increasing the fluidization velocity
or bed height broadened the RTD, enhanced bubbling heterogeneity,
broadened the distributions, and promoted stronger backmixing.
Furthermore, the velocity profiles revealed a core-annulus pattern with
upwards solids motion in the central region and downwards return flow
near the walls, while the gas crossflow drove the particles sideways
across the channel. Parvathaneni et al. [38] performed Eulerian simu-
lations of gas-solid fluidized beds to study bubbling and jetting regimes
under different gas injection modes. Their results showed that the in-
jection configuration strongly affects the formation and evolution of
flow structures, including jet penetration, jet breakage, and bubble
formation. As the superficial gas velocity increases, jets merge and form
larger bubbles, which enhances particle circulation and mixing within
the bed.

Vollmari and Kruggel-Emden [39] analyzed the RTD in a dual-
chamber fluidized bed using a CFD-DEM approach validated with
ultra-high frequency RFID tracking. The results of that study showed
that a higher solids mass inflow reduced the mean residence time and
narrowed the RTD, as frequent particle entry displaced the existing
material and accelerated turnover. In contrast, a higher fluidization
velocity expanded the bed and promoted particle passage over the inter-
chamber weir, thereby shortening the residence time but broadening the
RTD. Two distinct mechanisms of cross-chamber transfer were identi-
fied: particle passage under the wall driven by pressure differences; and
particle passage over the wall mediated by bubble-induced splashing.
Jia et al. [40] conducted CFD-DEM simulations of fluidized beds with
wide PSDs to investigate the interaction between bubble behavior and
particle mixing. The results showed that bubbles act as a driving force
for particle mixing by generating annular-core flow structures.
Furthermore, in the partially fluidized regime, both bubble size and the
bed mixing index increased with increasing superficial gas velocity.
Kazemi et al. [41] investigated particle mixing in a bubbling fluidized
bed using a CFD-DEM approach. The results showed that the mixing
index increased with particle granular temperature and bubble size,
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indicating that stronger particle velocity fluctuations and larger bubbles
enhance particle mixing within the bed.

Collectively, the cited studies show that the solids crossflow in flu-
idized beds results from a complex interplay between convection (linked
to the solids flowrate) and dispersion (linked to mixing). Although some
previous works have provided spatial resolution, the flow structures and
governing hydrodynamic mechanisms remain insufficiently explored;
the novelty of the present study lies in delivering a comprehensive
mechanistic mapping of the mixing patterns and flow structures
observed in such configurations, including their formation and disrup-
tion. The aim of the present study is to explore how the presence of a
crossflow influences the solids flow structures and transport mecha-
nisms in bubbling fluidized beds. Specifically, the objectives are to
characterize solids convection and dispersion, to examine their inter-
play, and to assess how operational parameters (bed height and solids-
conveying velocity) influence the flow structures and mechanisms
governing solids transport. Accordingly, the study employs scaled cold-
flow experiments to validate the spatially-resolved analysis provided by
Eulerian-Eulerian CFD simulations. The experimental unit is operated
with Geldart B-type solids, and Glicksman's simplified scaling laws are
applied to replicate the hydrodynamics of hot, large-scale operation.

2. Theory
2.1. Fluid-dynamic scaling

Fluid-dynamic downscaling enables the investigation of large gas-
solid systems, typically operating at high temperatures and/or high
pressures, and often in harsh atmospheres, by replicating their fluid-
dynamic behaviors in less-complex models under ambient conditions.
These cold-flow models offer increased flexibility, allow the use of
advanced diagnostics, and ensure improvement in both safety and cost-
efficiency. In this study, Glicksman's simplified set of scaling laws is
applied, preserving key dimensionless numbers across the full-scale hot
unit and the downscaled model [42,43]:

==, —,——,—, ¢, PSD

Glicksman's simplified scaling laws, which have been extensively
validated in experimental studies [43-45], modify the original formu-
lation by replacing the particle and unit Reynolds numbers with the ratio
of superficial to minimum fluidization velocity [uo/un¢]. This substitu-
tion allows greater flexibility in length scaling, as it depends on the ratio
of the minimum fluidization velocities, i.e., for the specific gas-solids
pair, as derived from the manipulation of the Fr-numbers shown in Eq.
1):

% :
L] = cold _ (h‘"v‘] cold) a

2.2. Gas-solids multiphase model

In this study, the gas-solids flow is modeled using the Eulerian-
Eulerian approach, in which both phases are treated as inter-
penetrating continua [46-50]. Balance equations for mass and mo-
mentum are solved for both the gas and solids phases, with interphase
momentum exchange terms accounting for their interactions. The
behavior of the solid phase is described using the kinetic theory of
granular flow (KTGF) [13,46,51]. Table 1 summarizes the governing
equations and constitutive relations used in the present model.
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Table 1

Governing equations and constitutive relations employed in the present framework.
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2.3. Solids transport mechanisms

Solids mixing in stationary bubbling fluidized beds is governed by
particle-bubble dynamics. In the dense bed, the solids phase undergoes a
downward drift as the particles move to fill the voids created by the
rising bubbles [1,58]. Simultaneously, particles from the emulsion sur-
rounding the bubbles are entrained into the bubble wake and lifted
upwards by the bubbles [1,58]. In the splash region, bubble eruptions at
the bed surface eject solids in a ballistic manner, propelling the particles
laterally [1,58]. This interplay of vertical and lateral transport forms
generates a toroidal solids circulation pattern around preferential bub-
ble paths, with the solids rising in the bubble wakes and descending
between bubbles [59-61]. As illustrated in Fig. 1, the introduction of a
horizontal solids crossflow superimposes an additional convective field
onto the flow, resulting in a macroscopic net solids transport that is
additional to the dispersive (mixing) component generated by the
bubble flow. Thus, macroscopic convection refers to the bulk, mean
horizontal movement of particles that results from the imposed cross-
flow [10,11], while macroscopic dispersion describes the mixing of

particles in this mean flow, arising from both localized velocity fluctu-
ations (due to collisions and small-scale turbulence) and the above-
described, larger-scale motions that are driven by bubble passages and
coherent flow structures [10,62].

Dispersion characterizes the spreading of solids due to the stochastic
movement of particles in the bed, analogous to Brownian motion in a
homogeneous phase [17,59-61]. Dispersion in fluidized beds occurs on
two distinct scales: macro and micro. Macro-scale dispersion arises from
the cumulative effect of multiple bubble passages and the coherent flow
structures that they generate, often taking the form of large-scale
vortices in stationary fluidized beds (i.e., bubbling beds without a
crossflow). In this work, macro-scale dispersion is determined from the
mean squared displacement (MSD) of multiple particle pathlines tracked
over time. These pathlines are obtained from CFD modeling data, as
described in Section 3.2.2. Following the classical Einstein equation, the
MSD is calculated from the ensemble of various trajectory segments,
yielding [23,63,64]:
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Fig. 1. Schematic of a bubbling fluidized bed with solids crossflow.
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where Arffp represents the dispersion-related particle displacement in
direction i over the time interval At for the k-th trajectory segment. The
summation weighs each pathline segment k according to the local solids
volume fraction at its starting point, &x. Thus, the dispersion coefficient
is obtained from half the slope of the linear region of the MSD-versus-
time curve [10,65-67]. Note that if a macroscopic convection field
characterized by a velocity field u; is present (as in the case of solids
crossflow), the dispersion-related particle displacement used in Eq. (21)
becomes Arffp = Arip — UAl.

Micro-scale dispersion encompasses both laminar and turbulent
components. The laminar component arises from fluctuations in the
velocities of individual particles around the local mean, primarily due to
interparticle collisions [62,68-71]. An order-of-magnitude estimate of
this quantity is obtained by dividing the granular temperature, i.e., the

transported scalar in the kinetic energy conservation equation for solid
particle fluctuations (see Eq. (6)), by the dominant fluctuation frequency
[51,70-72]. Turbulent dispersion arises from the collective motion of
bubbles and particle clusters, which generate eddies and promote
localized mixing throughout the bed [13,62,68-71]. The intensities of
these turbulent fluctuations can be quantified based on the time-
averaged Reynolds normal stresses [13,54,68]:

¢ ;o ;o
es,mrbulent = g {(us,xu&x> + <usyux,y> + <us,zus,z> } (22)

where u; denotes the fluctuating velocity component of the solid
phase in the i-th direction (i = x,y, 2).

The corresponding turbulent dispersion coefficient in the i-th direc-
tion is given by:

Durbutenti = u;,iu;,iTL (23)

where 7;, represents the Lagrangian integral time scale, defined as:

U (Ou(t+t
- [(EOLEED 04
0

u?

s,i

Fig. 2. Fluid-dynamically downscaled model with induced clockwise solids flow. (a) Top view. (b) Isometric view.
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Table 2

Key parameters of the fluid-dynamically scaled model.
Parameter Units Hot unit Cold model
Temperature Ne 800 24
Fluidization gas - Air or flue gases  Air
Gas density [p,] kg/m® 0.359 1.187
Gas viscosity [ug] kg/mes 1.4x107* 1.54 x 107°
Bed geometry m Lpor 0.12Lp;
Bed material - Silica sand Bronze
Particle density [p,] kg/m* 2650 8770
Mean particle diameter [d,] pm 950 125
Gas superficial velocity [uo] m/s Uohot V012 opo
Minimum fluidization velocity [ty] m/s 0.31 0.074
Solids mean velocity [u;] m/s Ushor V0.12 Ugpey
Solids dispersion coefficient [D;] m?/s Dspot 0.042D;po;

This timescale represents the period during which velocity fluctua-
tions remain correlated, indicating the persistence of turbulent motion
[62,70-72].

3. Methodology

This section provides an overview of the methodology used to
investigate solids transport in the present configuration. Section 3.1
describes the design and operation of the cold-flow model, including the
scaling laws that were applied to replicate industrial conditions. Section
3.2 details the CFD model, covering the simulation settings, the selection
of the analysis region (as only a specific portion of the system is
analyzed), and the procedure for pathline tracking of the solids flow
within this region.

Table 3
Summary of computational model parameters used.

Model parameter Setting

Bed geometry dimension [3D] 0.5m x 0.4m x 0.5m

Settled bed height [H] 0.08 m, 0.10 m
Bed inventory 63.5 kg, 79.3 kg
Mesh size 0.004 m

Mesh resolution [Ax/d,] 10-20

Inlet boundary condition Velocity

Outlet boundary condition Pressure

Wall boundary condition No slip

Velocity (superficial) inlet (transport 0.23 m/s

zone) [ug]
Velocity (superficial) inlet (conveying
zone) [uc;]

0.26 m/s, 1.48 m/s

Solid material Bronze
Particle diameter [d,] 125 pm
Particle density [p,] 8770 kg/m>
Friction packing limit 0.61
Initial solids volume fraction [&] 0.607
Maximum packing limit [&;max] 0.63
Angle of internal friction [(pf] 30°
Coefficient of restitution [e] 0.9
Gas Air
Operating pressure 101,325 Pa
Pressure-velocity coupling Phase-coupled SIMPLE
Spatial discretization Pressure PRESTO!
method Momentum Convective term: First-order upwind
Diffusive term: Second-order accurate
central differencing scheme
Volume First-order upwind
fraction

Transient formulation First-order implicit

Time step 10 5s

Simulation time 30-40 s, depending on the condition
tested
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3.1. Cold flow model

The cold-flow model investigated in this study is shown in Fig. 2 and
described in detail elsewhere [73]. The unit operates under bubbling
conditions and is designed according to fluid-dynamic scaling laws to
replicate large-scale, high-temperature operation (a bed of 950 pm silica
sand fluidized with flue gas at 800 °C), with a length scaling factor of
[L]=0.12. As illustrated in Fig. 2a, the unit features a closed-loop design
in which a central box defines the main pathway for solids circulating
around this box. The conveying zone, which is equipped with high-
velocity nozzles and baffles, induces a steady, horizontal, clockwise
circulation of the solids. In addition to the conveying zone, most of the
loop consists of a fluidized channel, referred to as the ‘transport zone’, in
which the conveyed solids flow horizontally. The unit has a footprint of
0.5x 0.4 m and a height of 0.4 m. Both the conveying and transport
zones are equipped with independently adjustable supplies of fluidiza-
tion air. Table 2 compares the main parameters of the cold-flow model
with those of its large-scale, high-temperature counterpart.

3.2. CFD model

3.2.1. Simulation setting

The 3D-CFD simulations were performed using the ANSYS Fluent
software on 64 parallelized cores, requiring approximately 720 h to
generate 30 s of simulation data. While such computationally intensive
simulations are not suited for standard industrial workflows, they are
essential for revealing the mechanisms behind observed trends, such as
the positive correlation between solids velocity and dispersion coeffi-
cient in bubbling fluidized beds with crossflow (Farha et al. [28]); a
trend that reduced-order models can capture and that has important
implications for process optimization. The computational model pa-
rameters are summarized in Table 3. In this study, four cases are
simulated by varying two operating parameters: the static bed height, H
(0.08 m and 0.10 m); and the volumetric flowrate of air in the conveying
zone, Qcz (2.58 x 103 m3/s and 14.3 x 1073 ms/s).

In this study, the gas distributor plate (which is perforated) is rep-
resented in the simulations by a uniform velocity boundary condition at
the inlet for computational simplicity; however, it is well documented
that distributor design can significantly affect fluidization hydrody-
namics. Jang et al. [74] found that the geometry of the gas distributor,
particularly orifice size and pitch, directly influences bubble formation,
with smaller and more closely spaced orifices generating smaller, more
uniform bubbles. Nthatisi and Van Der Merwe [75] showed that the
distributor's open area and pitch substantially affect pressure drops and
bed expansion, and that poor distributor geometry can cause air mal-
distribution and dead zones. Gustafsson et al. [76] further demonstrated
that a uniform (porous plate) gas inlet yields lateral solids dispersion
coefficients approximately 2—4 times higher than those observed with a
nozzle-type distributor. Therefore, in the present study, the use of a
uniform velocity boundary condition may lead to an overestimation of
lateral dispersion compared to what would be expected with the actual
perforated distributor plate.

Recent computational studies have also highlighted the importance
of accurately representing the particle size distribution (PSD) in fluid-
ized bed simulations. Particle-resolved CFD-DEM approaches [77,78]
implement PSD by assigning each simulated particle a diameter sampled
from the target distribution, enabling direct modeling of mono-modal,
Gaussian (typically o/ds0~0.2), flat, or binary PSDs. In contrast,
multi-fluid Eulerian models [79,80] discretize the PSD into several solid
phases, each with a defined size and fractional volume, to approximate
the experimental or desired distribution. The adopted PSDs in these
works range from narrow (6/dso=0.1-0.2) to broad (6/ds0>0.3), with
wider distributions causing greater reductions in minimum fluidization
velocity, enhanced segregation, and the development of heterogeneous
clusters, leading to a more irregular bed microstructure. In the present
study, the PSD (djo-dso-doo=80-112-132 pm) yields a coefficient of
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Fig. 3. Schematic of the cold flow model highlighting the analysis region (green) and data sampling planes along the x-direction. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Reverse time-averaged mass-weighted solids velocity in the direction of solids flow for each of the simulated conditions, illustrating the selection of the

steady-state analysis window (t > 10 s).

variation (6/dsg) of ~0.2, which is considered relatively narrow. Liter-
ature indicates that, at this level of polydispersity, representing the bed
with the mean particle size is generally sufficient to capture the main
fluidization behavior.

3.2.2. Analysis of simulated data

Although the entire 3D domain was modeled, the green-highlighted
section in Fig. 3 was selected as the focus of this study, as it provides a
relatively long straight channel and enables comparisons of model
predictions with previous experimental data for validation (see Section
4). In this region, the net macroscopic solids convection occurs in the
x-direction (x=0.14-0.44 m), while the channel width extends along the
z-direction (2=0.04-0.16 m) and the bed height is defined along the
y-direction, with y=0 corresponding to the gas distributor plate. Sixteen
planes, oriented perpendicular to the solids flow direction and evenly
spaced along the x-axis (Ax=0.02 m), were defined as reference loca-
tions for sampling the simulated data.

To study the solids flow pattern, particle pathlines were computed by
numerically integrating the time-averaged simulated velocity fields.
Trajectories were derived using a fourth-order Runge-Kutta (RK4)
scheme [81]. The pathlines were initialized on a uniform grid within the
physical bounds of the channel, oriented normal to the solids flow di-
rection at the channel entry plane (x=0.14 m). These pathlines were also
used to quantify the macro-dispersion of solids in the flow direction
using the Einstein relation (see Eq. (21)). For these calculations, tracking
was terminated when particles exited the region being analyzed.

4. Results and discussion
4.1. Identification of steady-state conditions
Before analyzing the simulation data, it is necessary to identify a time

window that is representative of steady-state conditions. In this study,
the steady state was determined by examining the temporal evolution of
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Fig. 5. Transient concentrations of a scalar tracer at various positions along the analysis region for the four tested conditions. CFD simulations (solid curves) versus

fitted 1D convection-dispersion model results (dashed curves).

the solids velocity in the flow direction, using the mass-weighted
average across the analysis region. Fig. 4 shows the reverse time-
averaged value (i.e., averaged from a given time point to the end of
the simulation) of the mean velocity for each of the four simulated
conditions. This metric enables objective identification of the steady
state, as it fluctuates during the initial transient period and stabilizes
once the steady-state condition is attained. As shown in Fig. 4, the sys-
tem typically reaches the steady state after approximately t=10 s in all
cases. Consequently, a common analysis window of t=10-20 s was
selected for all the simulations. The resulting 10 s datasets are consid-
ered statistically robust, as the bed's main frequency (estimated
analytically according to [13,62]) is 3-4 Hz, which means that it cap-
tures approximately 30-40 cycles per sample.

4.2. Validation of the CFD simulation data

Once the time window ensuring steady-state conditions is identified,
the fluid-dynamic validity of the simulation is assessed by comparing the
CFD results with experimental measurements to verify that the key flow
dynamics are captured. It should be noted that the CFD simulations in
this work do not aim for exact replication of the experimental data but
rather focus on achieving the same mixing regimes and flow structures
for subsequent analysis. Therefore, no fine-tuning of the CFD model to

Table 4

Comparisons of the main parameters for overall solids transport, with data
derived from CFD model and experiments. The ranges reported for the experi-
mental data reflect the variability across multiple replicates.

Condition Transport Experiment CFD Model
H QCZ [m3/s] parameter
[m]
0.08 2.58 x Us, [m/s] (0.04 + 0.05) x 0.64 x 1072
1073 1072
Dy [m%/5] (1.01 + 0.01) x 0.30x 1072
1072
0.08 14.3 x U, [m/s] (14.8 + 3.21) x 7.76 x 1073
1073 1073
D; [m?/s] (2.03 + 0.41) x 1.80 x 102
103
0.10 2.58 x U [m/s] (1.48 + 1.62) x 0.19x 1073
1073 1073
D [m?/s] (1.77 + 0.07) x 2.09x 1072
1072
0.10 14.3 x U, [m/s] (52.6 + 6.58) x 52.31 x
1073 1072 1073
D [m?/s] (3.31 £ 0.27) x 3.47 x 1072
1073
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Fig. 6. Probability density functions of bed voidage for the four simulated
conditions. The gray-shaded region indicates experimental data corresponding
to the following condition: H=0.08 m; and Q,,=1.03 x 1072 m%/s.

experimental measurements has been performed.

The first validation focused on solids transport dynamics by
analyzing transient concentration profiles to determine solids velocity
and dispersion coefficient. To quantify their relative contributions to the
overall transport, the CFD simulations included the injection of a passive
scalar, after the steady state was reached, into a 0.05 x 0.05 x 0.05 m®
volume located 0.05 m upstream of the analysis region. This scalar,
modeled as a non-reactive tracer with negligible diffusion, was advected
by the simulated solids velocity field. Fig. 5 presents the resulting
transient concentration of the scalar at multiple locations along the
channel for all four tested conditions (solid lines). The figure also pre-
sents data (dashed curves) from a fitted 1D transient convection-
dispersion model, in which the solids velocity (us,) and dispersion co-
efficient (Ds,) are used as fitting parameters. This fitted model uses the
CFD-simulated concentration at the start of the analysis region as the
inlet boundary condition, as detailed in [28].

Powder Technology 482 (2026) 122620

Table 4 compares the solids velocity and dispersion coefficient values
obtained by fitting a 1D convection-dispersion model to both the CFD
simulation data and the experimental measurements from a previous
study [28], under the same set of conditions. The CFD-derived values are
in reasonable agreement with the experimental data, indicating that the
simulations reliably capture the solids flow observed in the experiments.
Both parameters are of similar order of magnitude, and the observed
trends with respect to operating parameters are consistent. The four
operational conditions tested span a broad range of Peclet numbers
(Pe=0.03-4.57). The lowest crossflow condition serves as a reference
stationary case due to the very low solids circulation rate.

Bed voidage is used as the second validation parameter, as it is highly
sensitive to the closure expressions employed in the CFD simulations.
Fig. 6 presents the probability density function (PDF) of the time-
averaged bed voidage, &, for all four simulated conditions. The data
were sampled at 4 x 10° (simulations) and 60 (experiments) points
across the analysis region indicated in Fig. 3. The gray-shaded distri-
bution indicates values determined from pressure measurements (for
details, see [73,82]) under the following conditions: H=0.08 m and

,=1.03 x 1072 m?/s. It is evident that the CFD simulations are in good
agreement with the experimental results, although they slightly over-
predict the peak value (0.53-0.55, compared to the measured value of
0.52), serving as a validation of the model's ability to capture the
characteristic gas-solids flow structure in the bed. As this study had the
aim to use CFD data to analyze solids flow structures rather than to
reproduce precisely the experimental results, the Gidaspow drag model
[52,54] specified in Table 3 was used without additional tuning or
calibration. As noted by Upadhyay et al. [83], closer agreement may be
achieved by adjusting, for example, the drag model; however, this was
not the objective of the present work.

4.3. Analysis of the solids flow pattern

This section examines the spatial distribution of solids transport
within the analysis region indicated in Fig. 3. Section 4.3.1 analyzes
spatial velocity profiles to identify local flow features and characterize
the transition from recirculation-dominated to convection-dominated
regimes. Section 4.3.2 investigates solids dispersion across micro- and
macro-scales, distinguishing between laminar and turbulent contribu-
tions and assessing the impact of large-scale flow structures on overall
particle dispersion.

Fig. 7. Probability density functions of the solids velocities in the x-direction for the four simulated conditions.
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Fig. 8. Profiles of the solids velocities in the flow direction for different streamwise positions: (a) variation with channel height; (b) variation with channel width.
Conditions: H=0.08 m; Q.;=1.43 x 1072 m3/s. Note that the origin of the z-direction is defined such that the channel width extends from 2=0.04 m to 2=0.16 m.

4.3.1. Solids convection

Fig. 7 shows, for the four tested conditions, the statistical distribution
of the x-component of the solids velocity, i.e., the one in the direction of
the crossflow, averaged over the analysis region. The data reveals the
presence of both forward and reverse flows of solids. Increasing the bed
height and/or the fluidization flow rate in the conveying zone shifts the
velocity distribution toward higher positive values, indicating enhanced
net solids transport in the streamwise direction, which is consistent with
previous observations [28,73] and the data in Table 4. The reverse flow
fraction decreases from about 50% for the lowest crossflow conditions to
less than 1% for the highest crossflow conditions, reflecting a clear
transition from bidirectional transport to predominantly forward
transport (see Appendix B). The Peclet number increases from
Pe~0.03-0.64 under low-flow conditions to 4.57 at the highest cross-
flow, indicating a shift toward convection-dominated transport in which
the solids flow approaches a plug-flow pattern.

To interpret the above trends and connect the global velocity dis-
tributions to the underlying flow structures, we investigated the spatial
variation of the solids velocity field. Fig. 8 presents the profiles of the

solids velocity component in the crossflow direction at various stream-
wise positions: as a function of bed height (mass-weighted over the
channel width, Fig. 8a) and as a function of channel width (mass-
weighted over the bed height, Fig. 8b). The profiles shown correspond to
the case with low bed height and high flowrate of conveying air. The
vertical profiles (Fig. 8a) reveal a distinct evolution along the channel. In
the upstream regions (x=0.14-0.28 m), forward flow dominates near
the dense bed surface, while reverse flow is observed close to the
distributor plate. Further downstream (x=0.34-0.44 m), this pattern is
reversed, with reverse flow dominating near the bed surface and forward
flow dominating adjacent to the distributor plate. Across all positions,
high values for the streamwise velocity component are observed in
proximity to the distributor plate and at the dense bed surface. The high
velocities observed in the vicinity of the distributor plate are attributed
to intense gas-solid interactions, wherein vertical gas jets and bubble
formation give rise to the development of macrostructures within the
system. These macrostructures subsequently alter the movement of
solids along the streamwise direction, either promoting forward or
backward motion depending on their spatial orientation. Close to the

Fig. 9. Pathlines of the solids flow, showing organized recirculation patterns, with red and green segments indicating forward and reverse motions, respectively.
Conditions: H=0.08 m; Q.;=1.43 x 1072 m>/s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 10. Contour plots of the solids velocity profiles at different streamwise positions along the transport channel. Conditions: H=0.08 m; Q,,=1.43 x 1072 m®/s.

dense bed surface and splash region, bubble eruptions eject particles
upwards and outwards, imparting ballistic trajectories with significant
lateral motion to the solids. A distinct zero-velocity crossing appears at
an intermediate height, approximately halfway up the dense bed height.
The corresponding profiles across the channel width (Fig. 8b) reveal
asymmetric flow development and pronounced velocity gradients near
the walls, suggesting strong wall effects and possible shear layer
formation.

The corresponding profiles for the remaining operating conditions
are provided in Appendix A.

Further insights into the data presented in Fig. 8 are provided by the
solids flow pathlines for the same condition, as shown in Fig. 9, where
the red and green segments indicate forward and reverse movements,
respectively. These pathlines reveal the formation of coherent flow
patterns, which are characterized by a sequence of vortices with alter-
nating spin directions: the initial vortex is less distinct and spins

clockwise, while the second vortex is clearly identified and spins
counterclockwise. Analysis of all four cases (see Section 4.3.2) demon-
strates that the operating conditions strongly influence the location,
distinctness, and size of these vortex structures. At a low solids crossflow
rate, stable vortices governing solids backmixing in the direction of flow
are established. However, increasing the flowrate of the conveying air
largely suppresses these recirculating zones.

Fig. 10 presents 2D representations of the streamwise solids velocity,
Us x, at several positions along the channel for the same reference con-
dition. Flow direction is indicated by colour (red for forward and, green
for reverse velocities). Superimposed gray lines denote the streamlines
of the local velocity field in the cross-sectional (y — 2) plane, illustrating
the organization and orientation of the vortex structures that promote
circulation between the channel centerline and sidewalls. These struc-
tures develop in proximity to both walls and rotate in opposite di-
rections, forming counter-rotating pairs that dominate the transverse

Fig. 11. Probability density functions of (a) laminar and (b) turbulent granular temperatures, for the four simulated conditions.
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Fig. 12. Variation of turbulent granular temperature profiles at different streamwise positions with: (a) channel height; (b) channel width. Conditions: H=0.08 m;

Qz=1.43 x 1072 m%/s.

flow in the y-z plane. Their interactions with the walls enhance local
shear and promotes solids exchange between the near-wall and central
regions, which in turn enhances lateral solids mixing. Analysis of the
other conditions studied (Fig. A4) shows that a low solids crossflow is
characterized by weak and disorganized vortices in the cross-sectional
plane, whereas a higher solids crossflow promotes the formation of
larger, more-coherent vortex patterns that span broader regions of the
channel. This behavior contrasts with the previously noted suppressive
effect of the solids crossflow rate on vortices aligned with the flow di-
rection. Thus, increasing the solids crossflow primarily alters the ori-
entations of vortex structures within the system.

4.3.2. Solids dispersion

4.3.2.1. Micro-scale dispersion. While granular temperature is closely
linked to micro-scale dispersion, converting it to a dispersion coefficient
requires knowledge of the spatial distribution of the collision frequency,
which cannot be reliably determined from standard analytical expres-
sions due to their limited validity scopes (e.g., for certain voidage
ranges) [13,62]. Therefore, Fig. 11 the statistical distributions of the
laminar and turbulent granular temperatures across the entire analysis
region for the four simulated conditions. The laminar granular

temperature is approximately two orders of magnitude lower than its
turbulent counterpart, indicating that random particle motion and col-
lisions have less-significant contributions to solids mixing than the tur-
bulence induced by bubble motions and large-scale eddies. A
comparable disparity between laminar and turbulent granular temper-
atures has been reported in stationary bubbling fluidized beds, where
bubble-induced motion governs particle dispersion [68,84]. Thus, the
data in Fig. 11 indicate that the presence of a solids crossflow preserves
the same dominant mechanism for micro-scale mixing. Furthermore, the
contribution of the turbulence mechanism increases with bed height.
Fig. 12 shows the profiles of the turbulent granular temperatures
along the channel height (Fig. 12a) and width (Fig. 12b) at various
streamwise positions. In Fig. 12a, micro-scale dispersive transport shows
a local maximum immediately above the bottom plate, followed by a
sharp decrease with height, and then a moderate increase along the
dense bed, reaching a peak in the splash region due to bubble-induced
solids ejection. Above the splash zone, dispersion decreases with
height in the dilute region. This behavior persists along the entire
channel length and aligns with previous experimental findings that
highlight the strong influence of bubble eruption on horizontal solids
mixing, which can account for 30-90% of the total mixing depending on
the setup used [85-87]. Along the channel width (Fig. 12b), dispersion

Fig. 13. Turbulent dispersion coefficient profiles in the streamwise (x), vertical (y) and lateral () directions, shown as functions of: (a) channel length; and (b)

channel height. Conditions: H=0.08 m; Q.,=1.43 X 1072 m¥/s.
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Fig. 14. Particle pathlines in the analysis region for the four tested conditions: (a) H=0.08 m, Q,,=2.58 x 1073 m®/s; (b) H=0.08 m, Q;;=1.43 x 1072 m®%/s; (c) H=0.10 m, Q.,=2.58 x 10> m®/s; and (d) H=0.10,
Q=1.43 x 1072 m%/s.
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Fig. 15. Streamwise macro-dispersion coefficients for all tested conditions
from CFD, compared with previously reported experimental data [28]. Note
that dispersion coefficients in the vertical and lateral directions are not reported
here, as motions in these directions are dominated by wall effects and large
eddies comparable to the channel dimensions, which violates the assumptions
underlying dispersive transport.

remains relatively uniform, with only minor deviations near the walls,
suggesting the presence of laterally consistent bubble-induced mixing
and limited wall effects within the channel core.

The turbulent dispersion coefficient can be analyzed separately for
each direction based on Eq. (23). Fig. 13 shows the variations of its
components along the channel length and height for a representative
condition (i.e., low bed height and high flowrate of conveying air). The
results for the other tested cases are provided in Appendix Dj it is
noteworthy that the impacts of operational parameters on micro-scale
dispersion are very limited. Along the channel length, as shown in
Fig. 13a, the three components of the turbulent dispersion coefficient
remain relatively constant, with the vertical component consistently
higher than the two horizontal components, which are comparable. This
agrees with experimental studies that have reported faster dispersive
mixing in the vertical direction than in the horizontal directions for
bubbling fluidized beds [68,76]. The profiles along the channel height,
shown in Fig. 13b, show similar trends for the two horizontal directions
(streamwise and lateral): both components peak close to the bottom
plate, decrease sharply in the lower bed, and remain relatively constant
along the dense bed height, with a local maximum in the splash region
just above the dense bed surface due to bubble eruptions. In contrast, the
vertical dispersion component starts from zero at the distributor plate,
increases with height to reach its highest level within the dense bed, and
decreases close to the dense bed surface. In summary, horizontal solids
dispersion occurs mainly near the bottom plate and at the dense bed
surface, while vertical dispersion is most pronounced within the bulk of
the dense bed. This is consistent with the qualitative description of gas-
solid flow provided in Section 2.3: as bubbles form and rise, they entrain
and displace solids vertically within their wakes, while bubble formation
at the bottom plate and eruption at the dense bed surface are the primary
contributors to horizontal dispersion.

4.3.2.2. Macro-scale dispersion. Fig. 14 illustrates the particle pathlines
for the four tested conditions, enabling examinations of macro-scale
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solids dispersion within the analysis region. The pathlines are colour-
coded by the x-component of the time-averaged velocity field, with
red indicating forward motion, green indicating reverse motion, and
white denoting regions of near-zero streamwise velocity. For the two
low-crossflow conditions, well-defined macrostructures are evident,
consistent with the large-scale vortex recirculation zones identified
previously (see Fig. 9). The visualization further shows that the size of
these macrostructures increases with bed height, which explains the
observed increase in dispersion with bed height. Increasing the solids
crossflow largely disrupts the distinct recirculation vortices seen at low
crossflow rates and in stationary beds, resulting in more-elongated
pathlines with low structural coherence, indicative of a longer charac-
teristic mixing length and enhanced internal mixing.

These qualitative trends are corroborated by the quantitative metrics
presented in Appendix E. For the low crossflow cases, the macrostruc-
ture region increases in both streamwise length and vertical extent with
bed height: from 0.096 m to 0.125 m in length (~30% increase), and
from 0.094 m to 0.109 m in height (~16% increase). The characteristic
recirculation loop period similarly increases from 1.9 s to 3.6 s,
reflecting the longer circulation times within larger vortices. For these
cases, the average dispersion coefficient calculated from the Einstein
relation is approximately 1.91 x 107> m2/s. The tortuosity metric,
which quantifies the degree to which particle trajectories deviate from a
straight path, captures the progressive transition in flow structure across
conditions (see Fig. A10). High mean tortuosity values are observed for
the low crossflow cases (27.48 at H=0.08 m and 7.33 at H=0.10 m),
consistent with the dominance of multiloop recirculating motion. As
either bed height or crossflow increases, tortuosity values decrease
(down to ~1.97), indicating increasingly direct particle trajectories as
macrostructural coherence is lost.

Fig. 15 compares the streamwise macro-dispersion coefficients,
Dinacrox, Obtained from the CFD data using two methods: (1) fitting to a
transient 1D convection-dispersion model (Table 4), and (2) applying
the Einstein relation (Eq. (21)) to the particle pathline data (Fig. 14).
These results are shown alongside using experimentally derived values
from a previous study [28] for all the tested conditions. The two
methods yield similar results for each condition. The macro-scale
dispersion coefficient increases with both bed height and solids cross-
flow rate. The increase in dispersion with bed height is consistent with
previous findings, whereby larger bubbles promote more-vigorous par-
ticle ejection upon eruption [88]. This also aligns with the results
depicted in Fig. 14 of the present work, which show that a taller dense
bed produces larger vortex flow structures, corresponding to the estab-
lishment of larger bubbles. Increased dispersion at higher solids con-
vection rates is similarly explained by the evolution of flow
macrostructures. At low crossflow rates, particle motion primarily fol-
lows compact, coherent flow patterns, such that the characteristic
transport length is limited by the size and residence time of these
structures. Consequently, under these conditions, the limited transport
length and strong localization of flow patterns contribute to the persis-
tence of dead zones, as particles remain confined to restricted regions
within the bed. As the crossflow rate increases, the simulated CFD data
show that these structures become more disrupted, elongated, and less
coherent. This causes the particles to follow longer, less-streamlined
paths, resulting in higher dispersion rates. As a result, the extent of
dead zones decreases, since particles can access and circulate through
regions of the bed that would otherwise remain stagnant at lower
crossflow rates. This observation is consistent with previous work [28],
where an increase in crossflow was shown to reduce the extent of dead
zones, as quantified in that study.
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5. Conclusions

This study employs Eulerian-Eulerian CFD modeling, validated
against experimental data, to perform a spatially-resolved analysis of the
mechanisms underlying solids transport in a bubbling fluidized bed with
horizontal crossflow of solids. Comprehensive mapping of spatially-
resolved velocity and dispersion fields, including flow structures, was
used to characterize the flow behaviors and the relationships between
these parameters at the macro-scale.

At low crossflow rates, solids flow is organized into counter-rotating
vortical structures. This results in a velocity field in which the crossflow
component reaches a maximum near both the bottom plate and the
dense bed surface, although in opposite directions. Consequently, solids
backmixing along the crossflow direction occurs alternately at these
locations as the solids flow develops downstream. While lower crossflow
rates were associated with frequent solids recirculation within these
vortex structures, increasing the crossflow progressively disrupts the
coherent vortices, resulting in more-pronounced forward transport and
elongated particle paths with reduced levels of coherence (and, thus,
greater mixing). This disruption leads to higher macroscopic dispersion
coefficients at high crossflow rates, in accord with both the present
simulations and previous experimental findings. In addition, increased
bed height further enlarges the macrostructures. The lateral solids ve-
locity profiles exhibited pronounced asymmetry and steep gradients
near the channel walls.

The micro-scale dispersion analysis showed that turbulent dispersion
is approximately two orders of magnitude greater than its laminar
counterpart, indicating that solids mixing at this scale is governed pri-
marily by the bubble dynamics and particle clusters, rather than by
random particle motions or collisions. The vertical component of tur-
bulent dispersion peaked at mid-height in the dense bed and was slightly
higher than the horizontal components. Horizontal dispersion exhibited
maxima near the gas distributor and dense bed surface, highlighting
bubble wake formation at the site of gas injection and bubble eruption at
the bed surface as the main mechanisms for solids horizontal mixing.
The lateral profiles of turbulent dispersion remained largely uniform,
indicating a negligible wall influence.

Nomenclature

Drag coefficient[—]

D Solids dispersion coefficient[m?/s]
Equivalent bed diameter[m]

Mean particle diameter[m]

e Coefficient of restitution[—]

Fr Froude number[—]

G; Solids' circulation rate [kg/(mzs)]

g Gravity constant, 9.81 [m/sz]

£ Radial distribution function[—]

H Bed height[m]

Ip 2nd invariant of the deviator of the rate of strain tensor[s~ 2]
L Length[m]

P Pressure[Pa]

PSD Particle size distribution[—]

Qe Volumetric flowrate of air in the conveying zone [m3/s]
Ardisp Particle displacement attributable to dispersion[m]

Re Reynolds number[—]

t Time[s]

u Velocity[m/s]

u Velocity fluctuation[m/s]
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Uo Fluidization velocity[m/s]
Upys Minimum fluidization velocity[m/s]
X,Y,2 Cartesian coordinate system axes: x/z lie in the horizontal

plane, y is vertical[m]

Greek letters

Pes Inter-phase momentum exchange coefficient[kg/ (m3s)]
Yo, Granular collision energy dissipation [kg/(ms?’)]

e Volume fraction[—]

0 Granular temperature [mz/sz]

Ko, Granular energy conductivity[kg/(ms)]

u Viscosity[kg/(ms)]

Hsc Collisional part of the solids shear viscosity[kg/(ms)]
Hsg Frictional part of the solids shear viscosity[kg/(ms)]
U e Kinetic part of the solids shear viscosity[kg/(ms)]

13 Bulk viscosity[kg/(ms)]

p Density [kg/m?’]

T Stress tensor[Pa]

7L Lagrangian integral time scale[s]

@ Particle sphericity[—]

o5 Angle of internal friction[—]

Subscripts

cz Conveying zone

g Gas phase

s Solid phase

macro Macro-scale
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Appendix A

Figs. A1 and A2 show the crossflow component of solids velocity at various streamwise positions under four tested operating conditions. In Fig. A1,
the profiles are plotted as a function of bed height (mass-weighted over the channel width), whereas Fig. A2 presents the data as a function of channel
width (mass-weighted over the bed height).

Fig. Al. Profiles of the solids velocity in the flow direction at different streamwise positions, showing variation with channel height for the four tested conditions: (a)
H=0.08 m, Q,;=2.58 x 1073 m®/s; (b) H=0.08 m, Q;=1.43 x 10~2 m®/s; (¢) H=0.10 m, Q,,=2.58 x 1072 m®/s; and (d) H=0.10 m, Q.;=1.43 x 1072 m?/s.
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Fig. A2. Profiles of the solids velocity in the flow direction at different streamwise positions, showing variation with channel width for the four tested conditions: (a)
H=0.08 m, Q;=2.58 x 10~° m%/s; (b) H=0.08 m, Q;=1.43 x 102 m%/s; () H=0.10 m, Q;;=2.58 x 10~% m%/s; and (d) H=0.10 m, Q;;=1.43 x 1072 m%/s.
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Appendix B

To further characterize solids transport, the extent of solids backmixing was quantified. Fig. A3 shows the relative ratio of forward to backward
solids flow at various streamwise positions for the four tested conditions. The net forward solids transport prevails at high conveying velocity,

especially with increased bed height. Conversely, the combination of high bed height and low conveying velocity results in the most pronounced
backward flow.

Fig. A3. Quantification of solids backmixing at different streamwise positions for four experimental conditions. Solid lines indicate the ratio of forward solids flow,
while dotted lines represent backward flow.
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Appendix C

Figs. A4 and A5 present the spatial distributions of the solids velocity and turbulent granular temperature, respectively, for the four tested conditions. The 2D turbulent granular temperature fields
exhibit pronounced spatial heterogeneity, with higher values concentrated around the splash region, where dispersion is particularly evident due to intense particle motion and bubble activity

Fig. A4. Solids velocity profiles across channel cross-sections at five positions along the transport channel for the four tested conditions: (a) H=0.08 m, Q.,=2.58 x 10~ m3/s; (b) H=0.08 m, Q.;=1.43 x 102 m%/s; (¢)
H=0.10 m, Q;;=2.58 x 10~® m®/s; and (d) H=0.10 m, Q.,=1.43 x 10~% m%/s.
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Fig. A5. Turbulent granular temperature maps across channel cross-sections at five positions along the transport channel for the four tested conditions: (a) H=0.08 m, Q;;=2.58 x 1072 m3/s; (b) H=0.08 m, Q.,=1.43 x
1072 m3/s; (¢) H=0.10 m, Q,=2.58 x 103 m®/s; and (d) H=0.10 m, Q;=1.43 x 1072 m®/s.
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Appendix D

Fig. A6 presents the turbulent dispersion coefficients and the corresponding characteristic cluster lengths in the streamwise, vertical, and lateral
directions for the four tested conditions. Both quantities are plotted along the channel length, with the turbulent dispersion coefficient shown on the
primary y-axis and the characteristic cluster length represented on the secondary y-axis

The characteristic length of the particle clusters quantifies the spatial scale of the correlated particle motion in each direction and is given by the
following equation [51,62,72]:

Dturbulent,i (Al )

Ltuﬂ)ulent,i Y —
-
us.ius.i

The characteristic cluster length is generally highest in the vertical direction, followed by the streamwise direction, and lowest in the lateral
direction.

Fig. A6. Turbulent dispersion coefficient (primary y-axis) and characteristic cluster length (secondary y-axis) along the channel length for the four tested conditions:
(a) streamwise direction; (b) vertical direction; and (c) lateral direction.

Fig. A7 presents the profiles of the turbulent dispersion coefficients along the channel height for the streamwise (Dyputentx)> vertical (Durbutenty)»
and lateral (Dyypuient;) components for all four tested conditions.
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Fig. A7. Profiles of the turbulent dispersion coefficients in the streamwise, vertical, and lateral directions as a function of channel height for the four tested con-
ditions: (a) H=0.08 m, Q;=2.58 x 10~° m%/s; (b) H=0.08 m, Q,=1.43 x 1072 m%/s; (¢) H=0.10 m, Q,,=2.58 x 10~ m®/s; and (d) H=0.10 m, Q;;=1.43 x 1072
m®/s.

Table A1 summarizes the turbulent dispersion coefficients for the four tested conditions. While the operational parameters show some influences,
their overall impact on micro-scale dispersion is limited, with only moderate variations being observed.

Table Al
Turbulent dispersion coefficients in streamwise, vertical, and lateral directions.
Condition Turbulent dispersion coefficient [m?/s]
H [m] Qcz [m3/ s] Duurbutent.x Dturbulenty Duurbutent.z
0.08 2.58 x 1072 (3.39 + 0.60) x 1073 (5.32 +0.97) x 1073 (2.06 +0.38) x 1073
0.08 1.43x 1072 (3.63 +1.03)x 1073 (7.03 + 1.44) x 1073 (2.45 +0.71) x 1073
0.10 258 x 1072 (5.86 + 1.91) x 1073 (8.62 +2.27) x 1073 (3.18 £ 0.82) x 1073
0.10 1.43x 1072 (4.78 + 1.45) x 1073 (8.15 + 1.66) x 1073 (2.35 +0.51) x 1073
Appendix E

The structural features of solids flow within the analysis domain are quantitatively characterized using three principal metrics: macrostructure
size, recirculation loop period, and tortuosity. The methodology and defining equations for each metric are outlined below. Metrics requiring the
identification of a coherent macrostructure (i.e., macrostructure size and recirculation loop period) are reported only for low crossflow conditions,
where such structures are present.

The macrostructure region is identified by analyzing the distribution of streamwise (x) positions where particle pathlines exhibit directional re-
versals. A histogram of these reversal positions is constructed, and the macrostructure is defined as the contiguous region in x where the frequency of
reversals exceeds a chosen percentile threshold (typically the 90th percentile).

For each traversing pathline within this region, the x- and y-spans are computed, and the average macrostructure length and height are given by:
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N
Linacro = I\lf Z [ma_x(xk) - min(xk) ] (a2)
k=1
1 N
Hnacro = N Z [max(yk) - mln(.yk)] (A3)
k=1

Here, max(x;) and min(x,) (and likewise for y;) are evaluated over all points of segment k that lie within the identified macrostructure region, and
N is the number of such traversing segments.

The recirculation loop period quantifies the characteristic time for a particle to complete one full recirculation loop within the macrostructure. For
each traversing pathline, local minima and maxima in the x-coordinate were identified as reversal points, i.e., locations where the direction of motion
in x changes. Candidate loops were defined as trajectory segments between consecutive reversal points, and only those with a net displacement in x
exceeding 99% of the identified macrostructure width were included. The loop period was calculated as the number of time steps between these two
reversal points, multiplied by the integration time step.

The resulting distributions of recirculation loop periods for low crossflow conditions at two different bed heights are shown in Fig. A8. At low bed
height, the mean recirculation loop period is approximately 1.9 s, while at high bed height it increases to 3.6 s.

Fig. A8. Distributions of recirculation loop periods extracted from particle pathlines for the low crossflow conditions at two different bed heights: (a) 0.08 m and (b)
0.10 m. The dashed red lines indicate the mean recirculation loop period for each case. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Tortuosity is defined as the ratio of the total arc length of a particle pathline to the straight-line (Euclidean) distance between its starting and
ending positions, providing a direct measure of the path's winding or convolutedness. A tortuosity value of unity indicates a perfectly straight tra-
jectory, while values greater than one reflects increasingly winding or convoluted paths. This metric can be evaluated for all pathlines, irrespective of
the presence or absence of a macrostructure.

For each particle pathline, the tortuosity is given by:

N arc
L
euclid
L k

1
T= N (A4)

k=1

where,
L{ is the total arc length of the k-th particle pathline, calculated as the sum of the distances between each pair of consecutive points along the
trajectory:

Pe-1

2
Ly = Z \/(Xp+l - xp)2 + (}’p+1 *.Yp) + (ZPH - ZP)2 (4
p=1

Here, p indexes the time steps and P is the total number of recorded points for the pathline.
Lgwlid s the straight-line (Euclidean) distance between the initial and final positions of the pathline:

i 2 2 2
Liudld = \/(xk,end - xk,xtart) + (.ykAend - yk&:m) + (Zk.end - ZkAstan) (A6)

Notably, for each pathline, L& is a single value that quantifies the net displacement from entry to exit.

Fig. A9 visually demonstrates the calculation of tortuosity for a representative particle pathline. The blue curve traces the actual 3D trajectory of a
single particle through the channel, illustrating the complex, winding nature of its motion. The total arc length, L{", is indicated by the full length of
the blue path, capturing all the intermediate bends and turns. The straight-line (Euclidean) distance, L“, is shown as the red dotted line directly
connecting the entry (“Start”) and exit (“End”) points of the pathline.
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Fig. A9. Visualization of tortuosity calculation for a representative particle pathline. For this example, L{=1.42, Li”C’id:O.Bl, and 7=4.60.

Fig. A10 presents the distributions of particle pathline tortuosity for all four tested conditions. For the low crossflow cases (a, c), the distributions
are centered at high values, reflecting the dominance of macro-scale recirculation structures that force particles along highly winding paths. The
reduction in mean tortuosity with increasing bed height suggests that more particles can traverse the channel with fewer recirculation events as the
macrostructure enlarges. In contrast, for the high crossflow cases (b, d), the distributions are shifted toward lower tortuosity, indicating that most
particles follow more direct, streamwise-oriented trajectories as the crossflow disrupts coherent vortex structures. The lowest tortuosity values are
observed at the highest bed height and crossflow, where macrostructural coherence is nearly absent.

Fig. A10. Distributions of particle pathline tortuosity for all four tested conditions: (a) H=0.08 m, Q.,=2.58 x 1073 m3/s; (b) H=0.08 m, Q.,=1.43 x 1072 m3/s; (©
H=0.10 m, Q,;=2.58 x 1073 m3/s; and (d) H=0.10, Q.,=1.43 x 102 m3/s. Mean tortuosity values are indicated by dashed lines.
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Fig. A11 presents the time evolution of the mean squared displacement (MSD) in the streamwise (x) direction for all individual tracked particle

pathlines in the four tested cases. In all cases, the value of Ax? increases with time and eventually approaches a constant value, consistent with the
development and eventual saturation of particle dispersion in the bed [10,65-67]. The slope of the linear region is used to estimate the macro-scale
dispersion coefficient, as discussed in Section 0. The trajectories are subsequently volume-fraction weighted and ensemble-averaged according to the
Einstein relation (see Eq. (21))

Fig. A11. Individual mean squared displacement trajectories in the streamwise (x) direction for all tracked particle pathlines in the four tested cases: (a) H=0.08 m,
Q:=2.58 x 10~ m®/s; (b) H=0.08 m, Q.,=1.43 x 1072 m%/s; (¢) H=0.10 m, Q,,=2.58 x 10~° m®/s; and (d) H=0.10, Q;=1.43 x 1072 m?%/s.

Data availability

Data will be made available on request.
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