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HIGHLIGHTS

The effect of vertical tubes in bubbling fluidized beds was investigated.

Particle velocities and bubble behavior were studied with real-time MRI.

Vertical tubes homogenize the bubble size and the radial bubble distribution.

Gas channeling along the vertical tubes was observed.

Vertical tubes were found to reduce the average particle velocity fluctuation in the bed.
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bubble behavior. Spatially and temporally resolved MRI measurements of the local particle concentration,
particle velocity, as well as fluidization sensitive measurements were carried out. Local particle concentration
measurements show that vertical tubes do reduce the average size of gas bubbles in the bed and lead to
a more homogeneous radial distribution of the gas bubbles. In addition, we find that tubes cause axial gas
channeling, which might decrease the heat transfer between the bed and the tubes. Fluidization sensitive MRI
measurements show that long tubes starting from the distributor plate homogenize the fluidization. Vertical
tubes reduce the mean particle velocity compared to a fluidized bed without internals. The findings presented
in this work might help to design more efficient internal geometries and provide a dataset that can be used
to validate numerical simulations.

1. Introduction

Fluidized beds are well known for their high heat and mass transfer
rates, making them a favorable reactor type for various industrial
applications, such as food and pharmaceutical production, energy con-
version, combustion, and highly endo- and exothermic reactions [1].
In industrial applications, internals such as baffles and heat exchanger
tubes are commonly introduced into fluidized beds to improve the
process efficiency [2]. Baffles have further been shown to reduce gas
bubble growth, resulting in a reduced average bubble diameter [3].
Heat exchange tubes, whether vertical or horizontal, are often installed
to control the temperature within the fluidized bed [4]. To design
such internals (e.g. in terms of diameter, length, and arrangement) it is
essential to determine their influence on the hydrodynamics of fluidized
beds. This includes measurements of the phase distribution and particle
velocity, but also the detection of dead zones and channeling.

Traditionally, information about the hydrodynamics of fluidized
beds has been measured using intrusive probes such as pressure sen-
sors [5], capacitance probes [6], and optical probes [7,8]. However,
probes only provide single point measurements and lack spatially
resolved information [9]. Additionally, these probes might disturb
the hydrodynamics within the fluidized bed. Yet, obtaining informa-
tion about particle phase distribution and particle velocity in three-
dimensional fluidized beds is challenging due to the optical opacity
of these systems. Pseudo-2D setups can overcome the optical chal-
lenges of three-dimensional fluidized beds. In a pseudo-2D fluidized
bed, the third dimension is reduced significantly to allow optical
accessibility throughout the entire bed [10]. However, pseudo-2D flu-
idized beds have other limitations, as they are for example dominated
by wall effects [11], leading to measurements that may not fully
represent a three-dimensional fluidized bed behavior. Therefore, to-
mographic techniques such as X-ray [12], magnetic resonance imaging
(MRI) [13-17], and others [18], provide non-invasive measurements of
three-dimensional flow systems.

One drawback of MRI is its comparably low temporal resolution,
which can be improved by using scan acceleration, such as parallel
imaging [19]. For time-averaged velocimetry measurements of single
slices in fluidized beds the temporal resolution was until recently, in
the order of minutes [14], which was insufficient to measure particle
velocities in real-time. Penn et al. [16] were able to significantly reduce
the acquisition time by adapting the radiofrequency detector design,
the efficiency of the sequences to the geometry and the signal properties
of the fluidized bed, thus enabling real-time MRI of fluidized beds.
The real-time sequences allow to capture images at temporal resolution
high enough to image the instantaneous position of gas bubbles in the
fluidized bed. Real-time MRI has been used to characterize the gas
bubble behavior and particle velocity in fluidized beds [17], to measure
the effect of small amounts of injected liquid in a fluidized bed [20], to
study single bubbles injected into an incipient fluidized bed [21], and
to investigate the impact of various baffle designs on the fluidized bed
hydrodynamics [3]. Compared to other tomographic techniques such
as X-ray, MRI enables direct measurements of the velocities of fluids
and granular media and allows temperature measurements [22].

The influence of horizontal tubes on the hydrodynamics of fluidized
beds has been previously studied by Penn et al. [23]. In the wake

region of horizontal tubes, the size and the number of bubbles, and
the particle velocity are reduced. Directly below the inserted tube, the
bubble formation rate is increased. In various studies, the impact of
vertical tubes on the hydrodynamics and the heat transfer in fluidized
beds was investigated using tomographic techniques and probes. The
heat transfer coefficient in fluidized beds with a vertical tube was
investigated experimentally using heat transfer probes [24,25] showing
that larger tube diameters are advantageous as they lead to increased
heat transfer coefficients. To investigate the hydrodynamics in fluidized
beds, Maurer et al. [26] used ultra-fast X-ray tomography to show
that vertical tubes reduce the average bubble volume and increase
the bubble surface area through the elongation and roughening of the
bubbles. Vertical tubes narrow and thus homogenize the distribution
of the hydraulic bubble diameter, which is defined as four times a
bubble’s area divided by its perimeter, which accounts for both the
outer surface of the bubble and the interfacial area between the bubble
and the vertical tubes. Additionally, vertical tubes reduce the bubble
rising velocity by approximately 20%. Taofeeq et al. [27] investigated
the effect of vertical tubes on the bubble frequency, local gas holdup,
and heat transfer coefficient in fluidized beds using optical and tem-
perature probes. The authors found that vertical tubes stabilize the
radial position of the bubbles by inhibiting their movement towards the
center of the bed and improved the heat transfer by increasing the local
gas holdup and bubble frequency. A higher bubble frequency allows a
frequent replacement of the solid layer surrounding the heating surface.
Schillinger et al. [28] demonstrated with X-ray tomography that the
column size has a minor effect on the mean bubble size and rise velocity
in fluidized beds that contain vertical tubes. This finding indicates
a simplified scale-up process for fluidized beds containing vertical
tubes, from pilot to industrial-scale plants. Two different geometric
arrangements of the vertical tubes, square and circular, showed almost
no effect on the bubble diameter and rise velocity. Although the impact
of vertical tubes on bubble size, number, and distribution has been ex-
tensively studied, it remains unclear how vertical internals in fluidized
beds affect particle velocity and the formation of gas channeling along
the tubes.

In this work, the fluidization hydrodynamics and gas bubble be-
havior in fluidized beds with vertical tubes of different diameters and
lengths was studied using real-time MRI. The analysis covers particle
velocity, gas bubble behavior, channeling, and fluidization status com-
paring them with a fluidized bed without internals. The measurements
show that vertical tubes reduce the average bubble size and cause axial
channeling.

2. Methods
2.1. Fluidized bed

A fluidized bed model (Fig. 1) with an inner diameter, D, of
190 mm and a height of 280 mm, made from an acrylic cylinder with a
thickness of 5 mm, was used for all experiments performed. Compressed
air was injected into a wind box with a diameter of 190 mm and a
height of 150 mm, which was connected to the fluidized bed by a dis-
tributor plate. An acrylic distributor plate of 10 mm thickness and with
6416 laser-cut holes of 0.5 mm diameter was used to homogenize the
inflowing air. The airflow was controlled using a mass flow controller
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(F-203AV, Bronkhorst High-Tech B.V.). The pressure drop across the
bed was measured under defluidizing conditions in that the superficial
gas velocities (U,) were progressively decreased using a pressure sensor
connected to LabView (National Instrument Corporation) to determine
the minimum fluidization velocity (U,,).

The fluidized bed was filled up to a static bed height of 210 mm
with MRI-detectable agar-particles filled with medium-chain triglyc-
eride (MCT) oil. The spherical particles with a diameter, dy, of 1.02 +
0.12mm and a density of 1040kg/m? belong to the Geldart group B.
More detailed information on particle properties is provided by Penn
et al. [16]. Hexagonal arrays of seven vertical acrylic tubes with a
diameter, d,,., of 10 and 20 mm, hereafter referred to as tubes with
a small and large diameter, respectively, were introduced into the
fluidized bed. An acrylic holder consisting of four 10 mm thick plates
glued to each other was used to hold the tubes in the fluidized bed.
Three different separation distances, .., between the distributor plate
and the tubes of 0, 60, and 120 mm were investigated. The tubes were
arranged with a central tube circumferentially surrounded by six tubes
with center distances of 49 mm (Fig. 1a). All vertical tubes were filled
with the same MRI-detectable particles described above to minimize
artifacts caused by varying magnetic susceptibility. Each combination
was measured with different superficial gas velocities of 0, 1, 1.25, 1.5,
and 2 times the minimum fluidization velocity.

2.2. Magnetic resonance imaging

All measurements in this study were performed on a clinical 3T
human MRI system (Philips Achieva, Philips Healthcare, The Nether-
lands). Data were acquired with a custom-built 16-channel radiofre-
quency receiver array [16] and reconstructed using the MATLAB MRe-
con library (Gyrotools LLC, Zurich, Switzerland). Time series of two-
dimensional MRI images of both horizontal and vertical orientation
were acquired from the three-dimensional bed. MRI measurements of
(a) particle density, (b) particle velocity measurements, and (c) local
fluidization at the minimum fluidization velocity were performed. In
the vertical direction, two imaging planes were recorded, at a relative
angle of 30° to one another (Fig. 1). In the horizontal direction, one
imaging plane at a height of 150 mm above the distributor plate was
acquired. To reduce the data acquisition time for the particle density
and velocity measurements, parallel imaging [29] combined with time-
efficient single-shot echo planar imaging (EPI) pulse sequences [30]
were used. The sequence of particle velocity measurements was previ-
ously employed by Boyce et al. [31] to determine particle velocities in
the wake and top of single rising bubbles. These velocities were put in
relation to the bubble rise velocity determined from spin density mea-
surements of the same dataset, which enables to validate the accuracy
of the MRI-based particle velocity measurements. For the fluidization
sensitive MRI, recorded data from 9s were averaged in time. The
fluidization sensitive MRI measurements presented here are similar to
the concept of intravoxel incoherent motion (IVIM) imaging, in which
areas with a high diffusion coefficient appear darker compared to areas
with a low diffusion coefficient. In the measurements presented here,
areas in which particles move incoherently (i.e. diffusion-like), as it is
the case for fluidized particles, are subject to a diffusion-attenuation of
the MRI signal. The prephaser and readout gradient in the frequency
encoding direction act as the bipolar “diffusion” gradient. The MRI
methods used in this work are described in more detail by Penn et al.
[16]. In Table 1, the experimental parameters of the MRI measurements
are listed.

2.3. Data processing

MRI images were processed and analyzed using MATLAB. For the
local particle concentration and the particle velocity measurements,
the pixels were automatically assigned, based on the pixel intensity,
to the gas phase and the particles. This allocation based on the signal
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Fig. 1. Schematics of the fluidized bed model from both (a) a top view and (b) a side
cut from the front. The separation distance, h,,,., between the distributor plate and the
tubes is 0, 60, and 120 mm. In vertical orientation, two imaging planes are recorded,
rotated at a relative angle of 30° to one another.

intensity of a pixel was determined by a spatially-dependent threshold.
The spatially-dependent threshold results from the spatially-dependent
average signal intensity of the measurement of the static bed without
gas volume flow. In contrast to previous work [3], pixels below 60% of
the spatially-dependent average signal were allocated to the gas phase,
as this value proved to be more stable for the datasets analyzed in this
study. A sensitivity analysis of the threshold percentage value can be
found in the supplementary material (Fig. S1). Pixels inside the tubes
and erupted bubbles were excluded from the analysis. Bubbles with an
area of A, < 2wAxAy, where Ax and Ay are the spatial resolution in
the x-direction and the y-direction, respectively, were excluded from
the data evaluation, as well. If a bubble was detected on both sides of
the tube, it was assumed to surround the tube and therefore counted
as one bubble.

Local particle concentration measurements in the vertical direction
were carried out to determine the equivalent bubble diameter (Eq. (1)),
denoted as d,;,, based on the measured bubble area, Ay,.

4A
dyup =/ % @

In the horizontal direction, the local particle concentration mea-
surements were used to evaluate if vertical tubes cause channeling of
gas bubbles along the tubes. A brightness adjustment with setting pixel
intensities above the 99% percentile to the maximum was conducted
to prevent particle concentrations in fluidized bed with gas flow from
being systematically underestimated. This effect occurs when excited
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Experimental parameters for the local particle concentration, particle velocity, and fluidization sensitive MRI measurements.

Measurement type Vertical

Horizontal

Local particle Particle velocity Fluidization Local particle
concentration sensitive concentration
Number of recorded frames per 1000 500 1 200
experiment
Field of view [mm] 205 x 326 200 x 290 200 x 200
(x x y-direction) (x x y-direction) (x X z-direction)
Temporal resolution [ms] 8 23 9000 83
Spatial resolution [mm] 3x3x10 3x5x%x15 25%x25x10 3x5x%x15
(x X y X z-direction) (x X z X y-direction)
Flip angle [°] 15
Repetition time t; [ms] 8 8 2 2
Echo time t; [ms] 1 2 1 1
Velocity encoding [m/s] - 1.5 in - -

Field of flow

x and y-direction

material leaves the field of view and unexcited material enters, which is
a phenomenon known as inflow artifacts. An example of the brightness
adjustment is shown in the supplementary material (Fig. S2). A bubble
probability, P(bub) (Eq. (2)), which gives the time-averaged probability
of gas bubbles to be located in each pixel of the bed, is calculated from
the time-averaged particle concentration as a function of the distance
from the center of the nearest tube, 7.
Isp (F)

Ispo(7)

The bubble probability is calculated by one minus the ratio of the
average particle concentration of a measurement with gas flow, Iy, (7),
divided by the average particle concentration at the same position and
setup without a gas flow, Igp (7). To gain the same evaluation for
the fluidized bed without internals, virtual centers are assumed to be
located at the same positions as the center of the tubes with a large
diameter. The definition of IP(bub) used here is robust against a spa-
tially varying sensitivity of the detector array. It is important to note,
however, that other effects than gas concentration might influence the
signal intensity I (F) observed in the MRI images. These effects include
(a) intra-voxel incoherent motion of the particles during the acquisition
time, which leads to a signal attenuation and (b) inflow artifacts, which
can lead to a signal increase.

From the particle velocity measurements the average in-plane ve-
locity (Eq. (3)), [vyyl, is calculated, where v, is the measured velocity
in x-direction and v, is the measured velocity in y-direction.

N
1
|vxy|zﬁz,/v§i+uii 3)
i=1

3. Results and discussion

P(bub) =1 - 2)

3.1. Bubble size and distribution

Fig. 2 shows the spatial distribution of gas bubbles gained from MRI
measurements of the local particle concentration in vertical direction.
Examplary particle concentration measurement for varying superficial
gas velocities and tube configurations can be found in the supple-
mentary material (Fig. S3). The segmented bubbles are color-coded
by size and collected at their center of mass in (a) for the fluidized
bed without tubes, in (b) for tubes with a small and in (c) for tubes
with a large diameter (Fig. 2). Here and for the following evaluations,
the two recorded vertical orientations with a relative angle of 30° to
one another (Fig. 1a) have been combined to increase the database
and reduce directional effects in the evaluation. The two recorded
vertical orientations are shown separately in the supplementary ma-
terial (Fig. S4) for a superficial gas velocity of 2 U,. Our findings
show that the average bubble size increases with distance from the
distributor plate for all investigated configurations, with the largest
bubbles observed at the top of the fluidized bed. As the bubble size

increases, the number of bubbles decreases due to bubble coalescence.
This has already been observed previously using MRI [3,23]. For a
quantitative comparison, the bubble diameter is additionally plotted
against the bed height in Fig. 3a for a superficial gas velocity of 1.5
and in 3b for 2 U.

We find that vertical tubes reduce the average equivalent bubble
diameter. Tubes with a larger diameter have a more pronounced effect
in reducing the average bubble diameter compared to smaller tubes,
while the length of the tubes has no significant influence on the average
bubble diameter. Tubes with a larger diameter reduce the average
bubble diameter for a superficial gas velocity of 2 U, by up to 40%
and smaller tubes by up to 35% compared to the fluidized bed without
internals. For lower superficial gas velocities of 1.25 or 1.5 U, the
average bubble size is also reduced by the introduction of vertical
tubes, but less pronounced (Fig. 3a and S7). The reduction in average
equivalent bubble diameter, which becomes more pronounced at higher
superficial gas velocities with the introduction of vertical tubes, was
also reported by Maurer et al. [26] and Riidisiili et al. [32]. Maurer
et al. conducted measurements using X-ray imaging of single horizontal
slices across a wide range of heights (13 to 48 cm) and superficial gas
velocities (1.5 to 4 U,). Their setup had similar dimensions to the one
in our study and particles classified between Geldart groups A and B.
The percentage reduction in equivalent bubble diameter observed by
Maurer et al. aligns in scale with the results obtained here. Building
up on these findings, we examined the equivalent bubble diameter at
smaller heights and found that all setups exhibited a similar behavior
regarding bubble size up to a height of 0.4 D,.4. At these heights, the
introduction of tubes had no effect on the equivalent bubble diameter.

Compared to Maurer et al. our study additionally investigated the
impact of tube design on the bubble size by varying the diameter
and length of the tubes. Riidisiili et al. also studied the influence
of tube diameter but provided data only for a single height, using
optical probes and pressure fluctuation measurements. In contrast to
our findings, they reported a stronger bubble size reduction effect
for smaller tube diameters. Potential reasons for this are the use of
a bank of tubes with U-shaped endings that connect two tubes at
their ends, thereby increasing the likelihood of bubble-splitting events.
Additionally, while we kept the total number of tubes constant, the
smaller diameter resulted in an increased number of tubes in the bank,
from 12 for the larger diameter to 37 for the smaller.

Fig. 2 shows the homogeneity of the radial bubble distribution in
different fluidized bed configurations. In the fluidized bed without
internals, the bubbles tend to migrate towards the bed center while
rising through the bed. This inhomogeneous bubble distribution has
been described to result in a wider distribution of the gas residence
times [33] and to affect the gas—solid contacting as well as the transport
processes within the fluidized bed [34]. Our measurements show that
the presence of vertical tubes homogenizes the radial bubble distribu-
tion across all studied tube diameters and lengths. This finding confirms
and details the finding of Taofeeq et al. [27], who found a more
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Fig. 2. Spatial distribution of gas bubbles for a measurement with a superficial gas velocity of 2 U, determined from 2000 recorded frames. Data were combined from two
different data sets from the same setup and settings with a rotation at a relative angle of 30° to one another. Each bubble detected in the image time series depicted as a dot in
the frame. The position of each dot corresponds to the center of mass of the corresponding bubble, while the color and size of the dot represents the equivalent bubble diameter.
In (a), the measurement shows the fluidized bed without internals. In (b) and (c), measurements with a fluidized bed containing vertical tubes of a diameter of 10 mm and 20 mm,
respectively, are shown. The separation distances to the distributor plate are 120, 60, and 0 mm from left to right. Respective figures for a superficial gas velocity of 1.25 and

1.5 U, can be found in the supplementary material (Fig. S5 and S6).

60
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v ¥ 3
g T - 3
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Fig. 3. Average equivalent bubble diameter over bed height for superficial gas velocity
of (a) 1.5 U, and (b) 2 U,;. The marker color specifies the tube diameter, and the
marker shape the separation distance between the tube and the distributor plate. The
figure for a superficial gas velocity of 1.25 U, is shown in the supplementary material
(Fig. S7). Error bars were calculated from the standard deviation by dividing each
dataset (0 and 30°) into two part with 500 frames.

homogeneous radial bubble distribution for fluidized beds with vertical
tubes. Our measurements indicate increasing homogeneity of radial
bubble distribution with larger tube diameters and lengths.

Fig. 4 shows the bubble size distribution within fluidized bed with
vertical tube internals Ny, ;, normalized by the bubble size distribution
of the bed without internals Ny, (. Ratios above one indicate a greater
number of bubbles of a given diameter within the fluidized bed con-
taining tubes, while ratios below one signify fewer bubbles compared
to the fluidized bed without internals. The number of small bubbles
is higher within the fluidized bed with vertical tubes compared to the
bed without internals. This holds for all investigated tube diameters
and lengths. Moreover, the number of larger bubbles is significantly
reduced in fluidized beds containing vertical tubes. These trends can
be observed for all investigated superficial gas velocities. No clear
influence of the length of the tube on the reduction of large bubbles
can be found.

3.2. Gas channeling in the vicinity of the tubes

Image time series of local particle concentration measurements (Fig.
5a) in the horizontal direction are used to evaluate whether vertical
tubes cause gas channeling in their vicinity. Gas channeling occurs
in fluidized beds when the gas injected follows preferential pathways.
Channeling reduces the particle-gas contact area and the gas residence
time. Consequently, the mass transfer between the particles and the gas
is decreased. Moreover, channeling can cause dead zones leading to
temperature gradients within the fluidized bed, which can affect the
catalyst activity and the product quality [35]. Gas channeling in the
vicinity of the tubes could lead to tube insulation, in turn reducing
heat transfer between the tubes and the granular medium. To detect
channeling in the beds studied here, a position dependent bubble
probability P(bub) was calculated from the MR image time series as
a function of the distance from the nearest tube 7 (Eq. (2)). All bubble
probabilities of pixels with a given distance, 7, are summed and plotted
in Fig. 5¢—f for different tube geometries and flow conditions. Higher
bubble probabilities can be observed in the vicinity of the vertical tubes
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Fig. 4. The effect of vertical tubes within a fluidized bed on the bubble size
distribution. The dashed horizontal line at ~= = | represents the gas bubble size

bub0

distribution of a bed without vertical tubes. Superficial gas velocities of (a) 1.5 U,
and (b) 2 U, are shown. The marker color specifies the tube diameter, and the marker
shape the separation distance between the tube and the distributor plate. The figure for
a superficial gas velocity of 1.25 U, is shown in the supplementary material(Fig. S8).
The sample sizes of the detected bubbles in each diameter range are collected in the
supplementary material (Tab. S2 and S3). Error bars were calculated with the Gaussian
error propagation law by dividing each dataset (0 and 30°) into two part with 500
frames.

compared to the rest of the fluidized bed, indicating gas channeling. An
MRI measurement without gas flow was used as a reference to account
for the spatially varying sensitivity of the MRI detector elements. The
vertical dotted lines at % =5 and d—i = 10 represent the edges of the

small and the large tubes, respectively. Data points within the tube are
excluded from the evaluation. For the fluidized bed without internals,
virtual tubes are positioned at the same centers as those of the tubes
with the large diameter. In Fig. 5c and d, the bubble probabilities for
tubes of different diameters and, in Fig. 5e and f, for tubes of different
lengths are compared for a superficial gas velocity of 1.5 (Fig. 5¢ and
e) and 2 U, (Fig. 5d and f). To visualize the distances to the nearest
tube’s center within the fluidized bed, distances are collected in Fig. 5b.
Distances of 28 mm and more occur only at the edge of the fluidized
bed and are less relevant in the assessment of gas channeling.

For a superficial gas velocity of 1.5 U, (Fig. 5c and e), the bubble
probability remains constant for the fluidized bed without internals
within a distance range of 0 to 25 mm from the nearest virtual tube’s
center indicating a uniform bubble probability. For distances greater
than 25 mm the bubble probability decreases as fewer bubbles can be
found close to the edge of the fluidized bed compared to the center [3].
This finding is in agreement with the spatial distribution of gas bubbles
shown in Fig. 2, where a concentration of gas bubbles can be observed
in the center of the fluidized bed. Introducing vertical tubes increases
the bubble probability in the vicinity of the tubes, indicating channeling
for both investigated diameters of 10 or 20 mm for superficial gas
velocities of 1.5 and 2 U,,;. Channeling is more pronounced for tubes
with larger diameter. A potential explanation for the observed gas
channeling could be the lower packing density in the vicinity of a tube,
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which reduces the mechanical resistance and creates preferential paths
through the fluidized bed. Additionally, tubes obstruct the incoming
airflow, redirecting it to the surrounding area and increasing nearby
the air volume. At larger 7, the bubble probabilities for the system that
contains tubes remain higher compared to the setup without internals.
This is attributed to a slightly more uniform radial bubble distribution
within these systems (Fig. 2), resulting in a higher bubble concentration
at the edge of the fluidized bed.

In Fig. 5e and f, the bubble probability is plotted over the distance
from the nearest tube’s center for different lengths of the larger tube
(tube diameter of 20 mm), compared to the fluidized bed without in-
ternals. This analysis shows that longer tubes lead to more pronounced
channeling of gas bubbles along the tubes compared to shorter tubes.

3.3. Onset of fluidization at U,;

MR images with fluidization contrast [16] were acquired of the
fluidized bed containing tubes of small and large diameter (Fig. 6)
at minimum fluidization velocity and compared to the fluidized bed
without internals. The data were averaged over the two recorded
vertical orientations with a relative rotation of 30° to one another.
The measurements indicate in which area the fluidization starts. In the
bed without internals, conical fluidized areas are observed, expanding
in diameter with height. Beds containing long vertical tubes with a
separation distance of 0 mm with a small diameter show a very similar
behavior as the bed without internals. However, all other tube config-
urations showed to affect the area of fluidization. Tubes positioned at
a distance from the distributor plate relocate the area of fluidization
to the starting point of the tubes, caused by reduced bed cross-section
due to tube insertion. At bed heights at which there is a reduced
cross-section, the average gas velocity is higher than in the rest of the
fluidized bed. Tubes with a small diameter maintain the conical shape
of the fluidization pattern, while tubes with a large diameter widen the
area of fluidization, forming a cylindrical shape. Long tubes with a large
diameter homogenize the fluidization. Local fluidization can occur in
the vicinity of obstacles even at U,,;, which might be relevant if beds
are used in a fixed bed regime.

3.4. Particle velocity

A uniform particle velocity fluctuation within the fluidized bed
is desired for efficient mass transfer between the gas phase and the
granular medium throughout the entire volume of the fluidized bed.
High velocities have been shown to lead to an increased risk for particle
attrition [36]. Particle velocities for a superficial gas velocity of 2 U,
are shown in Fig. 7. Data were averaged from the two recorded vertical
orientations with a relative orientation of 30° to one another. Across
all configurations, the highest particle velocities occur at the center
and top of the fluidized bed, consistent with previous observations in
fluidized beds containing baffles [3]. With one exception, the introduc-
tion of vertical tubes reduces the average particle velocity, with larger
and longer tubes showing a stronger effect. Our findings indicate that
for short tubes with a small diameter, the risk of particle attrition is
increased compared to a fluidized bed without internals due to a higher
mean particle velocity.

In Fig. 8, the temporally averaged velocities for the experiments
conducted at 2 U, are shown separately for the two recorded ori-
entations within the fluidized beds with a relative angle of 30° to
each other. To distinguish the different directions of velocities, the
heat map is combined with a vector field representing the sum of the
measured velocities. Unlike the average in-plane velocity used to create
the heat map, the velocities are summed such that positive and negative
components cancel each other out, rather than being combined based
on their absolute magnitudes. Since the fluidized bed without tubes is
rotationally symmetrical, the two recorded orientations are averaged.
The fluidized bed without tubes exhibits the characteristic flow pattern
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Fig. 5. (a) An arbitrary frame of a time series of horizontal MR images of local particle concentration. The blue circles show the position of the tubes. The whole time series
forms the basis for the analysis shown in panels (c-f). In (b), the calculated distance from the nearest tube is plotted over the fluidized bed cross-section. Bubble probability is
plotted over the distance from the nearest center of a tube. In (¢) and (d), fluidized beds containing vertical tubes with a large and small diameter with a separation distance of
0 mm are compared to the fluidized bed without internals. In (e) and (f), tubes with a large diameter with varying length are compared to the fluidized bed without internals. For
the measurements without internals, the virtual tube positions equal to the one in the bed with tubes with a large diameter. The measurements were conducted for a superficial
gas velocity of 1.5 U, for (c) and (d) and 2 U, for (e) and (f). In diagrams (c) to (f), the marker color gives information about the tube diameter and the marker shape about
the separation distance between the tube and the distributor plate. Error bars were calculated with the Gaussian error propagation law by dividing the dataset into four parts with

each 125 frames.

of rising particles in the center and descending particles at the walls of
the fluidized as described earlier [3,37]. In contrast, the flow pattern
in the fluidized bed containing tubes is less defined. While particles
generally continue to rise in the center and descend at the walls, the
addition of vertical tubes creates regions with minimal particle motion,
potentially reducing its efficient operation by impeding heat and mass
transfer [38]. The particle velocities around the tubes show little axial
movement. The measurements do not indicate any clear effects on the
particle velocities based on their recorded orientation or the length of
the tube. Vector fields combined with separately illustrated heat maps
of the bed containing tubes with the smaller diameter can be found in
the supplementary material (Fig. S10). To the best of our knowledge
the impact of vertical tubes on the particle velocity within fluidized
beds was investigated for the first time.

4. Conclusion
Real-time MRI was used to investigate the effect of vertical tubes of

different length and diameter on the hydrodynamics of fluidized beds.
Superficial gas velocities of 1, 1.25, 1.5, and 2 U,; were investigated.

Measurements of fluidized beds containing vertical internals were com-
pared with the fluidized bed without internals. Particle velocity and
local particle concentration measurements were conducted for all com-
binations of superficial gas velocities, tube diameters, and lengths. In
addition, fluidization sensitive measurements were performed for a
superficial gas velocity U, = U,,;. Our measurements show that vertical
tubes reduce the average bubble size and improve the radial bubble
distribution. Moreover, vertical tubes cause gas channeling along the
tube. When the tubes are used to heat or cool the fluidized bed, these
air pockets might provide insulation, thus decreasing heat transfer.
Hence, gas channeling along vertical tubes is a disadvantage compared
to horizontal tube orientation [23]. Vertical tubes with a diameter of
20 mm starting from the distributor plate can improve the fluidization
homogeneity. High particle velocities at the central part of the top layer
of the fluidized bed with short tubes with a small diameter increase
the risk of particle attrition. Vertical tubes create regions with minimal
particle motion, particularly in tubes with larger diameters.

Solid distribution, particle velocities, and temperature distribution
all play a crucial role in the operation of fluidized beds with heat
exchangers. Future research should focus on how tubes with different
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Fig. 6. Fluidization sensitive MR images for a superficial gas velocity of U, = U,
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¢ are shown. All images are averaged over the two recorded orientations with a relative angle of

30° to one another. Dark areas are fluidized and light areas are unfluidized. In (a), the measurement for the fluidized bed without internals is shown. In (b) and (c), measurements
with a fluidized bed containing vertical tubes with a diameter of 10 mm and 20 mm, respectively, are shown. The distance to the distributor plate is 120, 60, and 0 mm from

left to right.
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Fig. 7. Temporally averaged particle velocity for a measurement with a superficial gas velocity of 2 U, determined from 1000 recorded frames. All measurements are averaged
over the two recorded orientations with a relative angle of 30° to one another. In (a), the measurement shows the fluidized bed without internals. In (b) and (c), measurements
with a fluidized bed containing vertical tubes with a diameter of 10 mm and 20 mm, respectively, are shown. The distance to the distributor plate is 120, 60, and 0 mm from
left to right. Respective figures for a superficial gas velocity of 1.25 and 1.5 U, can be found in the supplementary material (Fig. S11 and S12).

diameters and lengths influence the temperature distribution. MRI has
demonstrated its capability for measuring both temperature and solid
distributions, as previously shown for fixed beds [22]. Additionally, the
relatively small height and diameter of the fluidized bed, constrained
by the horizontal orientation of the MRI scanner used, can be sub-
stantially increased in future studies with the introduction of a new
vertically oriented scanner, which allows sample heights of several
meters and diameters of more than 300 mm.
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Fig. 8. Temporally averaged particle velocity overlaid by their vector field for a measurement with a superficial gas velocity of 2 U, determined from 500 recorded frames. In
(a), the measurements show a fluidized bed without vertical tubes, since there are no direction-dependent effects due to internals, both orientations are still averaged. In (b) to
(d), data measured with an angle of 0° are shown. In (e) to (g), the same setup with a rotation at a relative angle of 30° is shown. In (b) to (g), the measurements show the
fluidized bed containing vertical tubes with a diameter of 20 mm and the separation distances to the distributor plate are 120, 60, and 0 mm from left to right.
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