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Horizontal stirred bed reactors are widely used in the commercial manufacturing of polypropylene. However,
a comprehensive understanding of the particle dynamics in horizontal stirred bed reactors remains elusive,
primarily due to the lack of detailed experimental data. In this work, we studied the influence of operating
parameters on the particle flow dynamics in a laboratory-scale horizontal stirred bed reactor using single-
photon emission radioactive particle tracking. The results show that the general solids flow behavior is strongly
affected by both the agitator rotation speed and reactor fill level. Operation at low rotation speed and low fill

level results in solids flow with poor radial and circumferential distribution due to internal bed circulation.
On the contrary, at increased rotation speeds and fill levels, solids motion throughout the bed is continuous
resulting in excellent solids distribution. The solids circulation was found to increase for both an increase in
rotation speed and reactor fill level. The axial dispersion coefficient, on the other hand, shows a linear relation
with the rotation speed, but no conclusive relation between the axial dispersion coefficient and the reactor fill

level was found.

1. Introduction

Polypropylene (PP) is the second-most produced polyolefin resin
globally, trailing only polyethylene. PP is recognized as a versatile ma-
terial with robust mechanical properties, thermal stability, and excel-
lent chemical resistance and therefore widely used in food packaging,
automotive, healthcare, textile, and electronics industries [1,2]. The
global PP market is projected to experience sustained growth due to
the increasing demand for efficient food packaging solutions and the
incorporation of high-quality plastics in automotive manufacturing [3].

Among various PP manufacturing methods, gas-phase catalyzed
polymerization has gained significant commercial importance [4]. In
particular, the utilization of horizontal stirred bed reactors (HSBRs) in
the gas-phase Innovene PP process has proven to be a successful ap-
proach for efficient and scalable PP production [5-9]. The HSBR offers
distinct advantages for propylene polymerization, ensuring excellent
gas-phase mixing and precise control of reaction parameters.

The HSBR is a cylindrical reactor with a series of paddles attached
to a central shaft as illustrated in Fig. 1. At the front end of the
HSBR micron-sized Ziegler-Natta supported catalyst particles are con-
tinuously introduced. Gaseous propylene monomers are injected at the
bottom of the reactor and polymerize on the active sites of the catalyst
surface via a coordination-insertion mechanism. The gas velocity is
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carefully controlled to prevent fluidization of the bed and maintain
a sub-fluidized state. The mildly agitated PP powder is maintained
at a constant inventory while the polymerization progresses and the
particles grow to a final size ranging from 100 to 5000 pm [10]. The
volume increase due to particle growth pushes the powder toward the
opposite end of the reactor where it is continuously discharged.

In gas-phase polymerization reactors, operational issues can arise
if the process is not adequately operated with respect to particle
movement. Besides reduced production capacity and product quality,
a significant issue encountered in the reactors is the agglomeration of
polyolefin particles [11]. In the Innovene PP process, agglomeration
may arise due to insufficient heat dissipation, as a result of poor solids
circulation. Insufficient heat dissipation during the process can lead to
elevated surface temperatures of polymer particles, potentially reaching
the softening temperature or even surpassing the melting temperature
of the polymer, resulting in the local formation of agglomerates or
lumps. Agglomeration can significantly impair reactor efficiency by
obstructing the discharging pipeline, disrupting the heat exchange
balance, causing deviations from the normal flow pattern, and in severe
cases occupying a substantial portion of the reactor volume, leading
to an unscheduled shutdown of the plant and incurring substantial
financial penalties [12].
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Fig. 1. Schematic representation of the front view (left) and side view (right) of the horizontal stirred bed reactor as employed in the Innovene PP process. The PP solids are
continuously agitated, while gaseous propylene is introduced from the bottom of the reactor and liquid propylene quench is sprayed from the top.

In the Innovene process heat removal is facilitated by spraying
recycled liquid propylene onto the PP powder bed from several axial
positions along the length of the reactor. Upon contact with the active
PP, the liquid vaporizes, absorbing the heat generated by the highly
exothermic polymerization reaction and thereby cooling the system.
Adequate solids circulation is necessary to achieve uniform wetting to
attain a uniform bed temperature.

Significant research effort has been dedicated to kinetic studies of
the polymerization reaction and theoretical modeling of the residence
time distribution [4,7-9,13-16]. It is commonly accepted that the pow-
der mixing pattern in an HSBR results from two transport effects: the
continuously increasing powder net flow in the downstream direction
caused by the particle growth, and the simultaneous stirring flows with
equal intensity in the up- and downstream directions. Both together
lead to a residence time distribution that can be described by three to
five continuous stirred tank reactors in series [7,14].

Apart from computational modeling and residence time distribution
experiments, experimental studies evaluating the hydrodynamics, or
particle dynamics, in the HSBR have been very scarce in the current
literature. The flow characteristics of biomass particles in a laboratory-
scale HSBR were studied by experimental measurements [17] and
computational modeling [18]. The axial dispersion coefficient was
reported to increase with increasing rotation speed and number of
blades, which was confirmed through experimentation and modeling.
The granular flow patterns in a horizontal powder mixer, a system
that shows similarities to an HSBR, were investigated by positron
emission particle tracking in a collection of studies [19-21]. Laurent
et al. [19] observed that the radial blades in horizontal mixers define
axial compartments in the bed, in which loops of circulation were
formed. In consecutive work, Laurent and Bridgwater [20] demon-
strated that the velocity fields and axial dispersion coefficients scaled
with the rotation speed, which is in good agreement with the aforemen-
tioned flow characteristics of biomass particles in a laboratory-scale
HSBR [17]. Moreover, at sufficiently high reactor fill levels the ag-
itator shaft was reported to have a dominant effect on the radial
and axial particle motion [21]. Evaluating the particle dynamics is
crucial for optimizing and intensifying reactor operation, as well as
validating computational models. The extent of solids circulation and
axial dispersion significantly influences the stability of reactor opera-
tion and the quality and uniformity of the final polymerized product.
However, the hydrodynamics of multiphase flow reactors are well-
known for their complexity, making their evaluation challenging. The
multiphase nature of the flow in the HSBR, characterized by a large
fraction of the particulate phase, makes the dense flow opaque to visible
light. Consequently, the use of well-established optical techniques is
hindered.

In this study, we characterize the particle dynamics in a laboratory-
scale HSBR under non-reactive conditions, employing an in-house
single-photon emission radioactive particle tracking (RPT) method
previously introduced by van der Sande et al. [22]. Traditional RPT
has emerged as a proven non-invasive technique for assessing hydro-
dynamic phenomena in multiphase flow systems [23-29]. It generally

involves the introduction of a y-radiation emitting tracer particle,
possessing similar physical properties as the dispersed phase, into
the system of interest. Subsequently, strategically positioned detectors
surrounding the system enable precise reconstruction of the tracer
particle’s positional trajectory over time, thereby facilitating a com-
prehensive evaluation of hydrodynamic properties. In comparison to
traditional methods, single-photon emission RPT involves reconstruc-
tion based on the photon hit location on a two-dimensional detector,
mitigating the effect of varying attenuation on the reconstruction. By
employing a designated calibration—-experimentation procedure, van
der Sande et al. [22] demonstrated reconstruction with a spatial ac-
curacy of approximately 1 mm in controlled experiments. Moreover,
the ability to study hydrodynamics in a real system was demonstrated
with a case study. In the present experimental work, we employ
single-photon RPT to investigate the influence of reactor operating
parameters, namely reactor fill level and agitator rotation speed, on the
flow field, solids circulation, and axial dispersion in a laboratory-scale
HSBR.

2. Experimental and methodology
2.1. Horizontal stirred bed reactor setup

The laboratory-scale HSBR used in this work consists of a 134 mm
inner-diameter cylinder with a length of 150 mm. The cylinder incorpo-
rates an agitator comprising a central shaft with seven blade positions.
Each position is equipped with two blades, with each blade positioned
90° apart from its neighboring blades. The inner blades have a width of
20 mm, while the end blades have a width of 15 mm. Both the cylinder
and the agitator are constructed from polycarbonate to mitigate y-
radiation attenuation during the RPT experiments. The agitator can be
rotated at the desired rotation speed using an electric motor with a
belt drive, which is controlled via in-house software. A schematic of
the HSBR can be found in Appendix A.

To closely resemble industrial conditions, industrial-grade PP reac-
tor powder was used in the experiments. The powder was characterized
using a ZEISS SteREO Discovery.V8 optical microscope with manual
8x zoom. ImageJ software was utilized to determine the particle size
distribution based on a large number of captured optical microscope
images. Fig. 2 presents the number-based particle size distribution,
the corresponding cumulative curve, and a typical optical microscope
image of the PP powder. From the cumulative curve, it can be observed
that the powder has a median diameter (d, 5,) of 1050 pm. Additionally,
the loose bulk density (p;;,,s) of the powder was experimentally
determined following the method of Carr [30] to be 368kgm™3.

2.2. Radioactive particle tracking

2.2.1. Experimental setup

The single-photon emission RPT technique utilized in this work is
based on the single-photon emission computed tomography (SPECT)
technique, commonly used in the medical field [31]. The RPT setup,
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Fig. 2. Number-based particle size distribution and optical microscope image of the
PP powder acquired with the ZEISS SteREO Discovery.V8 optical microscope.

recently introduced by van der Sande et al. [22], consists of three
identical y-radiation detectors that are equidistantly placed around a
field of view at approximately 120° intervals, as shown schematically
in Fig. 3. Each detector is composed of a casing, a slit collimator made
of lead shielding plates and spacers, a scintillation crystal, and photo-
multiplier tubes. The setup configuration in the current experimental
work has the scintillation crystal positioned at a distance of 400 mm
from the collimator, allowing for the entire volume of the lab-scale
HSBR to be captured. Fig. 4 shows the experimental setup with the
HSBR positioned in the center of the field of view.

2.2.2. Radioactive tracer particles

In this work, two radioactive tracer particles were manufactured for
calibration and experimentation purposes, respectively. The manufac-
turing process involved embedding 1.6 mg gold within 1.8 mm polystyr-
ene beads. To compensate for the increased mass due to the gold core,
air pockets were intentionally left within the particles. Consequently,
the resulting core-shell particles had a diameter of 1.8 mm and a density
of 1.65mgcm™3. With a particle diameter of 1.8 mm the tracer particle is
near the upper bound of, but still within, the particle size distribution,
as evident from Fig. 2, and is therefore assumed to show representative
dynamics. Neutron irradiation at the TU Delft Reactor Institute was
employed to activate the stable gold cores to the radioactive isotope
198 Ay, providing an activity of 1 MBq for calibration and 27.5 MBq for
experimentation purpose.

WA+ I —— BAu — g

Since the isotope 198Au has a relatively short half-life of approxi-
mately 2.7 days and emits 412 keV photons in its decay to 1°8Hg, it is
a preferred tracer isotope for RPT experimentation [29].

2.2.3. Reconstruction tracer particle position

When a y-radiation emitting tracer particle is placed within the
field of view, radiation that passes through the slit collimators hits the
scintillation crystals. Each photon hit is recorded as an event, which has
an associated xz-position, energy, and time of detection. Combining the
positions of all events detected by a scintillation crystal allows for the
creation of a two-dimensional projection of the incoming y-radiation.
A backward projection method is employed to reconstruct the position
of the radioactive tracer particle based on its projections on the three
detectors. For each detector, a plane is reconstructed using the location
of the detected photon hit on the scintillation crystal and the position
of the slit collimator, as schematically represented for one detector in
Fig. 3. By simultaneously constructing planes for all three detectors,
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Table 1
Experimental operating conditions investigated. Each possible combination of the fill
level and rotation speed is studied.

Parameter Value
Fill level (v%) 40 50 60
Rotation speed (RPM) 20 40 60

a unique intersection point is obtained. The coordinates of this inter-
section point represent the position of the radioactive tracer particle.
The detector configuration and stochastic nature of radiation result in
a Poisson distribution of detection events. The standard deviation of
the calculated tracer particle coordinates is inversely proportional to
the square root of the sampling time, which is directly proportional to
the number of detected events [32]. Increasing the activity of the tracer
particle increases the number of detected events, and thus decreases the
standard deviation of the calculated coordinates.

The single-photon emission RPT experimental procedure involves
two successive steps (Fig. 5): (1) setup calibration using the 1MBq
tracer; and (2) trajectory reconstruction using the 27.5 MBq tracer. The
calibration of the setup’s geometry is performed to ensure accurate
reconstruction of the tracer particle position. The calibration process
aims to correct errors in the spatial geometry of the setup arising
from manual measurements. This is achieved by minimizing the sum of
residuals squared for a large number of known tracer particle positions
and their corresponding reconstructed positions, utilizing a constrained
non-linear least-squares optimization algorithm in MATLAB. The output
of this algorithm provides calibrated geometry values, encompassing
the spatial orientation of the detectors. The calibrated geometry values
replace the initial hand-measured values and are employed in the sub-
sequent trajectory reconstruction step. In the trajectory reconstruction
step the tracer particle is added to the HSBR and its trajectory is
monitored.

The reconstruction sampling time, i.e. the time between consecutive
reconstructions, is directly related to the count rate detected by the
detector, which in turn is a function of the source activity and distance
to the detector. With the current tracer activity of 27.5 MBq, a sampling
time of 100 ms was attained throughout the experiments. A sampling
time of 100 ms, which equates to 10 reconstructions each second, was
proven sufficient to capture small spatial steps in the trajectory of
the tracer particle [22]. Relating the number of detected events used
in each reconstruction at a sampling time of 100ms to the controlled
validation experiments reported by van der Sande et al. [22], a spatial
accuracy of approximately 5mm is expected. A more detailed descrip-
tion of the experimental procedure and discussion on the reconstruction
is described in our previous work [22].

2.3. Operation and flow characterization

During the operation of the HSBR in industrial applications, the bed
level is kept at constant inventory and the rotation speed is kept con-
stant. Adequate control of the fill level and rotation speed is necessary
to prevent operational issues, as these have a significant influence on
the particle dynamics in rotating systems [21,33]. To comprehend the
influence of both aforementioned parameters on the particle dynamics
in the HSBR, an experimental parameter study was performed. The set
of operating conditions is denoted in Table 1.

For each experiment, the HSBR was loaded with the desired fill
level by inserting PP powder through the top opening. Subsequently,
the 27.5MBq tracer was added to the HSBR. The agitator rotation speed
was then set to the desired value using in-house software. After 10s the
RPT detectors were switched on and the trajectory of the tracer particle
was monitored for a duration of 20 min. Since the rotation speeds used
in this study vary between 20 RPM to 60 RPM, the reactor agitator
has made between 400 to 1200 rotations during a 20 min measurement,
which is assumed sufficient for reliable data interpretation. From the
obtained data set the particle dynamics in the HSBR were characterized
and analyzed.
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L vy

Fig. 3. Schematic of the RPT setup showcasing the three detectors placed equidistant with a 120° angle. The y-radiation emitted by a radioactive tracer particle passes through

the slit collimators and hits the scintillation crystals.

Fig. 4. Photograph of the experimental setup. The HSBR loaded with PP powder is
positioned in the center of the RPT setup, comprising three y-radiation detectors.

2.3.1. Solids flow field

The obtained particle trajectory was used to evaluate the solids
flow field in the xz-plane (see Fig. 6 for a definition of the coordinate
system). The particle velocity was computed from the time-resolved
tracer particle positions by

X;(t; + Ar) — X;(¢;

v (1) = W 6

To compute the velocity heat map, a mesh-grid function in MATLAB
was used to create a rectangular grid of the HSBR xz-plane. The flow
velocity at each grid cell was computed by triangulation-based natural
neighbor interpolation. Following a similar procedure, the velocity
vectors were normalized and interpolated to compute the direction of
the flow.

2.3.2. Solids circulation

The particle dynamics in an HSBR are dominated by continuous
agitation, which induces particle circulation. Slow and irregular par-
ticle circulation is undesirable in industrial operation, as it may lead
to the formation of hot spots due to insufficient and irregular heat
dissipation, potentially causing agglomeration and impairing reactor

Hand-measured spatial
geometry of the setup

l

48 ~

Calibration by non-linear
Least Squares minimization

( ! )

Calibrated spatial geometry
of the setup

l

4 R

Reconstruction of tracer
particle positions

l

Reconstructed trajectory of
the tracer particle

*  True positions
* Reconstructed positions

Trajectory reconstruction

Location, time and energy
of photon hits

Fig. 5. Graphical representation of the experimental and data processing workflow to
reconstruct the trajectory of the tracer particle, following a subsequent calibration and
experimentation step.

efficiency. In contrast, fast particle circulation allows for more frequent
particle wetting, thereby improving the uniformity of the bed.

The particle circulation behavior in the experimental HSBR can be
directly characterized by the obtained trajectory of the tracer particle.
To quantify the particle circulation behavior, a cycle time is defined as
the time it takes for a particle to make a full circumferential cycle. An
in-house MATLAB script was used to determine the number of cycles
and respective cycle times for each experiment.

2.3.3. Solids axial dispersion
Since RPT allows the trajectory of a tracer particle to be obtained,
the axial dispersion can be evaluated from Einstein’s expression [34].
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Fig. 6. Reconstructed positions of the tracer particle accumulated for a time period of 1min for a fill level of 50% and rotation speed of 40 RPM. The instantaneous position is
referenced by the red-outlined green dot. Two consecutive reconstructed positions are indicated in the 90° view. The reactor wall and agitator shaft are indicated with a red and

orange color, respectively.

The local particle dispersion (Dy) coefficient is calculated with a
method derived from Mostoufi and Chaouki [26] and Pallarés and
Johnsson [35]. The axial displacement during a time interval 4t is

Ayi,j =yi(tj+])_yi(tj) (2)
1=ty + jdt 3
The mean displacement can then be defined as
1 1 N, NP
A_y = —_—— Ay-’- (4)
N, N, & &

where N, is the number of time steps and N, is the number of particles.
The axial dispersion coefficient, D, ;, of a single particle at a certain
time-step is then computed as
(Ay;; — Ay?
N T ®
Finally, the coefficients are averaged over the experiment duration
to obtain the time-averaged axial dispersion coefficient

Vibij

1
D=+ Z D,; 6)
Jj=1

As emphasized by Pallarés and Johnsson [35], careful consideration
of the time interval value (4r) holds significant importance when
computing the axial dispersion coefficient. Setting Ar at a very low
scale (around 107! s or even lower) results in the dispersion coefficient
not aligning well with the observed trajectory [35]. Conversely, when
opting for considerably high Ar values, there is a risk of exceeding the
characteristic time for axial transport, resulting in a loss of valuable
information. To determine the most suitable At to be used in this work,
the influence of the At on the calculated value of the axial dispersion
coefficient was studied by calculating the axial dispersion coefficient
values using a wide range of Ar values. The results are presented in
Appendix B. It can be observed that at a very low scale, the axial
dispersion quickly decreases until a plateau is reached for a At larger
than 5s. Moreover, for a At of 30s or larger, the calculated axial
dispersion coefficients for different experimental conditions approach
each other, hinting that valuable information that allows distinction
between experimental conditions might be lost. Therefore, a Ar of
10s was considered suitable and was consequently employed in the
evaluation of the axial dispersion.

3. Results and discussion
3.1. Time-resolved trajectory

For each set of operating conditions, the trajectory of the 27.5MBq
tracer particle within the HSBR was reconstructed over a time period

of 20 min with a sampling time of 100ms. Fig. 6 presents the particle
trajectory for a 1 min time period for a reactor fill level of 50% and
a rotation speed of 40 RPM, providing 0°, 45°, and 90° angle views
to show the three-dimensional nature of the reconstruction. The blue
scatter markers represent distinct reconstructed positions accumulated
during the specified time interval. A video showing the time-resolved
trajectory is included in Appendix C. In the 90° angle view three
consecutive reconstructed positions of the tracer particle are exhibited:
the instantaneous reference position, the reference position after 0.1s,
and the reference position after 0.2 s. The relatively small spatial
step between these consecutive reconstructed positions underscores the
adequacy of the 100 ms sampling time for accurately tracing the tracer
particle’s path within the HSBR at a rotation speed of 40 RPM.

3.2. Solids flow field

The solids flow fields were computed via the aforementioned grid
interpolation procedure and are shown for the xz-plane in Fig. 7. When
considering the flow velocity, two regions can be distinguished in each
plot, namely a low velocity (cold color) region at the bottom and left
side of the bed and a high velocity (warm color) region at the top
and right side of the bed. At the bottom and left side of the bed, the
agitator is the driving force for the motion of the bed material, yielding
uniform solids dynamics with a low velocity. In the current work, the
rotation speed was varied from 20 to 60 RPM, which corresponds to a
Froude number varying from 0.03 to 0.28. A Froude number below 1
means that the gravitational force is dominant over the inertia force,
indicating that the flow behavior of the bed is influenced by the force
exerted by the impeller blades, frictional forces on the wall, shear
forces, and gravity [36]. In contrast to the bottom and left side of
the bed, at the top and right of the bed material flows freely over the
shaft and gravity is the driving force for the downward motion of the
bed material. This region is characterized by higher flow velocities. As
expected, it can be observed that the flow velocity is increased in both
regions with increasing agitator rotation speed.

Notable observations are made when comparing the solids flow
field for the various experimental conditions. From the flow fields,
local circulation under the shaft can be observed for the cases of 40%
fill level with a rotation speed of 20 and 40 RPM. The particles that
experience local circulation are less likely to reach the top of the bed.
This behavior would be highly undesirable from an application point
of view, as it may result in large temperature gradients in the bed
due to poor heat dissipation. However, a further increase in rotation
speed to 60 RPM results in the expansion of the bed. Such expansion
or aeration at increased rotation speeds is commonly encountered in
rotating drum reactors [37], and in this case allows a significant part
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Fig. 7. Projection of the time-averaged tracer velocity heat maps and flow direction quiver plots in the xz-plane averaged over the y-axis.

of the bed to flow over the shaft, thereby significantly improving
the circumferential motion. Nonetheless, internal circulation under the
shaft can still be observed. Increasing the reactor fill level from 40%
to 50% improves the circumferential motion and reduces the internal
circulation. Notably, no internal circulation is observed at a reactor fill
level of 50% and a rotation speed of 60 RPM, indicative of excellent
circumferential solids motion. Consistent findings are evident across
various rotation speeds when the fill level is maintained at 60%.

These findings align closely with the observations documented
by Laurent et al. [36], who noted the presence of a circulation loop
beneath the agitator shaft in a horizontal powder mixer operated at
low fill levels. This phenomenon was attributed to a substantial portion
of the bed flowing underneath the shaft. Conversely, at higher fill
levels, the shaft compelled the powder to flow over it, preventing
the formation of a circulation loop. Laurent et al. [36] observed the
most notable change in flow behavior between fill levels of 40% and
50%, correlating with the splitting of material by the shaft. Some
material was found to flow over the shaft, while the rest was found
to flow beneath it, forming a circulation loop. As discussed, the same
phenomenon is also visible for distinct cases in Fig. 7. Interestingly,
despite the difference in design and configuration of the agitator among
horizontal powder mixers and an HSBR, the most notable change in
flow behavior was also observed to occur between 40% and 50% fill
level in this work, which is attributed to the flow over the shaft.

Fig. 8 quantitatively presents the solids velocity as a box plot for the
various operating conditions. In agreement with the flow field profiles
(Fig. 7), the solids velocity shows an increase for both an increase
in rotation speed and reactor fill level. More specifically, it can be
observed that the mean velocity has a linear relationship with the
rotation speed. In addition, it is interesting to relate the solids velocity
directly to the tip speed of the impeller blades by dividing the mean
velocity, shown in Fig. 8, by the respective impeller tip speed, shown
in Table 2. The obtained results are plotted in Fig. 9.

It can be observed that the ratio of the mean tracer particle velocity
to the tip speed decreases with an increasing rotation speed for all
tested reactor fill levels. It is evident that, across all rotation speeds,
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Fig. 8. Influence of the fill level and rotation speed on the flow velocity distribution
of the tracer particle in the xz-plane.

Table 2
Impeller tip speed at the various rotation speeds.

Rotation speed (RPM)

Tip speed (mms™')

20 140.3
40 280.6
60 421.0

the highest value is obtained for a reactor fill level of 60%. For a fill
level of 60% and a rotation speed of 20 RPM, the mean speed of the
tracer particle is approximately 0.63 times the tip speed of the impeller
blades. When increasing the rotation speed, the ratio decreases quickly
at first but then appears to stabilize at higher rotation speeds. The 40
and 50% fill levels show a similar decreasing trend with increasing
rotation speed. This observation is further supported by additional
experiments for a larger set of experimental conditions presented in
Appendix D. Overall, the results show that increasing the rotation speed
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of the impellers has diminishing returns on the mean velocity of the
tracer particle. Increasing the rotation speed increases the mean tracer
particle velocity by a fraction, which in turn decreases with increasing
rotation speed.

3.3. Solids circulation

The normalized radial occupancy over a time period of 20 min is
presented in Fig. 10. From the xz-plane, the circumferential and radial
dispersion of the tracer particle in the reactor is visualized. Due to the
clockwise rotation of the agitator, the granular bed is mixed in a clock-
wise manner, resulting in the left side of the bed being pushed upward
and flowing over the shaft. A clear distinction can be made between
cases with poor distribution and good distribution. Notably, when the
reactor is operated with a fill level of 40% at rotation speeds of 20 and
40 RPM, the radial distribution of the tracer particle throughout the
bed is poor, indicated by the presence of zones with high normalized
occupancy (dark blue color) and low normalized occupancy (light blue
to white color). It is important to note that the plots concern normalized
occupancy. If the particle resides at a certain preferred radial position
for a longer duration, which is the case for operation at 40% fill level at
20 and 40 RPV, it results in a dark blue-colored region. Operation with
a low fill level and low rotation speed results in a flowing regime that
is characterized as a semi-static bed, in which solids motion is induced
only by the passage of an impeller blade. In agreement with the flow
fields presented in Fig. 7, it appears that under these operating condi-
tions the tracer particle experiences predominantly internal circulation
in a region under the shaft. As mentioned earlier, the tracer particle
size is near the upper bound of the particle size distribution of the
PP powder. It can be observed that with the aforementioned operating
conditions the flow behavior results in poor radial solids dispersion of
solids in the bed and potentially results in size segregation, which is
highly undesirable from an industrial application point of view.

On the contrary, when the reactor is operated with a higher fill level
and/or higher rotation speed, it can be observed that the normalized
occupancy is uniform throughout the bed, indicative of improved solids
distribution and a well-mixed bed. A clear transition is notable when
the rotation speed is increased from 40 RPM to 60 RPM at a reactor fill
level of 40%. In contrast to the rotation speed of 20 and 40 RPM, at
a rotation speed of 60 RPM, the bed is aerated and thereby expanded.
The expansion of the bed facilitates free powder flow over the shaft,
improving the circumferential motion and radial dispersion. A similar
observation is made when only the reactor fill level is increased from
40% to 50%, which results in improved powder flow. The bed is in a
regime that can be characterized as a dynamic bed, where solids motion
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throughout the bed is continuous resulting in a more uniform solids
distribution. The impeller blades no longer induce motion only by
passing through the bed, but rather continuously transport the bed with
a clockwise motion. This observation is in line with results obtained
by Laurent et al. [36] and Laurent and Bridgwater [20], who studied
the performance of single and six-blade powder mixers for various fill
levels. They found that at a low fill level, the flow is directed only by
the passage of the impeller blade through the bed, allowing the material
to flow on the free surface and forming a circulation loop below the
shaft. At a higher fill level, the presence of the shaft influences the flow
behavior, and the bed is pushed continuously in a clockwise manner by
an impeller blade as a solid plug.

To quantify the circumferential motion of the solids, a particle cycle
time is defined as the time it takes for the tracer particle to flow over
the shaft and complete a full circumferential cycle. In the industrial
manufacturing of PP in an HSBR, a low cycle time would mean that the
particle frequently passes the top of the reactor, where it is wetted by
the quenching liquid and thus cooled down through evaporative cool-
ing. Frequent wetting allows better control of the temperature of the
polymerized solids and therefore a uniform temperature distribution
throughout the bed. The cycle time is presented as a box plot for the
various operating conditions in Fig. 11.

From the figure a trend can be observed for the agitator rotation
speed and the cycle time, showing a decrease in the cycle time for an
increase in agitator rotation speed. In other words, the solid circulation
is increased. When the reactor is operated with a fill level of 40% at
rotation speeds of 20 and 40 RPM, the cycle time is high, has a large
distribution, and a high 95% value, indicative of slow circumferential
motion. The large distribution is related to the large spread in cycle
times and the limited number of cycles obtained for these operating
conditions. The cycle time is significantly reduced for an increase in ro-
tation speed to 60 RPM. More interestingly, it is evident that an increase
in reactor fill level also leads to a decrease in cycle time, observable
for each rotation speed. In agreement with previous observations made
from the flow field and the normalized radial occupancy, the increase
in reactor fill level leads to improved powder flow, enhancing the
circumferential motion of solids.

To further elucidate the relation between rotation speed and cycle
time, a dimensionless cycle number is proposed. The cycle number is
defined as the ratio of the number of particle cycles per unit time to the
number of agitator rotations per unit time, as denoted in Eq. (7). The
cycle number for the various operating conditions is plotted in Fig. 12.

# particle cycles per unit time

)

Cycle number = - - —
# agitator rotations per unit time

It can be observed that a reactor fill level of 40% results in a cycle
number that remains constant at a value of 0.1 for a rotation speed
of 20 and 40 RPM, meaning that a tracer particle makes 0.1 cycles
for each revolution of the agitator. In line with earlier observations,
a clear jump is observed when the rotation speed is increased to 60
RPM. At a fill level of 50%, the cycle number remains constant for the
various rotation speeds at a value of approximately 0.55, indicating a
linear relationship between the cycle time and the rotation speed. When
further increasing the fill level to 60%, the cycle number is increased.
Interestingly, the cycle number has a maximum value of approximately
1.1 at a rotation speed of 20 RPM, indicative of solid circulation faster
than the agitator rotation. In this case, the particle moves with the same
angular velocity as the impellers in a large part of the bed and is likely
to overtake an impeller blade during the free flow over the shaft, as
expected from the velocity profile in Fig. 7. The finding is in agreement
with observations made from the presented particle velocity results in
Fig. 9.
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3.4. Solids axial dispersion

The normalized axial occupancy over a time period of 20min is
presented in Fig. 13. From the xy-plane, the axial dispersion of the
tracer particle in the reactor is visualized. Since the impellers are
straight, and there is no external driving force for axial transport, the
axial motion of the tracer particle is considered to be random, meaning
that when a particle is lifted by an impeller blade it has an equal chance
to flow to the left or right of the impeller.

In the figure, a clear distinction can be made between cases with
low and high axial distribution. When the reactor is operated with a fill
level of 40% at rotation speeds of 20 and 40 RPM the axial dispersion
of the tracer particle throughout the bed is low, indicated by small
areas with a high normalized occupancy (dark blue color). As described
earlier, at the aforementioned operating conditions there is significant
internal bed circulation and poor circumferential solids motion. It is
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Fig. 12. Influence of the reactor fill level and rotation speed on the dimensionless cycle
number, representing the number of particle cycles per full revolution of the agitator.

evident from Fig. 13 that this behavior results in a low degree of axial
dispersion. On the other hand, when the powder flow is improved
due to an increase in rotation speed and reactor fill level, the axial
dispersion throughout the reactor is increased. The latter observation is
evident from the significant axial movement the tracer particle shows
through the HSBR, as it is reconstructed at nearly each coordinate value
along the y-axis. In addition, the normalized occupancy is increasingly
more uniform and has a higher coverage with increasing reactor fill
level and rotation speed.

Next to the solids hold-up, it is interesting to study the dynamics
of the axial dispersion. The temporal evolution of the axial position
of the tracer particle is illustrated in Fig. 14 for the various operating
conditions. In agreement with previously discussed results, a clear
distinction can be observed between the experiments with a 40% fill
level operated at 20 and 40 RPM and the rest of the measurements.
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When the HSBR is operated at the former operating conditions, the
tracer particle shows significantly less axial motion compared to the
other operating conditions.

As described in Section 2.1, the HSBR incorporates an agitator
comprising a central shaft with seven blade positions. Each position is
equipped with two blades, with each blade positioned 90° apart from
its neighboring blades. The blade configuration in the HSBR appears
to induce ‘conveyor belt’ compartments in the bed at low reactor fill
levels and rotation speeds, in which particles circulate at a fixed axial
position for a certain residence time. A particle, or cluster of particles,
may reside for tens of seconds up to several minutes within one com-
partment before it moves to another compartment. The compartments
are not recognized for higher reactor fill levels and/or rotation speeds,
as visible in Fig. 14. Although a zone with high normalized occupancy
is visible in the solids hold-up profile for a fill level of 40% and rotation
speed of 60 RPM at the y-coordinate —20 mm, it is evident from the
temporal evolution that this is not caused by the particle residing in
a ‘conveyer-belt’ compartment over a long time period. Rather, the
particle frequently resides at, or passes, this axial position for a short

time period. When accumulating a large number of short time periods
at a certain axial position, it results in a high normalized occupancy.
In contrast to our findings, Laurent and Bridgwater [20] observed axial
compartments defined by the radial supports on which the blades are
fixed at all fill levels, ranging from 20% to 60%, in horizontal powder
mixers. However, the difference is likely attributed to the difference in
the system design, in particular the configuration of the agitator.

The time-averaged axial dispersion coefficient is plotted in Fig. 15.
It can be observed that the axial dispersion coefficient ranges from
107% to 10~> m?s~!. Moreover, the results clearly show that the axial
dispersion coefficient increases with increasing rotation speed, which
is in line with findings of Laurent and Bridgwater [21], Portillo et al.
[33] and Xi et al. [17], who studied the axial dispersion in comparable
powder agitating systems. In this work, the lowest values are found
for the measurements with 40% fill level operated at 20 and 40 RPM.
Interestingly, the highest extent of axial dispersion is obtained for a
reactor fill level of 40% and a rotation speed of 60 RPM. Under these
operation conditions, significant bed expansion is observed, which in
turn increases the circumferential motion of the solids, as is evident
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from the solids’ hold-up profile and cycle time. At low fill levels, the
solids have more free physical space to move freely during the flow
over the shaft, potentially increasing their axial reach. The latter would
explain the obtained higher value for the axial dispersion coefficient
under these operating conditions. By comparing the observed trend
with the temporal changes in the axial position of the tracer particle
(depicted in Fig. 14) and the axial solids hold-up (shown in Fig. 13), it
can be concluded that the trend aligns well across the obtained results.

While the literature on axial dispersion in laboratory-scale HSBRs
is very scarce, significant attention has been given to studying axial
dispersion in rotating drums through numerical simulations and exper-
imental investigations. Notably, axial dispersion coefficients have been
documented for rotating drums at approximately 107® m?s~! [38], a
value that corresponds well with or is slightly below the coefficients
showcased in Fig. 15. The minor difference between the values in
a rotating drum and the HSBR could be attributed to their different
configurations. The HSBR comprises an agitator, which potentially
leads to increased axial movement when compared to a rotating drum.

An additional common observation concerning rotating drums is
the linear correlation between the axial dispersion coefficient and the
rotation speed. It is important to note that drawing a direct comparison
to this work was challenging due to the narrower range of rotating
speeds in rotating drums typically encountered in the literature, usually
spanning from 5 to 15 RPM [38,39]. Studies showed that the axial
dispersion coefficient in rotating drums is influenced by the fill level.
Namely, it was demonstrated that a higher fill level corresponds to a
lower axial dispersion coefficient [38]. This particular effect is not dis-
cernible across all operating conditions for the laboratory-scale HSBR,
as evident from Fig. 15. In this work, it was demonstrated that an
increase in fill level results in increased powder flow, which in turn
results in a lower particle cycle time. When the bed material flows over
the shaft more frequently, it could potentially facilitate increased axial
transport in the process. However, an increased fill level also reduces
the free space in the reactor, potentially decreasing the flowing path
length of the particles and thereby limiting axial transport. These two
conflicting mechanisms result in an inconclusive relationship between
the fill level and the axial dispersion coefficient in the HSBR.

4. Conclusions

In the current work, a quantification of the particle flow dynamics
in a non-reactive laboratory-scale horizontal stirred bed reactor (HSBR)
is provided using single-photon emission radioactive particle tracking
(RPT). The technique has been used to reconstruct the trajectory of a
27.5 MBq tracer particle in the HSBR over a time period of 20 min with a
sampling time of 100 ms under various operating conditions. From the
obtained reconstructed positions data set the particle dynamics were
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studied. The influence of two operating parameters, namely the reactor
fill level and agitator rotation speed, on the flow field, solids circulation
behavior, and axial dispersion has been evaluated and the following
conclusions can be drawn:

+ The general particle flow behavior in the HSBR is strongly af-
fected by the reactor fill level and agitator rotation speed. At low
rotation speed and low fill level, solids motion is induced only
by the passing of an impeller blade, resulting in semi-static bed
motion characterized by poor solids distribution. At increased fill
levels and rotation speeds, continuous solids motion throughout
the bed results in a uniform solids distribution.

The solids circulation, quantified by a dimensionless cycle num-
ber, is faster with increasing reactor fill level and rotation speed.
The axial dispersion coefficient ranges from 106 to 10>
which is similar to or somewhat higher than values reported for
rotating drums. The axial dispersion coefficient increases with
increasing rotation speed. The highest extent of axial dispersion is
obtained for a reactor fill level of 40% when operated at 60 RPM,
but no conclusive relation between the axial dispersion coefficient
and the reactor fill level was found.

m?s~!,

The knowledge acquired from this work not only provides a further
understanding of the particle dynamics in HSBRs, but can also serve
as a valuable basis for optimizing, intensifying, and scaling HSBR
systems for the manufacturing of high-quality polypropylene resins on
an industrial scale.
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Appendix A. Schematic of the laboratory-scale horizontal stirred
bed reactor

Fig. A.1 shows a schematic representation of the laboratory-scale
horizontal stirred bed reactor used in this work. The reactor consists
of a 134mm outer-diameter cylinder with a length of 140mm and
incorporates an agitator comprising a central shaft with seven blade
positions. Each position is equipped with two blades, with each blade
positioned 90° apart from its neighboring blades. The inner blades have
a width of 20mm, while the end blades have a width of 15mm. The
agitator can be rotated at the desired rotation speed using an electric
motor with a belt drive, which is controlled via in-house software.

Appendix B. Axial dispersion time-step

As elaborated on in Section 2.3, the axial dispersion coefficient,
D, ;, of a single particle at a certain time-step, is computed as:

Ay, ; — Ay)*

24t

Fig. B.1 demonstrates how the time-step, 47, influences the com-
puted value of the axial dispersion coefficient for a wide range of
time-step values. At low time-step values, the axial dispersion decreases
rapidly until a plateau is reached beyond a 4r of 5 s. When At exceeds
30 s, dispersion coefficients for various experimental conditions con-
verge, indicating a loss of potential information that is unique to a
specific experimental condition. Considering both extremes, a 4¢ of 10s
was deemed appropriate and was therefore used in the calculations of
the axial dispersion coefficient in this work.

(8)

yij =

Appendix C. Video reconstructed trajectory

Video C.1 presents the trajectory of the 27.5 MBq tracer particle
through the HSBR operated at a fill level of 50% and a rotation speed
of 40 RPM for a 1 min time period. The reconstruction is performed with
a sampling time of 100 ms. The projected area is rotating to demonstrate
the three-dimensional nature of the reconstruction.

Appendix D. Tracer particle velocity

Fig. D.1 presents supporting experimental results that show the
influence of the fill level and rotation speed on the ratio of the mean
particle velocity to the impeller tip speed for a large number of ex-
perimental conditions. In close agreement with Fig. 9, a trend can be
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Fig. C.1. Still of the tracer particle trajectory for a fill level of 50% and rotation speed
of 40 RPM. The instantaneous position is indicated by the red-outlined green dot and
the blue scatter markers represent distinct reconstructed positions accumulated during
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observed where the ratio of the mean tracer particle velocity to the tip
speed decreases with an increasing RPM for all tested reactor fill levels.
More interestingly, for an increasing rotation speed, the ratio decreases
quickly at first but then stabilizes at higher rotation speeds. It should be
noted that the supporting data set was acquired for a minimum of 100
agitator rotations per experiment, i.e. a measurement time of 600s for
a rotation speed of 10 RPM and 100s for a rotation speed of 60 RPM.
Due to the reduced measurement time, the supporting data has less
statistical confidence, and absolute values may therefore also deviate
from the 20 min experiments presented throughout this work.

Appendix E. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.cej.2024.149100.
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