
 
 

Delft University of Technology

Granular flow in stirred bed reactors
Insights through radiation-based imaging techniques
van der Sande, P.C.

DOI
10.4233/uuid:95db25ba-7936-497d-9106-7cc31285bb13
Publication date
2025
Document Version
Final published version
Citation (APA)
van der Sande, P. C. (2025). Granular flow in stirred bed reactors: Insights through radiation-based imaging
techniques. [Dissertation (TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:95db25ba-
7936-497d-9106-7cc31285bb13

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:95db25ba-7936-497d-9106-7cc31285bb13
https://doi.org/10.4233/uuid:95db25ba-7936-497d-9106-7cc31285bb13
https://doi.org/10.4233/uuid:95db25ba-7936-497d-9106-7cc31285bb13


Granular �ow in stirred bed reactors
Insights through radiation-based 

imaging techniques

P.C. van der Sande 

G
ranular �ow

 in stirred bed reactors  
 |  

P.C
. van der Sande 

     2024



Propositions

accompanying the dissertation

Granular flow in stirred bed reactors
Insights through radiation-based imaging techniques

1. The hydrodynamics in horizontal stirred bed reactors are dominated by agita-
tion. (Related to Chapter 2 of this thesis).

2. Single-photon emission radioactive particle tracking is inherently more robust
than conventional radioactive particle tracking. (Related to Chapter 3 of this
thesis).

3. Horizontal stirred bed reactors require a minimum fill level of 50% to have ef-
fective solids motion. (Related to Chapter 4 of this thesis).

4. Conventional methods to characterize the fluidization behavior, such as pres-
sure drop and bed height, are inadequate for cohesive powders. (Related to
Chapter 6 of this thesis).

5. Particle Technology should be part of both undergraduate and graduate Chem-
ical Engineering curricula.

6. Colored figures significantly enhance the visual impact and clarity of scientific
presentations.

7. Universities should continue to use research funding from fossil fuel compa-
nies, thoughexclusively for thepurposeof advancing sustainabledevelopment.

8. A PhD degree in reactor engineering necessitates equal expertise in both fun-
damental fluid mechanics and image processing tools.

9. Managing individuals in a team eƯectively requires knowing when to reel in and
when to let out the line, just as in fishing.

10. The best way to learn is to teach (J. Robert Oppenheimer).

These propositions are regarded as opposable and defendable, and have been
approved as such by the promotor prof. dr. ir. J.R. van Ommen and co-promotor dr. ir.

G.M.H. Meesters.
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Summary
Polypropylene (PP) is a versatile polymer extensively used in industries suchas
food packaging, automotive, healthcare, and textiles. Industrially, PP is pro-
duced via gas-phase solid-catalyzed polymerization in horizontal stirred bed,
vertical stirred bed, or fluidized bed reactors. These reactors operate under
controlled conditions to polymerize propylene monomers into solid PP parti-
cles. Despite their widespread application, operating these reactors is chal-
lenging due to a lack of fundamental understanding andmodeling capabilities,
which leads to reducedproduction capacity and lower quality of the final prod-
uct. This gap in understanding is primarily due to the scarcity of detailed ex-
perimental data, which is diƯicult to obtain because of the opaqueness of the
flow and the rapidly evolving gas-solids distribution, necessitating non-optical
measurements with high temporal resolution.

In this dissertation, a deeper understanding of granular flow behavior in
these reactorswasachieved throughdetailedexperimentalmeasurementsus-
ing radiation-based imaging. Recognizing the direct link betweenmacro-scale
flowbehaviorandparticle-scalephenomena, this researchspannedbothscales.
Although the primary focus of this thesis is on a horizontal stirred bed, experi-
ments were also conducted using two additional lab-scale reactor configura-
tions: a vertical stirred bed and a fluidized bed. High-quality data on flow pat-
terns, phase holdup, and particle dynamicswere obtained using X-ray imaging
and single-photon emission radioactive particle tracking. A key novelty of this
research was the use of industrial-grade powders, such as polypropylene re-
actor powder, as encountered in horizontal stirred bed reactors. The collected
datawere thoroughly analyzed to identify the key parameters influencing gran-
ular flow behavior, utilizing statistical methods and visualization tools to un-
cover critical insights.

First, the flow behavior of polypropylene reactor powder in a laboratory-
scale horizontal stirred bed reactor (HSBR) was investigated using X-ray imag-
ing. It was observed that agitation significantly dictates overall flow behavior
andphaseholdup in theHSBR.Gas injection through inlet points at thebottom
resulted in spouting behavior, and the gas holdup at fixed agitator positions re-
mained highly consistent across successive revolutions. The presence of liq-
uid was found to deteriorate the flow behavior due to liquid bridging at particle
contact points, with particle size and surfacemorphology influencing the pow-
ders’ susceptibility to liquid.

xi



xii Summary

Subsequently, asingle-photonemission radioactiveparticle trackingmethod
was presented, allowing the tracking of individual photon-emitting particles to
evaluate the hydrodynamics ofmultiphase flows. Thismethod directly utilized
detected photon hit locations to reconstruct the three-dimensional position of
the tracer particle, avoiding assumptions in count rate fluctuations. The tracer
particle’s position was determined by finding the intersection point of three
two-dimensional planes from the detectors, achieving a spatial accuracy of
approximately 1mmthrough a subsequent calibration experimentation proce-
dure.

Thereafter, the method was employed to characterize the particle dynam-
ics in the HSBR. It was found that, besides the agitator rotation speed, the
flow behavior is significantly influenced by the reactor fill level. At low rotation
speeds and fill levels, solids motion was primarily induced by impeller blade
passage, resulting in semi-static bed motion and poor solids distribution. In-
creasedfill levels and rotation speeds led to continuous solidsmotionanduni-
formdistribution. Solids circulation, quantifiedbyadimensionless cycle num-
ber, increased with higher fill levels and rotation speeds. The axial dispersion
coeƯicient ranged from 10ዅዀ to 10ዅ኿ m2 sዅ1, increasing with rotation speed,
although no conclusive relationship with fill level was observed.

Thereafter, thefluidizationbehaviorofGeldartBparticles inavertical stirred
bed reactorwas investigatedusingX-ray imaging, pressuredropmeasurements,
and numerical simulations via Computational Fluid Dynamics (CFD) coupled
with Discrete Element Method (DEM) and Immersed Boundary Method (IBM).
The experimentally obtained minimum fluidization curve and time-averaged
pressure drop showed good qualitative agreement with simulations. Visual
observations indicated that increasing the agitator’s angular velocity reduced
bubble size and improved bed homogeneity, as evidenced by reduced pres-
surefluctuations. Simulations revealed thatwhile the impellerenhancessolids
agitation, a proper design study is essential, as static immersedbodies like the
stirrer shaft can adversely impact solids motion.

Finally, the correlation between the fluidization behavior and flow proper-
ties of 10 commercially available cohesive powders was experimentally inves-
tigated. The fluidization quality of the powders in a laboratory-scale fluidized
bed was assessed using a Fluidization Quality Index (FQI), computed by inte-
grating gas holdup and its temporal variation acquired through X-ray imaging.
Flowability was measured in a rotating drum operated at high speeds, which
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aerated the powder bed, a critical factor in correlating fluidization behavior
with flowproperties. This study established a positive correlation between co-
hesive powders’ flowability and fluidization quality, suggesting that fast and
user-friendly flowability measurements in a rotating drum instrument can pre-
dict fluidization potential, aiding in process optimization and enhancing flu-
idization studies for cohesive powders.

Insummary, the insightsacquired fromthis thesisenhance theunderstand-
ing of flow behavior and phase holdup in stirred bed reactors and cohesive flu-
idized beds. These findings can serve as a valuable foundation for designing,
optimizing, and intensifying systems for the industrial-scale manufacturing of
high-quality PP resins.



Samenvatting
Polypropyleen (PP) is een veelzijdig polymeer dat op grote schaal wordt ge-
bruikt in de voedselverpakking, automotive, gezondheidszorg en textiel indu-
strieën. Industrieel wordt PP geproduceerd via gasfase gekatalyseerde poly-
merisatie in horizontale geroerde bedreactoren, verticale geroerde bedreac-
toren of gefluïdiseerde bedreactoren. Deze reactoren werken onder gecontro-
leerdeomstandighedenompropyleennmonomeren tepolymeriseren tot vaste
PP-deeltjes. Ondanks hun brede toepassing is het bedienen van deze reacto-
ren uitdagend vanwege een gebrek aan fundamenteel begrip enmodellerings-
mogelijkheden, wat leidt tot een verminderde productiecapaciteit en lagere
kwaliteit van het eindproduct. Dit gebrek aan kennis is voornamelijk te wijten
aan de schaarste aan gedetailleerde experimentele gegevens, die moeilijk te
verkrijgen zijn vanwegedeondoorzichtigheid vande stroming ende snel veran-
derende gas-vastestof verdeling, waardoor niet-optische metingen met hoge
tijdsresolutie noodzakelijk zijn.

In dit proefschrift werd een dieper begrip van het granulaire stromingsge-
drag in deze reactoren verkregen door gedetailleerde experimentele metingen
met behulp van stralingsgebasseerde beeldvormingstechnieken. Erkennend
dat er een directe link is tussen macroschaal stromingsgedrag en fenomenen
op de deeltjeschaal, omvatte dit onderzoek beide schalen. Hoewel de pri-
maire focus van dit proefschrift ligt op een horizontale roerbedreactor, werden
er ook experimenten uitgevoerd met twee andere laboratoriumschaalreactor-
configuraties: een verticale roerbedreactor en een gefluïdiseerd bed. Hoog-
waardige gegevens over stromingspatronen, fase-verdeling en deeltjesdyna-
miekwerdenverkregenmetbehulp van röntgenbeeldvormingen foton-emissie
radioactieve deeltjesvolging. Een belangrijke vernieuwing van dit onderzoek
was het gebruik van industriële poeders, zoals polypropyleen reactorpoeder,
zoals aangetroƯen in horizontale geroerde bedreactoren. De verzamelde ge-
gevens werden grondig geanalyseerd om de sleutelparameters te identifice-
ren die het granulaire stromingsgedrag beïnvloeden, waarbij statistische me-
thoden en visualisatiehulpmiddelen werden gebruikt om cruciale inzichten te
onthullen.

Allereerst werd het stromingsgedrag van polypropyleen reactorpoeder in
een laboratoriumschaal horizontale geroerde bedreactor (HSBR) onderzocht
met behulp van röntgenbeeldvorming. Er werd waargenomen dat agitatie het
algehele stromingsgedrag en de fase-verdeling in deHSBR aanzienlijk bepaalt.

xv



xvi Samenvatting

Gasinjectie door inlaatpunten aan de onderkant resulteerde in spuitgedrag, en
de gas-verdeling op vaste roerderposities bleek zeer consistent over opeen-
volgende omwentelingen. De aanwezigheid van vloeistof bleek het stromings-
gedrag te verslechterenvanwegevloeistofbrugvormingbij deeltjescontactpun-
ten, waarbij deeltjesgrootte en oppervlaktetextuur de gevoeligheid van depoe-
ders voor vloeistof beïnvloeden.

Vervolgens werd een foton-emissie radioactieve deeltjesvolgmethode ge-
presenteerdwaarmeedehydrodynamicavanmeerfasenstrominggeëvalueerd
kan worden door individuele foton-uitzendende deeltjes te volgen. Deze me-
thode maakte direct gebruik van gedetecteerde fotonhits locaties om de drie-
dimensionale positie van het tracerdeeltje te reconstrueren, waardoor aanna-
mes over fluctuaties in teltempo werden vermeden. De positie van het tra-
cerdeeltje werd bepaald door het snijpunt van drie tweedimensionale vlakken
van de detectoren te vinden, wat een ruimtelijke nauwkeurigheid van ongeveer
1mm opleverde door middel van een kalibratie-experimentatieprocedure.

Daarnaweredezemethodegebruikt omdedeeltjesdynamiek indeHSBR te
karakteriseren. Er werd vastgesteld dat, naast de rotatiesnelheid van de roer-
der, het stromingsgedrag sterkwordt beïnvloeddoor het vulniveau vande reac-
tor. Bij lage rotatiesnelheden en vulniveaus werd de beweging van vaste stof-
fen voornamelijk veroorzaakt door het passeren van de schoepen van de roer-
der, wat resulteerde in een semi-statische bedbeweging en een slechte verde-
ling van de vaste stoƯen. Verhoogde vulniveaus en rotatiesnelheden leidden
tot continue beweging van de vaste stoƯen en een uniforme verdeling. De cir-
culatie van de vaste stoƯen, gekwantificeerd door een dimensieloze cyclusge-
tal, nam toe met hogere vulniveaus en rotatiesnelheden. De axiale dispersie-
coëƯiciënt varieerde van 10ዅዀ to 10ዅ኿ m2 sዅ1 en nam toe met de rotatiesnel-
heid, hoewel er geen duidelijk verbandmet het vulniveau werd gevonden.

Vervolgens werd het fluidisatiegedrag van Geldart B-deeltjes in een verti-
cale geroerde bedreactor onderzocht met behulp van röntgenbeeldvorming,
drukvalmetingen en numerieke simulaties via Computational Fluid Dynamics
(CFD) incombinatiemetDiscreteElementMethod (DEM)en ImmersedBoundary
Method (IBM). De experimenteel verkregen minimum fluidisatiecurve en tijds-
gemiddelde drukval vertoonden goede kwalitatieve overeenstemming met si-
mulaties. Visuele observaties gaven aan dat het verhogen van de rotatiesnel-
heid van de roerder de bellenomvang verminderde en de homogeniteit van het
bed verbeterde, zoals ook blijkt uit verminderde drukfluctuaties. Simulaties
onthulden dat hoewel de roerder de beweging van vaste stoƯen verbetert, een
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grondige ontwerpstudie essentieel is, omdat statische ondergedompelde li-
chamen zoals de roerderas een nadelige invloed kunnen hebben op de bewe-
ging van vaste stoƯen.

Tenslotte werd de correlatie tussen het fluidisatiegedrag en de stromings-
eigenschappen van 10 commercieel verkrijgbare cohesieve poeders experi-
menteel onderzocht. De fluidisatiekwaliteit van de poeders in een laborato-
riumschaal gefluïdiseerd bed werd beoordeeld met behulp van een Fluidiza-
tion Quality Index (FQI), die werd berekend door integratie van de gasverdeling
en de temporele variatie verkregen via röntgenbeeldvorming. De stromings-
eigenschappen werden gemeten in een roterende trommel die op hoge snel-
heidwerdbediend,waardoorhetpoederbed ineenbeluchte toestandwerdge-
bracht, wat een belangrijke factor bleek te zijn bij het correleren van het fluidi-
satiegedrag met de stromingseigenschappen. Dit onderzoek stelde een posi-
tieve correlatie vast tussen de vloeibaarheid van cohesieve poeders en de flui-
disatiekwaliteit, wat suggereert dat snelle en gebruiksvriendelijke vloeibaar-
heidsmetingen in een roterend trommelinstrument het potentieel voor fluidi-
satie kunnen voorspellen, wat bijdraagt aan procesoptimalisatie en het verbe-
teren van fluidisatiestudies voor cohesieve poeders.

Samengevat dragen de inzichten uit dit proefschrift bij aan het begrip van
stromingsgedrag en fase-verdeling in geroerde bedreactoren en cohesieve ge-
fluïdiseerde bedden. Deze bevindingen kunnen dienen als waardevolle basis
voor het ontwerpen, optimaliseren en intensiveren van systemen voor de indu-
striële productie van hoogwaardige PP-harsen.



Nomenclature
Roman letters
ጂፏ Measured pressure drop (mbar)
ጂፏᎲ Theoretical pressure drop (mbar)
ጂ፲ᑚ,ᑛ Axial displacement (s)
uᑘ Gas velocity (m sᎽ1)
፮ᑞᑗ Minimum fluidization velocity (m sᎽ1)
ፀ Area (m2)
ፀ Vibration amplitude (m)
፝Ꮅ,Ꮄ Area-weightedmean diameter (m)
፝Ꮆ,Ꮅ Volume-weightedmean diameter (m)
፝ᑡ,ᑚ Particle diameter (m)
ፃᑪ Time-averaged axial dispersion coeƯicient (m2 sᎽ1)
፞ᑟ Normal restitution coeƯicient (-)
፞ᑥ Tangential restitution coeƯicient (-)
Fᑔᑠᑟᑥᑒᑔᑥ,ᑚ Particle contact force (N)

ᑧ፟ᑚᑓ Vibration frequency (Hz)

ᑩ፟Ꮍᑣᑒᑪ X-ray detector trigger frequency (Hz)
g Gravitational acceleration (m sᎽ2)
ፇ Bed height (cm)
ፇᎲ Static bed height (cm)
ፈ X-ray intensity on the detector (-)
I Unit tensor (-)
ፈᎲ X-ray intensity from the source (-)
ፈᑚ Moment of inertia (kgm2)
ፈᑖᑞᑡᑥᑪ X-ray intensity of empty reference (-)
ፈᑗᑦᑝᑝ X-ray intensity of full reference (-)
፤ᑟ Normal stiƯness (NmᎽ1)
፤ᑥ Tangential stiƯness (NmᎽ1)
፦ Mass (kg)
፦ᑚ Particle mass (kg)
፩ᑘ Gas pressure (Pa)
Re Reynolds number (-)
S Momentum source term (kgmᎽ2 sᎽ2)
፭ Time (s)
T Particle torque (kgmsᎽ2)
rᑚ Particle position (m)
vᑚ Particle velocity (m sᎽ1)
ፕᑚ Particle volume (mᎵ)
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Greek letters
ᎏ Interfacemomentum exchange coeƯicient (-)
Ꭱᑘ Stress tensor (NmᎽ2)
᎑ᑟ Normal overlap (m)
᎑ᑥ Tangential overlap (m)
Ꭸᑘ Gas holdup (-)
᎔ᑟ Normal damping coeƯicient (N smᎽ1)
᎔ᑥ Tangential damping coeƯicient (N smᎽ1)
᎙ Attenuation coeƯicient (-)
᎙ᑘ Gas dynamic viscosity (kgmᎽ1 sᎽ1)
Ꭶ Angular velocity (rad sᎽ1)
Ꭻ Solids mass flux (kgmᎽ2 sᎽ1)
᎞ᑓ Loose bulk density (kgmᎽ3)
᎞ᑡ Particle density (kgmᎽ3)
᎟ Standard deviation surface position (-)
᎟ᑪ Standard deviation of domain-averaged gas holdup (-)

Sub/superscripts
፠ Gas property
። Individual particle
፩ Particle property

Abbreviations
CARPT Computer-Aided Radioactive Particle Tracking
CFD Computational Fluid Dynamics
CI Cohesive Index
DEM Discrete Element Method
FOV Field Of View
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1
General introduction
1.1. Granular materials
Granular materials are widely encountered in daily life and play a crucial role
across various industries, including chemical, pharmaceutical, food, andmin-
eral processing [1, 2]. In fact, over 70% of the world’s manufactured products
involve granular materials at some stage of their production, whether as raw
materials, intermediates, or final products (see Fig. 1.1). Granular materials
consist of discrete, solid macroscopic particles (typically between 1 µm and
a few mm) that exhibit collective behavior due to friction and particle-particle
interactions. Over the past few decades, significant advancements have been
made in understanding their behavior [3]. However, the majority of research
has concentrated on simplified scenarios based on natural phenomena or in-
dustrial processes with limited practical application, leaving the complex be-
havior of granular materials in industrial processes largely unexplored.

Figure 1.1: Granular materials find widespread applications in processing industries.
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Consequently, thedesignandoperationofequipment forhandlingandpro-
cessing granular materials in industrial processes often fall short, hindering
eƯicient, safe, and reliable operation. These limitations can result in signifi-
cant operational and financial setbacks. Studies indicate that plants handling
granular materials experience notably lower operating eƯiciencies compared
to those dealing solely with gases or liquids [4]. Therefore, it becomes impera-
tive to attain a deeper understanding of the complex flow behavior of granular
materials encountered in industrial processes.

Granular flow is the relative movement of a bulk of particles among neigh-
boring particles or along the equipment wall surface [5]. In dry granular flows
with a particle size over 80 µm, the bulk behavior is dominated by inelastic col-
lisions and friction, which are typically short-range and non-cohesive [6, 7], re-
sulting in a good and consistent flow. However, industrial processes typically
involve complexities at the reactor level (for example, agitation and gas flow)
and particle level (for example, liquid bridging, polydispersity, and porosity).
These complexities make them intrinsically hard to design and diƯicult to op-
timize. The macro-scale flow behavior, which is directly linked to the particle
scale, is hard to predict: the material sometimes flows as a liquid or stops as
a solid, or both phases co-exist and interfere.

1.2. Polypropylenemanufacturing
An industrial process in which the flow of granular materials imposes signifi-
cant operational complexities is the manufacturing of polypropylene (PP). PP
is acost-eƯective and versatile polyolefin resinwith strongmechanical proper-
ties, thermal stability, and excellent chemical resistance. These characteris-
ticsmake PP the secondmost produced plastic and widely used in various in-
dustries, including food packaging, automotive, healthcare, textiles, and elec-
tronics [8, 9].

One of themost important methods for the industrial manufacturing of PP
is solid-catalyzed polymerization [10]. In this process, micron-sized porous
catalyst particles are continuously fed into a chemical reactor vessel operating
at controlled composition, temperature, and pressure. Under the influence of
the catalyst, propylenemonomers polymerize and form solid PP particles with
a final particle size between 100 and 5000 µm [11]. Generally speaking, there
can be a distinction between two types of solid-catalyzed polymerization pro-
cesses (see Fig. 1.2): slurry phase and gas phase. Gas phase processes are
consideredsuperior as theydonot require solid-liquidorproduct-catalyst sep-
aration, unlike slurry phase processes [12], and ensure excellent gas-phase
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mixing and precise control of reaction parameters. The gas phase processes
can be subdivided based on the type of reactor utilized: horizontal stirred bed,
vertical stirred bed, or fluidized bed.

Figure 1.2: Particulate processes for the multistage polymerization of olefins. Adapted from
Zacca et al. [10].

In these reactors, operational issues can arise from inadequate particle
movement or insuƯicient cooling. A primary concern is the agglomeration of
PP particles, which may occur if the heat from the highly exothermic polymer-
ization reaction is insuƯiciently dissipated. The formed agglomerates can ob-
struct the discharge pipeline, disrupt the heat exchange balance, and cause
deviations from the normal flow pattern, significantly impairing reactor eƯi-
ciency, production capacity, and product quality [13]. In severe cases, ag-
glomerates can occupy a large portion of the reactor volume, necessitating
unscheduled plant shutdowns for cleaning, which in turn results in significant
financial penalties [14].

Typically, heat removal is facilitated by spraying recycled liquid propylene
onto the PP powder bed. Upon contact with the active PP, the liquid vaporizes,
absorbing the heat generatedby the highly exothermic polymerization reaction
and thereby cooling the system. However, adequate control over the operating
parameters is necessary to prevent over-wetting and achieve consistent gran-
ular flow behavior.
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1.3. Imagingmultiphase flows
Accurate modeling of the granular flow characteristics, such as flow pattern
and phase holdup, is essential for the design of new reactors and the opti-
mization of existing ones. However, due to the combination of a gaseous flow,
mechanical agitation, and liquid quenching, these reactors are often approx-
imated using ‘black-box’ type models [15]. These models comprise assump-
tions on the equipment scale and particle scale, which are still subject to un-
certainty and debate [16].

Unfortunately, the formulated assumptions are diƯicult to validate due to
a lack of experimental data on parameters that define the structure of the flow,
such as the flow pattern, phase holdup, velocity distribution, and particle tra-
jectories. Experimental data is lacking as it is particularly challenging to obtain
due to three characteristics. Firstly, the high volume fraction of the particu-
late phase renders the flow opaque to visible light, which makes the current
state-of-the-art flow measurement techniques used by the fluid mechanics’
community (lasers, cameras, etc.) ineƯective [17]. Secondly, the mechanical
stress caused by the vigorousmotion of the bed particles and the erosive wear
fromsandblastingeƯectsposechallenges indesigningprobes that remainsta-
ble over extended periods of operation [18]. Finally, the gas-solids distribution
changes rapidly over time, which requires measurement with a high temporal
resolution [19].

An ideal experimental measurement system should not rely on optical ac-
cess and must have high spatial and temporal resolutions to capture the sys-
tem’s fast dynamics accurately. Various diagnostic techniques have emerged
to address these requirements. Particularly notable are non-invasive and non-
intrusive methods, which have gained attention for their ability to observe the
flow field without perturbing themedium under investigation. In this research,
two radiation-based imaging techniques are employed that found their way
from themedical world to fluidmechanics: X-ray imaging and radioactive par-
ticle tracking (see Fig. 1.3).

X-ray imaging isanon-intrusive radiation-based imaging technique that lever-
ages the attenuation of X-rays as they pass through a material. This process
involves X-rays traveling in a straight line from an X-ray source to a scintillation
detector, allowing for the eƯective capture of density distribution within the
systemof interest. X-ray imaging has been extensively employed to investigate
the behavior of granular flows in various systems, including fluidized beds [20–
24], stirred beds [25], and rotating drums [26].
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Figure 1.3: Schematic representation of imaging an opaque multiphase flow in a stirred tank
reactor with (a) an optical camera, (b) X-ray imaging, and (c) radioactive particle tracking.

In contrast, radioactive particle tracking is a non-invasive measurement
technique that tracks themotionofa tracerparticlewithinasystem. Thismethod
involves introducing a radioactive particle (𝛾-ray emitter) with properties simi-
lar to the bulk phase into the flow field [16]. The system is then operated under
desired conditions while scintillation detectors placed around the system de-
tect andmonitor thepositionof the tracer particle over time. Radioactive parti-
cle trackinghasbeenwidely used toelucidate theflowpattern influidizedbeds
[27, 28], spouted beds [29], bubble columns [30], and stirred tanks [31, 32].

By diƯerent fundamental approaches, bothmethods allow continuous ob-
servation of diƯerent aspects of the transient dynamics in the bed core. As
such, the twomethods complement each other andprovide the physical basis
for a better understanding of the flow behavior. Moreover, the data acquired
could contribute to validating and establishing more accurate flow patterns
and back-mixing models in multiphase reactors [16].

1.4. Research goal and question
Despite their widespread use, stirred bed reactors remain challenging to op-
erate due to a lack of fundamental understanding and modeling capabilities.
This knowledge gap results in reduced production capacity and lower quality
of the final polymerized product. Experimental data on flow structure param-
eters are essential for gaining fundamental insights and validating computa-
tional models, which are crucial for optimizing industrial processes.
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The primary goal of this research is to acquire a deeper understanding of
granular flow behavior in stirred bed reactors through detailed experimental
investigations. This thesis seeks to answer the main research question:

Main research question
How do complexities on particle and equipment level influence the

granular flow behavior in stirred bed reactors?

1.5. Research approach andmethodology
A comprehensive experimental approach is employed to address the research
question, which involves the design and development of laboratory-scale se-
tups, measurements with radiation-based imaging techniques, and data anal-
ysis. The experimental setups involve laboratory-scale reactors, down-scaled
in close agreement with their industrial counterparts. In this research, three
reactor configurations are studied: a horizontal stirred bed, a vertical stirred
bed, and finally, a fluidized bed.

Recognizing the direct link between macro-scale flow behavior and com-
plexities on the particle scale, this study encompasses both scales. Most ex-
isting studies in the literature assess the flowability of granular materials us-
ing post-processed mono-disperse, spherical particles under dry conditions
(see Fig. 1.4-a). However, these studies oƯer limited insights into industrial
processes, where granular materials exhibit higher degrees of polydispersity
and irregular particle shapes and are often exposed to moisture or liquids. A
key novelty of this research is the use of industrial-grade powders, such as the
polypropylene reactor powder as encountered in horizontal stirred bed reac-
tors (see Fig. 1.4-b).

High-quality data on granular flow behavior within these reactors is col-
lected using advanced radiation-based imaging techniques, specifically X-ray
imaging and single-photon emission radioactive particle tracking. These tech-
niquesallow for detailedobservationsof flowpatterns, phaseholdup, andpar-
ticle dynamics under various operating conditions. The experimental investi-
gations are conducted under various conditions, including diƯerent powders,
agitation speeds, gas inlet flow rates, and fill levels. This variation is essential
for capturing awide spectrumof data, thereby providing a fundamental under-
standing of the system’s behavior.
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Figure 1.4: (a) Processed polypropylene particles commonly used in academic research and (b)
polypropylene reactor powder.

The collected data is then thoroughly analyzed to identify the key param-
eters influencing the granular flow behavior. Statistical methods and visual-
ization tools are employed to interpret the data, uncovering critical insights.
These insights not only enhance the design and optimization of processes but
also serve as a foundation for developing accurate computational models.

1.6. Collaborative research framework
The research that led to this thesis is part of a larger collaborative research
framework, the ‘Industrial Dense Granular Flows (IDGF)’ consortium, which
received funding from the Dutch Research Council (NWO) through the Tech-
nology Area ENW PPP funding. This funding is designed to stimulate public-
private partnerships between at least two industrial partners and two knowl-
edge institutions. The IDGF consortium is a collaborative framework between
three knowledge institutions, Delft University of Technology, Eindhoven Uni-
versity of Technology, and University of Twente, and four industrial partners,
Shell plc, SABIC, Tata Steel Ltd., and Teijin Aramid B.V.

The primary objective of the consortium is to obtain a better understand-
ing of the complex behavior of granular flows in industrial applications, which
is rarely studied in academics. The consortium’s overarching objective is to
develop an experimentally validated coupled Computational Fluid Dynamics
(CFD) - Discrete Element Method (DEM) framework that can be used to simu-
late thecomplex featuresof granularflowsencountered in industrialprocesses.
The modeling framework is aimed to incorporate complexities on the particle
scale, such as polydispersity, liquid bridges, heat & mass transfer, and evap-
oration, and the equipment scale, such as sub-fluidization and agitation. Be-
sides the general framework, the code is accompanied by in-depth scientific
case studies for calibration and validation purposes, which is crucial to ensure
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themodel’s accuracy.

Figure 1.5: Contribution of this research work to the IDGF consortium.

This research contributes to the consortium by providing high-quality ex-
perimental datasets for the numerical calibration of industrial-grade powders
and validation of the CFD-DEM models, as illustrated in Fig. 1.5. Such elab-
orate combined experimental and modeling studies under realistic process
conditions have been found to be limited in the literature due date. If a vali-
dated CFD-DEM model of a process is developed on a laboratory scale, scal-
ing laws can be readily applied to perform modeling of the process at a larger
scale. Developing large-scale experimental processes requires significant ef-
fort and is associated with high costs. Therefore, the experimentally validated
CFD-DEM framework can be an invaluable tool to reliably design processes via
novel technological solutions or optimize processes to improve sustainability
by reducingemissionsandenergyconsumption. With themodeling framework
developed by this consortium, the industrial partners will be directly able to
evaluate the influence of changing material properties in their complex pro-
cesses, aiding in improveddesign, scale-up, andoptimizationof theprocesses.
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1.7. Thesis outline
This thesis is article-based and comprises a series of original scientific articles
thathavebeenpublishedorhavebeensubmitted forpublication. Thechapters
are included in their published form to facilitate easy correlation of the chap-
ters with their respective articles, except for some minor formatting changes
that wemade to someof the articles to build a coherent and consistent thesis.
The thesis aims toprovide insight into the influenceof operatingparameters on
the granular flowbehavior in the reactors through detailed experimental inves-
tigations. Each chapter contributes to accomplishing this aim and, together,
provides an answer to the main research question. The principal organization
of this thesis is as follows:

In most studies reported in the literature, the flow behavior of polypropy-
lene solids is assessed using post-processedmono-disperse, spherical parti-
cles under dry conditions, which provides limited insight into the flow behav-
ior in industrial processes. In Chapter 2, the flow behavior and gas holdup of
industrial-grade polypropylene reactor powders in a laboratory-scale horizon-
tal stirred bed reactor are studied with X-ray imaging.

The X-ray imaging method employed in Chapter 2 can provide detailed in-
sight into the gas holdup of a systemof interest, but it does not allow the track-
ing of individual particles. Chapter 3 employs a novel single-photon emission
radioactiveparticle trackingmethod thatcanbeused to track individualphoton-
emitting particles in order to evaluate the hydrodynamics ofmultiphase flows.

In Chapter 4, the previously presented single-photon emission radioactive
particle tracking method is employed to characterize the particle dynamics
in a laboratory-scale horizontal stirred bed reactor. The influence of fill level
and agitation on the particle dynamics is investigated, completing the hydro-
dynamic investigation of the laboratory-scale horizontal stirred bed reactor.

Besides horizontal stirred bed reactors, vertical stirred bed reactors are
used for the manufacturing of polypropylene. Chapter 5 is focused on the flu-
idization behavior of vertical stirred bed reactors. Through a combined X-ray
imaging and numerical study, the influence of agitation on the gas holdup and
solids motion in a laboratory-scale gas-solid fluidized bed is elucidated.

Previous chapters were focused on powders that comprise particles with
a relatively large particle size. However, in many industrial applications, pow-
ders with smaller particle sizes are used, which tend to become cohesive due
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to relatively strong van der Waals forces. The fluidization of cohesive powders
introduces several challenges, such as channeling and agglomeration, which
even hinder some powders from being fluidized at all. In Chapter 6, the unas-
sisted and vibro-assisted fluidization behavior of ten commercially available
materials is qualitatively and quantitatively compared to the respective flow
behavior. Opportunities are presented to obtain a priori insight into the ex-
pected fluidization behavior through simple powder flow testing experiments.

In Chapter 7, the conclusions are presented, and an outlook for future re-
search is given. Preliminary results on X-ray particle velocimetry show that this
method could provide information on the gas holdup and particle trajectory si-
multaneously as one integratedmethod, which opens doors to a wide array of
future projects.

All articles published as part of this research are green open access and
accessible through the TU Delft’s repository research.tudelft.nl and are linked
to their corresponding bibliography entries. Research datasets underlying the
respective articles are made available at the 4.TU.ResearchData repository,
aiming to make the datasets findable, accessible, interoperable, and repro-
ducible (FAIR).
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2
Flow behavior of polypropylene reactor
powder inhorizontal stirredbed reactors
characterized by X-ray imaging
In thischapter,wedevelopa laboratory-scalehorizontal stirredbed reactor. Since thepolypropy-
lene reactor powders are opaque to visible light, we employ a fast X-ray imaging technique to
characterize theflowbehavior andgasholdup. This chapter first introduces the laboratory-scale
setup and the X-ray imaging method. Then, the influence of the rotation speed, gas inlet flow
rate, and liquid content on the flow behavior and gas holdup is presented and discussed.

This chapter is publishedasP.C. vanderSande,C.deVries, E.C.Wagner, A.C.VögtlanderG.M.H.
Meesters, and J.R. van Ommen, Flow behavior of polypropylene reactor powder in horizontal
stirred bed reactors characterized by X-ray imaging, Chemical Engineering Journal (2024).
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Horizontal stirredbed reactors (HSBRs)arewidelyused in thecommercialproductionofpolypropy-
lene (PP). Despite their commercial significance, a comprehensive understanding of the flow
behavior inHSBRs remains elusive, primarily due to the lack of detailed experimental data. This
study investigates the influence of operating parameters on the particle flow behavior of two
types of PP reactor powder in a laboratory-scaleHSBR using X-ray imaging. Our results indicate
that the overall flow behavior and phase holdup in the HSBR are dominated by agitation. More-
over, gas injection through the inlet points at the bottom of the HSBR results in spouting behav-
ior, which can lead to reduced gas-solid contacting and, in extreme cases, complete bypass.
Finally, the presence of liquid (in this study, isopropyl alcohol) adversely aƯects the flow behav-
ior of the PP reactor powder due to liquid bridging at the contact points of particles. Powders
that comprise particles with relatively small sizes and dense surface morphology are particu-
larly prone to reduced flow behavior when exposed to liquid.
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2.1. Introduction
Polypropylene (PP) is a cost-eƯective and versatile polyolefin resin with good
mechanical properties, thermal stability, and excellent chemical resistance.
These characteristicsmakePP apreferred choice in various industries, includ-
ing food packaging, automotive, healthcare, textiles, and electronics [1, 2]. In
2022, the annual global production of PP was approximately 79.1 millionmet-
ric tons [3], and the global PP market is expected to see sustained growth,
driven by the increased use of high-quality plastics in automotivemanufactur-
ing and the growing need for eƯicient packaging solutions [4].

Gas-phase catalyzed polymerization has become a crucial method in the
commercial production of PP [5]. The Innovene™ PP process stands out as
a particularly eƯective and scalable production technology [6–10]. This pro-
cess typically employs twohorizontal stirred bed reactors (HSBRs): the first re-
actor is used for forming propylene homopolymer or random copolymer, and
the second downstream reactor is dedicated to producing propylene impact
copolymer. HSBRs are highly valued for their ability to provide excellent gas-
phase mixing and precise control over reaction parameters, which are essen-
tial for eƯicient PP production.

TheHSBR isacylindrical reactorcomprisingaseriesofpaddlesattached to
a central shaft. A schematic representation of theHSBR is depicted in Fig. 4.1.
At the reactor’s inlet, micron-sized Ziegler-Natta catalyst particles are contin-
uously introduced [10]. Gaseous propylene monomers are injected through
inlets at the reactor’s base and polymerize on the active sites of the catalyst
throughacoordination-insertionmechanism. Tomaintainasub-fluidizedstate
and prevent bed fluidization, the gas velocity is carefully regulated. Heat origi-
nating from the highly exothermic polymerization reaction is removed through
evaporative cooling. This process involves spraying recycled liquid propylene
onto the PPpowder bed fromvarious axial positions along the reactor’s length.
When the liquid propylene contacts the active PP, it vaporizes, absorbing the
reaction heat and thereby cooling the system eƯectively. Throughout the poly-
merization process, the mildly agitated PP powder is kept at a constant inven-
tory, allowing the PP particles to grow to sizes between 100 and 5000 µm [11].
The increasing volume of the growing particles propels the powder toward the
reactor’s opposite end, where it is continuously discharged.

Therearesignificantoperationalchallenges involved ingas-phasepolymer-
ization reactors that often arise from inadequate particlemovement or insuƯi-
cient cooling. A primary concern is the agglomeration of polyolefin particles,
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Figure 2.1: Graphical representation of the front view (left) and side view (right) of the horizon-
tal stirred bed reactor as employed in the Innovene™ PP process. The polypropylene solids are
continuously agitated, while gaseous propylene is introduced from the bottom (yellow cones),
and liquid propylene quench is sprayed from the top of the reactor (blue dashed lines).

whichcan reduceproductioncapacityandproductquality [12]. In the Innovene™
PPprocess, such agglomeration is typically due to insuƯicient heat dissipation
from inadequate quenching or poor solids circulation. Without eƯective and
uniform heat dissipation, the temperature of polymer particles can increase,
potentially reaching or exceeding their softening or melting point, leading to
the formation of agglomerates or lumps. These agglomerates reduce prod-
uct quality and can obstruct the discharge pipeline, disrupt the heat exchange
balance, and cause deviations from the normal flow pattern, significantly im-
pairing reactor eƯiciency. In severe cases, agglomerates can occupy a large
portion of the reactor volume, necessitating unscheduled plant shutdowns for
cleaning and resulting in significant financial penalties [13].

While apropylenequench is necessary todissipate heat andcontrol the re-
actor temperature, excess liquid propylene can create liquid bridges between
particles, increasing cohesion through capillary forces [14]. This liquid bridg-
ing may lead to the formation of liquid-bound PP agglomerates, which in turn
deteriorates flowability. Therefore, it is crucial to determine the optimal liquid
quench rate that eƯectively dissipates heat while minimizing adverse eƯects
on PP flow behavior caused by liquid bridging. Additionally, adequate solids
circulation is essential to ensure uniform wetting and maintain a consistent
bed temperature.

Considerable research eƯort has been devoted to kinetic studies of the
polymerization reaction andmodeling of the residence time distribution [5, 8–
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10, 15–18]. The literature widely reports that the powder mixing pattern in an
HSBR is influenced by two transport eƯects: simultaneous stirring flows with
equal intensity in both the up-and downstream directions and the continu-
ously increasing powder net flow in the downstream direction due to particle
growth. Together, these eƯects give rise to a residence time distribution that
can be eƯectively modeled by three to five continuous stirred tank reactors in
series [8, 16].

While considerable eƯort has been devoted to kinetic studies and model-
ing, only limited studies have explored thepowder flowbehavior inHSBRs. The
flow characteristics of biomass particles in a laboratory-scale HSBR were ex-
amined through experimental measurements [19] and computational model-
ing [20]. These studies reported that the axial dispersion coeƯicient increases
with higher rotation speeds and a larger number of blades.

Additionally, the granular flow pattern in horizontal powder mixers, which
shows similarities to HSBRs, has been investigated using positron emission
particle tracking [21–23]. Laurent et al. [21] observed that radial blades in hor-
izontal mixers create axial compartments in the bed that induce circulation
loops in the bed. Subsequent research by Laurent andBridgwater [22] demon-
strated that the velocity fields and axial dispersion coeƯicients scalewith rota-
tion speed, aligning with the flow characteristics observed in the HSBR study
by Xi et al. [19]. Furthermore, Laurent and Bridgwater [23] reported that at suf-
ficiently high reactor fill levels, the agitator shaft significantly influences radial
and axial particle motion.

Experimental evaluation of the powder flow behavior and phase holdup
is essential for optimizing and intensifying reactor operations and validating
computationalmodels. The flow pattern and phase holdup significantly aƯect
reactor stability and the quality and uniformity of the final polymerized prod-
uct. However, the complex hydrodynamics of multiphase flow reactors pose
a challenge for experimental evaluation. In the HSBR, the flow’s multiphase
nature, characterized by a high particulate phase fraction, results in a dense,
opaque flow that hinders the use of conventional optical techniques.

Inourpreviouswork,wecharacterized theparticledynamics ina laboratory-
scale HSBR by employing single-photon emission radioactive particle track-
ing. We found that the particle dynamics are highly influenced by the reactor
fill level and agitator rotation speed [24, 25]. However, the particle tracking
method employed did not allow for the study of the overall flow behavior and
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gas holdup.

In the current study, we characterize the flow behavior of two types of PP
reactor powder in a laboratory-scaleHSBRunder non-reactive conditions, em-
ploying an in-house X-ray imaging method. X-ray imaging has been an estab-
lished non-invasive technique for assessing the phase holdup in multiphase
flow systems [26–30]. We employ X-ray imaging to investigate the influence of
reactor operating parameters, namely agitator rotation speed, gas inlet flow
rate, and liquid content, on the flow behavior and gas holdup in the HSBR. Fur-
thermore,weemploy in-housedevelopedsoftware to implementX-ray imaging
phase-locking, enabling local assessment of the relation between the phase
holdup and the power consumption by themotor driving the agitator.

2.2. Methodology
2.2.1. Horizontal stirred bed reactor setup
The laboratory-scaleHSBRused in thisworkconsistsofa134mminner-diameter
cylinder with a length of 150mm. The cylinder incorporates an agitator com-
prising 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 cylinder has three gas injection inlets of 6mmdiameter at
the bottomat 25, 50, and 75%of the length. The injection points are equipped
with a filter to prevent back-flow of solids. The two outlets are closed through
a filter to prevent fines elutriation. Both the cylinder and the agitator are con-
structed from polycarbonate tomitigate X-ray radiation attenuation during the
experiments. The agitator can be rotated at the desired rotation speed using
an electricmotor with a belt drive, which is controlled via in-house software. A
schematic representation of the HSBR is illustrated in Fig. 2.2

2.2.2. Polypropylenematerial
This study assesses the flow behavior of two types of industrial-grade PP re-
actor powder. It is important to note that these powders are PP solids directly
acquired from industrial HSBRs and possess significantly diƯerent properties
than processed PP beads, which are typically used in academic studies. The
PP powders investigated were manufactured with diƯerent catalysts and con-
sequently possess diƯerent inherent particle properties. For ease, the pow-
ders are denoted as PP-1 and PP-3. The particle size distribution and mor-
phology of the powders were analyzed using a particle size analyzer and mi-
croscopy, respectively. The physical properties of the materials are summa-
rized in Table 2.1 and will be further discussed in the following paragraphs.
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Figure 2.2: (a) Schematic representation of the laboratory-scale horizontal stirred bed reactor,
and (b) the internal agitator comprising a central shaft equipped with a series of impellers.

Table 2.1: Physical properties of the powders used in this study. ᑒSpan = (፝v90-፝v10)/፝v50.

PowderPowderPowder d3,2 (µm)d3,2 (µm)d3,2 (µm) d4,3 (µm)d4,3 (µm)d4,3 (µm) Spanፚ (-)Spanፚ (-)Spanፚ (-) 𝜌bulk (kgmዅ3)𝜌bulk (kgmዅ3)𝜌bulk (kgmዅ3) umf (cmsዅ1)umf (cmsዅ1)umf (cmsዅ1) Shape

PP-1 569 672 1.12 511 15 Angular
PP-3 1040 1180 0.99 368 25 Spherical

The particle size distributions of the PPmaterials weremeasured using the
Malvern 3000 particle size analyzer equipped with a dry powder module and
high-energy stainless steel venturi tube. The volume-based particle size distri-
butionsare represented in Fig. 2.3a. Among the twopowders, PP-3exhibits the
largest particleswith aSautermeanparticle size (d3,2) of 1040 µmcompared to
569 µm of PP-1. As can be observed from the cumulative distribution and the
span denoted in Table 2.1, PP-1 has a slightly broader particle size distribution
than PP-3.

The morphology of the materials was characterized through optical and
scanning electron microscopy. A ZEISS SteREO Discovery.V8 optical micro-
scope with manual 8x zoom was used to acquire images on the macro-scale.
Figure 2.3b(1-2) shows representative optical microscope images of the pow-
ders. The images illustrate notable variations in the size and shape of the par-
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(a) Volume-based cumulative particle size distribu-
tionacquiredwith theMalvern3000particlesizean-
alyzer.

(b) Representative examples of optical microscope
images of (1) PP-1 and (2) PP-3, and scanning elec-
tronmicroscope images of (3) PP-1 and (4) PP-3.

Figure 2.3: Properties of the PP reactor powders used in this study.

ticles, and bothmaterials can be classified as poly-disperse in size and shape.
In agreement with the particle size distribution obtained through light scat-
tering, the images demonstrate that PP-3 exhibits the largest particles while
PP-1 exhibits the smallest. Furthermore, the particles of PP-1 display angular
morphology, while the particles of PP-3 possess a more spherical morphol-
ogy. In addition, a JEOL JSM-6010LA scanning electron microscope was used
to acquire images at the micro-scale. Before the analysis, the samples were
sputter-coated with gold using a JEOL JFC-1300 auto fine coater in automatic
mode to limit charging and improve image quality. From the SEM images (Fig.
2.3b(3-4)), it can be observed that the surface of PP-1 is smooth and appears
to be dense. In contrast, the surface of PP-3 demonstrates a higher degree of
surface roughness and the presence of macro-pores. Additional SEM images
are included in Appendix A.1.

Besides the particle size distribution and morphology, the loose bulk den-
sity (𝜌፛) of the powders was experimentally determined following the method
of Carr [31]. PP-1 has a relatively higher bulk density (511 kgmዅ3) compared
to PP-3 (368 kgmዅ3). Moreover, the minimum fluidization velocity (𝑢፦፟) of the
two powders was experimentally determined through pressure dropmeasure-
ments in a cylindrical fluidized bed column with an internal diameter of 5 cm.
The respectivepressuredropagainst superficial gas velocity plots are included
in Appendix A.1. From the curves, the minimum fluidization velocities of PP-1
and PP-3 were determined to be 15 and 25 cmsዅ1, respectively.



2.2. Methodology

2

27

X-ray imaging
The flowbehavior of the PP powders in theHSBRwas experimentally assessed
using an in-house fast X-ray imaging setup, schematically illustrated in Fig.
2.4a. X-ray imaging is a non-invasive imaging technique that can be used to
visualize the density distribution of opaquemultiphase flows. With X-ray imag-
ing, a 2D projection of the 3D gas holdup in the HSBR was captured.

The X-ray setup consists of a standard industrial-type X-ray source (Yxlon
International GmbH)with amaximumenergy of 150 keVworking in cone beam
mode and a 2D detector (TeledyneDalsa Xineos) with a theoretical spatial res-
olution of 0.20mm placed opposite of the source. In this study, the source-
detectordistancewas122.5 cm,with thecenterof theHSBRpositioned102 cm
from the source. Throughout all experiments, the setup was controlled from a
workstation located outside the setup room, ensuring a safe working environ-
ment. X-ray images were acquired at a sampling rate between 35 and 70Hz
depending on the desired resolution of the acquired image. The obtained data
was then stored for subsequent digital image analysis.

Each acquired image is a time-resolved projected 2D intensity map of the
HSBR. A two-point calibration protocol was executed to convert the measure-
ment intensity into a gas holdup (see Fig. 2.4b). Initially, a reference imagewas
captured of the empty column without the shaft and impeller blades (𝐼empty).
Subsequently, the column was filled with the bed material, and a full refer-
ence imagewas obtained (𝐼full). The X-raymeasurement principle relies on the
attenuation of X-rays traveling in a straight line froman X-ray source to a detec-
tor while passing through the material. The transmission of a monochromatic
beamof high-energy photons with initial intensity 𝐼ኺ through amaterial of con-
stant density is described by the Lambert-Beer law:

𝐼(𝑥) = 𝐼ኺ𝑒ዅ᎙፳ (2.1)

Here, 𝐼(𝑧) denotes the intensity measured at the detector, 𝜇 is the atten-
uation coeƯicient, and 𝑧 is the thickness of the X-ray attenuating material be-
tween the source and the detector. In cases of varying attenuation, the mea-
sured intensity is the integral eƯect of local attenuation with the local atten-
uation coeƯicient. By applying the Lambert-Beer law, the measurement gas
holdup map (𝜖measurement) was derived from the measurement intensity map
(𝐼measurement) using the empty and full reference as depicted in Fig. 2.4b. The
normalized gas holdup 𝜖፠ was calculated as follows:
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𝜖፠ =
𝑙𝑛(𝐼measurement/𝐼full)
𝑙𝑛(𝐼empty/𝐼full)

(2.2)

(a) Schematic representation of the experimental
X-ray imaging setup.

(b) A two-point calibration procedure is employed to
convert the intensity map to a gas holdupmap.

Figure 2.4: X-ray imaging analysis of the horizontal stirred bed reactor hydrodynamics.

It is important to note that the normalized gas holdup in this study ranges
from 0 to 1, where 1 represents pure gas and 0 dense packing of solids. Warm
colors in the gas holdup map correspond to low X-ray attenuation, indicating
high gas concentrations. In contrast, cold colors represent high X-ray atten-
uation, indicating low gas concentrations. A more detailed description of the
procedure is included in our previous works [32, 33].

2.2.3. Operation and flow characterization
During theoperationof theHSBR in industrial applications, thebed level is kept
at constant inventory, and the rotation speed and gas inlet flow rate are kept
constant. Adequate control of the operating settings is necessary to prevent
operational issues, as these have a significant influence on the flow pattern in
rotating systems [23, 34]. This study evaluates the impact of agitation, gas in-
let, and liquid content on theflowbehavior of thePPpowders in the laboratory-
scale HSBR.

Three diƯerent types of experiments were conducted to elucidate the flow
behavior of the PP reactor powders in theHSBR. In the first set of experiments,
the gas holdup was studied as a function of the rotation speed and gas inlet
flow rate. The second set of experiments focused on determining how rotation
speed and gas inlet flow rate aƯect the power consumption of the motor dur-
ing agitation. Finally, the third set of experiments investigated the influence of
liquid content on the flowability of the PP reactor powders.
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For each experiment, the HSBR was filled to the desired level by inserting
PP powder through the top opening. Depending on the specific experiment, ei-
ther the gas inlet was activated, or the IPA liquid was introduced. The agitator
rotation speed was then set to the desired value. After 30 s, the X-ray source
and detector were switched on, and X-ray images were acquired for a mea-
surement duration of 60 seconds at varying acquisition frequencies. For the
gas holdup experiments, the gas holdup was computed from the X-ray images
according to the processing workflow described in Section 2.2.1. The opera-
tional settings are summarized in Table 2.2, and the diƯerent types of experi-
ments will be discussed in more detail in the subsequent subsections.

Table 2.2: Experimental investigations and their respective operational settings.

Parameter Gas holdup Power consumption Wet flow behavior
Fill level (v%) 50 50 50
Rotation speed (RPM) 20-40-60 20-40-60 20-40-60
Total gas inlet (Lminዅ1) 0-15-30-45-60 0-30-60 0
Liquid content (vol%) 0 0 0.00-1.25-2.50-5.00-10.0
Sampling frequency X-ray (Hz) 35-70 RPM dependent 35
Measurement run time (s) 60 60 60

Gas holdup
In the Innovene™ process, propylene gas is inserted through gas inlet openings
at the bottom of the HSBR. In this cold model study, compressed air was sup-
plied to the HSBR through three gas inlet points at the bottom positioned at
25, 50, and 75% of the reactor length. To assess the influence of the inlet flow
rate on the gas holdup, the flow rate was incrementally increased from 0 to
60 Lminዅ1 in steps of 15 Lminዅ1 for various rotation speeds.

The gas holdup of the entire HSBR was acquired with an X-ray acquisition
frequency of 35Hz. To capture the fast dynamics of the gas holdup directly
above thegas inlet, thegasholdupof thebottomhalf of theHSBRwasacquired
with an X-ray acquisition frequency of 70Hz. The time-resolved X-ray images
were used to compute a time-averaged gas holdup over the 60 s acquisition
time:

𝜖፠(𝑥, 𝑧) =
1
𝑁ጂ፭

፭Ꮂዄጂ፭

∑
፭዆፭Ꮂ

𝜖፠(𝑥, 𝑦, 𝑡) (2.3)
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where 𝑥 and 𝑦 represent the horizontal and vertical positions, and 𝑁ጂ፭ repre-
sents the number of images between 𝑡ኺ and 𝑡ኺ+Δ𝑡.

Power consumption
Monitoring the power consumption of the motor under the influence of vary-
ing rotation speeds (20, 40, and 60 RPM) and varying inlet flow rates (0, 30,
and 60 Lminዅ1) during agitation gives valuable insight in the variation of the
resistance. To monitor the power consumption, in-house integrated logging
software in LabVIEW was used. During agitation, the software automatically
logged the current of the motor at a specific arbitrary agitator position, rang-
ing from 0 to 4096 during one revolution. The logged current and position were
stored for furtherdataprocessing. Thearbitrarycurrentwasconverted topower
byemployingacalibrationprotocol, and thearbitraryagitatorpositionwascon-
verted to the angle of rotation with Equation 2.4.

Angle of rotation = Position number
4096

⋅ 360 (2.4)

To understand how the power consumption of the motor relates to the gas
holdup, X-ray imageswerecapturedatfixedagitatorpositions. Thiswasachieved
by incorporating thecontrol of theX-ray apparatus into thepowerconsumption
logging software, which allowed the triggering of the X-ray detector at fixed ag-
itator positions. Consequently, the sampling frequency of the X-ray detector
depended on the number of positions and the rotation speed of the agitator.
An in-depth analysis of the correlation between phase holdup and power con-
sumption wasmade possible by capturing X-ray images while simultaneously
logging the power consumption at the same agitator positions.

Additionally, by capturing X-ray images at identical agitator positions over
a large number of revolutions, phase-locking the position, the consistency of
the phase holdup could be analyzed. An in-house MATLAB script was used
to compute the structural similarity index (SSIM) of the acquired X-ray images
using the image acquired during the first revolution as a reference. The SSIM
represents the similarity between two images, for which a value closer to 1 in-
dicates a better similarity [35], and thereby allows quantitative assessment of
the consistency of the phase holdup.
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Wet flow behavior
In the Innovene™ PP process, a liquid propylene quench is used to remove heat
originating from the exothermic polymerization reaction through evaporative
cooling. Excessive quench liquid may cause the formation of agglomerates or
lumps due to liquid bridge formation, which can adversely aƯect reactor eƯi-
ciency. Furthermore, ensuring suƯicient solids motion is essential for achiev-
ing uniform liquid distribution. Therefore, it is crucial to quantify the influence
of the liquid content and rotation speedon theflowability of PP reactor powder.

As propylene is in a gaseous state under standard temperature and pres-
sure conditions, isopropyl alcohol (IPA) was used as amodel liquid. Measure-
ments were conducted with fixed liquid contents of 0.00, 1.25, 2.50, 5.00, and
10.0 vol% IPA by adding IPA through the top opening and agitating for 30 s to
ensure a homogeneous mixture. For each liquid content, X-ray images of the
flow behavior in the HSBR were captured at rotation speeds of 20, 40, and 60
RPM.

Besides a qualitative assessment of the flow behavior under various liquid
contents, the deviation of the flowpattern from thenormal flowpattern (0 vol%
at 20 RPM) was quantitatively assessed based on the variation of the surface
position. Typically, a consistent flowing surface with a low degree of variation
corresponds to a goodflowability, while an irregular flowing surfacewith a high
degree of variation corresponds to a poor flowability [36]. Using this character-
istic, an in-house MATLAB script was employed to compute a time-averaged
X-ray image for each operational setting. Then, for each time-averaged image,
the top part of the bed was extracted, and the SSIM was computed using the
time-averaged X-ray image acquired under dry conditions (0 vol% IPA) at a ro-
tation speed of 20 RPM as a reference, representing the normal flow behavior.
Asdepicted in theprevioussection, theSSIM represents thesimilaritybetween
two images, for which a value closer to 1 indicates a better similarity. In this
way, the SSIMallowsquantitative assessment of the deviation from thenormal
flow pattern when the bed is exposed to various liquid contents.

2.3. Results and discussion
2.3.1. Gas holdup
Gas holdup without gas inlet
A significant advantage of the employed X-ray imaging method is its ability to
oƯer a direct projection of the gas holdup over time, enabling the visualization
of both time-resolved and time-averaged flow behavior and gas holdup. Fig-
ure 2.5a presents the time-averaged gas holdup without gas inlet, facilitating
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a qualitative comparison of the observed flow behavior of the two PP powders
at diƯerent rotation speeds.

(a) Gas holdupmaps.
(b) Gas holdup line profile for PP-1
(top) and PP-3 (bottom).

Figure 2.5: Time-averaged gas holdup without gas inlet for various rotation speeds. A video dis-
playing the time-resolved flow behavior is included in the electronic appendix.

It can be observed that the clockwise impeller rotation causes the left side
of the bed to rise upward and flow over the shaft. A comparison of diƯerent
rotation speeds reveals that the bed expands as rotation speed increases. The
expansion is attributed to the aeration of the bed due to the fast rotation of the
impeller blades, which brings the bed to an aerated state. The phenomenon of
aeration at elevated rotation speeds is commonly observed in rotating drums,
especially for fine powders [37].

Theaerationof thebed isalsoobservedbycloselyevaluating thegasholdup
at the diƯerent rotation speeds. As the rotation speed increases, both PP pow-
ders demonstrate a gradual increase in gas holdup. This increase is particu-
larly noticeable at the left and upper regions of the bed, visually depicted by
a lighter blue shade, indicative of a more aerated and loosely packed state.
This observation is graphically reinforcedby the vertical line profile in Fig. 2.5b,
whichshows thatahigher gasholdup isattainedatahigher rotationspeed. Ad-
ditionally, both the spatial gas holdup maps (Fig 2.5a) and the vertical profiles
(Fig 2.5b) highlight that PP-3 remains a slightly higher gas holdup. Interestingly,
a regionwith lower gas holdup, depicted by a darker blue shade, is observed at
the bottom right part of the bed in all instances, indicating a denser state. The
region with a dense state is most likely caused by the compaction of the bed
when the particles descend after flowing over the shaft.
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The agitation-induced bed aeration leads to a rise in thematerial flow over
the shaft, as evidenced by the time-averaged gas holdup. The circumferential
motion of solids, driven by the clockwise agitation that compels material to
flow over the shaft, plays a crucial role in achieving awell-mixed systemwith a
uniformparticle cycle time, aswas reported by Van der Sande et al. [25]. Com-
paring the gas holdup of the two PP powders across diƯerent rotation speeds
reveals no significant diƯerences. Both powders display free-flowing behavior
and increased aeration with higher rotation speeds.

Gas holdup with gas inlet
In the industrial process, propylene gas is inserted through inlets spaced along
the various polymerization sections of the HSBR and located underneath the
surface of the polymer bed [7]. In this cold model study, compressed air was
supplied to the HSBR through three gas inlet points at the bottom positioned
at 25, 50, and 75%of the reactor length. Figure 2.6 illustrates the gas holdup at
various gas inlet flow rates for PP-1 (Fig. 2.6a) and PP-3 (Fig. 2.6b) for a rotation
speed of 20 RPM.

From both front and side views, it is evident that gas spouts, characterized
by amoderate gas holdup, are formedabove the gas inlet points. These spouts
increase in height with higher gas flow rates. From the front view, it can be ob-
served that the spouts are formed at each gas inlet point, at 25, 50, and 75%
of the reactor length. For PP-1, gas spouts begin developing at a gas flow rate
of 15 Lminዅ1 and bypass the bed (i.e., reaching up to the bed surface) from
30 Lminዅ1 onwards. WithPP-3havingaslightly higherumf thanPP-1 (25 cmsዅ1

compared to 15 cmsዅ1), gas spouts only form at a gas flow rate of 30 Lminዅ1

and bypass the bed starting from 60 Lminዅ1.

Spouting is inherently linked to reduced gas-solid contacting, particularly
in cases of complete bypass. In the industrial process, both gaseous propy-
leneandhydrogenare introduced fromthebottomof theHSBR.Since theHSBR
operatesunderapropyleneatmosphere, there is readily goodcontactbetween
propylenegasand thesolidphase, and thebypassof propylene isnot expected
to significantly aƯect the overall process eƯiciency. However, hydrogen plays
a crucial role in controlling chain length and terminating the polymerization re-
action, which requires eƯective gas-solid contact. Therefore, the bypass of
hydrogen gas due to spouting is undesirable. Furthermore, the formation of
spouts may locally induce solids circulation, as typically observed in the an-
nulus region of spouted beds [38]. However, characterizing themotion of indi-
vidual particles in the HSBR requires particle tracking methods, which are not
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(a) Powder PP-1.

(b) Powder PP-3.

Figure 2.6: Representative gas holdup snapshots for varying gas flow rates at a rotation speed
of 20 RPM displaying the side and front view of the HSBR.

the focusof this studybut could serve as anextension for future investigations.

Upon close examination of the front-view gas holdupmaps, the stark con-
trast in gas holdup between the spout and the surrounding bulk for both pow-
ders indicates limited axial mixing of gas within the solids phase. In the side-
view gas holdupmaps, the influence of clockwise agitation on the spout’s tra-
jectory is evident, with the spout bending toward the left side of the bed. This
observation suggests tangential mixing of gas within the solids phase due to
the rotational movement of the impeller blades, underscoring the significant
role of agitation in the gas distribution. To further elucidate the agitation’s in-
fluence on the gas inlet dynamics, Fig. 2.7 presents sequences of snapshots
of the time-resolved gas holdup, acquired with an X-ray image acquisition fre-
quency of 70Hz, at a rotation speed of 20 RPM and gas flow rates of 15 and
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60 Lminዅ1 for one-quarter of the agitator revolution, corresponding to a time
period of 0.75 s.

(a) Powder PP-1.

(b) Powder PP-3.

Figure 2.7: Time sequence of representative gas holdup snapshots of the bottom half of the
HSBR acquired at a rotation speed of 20 RPM and a flow rate of 15 and 60 LminᎽ1. This se-
quence chronologically (from left to right) depicts gas holdup dynamics under the influence of
the clockwise movement of the impellers through the bed during a 0.75 s time period.

The first snapshot (t=0.0 s) illustrates the gas holdup when three impeller
blades (see Fig. 3.15 and the description of the HSBR geometry) align with the
gas injection points. For powder PP-1, gas spouts are clearly observed right of
the downward-facing impeller blades at both gas flow rates. Conversely, for
PP-3, a clear gas spout is formed at a flow rate of 60 Lminዅ1 while a minor gas
spout is observed at a flow rate of 15 Lminዅ1, which is in agreement with pre-
vious observations made from Fig. 2.6b. From the next snapshot (t=0.19 s), it
canbeobserved that the formedgas spouts bend toward thewakesbehind the
passing impeller blades, following the clockwise movement of the agitator. In
the third snapshot (t=0.38 s), the gas inlet is positioned between the passing
blade and the approaching blade. For both powders, it can be observed that
at a flow rate of 60 Lminዅ1, the spouts remain directed toward the impeller,
while at 15 Lminዅ1, it diverges from the passing impeller blades. Subsequent
to this (t=0.56 s), a significant reduction of the spouts is observed for PP-1 at
a flow rate of 15 Lminዅ1 and PP-3 at a flow rate of 60 Lminዅ1, while it contin-
ues to be fully developed for PP-1 at a flow rate of 60 Lminዅ1. This reduction is
attributed to the approaching impeller blades pushing the powder toward the
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gas inlet. Finally, the last snapshot (t=0.75 s) captures the gas holdup when
four impeller blades align with the gas injection points. The impeller blades
oƯer a path of lesser resistance, leading to the reformation of spouts for PP-1
at 15 Lminዅ1 and PP-3 at 60 Lminዅ1. This analysis underscores the significant
influence of agitation on gas holdup dynamics.

It should be noted, however, that gas injection into the bed does not signif-
icantly impact the overall hydrodynamics of the bed. Comparing gas holdup
maps obtained at flow rates of 0 Lminዅ1 and 60 Lminዅ1 (see Fig. 2.5), onlymi-
norbedsurface restructuringdue toslightbedexpansion isevident. Apart from
this minimal surface restructuring, the overall bed dynamics remain largely
consistent across varying gas inlet flow rates. As previously mentioned, agi-
tation appears to be the dominant factor influencing flow behavior.

2.3.2. Power consumption
In theprecedingsection,weexplored theeƯectsof rotationspeedandgas inlet
flow rate on gas holdupwithin theHSBR. It was demonstrated that higher rota-
tion speeds inducemechanical aeration of the powder bed, while gas inlet can
lead to spouting behavior. In this section, we broaden our investigation to in-
clude the influence of rotation speed and gas inlet flow rate on the power con-
sumption of the motor. Utilizing an integrated phase-locking method, as de-
scribed in Section 2.3.2, we obtained time-resolved power consumption data
during agitator revolutions.

Figure 2.8a illustrates the power consumption within one revolution (i.e.,
0 to 360°) for powder PP-3 at varying rotation speeds and gas inlet flow rates.
The graphs notably depict an oscillating pattern, indicating fluctuating power
consumption throughout a single agitator revolution. In the case of 0 Lminዅ1

gas inlet (the gray lines in Fig. 2.8a), this oscillating pattern can be attributed to
two factors. Firstly, during agitation, the powder is pushed upward in a clock-
wise manner until it flows freely over the shaft downward. It is evident that
impellers requiremore power to push the powder upwards, as gravity opposes
thismovement, compared tomoving through air. The peaks in the graph corre-
spond tomomentswhen an impeller blade transitions fromair into the powder
bed, resulting in apparent stick-slip behavior. Stick-slip behavior, extensively
studied by researchers such as Albert et al. [39], commonly arises from exter-
nal stress applied to granular media, causing an internal structure that resists
the stress and leads to a jammed state. As the impeller blade motion is im-
peded by jammed particles ahead of it, when the applied force surpasses a
critical threshold, the blade advances further into the powder bed, displacing
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(a) Graphical representation of the power consumption fluctuations within one revolution for powder PP-3
for varying rotation speed (20, 40, and 60 RPM) and gas inlet flow rate (0, 30, and 60 LminᎽ1). Themean and
standard deviation are based on 60 revolutions.

(b) X-ray images acquired at a rotation speed of 20 RPM and inlet flow rate of 60 LminᎽ1 corresponding to
the numbered positions indicated in Fig. (a).

Figure2.8: The influenceof theagitationandgas inletflowrateon thepowerconsumptionwithin
one revolution for powder PP-3.

the particles.

Figure 2.9: Video demonstrating the evolution of power consumption during a revolution.

Secondly, the geometry of the agitator contributes to the observed oscil-
lating pattern. The agitator comprises a shaft with seven axial blade positions,
each equipped with two blades positioned 90° apart from neighboring blades.
This uneven distribution of blades results in a variation in total blade surface
area within the bed during the clockwise rotation of the agitator, leading to
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varying resistance. Consequently, this variance contributes to diƯerences in
power consumption values at the peaks. The relatively large diƯerence is due
to the limited number of blade positions in the laboratory-scale HSBR, namely
7. In industrial HSBRs, where the number of blade positions is significantly
larger, the influence of uneven blade distribution is expected to be consider-
ably smaller. Interestingly, a detailed examination of the graphs reveals that
the oscillating pattern repeats every 180°, which is attributed to the system’s
symmetry.

When gas is introduced into the system, as indicated by the turquoise and
purple lines in Fig. 2.8a, four distinct regions are observedwhere there is a no-
table deviation in power consumption compared to the 0 Lminዅ1 cases. These
deviations occur when the impeller blades pass over the gas inlet. As demon-
strated in the previous section, gas spouts form above the gas inlet points.
When impeller blades traverse the gas spout, they encounter significantly less
resistancecompared tomoving through thebedmaterial. Thedeviationbegins
as the blades approach the gas inlet, reaches its maximum when the blades
align with the gas inlet, and diminishes as the blades move away from the gas
inlet.

Within one revolution, there are two instances when four blades traverse
over the gas inlet, resulting in themost significant deviation from the 0 Lminዅ1

case (as indicated by Fig. 2.8 number 4). Similarly, there are two instances
when three impeller bladesmove over the gas inlet, resulting in a smaller devi-
ation from the 0 Lminዅ1 case (as indicated by Fig. 2.8 number 2). The disparity
in deviation of power consumption relative to the 0 Lminዅ1 case stems from
the larger total blade surface area of four blades compared to three blades.
This observation underscores the influence of the gas inlet on motor power
consumption. As observed for the 0 Lminዅ1 cases, it can also be noted that
the patterns with gas inlet repetition occur every 180° due to symmetry in the
system.

Comparing the graphs obtained at diƯerent rotation speeds, it becomes
evident that the 20 RPM graphs exhibit a minimum of four peaks, varying in
power value due to the agitator configuration, as previously explained. Inter-
estingly, the peaks with lower power consumption are nearly absent in the 40
RPM graphs and completely absent in the 60 RPM graphs. As established in
the previous section, an increase in rotation speed leads to mechanical bed
aeration. Apart from reducing local bulk density, aeration can mitigate stick-
slip behavior, resulting in smoother power consumption during agitation [40].



2.3. Results and discussion

2

39

Consequently, this reduction in stick-slip behavior leads to a decrease in the
number of peaks in the graph.

The power consumption of PP-1 exhibits a comparable oscillating pattern
during agitation, as shown in Appendix Fig. A.5. However, a noticeable dif-
ference between the two PP reactor powders is that PP-1 requires an overall
higher power consumption, with oscillations having a larger amplitude at sim-
ilar operational settings. This disparity in power consumption and amplitude
between PP-1 and PP-3 can be attributed to the higher bulk density of PP-1.
Since experiments were conducted using a consistent volume of PP reactor
powder, the bed constituted a highermass during experiments with PP-1 com-
pared to PP-3. Consequently, more power is required for the agitation of PP-1.
Thesefindingsalignwith thoseof Knightet al. [41], who investigated the impact
of mass on power consumption in high-shear powder mixers and concluded
that power consumption increases with higher agitatedmass. Similar to PP-3,
the degree of variation in power consumption is reduced with increasing rota-
tion speed, attributed to the aeration of the bed.

Despite the system’s multiphase and discrete nature, remarkably small
standard deviations are observed at each agitator position in Fig. 2.8a and Ap-
pendix Fig. A.5, indicating highly consistent behavior. To further illustrate the
bed’s consistency, Fig. 2.10a presents a sequence of three X-ray images ac-
quiredat identicalagitatorpositions for successive revolutionsobtained through
the X-ray imaging integrated phase-locking method.

Uponqualitativecomparisonof the imageswith thenakedeye, nodiscernible
diƯerences can be observed. To further quantify their similarity, the structural
similarity index (SSIM) was computed using image revolution 1 as the refer-
ence. As explained in Section 2.3.2, the SSIM represents the similarity be-
tween two images, with a value closer to 1 indicating better similarity. The
SSIM index maps, depicted in Fig. 2.10b, along with the global SSIM index val-
ues of 0.99347 (image revolution 2) and 0.99346 (image revolution 3), indicate
extremely high similarity. In fact, the primary diƯerence between the images
lies in the noise present in the high-intensity regions of the image (where there
is no powder or flange). This suggests that the bed and gas spout exhibit re-
markable consistency across successive revolutions. Since the images are
acquired at identical agitator positions, it further underscores that both the
bed behavior and gas spout behavior are predominantly influenced by agita-
tion. These findings are significant, as the bed’s extremely high consistency
implies that the system can be reliably characterized within a short measure-
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(a) Sequence of X-ray images captured at identical agitator positions for succeeding revolutions.

(b) Structural similarity index (SSIM) demonstrating the similarity between Fig. 2.10a images 1 and 2 (left)
and images 1 and 3 (right).

Figure 2.10: Similarity between X-ray images acquired at identical agitator positions a rotation
speed of 20 RPM and a gas flow rate of 60 LminᎽ1.

ment time. This is particularly relevant for computational modeling, such as
Computational FluidDynamics -Discrete ElementModeling (CFD-DEM). Such
modeling is highly CPU demanding, and investigations are therefore limited to
short duration. The recurrent patterns in the HSBR open doors to employ re-
currenceCFDapproaches [42], potentially speeding up the simulations by two
orders of magnitude [43].

2.3.3. Flowability under wetted conditions
In the preceding sections, weexplored the impact of rotation speedand gas in-
let flow rate on gas holdup in the HSBR under dry conditions. However, in the
industrial polymerization process, the bed is continuously wetted by a propy-
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lene quench to dissipate heat generated by the exothermic polymerization re-
action. In this section, we investigate the eƯect of liquid on the flow behavior
in the HSBR by subjecting the PP reactor powders to various IPA contents. Fig-
ure 2.11 presents representative snapshots illustrating the flowbehavior of the
two PP reactor powders across IPA liquid contents ranging from 0 to 10 vol%.

Under dry conditions (0.00 vol%), both powders exhibit a smooth-flowing
layer, indicative of good flowability. However, notable diƯerences in flow be-
havior emerge upon exposure to IPA. While PP-3 maintains a smooth flowing
layer for liquidcontentsup to5.00vol%,PP-1demonstratesdeterioratedflowa-
bility already at a liquid content of 1.25 vol%, evidenced by an irregular flow-
ing layer. The deterioration of flowability persists with increasing liquid con-
tent. Eventually, at a liquid content of 10 vol%, cohesive forces become so
pronounced that lumps of PP cycle circumferentially, rendering the powder no
longer flowing. Although PP-3 also experiences a reduction in flowability at a
liquid content of 10.00 vol%, it remains significantly more flowable than PP-1.

Figure 2.11: Representative X-ray images of the flow behavior of PP-1 (top) and PP-3 (bottom)
at a rotation speed of 20 RPM for liquid contents of 0, 1.25, 2.50, 5.00, and 10 vol% isopropyl
alcohol.

An image processing workflow was employed to quantify the deviation in
flow patterns under wetted conditions. For each operational condition, the
SSIM of the time-averaged flow pattern was computed with the time-averaged
flowpattern acquired at 20 RPMunder dry conditions serving as the reference.
As previously mentioned, the SSIM represents the similarity between two im-
ages, with a value closer to 1 indicating better similarity. Utilizing the flow be-
havior under dry conditions at a rotation speed of 20 RPM as a reference, the
value of 1-SSIM represents the deviation in the flow pattern from the normal
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Figure 2.12: Video of the flow behavior at a rotation speed of 20 RPM for liquid contents of 0,
1.25, 2.50, 5.00, and 10 vol% isopropyl alcohol.

flow behavior at 20 RPM. Consequently, a larger value for 1-SSIM indicates a
greater deviation. Figure 2.13 graphically illustrates the influenceof liquid con-
tent and rotation speed on the deviation in flow pattern from the flow pattern
under dry conditions at a rotation speed of 20 RPM.

(a) PP reactor powder PP-1. (b) PP reactor powder PP-3.

Figure 2.13: The influence of liquid content and rotation speed on the deviation in flow pattern
(1-SSIM) relative to theflowpatternacquiredunder dry conditionsat a rotation speedof 20RPM.

In agreement with Fig. 2.5, it can be observed that increasing the rotation
speed results in a small deviation in the flow pattern, which is attributed to the
aeration of the bed. More interestingly, by comparing the influence of the liq-
uidcontent forbothpowders, significantdiƯerences in thedeviationof theflow
patternareobserved. Asqualitatively depicted in2.5, Fig. 2.13a illustrates that
the flow pattern of PP-1 already exhibits significant deviation from the normal
flow pattern at a liquid content of 1.25 vol% and continues to deviate up to a 1-
SSIM value of 0.11 at a liquid content of 10 vol% for a rotation speed of 60RPM.
In contrast, Fig. 2.13b demonstrates that the flow pattern of PP-3 only begins
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to deviate significantly at a liquid content of 10.0 vol%. Remarkably, the devi-
ation in the flow pattern of PP-3 at 10.0 vol% is comparable to the deviation in
the flow pattern of PP-1 at 1.25 vol%, underscoring the substantial diƯerence
in susceptibility to liquid between the two PP reactor powders.

The observed diƯerences in the apparent impact of liquid content on the
flowability of the two PP reactor powders can be elucidated by their distinct
particle properties. As discussed in Section 2.2, PP-1 has a Sauter mean di-
ameter of 569 µm and comprises angular-shaped particles with a dense sur-
face, whereas PP-3 possesses a Sauter mean diameter of 1040 µm and com-
prises spherical-shaped particles with a porous surface. Both diƯerences in
particle size and particle surface may contribute to the observed disparity in
flowability. When liquid droplets encounter the dense surface of PP-1 (refer to
Fig. 2.3b-3), the liquid is readily present at the surface, forming liquid bridges
at the contact points between particles. This process enhances the cohesive-
ness of the powder, even at low liquid contents. Conversely, the porous sur-
face of PP-3 (refer to Fig. 2.3b-4) allows liquid to permeate into the pores.
Here, the absorbed liquid is not readily available at the surface to form liquid
bridges, thereby exertingminimal influence on cohesion. Only when the pores
become saturated does the IPA become available at the surface, resulting in
liquid bridging that gradually enhances cohesiveness. These results under-
score the importance of considering the properties of the polymerized product
in the industrial HSBR when tailoring process characteristics.

2.4. Conclusion
In thisstudy, theflowbehaviorofpolypropylene (PP) reactorpowder ina laboratory-
scale horizontal stirred bed reactor (HSBR) was investigated using X-ray imag-
ing. The influence of the agitator rotation speed, gas inlet flowrate, and liquid
content on the flowbehavior andphase holdupwas evaluated, yielding the fol-
lowing conclusions:

• The overall flow behavior and phase holdup in theHSBR are strongly dic-
tated by the agitation with the stirrer. Operation at increased rotation
speed results in aeration of the bed, which in turn results in an increase
in the mass flow of PP powder over the shaft.

• Gas injection through the inlet points at the bottom of the HSBR results
in spouting behavior, which is more dominant for reactor powder with a
smaller particle size (PP-1) compared to the powderwith a larger particle
size (PP-3). Spouting behavior results in reduced gas-solid contacting
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and, in extreme cases, complete bypass, whichwill be disadvantageous
for most applications.

• Agitation, aswell asalternationof the impeller bladepositions, influence
the gas holdup and result in variations in power consumption within an
agitator revolution. Thedegreeof fluctuation inpowder consumptionde-
creases with increasing rotation speeds due to the aeration of the bed.
The gas holdup at fixed agitator positions is extremely consistent for suc-
ceeding revolutions, underlining the dominance of the agitation on the
overall flow behavior.

• The presence of liquid isopropyl alcohol deteriorates the flow behavior
of the PP reactor powder. Liquid bridging at the contact points of par-
ticles results in a cohesive force that leads to the formation of lumps.
The particle size and surface morphology highly influence the powders’
susceptibility to liquid, as the flow behavior of PP powder with relatively
small particle size and dense surface morphology is already strongly re-
duced at a liquid content of 1.25 vol%, while the flow behavior of the PP
powder with larger particle size and porous surface is only reduced at a
liquid content of 10 vol%.

The insights acquired from this work not only provide a further understand-
ing of the flow behavior and phase holdup in HSBRs but can also serve as a
valuable basis for optimizing, intensifying, and scaling HSBR systems for the
manufacturing of high-quality PP resins on an industrial scale.
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3
Single-photon emission radioactive par-
ticle tracking method for hydrodynamic
evaluation of multi-phase flows
In the previous chapter, we used X-ray imaging to study the influence of the gas inlet flow rate
and rotation speed on the gas holdup in the horizontal stirred bed reactor. However, X-ray imag-
ing cannot provide insight into the behavior of individual particles. In this chapter, we employ
a fundamentally novel experimental radioactive particle tracking method that allows flow field
evaluation in multi-phase systems: single-photon emission radioactive particle tracking. This
chapter first introduces the experimental setup of single-photon emission radioactive particle
tracking and themethod used to reconstruct the position. Then, the results of controlled exper-
iments are discussed to validate the technique.

This chapter is published as P.C. van der Sande, J. de Mooij, E.C.Wagner, G.M.H. Meesters, and
J.R. vanOmmen,Single-photonemission radioactiveparticle trackingmethod forhydrodynamic
evaluation of multi-phase flows, Particuology (2023).
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Evaluation of the hydrodynamics of opaquemulti-phase flows remains a challenging task, with
implications for various industrial processes such as chemical processing, pharmaceutical,
and mineral processing. Understanding how design and operational variables aƯect the com-
plex behavior ofmulti-phase flow systems is essential for optimizing processing conditions and
improving eƯiciency. Radioactive particle tracking (RPT) has been a provenmeasurement tech-
nique for evaluating hydrodynamics in multi-phase flow systems. However, a limitation of the
classical RPT technique exists in the assumptions made in the simulation of the count rate re-
ceivedby thedetectors in correcting for varyingflow-inducedfluctuations in the volume fraction
of the dispersed phase, often encountered in industrialmulti-phase flow systems. In this chap-
ter, we employ a fundamentally novel experimental RPT method that directly uses detected in-
cident photon hit locations for the reconstruction of the three-dimensional radioactive tracer
particle position. We argue that this approach is inherently more robust as varying attenuation
does not aƯect the reconstruction. The RPT setup consists of three identical ᎐-radiation slit
collimator detectors that are placed equidistantly at 120° intervals. A subsequent calibration-
experimentation procedure is established that allows reconstruction of the tracer particle po-
sition with spatial accuracy and precision in the order of 1mm. We demonstrate the applica-
tions of this technique in evaluating hydrodynamics in multi-phase systems by characterizing
the flow field of industrial-grade polypropylene reactor powder in a laboratory-scale horizontal
stirred bed reactor.
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3.1. Introduction
Multi-phase flows are widely encountered in various process industries such
aschemicalprocessing, petroleumrefining, foodprocessing, pharmaceutical,
and mineral processing. Accurate modeling of hydrodynamics within multi-
phase flow systems is essential for eƯective process design, scale-up, and
optimization. However, current models include assumptions on particle and
equipment scale that require experimental validation, preferably through non-
invasive methods [1]. Traditional non-invasive optical techniques are not suit-
able for studyingmulti-phaseflowswitha large fractionof theparticulatephase,
oftenencountered in industrial applications, since thedenseflowsareopaque
to visible light.

To overcome this limitation, non-invasive radiation-based techniqueswere
developed tostudymulti-phaseflowsystemsby trackingasingleparticle. These
techniques, namely radioactive particle tracking (RPT), positron emission par-
ticle tracking (PEPT) [2, 3], and X-ray particle velocimetry [4, 5], were inspired
by medical research. They involve introducing a single radiation-emitting or
absorbing tracer particle, which is dynamically similar to the dispersed phase,
into the systemof interest. Detectors located around the systemcalculate the
tracer particle’s position time series through inverse reconstruction within an
accuracy in the order of 1mm [6, 7]. The acquired position time series allows
for the evaluation of the hydrodynamic properties of interest.

In the case of RPT, the tracer particle contains radioactive material that
emits 𝛾-radiation of constant energy in all directions. RPT oƯers the advan-
tage of using a wide selection of available tracer isotopes with characteristic
photon energy, such as Sc-46, I-131, Cs-137, or Au-198 [8]. This allows for
the development of tailored tracer particles that emit 𝛾-radiation with an opti-
mal photon energy for specific experimental conditions. This is an advantage
over PEPT, which involves positron-electron annihilation photons with a fixed
energy of 511 keV. X-ray particle velocimetry, on the other hand, utilizes X-ray
imaging or tomography and provides simultaneous information on gas-solid
distribution and single-particle dynamics. However, it requires tracer particles
with a large, high-density core to induce suƯicient X-ray absorption. In con-
trast, the mass of tracer isotope material embedded in an RPT tracer particle
can be significantly lower. This characteristic facilitates the development of a
tracer particle that is dynamically similar to the dispersed phase.

Generally speaking, RPT experimentation involves two successive steps: a
calibration procedure and an experimental measurement. During the calibra-
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tion procedure, the tracer particle is positioned at numerous known positions
within the system of interest. The obtained calibration data set is then utilized
to accurately reconstruct the tracer’s position during the subsequent exper-
imental measurement. In the experimental measurement phase, the tracer
particle is introduced into the system, and the time-resolved tracer particlepo-
sition time series is reconstructed [9].

Pioneering eƯorts in space-resolved three-dimensional RPT or computer-
aided radioactive particle tracking (CARPT) were made by Lin et al. [10]. They
developed photon-counting instrumentation that utilized the relationship be-
tween 𝛾-ray intensity and the distance between the particle and the detector.
Theconventional setupconsistedof twelve51×51mmsodium iodidescintilla-
tion detectors arranged in a staggered configuration. A Sc-46 ball coated with
epoxy was used as the tracer particle to study re-circulation patterns in gas-
fluidized beds. Before experimentation, an in situ calibration procedure was
performed to establish a monotonic relationship between the count rate and
the distance of the tracer to each detector. Devanathan et al. [11] refined the
method by extending the number of detectors to sixteen and used it to inves-
tigate liquid circulation and turbulence in bubble columns. They employed a
Sc-46 core embedded in a 2.4mm polypropylene sphere with an air gap as a
neutrally buoyant tracer particle. From the acquired tracer particle positions,
Lagrangian auto-correlations, integral time scales, and radial and axial turbu-
lent dispersion coeƯicients were computed.

In subsequent years, the established method was utilized in various stud-
ies to investigateflowfields influidizedbedsandbubblecolumns [12], spouted
beds [13], three-phase fluidized beds [14], liquid fluidized beds [15], circulat-
ing fluidized bed risers [16], and stirred tanks [17, 18]. EƯorts were made by
Dudukovic [1] to further improve the spatial accuracy and precision by dou-
bling the number of detectors to 32. They also employed a calibration pro-
cedure where the tracer was positioned at 1000 known in situ positions while
recording the intensity obtained at each detector. This established approach
utilizes an overabundance of detectors and employs aweighted least-squares
method to calculate the tracer’s position [17]. This approachuses significantly
more detectors than the suggestedminimumof three. Although improving the
precision of the measurement, using a larger number of detectors, along with
the associated electronic hardware, significantly increases the cost and com-
plexity of RPT experimentation [19].

RPT experimentation has found various applications in chemical reactor
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engineering research in recent years [6, 20–26]. Despite the growing interest in
RPT, the fundamentals and design parameters for themethod have not under-
gone significant changes [8]. Instead, eƯorts have been focused on improving
the reconstruction methodology in terms of spatial accuracy and precision,
computational time, and its ability to cope with fast fluctuations in volume
fraction,whichareoftenencountered inmulti-phaseflowsystems. Throughan
analyticapproach,MonteCarlosimulationshavebeenwidelyused inclassical
RPT experimentation to analyze the accuracy and improve the reconstruction
methodology [27, 28]. Several improvements have been made to the Monte
Carlo method; for example, the method was extended with a Real Coded Ge-
neticAlgorithmto reducecomputational time [29]. Furthermore,machine learn-
ingmethodshavebeenproposed to improve reconstructionaccuracyandcom-
putation time. Godfroy et al. [30] demonstrated in an earlier study that a feed-
forward neural network can contribute to extremely fast position calculations.
Recently, Yadav et al. [31] showed that reconstruction algorithms based on
support vector regression (SVR)and relevancevector regression (RVR)promote
accurate position reconstruction.

In this work, we employ a fundamentally novel experimental radioactive
particle tracking method that allows reconstruction based on the photon hit
location on a two-dimensional scintillation crystal detector plate instead of
classical RPT reconstruction based on the count rate. Therefore, we aim to
improve RPT experimentation through a physical approach. We argue that the
described method is inherently more robust, as varying attenuation caused
by flow-induced fluctuations in volume fraction of the dispersed phase, such
as those caused by rising bubbles between the tracer particle and detector,
does not aƯect the reconstruction. As a result, it circumvents the need for ex-
tensive Monte Carlo dose-rate simulations or neural network optimization to
copewith fast fluctuations in volume fraction. Section 3.2.1 describes the RPT
setup and reconstruction methodology. Subsequently, the reconstruction re-
sults arepresentedanddiscussed inSection3.3. Todemonstrate thepotential
applications of the technique, an RPT case study with a horizontal stirred bed
reactor is presented in Section 3.4. Finally, the work is summarized, and con-
cluding remarks are provided in Section 3.5.
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3.2. Methodology
3.2.1. Experimental setup
The RPT technique ¹ employed in this work is based on the Single Photon Emis-
sion Computed Tomography (SPECT) technique, which is commonly used in
the medical field [32]. The RPT setup consists of three identical 𝛾-radiation
detectors that are equidistantly placed around a field of view (FOV) at approx-
imately 120° intervals, as depicted in Fig. 3.1.
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Figure 3.1: Top view representation of the RPT setup. The three detectors are placed equidis-
tantly around a FOV at approximately 120° intervals.

Each detector comprises a casing, a slit collimator made of lead shield-
ing plates and spacers, a scintillation crystal, and photo-multiplier tubes, as
depicted in Fig. 3.2. The detector casing is constructed with 6mm lead cov-
ered with 3mm stainless steel. The slit collimator height, which refers to the
distance between the lead shielding plates, can be adjusted using spacers of
varying heights (1, 2, or 4mm) to control the amount of 𝛾-radiation that passes
through the collimator. In this study, the detectors are equipped with a single
slit positioned near the top of the lead shielding, measuring 212mm in length
and 4mm in height, resulting in a high signal intensity at the scintillation crys-

¹The RPT technique at the Delft University of Technology was developed by Prof. R.F. Mudde,
Prof. F.J. Beekman, and E.C. Wagner. Numerous students have contributed to hardware and
software development, notably R. Noordman (2014), S. van Hoesel (2015), J. deWinter (2015),
S. Bechan (2016), and J. Grasmeijer (2017). In this work, the technique was first applied in a
real application.
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tal. The lead shielding plates have a thickness of 25mm, eƯectively attenu-
ating the 𝛾-radiation that hits them. The scintillation crystals have a size of
550×550mmand are coupled to an array of photomultiplier tubes (PMTs) that
convert the detected 𝛾-radiation to an amplified measurable electrical signal.
The detectors are sensitive to 𝛾-radiation with photon energies up to 600 keV.

(a) Side view (b) Orthographic view (c) Back view

Figure 3.2: Schematic representation of a detector. The gray color represents the detector cas-
ing, the blue-gray color the lead shielding plates, the purple color the lead plate stacking el-
ements, the green color the scintillation crystal and photomultiplier tubes, and the dark blue
color a rail to translate the scintillation crystal. The 4mm slit collimator is indicated in Fig. (a).

The detectors have a detection eƯiciency that is the result of two compo-
nents. The first component is the intrinsic detector eƯiciency, which is the ra-
tio of the incident 𝛾-photons and registered photons. The detector eƯiciency
is dependent on the energy of the incident photons and thus diƯers for various
tracer isotopes. The second component is the geometrical eƯiciency. Due to
the slit collimators, only a fraction of the emitted photon reaches the scintil-
lation crystal. The geometrical eƯiciency is expressed as the ratio of the solid
angle of the slit and the solid angle of a full sphere. The absolute detection
eƯiciency is the multiplication of the detector and geometrical eƯiciency. The
scintillationcrystalscanbe translated forwardorbackward relative to thecolli-
mator to alter themagnification of the projection. If the crystal ismoved closer
to the collimator, the magnification is decreased. Conversely, if the crystal is
moved farther away from the collimator, the magnification is increased. The
current setup configuration has the scintillation crystal positioned at a dis-
tance of 400mm to the slit collimator, allowing for the desired FOV to be cap-
tured.

In thiswork, two radioactive tracerparticleswereused forcalibration-validation
and experimentation purposes, respectively. The tracer particles were man-
ufactured by embedding 1.6mg gold in a 1.8mm polystyrene bead. The in-
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creased mass of the tracer by inserting the gold core was compensated for by
leaving an air pocket in the particle. Following neutron irradiation at the Reac-
tor Institute Delft, the stable gold cores were activated to the radioactive iso-
tope Au-198 with an activity of 1MBq for calibration-validation purposes and
27.5MBq for experimentation purpose. Au-198 has beenwidely considered as
a preferred tracer isotope in RPT experimentation since it emits relatively low
energy photons with an energy of 412 keV and has a short half-life time of ap-
proximately 2.7 days [19].

197
79 Au+ 1

0n −→ 198
79 Au −−−→

᎐,ᎏᎽ
198
80 Hg

At early stages in the design of RPT experiments, radiation safety should be
considered. The tracer particle activity should be carefully considered based
on the conditions and requirements of the experiment at hand, and a high ac-
tivity should only be used if it can be justified. It is for this reason that a 1MBq
tracerparticle isused for thestaticcalibrationand low-velocity validationmea-
surements. The 1MBq tracer particle activity was carefully considered tomin-
imize the radiation dose rate for the operators during the experiments. For the
reactor experiments, the tracer particle with an activity of 27.5MBq is required
to reconstruct the trajectory with a suƯiciently high sampling frequency and,
therefore, justified. To guarantee a safeworking environment andminimize the
operator radiation dose, the setup was controlled from a workstation outside
the setup room.

3.2.2. Reconstruction of tracer particle position
When a 𝛾-radiation emitting tracer particle is positioned within the FOV, ra-
diation passing through the slit collimators hits the scintillation crystals, as
schematically depicted in Appendix Fig. B.1. Each photon that hits one of the
scintillation crystals is absorbed and re-emitted within the visible light spec-
trum. Subsequently, a photo-diode converts the re-emitted light into an elec-
trical current corresponding to the energy of the incident photon. The energy
of the incident photon can be determined from the amplitude of the electri-
cal signal. The coordinates of the incident photon hit are determined from the
distribution of the signals coming from the PMTs. The data acquired with the
detectors is processed by an in-house LabVIEW program, which produces a
list containing the xz-coordinates of the activated pixels of each detector, the
photon energies, and times of detection.
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The coordinates of all photon hits detected by a scintillation crystal can
be combined to create a two-dimensional projection of the incoming radiation
consisting of 512×512 pixels with a pixel size of 1.072mm. To reconstruct the
position of the radioactive tracer particle from its projections on the three de-
tectors, a backward projection method is employed. The workflow for recon-
structing the tracer particle position from the detector output data is schemat-
ically depicted in Fig. 3.3.

Figure 3.3: The reconstruction data processing workflow: from detector output data to the re-
constructed position.

First, the raw data is sorted for the detector where the photon hit was de-
tected. Then, an energy filter is applied to remove hits originating from the
backgroundandscatter radiation. Theenergyfilterbandwidth isdeterminedby
taking into consideration the characteristic photon energy of the tracer isotope
that is used in the experiments. In thiswork, an energy filter bandwidth of 400 -
600 keV is used. Next, the reconstruction sampling frequency is selected, i.e.,
thenumberof reconstructionsperformedper second. Themaximumsampling
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frequency achievable for reconstruction is directly related to the count rate de-
tected by the detector, which in turn is a function of the source activity and dis-
tance to thedetector [33]. Due to the slit collimator detector configuration, the
projection of the tracer particle on each scintillation crystal appears as a hori-
zontal line at a specific height. Only the height of the projected line is required
to reconstruct the tracer particle position, and therefore, the two-dimensional
detector image is reduced to a one-dimensional image. For each frame, the
number of detected photons is counted at each detector z-coordinate pixel
value. An example of a histogramof detected photons originating from a static
tracer particle is plotted in Fig. 3.4. The detector configuration and stochastic
natureof radiation result in aPoissondistribution. ThePoissondistributioncan
be approximatedwith a Gaussianmodel for suƯiciently large data sets. There-
fore, a Gaussian model is fitted to the distribution, represented by the red line
in Fig. 3.4. The centroid of the Gaussian fit best represents the height of the
line projection, and therefore, the pixel value of the centroid is utilized in the
position reconstruction.

Figure 3.4: The distribution of detected photons and corresponding Gaussian fit for a static grid
point. The Gaussian fit centroid pixel value is used as input in the reconstruction algorithm.

To incorporate the output from the three detectors, a geometric origin is
defined as the midpoint of the FOV. The locations of the scintillation crystals
and slit collimators relative to the origin are calculated. For each detector (𝑖 =
1, 2, 3), a plane is reconstructed using a set of three points indicated in Fig.
3.5a: 𝑃። represents the Gaussian fit centroid pixel value in the center of the
detector, while 𝐿። and 𝑅። correspond to the middle points on the left and right
side of the slit, respectively. By constructing a plane through these points for
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all three detectors simultaneously, a unique intersection point is formed. The
coordinates of this intersection point represent the reconstructed position of
the radioactive tracer particle, as shown in Fig. 3.5b. Each set of points, P።, L።
and R። results in the plane equation:

𝑑። = n። ⋅ x (3.1)

where x is the general xyz-position vector.

a። = L። − R። (3.2)
b። = L። − P። (3.3)
n። = a። × b። (3.4)
𝑑። = L። ⋅ n። (3.5)

The systemof equations can bewritten inmatrix representationwhich pro-
vides a straightforwardmanner of solving for the plane intersection point �̇�

𝑁�̇�𝑁�̇�𝑁�̇� = D (3.6)
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) (3.7)

The intersection point of the planes, i.e., the reconstructed position of the
tracer particle, is then computed from

�̇̇��̇�𝑥 = Nዅ1D (3.8)

3.2.3. Setup calibration
The coordinates of the reconstructed position are calculated using System of
Equations 3.7. However, these calculations can be aƯected by potential inac-
curacies in the hand-measured positions of L። and R።. To ensure reconstruc-
tion with high spatial accuracy and precision, calibration of the RPT setup ge-
ometry is required. Thecalibrationprocessaims tocorrect for errors in thespa-
tial geometry of the setup caused by manual measurements. This is achieved
byminimizing the sumof the squares of the residuals for a large number of true
tracer particle positions and the corresponding reconstructed tracer particle
positions using a constrained non-linear least-squares optimization algorithm
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(a) The points used to construct a plane: (ፏᑚ) lo-
cation of the hit on the detector; (ፋᑚ) left side;
and (ፑᑚ) right side of the slit.

(b) Intersection point of the planes constructed
from the three detectors. Adapted from ².

Figure 3.5: The tracer particle position is reconstructed by constructing a plane from each de-
tector and computing the unique intersection point of these planes.

Figure 3.6: The calibration processing workflow. Calibration requires an initial guess geometry
and true and reconstructed tracer particle locations as input. The algorithm returns a calibrated
geometry.

in MATLAB. The calibration workflow is illustrated in Fig. 3.6.

A three-dimensional cylindrical grid of 95 predefined tracer particle posi-
tionsand reconstructedpositionswasconstructed. For thispurpose, a300mm
circular solid aluminumoptical breadboardwith holes spaced25mmapart on
the diagonal was mounted on a rotation table, which was then mounted on a
lifting table. The 1MBq Au-198 tracer particle (see Section 3.2.1) was placed

²R.Noordman, Setting upSPECTmeasurements – trackingparticles insidefluidizedbeds,M.Sc.
thesis (2014).
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in a plastic shielding and mounted on top of a 300mm aluminum bar with a
screw thread, as shown in Fig. 3.7.

Figure 3.7: The experimental calibration setup: (1) plastic container containing the tracer parti-
cle; (2) rotation table; (3) slit of detector 1 and; (4) slit of detector 3.

The cylindrical gridwas constructed by incrementally translating the tracer
particle in the xy and xz-planes and successively rotating the tracer particle in
the xy-plane. The coordinates of the known tracer particle positions are de-
noted as the true positions. At each grid position, the emitted 𝛾-radiation was
detected for a duration of 21 s to allow accurate Gaussian fitting and centroid
determination. The position was reconstructed using the workflow described
in Section 3.2.2. A selection of 35 true and reconstructed positions was used
as input for the optimization algorithm. As described later in Section 3.2.4, the
full grid consisting of all the true positions and reconstructed positions was
used for the validation of the method.

Finally, an initial guess of the hand-measured setup geometry is required.
The geometry is described by six (x,y,z) coordinates, representing the left and
right sides of the slit collimators (see Fig. 3.5a), as well as three (x,y) coordi-
nates corresponding to themiddle points of the detectors. A constrained non-
linear least squares optimization method in MATLAB is used to minimize the
sum of the squares of the residuals by varying the hand-measured geometry
parameterswith upper and lower bound values of 50mm. The output of the al-
gorithm is a calibrated set of geometry values encompassing the spatial orien-
tation of the detectors. These calibrated geometry values substitute the initial
guess hand-measured values and are utilized in subsequent processing steps.
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(a) Three-dimensional scatter of the true grid posi-
tions and reconstructed grid positions before cali-
bration.

(b) Absolute spatial error of the true position relative
to the reconstructed position before calibration.

Figure 3.8: Reconstruction of the 95 grid positions before calibration.

3.2.4. Method validation
The performance of the setup is validated using both static and dynamic ex-
periments, utilizing the calibrated geometry. The validation process consists
of two parts. Firstly, the spatial accuracy and precision of the calibrated setup
are assessed under static conditions using the complete cylindrical grid. As
outlined in Section 3.2.3, the grid comprises 95 positions distributed within a
volume of 75mm radius and 200mm height. For each grid point, the absolute
error between the coordinates of the true position and the reconstructed posi-
tion is calculated, allowing evaluation of the spatial accuracy and precision of
the reconstruction.

Secondly, dynamic validation experiments are conducted. Employing the
same experimental setup as the static validation experiments (see Fig. 3.7),
the tracer particle is horizontally rotated at varying radii and angular velocities
while maintaining a fixed height in the middle of the FOV. The acquired data
from both static and dynamic validation experiments is processed at diƯer-
ent reconstruction sampling frequencies to examine the relationship between
spatial precision and sampling frequency.

3.3. Results and discussion
3.3.1. Non-calibrated reconstruction
To emphasize the importance of calibrating the RPT setup geometry, recon-
structionof thegridpositions (seeSection3.2.3)wasperformedusing thehand-
measured geometry. The reconstruction processing workflow was applied,
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with the hand measured geometry as input, to reconstruct the tracer particle
positions. The true positions and the reconstructed positions before calibra-
tion are plotted in Fig. 3.8a.

It can be observed that the reconstructed positions (in blue) deviate sig-
nificantly from the true positions (in red). Notably, the spatial error becomes
more pronounced for lower z-coordinate values. During the reconstruction,
the intersection point of three planes originating from the three detectors is
determined. The spatial error becomes infinitely large if the three planes are
parallel to each other. When the planes are nearly parallel, as is the case for z-
coordinate valuesclose to theslit height, evenslight deviations in theplanean-
gles result in substantial variations in the coordinates of the intersection point.
Consequently, the reconstruction exhibits poor spatial accuracy andprecision
for lower z-coordinate positions. The spatial error, representedby the absolute
distance between the true grid point and the corresponding reconstructed grid
point, is illustrated for the x, y, and zcoordinates inFig. 3.8b. It canbeobserved
that the mean absolute errors (MAE) are 17.09, 21.88, and 3.90mm for the x,
y, and z-coordinate, respectively. Moreover, the standard deviations (𝜎) are
4.21, 4.68 and 1.88mm for the x, y and z-coordinate, respectively. The cumu-
lative percentage curve shows that 90 percent of the grid points have a spatial
error smaller than 24mm, 26mm, and 6mm in x, y, and z, respectively. The
MAE and standard deviation in x and y exceed the acceptable range for the de-
sired particle tracking applications in lab-scale systems. Thus, reconstruction
of the tracer particle position using the hand-measured setup geometry does
not yield satisfactory spatial accuracy and precision.

3.3.2. Setup calibration
To improve the spatial accuracy and precision of the reconstruction, a calibra-
tion workflow was implemented as detailed in Section 3.2.3. By minimizing
theabsolute error between the trueposition and the reconstructedposition for
the selected35 grid points, the constrainedoptimizationalgorithm returns cal-
ibrated geometry values. The hand-measured and calibrated spatial orienta-
tion of the three detectors is illustrated in Appendix Fig. B.2. It canbeobserved
that the optimization algorithm yields a geometry in which each detector un-
dergoes slight translation and rotation relative to its orientation in the hand-
measured geometry, eƯectively correcting for measurement inaccuracies.
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(a) Three-dimensional scatter of the true grid posi-
tions and reconstructed grid positions after calibra-
tion.

(b) Absolute spatial error of the true position relative
to the reconstructed position after calibration.

Figure 3.9: Reconstruction of the 95 grid positions after calibration.

3.3.3. Method validation
Static validation
In the implemented method, the calibrated geometry is utilized for the recon-
struction of the tracer particle positions. As explained in Section 3.2.4, the
tracer particle was positioned at 95 known locations to validate the static re-
construction. The true positions and the reconstructed positions after calibra-
tion are depicted in Fig. 3.9a. It can be observed that for a large number of the
gridpoints, the reconstructedpositions (inblue) overlapwith the truepositions
(in red), which is in sharp contrast to the reconstruction before calibration (Fig.
3.8a), in which the positions deviate significantly. This qualitative observation
demonstrates substantial improvement in spatial accuracy achieved through
calibration.

To assess the spatial accuracy quantitatively, the absolute spatial error be-
tween the reconstructed position and the true position is presented for the x, y,
and z-coordinate in Fig. 3.9b. It can be observed that themean absolute errors
(MAE) are significantly reduced to 0.87, 0.62, and 0.87mm for the x, y, and z-
coordinate, respectively. Consequently, calibration has reduced the MAE by a
factor of 20, 35, and 4 in x, y, and z, respectively, compared to the reconstruc-
tion before calibration. Similarly, the standard deviations (𝜎) after calibration
are reduced to 1.09, 0.61 and 0.55mm for the x, y and z-coordinate, respec-
tively. This demonstrates that calibration improves both the spatial accuracy
and the spatial precision of the reconstruction. The cumulative percentage
curve shows that 90 percent of the grid points exhibit a spatial error smaller
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than 1.5mm in x and z and smaller than 1.3mm in y. Fig. 3.9a also illustrates
that lower z-coordinate grid points are associated with higher spatial errors in
x and y, similar to the reconstruction before calibration. Therefore the desired
volume of interestmust be placed above the detector slits. Yet, the calibration
yields satisfactory spatial accuracy and precision.

Theaforementioned reconstructionprocess involvesdetermining the tracer
particle position based on the counts acquired over a sampling time of 21 s.
Consequently, the sampling frequency of this reconstruction is approximately
0.05 frames per second (fps). In this case, all the counts detected during the
measurement timewindoware collectively utilized to calculate a single recon-
structed position. However, since many applications involve dynamic scenar-
ios, it is desirable to increase the sampling frequency to be able to reconstruct
the trajectory of a dynamic tracer particle with suƯicient accuracy and preci-
sion. Thus, the entire grid is reconstructed at sampling frequencies of 0.125
fps, 0.5 fps, 2 fps, and 4 fps. Fig. 3.10 presents a two-dimensional top-view of
the full grid, showcasing the true positions (in red) and the reconstructed po-
sitions (in blue) for the diƯerent sampling frequencies.

It can be observed that the sampling frequency has a significant impact on
the spatial precision of the reconstruction. When the sampling frequency in-
creases from 0.05 fps to 0.125 fps, the 285 reconstructed positions (3 for each
of the 95 grid points) are closely clustered around their respective true posi-
tions, resulting in a lowMAE (1.45mm) and standard deviation (1.45mm). This
demonstrates that ahigh level of spatial precision is achieved. However, as the
sampling frequency further increases to 0.5 fps, 2 fps, and 4 fps, the number of
reconstructed positions increases while the spatial precision decreases. This
results in the reconstructed positions being loosely scattered around the true
positions, leading to a higher MAE and standard deviation. The decrease in
spatial precision is attributed to the reduction in the number of counts (i.e., de-
tected 𝛾-ray photons) available for each frameduring the reconstruction. With
a higher sampling frequency, the same number of counts is now distributed
over a larger number of successive frames, leading to the availability of fewer
countsper frame. Consequently, theGaussianmodel is fitted toa smaller data
set, negatively influencing the accuracy of the fit. This eƯect is observable by
comparing the reconstruction of a single grid point for a sampling frequency of
0.125 fps and 2 fps, as depicted in Fig. 3.11.

At a sampling frequencyof 0.125 fps, the largenumber of counts allows the
Poisson distribution to be approximated accurately with a Gaussianmodel. In
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Figure 3.10: Reconstruction of true positions and reconstructed positions of the 1MBq tracer
particle with a sampling frequency of 0.125, 0.5, 2, and 4 fps. The number of reconstructed po-
sitions, Pythagorean mean absolute error (MAEᑩᑪᑫ), and standard deviation ᎟ᑩᑪᑫ are indicated
in each sub-figure.

contrast, when the sampling frequency is increased to 2 fps, the underlying
distribution is poorly sampled, resulting in a Gaussian fit with reduced confi-
dence. Mostoufi et al. [33] showed that the number of recorded incident pho-
ton hits is directly proportional to the sampling timeof the reconstruction. Fur-
thermore, theydemonstrated that thespatialprecision is inverselyproportional
to the square root of the sampling time. The same fundamental relationship
between the spatial precision and reconstruction sampling time is observed
herebycomparing thestandarddeviation for thesampling frequenciesof0.125
fps and 0.5 fps.

As the sampling frequency is further increased, the number of counts in
some segments becomes insuƯicient for reliable Gaussian fitting and recon-
struction of the tracer particle’s position. This phenomenon is evident when
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Figure 3.11: Example of the histogramandGaussian fit for a single grid point reconstructedwith
a sampling frequency of 0.125 fps (left) and 2 fps (right).

comparing the reconstructions at 2 fps and 4 fps in Fig. 3.10. Increasing the
sampling frequency by a factor of two should also lead to a proportional in-
crease in thenumberof reconstructedpositions. However, ascanbeobserved,
the number of reconstructed positions only increases by 10%, indicating that
a large number of attempted reconstructions do not result in a reconstructed
position due to unsuccessful Gaussian fitting. Interestingly, the standard de-
viation of the error decreases from 7.89mm to 5.64mm. This is attributed to
the large number of failed reconstructions at a sampling frequency of 4 fps.
The frames that have an extremely low number of counts at a sampling fre-
quency of 2 fps result in a reconstructed position with poor spatial precision,
essentially becoming an outlier in the data set. When trying to reconstruct
these positions at an even higher sampling frequency, they can no longer be
reconstructed, resulting in the outliers being discarded from the data set and
thereby improving the overall spatial precision. Notably, further increasing the
sampling frequency would result in a further decrease in the number of recon-
structed positions, which is highly undesirable if one would like to reconstruct
the trajectory of a moving tracer particle.

However, the above is not necessarily a limitation of the RPT method. As
described earlier, the spatial precision is inversely proportional to the square
root of the sampling time. To improve the spatial precision, or conversely, the
sampling frequency, with a factor of 2, an increase in the number of detected
incident photonswith a factor of 4 is required. As the number of detected pho-
tons is directly proportional to the source’s activity, improved precision can
be accomplished by increasing the activity of the tracer particle. This can be
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achieved by either increasing themass of the radionuclide or extending the ac-
tivation time of the tracer.

Figure 3.12: Reconstruction of the true and reconstructed trajectory for horizontal rotation at
25, 50 and 75mm radii and angular velocity of 5° and 10° per secondwith a sampling frequency
of 1 fps. At the right, the temporal evolution of the y-position is shown for one rotation for each
measurement.

Dynamic validation
The aforementioned reconstructions focused on a static tracer particle. How-
ever, since most applications are dynamic, it is crucial to validate the tech-
nique’s performance in reconstructing the trajectory of a moving tracer parti-
cle. Therefore, a series of dynamic experiments were conducted in which the
1MBq tracer particle was horizontally rotated at radii of 25, 50, and 75mm,
with angular velocities of 5 and 10 degrees per second. The true trajectories
and the corresponding reconstructed trajectories are presented in Fig. 3.12
for the diƯerent radii and angular velocities.

The true trajectory of the tracer particle is represented by a red circle, while
the reconstructed positions are depicted as blue scatter dots in Fig. 3.12. To
evaluate the spatial precision of the reconstruction, the reconstructed posi-
tionswere fitted to a circle, indicated by the blue circles in the figure, with their
corresponding radii displayed. Theclosealignmentbetween the true trajectory
and the reconstructed trajectory indicates a high level of spatial precision. No
instances of poorly reconstructed positions were observed across all cases.
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To quantify the spatial precision, the absolute percentage errors between the
true radii and thefitted radiiwerecomputed. Theerror values range from0.03%
(R = 75mm, 𝜔 = 5° per second) to 0.52% (R = 25mm, 𝜔 = 5° per second), em-
phasizing reconstruction with excellent spatial precision. Moreover, from the
temporal evolution of the y-coordinate, it can be observed that the reconstruc-
tion correctly captures the trajectory in time.

During the reconstruction time window, the movement of the tracer parti-
cle introduces a spread of radiation over a larger area of the detector, resulting
in a Gaussian fit with a lower peak and increased Full Width Half Maximum
(FWHM). This phenomenon shares similarities with motion blur observed in
optical cameras. Consequently, the reconstructed position of amoving tracer
particle represents an average position rather than an instantaneous one. Fig.
3.13 depicts the obtained distribution of counts and the corresponding Gaus-
sian fit for a relatively low and high linear velocity.

Figure 3.13: Influence of linear velocity on the distribution of counts and Gaussian fit for the
horizontal rotation experiments with a 1MBq tracer particle. Reconstruction is performed with
a sampling frequency of 1 fps.

When comparing the two cases, it can be observed that the count distri-
bution is narrower (FWHM = 13 px) and exhibits a higher peak when the linear
velocity is low, which is the case for a small radius (25mm) and low angular
velocity (5° per second). Conversely, when the linear velocity is increased, as
in the caseof a large radius (75mm)andhigh angular velocity (10° per second),
theparticle coversagreaterdistancewithinasingle reconstruction frame. This
leads to a broader distribution of the counts (FWHM=20 px) with a lower peak.
Yet, as demonstrated in Fig. 3.12, the reconstruction accurately captures the
tracer particle trajectory with suƯicient spatial precision in both scenarios.
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The horizontal rotation trajectory of the 1MBq tracer particle at a radius of
50mm and angular velocity of 5° per second was reconstructed with a sam-
pling frequency of 0.125, 0.5, 2 and 4 fps to examine the impact of the sam-
pling frequency on the spatial precision under dynamic conditions. Fig. 3.14
displays the reconstructed trajectories for each sampling frequency.

Figure 3.14: Reconstruction of the true and reconstructed trajectory for horizontal rotation at
50mm radius and angular velocity of 5° per second, reconstructed with a sampling frequency
of 0.125, 0.5, 2 and 4 fps

From the figure, it can be observed that the true trajectory closely follows
the reconstructed trajectory (in red) at sampling frequencies of 0.125 and 0.5
fps, indicating high spatial precision. However, at a sampling frequency of 2
fps, the reconstructed positions scatter more loosely around the true trajec-
tory, suggesting reduced spatial precision compared to the low sampling fre-
quencies. Despite the random scattering around the true trajectory, the fit re-
mains accurate, with a spatial absolute percentage error of only 0.02% relative
to the true radius. This demonstrates that the trajectory can still be accurately
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reconstructed even at the reduced sampling frequency. However, further in-
creasing the sampling frequency to 8 fps results in the inability to accurately
reconstruct the tracer particle’s trajectory. This is indicated by the poor spa-
tial precision and the decrease in the number of reconstructed positions. Sim-
ilar to the reconstruction of the static tracer particle at 4 fps, a larger number
of frames contain too few counts to perform Gaussian fitting and reconstruct
the tracer particle’s position. As described earlier, it should be noted that in-
creasing the activity of the tracer particle would lead to trajectory reconstruc-
tion with improved spatial precision at high sampling frequencies.

3.4. Case study: flow field in a horizontal stirred bed reactor
3.4.1. Setup description
Through static and dynamic validation, the presented RPT method has been
demonstrated to be able to reconstruct the three-dimensional position of a
tracer particlewith high spatial accuracy andprecision. To showcase the tech-
nique’s applicability in characterizing hydrodynamics inmulti-phase systems,
a hydrodynamic study was conducted using a 27.5MBq radioactive tracer par-
ticle within a laboratory-scale horizontal stirred bed reactor (HSBR). HSBRs
play an important role in the processing of granular materials and find appli-
cations in various fields, such as biomass pyrolysis [34] and polyolefin man-
ufacturing [35, 36]. The HSBR generally contains a granular bed that is mildly
stirredby a series of bladesattached to acenter shaft, resulting in awell-mixed
system.

Figure 3.15: Schematic representation of the laboratory-scale horizontal stirred bed reactor
used in the case study.

In this work, a laboratory-scale HSBR was developed to investigate the hy-
drodynamics innon-reactiveenvironments, aiming toenhance theunderstand-
ing of granular motion in HSBRs in polypropylenemanufacturing applications.
The HSBR, presented in Fig. 3.15, consists of a 140mm outer-diameter cylin-
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der with a length of 150mm. The cylinder incorporates an agitator comprising
a central shaft with seven blade positions. Each position is equipped with two
blades, with eachbladepositioned90° apart from its neighboring blades. Both
the cylinder and the agitator are constructed frompolycarbonate to reduce at-
tenuation during the experiments.

3.4.2. Radioactive particle tracking experiments

To conduct RPT experiments, the RPT setup was first calibrated following the
workflow outlined in Section 3.2.3. Subsequently, the HSBR was positioned
in the center of the FOV of the RPT setup. A mass of 410 g industrial-grade
polypropylene reactor powder, with a bulk density of 𝜌፛=368 kgmዅ3 and ame-
dian diameter of dv50=985 µm, was loaded into the reactor, resulting in a 60%
volume fill grade. The 27.5MBq Au-198 radioactive tracer particle, composed
of 1.6mg Au-198 embedded in a 1.8mm polystyrene bead with an air gap (see
Section 3.2.1), was added to the HSBR. The agitator was then rotated at a ro-
tation speed of 20 rpmusing an electricmotor with a belt drive. The tracer par-
ticle’s trajectory was recorded for a duration of 10min, equivalent to 200 im-
peller rotations. To ensure a safe working environment andminimize radiation
exposure to the operators, the experimental procedure was controlled from a
workstation situated outside the setup room. The three-dimensional trajec-
tory was reconstructed based on the workflow described in Section 3.2.2. The
reconstructionwas performedwith a sampling frequency of 10 fps, i.e., a sam-
pling time of 100ms.

Figure 3.16: Reconstructed positions of the tracer particle in the HSBR accumulated for a time
period of 1min. 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 stirrer
shaft are indicated with a red and yellow color, respectively.
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3.4.3. Results and discussion
Fig. 3.16 displays the time-resolved trajectory for a 1min time interval, provid-
ing 0°, 45°, and90° angle views to illustrate the three-dimensional nature of the
reconstruction. Each blue scatter marker represents a unique reconstructed
position accumulated during the 1min time interval. The 90° angle view ex-
hibits three consecutive reconstructedpositions: the instantaneous reference
position, the reference position after 100ms, and the reference position after
200ms. The small spatial step observed between these consecutive recon-
structed positions shows that a sampling frequency of 10 fps is suƯicient to
track the trajectory of the tracer particle within the HSBR when operated at a
rotation speed of 20 rpm.

Figure 3.17: Reconstructed spatial distribution (left) and normalized spatial frequency distribu-
tion (right) measured for a time period of 10min shown for the x-z plane.

The time-averagedflowbehavior of the tracer particle canbecharacterized
from the acquired positions data set. Fig. 3.17 shows the particle positions
in the xz-plane accumulated during the 10min measurement time, allowing
visualization of the particle circumferential and radial motion. Since the ag-
itator rotates in a clockwise direction, the granular bed undergoes clockwise
mixing, causing the left side of the bed to move upward and flow freely over
the shaft. From the scatter plot, Fig. 3.17-left, it can be observed that the
tracer particle exhibits good radial dispersion throughout the bed. During the
10min measurement, the particle follows clockwise trajectories near the re-
actor wall, through the center of the granular bed, and close to the shaft. This
is an important observation, as any tracer particle used to evaluate flow be-
havior in a particular medium should exhibit similar dynamics to the medium
itself. A mesh-grid function in MATLAB was used to compute the normalized
frequency, representing the solids hold-up, for a rectangular grid of the HSBR
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xz-plane. The solids hold-up map, depicted in Fig. 3.17-right, reveals the ab-
sence of dead zones, which would be indicated by dark blue coloration, and
demonstrates a uniform radial solids hold-up throughout the bed.

Figure 3.18: Reconstructed spatial distribution (left) and normalized spatial frequency distribu-
tion (right) measured for a time period of 10min shown for the x-y plane.

Fig. 3.18 depicts the particle positions in the xy-plane accumulated dur-
ing the 10minmeasurement time, providing insight into the axialmotion of the
tracer within the reactor. It can be observed from the scatter plot, depicted
in Fig. 3.18-left, that the tracer particle exhibits significant axial movement
throughout the HSBR, with reconstructed positions at nearly every coordinate
value along the y-axis during the 10minmeasurement period. The solids hold-
up map, depicted in Fig. 3.18-right, demonstrates a heterogeneous distribu-
tion. From the figure, distinct zoneswith a dark blue coloration (i.e., high solids
hold-up) and light blue towhitecoloration (i.e., lowsolidshold-up) canbe iden-
tified.

Finally, the velocity field of the tracer particle is computed from the time-
resolved positions using a center-diƯerence approach

vi,j(t) =
xi(tj+Δt) − xi(tj)

Δt (3.9)

The velocity vectors, 𝑣(𝑡), at their corresponding position, 𝑥(𝑡) are plotted
in Fig. 3.19 for a time interval of 3min. From the velocity field, two distinct re-
gions can be distinguished. On the one hand, a low-velocity region at the bot-
tom and left side of the bed is recognized when the agitator is the driving force
for the motion of the bed. On the other hand, a high-velocity region at the top
right side of the bed is recognizedwhen the bed flows freely over the shaft, and
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gravity becomes the dominant driving force, resulting in significantly higher ve-
locities.

Figure 3.19: Reconstructed tracer particle velocity flow field map shown for the x-z plane. The
velocity vectors are computed from the time-resolved tracer trajectory measured for a time pe-
riod of 3min.

The significant variation within the velocity flow field is also clear from the
computed velocity statistics. Table 3.1 presents the median, mean, and max-
imum velocity of the tracer particle, as well as the velocity at the tip of the im-
peller blades for a rotation speed of 20 RPM. It is interesting to compare the
computed tracer velocity statistics to the tip speed. When the HSBR is oper-
ated at a rotation speed of 20 RPM, the mean velocity of the tracer particle is
approximately 0.52 times the tip speed. In contrast, the maximum observed
velocity is found to be approximately 4.4 times the tip speed. As described
above, the high velocity is likely attributed to the gravity experienced by the
tracer particle during the flow over the reactor shaft.

The time-resolved tracer particle trajectory, time-averaged solids hold-up
profiles, and velocity field acquiredwith single-photon emission RPT can aid in
a better understanding of the nature of the flow field in horizontal stirred bed
reactors. Moreover, the experimental data sets cancontribute to the validation
of computational models of the reactors.
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Table 3.1: Velocity statistics for the velocity quiver plot presented in Fig. 3.19.

𝑣median (mm/s)𝑣median (mm/s)𝑣median (mm/s) 𝑣mean (mm/s)𝑣mean (mm/s)𝑣mean (mm/s) 𝑣max (mm/s)𝑣max (mm/s)𝑣max (mm/s) 𝑣tip (mm/s)𝑣tip (mm/s)𝑣tip (mm/s)

60.5 73.6 623.5 140.3

3.5. Conclusions
Radioactive particle tracking is a valuable technique for visualizing flow fields
inmulti-phasesystems, oƯeringpotential benefits inprocessoptimizationand
intensification. However, traditional approaches rely on assumptions in sim-
ulating the count rate received by detectors for reconstructing the position of
the radioactive tracer particle.

In thispaper,weemployanovel radioactiveparticle trackingapproachbased
on a fundamentally diƯerent reconstruction method. The detected photon hit
locations are directly utilized for reconstructing the three-dimensional posi-
tion of the tracer particle, thereby circumventing the need for assumptions in
count rate fluctuations. The setup includes three identical 𝛾-radiation slit col-
limator detectors positioned equidistantly at 120°. The tracer particle’s three-
dimensional position is reconstructed by determining the intersection point of
three two-dimensionalplanesoriginating fromthedetectors. Throughacalibration-
experimentation procedure, we achieved a spatial accuracy of approximately
1mm for tracer particle position reconstruction. In a case study, we demon-
strated the application of the method in evaluating the hydrodynamics in a
horizontal stirred bed reactor system. The trajectory of a 27.5MBq tracer par-
ticle in the reactor was reconstructed over a 10min time period with a sam-
pling frequency of 10 fps. Using the reconstructed positions, we analyzed the
radial, circumferential, and axial spatial distributions, as well as the velocity
flow field. The hydrodynamic insights that can be obtained from radioactive
particle experimentation provide valuable information for validating compu-
tational models and can contribute to the optimization and intensification of
multi-phase flow systems.



References

3

77

References
[1] M. Dudukovic, Opaque multiphase reactors: Experimentation, modeling and trou-

bleshooting, Oil & Gas Science and Technology – Rev. IFP Éditions Technip Oil & Gas Sci-
ence and Technology – Rev. IFP 55, 135 (2000).

[2] D. J. Parker, M. R. Hawkesworth, and T. D. Beynon, Process applications of emission to-
mography, TheChemical Engineering Journal and the Biochemical Engineering Journal 56,
109 (1995).

[3] C. S. Stellema, J. Vlek, R. F. Mudde, J. J. M. de Goeij, and C. M. van den Bleek, Develop-
ment of an improved positron emission particle tracking system,Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and As-
sociated Equipment 404, 334 (1998).

[4] A. Seeger, U. Kertzscher, K. AƯeld, and E. Wellnhofer, Measurement of the local velocity
of the solid phase and the local solid hold-up in a three-phase flow by x-ray based particle
tracking velocimetry (xptv), Chemical Engineering Science 58, 1721 (2003).

[5] U. Kertzscher, A. Seeger, K. AƯeld, L. Goubergrits, and E. Wellnhofer, X-ray based particle
tracking velocimetry–a measurement technique for multi-phase flows and flows without
optical access, FlowMeasurement and Instrumentation 15, 199 (2004).

[6] M. Rasouli, F. Bertrand, and J. Chaouki, Amultiple radioactive particle tracking technique
to investigate particulate flows, AIChE Journal 61, 384 (2015).

[7] C.Windows-Yule, J. Seville, A. Ingram, andD. Parker,Positron emission particle tracking of
granular flows, Annual Review of Chemical and Biomolecular Engineering 11, 367 (2020).

[8] R. K. Upadhyay, H. J. Pant, and S. Roy, Experimental validation of design and performance
parameters of radioactive particle tracking (rpt) experimentation, Applied Radiation and
Isotopes 153, 108814 (2019).

[9] S. Roy, Radiotracer and particle tracking methods, modeling and scale-up, AIChE Journal
63, 314 (2017).

[10] J. S. Lin, M. M. Chen, and B. T. Chao, A novel radioactive particle tracking facility for mea-
surement of solids motion in gas fluidized beds, AIChE Journal 31, 465 (1985).

[11] N. Devanathan, D. Moslemian, and M. P. Dudukovic, Flow mapping in bubble columns
using carpt,Chemical Engineering Science 45, 2285 (1990).

[12] D. Moslemian, N. Devanathan, and M. P. Dudukovic, Radioactive particle tracking tech-
nique for investigation of phase recirculation and turbulence in multiphase systems, Re-
view of Scientific Instruments 63, 4361 (1992).

[13] D. Roy, F. Larachi, R. Legros, and J. Chaouki, A study of solid behavior in spouted beds
using 3-d particle tracking, The Canadian Journal of Chemical Engineering 72, 945 (1994).

[14] F. Larachi,M.Cassanello,M.Marie, J.Chaouki, andC.Guy,Solidscirculationpatterns in 3-
phasefluidized-bedscontainingbinary-mixturesofparticlesas inferred fromrpt,Chemical
engineering research & design 73, 263 (1995).

http://dx.doi.org/10.2516/ogst:2000008
http://dx.doi.org/10.2516/ogst:2000008
http://dx.doi.org/ https://doi.org/10.1016/0923-0467(94)02905-9
http://dx.doi.org/ https://doi.org/10.1016/0923-0467(94)02905-9
http://dx.doi.org/ https://doi.org/10.1016/S0168-9002(97)01194-7
http://dx.doi.org/ https://doi.org/10.1016/S0168-9002(97)01194-7
http://dx.doi.org/ https://doi.org/10.1016/S0168-9002(97)01194-7
http://dx.doi.org/ 10.1016/S0009-2509(03)00010-1
http://dx.doi.org/ https://doi.org/10.1016/j.flowmeasinst.2004.04.001
http://dx.doi.org/https://doi.org/10.1002/aic.14644
http://dx.doi.org/ 10.1146/annurev-chembioeng-011620-120633
http://dx.doi.org/ https://doi.org/10.1016/j.apradiso.2019.108814
http://dx.doi.org/ https://doi.org/10.1016/j.apradiso.2019.108814
http://dx.doi.org/ 10.1002/aic.15559
http://dx.doi.org/ 10.1002/aic.15559
http://dx.doi.org/https://doi.org/10.1002/aic.690310314
http://dx.doi.org/ https://doi.org/10.1016/0009-2509(90)80107-P
http://dx.doi.org/10.1063/1.1143736
http://dx.doi.org/10.1063/1.1143736


3

78 References

[15] F. Larachi, E. Lord, J.Chaouki, C.Chavarie, andL. Behie,Phenomenological studyof solids
mixing in a binary liquid fluidized bed, Prep Fluidization VIII, Tours, France , 385 (1995).

[16] L. Godfroy, F. Larachi, G. Kennedy, and J. Chaouki, Simultaneousmeasurement of the 3-d
position and velocity of a single radioactive particle in a cfb riser at high velocity, Proceed-
ings of CFB V, Beijing, China (1996).

[17] J. Chaouki, F. Larachi, and M. P. Dudukovic, Noninvasive tomographic and velocimetric
monitoring of multiphase flows, Industrial and Engineering Chemistry Research 36, 4476
(1997).

[18] A. R. Rammohan, A. Kemoun, M. H. Al-Dahhan, and M. P. Dudukovic,Characterization of
single phase flows in stirred tanks via computer automated radioactive particle tracking
(carpt),Chemical Engineering Research and Design 79, 831 (2001).

[19] S. Roy, F. Larachi, M. H. Al-Dahhan, and M. P. Dudukovic, Optimal design of radioactive
particle tracking experiments for flowmapping in opaquemultiphase reactors,AppliedRa-
diation and Isotopes 56, 485 (2002).

[20] S. Roy, A. Kemoun, M. H. Al-Dahhan, and M. P. Dudukovic, Experimental investigation of
the hydrodynamics in a liquid–solid riser, AIChE Journal 51, 802 (2005).

[21] M. S. Fraguío, M. C. Cassanello, F. Larachi, S. Limtrakul, and M. Dudukovic, Classifying
flow regimes in three-phase fluidized beds from carpt experiments,Chemical Engineering
Science 62, 7523 (2007).

[22] D. Guha, P. A. Ramachandran, and M. P. Dudukovic, Flow field of suspended solids in a
stirred tank reactor by lagrangian tracking,Chemical Engineering Science 62, 6143 (2007).

[23] E. Alizadeh, O. Dubé, F. Bertrand, and J. Chaouki,Characterization of mixing and size seg-
regation in a rotating drum by a particle tracking method, AIChE Journal 59, 1894 (2013).

[24] O. Dubé, D. Dubé, J. Chaouki, and F. Bertrand,Optimization of detector positioning in the
radioactive particle tracking technique, Applied Radiation and Isotopes 89, 109 (2014).

[25] V. Jain, L. Kalo, D. Kumar, H. J. Pant, and R. K. Upadhyay, Experimental and numerical
investigation of liquid–solid binary fluidized beds: Radioactive particle tracking technique
and dense discrete phasemodel simulations, Particuology 33, 112 (2017).

[26] L. Kalo, H. J. Pant, M. C. Cassanello, and R. K. Upadhyay, Time series analysis of a bi-
nary gas-solid conical fluidizedbedusing radioactiveparticle tracking (rpt) techniquedata,
Chemical Engineering Journal 377 (2019), 10.1016/j.cej.2018.08.193.

[27] F. Larachi, J. Chaouki, and G. D. Kennedy, 3d mapping of solids flow fields in multiphase
reactors with rpt, AIChE Journal 41, 439 (1995).

[28] F. Larachi, G. Kennedy, and J. Chaouki, A γ-ray detection system for 3-d particle tracking
inmultiphase reactors,Nuclear Instruments andMethods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment 338, 568 (1994).

[29] A. Yadav,M.Ramteke,H. J. Pant, andS.Roy,Montecarlo real codedgenetic algorithm (mc-
rga) for radioactive particle tracking (rpt) experimentation, AIChE Journal 63, 2850 (2017).

http://dx.doi.org/ 10.1021/ie970210t
http://dx.doi.org/ 10.1021/ie970210t
http://dx.doi.org/ https://doi.org/10.1205/02638760152721343
http://dx.doi.org/https://doi.org/10.1016/S0969-8043(01)00142-7
http://dx.doi.org/https://doi.org/10.1016/S0969-8043(01)00142-7
http://dx.doi.org/ https://doi.org/10.1002/aic.10447
http://dx.doi.org/ https://doi.org/10.1016/j.ces.2007.08.039
http://dx.doi.org/ https://doi.org/10.1016/j.ces.2007.08.039
http://dx.doi.org/https://doi.org/10.1016/j.ces.2007.06.033
http://dx.doi.org/10.1002/aic.13982
http://dx.doi.org/ 10.1016/j.apradiso.2014.02.019
http://dx.doi.org/ https://doi.org/10.1016/j.partic.2016.07.011
http://dx.doi.org/10.1016/j.cej.2018.08.193
http://dx.doi.org/ https://doi.org/10.1016/0168-9002(94)91343-9
http://dx.doi.org/ https://doi.org/10.1016/0168-9002(94)91343-9
http://dx.doi.org/10.1002/aic.15596


References

3

79

[30] L. Godfroy, F. Larachi, G. Kennedy, B. Grandjean, and J. Chaouki, On-line flow visualiza-
tion inmultiphase reactors using neural networks, Applied Radiation and Isotopes 48, 225
(1997).

[31] A. Yadav, T. K. Gaurav, H. J. Pant, and S. Roy, Machine learning based position-rendering
algorithms for radioactive particle tracking experimentation, AIChE Journal 66 (2020),
10.1002/aic.16954.

[32] B. L. Holman and S. S. Tumeh, Single-Photon Emission Computed Tomography (SPECT):
Applications and Potential, JAMA 263, 561 (1990).

[33] N. Mostoufi, G. Kenned, and J. Chaouki,Decreasing the sampling time interval in radioac-
tive particle tracking,Canadian Journal of Chemical Engineering 81, 129 (2003).

[34] Y. Xi, Q. Chen, and C. You, Flow characteristics of biomass particles in a horizontal stirred
bed reactor: Part ii. modeling studies on particle residence time distribution and axialmix-
ing, Powder Technology 269, 585 (2015).

[35] M. Caracotsios, Theoretical modelling of amoco’s gas phase horizontal stirred bed reac-
tor for themanufacturing of polypropylene resins,Chemical Engineering Science 47, 2591
(1992).

[36] C. J. Dittrich and S. M. P. Mutsers,On the residence time distribution in reactors with non-
uniform velocity profiles: The horizontal stirred bed reactor for polypropylene production,
Chemical Engineering Science 62, 5777 (2007).

http://dx.doi.org/ https://doi.org/10.1016/S0969-8043(96)00183-2
http://dx.doi.org/ https://doi.org/10.1016/S0969-8043(96)00183-2
http://dx.doi.org/10.1002/aic.16954
http://dx.doi.org/10.1002/aic.16954
http://dx.doi.org/10.1001/jama.1990.03440040100036
http://dx.doi.org/ 10.1002/cjce.5450810116
http://dx.doi.org/ https://doi.org/10.1016/j.powtec.2014.07.039
http://dx.doi.org/ https://doi.org/10.1016/0009-2509(92)87098-B
http://dx.doi.org/ https://doi.org/10.1016/0009-2509(92)87098-B
http://dx.doi.org/https://doi.org/10.1016/j.ces.2007.06.031




4
Particle dynamics in horizontal stirred
bed reactors characterized by single-
photon emission radioactive particle
tracking
In the previous chapter, we demonstrated the operation of a novel single-photon emission ra-
dioactiveparticle trackingmethod. Byemploying adesignatedcalibration-experimentationpro-
cedure, we demonstrated reconstructionwith a spatial accuracy of approximately 1mm in con-
trolled experiments. In this chapter, we employ single-photon radioactive particle tracking to
investigate the influence of reactor operating parameters on the polypropylene reactor powder
particle dynamics in the laboratory-scale horizontal stirred bed reactor. This chapter first re-
introduces the laboratory-scale horizontal stirred bed reactor and the radioactive particle track-
ingmethod. Then, the influence of reactor fill level and agitator rotation speed on the flow field,
solids circulation, and axial dispersion are presented and discussed.

This chapter is published as P.C. van der Sande, E.C.Wagner, J. de Mooij, G.M.H. Meesters, and
J.R. van Ommen, Particle dynamics in horizontal stirred bed reactors characterized by single-
photon emission radioactive particle tracking, Chemical Engineering Journal 482 (2024).
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Horizontal stirred bed reactors are widely used in the commercial manufacturing of polypropy-
lene. 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,westudied the influenceofoperatingparameterson theparticleflowdynamics ina laboratory-
scale horizontal stirred bed reactor using single-photon emission radioactive particle tracking.
The results show that the general solids flow behavior is strongly aƯected 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 in-
crease for both an increase in rotation speed and reactor fill level. The axial dispersion coef-
ficient, on the other hand, shows a linear relation with the rotation speed, but no conclusive
relation between the axial dispersion coeƯicient and the reactor fill level was found.
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4.1. Introduction
Polypropylene (PP) is the second-mostproducedpolyolefin resin globally, trail-
ing only polyethylene. PP is recognized as a versatile material with robust me-
chanical properties, thermal stability, and excellent 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 eƯicient food packaging
solutions and the incorporation of high-quality plastics in automotive manu-
facturing [3].

Among various PPmanufacturingmethods, gas-phase catalyzed polymer-
ization has gained significant commercial importance [4]. In particular, the uti-
lization of horizontal stirred bed reactors (HSBRs) in the gas-phase Innovene
PP process has proven to be a successful approach for eƯicient and scalable
PP production [5–9]. The HSBR oƯers distinct advantages for propylene poly-
merization, ensuring excellent gas-phase mixing and precise control of reac-
tion parameters.

The HSBR is a cylindrical reactor with a series of paddles attached to a
central shaft, as illustrated in Fig. 4.1. At the front end of the HSBR micron-
sized Ziegler-Natta supported catalyst particles are continuously introduced.
Gaseous propylene monomers are injected at the bottom of the reactor and
polymerizeon theactivesitesof thecatalyst surfaceviaacoordination-insertion
mechanism. The gas velocity is 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 µm [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. Be-
sides reduced production capacity and product quality, a significant issue en-
countered in the reactors is the agglomeration of polyolefin particles [11]. In
the Innovene PP process, agglomerationmay arise due to insuƯicient heat dis-
sipation as a result of poor solids circulation. InsuƯicient heat dissipation dur-
ing the process can lead to elevated surface temperatures of polymer parti-
cles, potentially reaching the softening temperature or even surpassing the
melting temperature of the polymer, resulting in the local formation of agglom-
erates or lumps. Agglomeration can significantly impair reactor eƯiciency by
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Figure 4.1: Schematic representation of the front view (left) and side view (right) of the horizon-
tal stirred bed reactor as employed in the Innovene PP process. The PP solids are continuously
agitated,while gaseouspropylene is introduced fromthebottomof the reactor and liquidpropy-
lene quench is sprayed from the top.

obstructing the discharging pipeline, disrupting the heat exchange balance,
causing deviations from the normal flow pattern, and, in severe cases, occu-
pying a substantial portion of the reactor volume, leading to an unscheduled
shutdown of the plant and incurring substantial financial penalties [12].

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, ab-
sorbing 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 researcheƯorthasbeendedicated tokineticstudiesof thepoly-
merization reactionand theoreticalmodelingof the residence timedistribution
[4, 7–9, 13–16]. It is commonly accepted that the powder mixing pattern in an
HSBR results from two transport eƯects: 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 di-
rections. Both together lead to a residence time distribution that can be de-
scribed by three to five continuous stirred tank reactors in series [7, 14].

Apart fromcomputationalmodeling and residence time distribution exper-
iments, experimental studiesevaluating thehydrodynamics, orparticledynam-
ics, in the HSBR have been very scarce in the current literature. The flow char-
acteristics of biomass particles in a laboratory-scale HSBR were studied by
experimental measurements [17] and computational modeling [18]. The axial
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dispersion coeƯicient was reported to increasewith increasing rotation speed
andnumberofblades,whichwasconfirmed throughexperimentationandmod-
eling. The granular flow patterns in a horizontal powder mixer, a system that
shows similarities to an HSBR, were investigated by positron emission parti-
cle 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] demonstrated that the velocity fields and axial dispersion co-
eƯicients scaled with the rotation speed, which is in good agreement with the
aforementionedflowcharacteristics of biomassparticles in a laboratory-scale
HSBR [17]. Moreover, at suƯiciently high reactor fill levels, the agitator shaft
was reported to have a dominant eƯect on the radial and axial particle motion
Laurent andBridgwater [21]. Evaluating the particle dynamics is crucial for op-
timizingand intensifying reactor operation, aswell as validating computational
models. The extent of solids circulation and axial dispersion significantly in-
fluences the stability of reactor operation and the quality and uniformity of the
final polymerizedproduct. However, the hydrodynamicsofmultiphaseflow re-
actors are well-known for their complexity, making their evaluation challeng-
ing. 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
HSBRundernon-reactiveconditions, employingan in-housesingle-photonemis-
sion radioactive particle tracking (RPT) method previously introduced by Van
der Sande et al. [22]. Traditional RPT has emerged as a proven non-invasive
technique forassessinghydrodynamicphenomena inmultiphaseflowsystems
[23–29]. It generally involves the introduction of a 𝛾-radiation emitting tracer
particle, possessing similar physical properties as the dispersed phase, into
the system of interest. Subsequently, strategically positioned detectors sur-
rounding the system enable precise reconstruction of the tracer particle’s po-
sitional trajectory over time, thereby facilitating a comprehensive evaluation of
hydrodynamicproperties. Incomparison to traditionalmethods, single-photon
emission RPT involves reconstruction based on the photon hit location on a
two-dimensional detector, mitigating the eƯect of varying attenuation on the
reconstruction. By employing a designated calibration-experimentation pro-
cedure, Van der Sande et al. [22] demonstrated reconstruction with a spatial
accuracyof approximately1mmincontrolledexperiments. Moreover, theabil-
ity to study hydrodynamics in a real system was demonstrated with a case
study. In the present experimental work, we employ single-photon RPT to in-
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vestigate the influenceof reactoroperatingparameters, namely reactorfill level
and agitator rotation speed, on the flow field, solids circulation, and axial dis-
persion in a laboratory-scale HSBR.

4.2. Methodology
4.2.1. Horizontal stirred bed reactor setup
The laboratory-scaleHSBRused in thisworkconsistsofa134mminner-diameter
cylinder with a length of 150mm. The cylinder incorporates an agitator com-
prising 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. Both the cylinder and the agitator are constructed from poly-
carbonate tomitigate 𝛾-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 illus-
tration of the HSBR can be found in Appendix C.1.

To closely resemble industrial conditions, industrial-grade PP reactor pow-
der was used in the experiments. The powder was characterized using a ZEISS
SteREO Discovery.V8 optical microscope with manual 8x zoom. ImageJ soft-
ware was utilized to determine the particle size distribution based on a large
numberofcapturedopticalmicroscope images. Figure4.2presents thenumber-
based particle size distribution, the corresponding cumulative curve, and a
typicalopticalmicroscope imageof thePPpowder. Fromthecumulativecurve,
it can be observed that the powder has a median diameter (𝑑n50) of 1050 µm.
Additionally, the loose bulk density (𝜌b,loose) of the powder was experimentally
determined following themethod of Carr [30] to be 368 kgmዅ3.

4.2.2. Radioactive particle tracking
Experimental setup
The single-photon emission RPT technique utilized in this work is based on
the single-photon emission computed tomography (SPECT) technique, com-
monly used in the medical field [31]. The RPT setup, recently introduced by
Van der Sande et al. [22], consists of three identical 𝛾-radiation detectors that
are equidistantly placed around a field of view at approximately 120° intervals,
as shown schematically in Fig. 4.3. Each detector is composed of a casing, a
slit collimator made of lead shielding plates and spacers, a scintillation crys-
tal, and photo-multiplier tubes. The setup configuration in the current exper-
imental work has the scintillation crystal positioned at a distance of 400mm
from the collimator, allowing for the entire volume of the lab-scale HSBR to be
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Figure 4.2: Number-based particle size distribution and optical microscope image of the PP
powder acquired with the ZEISS SteREO Discovery.V8 optical microscope.

captured. Fig. 4.4 shows the experimental setup with the HSBR positioned in
the center of the field of view.

Figure 4.3: Schematic of the RPT setup showcasing the three detectors placed equidistant with
a 120° angle. The ᎐-radiation emitted by a radioactive tracer particle passes through the slit
collimators and hits the scintillation crystals.

Radioactive tracer particles
In this work, two radioactive tracer particles were manufactured for calibra-
tion and experimentation purposes, respectively. The manufacturing process
involvedembedding 1.6mggoldwithin 1.8mmpolystyrenebeads. To compen-
sate for the increasedmass due to the gold core, air pocketswere intentionally
left within the particles. Consequently, the resulting core-shell particles had
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Figure 4.4: Photograph of the experimental setup. The HSBR loaded with PP powder is posi-
tioned in the center of the RPT setup, comprising three ᎐-radiation detectors.

a diameter of 1.8mm and a density of 1.65mgcmዅ3. With a particle diameter
of 1.8mm, the tracer particle is near the upper bound of, but still within, the
particle size distribution, as evident from Fig. 4.2, and is therefore assumed
to show representative dynamics. Neutron irradiation at the TU Delft Reac-
tor Institute was employed to activate the stable gold cores to the radioactive
isotope ኻዃዂAu, providing an activity of 1MBq for calibration and 27.5MBq for
experimentation purpose.

197
79 Au+ 1

0n −→ 198
79 Au −−−→

᎐,ᎏᎽ
198
80 Hg

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

Reconstruction tracer particle position
When a 𝛾-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 projec-
tionof the incoming𝛾-radiation. Abackwardprojectionmethod is employed to
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reconstruct the position of the radioactive tracer particle based on its projec-
tions 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 posi-
tion of the slit collimator, as schematically represented for one detector in Fig.
4.3. By simultaneously constructing planes for all three detectors, a unique in-
tersection point is obtained. The coordinates of this intersection point repre-
sent 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 di-
rectly proportional to the number of detected events [32]. Increasing the ac-
tivity 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 suc-
cessive steps (Fig. 4.5): (1) setupcalibrationusing the1MBq tracer; and (2) tra-
jectory reconstruction using the 27.5MBq tracer. The calibration of the setup’s
geometry is performed to ensure accurate reconstruction of the tracer parti-
cle position. The calibration process aims to correct errors in the spatial ge-
ometry 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 re-
place the initial hand-measured values and are employed in the subsequent
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 re-
constructions, 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 detec-
tor. With the current tracer activity of 27.5 MBq, a sampling time of 100ms
was attained throughout the experiments. A sampling time of 100ms, which
equates to 10 reconstructions each second, was proven suƯicient 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 de-
tailed description of the experimental procedure and discussion on the recon-
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struction is described in our previous work [22].

Figure 4.5: Graphical representation of the experimental and data processing workflow to re-
construct the trajectory of the tracer particle, following a subsequent calibration and experi-
mentation step.

4.2.3. 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 constant. 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 ro-
tating systems [21, 33]. An experimental parameter study was performed to
comprehend the influence of both aforementioned parameters on particle dy-
namics in the HSBR. The set of operating conditions is denoted in Table 4.1.

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

Solids flow field
Theobtainedparticle trajectorywasused to evaluate the solids flowfield in the
xz-plane (see Fig. 4.7 for a definition of the coordinate system). The particle
velocity was computed from the time-resolved tracer particle positions by

vi,j(t) =
xi(tj+Δt) − xi(tj)

Δt (4.1)

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 interpo-
lation. Following a similar procedure, the velocity vectorswerenormalizedand
interpolated to compute the direction of the flow.

Solids circulation
Theparticledynamics inanHSBRaredominatedbycontinuousagitation,which
induces particle circulation. Slow and irregular particle circulation is undesir-
able in industrial operation, as it may lead to the formation of hot spots due to
insuƯicient and irregular heat dissipation, potentially causing agglomeration
and impairing reactor eƯiciency. In contrast, fast particle circulation allows
formore frequent particlewetting, 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.

Table 4.1: Experimental operating conditions investigated. Eachpossible combination of the fill
level and rotation speed is studied.

Parameter Value

Fill level (v%) 40 50 60
Rotation speed (RPM) 20 40 60
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Solids axial dispersion
Since RPT allows the trajectory of a tracer particle to be obtained, the axial dis-
persion can be evaluated from Einstein’s expression [34]. The local particle
dispersion (𝐷፲) coeƯicient is calculated with a method derived from Mostoufi
and Chaouki [26] and Pallarès and Johnsson [35]. The axial displacement dur-
ing a time interval Δ𝑡 is:

Δ𝑦።,፣ = 𝑦።(𝑡፣ዄኻ) − 𝑦።(𝑡፣) (4.2)
𝑡፣ = 𝑡ኺ + 𝑗Δ𝑡 (4.3)

Themean displacement can then be defined as:

̄Δ𝑦 = 1
𝑁፭

1
𝑁፩

ፍᑥ
∑
፣዆ኻ

ፍᑡ

∑
።዆ኻ
Δ𝑦።,፣ (4.4)

where𝑁፭ is the number of time steps and𝑁፩ is the number of particles. The
axial dispersion coeƯicient, 𝐷፲,።,፣, of a single particle at a certain time-step is
then computed as:

𝐷፲,።,፣ =
(Δ𝑦።,፣ − ̄Δ𝑦)ኼ

2Δ𝑡 (4.5)

Finally, thecoeƯicientsareaveragedover theexperimentduration toobtain
the time-averaged axial dispersion coeƯicient:

𝐷፲ =
1
𝑁፭

ፍᑥ
∑
፣዆ኻ
𝐷፲,፣ (4.6)

As emphasized by Pallarès and Johnsson [35], careful consideration of the
time interval value (Δ𝑡) holds significant importancewhen computing the axial
dispersion coeƯicient. Setting Δ𝑡 at a very low scale (around 10ዅኻ s or even
lower) results in the dispersion coeƯicient not aligning well with the observed
trajectory [35]. Conversely, when opting for considerably high Δ𝑡 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 Δ𝑡 to be used in
thiswork, the influenceof theΔ𝑡 on the calculated value of the axial dispersion
coeƯicient was studied by calculating the axial dispersion coeƯicient values
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using a wide range of Δ𝑡 values. The results are presented in Appendix C.2. It
canbeobserved that at a very lowscale, the axial dispersionquickly decreases
until a plateau is reached for a Δ𝑡 larger than 5 s. Moreover, for a Δ𝑡 of 30 s or
larger, the calculated axial dispersion coeƯicients for diƯerent experimental
conditions approach each other, hinting that valuable information that allows
distinction between experimental conditions might be lost. Therefore, a Δ𝑡 of
10 s was considered suitable and was consequently employed in the evalua-
tion of the axial dispersion.

4.3. Results and discussion

4.3.1. Time-resolved trajectory

For each set of operating conditions, the trajectory of the 27.5MBq tracer par-
ticle within the HSBR was reconstructed over a time period of 20min with a
sampling time of 100ms. Fig. 4.7 presents the particle trajectory for a 1min
time period for a reactor fill level of 50% and a rotation speed of 40 RPM, pro-
viding 0°, 45°, and 90° angle views to show the three-dimensional nature of the
reconstruction. The blue scattermarkers represent distinct reconstructed po-
sitions accumulated during the specified time interval. A video showing the
time-resolved trajectory can be viewed by scanning the QR code in Fig. 4.6.
In the 90° angle view, three consecutive reconstructed positions of the tracer
particle are exhibited: the instantaneous reference position, the reference po-
sition after 0.1 s, and the reference position after 0.2 s. The relatively small
spatial step between these consecutive reconstructed positions underscores
the adequacy of the 100mssampling time for accurately tracing the tracer par-
ticle’s path within the HSBR at a rotation speed of 40 RPM.

Figure 4.6: Video 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 that have accumulated during the
time interval.
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Figure 4.7: Reconstructedpositionsof the tracer particle accumulated for a timeperiodof 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 in red and orange.

4.3.2. Solids flow field
The solids flow fields were computed via the aforementioned grid interpola-
tion procedure and are shown for the xz-plane in Fig. 4.8. 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 sideof thebed, the agitator is thedriving force for themotionof thebed
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, the bed
material flows freely over the shaft, and gravity is thedriving force for thedown-
ward motion of the bed material. This region is characterized by higher flow
velocities. As expected, it can be observed that the flow velocity increases 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 undesir-
able from an application point of view, as it may result in large temperature
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Figure 4.8: Projection of the time-averaged tracer velocity heat maps and flow direction quiver
plots in the xz-plane averaged over the y-axis.

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 expan-
sion or aeration at increased rotation speeds is commonly encountered in ro-
tating drum reactors [37], and in this case, allows a significant part of the bed
to flow over the shaft, thereby significantly improving the circumferential mo-
tion. 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, indica-
tive of excellent circumferential solidsmotion. 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 powdermixer operated at lowfill levels. This phenomenon
wasattributed to a substantial portion of thebedflowing 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
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most notable change in flow behavior between fill levels of 40% and 50%, cor-
relating with the splitting of material by the shaft. Somematerial was found to
flow over the shaft, while the rest was found to flow beneath it, forming a cir-
culation loop. As discussed, the same phenomenon is also visible for distinct
cases in Figure 4.8. Interestingly, despite the diƯerence in design and configu-
ration of the agitator among horizontal powder mixers and an HSBR, the most
notable change in flowbehavior was also observed to occur between 40%and
50% fill level in this work, which is attributed to the flow over the shaft.

Figure 4.9: Influence of the fill level and rotation speed on the flow velocity distribution of the
tracer particle in the xz-plane.

Figure 4.9 quantitatively presents the solids velocity as a box plot for the
various operating conditions. In agreement with the flow field profiles (Fig.
4.8), thesolidsvelocity showsan increase forbothan increase in rotationspeed
and reactor fill level. More specifically, it can be observed that themean veloc-
ity has a linear relationship with the rotation speed. In addition, it is interest-
ing to relate the solids velocity directly to the tip speed of the impeller blades
by dividing the mean velocity, shown in Fig. 4.9, by the respective impeller tip
speed, shown in Table 4.2. The obtained results are plotted in Fig. 4.10.

Table 4.2: Impeller tip speed at the various rotation speeds.

Rotation speed (RPM)Rotation speed (RPM)Rotation speed (RPM) Tip speed (mmsዅ1Tip speed (mmsዅ1Tip speed (mmsዅ1)

20 140.3
40 280.6
60 421.0
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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, the highest value is ob-
tained 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 in-
creasing rotation speed. This observation is further supported by additional
experiments for a larger set of experimental conditions presented in Appendix
C.4. Overall, the results show that increasing the rotation speed of the im-
pellers has diminishing returns on the mean velocity of the tracer particle. In-
creasing the rotation speed increases the mean tracer particle velocity by a
fraction, which in turn decreases with increasing rotation speed.

Figure4.10: Influenceof thefill level and rotation speedon the ratio of themeanparticle velocity
to the impeller blade tip speed.

4.3.3. Solids circulation
The normalized radial occupancy over a time period of 20min is presented in
Fig. 4.11. 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 clockwise manner, resulting in the left
side of the bed being pushed upward and flowing over the shaft. A clear dis-
tinction can bemade between cases with poor distribution and good distribu-



4

98 4. Particle dynamics in HSBR by radioactive particle tracking

tion. 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 through-
out the bed is poor, indicated by the presence of zones with high normalized
occupancy (dark bluecolor) and lownormalizedoccupancy (light blue towhite
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 RPM, it results in a
dark blue-colored region. Operationwith 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 agree-
ment with the flow fields presented in Fig. 4.8, it appears that under these op-
erating conditions, the tracer particle experiences predominantly internal cir-
culation 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 thatwith the aforementioned operating conditions, the flow
behavior results in poor radial solids dispersion of solids in the bed and poten-
tially results in size segregation, which is highly undesirable from an industrial
application point of view.

Figure 4.11: Influence of the fill level and rotation speed on the tracer particle normalized radial
occupancy. In each plot, the HSBR shaft is indicated by the yellow outlined circle.

On the contrary, when the reactor is operated with a higher fill level and/or
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higher rotationspeed, it canbeobserved that thenormalizedoccupancy isuni-
form 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 simi-
lar 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 throughout the
bed is continuous, resulting in amore uniform solids distribution. The impeller
bladesno longer inducemotiononlybypassing through thebedbut rather con-
tinuously transport the bedwith a clockwisemotion. 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 vari-
ous 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 cooling. Frequent wetting allows better control of
the temperature of the polymerized solids and, therefore, a uniform tempera-
ture distribution throughout the bed. The cycle time is presented as a box plot
for the various operating conditions in Fig. 4.12.

In agreement with previous observations made from the flow field and the
normalized radial occupancy, the increase in reactorfill level leads to improved
powder flow, enhancing the circumferential motion of solids. To further eluci-
date the relation between rotation speed and cycle time, a dimensionless cy-
cle number is proposed. The cycle number is defined as the ratio of the num-
ber of particle cycles per unit time to the number of agitator rotations per unit
time, as denoted in Equation 4.7. The cycle number for the various operating
conditions is plotted in Fig. 4.13.
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Figure 4.12: Influence of the fill level and rotation speed on the cycle time distribution of the
tracer particle.

Cycle number = # particle cycles per unit time
# agitator rotations per unit time

(4.7)

Figure 4.13: 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.

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 particlemakes0.1 cycles for each revolutionof the agita-
tor. In linewith earlier observations, a clear jump is observedwhen the rotation
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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, in-
dicating 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 agita-
tor rotation. In this case, the particle moves with the same angular velocity as
the impellers in a largepart of thebedand is likely toovertakean impeller blade
during the free flow over the shaft, as expected from the velocity profile in Fig.
4.8. The finding is in agreement with observations made from the presented
particle velocity results in Fig. 4.10.

4.3.4. Solids axial dispersion
The normalized axial occupancy over a time period of 20min is presented in
Fig. 4.14. 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 axialmotion of the tracer particle is consid-
ered 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.

Figure 4.14: Influence of the fill level and rotation speed on the tracer particle normalized axial
occupancy. In each plot, the reactor shaft is indicated by the yellow-outlined rectangle.
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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 oc-
cupancy (dark blue color). As described earlier, with the aforementioned oper-
ating conditions, there is significant internal bed circulation and poor circum-
ferential solids motion. It is evident from Fig. 4.14 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 evi-
dent from the significant axialmovement 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 thedynamicsof the axial
dispersion. The temporal evolution of the axial position of the tracer particle is
illustrated in Fig. 4.15 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. When the HSBR is operated at the former operating con-
ditions, the tracer particle shows significantly less axial motion compared to
the other operating conditions.

Figure 4.15: The temporal evolution of the axial position of the tracer particle as a function of
the reactor fill level and rotation speed.

As described in Section 4.2.1, the HSBR incorporates an agitator compris-
ing 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’ com-
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partments 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 par-
ticle, or cluster of particles, may reside for tens of seconds up to several min-
utes within one compartment before it moves to another compartment. The
compartments are not recognized for higher reactor fill levels and/or rotation
speeds, as visible in Fig. 4.15. Although a zone with high normalized occu-
pancy is visible in the solids hold-up profile for a fill level of 40% and rotation
speed of 60 RPM at the y-coordinate −20mm, it is evident from the tempo-
ral 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 Bridgwa-
ter [20] observed axial compartments defined by the radial supports on which
thebladesarefixedat all fill levels, ranging from20%to60%, inhorizontal pow-
der mixers. However, the diƯerence is likely attributed to the diƯerence in the
system design, in particular the configuration of the agitator.

The time-averaged axial dispersion coeƯicient is plotted in Fig. 4.16. It
can be observed that the axial dispersion coeƯicient ranges from 10ዅዀ to 10ዅ኿
m2 sዅ1. Moreover, the results clearly show that the axial dispersion coeƯicient
increases with increasing rotation speed, which is in line with findings of Lau-
rent andBridgwater [21], Portilloet al. [33] andXiet al. [17], whostudied theax-
ial dispersion in comparablepowder agitating systems. In thiswork, 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
circumferentialmotion of the solids, as is evident from the solids’ hold-up pro-
file 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 disper-
sion coeƯicient under these operating conditions. By comparing the observed
trend with the temporal changes in the axial position of the tracer particle (de-
picted in Fig. 4.15) and the axial solids hold-up (shown in Fig. 4.14), 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 ro-
tating drums through numerical simulations and experimental investigations.
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Figure 4.16: The influence of the reactor fill level and rotation speed on the axial dispersion co-
eƯicient.

Notably, axialdispersioncoeƯicientshavebeendocumented for rotatingdrums
at approximately 10ዅዀ m2 sዅ1 [38], a value that corresponds well with or is
slightly below the coeƯicients showcased in Fig. 4.16. The minor diƯerence
between the values in a rotatingdrumand theHSBRcouldbeattributed to their
diƯerent 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 coeƯicient and the rotation speed. It
is important to note that drawing a direct comparison to this work was chal-
lenging due to the narrower range of rotating speeds in rotating drums typi-
cally encountered in the literature, usually spanning from 5 to 15 RPM [38, 39].
Studies showed that the axial dispersion coeƯicient in rotating drums is influ-
enced by the fill level. Namely, it was demonstrated that a higher fill level cor-
responds to a lower axial dispersion coeƯicient [38]. This particular eƯect is
not discernible across all operating conditions for the laboratory-scale HSBR,
as evident from Fig. 4.16. In this work, it was demonstrated that an increase in
fill level results in increased powder flow, which in turn results in a lower parti-
cle 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 rela-
tionship between the fill level and the axial dispersion coeƯicient in the HSBR.
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4.4. 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 us-
ing single-photon emission radioactive particle tracking (RPT). The technique
has been used to reconstruct the trajectory of a 27.5MBq tracer particle in the
HSBR over a time period of 20min with a sampling time of 100ms under vari-
ous operating conditions. From the obtained reconstructed positions data set
the particle dynamics were studied. The influence of two operating parame-
ters, 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 aƯected 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 im-
peller blade, resulting in semi-static bed motion characterized by poor
solids distribution. At increased fill levels and rotation speeds, continu-
ous solids motion throughout the bed results in a uniform solids distri-
bution.

• The solids circulation, quantified by a dimensionless cycle number, is
faster with increasing reactor fill level and rotation speed.

• The axial dispersion coeƯicient ranges from 10ዅዀ to 10ዅ኿ m2 sዅ1, which
is similar to or somewhat higher than values reported for rotating drums.
Theaxial dispersioncoeƯicient increaseswith increasing rotationspeed.
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 coeƯicient and the reactor fill level was found.

The knowledge acquired from this work not only provides a further under-
standing of the particle dynamics in HSBRs but can also serve as a valuable
basis for optimizing, intensifying, and scaling HSBR systems for the manufac-
turing of high-quality polypropylene resins on an industrial scale.
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5
Granular flow in stirred gas-solid flu-
idized bed reactors: a combined X-ray
and numerical study
The previous chapters were focused on the flow behavior and particle dynamics in a horizontal
stirred bed reactor. Besides horizontal stirred bed reactors, vertical stirred gas-solid fluidized
bed reactors are employed in gas-solid polymerizationof propylene. However, the complex gas-
solid contacting dynamics pose challenges in the design, scale-up, and operation of these re-
actors. In this chapter, a combined experimental by X-ray imaging and pressure dropmeasure-
ments and numerical Computational Fluid Dynamics (CFD) - Discrete Element Method (DEM) -
Immersed BoundaryMethod (IBM) approach is conducted to study the influence of agitation on
the fluidization performance of Geldart B particles.

This chapter is published as P.C. van der Sande, M.J.A. de Munck, K. Wu, D.R. Rieder, D.E.A.
van den Eertwegh, E.C. Wagner, G.M.H. Meesters, E.A.J.F. Peters, J.A.M. Kuipers, and J.R. van
Ommen, Fluidization behavior of stirred gas-solid fluidized beds: a combined X-ray and CFD-
DEM-IBM study, Chemical Engineering Journal 499 (2024).
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Stirred gas-solid fluidized bed reactors are commercially employed in polyolefin manufactur-
ing, but the complex gas-solid contacting dynamics pose challenges in design, scale-up, and
operation. In this study, the influence of agitation on the fluidization performance of Geldart
B particles was investigated experimentally by X-ray imaging and pressure dropmeasurements
andnumerically byComputational FluidDynamics (CFD) -DiscreteElementMethod (DEM) - Im-
mersed Boundary Method (IBM). The experimentally obtained minimum fluidization curve and
time-averaged pressure drop show good qualitative agreement with the simulation results. Vi-
sual observations underscore that an increase in the angular velocity of the agitator results in
reduced bubble size and improved bed homogeneity, as further evidenced by reduced pressure
fluctuations. Furthermore, the simulations reveal that while the impeller enhances solids ag-
itation, a proper design study is imperative, considering that static immersed bodies, such as
the stirrer shaft, can adversely impact solids motion.
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5.1. Introduction
Gas-solid fluidized beds, inwhich a gas is passed upward through a bed of set-
tled particles to suspend the particles in a fluid-like state, find widespread ap-
plications across various industries requiring good solidsmixing, as well as ef-
ficient heat and mass transfer [1]. However, for many practical applications,
the design, scale-up, and operation of gas-solid fluidized beds remain chal-
lenging due to the inherently complex and scale-dependent hydrodynamics.
Over time, severalmethods have been suggested to enhance the performance
of fluidized beds by introducing an additional source of energy to the bed, such
as gas pulsation, sound, vibration, or agitation [2].

Stirred gas-solid fluidized bed reactors, also referred to as vertical stirred
bed reactors (VSBRs), utilize mechanical agitation to introduce external en-
ergy into the system. Agitation facilitates improved solids mixing, a high de-
gree of bed homogeneity, improved heat transfer, intensive gas-solid contact,
andallowsfluidizationof cohesivematerials [3, 4]. Due to theseadvantageous
characteristics, stirred gas-solid fluidized beds are widely applied in industrial
processes. One of theirmost significant applications is in solid-catalyzed gas-
phase polymerization [5]. BASF pioneered stirred gas-solid fluidized bed poly-
merization processes with the introduction of the Novolen vertical stirred bed
process for the manufacture of polypropylene in 1969 [6, 7]. In this reactor,
the gas phase monomer undergoes polymerization with a co-monomer and
hydrogen under the influence of a solid catalyst. EƯective heat management
in theseexothermicpolymerization reactions iscrucial toprevent runawaypro-
cess conditions that could lead to polymermelting. Heatmanagement is intri-
cately linked to gas-solid contact, but the complex gas-solid contacting prin-
ciples in these reactors present challenges in design, scale-up, and operation
and, therefore, require detailed investigation.

Early studies, such as those by [3], conducted in the 1950s, explored the
eƯects of agitation in gas-solid fluidized beds. Through pressure drop mea-
surements, they showed that immersed oscillating stirring elements can im-
prove the fluidization quality and increase heat transfer between air and the
extended surface in a rectangular vessel. [8] correlated the pressure drop and
power requirements in gas-solid fluidized beds agitated by a blade-type agita-
tor. Moreover, [4] experimentally investigated the bed expansion and fluctu-
ation in a cylindrical gas-solid fluidized bed with stirred promoters. It was re-
ported that the agitation promotes the fluidization quality by improving particle
mixing. Furthermore, [9] studied the influence of agitation of a frame impeller
on the fluidization performanceofGeldart typeDparticles through experimen-
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tation and numerical simulation. They found that agitation facilitates homo-
geneous fluidization with increased uniformity of particle velocities. More re-
cently, [10] performed a numerical simulation of the fluidization behavior of
cohesive powders in stirred gas-solid fluidized bedswith a frame impeller. Em-
ploying a Two-FluidModel (TFM), they found that increasing the strength of the
mechanical agitation intensifies the movements of the particles, especially in
the lateral direction.

Sophisticated computer models, such as Computational Fluid Dynamics
(CFD) - Discrete Element Method (DEM), oƯer a means to gain fundamental
insights into the hydrodynamics of stirred gas-solid fluidized beds. It is com-
monly accepted in the scientific community that CFD-DEM simulations are
more accurate, allowmore detailed analysis, and have, among others, advan-
tages with respect to polydispersity and non-spherical particles compared to
TFM simulations, which tend to be faster and less computationally expensive
[11–13]. With the current increase in computational power, CFD-DEM simu-
lations of complex gas-solid systems are becoming more feasible. However,
suchsimulationsare veryCPUdemanding, and therefore, several approaches,
such as coarse-graining or application of recurrence CFD (r-CFD), have been
developed [14–16].

In this study, we extend a CFD-DEM model with an Immersed Boundary
Method (IBM) in order to conduct a fundamental investigation into the fluidiza-
tion behavior of Geldart B particles in a non-reactive stirred gas-solid fluidized
bed reactor. A crucial aspect of using computer models is model verification
to ensure its accuracy. To experimentally verify the CFD-DEM-IBM model, a
laboratory-scale experimental and a one-on-one computational stirred gas-
solid fluidized bed reactor have been developed. This paper focuses on the
thorough comparison of the simulations with detailed hydrodynamic features
obtained through experimental investigation. Since gas-solid fluidized beds
are opaque to visible light, we employed X-ray imaging to visualize the fluidiza-
tion behavior of the experimental stirred gas-solid fluidized bed. This paper
first describes the experimental and simulation methods. Then, the experi-
mental conditions and simulation parameters employed in the study are elab-
orated on. Subsequently, the results are presented and discussed. Finally, the
results are summarized, and conclusions are drawn.
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5.2. Methodology
5.2.1. Experimental methods
Stirred gas-solid fluidized bed setup
The experimental stirred gas-solid fluidized bed reactor consists of a fluidized
bed column and an agitating system, as illustrated in Fig. 5.1a. The fluidized
bed column is comprised of a 90mm inner-diameter perspex cylinder with a
length of 700mm fitted with a 3mm thick sintered stainless steel distributor
plate. The agitating systemcomprises a 800mm long stainless steel shaft with
a three-blade PLA rectangular impeller at the bottom, positioned at the height
of 50mm above the distributor plate. The stirrer is mechanically agitated by a
motorpositionedatop thecolumn. Thecolumncontainspressureports through
which the pressure can bemeasured at a height of 6mmand 65mmabove the
distributor plate.

(a) Schematic of the stirred gas-solid flu-
idized bed reactor, which consists of a flu-
idized bed column and an agitating system.

(b) Optical camera photo of the stirred gas-solid flu-
idized bed reactor comprising the particle bed (3) po-
sitioned in between the X-ray source (1) and the X-ray
detector (2), with a schematic representation of the
X-ray beam. Themotor (4) used to agitate the stirrer is
positioned atop the column.

Figure 5.1: Experimental setup used in this study.
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X-ray imaging
The hydrodynamics of the stirred gas-solid fluidized bed were experimentally
assessed using an in-house fast X-ray imaging setup, as depicted in Fig. 5.1b.
X-ray imaging is a non-invasive imaging technique that can be used to visualize
the hydrodynamics of opaquemultiphaseflowseƯectively [17, 18]. ThroughX-
ray imaging, a 2D projection of the spatial gas-solids distribution in the stirred
gas-solid fluidized bed reactor was captured.

The X-ray setup consists of a standard medical-use X-ray source (Yxlon In-
ternational GmbH) with a maximum energy of 150 keV working in cone beam
modeanda2Ddetector (TeledyneDalsaXineos)witha theoretical spatial reso-
lutionof 0.20mmplacedoppositeof the source. X-ray imageswereacquiredat
a sampling rate of 50Hzover ameasurement period of 60 s, equating to the ac-
quisition of 3000 images per experiment. The obtained data were then stored
for subsequent digital image analysis.

The X-raymeasurement principle relies on the attenuation of X-rays travel-
ing in a straight line from an X-ray source to a detector while passing through
thematerial. The transmission of amonochromatic beam of high-energy pho-
tons with initial intensity 𝐼ኺ through amaterial of constant density is described
by the Lambert-Beer law:

𝐼(𝐿) = 𝐼ኺ𝑒ዅ᎙፳ (5.1)

Here, 𝐼(𝑧) denotes the intensity measured at the detector, 𝜇 is the atten-
uation coeƯicient, and 𝑧 is the thickness of the X-ray attenuating material be-
tween the source and the detector. For varying attenuation, the measured in-
tensity is the integral eƯect of local attenuation with the local attenuation co-
eƯicient.

Each acquired image is a time-resolved projected 2D intensity map of the
stirred gas-solid fluidized bed reactor. A calibration protocol was executed to
convert the measurement intensity into a gas holdup. Initially, a reference im-
age of the empty column was captured without the agitating system. Subse-
quently, the column was filled with the bed material, and a full reference im-
age was obtained. By applying the Lambert-Beer law, the measurement gas
holdupmapwasderived from themeasurement intensitymapusing theempty
and full reference, as depicted in Fig. 5.2. The normalized gas holdup 𝜖፠ was
calculated as follows:
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𝜖፠ =
ln(𝐼measurement/𝐼full)

ln(𝐼empty/𝐼full)
(5.2)

Figure5.2: Themeasurement gasholdup (Ꭸᑘ)map is computed from themeasurement intensity
map by employing Lambert-Beer law with an empty and full reference.

The calibration protocol is discussed in more detail and validated in the
work by Wu et al. [19]. It is important to note that the normalized gas holdup
in this study ranges from 0.37 to 1, where 1 represents pure gas and 0.37 close
packing of solids. Warm colors in the gas holdupmap correspond to low X-ray
attenuation, indicating high gas concentrations. In contrast, cold colors rep-
resent high X-ray attenuation, indicating low gas concentrations.

Pressuremeasurements
To experimentally determine the minimum fluidization velocity and quantita-
tively evaluate the quality of fluidization during the measurements, the pres-
sure drop was measured over the powder bed. The gas pressure was probed
with a sampling frequency of 1000Hz using OMEGA PX409-10WG5V pressure
transducerpositionedatheightsof6mmand65mmabove thedistributorplate.

The time-averaged pressure drop and standard deviation of the pressure
drop are common indicators for assessing fluidization quality. The acquired
pressure data was multiplied with the column’s cross-sectional area (𝐴) and
divided by the mass of the solids (𝑚) and the gravitational acceleration (𝑔) to
give the normalized pressure drop (ΔPA/(mg)).
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5.2.2. Simulations
In this work, the CFD-DEM-IBM combination of the CFD framework FoxBerry
[20] and the DEM code MercuryDPM [21] is used. The code has been utilized
andvalidated inpreviousworks [13, 22]. Thegasphase isdescribedby thecon-
tinuity equation and the volume-averaged Navier-Stokes equations, respec-
tively given by:

𝜕(𝜖፠𝜌፠)
𝜕𝑡 + ∇ ⋅ (𝜖፠𝜌፠u፠) = 0 (5.3)

𝜕 (𝜖፠𝜌፠u፠)
𝜕𝑡 + ∇ ⋅ (𝜖፠𝜌፠u፠u፠) = −𝜖፠∇𝑝፠ − ∇ ⋅ (𝜖፠𝜏፠) − S+ 𝜖፠𝜌፠g (5.4)

𝜏፠ is the gas phase stress tensor using the general Newtonian form. S repre-
sents the momentum source term for the gas-solids interaction, given by:

S =∑
።
3𝜋𝜇፠𝜖፠𝑑፩,።𝛽 (u፠ − v።)𝐷 (r− r።) (5.5)

Themomentumsource termuses thepolynomial distribution functionofDeen
et al. [23] using a mapping width of 3𝑑፩. The drag correlation of Beetstra et al.
[24] is employed:

𝛽 = 10
(1 − 𝜖፠)
𝜖ኼ፠

+ 𝜖ኼ፠ (1 + 1.5√1 − 𝜖፠)

+
0.413𝑅𝑒፩
24𝜖ኼ፠

[𝜖ዅኻ፠ + 3𝜖፠(1 − 𝜖፠) + 8.4𝑅𝑒ዅኺ.ኽኾኽ፩ ]
[1 + 10ኽ(ኻዅᎨᑘ)𝑅𝑒ዅኺ.኿ዅኼ(ኻዅᎨᑘ)፩ ]

(5.6)

Where the Reynolds number is computed via:

𝑅𝑒፩ =
𝜖፠𝜌፠ |u፠ − v፩| 𝑑፩

𝜇፠
(5.7)

The translational and rotational movement of each individual particle is
calculated by solving Newton’s equations:

𝑚።
𝑑v።
𝑑𝑡 = −𝑉።∇𝑝፠ + 3𝜋𝜇፠𝜖፠𝑑፩,።𝛽 (u፠ − v።) + 𝑚።g+∑ F፜፨፧፭ፚ፜፭,። (5.8)

𝐼።
𝜔።
𝑑𝑡 = T። (5.9)
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where v። is the particle velocity. The forces on the right-hand side for the trans-
lationalmotion (equation 5.8) are respectively due to the far-field pressure gra-
dient, drag, gravity, and contact forces due to particle-particle or particle-wall
collisions. The contact forces are captured by a soft-sphere model originally
developed by Cundall and Strack [25]. T። is the torque which changes due to
the tangential component of the individual contact forces resulting from the
linear-spring dashpotmodel, 𝐼። themoment of inertia and𝜔። the rotational ve-
locity (1/s).

Stirrer and cylinder geometry
Neither the geometry of the columnwall nor of the stirrer alignswith the under-
lying 3D Cartesian grid of the continuous phase. To represent both, a second-
order implicit ghost cell Immersed Boundary Method (IBM) is employed [26].
In thismethod, the coeƯicients of the discretizedmomentumequations of the
continuous fluid are adapted if the surface of an object intersects with the dis-
cretization stencil. This manipulation utilizes a directional, second-order ex-
trapolation to compute the velocity in the immersed cell under the assump-
tion of a no-slip boundary condition at the object’s surface. Additionally, if a
cell center is located inside the object, the local velocity corresponding to the
solid body motion of the object is imposed on the solution.

The cylinder geometry is approximated by a tubewith radius𝑅. All required
values for the application of the IBM, such as intersection points of grid lines
with the cylinder, are determined analytically [27]. In contrast, a mesh in the
Standard Tesselation Language format is employed for the complex geome-
try of the stirrer. There, the surface of the object is approximated by a set of
interconnected triangles. To determine the required intersections to apply the
IBM, the triangles are first associatedwith the intersectingCartesian cells via a
triangle/axis-aligned-bounding-box intersection algorithm, and subsequently,
ray/triangle intersection calculations are carried out to determine the relevant
intersect [28]. The required information is recomputed for eachfluid time step,
following the rotation of the stirrer mesh. The particle contact with the stirrer
and cylinder is covered in the DEM codeMercuryDPM as reported byWeinhart
et al. [21].

5.3. Setup
5.3.1. Experiments
Commercially available Geldart B-type high-purity alumina powder (SASOL) is
used as bed material in this study. The powder has a Sauter mean particle
diameter of 0.94mm and a particle density of 1300 kgmዅ3. For the fluidiza-
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tion experiments, the column was loaded with 774 g of material, constituting
a settled bed height of approximately 150mm. Through pressure drop mea-
surements, of which the results are presented in Section 5.4.1, the minimum
fluidization velocity (umf) was experimentally determined to be 32.5 cmsዅ1.

Throughoutall experiments, the inlet gasvelocitywascontrolledat39.3 cmsዅ1,
corresponding to 1.2umf. The influence of agitation on the hydrodynamicswas
systematically assessed by evaluating the hydrodynamics of a bed without an
agitator, a bed with a static agitator, and a bed with an agitator while stirring at
angular velocities of 7.2, 10.2, and 13.5 rad sዅ1. An overview of the experimen-
tal parameters is provided in Table 5.1.

Table 5.1: Experimental parameters used in this study.

Parameter Symbol Value Unit
Particle diameter dp 9.4⋅10-ኾ m
Particle density 𝜌p 1300 kgmዅ3

Inlet velocity air uo 0.393 msዅ1

Angular velocity stirrer 𝜔 7.2 - 10.2 - 13.5 rad sዅ1

Sampling frequency X-ray fxray 50 Hz
Measurement run time tmeas 60 s

5.3.2. Simulations
The CFD-DEM-IBM simulations were carried out using a 3D rectangular col-
umnwithdimensions0.1×0.1×0.4m(width×depth×height)wherein thecylin-
drical tube with 90mm inner-diameter is positioned. The main simulation pa-
rameters are listed in Table 5.2. The DEM collision parameters for 𝛾-AlኼOኽ are
previously reportedbySutkaret al. [29]. Inorder to improve thegasphase reso-
lution and the corresponding IBMmethod, the grid size is chosen to be smaller
than the particle diameter. This is allowed by making use of the continuous
two-waysmoothing functionofDeenetal. [23] for theLagrangian-Eulerianmap-
ping as studied by deMunck et al. [13]. This smoothing function is also subse-
quently used and validated in previous works, see deMunck et al. [22, 30, 31].
The boundary conditions for the continuous phase were set as a uniform su-
perficial air velocity equal to 39.3 cmsዅ1 at the bottom and a fixed pressure
boundary condition of 1 atm at the top of the domain.

5.4. Results and discussion
5.4.1. Minimumfluidization curve
The pressure drop as a function of the superficial gas velocity was acquired
through experimentation and simulation using a columnwithout an agitator. It
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Table 5.2: Simulation parameters used in this study.

Parameter Symbol Value Unit
Number of particles 𝑁፩ 1 369 215 -
Particle diameter 𝑑፩ 9.4⋅10-ኾ m
Particle density 𝜌፩ 1300 kgmዅ3

Inlet velocity air 𝑢ኺ 0.393 msዅ1

Angular velocity stirrer 𝜔 7.2 - 10.2 - 13.5 rad sዅ1

Friction coeƯicient 𝜇ኺ 0.1 -
Normal coeƯicient of restitution 𝑒፧ 0.74 -
Tangential coeƯicient of restitution 𝑒፭ 0.1 -
Normal stiƯness 𝑘፧ 3000 Nmዅ1

Tangential stiƯness 𝑘፭ 1305.6 Nmዅ1

Normal dampening coeƯicient 𝜂፧ 0.0056 N smዅ1

Tangential dampening coeƯicient 𝜂፭ 0.012 N smዅ1

CFD time step 𝑡flow 2.5⋅10-኿ s
DEM time step 𝑡DEM 2.5⋅10-ዀ s
Time simulated 𝑡 11 s
Number of grid cells (width) N፱ 100 -
Number of grid cells (depth) N፲ 100 -
Number of grid cells (height) N፳ 400 -

is important to establish that the model can accurately capture the fluidiza-
tion behavior of the granular bed and thus gives a correct representation of
pressure drop. Fig. 5.3 presents the time-averaged normalized pressure drop
(Δ𝑃𝐴/(𝑚𝑔)) as a function of the superficial gas velocity.

At gas velocities below 30 cmsዅ1, a diƯerence between the simulated and
the experimentally obtained time-averaged normalized pressure drop can be
observed. Although both curves show a characteristic linear increase in the
pressure drop in a fixed bed regime, the simulated pressure drop is slightly
higher than the experimentally obtained one. Moreover, by closely evaluating
thepointsatwhich theplateausare reached, theminimumfluidizationvelocity
for the alumina powder is found to be approximately 27.5 cmsዅ1 in the simu-
lation and 32.5 cmsዅ1 in the experiment.

Two root causes are discerned for these diƯerences. First, the superficial
gas velocity is step-wise increased in the simulation, whereafter, the pressure
drop data is averaged over a 0.5 s time period. A 0.5 s time period could be in-
suƯicient to give a stable averaging pressure, but longer simulation times are
very computationally expensive, and therefore a compromise has to be found.
In contrast, in the experiment, averaging was performed for a 30 s period after
stabilizing the system.
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Figure 5.3: The time-averaged normalized pressure dropmeasured at the height of 6mmabove
the distributor plate as a function of the superficial gas velocity, ፮ᑘ.

Second, the measured pressure drop in a fixed bed regime is highly sus-
ceptible to the packing of solids andmeso-structure of the bed. Manual filling
in the experimental procedure could give rise to a heterogeneous solids pack-
ing, which in turn results in a lower pressure drop as the gas finds a path with
lower resistance. Moreover, in the simulation, the meso-structure is less re-
solved, which increases the tendency of the gas to form bubbles. At higher
gas velocities (from30 cmsዅ1 onward), there is a goodagreement between the
simulated and the experimentally obtained time-averaged normalized pres-
sure drop, as both curves approach a plateau at an average normalized pres-
sure drop of approximately 0.95 when fluidization is attained. This is in agree-
ment with the theory that pressure drop diƯerences due to diƯerent packing
vanish, which increases the likelihood that the diƯerences in observed pres-
sure drop are caused by the heterogeneous solids packing in the experiment
and the challenges in resolving the meso-structure of the bed in the simula-
tion. Notably, at gas velocities higher than the minimum fluidization velocity,
a good agreement is observed, demonstrating that the model can accurately
describe the pressure drop over the bed under fluidized conditions, which is
key to this work.
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5.4.2. Visualization of the fluidization behavior
A significant advantage of time-resolved X-ray imaging is that it can provide a
direct projection of the gas holdup over time, which allows visualization of the
fluidization behavior. Similarly, a 2D projection presenting the gas holdup over
time can be obtained from the CFD-DEM-IBM simulations. Through displaying
representative snapshots, Fig. 5.4 presents a qualitative comparison of the ex-
perimentally observed fluidization behavior and the simulated fluidization be-
havior for various stirrer settings.

From the experiment-simulation comparison, it becomes evident that the
upper part of the bed in the simulations displaysmore disorderly behavior, es-
pecially visible in the splash zone, caused by the formation of larger bubbles.
In contrast, the experimental bed shows less frequent and smaller bubbles,
thereby displaying less disorderly behavior. The diƯerence could be attributed
to diƯerences in themeso-structure of the bed and a slightly diƯerent fluidiza-
tion regime, which can be better understood by the presented data on themin-
imum fluidization velocity determination.

Here, a discrepancy in the obtained pressure drop at low gas velocities
was attributed to a diƯerence in minimum fluidization velocity and the meso-
structure of the beds. The same can contribute to the observed diƯerence in
fluidization behavior. At, or close to, the point of minimum fluidization, the
bed is in a loosely packed state, which allows gas to flow through the meso-
structure of the bed. In the experiment, this results in the gas flowing well-
distributed through the bed. Therefore, the fluidization behavior observed in
the experiment is more homogeneous, and a slightly lower gas holdup is ob-
tained in the snapshots.

In the simulation, a lower minimum fluidization velocity was found, which
means that the simulations are performed at a higher 𝑢፠/𝑢፦፟ ratiowhen com-
pared to the experiments. To elucidate this eƯect, the experiments were also
performed at a superficial gas velocity of 45 cmsዅ1. The corresponding X-ray
images are included in Appendix Fig. D.1. It can be observed that at a velocity
of 45 cmsዅ1, the bed displays significantly more chaotic behavior compared
to the behavior at the velocity of 39.3 cmsዅ1, despite it only being a 15% in-
crease. Interestingly, now the flow pattern shows stronger similarities to the
simulation, suggesting that, indeed, the diƯerence in 𝑢፠/𝑢፦፟ ratio could play
an important role.
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In addition, the meso-structure of the bed is less resolved. This diƯerence
in behavior is shown by displaying the temporal evolution of the flow pattern
over a time window of 0.4 s for a rotation speed of 10.2 rad sዅ1 (see Appendix
Fig. D.2). When comparing the bottom zone of the experimental and simu-
lated flow patterns in Appendix Fig. D.2, it can be observed that both display
the presence of horizontal gas structures directly above the distributor plate.
These structures rise up before being dispersed into bubbles by the stirrer. As
the meso-structure of the bed is less resolved for the simulation, the gas has
the tendency to form bubbles more rapidly in the simulations than in the ex-
periments, as observable in the figure. In turn, the coalescence of the bubbles
leads to the formationof larger bubbles that contribute to thedisorderly splash
zone observed in the simulations. On the contrary, in the experiments, a sig-
nificantly smaller number of bubbles are formed that display more structured
behavior.

Moreover, another reasoncontributing to themoredisorderlybehaviorcould
be that the simulated beds have more energy dissipation when compared to
the experiments, as was also shown by Li and Kuipers [32], Verma et al. [33].
This would require a more detailed investigation of the eƯect of the collision
parameters on the fluidization characteristics, which is outside the scope of
the present paper.

5.4.3. Time-averaged gas holdup
With the time-resolved gas holdup 𝜖፠ acquired through X-ray imaging and sim-
ulation, a time-averaged gas holdup was computed:

𝜖፠(𝑥, 𝑧) =
1
𝑁ጂ፭

፭Ꮂዄጂ፭

∑
፭዆፭Ꮂ

𝜖፠(𝑥, 𝑧, 𝑡) (5.10)

where 𝑥 and 𝑧 represent the horizontal and vertical positions, and 𝑁ጂ፭ repre-
sents the number of images between 𝑡ኺ and 𝑡ኺ+Δ𝑡. From the time-averaged
gas holdup, a line-averaged gas holdup is computed alongside the vertical di-
rection to display the gas holdup over the bed height:

𝜖፠,፱(𝑧) =
1
𝑁

ፍ

∑
፱዆ኻ

𝜖፠(𝑥, 𝑧) (5.11)

where𝑁 is the number of pixels in the horizontal direction at the height 𝑧.
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Figure 5.4: Typical snapshots of the fluidization behavior at a superficial gas velocity of
39.3 cmsᎽ1 for various stirrer settings obtained through experimental X-ray imaging (top) and
simulation (bottom).

Fig. 5.5 depicts the time-averaged gas holdup profiles obtained through
X-ray imaging (Fig. 5.5a) and simulation (Fig. 5.5b). In both cases, a local in-
crease ingasholdup is visibleatanaxialpositionof50mm. This increase ingas
holdup is attributed to the wakes formed behind the impeller blades. In agree-
mentwith the time-resolved snapshots of thefluidizationbehavior (Figure 5.4),
it is evident that thewakes, and thereby the local time-averaged gasholdup, in-
creases with increasing angular velocity. The good agreement in wake forma-
tion between the experiment and simulation demonstrates that the simulation
adequately captures the fluid dynamics in the stirring zone.

At higher axial positions, some deviation between the experiment and the
simulation can be observed. The simulation displays a steady increase in the
average gas holdup for an increase in the axial position, attributed to the coa-
lescence of bubbles, while in the experiments, less frequent and smaller bub-
bles appear, resulting in a more uniform system with a lower gas holdup. In
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(a) Time-averaged gas holdup over the axial position acquired through X-ray imaging experiments.

(b) Time-averaged gas holdup over the axial position acquired through simulation.

Figure 5.5: Influence of the angular velocity on the time-averaged gas holdup over the axial po-
sition.

the simulations, a clear diƯerence in the top and bottom regions is observed,
which is attributed to the rapid coalescence of bubbles. The more disorderly
behavior observed in the simulation results in a smooth increase in the time-
averaged gas holdup in the splash zone, identifiable at heights between 150
and 200mm. On the contrary, themore homogeneous bed observed in the ex-
perimental results in a sharp increase in gas holdup in the splash zone, identi-
fiable at an axial position of 150mm. Besides, an increase in the wake volume
and the homogeneity of the bed, caused by increasing the angular velocity of
the stirrer, was not found to have a significant eƯect on the time-averaged line-
averaged gas holdup.
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5.4.4. Pressure analysis
The gas pressure was measured at the height of 6mm and 65mm above the
distributor plate experimentally and through simulation. Fig 5.6 presents the
time-averaged normalized pressure drop. It can be observed that the experi-
mentally obtainednormalizedpressuredrop is accurately capturedby the sim-
ulation at both heights for all agitator settings. At a height of 6mm, a normal-
ized pressure drop of approximately 0.95 is observed, indicative of high-quality
fluidization both in the experiment and simulation.

Figure 5.6: The influence of agitation on the time-averaged normalized pressure drop.

Figure5.7presents the standarddeviationof thenormalizedpressuredrop.
The standard deviation of the pressure drop in a fluidized bed is correlatedwith
the bubbling dynamics caused by the energy dissipation due to particle colli-
sions and fluid-particle/stirrer-particle interactions. Typically, an increase in
fluid-particle/stirrer-particle interactions leads to a higher bed homogeneity
and thus a lower pressure drop standard deviation [32, 33]. Both the exper-
imentally measured and simulated standard deviations of the pressure drop
decrease with increasing angular velocity, suggesting greater bed homogene-
ity. When increasing the angular velocity, the bubble size is reduced, resulting
in amorehomogeneousfluidizedbeddue to the stirringmotion. This is in close
agreementwith reported literature (see Section 5.1) and visual observations of
the hydrodynamic behavior, as discussed in the previous section.
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By comparing the experiment and the simulation, it can be observed that
the standard deviation of the pressure drop in the simulation results is larger.
This is attributed to the more disorderly nature of the bed (see Fig. 5.4), which
in turn is caused by a lower minimum fluidization velocity and a less resolved
meso-structure in the simulation, which resulted in more rapid bubble forma-
tion and coalescence in the simulations compared to the experiments. Yet,
both the experiment and simulation clearly depict that the enhanced particle-
stirrer interaction bymeans ofmechanical agitation improves bed homogene-
ity, which is desirable in applications that require excellent gas-solid contact-
ing.

Figure 5.7: The influence of agitation on the standard deviation of the pressure drop.

5.4.5. Solidsmass flux
The CFD-DEM-IBM simulations allow one to study the solidsmotion andmass
flux inmore detail, which is not attainable via the currently applied experimen-
tal measurements. Experimental techniques such as positron emission par-
ticle tracking (PEPT), radioactive particle tracking (RPT), and X-ray particle ve-
locimetry (XPTV) canbeused for comparing the solidsmassflux obtained from
experiments and simulation [34, 35], which is not pursued in this work but can
serve as an extension of this study. The time-averaged solids mass fluxes for
the x- and z-directions are obtained bymultiplying the local solids holdupwith
the obtained average particle velocities of all particles in the cell of interest.
This is captured by:
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⟨𝜙፦⟩ = ⟨v፩𝜌፩ (1 − 𝜖፠)⟩ (5.12)

(a) x-component mass flux at a height of 5 cm. (b) x-component mass flux at a height of 7.5 cm.

(c) x-component mass flux at a height of 10 cm. (d) x-component mass flux at a height of 15 cm.

Figure 5.8: The x-component mass flux at various heights in the bed as for various stirrer set-
tings. Note that the vertical axes have diƯerent limits for visibility purposes.

First, the time-averaged solids mass flux for the x-direction is discussed at
heightsequal to5, 7.5, 10, and15 cm. Fig. 5.8shows thealtered time-averaged
x-component of the solidsmassflux for the normalized columndiameter (x/W)
under the influence of agitation. It can be noticed that at a height of 5 cm,
where the stirrer is located, the x-component of the solids mass flux is signifi-
cantly altereddue to the rotating stirrer (Fig. 5.8a). Following thestirrer rotation
speed, themagnitude of the solidsmass flux is increased as the solids are ag-
itated by the stirrer motion. On the contrary, the eƯect of the stirrer rotational
motion is less pronounced at higher axial positions. It can even be concluded
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that the stirrer shaft acts as a static immersed body, reducing the flowability of
the solidsmaterial, clearly observed in Fig. 5.8b, Fig. 5.8c and Fig. 5.8d where
the case without the stirrer results in a higher x-component of the solidsmass
flux. Besides, it should be noted that at these heights, the stirrer blades are
less influential as they are placed lower inside the bed. Therefore, solids mo-
tion ismainly dominatedby the gas-solid interaction, as evident from themass
flux in Fig. 5.8d caused by the splash zone.

(a) z-component mass flux at a height of 5 cm. (b) z-component mass flux at a height of 7.5 cm.

(c) z-component mass flux at a height of 10 cm. (d) z-component mass flux at a height of 15 cm.

Figure 5.9: The z-component mass flux at various heights in the bed as for various stirrer set-
tings. Note that the vertical axes have diƯerent limits for visibility purposes.

Fig. 5.9 represents the solids mass flux z-component at heights equal to
5, 7.5, 10, and 15 cm for the normalized column diameter (x/W). Complemen-
tary to the x-component, the stirrer blade rotation alters the solids mass flux
directly at the vertical position of the stirrer, as observed in Fig. 5.9a. At higher
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angular velocities, the solids mass flux is increased, especially in the region
of 0.25 and 0.75 of the normalized column diameter (x/W). Based on the gas
holdup data, this can be better understood by the fact that bubbles are cre-
ated by the stirrer rotation. The bubble wake provides a transport mechanism
for the solids. Subsequently, at h = 7.5 cm (Fig. 5.9b), this rising mechanism
results in a symmetrical solids mass flux, which is higher at the sides of the
column for the higher stirrer rotations, while being lower in the column center.
This pattern is further evolving due to the preferential bubble pathway, result-
ing in a symmetrical solidsmass flux at h = 10 cmand 15 cm. This symmetrical
solids mass flux is influenced by the immersed object in the center of the col-
umn, which becomes clear by comparing the 0 rad sዅ1 and the case without a
stirrer. By a detailed comparison between these cases, it is observed that the
immersed static shaft object gives rise to a symmetrical flow pattern, which is
not discerned in the case without the stirrer.

Based on the discussions both on the x- and z-components of the solids
massflux, it becomesevident that the solidsagitation is improveddirectly near
the stirrer blades, while further up in the bed, the solids agitation is reduced
due to the shaft, which acts as a static immersed body. This highlights that as-
sisted fluidization through a vertically placed stirrer can improve the solids ag-
itation. Still, a proper design study needs to be performed as static immersed
bodies (e.g. the stirrer shaft) negatively influence the solids motion [19].

5.5. Conclusion
In this study, the influence of agitation of a vertical three-blade agitator on the
fluidization performance of Geldart B particles in a laboratory-scale column
is experimentally investigated through X-ray imaging and pressure drop mea-
surements and numerically through CFD-DEM-IBM simulation. The influence
of agitation was systematically assessed by evaluating the fluidization behav-
ior of a bed without an agitator, a bed with a static agitator, and a bed with
an agitator while stirring at angular velocities of 7.2, 10.2, and 13.5 rad sዅ1, at
1.2𝑢mf.

Thesimulatedminimumfluidizationcurveand time-averagedpressuredrop
are in qualitative agreement with the experimentally obtained ones, which val-
idates the numerical model. Direct visualization of the fluidization behavior
shows that an increase in the angular velocity of the agitator results in reduced
bubble size, improved bed homogeneity, and the formation of wakes behind
the impeller blades. The reduced bubble size and improved bed homogeneity
are further substantiated by the observed decreasing standard deviation of the
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pressure drop for an increasing angular velocity. Moreover, the agreement be-
tween the experiment and simulation in wake formation is good, demonstrat-
ing that the simulation adequately captures the fluid dynamics in the stirring
zone. Deviations between the simulations and experiments in the gas holdup
at the topof thebedwereattributed toa slightly lowerminimumfluidization ve-
locity and less-resolved meso-structure of the bed in the simulations, which
results in more intense bubbling and a more disorderly splash zone. An in-
depth analysis of the solids flow field through simulation shows that the solids
agitation is improved directly near the stirrer blades, while higher up in the
bed, the solids agitation is reduced due to the shaft, which acts as a static im-
mersed body. This emphasizes that while assisted fluidization through a ver-
tically placed stirrer can improve the solids agitation, a proper design study is
crucial as static immersed bodies, such as the stirrer shaft, negatively influ-
ence the solids motion.

Besides contributing to a further understanding of the hydrodynamics of
stirred gas-solid fluidized beds, this work provides a validated CFD-DEM-IBM
simulationmethod that can be used to simulate fluidized bedswithmoving in-
ternals, such as stirrers. By implementing approaches that speedup the simu-
lation run time, such as coarse-graining and r-CFD, future investigations could
aid in optimizing, intensifying, and scaling the systems for industrial applica-
tions, such as polyolefinmanufacturing.
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6
On the inherent correlation between the
fluidization and flow properties of co-
hesive powders
In the previous chapters, we dealt with particles that have a mean particle size larger than 500
᎙m. Inmany industrial applications, powderswith smaller particle sizes are utilized due to their
high surface-to-volume ratio. However, the relative magnitude of the attractive van der Waals
forces acting on these particles starts out-weighting the gravitational force,making the powders
cohesive. Challenges associated with this cohesiveness limit the applicability of conventional
processingmethods like gas-solid fluidization. In this chapter, we study the fluidization andflow
properties of a range of commercially available cohesive powders with the objective of finding
to what extent the two properties show a quantitative correlation.

This chapter is based on P.C. van der Sande, K. Wu, R. Kamphorst, E.C. Wagner, G.M.H.
Meesters, and J.R. van Ommen, On the inherent correlation between the fluidization and flow
properties of cohesive powders, Accepted for publication in AIChE Journal (2024).
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In this study, we examine the correlation between the fluidization behavior and flow properties
of 10 commercially available cohesive powders by fluidization and rotating drum experiments.
The rotating drum was operated at high rotation speeds to bring the powder bed into an aer-
ated state, characterized by comparable flow fields and stress conditions as encountered in a
gas-solid fluidized bed. We propose a Fluidization Quality Index (FQI) computed based on X-
ray imaging that overcomes the limitations of conventional analyses for assessing fluidization
quality when applied to cohesive powders. By analyzing flow patterns through X-ray imaging,
FQI integrates the gas holdup and its temporal variation to oƯer a reliable indicator of the flu-
idization quality. The study establishes a positive correlation between the flowability and flu-
idization quality of cohesive powders, highlighting their inherent relationship. Furthermore, we
show how flowability measurements can aid in predicting whether mechanical vibration may
improve fluidization characteristics. These findings suggest that fast and user-friendly flowa-
bility measurements in a rotating drum instrument can predict fluidization potential, aiding in
process optimization and enhancing fluidization studies for cohesive powders.
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6.1. Introduction
Solid particles are used in fields such as catalysis and the pharmaceutical,
chemical, and environmental industries. In recent years, a gradual shift has
taken place towards the use of powders with smaller particle sizes due to the
beneficial properties of their high surface-to-volume ratio, for example, in the
fields of medicine [1], catalysis [2], and composite development [3]. There-
fore, handling such solids is becoming a more important component of many
industrial processes. The smaller particle sizes introducecomplications, how-
ever, as the attractive van der Waals forces start dominating over other forces
at smaller particle sizes, making the powders cohesive and impeding flow and
aeration [4]. Challenges associated with this cohesiveness limit the applica-
bility of conventional processing methods like gas-solid fluidization.

Gas-solid fluidization is realized by passing a gas upward through a bed of
settled particles to suspend them in a fluid-like state, which results in homo-
geneous solids mixing and eƯicient heat and mass transfer between the two
phases [5]. In the context of fluidization, several classification systems ex-
ist in which cohesiveness plays an essential role, most prominently the Gel-
dart classification and Bond number[6]. The use of the Geldart classification
is widespread in particular, as its prediction of fluidization behavior is solely
based on particle size and density, which are typically easy to obtain [7]. Gen-
erally, coarse powders, such as Geldart group A and B, can be well fluidized.
Cohesive powders, such as Geldart group A/C and C, however, tend to form
agglomerates such that, upon fluidization, both primary particles and parti-
cle agglomerates are present in the bed, while the fundamental description
of agglomerate formation and breakup - either it is force or energy based - is
largely debatable,making it challenging topredict fluidizationbehavior [6]. Ad-
ditionally, agglomerates are fragile by nature, making it diƯicult to assess their
properties [8]. Associated with this complexity, Geldart group A/C powders
within the Geldart classification, which are typically recognized as cohesive
(or mildly cohesive), have been observed to occasionally form agglomerates
as well [9, 10]. It should also be pointed out that the boundary between type
A and C powders is poorly defined, in part due to the fact that density and pri-
mary particle size are not the sole parameters determining powder behavior.

Adding to the complexity of predicting fluidization behavior based on par-
ticle properties is that cohesive powders typically do not fluidize upon utilizing
unassisted fluidization techniques, showing channeling and plugging instead
[7]. The latter challenges the design and operation of conventional fluidized
beds of cohesive powders, thereby limiting practical applications. Over time,
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methods have been developed that aid the fluidization of cohesive powders by
introducing an additional source of energy to the bed that disrupts channeling
[11]. These assistance methods include mechanical stirring [12, 13], gas pul-
sation [14, 15], acoustic waves [16, 17], and mechanical vibration [18, 19]. In
particular, mechanical vibration has been recognized as an eƯective method
of aiding the fluidization behavior of cohesive powders and, therefore, readily
finds practical applications. However, despite the significant progress in aid-
ing the fluidization of cohesive powders, there is still amissing ability to predict
whether a particular fine powder will be fluidized with or without the imple-
mentation of an assistance method, and which assistance method is optimal
and eƯective remains a challenging task. Moreover, carrying out fluidization
experiments is time-consuming and requires substantial infrastructure to reg-
ulate gas supply and ensure safe gas outlet handling, particularly when deal-
ing with fine particles that are highly prone to entrainment. For practical ap-
plications, direct visualization of fluidization behavior is challenging. There-
fore, the assessment largely relies on indirect measurements, such as pres-
sure drop and bed expansion. Furthermore, the observed phenomena can be
scale-dependent and are susceptible to initial conditions, which are, in turn,
influenced by user-dependent factors. Consequently, there is a pressing need
for fast, user-friendly, and user-independent powder flow testing methods.

For cohesive powder, the degree of cohesion significantly aƯects flowa-
bility, therefore, a wide array of powder flow testing methods has been de-
veloped to characterize the flow properties of powders [20–24].For mildly co-
hesive powders, quantitative indicators, including angle of repose [25], angle
of avalanche [26], powder discharge flow [27], torques in aerated powder bed
[28], were measured to assist the interpretation of powder cohesion. For ade-
quate characterization in relation to a unit operation, the flow field and stress
state of the powder should be comparable in the powder flow tester and the
respective unit operation [21, 29]. In a fluidized bed, the powder bed can be
considered to be in a highly dispersed and low consolidation state. Rotating
drums have been widely used to characterize the flowability of powders in the
dynamicflowing regime ina stateof lowconsolidation [26, 30–34]. The rotating
drum powder characterization instrument comprises a cylinder typically half-
filled with powder that is rotated around its axis at desired rotation speed. In-
terestingly, several studies have shown that a cohesive powder bed can transi-
tion from a quasi-periodic avalanchemode to a fluidizedmode as the rotation
speed increases [35–39]. At low speeds, the powders initially undergo peri-
odic avalanches. These avalanches result in mixing with the surrounding gas,
whichcan lead topartial fluidizationbyentraininggas. As the rotationspeed in-
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creases, the time it takes for the entrained gas to be evacuated becomes com-
parable to the interval between avalanches. This leads to the establishment of
a permanent fluidized region [36]. The presence of this fluidized region is ev-
ident from the expansion of the bed and the flattened free surface, which ex-
hibits fluid-like behavior similar to that observed in a fluidized bed. It remains,
however, unclear to what extent the flow behavior observed in a rotating drum
can be linked to the fluidization behavior in unassisted and assisted fluidized
beds.

In thiswork, we study thefluidization andflowproperties of a rangeof com-
mercially available cohesive powders with the objective of finding to what ex-
tent they are correlated. In the first part of the present work, the flowability
properties are studied by employing a rotating drum powder flow analysis in-
strument. By performingmeasurements at diƯerent drum rotation speeds, we
elucidate how the flow behavior of the various powders is influenced by the
rotation speed. The second part of the present work presents an analysis of
the fluidization properties in the absence and presence of mechanical vibra-
tion. We show that conventional methods to monitor the fluidization quality,
namely total pressure drop and bed height, have significant shortcomings for
cohesive powders. Instead, we argue that the directly observed flow pattern
better represents the fluidization quality, and therefore, an advanced method
that quantifies the fluidization quality based on the observed flowpattern is in-
troduced in this work. The final part of the present work consists of a detailed
cross-comparison of the flow and fluidization properties to assess their inher-
ent correlation. We argue that a good correlation implies that data obtained
through flowability studies in a user-friendly rotating drum instrument could
quickly and reliably indicate whether a certain cohesive powder is likely to be
fluidized, with or without the implementation of an assistance method. Such
insights hold promise for enhancing fluidization studies by providing amore ef-
ficient and reliable means of predicting powder fluidization behavior, thereby
potentially optimizing fluidization processes.

6.2. Methodology
6.2.1. Materials
Ten commercially available materials were evaluated for their flowability and
fluidization behavior. These materials included polystyrene, egg white, ben-
tonite, silica, lactose, four types of starches, and sorbitol. Sorbitol, a non-
cohesive poly alcohol, was chosen as a referencematerial due to its excellent
flowability. The particle size and morphology of the powders were analyzed
using a particle size analyzer and scanning electron microscopy, respectively.
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The physical properties of the materials are summarized in Table 6.1 and will
be further discussed in the following paragraphs.

Table 6.1: Physical properties of the powders used in this study. ᑒVolume-weighted mean par-
ticle size. ᑓArea-weightedmean particle size. ᑔSpan = (፝ᑧᎻᎲ-፝ᑧᎳᎲ)/፝ᑧᎷᎲ.

PowderPowderPowder 𝑑4,3 (µm)𝑑4,3 (µm)𝑑4,3 (µm)ፚ 𝑑3,2 (µm)𝑑3,2 (µm)𝑑3,2 (µm)፛ Span (-)Span (-)Span (-)፜ ShapeShapeShape Geldart group [7]Geldart group [7]Geldart group [7]

Sorbitol 201.0 74.5 1.75 Angular A
Potato starch 45.5 36.1 1.23 Spherical C

Modified corn starch 42.3 19.4 1.98 Angular C
Polystyrene 40.6 40.4 0.21 Spherical C
Bentonite 29.8 10.3 2.49 Angular C
Egg white 28.9 9.6 2.50 Spherical C
Corn starch 14.7 13.2 0.89 Spherical C

Tapioca starch 14.6 13.0 0.91 Spherical C
Silica 6.6 4.1 2.05 Angular C

Lactose 5.1 2.1 1.84 Angular C

The particle size distribution was measured using the Malvern 3000 parti-
cle size analyzer, equipped with a dry powder module and high-energy stain-
less steel venturi tube. Measurements were taken in an obscure range of 0.5–
8.0%. The volume-based particle size distributions of the materials are repre-
sented in Fig. 6.1 by depicting respective 𝑑፯ኻኺ, 𝑑፯኿ኺ, and 𝑑፯ዃኺ values. It can be
observed that the𝑑፯኿ኺ ranges from5.0 µm (Lactose) to 190 µm (Sorbitol), illus-
trating a significant spread in particle size across thematerials studied. Based
on theirmedian (𝑑፯኿ኺ), volume-weightedmean (𝑑ኾ,ኽ), andarea-weightedmean
particle size (𝑑ኽ,ኼ), all powders can be classified as Geldart C type, except sor-
bitol, which is classified as a Geldart A type. However, as commonly encoun-
tered in real applications, the powders consist of a collection of particles that
display adistribution in particle sizes. Thewidthof theparticle sizedistribution
is quantified by computing the span as (𝑑፯ዃኺ-𝑑፯ኻኺ)/𝑑፯኿ኺ. It can be observed
that corn starch, tapioca starch, and polystyrene have a small span value, in-
dicating a narrow particle size distribution. On the contrary, modified corn
starch, bentonite, and egg white have a large span value, representing a wide
particle size distribution.

Themorphology of the powderswas analyzed employing a JEOL JSM7500F
field emission scanning electron microscope with an acceleration voltage of
5 kV. The imaging was performed at magnifications between 100 and 1000.



6.2. Methodology

6

143

Figure 6.1: Volume-based particle size distribution of the powders included in this study.

Before imaging, the samples were sputter-coated with gold to reduce sample
charging and improve the image quality using a JEOL JFC-1300 auto fine coater
inautomaticmode foragoldsputteringdurationof30 s. Typical acquiredscan-
ning electronmicroscope images of the powders are depicted in Fig. 6.2.

In agreement with the measured particle size shown in Fig. 6.1, it can be
observed that the powders display a significant spread in particle sizes (see
Appendix Fig. E.1 for the complete particle size distribution). Moreover, no-
table diƯerences are observed considering the morphology of the particles.
On the one hand, potato starch, polystyrene, egg white, tapioca starch, and
corn starch display a spherical shape with relatively smooth surfaces. On the
other hand, sorbitol, modified corn starch, bentonite, silica, and lactose are
characterized by an angular shape.

6.2.2. Flowability experiments
Rotating drum setup
The flowability of the materials was analyzed using the GranuDrum® rotating
drum instrument [33]. This automated powder flowability analysis instrument
is designed to characterize the flowability of materials in the dynamic flowing
regime. TheGranuDrum® comprises a rotating drum cylinder, an LED panel in-
ducingcontrastbetweenpowderandair, andadigital camera (5MPMonochrome
CMOS). These components are positioned within a case to maintain consis-
tent light conditions, as illustrated in Fig. 6.3. The drum cylinder is made of
stainless steel with sidewalls of transparent coated glass to allow visualiza-
tion of the powder bed. Thedrumhas a inner diameter of 84mmandadepth of
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20mm, corresponding to a total volume of 110mL. The depth of the drum sig-
nificantly exceeds 6.4 times themean particle radius of all powders, such that
front and back wall friction eƯects on the flow characteristics are mitigated
according to Jain et al. [40]. The instrument was connected to a computer for
operation and image acquisition. The environmental temperature was main-
tained at 20 °C, with humidity in a range of 30% - 50%.

Figure 6.3: Schematic representation of the rotating drum setup. The GranuDrum® instrument
consists of a rotating drum, digital camera, and LED panel. The instrument is connected to a
computer for operation and image acquisition.

Image acquisition and analysis
Foreachexperiment, a volumeof55 cm3 of thedesignatedmaterialwas loaded
in the drum cylinder, resulting in a 50% fill level. The drum was then placed in
the instrument and rotated around its horizontal axis at rotation speeds of 5,
10, 30, and 60 RPM. The rotation speed was varied to elucidate how bed ex-
pansion, as the result of high angular velocities, influenced the flowability of
the materials. At each rotation speed, the digital camera acquired a snapshot
every 600ms for a duration of 60 s, giving a total of 100 images. The camera
was operated at a shutter speed of 0.85ms to capture the bed dynamics at
high rotation speeds accurately.

Figure 6.4: Image processing workflow to compute the cohesive index.
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Theacquired imageswereprocessed throughadigital imageanalysiswork-
flow introduced by Neveu et al. [34], illustrated in Fig. 6.4. For each image,
the interface between the powder and air in the raw image (Fig. 6.4-a) was de-
tected by an edge detection algorithm (Fig. 6.4-b). Subsequently, the detected
powder surface is extracted (Fig. 6.4-c). This procedure is executed for all the
images acquired during a measurement. From the extracted powder surface
positions, a mean powder surface position and standard deviation are com-
puted (Fig. 6.4-d) through Equation 6.1 [34]:

𝜎(𝑥) = √∑
ፍᑪ(፱)
።዆ኻ (�̄�(𝑥) − 𝑦።(𝑥))ኼ

𝑁፲(𝑥)
(6.1)

where𝜎(𝑥) is thestandarddeviation,𝑁፲(𝑥) thenumberof images,𝑦(𝑥) the
mean surface position, and 𝑦።(𝑥) is the surface position for image 𝑖. The stan-
dard deviation of the surface position represents the temporal fluctuations of
the powder surface and is correlated to the cohesive index (CI), a quantitative
interpretable powder flowability descriptor, as:

𝐶𝐼 = 1
𝐷crop

∑
፱
𝜎(𝑥) (6.2)

where𝐷crop is the diameter of the cropped image [41, 42]. The CI is related
to powder flowability as depicted in Table 6.2. A lowCI value, representing low
temporal fluctuations of the powder surface, corresponds to excellent flowa-
bility, while a high CI value, representing significant temporal fluctuations of
the powder surface, corresponds to poor flowability [42].

Table 6.2: Classification of powder flowability based on the cohesive index.

FlowabilityFlowabilityFlowability Cohesive indexCohesive indexCohesive index
Excellent < 5
Good ≤ 5 < CI < 10
Fair ≤ 10 < CI < 20

Passable ≤ 20 < CI < 30
Poor ≤ 30 < CI < 40

Very poor ≤ 40 < CI < 50
Very, very poor ≥ 50
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6.2.3. Fluidization experiments
Many challenges are associated with fluidizing cohesive powders, such as ag-
glomeration, channeling, and plugging [7]. In this study, mechanical vertical
vibration is employed as an assistance method to initiate or improve the flu-
idization of the powders. The influence of vertical vibration on the fluidization
behavior of the powders was systematically assessed by evaluating the pres-
sure drop, bed height, flow pattern, and gas holdup without mechanical vibra-
tion (referred toasunassistedfluidization) andwith vertical vibrationemployed
(referred to as vibro-assisted fluidization).

Fluidized bed column
A laboratory-scale fluidized bed setup was used to assess the fluidization be-
havior of the powders. The fluidized bed column was comprised of a 50mm
inner-diameter perspex cylinderwith a length of 400mmcoupled to a plenum-
chamber beneath using a 3mm thick sintered stainless steel distributor plate
to allow even gas distribution. The distributor plate was cleaned using an ul-
trasound bath before use. For each experiment, a volume of 200 cm3 of fresh
powderwas gently dosed and loaded into the column, corresponding to an ini-
tial bed height of 10 cm. This procedure was consistently followed to ensure
comparable initial conditions for all experiments. An expansion breakout box
was installed atop the column to recycle entrained powder. The gas vent was
directed through a wash bottle and solids HEPA filter to collect escaped parti-
cles before releasing the fluidizing gas into the atmosphere. Compressed air,
dried and filtered to remove oil and dust, was directed into the column through
amass flowcontroller (Bronkhorst F-202AV). The flow ratewas set to achieve a
superficial gas velocity of 6 cmsዅ1 at 20 °C. This velocity is suƯiciently high to
fully fluidize Sorbitol powder, which has the highest theoretical minimum flu-
idization velocity (𝑢mf) among the powders studied. The columnwasmounted
on a vibration table to facilitate vibro-assisted fluidization with vertical oscilla-
tion. In this study, the vibro-assisted fluidization experiments were performed
through vertical vibration with a frequency of 30Hz and an amplitude of 1mm.
This condition has been shown to eƯectively enhance the fluidization of cohe-
sive powders [18].

X-ray imagingmethod
The fluidization behavior of the various powders was experimentally assessed
using an in-house fast X-ray imaging setup. X-ray imaging is a non-invasive
imagingmethod that allowsvisualizationof opaquemultiphaseflows. Through
X-ray imaging, a 2-dimensional projectionof the three-dimensional gasholdup
in thefluidizedbedwascaptured. TheX-raysetupconsistsofastandard industrial-
typeX-raysource (Yxlon InternationalGmbH)withamaximumenergyof150 keV
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working in cone beam mode and a 2D detector (Teledyne Dalsa Xineos) with
a theoretical spatial resolution of 0.15mm placed opposite of the source. To
ensure a safe working environment, the setup was controlled from a worksta-
tion located outside the setup room during the measurements. X-ray images
were acquired at a sampling rate of 50Hz over ameasurement period of 120 s,
equating to the acquisition of 6000 images per experiment. The obtained data
was then stored for subsequent digital image analysis.

Each acquired image is a time-resolved projected 2D intensity map of the
fluidized bed. A two-point calibration protocol was performed to compute a
gas holdup from the measurement intensity. This requires two reference im-
ages: an image of the empty column and an image of the full column. The X-
ray measurement principle is based on the attenuation of X-rays traveling in a
straight line from an X-ray source to a detector while passing through matter.
The transmission of a monochromatic beam of high-energy photons with ini-
tial intensity 𝐼ኺ throughmatter of constant density is describedby the Lambert-
Beer law:

𝐼(𝑥) = 𝐼ኺ𝑒ዅ᎙፳ (6.3)

Here, 𝐼(𝑧) denotes the intensity measured at the detector, 𝜇 is the atten-
uation coeƯicient, and 𝑧 is the material thickness. In cases of varying atten-
uation, the measured intensity is the integral eƯect of local attenuation with
the local attenuation coeƯicient. By applying the Lambert-Beer law, the mea-
surement gas holdup map was derived from the measurement intensity map
using the empty and full reference as depicted in Fig. 6.5. The normalized gas
holdup 𝜀፠ was calculated as follows:

𝜖፠ =
𝑙𝑛(𝐼measurement/𝐼full)
𝑙𝑛(𝐼empty/𝐼full)

(6.4)

It should be noted that the normalized gas holdup in this study ranges from
0 to 1, where 1 represents pure gas and 0 dense packing of solids. Warm col-
ors in the gas holdupmap correspond to low X-ray attenuation, indicating high
gas concentrations. In contrast, cold colors represent high X-ray attenuation,
indicating low gas concentrations. A detailed validation of the method is pre-
sented in the work byWu et al. [13]

Fluidization quality index
The acquired X-ray images provide a qualitative description of the fluidization
behavior. To allow a direct quantitative comparison to the quantitative cohe-
sive index, wedevelopedamethod to quantify the fluidization quality basedon
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(a) Schematic representationof theexperimental setup.
(b) A two-point calibration procedure is employed
to convert the intensity map to a gas holdupmap.

Figure 6.5: X-ray imaging analysis of the fluidized bed hydrodynamics.

the acquired X-ray images. With the gas holdup 𝜀 derived from X-ray imaging,
a time-averaged gas holdup profile 𝜀፠ can be calculated as follows:

𝜀፠(𝑥, 𝑦) =
1
𝑁ጂ፭

፭Ꮂዄጂ፭

∑
፭዆፭Ꮂ

𝜀፠(𝑥, 𝑦, 𝑡) (6.5)

where 𝑁ጂ፭ is the number of X-ray imaging frames between 𝑡ኺ and 𝑡ኺ + Δ𝑡, 𝑥 is
the horizontal pixel position, and 𝑦 is the vertical pixel position.

Moreover, the standard deviation of the gas holdup serves as an indicator
of the flow pattern’s variability over time. This metric allows for the assess-
ment of how dynamic the system is, providing valuable insights into the flow
patterns. For each pixel position (𝑥, 𝑦) the time-based standard deviation of
the gas holdup 𝜎 is computed as:

𝜎(𝑥, 𝑦) = √∑
፭Ꮂዄጂ፭
፭዆፭Ꮂ [𝜀፠(𝑥, 𝑦, 𝑡) − 𝜀፠(𝑥, 𝑦)]ኼ

𝑁ጂ፭ − 1
(6.6)

A low𝜎 represents regionswith lessor nobubbling or other changes in den-
sity. On the contrary, regions with frequent bubbles and solid motion give rise
to a large 𝜎. Therefore, 𝜎 can be considered a quantitative indication of the
system variability within a time interval.

Either the time-averaged gas holdupor its standard deviation solely cannot
providea fair quantitativedescriptionof thefluidizationbehavior. For instance,
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a channeling bed and a very homogeneously fluidized bed can exhibit similarly
low standard deviation values. Furthermore, a bed of fine powder can have a
loosely packed state with a high time-averaged gas holdup, yet is not possible
to be fluidized. Therefore, incorporating both, we propose a quantitative de-
scription of the fluidization behavior that is the product of the time-averaged
gas holdup and the temporal standard deviation of the domain-averaged gas
holdup:

Fluidization quality index (FQI) = 𝜖(𝑥, 𝑦) ⋅ 𝜎፲(𝑦) (6.7)

Pressure analysis
Pressure drop measurements are commonly carried out in order to monitor
andevaluate thefluidizationquality. Toassess thefluidizationquality, thepres-
suredropacross thepowderbedwasmonitoredwithanOMEGAPX409-10WG5V
diƯerential pressure transducer. The gas pressure was probed at two posi-
tions: one located in the bed flange, approximately 6mmabove the distributor
plate, and the other at the gas outlet of the bed. The pressure measurements
were synchronizedwith the X-ray imaging system to ensure simultaneous data
acquisition. The pressure drop was sampled at 1000 Hz, with a measurement
error of 2% of the full scale (14 mbar), as specified by the manufacturer. The
pressure drop across the bedwas then obtained as the diƯerence between the
pressure measured at these two taps.

The evaluation of fluidization quality relies on the time-averaged pressure
drop and the standard deviation of the pressure drop. The acquired pressure
values (Δ𝑃) were divided by the static pressure exerted by the powder, (Δ𝑃ኺ),
to yield a normalized pressure drop, a commonly used indicator of fluidization
quality. Values of the normalized pressure drop correspond to the fraction of
powder that is being fluidized.

ΔP0 =
mg
A

(6.8)

where 𝐴 is the column cross-sectional area, 𝑚 is the mass of the powder
and 𝑔 is the gravitational acceleration.

Bed expansion
The time-averaged bed height 𝐻 is measured according to time-averaged gas
fraction profiles obtained from X-ray imaging. The bed surface is identified
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based on the time-averaged series of radial-averaged gas fraction 𝜀፠,፲:

𝜀፠,፲(𝑦) =
1

𝑁፱𝑁ጂ፭

፭Ꮂዄጂ፭

∑
፭዆፭Ꮂ

ፍ

∑
፱዆ኻ

𝜀፠(𝑥, 𝑦, 𝑡) (6.9)

where𝑁ጂ፭ is the number of X-ray imaging framesbetween 𝑡ኺ and 𝑡ኺ+Δ𝑡,𝑁፱
is the pixel number over the horizontal line at height 𝑦. The time-averaged bed
height 𝐻 is determined to height 𝑦 where 𝜀፠,፲, counting from the freeboard to
the bottom, first falls below 0.9. The bed expansion ratio 𝐻/𝐻ኺ is determined
as the ratio of the time-averaged bed height𝐻 over the initial bed height𝐻ኺ.

6.3. Results and discussion
6.3.1. Flow properties
Flow pattern
The powder flowability was analyzed using the GranuDrum® rotating drum in-
strument for a range of rotation speeds varying from 5 to 60 RPM. Figure 6.6
depicts typical snapshots of the granular flow behavior for a rotation speed of
5 RPM, 10 RPM, 30 RPM, and 60 RPM. Notably, for free-flowing powders, such
as sorbitol, the observed flow behavior is intrinsically linked to the drum rota-
tion speed. Asmentioned earlier, free-flowing powders transit through six flow
modes upon an increasing rotation speed: slipping, slumping, rolling, cascad-
ing, and finally centrifuging [43].

This behavior can be observed for sorbitol, which is free-flowing and non-
cohesive, and depicts a flat surface at a rotation speed of 5 RPM, while cas-
cadingmotion, characterized by an S-shape surface [44], is observedwhen in-
ertial eƯects becomemore pronounced at a rotation speed of 60 RPM. For all
other powders, however, the cohesive nature gives rise to amore complex flow
structure, as already observed by Rietema [35]. At a rotation speed of 5 RPM,
the cohesive powders show intermittent quasiperiodic avalanches of lumps.
The bed is characterized by large values of the dynamic angle of repose and
rough powder surfaces due to the formation of lumps.

On the contrary, at a rotation speed of 60 RPM, four diƯerent types of be-
havior can be distinguished. The first behavior is cascadingmotion, character-
ized by an S-shape powder surface. As mentioned earlier, this behavior is typ-
ical for free-flowing powders when exposed to elevated rotation speeds, such
as sorbitol in this study. The second type of flow behavior is associated with
intermittent quasiperiodic avalanches, which is similar to the behavior most
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(mildly) cohesive powders display at low rotation speeds. This behavior is ob-
served for the powders polystyrene, tapioca starch, and lactose, which con-
tinue to show intermittent quasiperiodic avalanche flow behavior similar to
their respective 5RPMbehavior. A third type of flowbehavior is distinguishable
from its 5 RPMcounterpart by a flattened, aerated powder bed, as ambient gas
is entrained in the bulk due to the fastmixing. This results in an expanded state
in which the free surface flattens [37]. Due to the aeration, the flowability of
these powders is significantly improved. From Fig. 6.6, it becomes evident
that the powders modified corn starch, bentonite, and silica show this type
of behavior. The observation that a bed of these powders is prone to become
aerated is promising when considering their fluidization potential. Finally, the
last type of behavior is associated with powder adherence to the walls of the
drum. When subjected to high rotation speed, highly cohesive powders un-
dergo frequent revolutions along the perimeter of the drumwithout displaying
typical avalanche behavior. This type of behavior can be observed for potato
starch, eggwhite, and corn starch. The irregular position of the powder surface
also shows that the angle of repose would be inadequate in characterizing the
flowability of powder of high cohesiveness.

Cohesive index
While the flow pattern can give qualitative insight into the flowability of the
powders, it is yet diƯicult to compare the flowability among diƯerent powders.
Therefore, the flow behavior was quantified with the CI using a digital image
analysis workflow. As mentioned earlier, the CI is a standardized quantitative
interpretablepowderflowability descriptor basedon the temporal fluctuations
of thepowder surface. Themeanandstandarddeviationof thepowder surface
position are superimposed with transparency over the flow pattern images in
Fig. 6.6. The CI is plotted against the rotation speed in Fig. 6.7.

The powders identified with similar types of flow behavior can be further
distinguished according to the cohesive index. In line with the qualitative flow
behavior, the free-flowing nature of sorbitol consequently results in a low co-
hesive index for all tested rotationspeeds. By referring to Table6.2 theflowabil-
ity can be classified as excellent to good. The powders modified corn starch,
bentonite, and silica experienced significant aeration upon an increasing ro-
tation speed, improving their flowability [45]. In agreement with the observed
flow behavior, this is clearly observed by the downward trend in the cohesive
index for an increase in rotation speed. The flowability ranges from passable
and poor at a rotation speed of 5 RPM to good and excellent at a rotation speed
of 60 RPM. Polystyrene, tapioca starch, and lactose depict a higher cohesive
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Figure 6.7: The flow behavior quantified by the cohesive index.

index and show aminor increase in the cohesive index for an increase in rota-
tion speed, indicating that their flowability is not significantly aƯected. Their
flowability can be considered poor to very, very poor. Finally, potato starch,
egg white, and corn starch depict an even higher cohesive index and demon-
strate a significant increase upon an increase in rotation speed. According to
their CI, the flowability is classified as very, very poor. This is in agreementwith
the observed behavior, which was characterized by adherence to the walls of
the drum. Interestingly, when relating the qualitative and quantitative flow be-
havior to the mean particle size, span, and shape of the powders (see Table
6.1), it becomes evident that there is no relation, underscoring the complex-
ity associated with the flow of cohesive powders. Overall, the quantitative CI
is found to be in good agreement with the qualitative description of the flow
pattern.

6.3.2. Fluidization properties
Flow pattern
Figure 6.8 demonstrates the comparison between the time-resolved flow pat-
terns of unassisted and vibro-assisted fluidization. Without any external as-
sistance, the intrinsic cohesiveness of most powders leads to the formation
of gas channels of varying sizes, which allows the inlet gas to bypass the bed,
thereby resulting in poor gas-solid interactions and a largely stationary bed.
This eƯect is particularly pronounced in powders characterizedby ahigh cohe-
sive index. Within this context, the nature of fluidization behavior is further dis-
tinguished by themorphology of the gas channels; for instance, potato starch,
egg white, and tapioca starch exhibit the formation of curvedmacro-channels
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Figure 6.8: Representative still images of the flow patterns of the unassisted (top) and vibro-
assisted beds (bottom). Videos S2 and S3, displaying the evolution of the flow patterns, are
included in the electronic supplementary of the article.

(alsoknownas ratholes),whereascornstarchand lactosepowderbedspresent
branchedmicro-channels.

When comparing the flow patterns between unassisted and assisted flu-
idization, it becomes clear that the introduction of mechanical vibration gen-
erallymodifies the dynamics of powder fluidization, especially in powderswith
highcohesive indexes, enhancingparticlemobility significantly. It disruptsmacro
channels inmodified corn starch, silica, and tapioca starch, although it is less
eƯective against micro channels [18]. Notably, except for highly cohesive ma-
terials such as egg white, corn starch, potato starch, and lactose, other pow-
ders transition frommicro-channelingfluidizationbehavior toabubbling state,
therefore remarkably enhancing fluidization. It should, however, be noted that
potato starch displays fluidization of large agglomerates upon the introduction
of mechanical vibration, as can be observed in a video included in the elec-
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tronic supplementary of the article.

A comprehensive analysis of visual results allows for systematic catego-
rization of fluidization behavior, ranging from a highly turbulent bubbling state
to a relatively stationary sub-fluidized state. Figure 6.9 presents a compari-
son of the time-averaged flowpatterns attained for unassisted fluidization and
vibro-assisted fluidization. The time-averaged flow patterns demonstrate that
powders prone to forming micro or macro channels tend to remain static (i.e.,
little diƯerence between the pattern in Fig. 6.8 and Fig. 6.9), leading to an
uneven distribution of gas and solids, as illustrated in Fig. 6.9. Additionally,
the formation of gas-channeling structures is notably stable, while mechani-
cal vibrations enhance the overallmobility of particles. However, it is observed
that powders formingmicro-channels still exhibit limitedmobility, while those
forming large channels or bubbles show a significantly improved homogeneity
in gas-solids mixing.

Figure 6.9: Time-averaged flow pattern of the unassisted (top) and vibro-assisted hydrodynam-
ics (bottom).
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Bed expansion
Figure 6.10 compares the bed expansion in both unassisted and assisted beds
across the various powder types. Notably, the application of mechanical vi-
brations contributes to an increased bed expansion, except for egg white and
lactose powders. Bentonite displays the most significant bed expansion, ap-
proximately doubling its static height (𝐻/𝐻ኺ = 2), which corresponds to the
observed intensive bubbling fluidization behavior. Under vibration assistance,
the fluidization of these powders is further enhanced, which is particularly no-
tablewithsilica, tapioca, andpotatostarchpowders, as thedisruptionofmicro-
channelssignificantlyelevatespowderexpansion. Incontrast, forGeldartGroup
A Sorbitol powder, a high degree of fluidization was already attained in the ab-
sence of mechanical vibration. Therefore, the assistance did not add to any
significant bed expansion. This indicates that, while vibration enhances bub-
bling behavior, that is creatingmore bubbles of small sizes, while it is not nec-
essary to further enhance the dilation of emulsion phase. In addition, this level
ofbedexpansion isnot inherently superior to thosepowdersundersub-fluidized
conditions, such as egg white and modified corn starch. Therefore, these re-
sults demonstrate that, due to the cohesive nature, a higher bed expansion is
indicative of a fluidized state, while it cannot be used to compare across dif-
ferent powders to determine the fluidization quality directly. This finding aligns
with our prior research as it suggests that an elevated bed expansion does not
necessarily providedirect insights into the internal arrangementof powderpar-
ticles [18, 19].

Figure6.10: Time-averaged thebedexpansion ratio. Theexpansion ratio is computedbydividing
the time-averaged bed height (Fig. 6.9) by the settled bed height.
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Pressure analysis
Figure 6.11 shows the normalized pressure drop of the unassisted and vibro-
assisted beds. It can be observed that the normalized pressure drop increases
and becomes more stable upon the introduction of mechanical vibrations. In
light of the X-ray images presented in Fig. 6.8 and Fig. 6.9, the pressure drop
graphs do, however, also highlight the shortcomings of using the total pressure
drop as the sole indicator of fluidization quality, as pointed out in earlier work
[19]. The normalized pressure drop only serves as a useful tool when themea-
sured pressure drop indeed stems from fluidized particles, which is typically
the case for non-cohesive powders. In contrast, the obtained pressure drop
measured over beds of cohesive powders is potentially influenced bymultiple
phenomena, including spouting, plugging, arching, and fluidization.

Whereas thepresenceofoneormoreof thesephenomenacanbededuced
fromtheotherwisenonphysical resultsofunassisted lactoseandvibro-assisted
fluidized egg white, as the normalized pressure drop exceeded unity, in the
caseof corn starch, theX-ray imagesdemonstrate thepresenceof semi-stable
structures in the bed. Normalized pressure drops are a strong indicator of flu-
idization quality for well-fluidizing powders (sorbitol, bentonite, silica), but on
the boundary of Geldart group C and A, powders may experience channeling
andpluggingbehavior, rendering thepressuredatamisleading if not interpreted
with the utmost care.

Figure 6.11: Temporal evaluation of the normalized pressure drop for unassisted fluidization
(left) and vibro-assisted fluidization (right).
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Fluidization quality index
Figure 6.12 illustrates the computed FQI based on the flowpatterns discussed
in Section 6.3.2. By comparing FQI to the flow patterns shown in Fig. 6.8, it is
concluded that FQI can eƯectively classify diƯerent fluidization states, rang-
ing from homogeneous bubbling and partial bubbling to micro- and macro-
channeling (also known as rat-holes) to complete stationary, and is found to
proportionally increases in this order. Such quantification is independent of
theexpandedbedheightandhighlights thedynamicelements in thebed,which
is the key to evaluating fluidization behavior.

Figure 6.12: The fluidization behavior quantified by the fluidization quality index.

Generally, it is observed that FQI increaseswith the applicationofmechan-
ical vibration, with notable exceptions such as lactose powder, which predom-
inantly forms micro-channels. Significant improvements are found with tapi-
oca, silica, and modified corn starch when the vibration is applied. Their flow
patterns also show that existing channels have been disrupted, transitioning
into a bubbling stage - a change quantitatively described by doubling the FQI.
In comparison to the pressure drop and bed expansion ratio, FQI appears to be
an eƯective indicator for describing the fluidization state of cohesive powders.

It becomes clear that the fluidization behavior cannot be simply governed
by the mean particle size, size distribution span, and shape factor solely (see
Table 6.1), but as a collective behavior of the particle properties. This under-
scores the limitationsof traditionalmethods that aim topredict fluidizationbe-
havior.



6

160 6. The fluidization and flow properties of cohesive powders

6.3.3. Comparison fluidization and flow property
Theflowability characterizationmeasurementsdemonstrated that the rotation
speed has a significant impact on the apparent flowability of the powders. Ac-
cording to the literature mentioned above, when the rotation speed is high,
such as the 60 RPM used in this study, the powder bed expands and achieves
an aerated state comparable to that of a gas-solid fluidized bed. Therefore, the
flowcharacteristics observed in an aerated state in a rotating drum instrument
are likely correlated with the associated fluidization behavior.

As discussed above, unlike Geldart A and B particles, cohesive fine pow-
der exhibits more complex and in-homogeneous flow patterns subjected to
fluidization. It is evident that the normalized total pressure drop and bed ex-
pansion, which are commonly used to monitor fluidization quality for Geldart
A and B particles, have limitations in accurately characterizing the fluidization
quality of cohesive powders. As an alternative, the flowpattern based fluidiza-
tion quality index (FQI) is adopted here to evaluate the observed fluidization
behavior. The results show that the FQI quantifies and distinguishes various
fluidization states, as shown in Table 6.3.

Table 6.3: Comparison fluidization and flow property. ᑒAs measured at a rotation speed of 60
RPM.

Powder Flow descriptor (CI)ፚ Fluidization descriptor (FQIዅኻ) Fluidization descriptor (FQIዅኻ)

60 RPM Unassisted Vibro-assisted

Bentonite Good (5.5) Bubbling (43.2) Bubbling (37.7)
Silica Good (6.1) Mild bubbling (30.4) Bubbling (19.4)

Sorbitol Good (9.7) Bubbling (49.8) Bubbling (38.9)
Modified corn starch Fair (10.5) Mild bubbling (84.9) Bubbling (31.1)

Polystyrene Very, very poor (53.4) Mild bubbling (50.8) Bubbling (37.4)
Lactose Very, very poor (59.2) Channelling (70.0) Mild bubbling (74.0)

Tapioca starch Very, very poor (71.8) Channelling (116.8) Bubbling (27.4)
Corn starch Very, very poor (131.5) Rat-hole (191.9) Channelling (146.0)
Potato starch Very, very poor (133.6) Rat-hole (185.2) Channeling (71.1)
Egg white Very, very poor (139.3) Rat-hole (120.2) Rat-hole (103.0)

By analyzing the flowability at diƯerent rotation speeds, we found that a
flowability testwitha rotationspeedof60RPM isbestcorrelated to thefluidiza-
tion descriptor. A summary of the acquired flow and fluidization properties is
presented in Table 6.3, where we provide the reciprocal of the FQI, denoted as
FQIዅኻ, for ease of comparisonwith the CI. A low FQIዅኻ indicates good fluidiza-
tion property, while a high FQIዅኻ indicates poor fluidization property. Specifi-
cally, powders with good and fair flowability (CI < 20) tend to exhibit bubbling
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or partial bubbling behavior during fluidization. An interesting observation is
that this group includes bentonite, silica, and modified corn starch. These
powders exhibited significant aeration and improved flowability as the rotation
speed increased (see Fig. 6.6 and Appendix Fig. E.2). On the other hand, pow-
derswith very poor flowability (CI > 40) tend to demonstratemacro-channeling
(also known as rate-hole) and static powder behavior. Moreover, for very co-
hesive powders in the regime of very, very poor flowability, the fluidization be-
havior can be further distinguished. The transition from micro-channeling (CI
between 50-75) to macro-channeling (CI > 140) indicates that the fluidization
phenomena are connected to quantitative measurements of the CI.

With the assistance of mechanical vibration, the fluidization quality can
be improved for certain powders. The table indicates that powders with a CI
lower than 75 are eƯectively facilitated, showing a transition from channeling
to bubbling. For powders that originally exhibit bubbling behavior, mechani-
cal vibration improves bubbling with the observation of an increased number
of smaller bubbles in the bed and a lower FQIዅኻ value, indicating higher gas
holdup and/or more intense gas-solids mixing. Powders with a CI higher than
75 (specifically corn starch, potato starch, andeggwhite) showsome improve-
ment with the assistance of mechanical vibration. However, it is evident that
thesepowders cannot befluidizedunder theseconditions, despite corn starch
and potato starch transitioning from rat-hole to channeling.

Figure 6.13: Cohesive index against the reciprocal of the fluidizationquality index for unassisted
fluidization (left) and vibro-assisted fluidization (right). The cohesive index values aremeasured
at a rotation speedof 60RPM. The symbols correspond to the qualitative fluidization descriptor:
rat-hole □, channeling^, mild bubbling△, and bubbling �.
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To visualize the relation, the FQIዅኻ is plotted against the CI in Fig. 6.13.
In accordance with the above, powders with a high CI value (tapioca starch,
egg white, potato starch, and corn starch) display a high FQIዅኻ value. Con-
versely, powders with a low CI value (silica, bentonite, sorbitol) display a low
FQIዅኻ value. Although the data is loosely scattered, a positive correlation be-
tween the CI and the FQIዅኻ is clearly observed, further supporting the intrinsic
connection between the flowability and fluidization property. In addition, the
designated CI value is shown to be capable of predicting the corresponding
fluidization behavior of the cohesive powders. When comparing unassisted
fluidization with vibro-assisted fluidization, it is evident thatmechanical vibra-
tion leads to a decrease in the FQIዅኻ across all powder types, indicating an
improvement in fluidization quality. However, the powders with a CI exceed-
ing 100 are still challenging to be fluidized, evenwith vibration assistance. This
highlights the CI’s potential as a predictive indicator of the associated fluidiza-
tion quality in practical applications. Based on these observations, it is clear
that flowability and fluidization properties are inherently correlated.

6.4. Conclusion
In this study, a comprehensive examination of the fluidization and flow prop-
erties of 10 commercially available materials was conducted through rotating
drum and fluidization experiments. Operating the rotating drum instrument at
a rotation speed of 60 RPM generates an aerated state within the powder bed,
which allows for comparable flow field and stress conditions as in a fluidized
bed. By analyzing the fluidization behavior, it was observed thatwidely applied
analyses based on normalized pressure drop and bed expansion, which are
typically used for assessing the fluidization quality of Geldart A andBpowders,
have limitationswhen applied to cohesive powders. Therefore, the fluidization
behavior was quantified based on the observed flow pattern, which was stud-
ied using X-ray imaging. A novel fluidization quality index (FQI) was introduced,
which combines the time-averaged gas holdup and the temporal standard de-
viationof thedomain-averaged gasholdup, therebyoƯering a reliable indicator
of fluidization quality.

Bycarefullycomparingpowderflowabilityandfluidizationproperties, apos-
itive correlation between flowability (quantified by the cohesive index, CI) and
fluidization quality (quantified by the inverse of the FQI) was established, un-
derscoring their inherent relationship. This finding holds significance as it indi-
cates that simple flowability measurements conducted in a rotating drum in-
strument can provide valuable insights into the expected fluidization quality
of cohesive powders. Consequently, these insights oƯer a reliable means of
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predicting whether a cohesive powder is likely to fluidize, with or without as-
sistance methods applied. This understanding holds promise for enhancing
fluidization studies and optimizing industrial processes reliant on fluidization
techniques.
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7
Epilogue
7.1. Conclusions
The research presented in this thesis is aimed at acquiring a deeper under-
standing of the complex granular flow behavior in stirred and fluidized bed re-
actors. A deeper understanding of granular flow behavior in these reactors
was achieved through detailed experimental measurements using advanced
nuclear techniques. Experiments were conducted in three laboratory-scale
systems: a horizontal stirred bed, a vertical stirred bed, and a fluidized bed.
High-quality data on flow patterns, phase holdup, and particle dynamics were
obtained using X-ray imaging and single-photon emission radioactive particle
tracking. The collected data were thoroughly analyzed to identify the key pa-
rameters influencing granular flow behavior, utilizing statistical methods and
visualization tools to uncover critical insights.

Horizontal stirred bed reactor
First, the flow behavior of polypropylene reactor powder in a laboratory-scale
horizontal stirred bed reactor (HSBR) was investigated using X-ray imaging. It
was found that the overall flow behavior and phase holdup in the HSBR are
strongly influenced by agitation. Gas injection through the inlet points at the
bottomof theHSBRresulted inspoutingbehavior,whichwasmorepronounced
for powder with a smaller particle size (PP-1) compared to powder with a larger
particle size (PP-3). Additionally, agitation, as well as alternation of the im-
pellerbladepositions, influence thegasholdupand result in variations inpower
consumptionwithinanagitator revolution. Thefluctuation inpowderconsump-
tion decreased with increasing rotation speeds due to bed aeration. The gas
holdup at fixed agitator positions was extremely consistent across successive
revolutions, underlining the dominance of agitation on the overall flow behav-
ior. The presence of liquid isopropyl alcohol was observed to deteriorate the
flowbehavior of thePP reactor powder. This deteriorationwascausedby liquid
bridging at particle contact points, creating cohesive forces that led to lump
formation. The particle size and surface morphology significantly influenced
the powders’ susceptibility to liquid.
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X-ray imaging provided detailed insight into the flow behavior and phase
holdup in the HSBR, but it did not allow the tracking of individual particles.
Therefore, anovel single-photonemission radioactiveparticle trackingmethod
was developed to obtain insight into the particle dynamics in the HSBR. This
method tracks individual photon-emitting particles, using detected photon-hit
locations to directly reconstruct the tracer particle’s three-dimensional posi-
tion. This approach eliminates the need for assumptions in count rate fluctu-
ations, which is a limitation in conventional radioactive particle tracking. The
three-dimensional positionof the tracer particlewasdeterminedbyfinding the
intersection point of three two-dimensional planes originating from the detec-
tors. Through a calibration-experimentation procedure, a spatial accuracy of
approximately 1 millimeter was achieved, which was found suƯicient to study
particle trajectories in the laboratory-scale HSBR.

Single-photonemission radioactiveparticle trackingwasemployed tochar-
acterize the particle dynamics in the laboratory-scale HSBR. The results re-
vealed that particle flowbehavior in theHSBR is significantly influenced by the
reactor fill level and agitator rotation speed. At low rotation speeds and fill lev-
els, solids motion is primarily induced by the passing impeller blade, resulting
in semi-static bed motion with poor solids distribution. As fill levels and rota-
tion speeds increase, continuous solids motion throughout the bed leads to
uniform solids distribution. Additionally, the solids circulation, quantified by a
dimensionless cycle number, was found to be fasterwith increasing reactor fill
level and rotation speed. The axial dispersion coeƯicient was found to range
from 10ዅዀ to 10ዅ኿m2 sዅ1 and increased with increasing rotation speed, while
no conclusive relation between the axial dispersion coeƯicient and the reactor
fill level was found.

Vertical stirred bed reactor
Besides HSBRs, vertical stirred bed reactors (VSBRs) are used tomanufacture
polypropylene. The influence of agitation on the fluidization performance of
Geldart B particles was investigated using X-ray imaging, pressure drop mea-
surements, and Computational Fluid Dynamics (CFD) coupled with the Dis-
crete Element Method (DEM) and Immersed Boundary Method (IBM). The ex-
perimentallyobtainedminimumfluidizationcurveand time-averagedpressure
drop showed good qualitative agreement with the simulation results. Visual
observations indicated that increasing the agitator’s angular velocity reduces
bubble size and improves bed homogeneity, which was also indicated by de-
creased pressure fluctuations. Furthermore, simulations revealed that while
the impeller enhances solids agitation, a careful design study is imperative,
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considering that static immersedbodies, suchas thestirrer shaft, canadversely
impact solids motion.

Fluidized bed of cohesive powders
In previous works, the focus was on powders with a particle size > 100 µm.
However, in many industrial applications, powders with smaller particle sizes
areused,which tend tobecomecohesivedue to relatively strongvanderWaals
forces. The fluidization of cohesive powders introduces several challenges,
suchaschanneling andagglomeration,which evenhinder somepowders from
being fluidized at all. In Chapter 6, the correlation between the fluidization
behavior in a fluidized bed and flow properties in a rotating drum of ten com-
mercially available cohesive powders was investigated. It was found that op-
erating the drum at high rotation speeds creates a fluidized state, similar to
a fluidized bed. A Fluidization Quality Index (FQI) was computed using X-ray
imaging, which integrated gas holdup and its temporal variation to assess flu-
idization quality. This study established a positive correlation between cohe-
sive powders’ flowability and fluidization quality, suggesting that fast and user-
friendly flowability measurements in a rotating drum instrument can predict
fluidization potential, aiding in process optimization and enhancing fluidiza-
tion studies for cohesive powders.

In perspective
In conclusion, the insights gained from this thesis enhance the understanding
of flow behavior and phase holdup in stirred bed reactors and cohesive flu-
idized beds. This knowledge can serve as a valuable basis for optimizing, in-
tensifying, and scaling systems for the industrialmanufacturing of high-quality
PP resins in particular, but it can also be widely applied to other granular flow
applications.

7.2. Opportunities for future work
Although this researchhasadvanced theexperimentalunderstandingof stirred
bed reactors, it has also raised several intriguing questions, creating opportu-
nities for further study.

In this research, X-ray imaging and single-photon emission radioactive par-
ticle tracking were employed to study the behavior of stirred bed reactors (see
Fig. 7.1). X-ray imaging provided detailed insights into the gas holdup of a sys-
tem but did not allow the tracking of individual particles. Conversely, single-
photon emission radioactive particle tracking enabled the tracking of individ-
ual particles but did not provide insights into gas holdup. Both methods have
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proven invaluableandcomplement eachother, oƯeringcomprehensivehydro-
dynamic insight into the system.

Figure 7.1: Overview of the experimental methods employed in this research.

Althoughbothmethodscomplement eachotherwhenusedseparately, the
simultaneous acquisition of bulk and single-particle behavior would be a great
step forward, as the particle scale dynamics could be directly linked to the re-
actor scale behavior. In fact, the nuclear measurement platform at the Delft
University of Technologywas originally designed to integrate X-ray imaging and
single-photonemission radioactiveparticle tracking intoa single advancedac-
quisition system. However, achieving simultaneous operation has been chal-
lenging due to significant diƯerences in detector sensitivity. The detectors for
radioactiveparticle trackingaredeveloped todetect individualphotons,whereas
the X-ray sources generate significant X-ray radiation. Simultaneous opera-
tion would quickly overexpose the single-photon emission radioactive particle
tracking detectors, rendering particle tracking problematic. Advanced shield-
ing with high-density materials may oƯer potential solutions, but exploring al-
ternative approaches is also warranted.

A possible method that could provide simultaneous insight into the bulk
and single particle behavior is X-ray particle tracking, often referred to as X-ray
particle velocimetry (XPTV) [1–6]. In the final stages of this research, a prelim-
inary investigation into the feasibility of XPTV at the Delft University of Tech-
nology was conducted. This technique utilizes X-ray imaging while a radiation-
absorbing tracer particle is present within the equipment under study, thereby
providingsimultaneous informationongas-solidsdistributionandsingle-particle
behavior. However, a critical consideration is ensuring that the tracer parti-
cle exhibits suƯicient X-ray absorption to enable trackingwhile also accurately
representing the flowproperties of the bulk particles. To induce suƯicient con-
trast, many studies employing X-ray velocimetry typically use tracer particles
ranging from several millimeters to centimeters in size [5, 6]. However, these
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particle sizes are significantly larger than the bed material of interest in this
work and would, therefore, result in size segregation.

Inspired by amanufacturing process by Parker andMäkiharju [7], we devel-
oped a method to synthesize tracer particles by soaking a 1.8mm high-purity
porous alumina bead (SASOL) in a 58wt% aqueous KI solution for 24 h. After a
subsequent drying step, the attenuation of the tracer particle was notably in-
creasedwhen compared to an untreated alumina particle, as can be observed
in Fig. 7.2-c. The tracer particle was inserted in the horizontal stirred bed reac-
tor to characterize the influence of the fill level and rotation speed on the cycle
time distribution, following a workflow based on Chapter 3 in this thesis.

Figure 7.2: Preliminary investigation of X-ray particle velocimetry. (a) Schematic representation
of X-ray particle velocimetry in the laboratory-scale horizontal stirred bed reactor, (b) X-ray im-
ages of Eppendorf tubes filledwithwater anda58wt%aqueousKI solution, and (c) X-ray images
of a normal 1.8mm alumina bead and a 1.8mm alumina bead soaked in a 58wt% aqueous KI
solution for 24 h.

Figure 7.3 shows a sequence of X-ray images illustrating the bulk flow of
polypropylene reactor powder and the trajectory of the 1.8mm alumina tracer
particle in the laboratory-scaleHSBR. It is evident that the1.8mmaluminapar-
ticle after a KI solution treatment step provides suƯicient X-ray attenuation,
such that thecircumferential trajectorycanbeclearlymonitored inapolypropy-
lene bed with a depth of 14 cm. An image processing workflow was employed
to extract the particle cycle time distribution for each operational condition.
Figure 7.4 graphically compares the cycle time distribution acquiredwith XPTV
to thecycle timedistributionacquiredwithsingle-photonemissionaspresented
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in Chapter 4.

Figure 7.3: Sequence of X-ray images illustrating the bulk flow of polypropylene reactor powder
and the trajectory of the 1.8mmalumina tracer particle in the laboratory-scale horizontal stirred
bed reactor operated at a fill level of 50% and rotation speed of 20 RPM.

Figure 7.4: Cycle timedistribution of the tracer particle in the laboratory-scale horizontal stirred
bed reactor obtained by (a) single-photon emission radioactive particle tracking and (b) X-ray
particle velocimetry.

It can be observed that the overall trend is similar, demonstrating that both
an increase in fill level and rotation speed results in a decrease in the cycle
time. However, it should be noted that the preliminary presented data ac-
quiredwithXPTV isbasedonameasurement timeof5min, compared to20min
for single-photonemission radioactiveparticle tracking, and thereforehas lower
confidence. Nevertheless, the preliminary results show that XPTV can provide
information on the gas holdup and particle trajectory simultaneously as one
integrated method, which opens doors to a wide array of opportunities. How-
ever, proper design and development of the tracer particle is imperative, as a
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too-strong deviation from the bulk particles may result in segregation.

Throughout this research, experiments were conducted using laboratory-
scale stirred and fluidized beds, typically sized in the order of centimeters to
decimeters. In contrast, industrial horizontal stirred bed reactors for PPmanu-
facturingcan reach lengthsofapproximately20m. Given thedimensional con-
straints for characterizationusingadvancednuclearmeasurement techniques
at the Delft University of Technology, our study pushed the limits of the setup’s
dimensions. Therefore, an important next step would be to utilize the experi-
mental datasets to validate computational fluid dynamics (CFD) - discrete el-
ement method (DEM) models. Once a CFD-DEMmodel is properly calibrated
and validated at the laboratory scale, computational studies can then be ex-
tended to larger industrial scales, providedsuƯicient computational resources
are available. This approach ensures that insights gained from the laboratory-
scale experiments are robustly applied and extrapolated to industrial settings.

Moreover, the experiments in this thesis were conducted under controlled,
non-reactiveconditionsat roomtemperatureandatmosphericpressure topro-
vide a clear understanding of how operating parameters influence complex
flow characteristics. Additionally, the impact of liquid on flow behavior was
assessed under fixed liquid contents. In contrast, industrial polymerization re-
actors typically operate at temperatures ranging from 50 to 70 °C, while liquid
is quenched from the top and subsequently evaporates. Despite these diƯer-
ences, this research has established a robust foundation for studying complex
features in laboratory-scale reactors using nuclear measurement techniques.
Future researchcanexpandupon this foundationbyadapting experimental se-
tups to operate at elevated temperatures and pressures, including continuous
wetting using X-ray attenuating liquids. These advancements will further con-
tribute to eƯectively bridging the gap between laboratory findings and indus-
trial processes.
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A
Appendix A
A.1. Supplementary information on polypropylenematerial

(a) PP reactor powder PP-1. (b) PP reactor powder PP-3.

Figure A.1: Normalized pressure drop against superficial gas velocity curves for PP-1 and PP-
3 measured in a cylindrical fluidized bed column with an internal diameter of 5 cm. From
the curves, the minimum fluidization velocities were determined to be 15 cmsᎽ1 for PP-1 and
25 cmsᎽ1 for PP-3.

(a) PP reactor powder PP-1. (b) PP reactor powder PP-3.

FigureA.2: Representativescanningelectronmicroscope imagesofpolypropylene reactorpow-
der PP-1 and PP-3 acquired with a JSM-6010LA scanning electronmicroscope.
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A.2. Gas holdup

(a) PP reactor powder PP-1.

(b) PP reactor powder PP-3.

Figure A.3: Representative snapshots of the gas holdup for varying gas flow rates at a rotation
speed of 40 RPM displaying the side view of the HSBR.

(a) PP reactor powder PP-1.

(b) PP reactor powder PP-3.

Figure A.4: Representative snapshots of the gas holdup for varying gas flow rates at a rotation
speed of 60 RPM displaying the side view of the HSBR.
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A.3. Power consumption

Figure A.5: Graphical representation of the power consumption fluctuations within one revolu-
tion for powder PP-1 for varying rotation speed (20, 40, and 60 RPM) and gas inlet flow rate (0,
30, and 60 LminᎽ1). The mean and standard deviation are based on 60 revolutions.
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Appendix B
B.1. Gamma-radiation detection
The 𝛾-radiation emitted by the tracer particle passes through the slit collimator
and reaches the scintillation crystal. Thedistribution of hits on the scintillation
crystal follows a Poisson distribution, as depicted in Fig. B.1. The Poisson dis-
tribution is approached with a Gaussian for suƯiciently large data sets. The
pixel value corresponding to the centroid of the Gaussian fit is considered the
most accurate representation of the tracer particle’s projected position and is
used for the reconstruction. The distance between the slit collimator and the
scintillation crystal can be adjusted to control themagnification of the projec-
tion.

FigureB.1: Schematic representationof the᎐-radiationpathway from the radioactive tracerpar-
ticle, through the slit collimator to the scintillation crystal. The letter ‘r’ and ‘d’ represent the
tracer particle to slit collimator and slit collimator to scintillation crystal distance, respectively.

B.2. Calibration setup
To calibrate the spatial geometry of the RPT setup, a constrained non-linear
least squares optimization algorithm was employed. This algorithm aims to
minimize the spatial error between the true position of the tracer particle and
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the reconstructed position obtained from the RPT system. The algorithm ad-
justs thegeometry valueswithinspecifiedupperand lowerbounds (setat50mm)
and returns the calibrated geometry. The calibrated spatial orientation of the
three detectors is shown in Fig. B.2. A comparison with the hand-measured
geometry reveals that each detector in the calibrated setup has undergone a
slight translation and rotation, eƯectively correcting for measurement inaccu-
racies. The calibration process leads to significantly improved accuracy and
precision in the reconstruction of the tracer particle position.

Figure B.2: Spatial orientation of the three detectors relative to the middle point in the hand-
measured geometry and calibrated geometry.
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Appendix C
C.1. Schematic of the horizontal stirred bed reactor
Fig. C.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 com-
prising 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 canbe rotated at the desired rotation speedusing
an electric motor with a belt drive, which is controlled via in-house software.

FigureC.1: Schematic representation of the laboratory-scale horizontal stirred bed reactor. The
x-y-z origin is defined in the center of the HSBR cylinder.

C.2. Axial dispersion time-step
As elaborated on in Section 4.2.3, the axial dispersion coeƯicient, 𝐷፲,።,፣, of a
single particle at a certain time-step, is computed as:
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𝐷፲,።,፣ =
(Δ𝑦።,፣ − ̄Δ𝑦)ኼ

2Δ𝑡 (C.1)

Fig. C.2 demonstrates how the time-step, Δ𝑡, influences the computed
value of the axial dispersion coeƯicient for a wide range of time-step values.
At low time-step values, the axial dispersion decreases rapidly until a plateau
is reachedbeyondaΔ𝑡 of 5 seconds. WhenΔ𝑡 exceeds30 seconds, dispersion
coeƯicients for various experimental conditions converge, indicating a loss of
potential information that is unique to a specific experimental condition. Con-
sideringbothextremes, aΔ𝑡of10 swasdeemedappropriateandwas therefore
used in the calculations of the axial dispersion coeƯicient in this work.

Figure C.2: Supporting information for Section 4.2.3 demonstrating the influence of the time-
step, varied from 0.1 to 30 s, on the computed value of the axial dispersion coeƯicient for op-
erating conditions with a fill level of 50% and rotation speed of 20, 40, and 60 RPM. Based on
the plots, a time-step of 10 swas deemed appropriate in the calculations since the axial disper-
sion coeƯicient is at a plateau, and the coeƯicients for various experimental conditions have
not converged.

C.3. Video reconstructed trajectory
Video C.3 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 1min
time period. The reconstruction is performed with a sampling time of 100ms.
The projected area is rotating to demonstrate the three-dimensional nature of
the reconstruction.
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Figure C.3: Trajectory of the tracer particle for a fill level of 50% and rotation speed of 40 RPM.
The instantaneousposition is indicatedby the red-outlinedgreendot, and thebluescattermark-
ers represent distinct reconstructed positions that have accumulated during the specified time
interval.

C.4. Tracer particle velocity
Fig. C.4 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 experimental conditions. In close
agreement with Fig. 4.10, a trend can be observed where the ratio of themean
tracerparticle velocity to the tip speeddecreaseswithan increasingRPMfor 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 aminimum of
100 agitator rotations per experiment, i.e., a measurement time of 600 s for
a rotation speed of 10 RPM and 100 s for a rotation speed of 60 RPM. Due to
the reduced measurement time, the supporting data has less statistical con-
fidence, and absolute values may, therefore, also deviate from the 20min ex-
periments presented throughout this work.
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Figure C.4: Supporting information for Section 4.3.2 demonstrating the influence of the fill level
and rotation speed on the ratio of the mean particle velocity to the impeller blade tip speed.
The data was acquired from an additional extended experimental data set comprising a larger
number of experimental conditions.
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Appendix D

D.1. Supplementary X-ray imaging snapshots

Figure D.1: Typical X-ray imaging snapshots of the flow pattern at a superficial gas velocity of
39.3 cmsᎽ1 (top) and 45 cmsᎽ1 (bottom) for various stirrer settings.
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FigureD.2: Temporal evolution of the flowpattern at a superficial gas velocity of 39.3 cmsᎽ1 and
a rotation speed of 10.2 rad sᎽ1 obtained through experimental X-ray imaging (top) and simula-
tion (bottom).
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E.1. Supplementary information

Figure E.1: Volume-based frequency particle size distribution of the powders included in this
study.

191



E

192 E. Appendix E

Figure E.2: Aeration of the bed as a function of the rotation speed. The aeration is calculated for
each rotation speed relative to the static bed before the experiment using the number of black
pixels in the 2D images.
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