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ARTICLE INFO ABSTRACT
Keywords: Real-time magnetic resonance imaging (MRI) was used to compare the hydrodynamics of three-dimensional (3D)
Bubbling fluidized beds

and pseudo-two-dimensional (2D) gas-solid fluidized beds of various wall separation distances by measuring the
particle distribution and velocity. Five different superficial gas velocities from one to two times the minimum
fluidization velocity and four pseudo-2D bed thicknesses between 15 and 50 mm were investigated. A neural
network model was used to segment gas bubbles, revealing that thinner beds homogenize the radial bubble
distribution and reduce the average equivalent bubble diameter compared to 3D beds. Furthermore, pseudo-2D
beds showed lower bubble rise and average particle velocities. Based on the findings, an existing correlation for
predicting bubble rise velocity is extended by incorporating an additional term that accounts for the influence
of bed thickness. The minimum fluidization velocity and the expansion ratio increases as the bed thickness
decreases. Yet, the shape of the bubbles in pseudo-2D fluidized bed remains unaffected when compared to 3D
fluidized beds. Pseudo-2D fluidized beds with a smaller thickness, typically employed in optical experiments,
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exhibited the greatest deviation in hydrodynamics compared to 3D fluidized beds.

1. Introduction

Gas-solid fluidized beds are widely used in industrial applications
because of their high mass and heat transfer rates compared to con-
ventional fixed-bed systems (Crowe, 2006). Due to their complex be-
havior, the hydrodynamics of fluidized beds have been continuously
investigated since their introduction more than a century ago (Win-
kler, 1926). Traditional methods such as capacitance (Wiesendorf and
Werther, 2000), electrostatic (He et al., 2015), and optical (Riidistili
etal., 2012; Li et al., 2012b; Taofeeq et al., 2018; Varghese et al., 2021)
probes within the bulk phase have been used to understand and predict
the hydrodynamics in three-dimensional (3D) fluidized beds. Optical
fiber probes have been used to investigate the bubble size distribution
and rise velocity (Riidisiili et al., 2012; Li et al., 2012b), as well as the
velocities of the solid phase and the gas holdup (Taofeeq et al., 2018;
Varghese et al., 2021). Although optical fiber probes are intrusive, Mau-
rer et al. have shown that for single rising bubbles at minimum fluidiza-
tion velocity, the introduced probes have minimal impact on bubble
size, bubble shape, and bubble rise velocity (Maurer et al., 2015). Yet,
probes are limited to local measurements and do not offer a compre-
hensive view of the entire fluidized bed. To capture the overall hydro-
dynamics, pseudo-two-dimensional (2D) fluidized bed setups are often
used, simplifying the geometry for enhanced optical accessibility. These
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setups, combined with digital image analysis (DIA), have been used to
study the impact of various parameters, such as particle size (Zhu et al.,
2023) and shape (Mahajan et al., 2018), vibration (Cano-Pleite et al.,
2016; Guo et al., 2021), and membranes with permeating gas (de Jong
et al., 2013), on the hydrodynamics of the bed. Advanced techniques
such as particle image velocimetry (PIV) and particle tracking velocime-
try (PTV) (Hagemeier et al., 2015) further enable the calculation of par-
ticle velocity fields (Laverman et al., 2008; Herndndez-Jiménez et al.,
2011). Due to the simplification from 3D to a pseudo-2D fluidized beds,
it remains uncertain to what extent the findings can be reliably extrapo-
lated to 3D systems. For comprehensive and non-invasive measurements
of fluidized beds, tomographic techniques such as X-ray imaging (Errigo
et al., 2023) and magnetic resonance imaging (MRI) (Penn et al., 2018,
2019; Boyce et al., 2019b; Rennebaum et al., 2024, 2025) can be used.
The limited temporal resolution of MRI can be increased sufficiently by
combining parallel imaging using tailored radio frequency (RF) detec-
tion arrays and time-efficient single-shot pulse sequences (Penn et al.,
2017) to enable 2D real-time measurements of the hydrodynamics of
fluidized beds. In the past, this was used to investigate the impact of
internals (Penn et al., 2019; Rennebaum et al., 2024, 2025) and small
amount of injected water (Boyce et al., 2019a) on the hydrodynamics
of fluidized beds. Compared to other measurement techniques for solid-
gas systems, the particles used for MRI have to contain NMR visible
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materials, such as water or oil. Combined with its higher experimental
complexity, this requirement makes MRI less accessible than traditional
probes or pseudo-2D fluidized beds. This complexity limits their use for
online monitoring, which is typically achieved with simpler pressure
and optical probes.

Comparing the different investigation methods raises the question
about the extent to which data obtained from pseudo-2D fluidized beds
can be extrapolated to 3D systems, potentially diminishing the need for
more complex tomographic techniques. Addressing this question is par-
ticularly relevant given that optical measurements in pseudo-2D beds
offer significantly higher spatial and temporal resolution than conven-
tional techniques typically allow in 3D fluidized beds (Sédnchez-Delgado
etal., 2011). If the findings from pseudo-2D systems prove transferable,
the need for more complex tomographic approaches could be reduced.
However, there is evidence that gas bubble behavior differs between the
two configurations, as bubble growth in pseudo-2D beds is constrained
in one dimension, potentially affecting flow dynamics (Geldart, 1970).

Several experimental and simulation studies have explored how the
simplified geometry of pseudo-2D fluidized beds alters their hydrody-
namics compared to 3D beds. Li et al. used CFD-DEM simulations to
study the effect of bed thickness on static bed height, bubble behavior,
and solid velocities (Li et al., 2012a). They found that solid velocities
exhibit significant 3D behavior for bed thicknesses up from fy.q > 40d,,.
In contrast, for the bed thickness between 10d, and 20d,, the velocities
indicate the 2D flow behavior and in between (20d,, < t,,¢q < 40d,)), they
identified a transition zone. In addition to simulation-based approaches,
experimental studies have investigated parameters such as the minimum
fluidization velocity and the bubble rise velocity. Saxena et al. found
that the minimum fluidization velocity within pseudo-2D fluidized beds,
Uyt 2ps increases as the thickness of the bed decreases (Saxena and Vadi-
vel, 1988), due to the restrictive influence of the walls on the movement
of the particles. They proposed a correlation to calculate the minimum
fluidization velocity based on the diameter of the particle, d, [mm] and
the bed thickness, #,.4 [mm] (Eq. (1)).

Un o = 3513 — 3.22(250 ) 1 0 4281n(—2) a
mes 1000 1000
Sénchez-Delgado et al. described a correlation between the minimum
fluidization velocity in pseudo-2D and 3D fluidized beds, introducing a
and b as fitting parameters:

b
Unt2p —exp <a<&> ) @
Unt 3p Thed

Once fluidized beds exceed a critical bed thickness with #,.4 > 100d,,,
wall effects on the minimum fluidization velocity have reported to be-
come negligible (Sanchez-Delgado et al., 2011). Unlike 3D fluidized
beds, the minimum fluidization velocity in pseudo-2D fluidized beds
increases with greater filling heights (Geldart and Cranfield, 1972;
Ramos Caicedo et al., 2002). Beyond the minimum fluidization veloc-
ity, Geldart determined the average diameter of bursting bubbles at the
surface of pseudo-2D and 3D fluidized beds, observing larger bubbles
within the 3D fluidized beds (Geldart, 1970). Glicksman and McAn-
drews used fiber optic probes to show that bubbles of the same diam-
eter rise faster in a 3D than in a pseudo-2D fluidized bed (Glicksman
and McAndrews, 1985). Herndndez-Jiménez et al. (2013) determined
the particle-wall interaction coefficient in a pseudo-2D fluidized bed us-
ing pressure signals together with solid distribution data from optical
measurements, and found higher coefficients for larger particles. These
studies strongly suggest that the hydrodynamic behavior of pseudo-2D
fluidized beds differs significantly from that of 3D fluidized beds, pri-
marily due to the influence of wall effects. Yet, previous experimental
studies have relied exclusively on probes placed within the fluidized
bed or optical measurements from the outside of the bed, which lim-
ited the ability to obtain a comprehensive view of the system and left
the influence of bed thicknesses insufficiently understood. In addition,
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Fig. 1. Schematics of the (a) 3D fluidized bed model and (b) the pseudo-2D
fluidized bed model. Pseudo-2D fluidized bed with bed thickness of 15, 20, 30,
and 50 mm were investigated. MRI measurements of the particle density and
velocity were taken in vertical orientation.

the effect of pseudo-2D and 3D fluidized beds on the particle velocity
remains unclear.

This study employs MRI to compare the hydrodynamics within a
pseudo-2D fluidized bed with varying bed thicknesses between 15 and
50 mm with those of a 3D fluidized bed with a diameter of 190 mm.
Unlike previous studies, the application of a tomographic technique en-
ables non-intrusive measurements of hydrodynamics in pseudo-2D beds
and allows direct comparison with equivalent 3D systems. In addition
to identifying potential differences, a central objective was to determine
whether there is a critical bed thickness in pseudo-2D systems at which
the hydrodynamic behavior closely approximates that of a 3D fluidized
bed. Local particle concentration and velocity were measured to deter-
mine the equivalent bubble diameter, bubble rise velocity, aspect ratio,
bed expansion, bubble accessibility, and the average in-plane particle
velocity.

2. Methods
2.1. Fluidized bed

The gas-solid fluidized bed model was made from a Poly(methyl
methacrylate) (PMMA) tube with an inner diameter of 190 mm and
a height of 280mm (Fig. 1a). The pseudo-2D fluidized bed models
(Fig. 1b) with a wall separation distance of 15, 20, 30, and 50 mm
were manufactured from Polylactic acid (PLA) by 3D-printing the walls.
For all fluidized beds, compressed air was injected into the windbox
with a diameter of 190 mm and a height of 150 mm. The air supply
was controlled using a mass flow controller (F-203AV, Bronkhorst High-
Tech B.V.) and homogenized with a distributor plate with a thickness
of 10 mm with 6416 laser-cut holes with a diameter of 0.5 mm. The sec-
tions of the distributor plate that extended beyond the pseudo-2D flu-
idized bed were sealed from above with the 3D-printed wall and from
below with tape. To determine the minimum fluidization velocity, the
pressure drop of each fluidized bed model was measured with a pres-
sure sensor using LabView (National Instruments, USA). All fluidized
beds were filled up to a height of 210 mm with MCT oil-filled agar par-
ticles of Geldart-Group B with an average diameter of 1.02 + 0.12 mm
and a Sauter mean diameter of 1.019 mm. The density of the particles
is 1.04 %. Superficial gas velocities of 1, 1.2, 1.6, 1.8, and 2 times the
minimum fluidization velocity (U,,;) were investigated, with the ratio
determined from the measured minimum fluidization velocity of each
particle-bed system.
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Table 1
Experimental parameters for the local particle concentration and particle
velocity MRI measurements.

Scan parameter Local particle Particle
concentration velocity
Orientation: horizontal vertical vertical
Field of view: 200 mm X 200 mm 205 mm X 326 mm
(x x z) (x xy)
Temporal resolution: 9.3ms 9.3ms 22.3ms
Spatial resolution: 3.125x3x10mm®>  3x3x10mm®  3x5x10mm?
XXzZXy (x X yxz)
Flip angle: 15°
Repetition time: 1.87 ms 8.7ms 6.9ms
Echo time: 0.85ms 1.6ms 2.27 ms
Velocity encoding: - - 1.5m/s in
x and y

2.2. Magnetic resonance imaging

The MRI measurements of this study were performed on a clini-
cal MRI system (Philips Achieva, Philips Healthcare, The Netherlands)
with a field strength of 3 T. Data were recorded with a custom-built 16-
channel radio frequency receive coil, described in detail in Penn et al.
(2017). Local particle concentration and velocity were acquired in a
central vertical imaging plane. In the horizontal orientation, local parti-
cle concentration measurements were performed at a height of 150 mm
above the distributor plate. Parallel imaging in combination with single-
shot echo-planar imaging (EPI) (Stehling et al., 1991) and partial Fourier
sampling was applied to increase the temporal resolution of parti-
cle distribution and velocity measurements to 9 ms and 22 ms, respec-
tively. Particle velocity measurements were performed using MR phase-
contrast velocimetry, achieved by applying bipolar motion-encoding
gradients prior to the single-shot EPI readout. A total of three datasets
were acquired, including velocity-encoded measurements in the x- and
y-directions and a reference dataset obtained without applying bipolar
velocity-encoding gradients to correct for background phase. Particle
velocity data were acquired exclusively in x- and y-directions. The pa-
rameter of the MRI measurements are collected in Table 1.

2.3. Digital image analysis

A neural network was trained to segment MRI measurements into
gas and particle phases. The neural network consists of a pretrained en-
coder and a decoder. On the encoder side, an EfficientNetV2-M (Tan
and Le, 2021) was used with weights from (Wightman, 2019). On the
decoder side, a single-channel U-Net (Ronneberger et al., 2015) was
utilized. During preprocessing, the image intensities were normalized
using reference scans from the fixed bed to homogenize the image in-
tensity in all bed regions. All images were cropped to 96 x 64 pixels,
which approximately corresponds to the area within the fluidized bed.

The U-Net on the decoder side was trained with a semi-automatic
approach. A set of 300 images was manually segmented to train the
initial version of the neural network. The initial network was used to
automatically segment an additional 3000 images. These automatically
segmented images were manually reviewed and corrected as needed.
The final iteration of the neural network was trained using all 3300 seg-
mented images. Training were conducted with a batch size of 32 for 10
epochs. During both training runs, image augmentation was applied to
reduce overfitting. Augmentations include random image rotation, scal-
ing, horizontal flipping, and minor contrast and brightness variations.
In the supplementary material (Figs. S1 and S2), the segmentation of the
neural network is compared with the previously used dynamic threshold
method (Rennebaum et al., 2024, 2025).

2.4. Data evaluation

Segmented data were evaluated and analyzed using Python 3.11.0.
From particle distribution measurements, the mean equivalent bubble
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diameter, d,,, was determined as a function of the bed height (Figs. 3
and 5). The equivalent bubble diameter was determined from the de-
tected area of a bubble, A, (Eq. (3)).

4A
oy =\ = 3

Bubbles with an area of less than A,,;, < 2zAxAy pixels, where Ax and
Ay are the spatial resolution in the x-direction and the y-direction, re-
spectively, were excluded from the evaluation.

The homogeneity of the radial bubble distribution was quantified
using a ratio (Eq. (4)), ¢, defined as the number of bubbles at a given
radial distance weighted by their average area, divided by the average
number of bubbles weighted by the average bubble area.

Ny A
€ bub“*bub ( 4)

Nbub,angbub,avg
Bubble trajectories were determined on the basis of segmented
frames using Kalman filtering. The trajectories were used to calculate
the bubble rise velocity (Eq. (5)), vy,,. The bubble rise velocity was cal-
culated from the change in position in y-direction divided by the time
passed, t, between consecutive frames.

Vbt = Yibub ~ Yi—1,bub (5)
L=t

Bubbles, which were detected in less than five frames, were excluded
from the calculations. The bubble rise velocity was determined as a func-
tion of the equivalent bubble diameter as well as of the superficial gas
velocity.

To evaluate the shape of the segmented bubbles (Eq. (6)), the aspect
ratio, a,,;,, was determined from the maximum expansion in vertical
orientation, d,, and horizontal orientation, d, (Fig. 8).

d
ratio — i (6)

a

The bed expansion was calculated as the ratio of the fluidized bed
height, h,, at the superficial gas velocity to the bed height, A, at the
minimum fluidization velocity (Fig. 10). The height was determined by
identifying the highest pixel connect to the bulk phase in each column.
Horizontal MRI measurements were used to determine the optical ac-
cessibility of bubbles as a function of the equivalent bubble diameter.
Bubbles with a height equal to the bed thickness, or up to one pixel
smaller, were considered optically accessible. Different bed thicknesses
and diameter ranges of bubbles were compared by a ratio of the number
of optical accessible bubbles by the total number of bubbles.

The average in-plane velocity (Eq. (7)), |vy,|, was calculated from
particle velocity measurements with v, as the measured velocity in x-
direction and v, as the measured velocity in y-direction.

1 N
vyl = N Zi:l V v+, @
2.5. Optical measurements

Optical measurements were taken from two fluidized bed mod-
els with a bed thickness of 10 and 20mm and a height of 500 mm
made out of 10 mm thick antistatic PMMA plates. The width of both
pseudo-2D fluidized beds were 200 mm. Air was distributed through
a windbox with a height of 150mm and a cross section of 80 and
250 mm. The air supply was provided by a mass flow controller (F-
202AV/F-212AV, Bronkhorst High-Tech B.V.). The air entered through
a 5mm thick porous plate with a mean pore size of 20 ym. A back-
light was used to illuminate the fluidized bed. Measurements were taken
with a Chronos HD High Speed Camera (Kron Thechnologies, Canada)
at a frame rate of 400 fps and a resolution of 1920 x 1080 (y-xx-
direction). Superficial gas velocities of 1.6, 1.8, and 2 U,; were inves-
tigated with two type of particles - glass beads and poppy seeds at a
filling height of 210 mm. The glass beads have a Sauter mean diame-
ter of 0.95 mm and a density of 2.54 %, while the poppy seeds have a
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Sauter mean diameter of 1.17 mm and a density of 1.16 —=. Data were
segmented using a threshold-based approach. Compared to MRI data,
optical methods provide higher spatial resolution, allowing for more re-
liable evaluations based on threshold-based segmentation. Segmented
data were used to calculate the equivalent bubble diameter (Eq. (3))
and to confirm that the smallest equivalent bubble diameters were mea-
sured in the bed with a thickness of 20 mm, as observed in the MRI
measurements.

3. Results and discussion
3.1. Minimum fluidization velocity

At the minimum fluidization velocity, the upward drag force exerted
by the gas phase becomes equal to the gravitational force acting on
the bed particles, initiating the transition from fixed to fluidized state
(Anantharaman et al., 2018). The particles begin to suspend, making
the minimum fluidization velocity one of the most essential parame-
ters to describe fluidization processes. Extensive studies have been con-
ducted to compare the minimum fluidization velocity within pseudo-2D
and 3D fluidized beds (Sanchez-Delgado et al., 2011; Saxena and Vadi-
vel, 1988). With decreasing bed thickness, wall effects intensify, result-
ing in an increase in the minimum fluidization velocity. In a pseudo-
2D fluidized bed with a bed thickness of 15mm used within the MRI
measurements, fluidization begins at a gas velocity of 0.31 '", which is
approximately 30 %, higher than the 3D bed velocity of 0. 24 As the
bed thickness increases, the minimum fluidization velocity gradually ap-
proaches the value of the 3D bed. For the thickness of the bed of 50 mm,
the minimum fluidization velocity reached 0.26 =, which is within 8 % of
the value measured in the 3D bed. The measured minimum fluidization
velocities for all experimental setups are provided in the supplementary
material (Tab. S1).

Fig. 2, shows the natural logarithm of the ratio between the min-
imum fluidization velocity in a pseudo-2D fluidized bed and that
in comparable 3D systems, plotted against the bed thickness nor-
malized by the particle diameter. In addition to the values mea-
sured in this study for fluidized bed used in the MRI measurements,
the diagram is expanded with data (Sanchez-Delgado et al., 2011;
Saxena and Vadivel, 1988; Saxena and Jadav, 1983) and models
(Sanchez-Delgado et al., 2011; Saxena and Vadivel, 1988) from the
literature.

The correlation of Saxena et al. was plotted for three different par-
ticle diameter and the model of Sanchez-Delgado et al. is plotted with
the parameters of their work and those adapted to the specific bed con-
ditions and particle system of this work. The correlations exhibit sig-
nificant deviations from one another, which Sanchez-Delgado et al. at-
tribute to two main factors: (a) electrostatic charge between particles
and walls and (b) the particle shape (Sanchez-Delgado et al., 2011).
Both electrostatically charged and nonspherical particles can increase
the minimum fluidization velocity relative to that in a three-dimensional
fluidized bed, resulting in data that align with the correlation of Saxena
et al. The findings of this work provide additional support for this as-
sumption. The data from the MRI setups, which showed electrostatic
charge but were conducted with spherical particles, follow the correla-
tion of S&nchez-Delgado et al. Using the parameters Sdnchez-Delgado
et al. suggest, the deviation from the measured minimum fluidization
velocities is at most 15 % for the setups used in the MRI measurements.
The authors recommend adjusting the parameters to match the specific
system and particle configurations. With the optimized parameter, the
deviation between the calculated and measured values is reduced to less
than 5 %.

3.2. Spatial gas bubble distribution

Bubble parameters, such as the spatial gas bubble distribution, di-
rectly influence critical hydrodynamics such as flow patterns, solid mix-
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Fig. 2. Natural logarithm of the ratio between the minimum fluidization veloc-
ity in a 2D fluidized bed, U, ,p,, and that in a comparable 3D systems U, s, over
bed thickness normalized by the particle diameter. Data are compared to dif-
ferent correlations of Saxena and Vadivel (1988) (Eq. (1)) and Sanchez-Delgado
etal. (2011) (Eq. (2)). The correlation of Saxena et al. is plotted for a particle di-
ameter of =-= 0.73mm, ----- 1.237 mm, and ----- 2.356 mm under the assumption
that U, ,p, is the same as U, 3p, for #,,.4 is equal or greater than 100, 75, or 504,
respectively. The model of Sanchez-Delgado et al. (2011) (Eq. (2)) is shown for
parameters specified from their paper (¢ = 8.5 and b = 1.6) and --- param-
eters optimized (a = 19.5 and b = 1.6) for the measured minimum fluidization
velocities taking into account the measured U, 3, of 0.24 % Blue data points
were measured from this study, with the color tone indicating the bed thick-
ness. The circlar marker indicate literture data of Saxena and Vadivel (1988)
for particle diameter of « 0.73, « 1.237, and « 2.356 mm, Sdnchez-Delgado et al.
for particle diameter of  0.346 and - 0.678 mm and a earlier study of Saxena
and Jadav (1983) for particle diameter of - 0.427, - 0.488, and « 0.788 mm.

ing, and the interfacial area between the gas phase and the granular
medium (Matsuura and Fan, 1984). Additionally, an uneven radial dis-
tribution of gas bubbles broadens the distribution of gas residence time
and directly affects the efficiency of a process (Werther and Molerus,
1973). Therefore, to accurately predict the process efficiency of 3D flu-
idized beds based on pseudo-2D models, it is crucial that the bubble
distribution exhibits similar patterns in both setups.

In Fig. 3, all segmented bubbles were collected from local particle con-
centration measurements. Near the distributor plate, the bubbles are
evenly distributed throughout the width of all investigated beds. With
increasing bed height, the bubble distribution within the 3D fluidized
bed becomes increasingly centralized, with most bubbles rising at the
center and few at the edges. In contrast, bubbles in pseudo-2D fluidized
beds rise more frequently along the edges. Fig. 4 shows a quantitative
comparison of spatial gas bubble distribution by plotting the ratio of the
number of bubbles to the average number of bubbles weighted by the
area of the bubble against the distance in x-direction from the center
of the bed. For small distances, the 3D fluidized bed shows a elevated
number of bubbles compared to thinner fluidized beds. The ratio de-
creases sharply near the edge and approaches close to zero, indicating
that almost no bubbles rise at the edges of the bed. In contrast, pseudo-
2D beds maintain higher values closer to one, reflecting a more uniform
spatial gas bubble distribution. In the center of the bed, the bubble dis-
tribution is slightly more uniform compared to the 3D fluidized bed. For
pseudo-2D fluidized beds, there appears to be no systematic dependence
of the homogeneity of the bubble distribution on the thickness of the
bed.
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Fig. 3. MRI data used for extracting the spatial distribution of gas bubble centroids collected from 3000 frames in the central vertical imaging plane at superficial
velocity of (a) 1.6 and (b) 2 U,;. Bubbles are collected at their center of mass and the size and color of the circles depicted represent the size of the gas bubble, with
small circles corresponding to small bubbles and large circles to large bubbles. From left to right, the measurements are sorted by bed thickness from 15mm over
20, 30, and 50 mm to the 3D bed. Equivalent figures for the superficial gas velocities of 1.2 and 1.8 U,; can be found in the supplementary material (Fig. S3).
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Fig. 4. The ratio of the number of bubbles to the average number of bubbles
weighted by the bubble area for each dataset, denoted as €, was plotted against
the bed position at a superficial velocity of 2U, . For each position, values from
both sides of the fluidized bed were averaged. Bubbles located within one bed
width (w,.,) above the distributor plate were taken into account. Values above
one represent a higher bubble occurrence, whereas values below one indicate a
lower occurrence compared to the average. Equivalent figures for the superficial
gas velocities of 1.2, 1.6 and 1.8 U,; can be found in the supplementary material
(Figs. S4a and S5).

3.3. Size distribution and number of gas bubbles

The bubble size distribution within the different pseudo-2D beds and
the 3D fluidized bed can be derived from the measurements shown in
Fig. 3. In all investigated fluidized beds, the bubble size increases with
distance from the distributor plate. The largest bubbles are observed at
the center top of each setup, and the average bubble size increases with
increasing superficial gas velocity. Previous studies, including those us-
ing MRI (Penn et al., 2019; Rennebaum et al., 2024), have shown the
effect of bed height and superficial gas velocity on bubble size. In the
lower half of the fluidized bed, the average bubble size does not show
significant differences between the various configurations analyzed. In
the upper half, smaller bubble sizes within the pseudo-2D fluidized beds
with bed thicknesses between 15mm and 30 mm can be observed. In
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Fig. 5. Average equivalent bubble diameter over bed height normalized by the
bed width for a superficial gas velocity of 2U,;. The measurements are com-
pared to correlations of 3D fluidized beds of — Darton et al. (1977) and --- Cai
et al. (1994) and of pseudo-2D fluidized beds of Shen et al. (2004) for the differ-
ent investigated bed thicknesses of 15mm, --- 20mm, --- 30 mm, and ---
50 mm. For the 3D correlations, the minimum fluidization velocity determined
for the 3D fluidized bed was used, whereas for the correlation of Shen et al.,
the minimum fluidization velocity specific to each pseudo-2D particle-bed sys-
tem was applied. The marker shape and the color denote the thickness of the
fluidized bed. Equivalent figures for lower superficial gas velocities of 1.2, 1.6,
and 1.8 U, can be found in the supplementary material (Figs. S4b and S6).

the pseudo-2D fluidized bed with a larger bed thickness of 50 mm, the
bubble size is comparable to that observed in the 3D fluidized bed. To
allow a quantitative comparison of the average bubble size, in Fig. 5 the
equivalent bubble diameter is plotted on the bed height normalized to
the bed width. The measurements are compared with two correlations
to predict the equivalent diameter over bed height for 3D fluidized beds
and a correlation to determine the equivalent diameter in pseudo-2D
fluidized bed for varying bed thicknesses.

The correlations for 3D fluidized beds are derived from the stud-
ies of Darton et al. (1977) and Cai et al. (1994). Both correlations
include the difference between the superficial gas velocity and the
minimum fluidization velocity. Additionally, the correlation devel-
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oped by Darton et al. accounts for the open area of each orifice.
The correlation to predict the equivalent diameter within pseudo-2D
fluidized beds was introduced by Shen et al. (2004). The correla-
tion estimates the equivalent bubble diameter based on the area of
a single orifice in the distributor, the difference between the superfi-
cial gas velocity and the minimum fluidization velocity, and the bed
thickness. Shen et al. introduced 1 as a system-dependent constant
which was adapted for this study to a value of 13.5, which minimized
the sum of deviation from the measured values for all datasets at a super-
ficial gas velocity of 2 U,,;. The measured data indicate that the equiva-
lent bubble diameter increases with bed height in a similar manner for
both the pseudo-2D fluidized bed with a bed thickness of 50 mm and
the 3D fluidized bed, reaching a maximum equivalent bubble diame-
ter of approximately 41 mm at the top of the bed. Both correlations for
the equivalent bubble diameter in 3D fluidized beds agree well with the
experimental data when small heights above the distributor plate are
considered. For higher heights, the correlations overestimate the equiv-
alent bubble diameter compared to the measured values. The overesti-
mation of the equivalent bubble diameter for large bed heights is most
pronounced at a superficial gas velocity of 2U,;. As the superficial gas
velocity decreases, the agreement between the measured data and the
correlations increases (Figs. S4b and S6). Overall, the 3D correlations are
generally capable of accurately capturing the measured trends. While
Shen et al.’s correlation, designed for estimating the equivalent bubble
diameter in pseudo-2D fluidized beds, has proven effective in reproduc-
ing experimental data (Fu et al., 2024; Xu et al., 2025), it falls short
of capturing the behavior consistently across all investigated bed thick-
nesses in this study. The measured data show that a reduction of the
bed thickness to 20 mm decreases the measured equivalent bubble di-
ameter to about 50% of the value observed in the 3D bed, reaching
approximately a maximum of 20 mm. At this point, the bubbles appear
to reach an equilibrium between coalescence and splitting. In the up-
per half, the equivalent bubble diameter for the bed with a thickness
of 30 mm fluctuates around an average of 25 mm, indicating a 40 % re-
duction in size compared to the 3D fluidized bed. The fluctuation ob-
served in the 30 mm pseudo-2D fluidized bed measurement likely indi-
cates data instability caused by a region of reduced coil sensitivity at
the upper right edge, leading to false bubble detections. As this arte-
fact lies within the evaluated range, it affects the results by decreasing
the equivalent bubble diameter in this region and increasing the appar-
ent number of bubbles. The measurements show that a decrease in bed
thickness leads to a reduction in the average equivalent bubble diame-
ter. Although the predicted values generally fall within the range of the
experimental data, the model exhibits several shortcomings. In partic-
ular, the dependence on superficial gas velocity is overemphasized, as
highlighted by comparisons at lower gas velocities (Figs. S4b and S6).
The correlation proposed by Shen et al. tends to overpredict the equiva-
lent bubble diameter at high superficial gas velocities and underpredict
it at low velocities. Additionally, it fails to predict the plateau observed
in pseudo-2D fluidized beds with small thicknesses at great bed heights,
and it underestimates the influence of the bed thickness. Although the
model predicts an increase in equivalent bubble diameter with increas-
ing bed thickness, this effect is overstated. This is due to the variation
in the minimum fluidization velocity with bed thickness (Fig. 2), which
leads to a reduction in the predicted bubble diameter as bed thickness
increases.

The measured data reveal a deviation from the general trend that nar-
rower beds produce smaller bubbles in the narrowest pseudo-2D flu-
idized bed with a thickness of 15mm. In this case, the reduction in
bubble size is less pronounced compared to the thicker beds with thick-
nesses of 20 and 30 mm. The maximum equivalent bubble diameter in
the 15 mm fluidized bed is 33 mm, which is a reduction of 20 % com-
pared to the 3D fluidized bed. The observation of minimal equivalent
bubble diameter within the pseudo-2D fluidized bed of 20 mm applies
to all recorded datasets, including those for both particle density and
particle velocity measurements. To demonstrate that this minimum is
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Fig. 6. Average equivalent bubble diameter over bed height normalized by the
bed width for a superficial gas velocity of 2U, . Data were obtained optically
using a high-speed camera. The marker color specifies the thickness of the flu-
idized bed. Measurements for poppy seeds are shown as transparent, fully filled
markers, while hollow markers correspond to measurements of glass beads. The
glass beads exhibit higher sphericity, whereas the poppy seeds have a density
similar to that of the MCT oil-filled particles used in this study. Optical measure-
ments were conducted to allow for comparison with the MRI data. Bed thick-
nesses of 10 and 20 mm were examined. Equivalent figures for lower superficial
gas velocities of 1.6 and 1.8U,; can be found in the supplementary material
(Fig. 7).

not due to a systematic error in the measurement method or limited to
a specific particle system, optical measurements were performed on a
pseudo-2D fluidized bed with bed thicknesses of 10 and 20 mm. The MRI
and optical measurement data are qualitatively, rather than quantita-
tively, comparable, since particles with different properties were studied
in similar but not identical fluidized beds. Fig. S8 in the supplementary
material presents a comparison of the equivalent bubble diameters de-
rived from optical and MRI measurements, highlighting and discussing
the observed differences.

Fig. 6 shows the average equivalent bubble diameter obtained from
these experiments plotted as a function of height within the fluidized
bed. Consistent with the MRI experiments, the bed thickness does not
affect the equivalent bubble diameter near the distributor plate. At a dis-
tance greater than 0.75 times the bed width from the distributor plate,
differences can be observed. The larger bed thickness of 20 mm results
in, on average, smaller equivalent bubble diameters for both particle
types investigated — glass beads and poppy seeds. Additionally, glass
beads, which have a higher density than poppy seeds, show larger equiv-
alent bubble diameters. The optical measurements, similarly to the MRI
measurements, show a minimum in equivalent bubble diameter for a
bed thickness around 20 mm. One possible explanation is that as the
bed thickness decreases, the available space for bubble formation be-
comes restricted, leading to less air being trapped in gas bubbles and
more air remaining in the emulsion phase (Yang et al., 2017). The mea-
surements indicate that bubble sizes in 3D beds can be more accurately
resolved using either relatively narrow or thick pseudo-2D beds. Since
thicker beds complicate optical resolution, the narrower configuration
is generally preferred.

In Fig. 7, the average number of bubbles per frame is plotted over the
bed height normalized by the bed diameter. After initial fluctuation, the
number of bubbles continuously decreases with increasing bed heights
for all investigated setups caused by bubble coalescence events, where
two small bubbles grow to one larger bubble. Pseudo-2D fluidized beds
with narrow bed thicknesses of 30 mm or less exhibit a higher number
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Fig. 7. Average number of bubbles per frame over bed height normalized by
the bed width for a superficial gas velocity of 2U, ;. The marker shape and
the color denote the thickness of the fluidized bed. Equivalent figures for lower
superficial gas velocities of 1.6 and 1.8 U, can be found in the supplementary
material (Fig. S9).

of bubbles at higher bed heights. This aligns with the observation of a
smaller equivalent bubble diameter at the same bed height within these
setups, as shown in Fig. 5.

3.4. Bubble aspect ratio

In Fig. 8, the aspect ratio of a bubble, which is defined by a ratio
of its maximum vertical extent to its maximum horizontal extent, is
plotted on the superficial gas velocity. The aspect ratio indicates how
much a bubble is deformed from a spherical shape (Yuan et al., 2024).
Aspect ratios greater than one indicate bubbles with a prolate shape,
while values less than one correspond to bubbles with an oblate shape.
Fig. 8 shows that the aspect ratio increases with increasing superficial
gas velocity. This dependency has already been presented by Salehi-Asl
et al. (2018) within a pseudo-2D fluidized bed with a bed thickness of
15 mm. Under comparable conditions, the ratios reported in the study by
Salehi-Asl et al. are greater than the values obtained in our study. How-
ever, the values remain within a similar range and vary between 0.8 and
1 over height for a superficial gas velocity of 1.5 U,;. The comparison
of the aspect ratio of 3D and pseudo-2D fluidized beds with varying bed
thicknesses does not show any significant impact of the bed geometry
on the bubble shape. Consequently, the bubble shape can be accurately
approximated using the simplified pseudo-2D geometry.

3.5. Bubble rise velocity

In Fig. 9, the average bubble rise velocity is plotted over the su-
perficial gas velocity. Gas bubbles rise faster for higher superficial gas
velocities. This can be attributed to the larger average equivalent bub-
ble diameter at higher superficial gas velocities and the tendency of
larger bubbles to rise faster than smaller ones. For the 3D fluidized bed,
the average bubble rise velocity indicates a linear growth with increas-
ing superficial gas velocity, whereas in the pseudo-2D fluidized bed,
the increase in the bubble rise velocity is saturated and slows down for
large superficial gas velocity. The highest average bubble rise velocity
is observed in the 3D fluidized bed, and it decreases with reduced bed
thickness. The slower rise velocity in beds with smaller thicknesses can
partially be explained by the detected reduction in the average equiv-
alent bubble diameter (Figs. 3 and 5). However, there are two aspects
that cannot be explained by the smaller bubbles in pseudo-2D compared
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Fig. 8. Bubble aspect ratio averaged over the superficial gas velocity normal-
ized by the minimum fluidization velocity of the specific particle-bed system.
Low values of a,,;, < 1 correspond to oblate bubbles and values of a,,;, > 1 cor-
respond to prolate bubbles. The average bubble aspect ratio is determined for
all bubbles below a height of 190 mm above the distributor plate. The marker
shape and the color denote the thickness of the fluidized bed.
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Fig. 9. Bubble rise velocity normalized by the minimum fluidization velocity
was plotted over superficial gas velocity normalized by the minimum fluidiza-
tion velocity of the specific particle-bed system. Bubbles which were detected
and followed in less then five frames were not taken into account for the cal-
culation. The marker shape and the color denote the thickness of the fluidized
bed.

to 3D fluidized beds. Firstly, bubbles in a fluidized bed with a bed thick-
ness of 50 mm rise slower than those in a 3D bed, although there are no
significant differences in the equivalent bubble diameter between the
two configurations. Secondly, bubbles in a fluidized bed with a thick-
ness of 15mm show the smallest rising velocities, even though the av-
erage equivalent bubble diameter was smaller for slightly larger bed
thicknesses of 20 and 30 mm.

To determine whether the bed thickness impacts the bubbles’ rise
velocity within one equivalent diameter range, Fig. 10 shows the bub-
ble rise velocity plotted against the equivalent bubble diameter. Each
equivalent bubble diameter range comprises an interval of 10 mm. To
establish a consistent database, data from all measured superficial gas
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Fig. 10. Bubble rise velocity was plotted over equivalent bubble diameter
ranges normalized by the particle diameter. Data were averaged over all mea-
sured superficial gas velocities. Bubbles which were detected and followed in
less then five frames were not taken into account for the calculation. The marker
shape and the color denote the thickness of the fluidized bed. Two different cor-
relations to determine the bubble rise velocity of ----- Davidson et al. (1964)
and  Shen et al. (2004) were plotted. Proposed adaptation of the correlation
(Eq. (8)) ----- for the 3D fluidized bed and the various bed thicknesses investi-
gated in the pseudo-2D fluidized bed.

velocities were averaged. In all configurations, the bubble rise velocity
increases with the equivalent bubble diameter. The smallest bubbles,
with diameters ranging from O to 10 mm, exhibit similar rise velocities
regardless of the bed thickness. For larger diameters, the bubble rise
shows a dependency on bed thickness. Reducing the bed thickness leads
to a slight decrease in the bubble rise velocity. The decrease in rise veloc-
ity can be attributed to the increased wall effect in thinner beds. Friction
between the bubble and the wall can hinder and slow the bubble’s rise.

In addition to the data obtained from the measurements, Fig. 10 in-
cludes two correlations (Shen et al., 2004; Davidson et al., 1964) that
predict the bubble rise velocity based on their equivalent bubble diam-
eter. Both models follow the same equation (Eq. (8)), where ® is the
bubble velocity coefficient.

Upub = ‘I’(gﬂ'bub)o'5 ®

Davidson et al. (1964) identified a value of 0.71 for ®, while Shen
et al. determined a higher value between 0.8 and 1 for ® (Shen et al.,
2004). The correlations capture the trend of the data but overestimate
the bubble rise velocities for all diameters. The correlation proposed
by Davidson et al. shows a closer agreement with the measured values
than that of Shen et al. Although more accurate overall, Davidson et al.’s
correlation still overestimates the velocity within the 3D fluidized bed
by up to 21 %.

Furthermore, none of the existing correlations accounts for varia-
tions in bed thickness. To overcome this limitation, we extend the model
of Davidson et al. (Eq. (8)) by incorporating a term that accounts for the
reduced bed thickness in pseudo-2D fluidized beds.

D = Bgdyp) (2L ©
Wped
In this approach, bed thickness is normalized by the bed width. The co-
efficient @ which has be fitted to the specific particle system and exper-
imental setup, was determined to be 0.07 and the value of ® was deter-
mined as 0.61. These values were obtained by minimizing the quadratic
deviation between the experimental data and the model predictions.
Incorporating the dependency on bed thickness reduces the quadratic
deviation by approximately 54 % compared to the model without this
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correction. The average deviation between the measured data and the
correlation across all diameter ranges and bed thicknesses is below 6 %.

3.6. Bed expansion

The expansion of fluidized beds provides valuable information on
the gas residence time within the bed, which in turn influences bubble
dynamics and the mass transfer efficiency between the gas and solid
phases (Llop et al., 2000). This is particularly important for processes
that involve interfacial reactions, where an optimized residence time
can significantly impact reaction rates and overall system performance.
In Fig. 13, the expansion rate is plotted over the superficial gas velocity
normalized by the minimum fluidization velocity. For all investigated
fluidized beds, the expansion ratio increases with increasing superfi-
cial gas velocities. For a lower superficial gas velocity of 1.2U,, the
thickness and the geometry of the bed do not affect the expansion ratio,
indicating a similar gas holdup for all investigated setups. At higher su-
perficial gas velocities, the expansion ratio in the pseudo-2D fluidized
system increases more than in the 3D system. At superficial gas veloci-
ties of 1.6 and 1.8 U, all examined pseudo-2D fluidized beds, regard-
less of bed thickness, exhibit a similar expansion ratio. In contrast, at the
highest superficial gas velocity of 2 U, the expansion ratio becomes de-
pendent on bed thickness and increases as the bed thickness decreases.
This trend may be attributed to the 30 % higher minimum fluidization
velocity observed in the thinnest pseudo-2D bed compared to the 3D
bed (Fig. 2), leading to a higher gas volumetric flow rate per unit area
and time. Furthermore, the residence time of the bubbles is extended
in pseudo-2D fluidized beds leading to a higher expansion ratio, mainly
due to their smaller average equivalent bubble diameter (Fig. 5) and the
inherently slower rise velocity of bubbles of the same diameter range in
three-dimensional fluidized beds (Fig. 10).

3.7. Optical accessibility

Optical accessibility of bubbles refers to how easily bubbles in a
fluidized bed can be observed or imaged using optical methods. Bub-
bles that extend from the back to the front wall (Fig. 14a) are visible
in optical measurements, whereas bubbles located in the center of the
bed (Fig. 14b) may not be optically accessible. Horizontal MRI mea-
surements were performed to evaluate how the optical accessibility de-
pends on the bed thickness. Bubbles whose height was equal to the bed
thickness, or up to one pixel smaller, were considered optically acces-
sible. In Fig. 14c, the ratio of optically accessible bubbles to all de-
tected bubbles is plotted as a function of bubble diameter. An increase in
equivalent bubble diameter leads to higher optical accessibility. Smaller
bubbles are detected optically less frequently, which may result in an
overestimation of the equivalent bubble diameter in optical experi-
ments. As expected, this effect becomes more pronounced with increas-
ing bed thickness. The fraction of optically accessible bubbles across all
diameter ranges decreases from approximately 58 % at a bed thickness
of 15mm to 49 %, 17 %, and 4 % at bed thicknesses of 20 mm, 30 mm
and 50 mm, respectively.

3.8. Particle velocity

Measurements of particle velocities are necessary to understand the
hydrodynamics of fluidized beds. Detecting high particle velocities is
particularly important, as they can lead to increased particle attrition
(Zhang et al., 2016). Therefore, when extrapolating the findings from
pseudo-2D fluidized beds to 3D systems, it is essential to verify that
comparable particle velocities are observed in both setups. Fig. 11a spa-
tially resolves the average particle velocity averaged in x and y-direction
for measurements at superficial gas velocities of 2U, ;. In Fig. 11b and
¢, the velocities in y and x-direction are shown separately. Qualitatively,
the particle velocities in pseudo-2D fluidized beds are similar to those
observed in 3D configurations (Fig. 11a). Across all setups, the highest
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Fig. 11. Average particle velocities of (a) horizontal and vertical components, (b) horizontal components, and (c) vertical components for a superficial gas velocity
of 2U,;. Horizontal and vertical components in (a) were calculated according to Eq. (5). From left to right, the measurements are sorted by bed thickness from

15 mm over 20, 30, and 50 mm to the 3D bed.
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Fig. 12. Probability density of the average particle velocity of horizontal and
vertical components for a superficial gas velocity of 2 U, calculated according
to Eq. 5. All velocity data points from a single dataset were visualized using a
kernel density estimate (Python package: seaborn.kdeplot) with a bandwidth of
0.005.

average velocities occur at the central top region of the bed, while the
lowest are found at the bottom. As anticipated, increasing the super-
ficial gas velocity leads to higher average particle velocities. Fig. 11a
shows that pseudo-2D fluidized beds typically decrease average particle
velocities compared to those in 3D beds, with this discrepancy becom-
ing more pronounced as bed thickness decreases. The lower velocities in
pseudo-2D beds can be attributed to smaller bubbles and slower bubble
rise velocities. Consequently, narrow pseudo-2D beds are not reliable
for accurately approximating particle velocities in 3D systems. This lim-
itation is particularly evident in PIV measurements, which record par-
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Fig. 13. Expansion ratio averaged over the superficial gas velocity normalized
by the minimum fluidization velocity. The marker shape and the color denote
the thickness of the fluidized bed.

ticle motion along the wall where friction and wall effects reduce the
observed velocities (Li et al., 2012a). In contrast, MRI measurements
capture velocities in the central vertical plane, where wall effects are re-
duced. Dividing the velocity data into horizontal (Fig. 11b) and vertical
components (Fig. 11c) indicates that the particle velocity is dominated
by the vertical component. The particles rise in the center and descend
along the edges. In the 3D fluidized bed, the particles rise significantly
faster than in pseudo-2D beds. For thinner beds with bed thicknesses of
15 and 30 mm, the vertical velocities deviate from the expected pattern
(Patil et al., 2015; Tang et al., 2016). This deviation is likely caused by
differences in magnetic susceptibility between air and wall materials,
which affect the magnetic field near the walls. To alleviate this effect,
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Fig. 14. Horizontally oriented MRI measurements for a superficial gas velocity
of 2U,,, showing (a) bubbles extending from the back to the front wall and (b)
bubbles that are interrupted. From top to bottom, the measurements are sorted
by bed thickness from 15mm over 20, and 30, to 50 mm. (c) Ratio of bubbles
extending from the back to the front wall, allowing for at most one pixel of
detected particles in between, plotted against the equivalent bubble diameter
for a superficial gas velocity of 2U, ;. The marker shape and the color denote
the thickness of the fluidized bed.

complex susceptibility matching of all involved materials would be nec-
essary in future studies. The horizontal velocities are of a similar mag-
nitude in pseudo-2D and 3D fluidized beds. In the lower part of the bed,
the horizontal motion tends to be directed toward the center, while in
the upper part it is oriented more toward the edges. In the supplemen-
tary material (Fig. S11), the average particle velocities are additionally
overlaid with streamlines indicating the direction of the particles.

In Fig. 12, the probability density of the particle velocity is shown
to allow a more detailed comparison. As the bed thickness increases,
the peak of the probability density shifts rightward, indicating a trend
toward higher particle velocities. The distribution of particle velocities
broadens with increasing bed thickness. As a result, there are fewer low
particle velocities and more high particle velocities in the 3D bed com-
pared to the pseudo-2D bed. In the 3D fluidized bed, 16 % of the particle
velocities are below 0.1,?. In contrast, this percentage more than dou-
bles in the pseudo-2D fluidized bed with a bed thickness of 15 mm, rising
to 36 %.

4. Conclusion

Pseudo-2D fluidized beds are an established method to simplify the
investigation of hydrodynamics in fluidized beds. In this study, real-
time MRI was used to evaluate the differences in hydrodynamics be-
tween pseudo-2D fluidized beds and 3D fluidized beds based on particle
distribution and velocity measurements. The measurements show that
the spatial gas bubble distribution over the bed width is more homoge-
neous within pseudo-2D fluidized beds, since more bubbles tend to rise
at the edge of the bed. The average equivalent bubble diameter and the
bubble rise velocity are smaller within pseudo-2D fluidized beds com-
pared to 3D systems, but the shape of gas bubbles in 3D systems can be
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accurately predicted using pseudo-2D setups. At higher superficial gas
velocities, pseudo-2D beds also exhibit a more pronounced bed expan-
sion compared to a 3D bed. Additionally, particle velocities are lower
in pseudo-2D setups. These differences become more pronounced as the
bed thickness decreases. At a bed thickness of 50 mm, the pseudo-2D bed
exhibits hydrodynamics similar to those of a 3D bed, with except for a
lower bubble rise velocity. However, in most studies, the bed thickness
is kept far below 50 mm, since achieving sufficient optical resolution
becomes challenging. The MRI measurements in this work confirm this
limitation by quantifying optical accessibility and demonstrating that,
at larger bed thicknesses, many — especially smaller — bubbles are no
longer visible. This finding supports the use of thinner beds in optical
studies and highlights the necessity of tomographic methods for accu-
rate characterization in 3D fluidized beds.

In the future, this work can be extended through a more compre-
hensive comparison with optical measurements of pseudo-2D fluidized
beds. This includes analyses of particle velocities using PIV measure-
ments, as well as the determination of bubble rise velocities and equiv-
alent diameters at bed thicknesses similar to those investigated in this
study. MRI measurements of the particle velocity can be extended along
the z-direction to evaluate how the velocity is influenced in the dimen-
sion that is inaccessible to PIV measurements. If the magnetic suscepti-
bility of the fluidized bed wall materials is matched to that of air, MRI
measurements — particularly of particle velocity — could be signifi-
cantly enhanced, allowing for the recording of an additional bed thick-
ness of 10mm. The adjusted magnetic susceptibility allows MRI mea-
surements closer to the walls at higher bed thicknesses of 30 and 50 mm,
making it possible to compare the central region with the areas near the
edges.
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