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Abstract

Spray fluidized bed processes are often used in agriculture, as well as the chemical, pharmaceutical
and food industries to produce particulate products from solid containing liquid rawmaterials such
as solutions, suspensions, or melts. The transformation of liquids into a solid form offers advantages
regarding transportation, handling, preservation, and subsequent process steps. Examples of such
products are fertilizers, detergents, coated tablets, and instant food powders.

In a spray fluidized bed, the liquid is sprayed on a particle bed fluidized by a hot gas stream. By
cooling (melts) or evaporation (suspensions and solutions), the sprayed liquid is transformed into
solid material remaining on the particles. Different types of size enlargement processes can be
performed in spray fluidized beds: coating, layering granulation, and agglomeration. In coating
and layering granulation, the sprayed material forms a solid layer around the particles. In case of
coating, the focus lies on applying a solid layer with a certain function (e.g., a protective layer), while
in layering granulation size enlargement is the main purpose. Agglomeration denotes the formation
of clusters consisting of several particles sticking together by binding forces. Agglomeration can also
be observed when pure water is sprayed on amorphous particles since sticky spots may be created
on the particle surface due to glass transition. Generally, both size enlargement mechanismsmay
occur simultaneously in a spray fluidized bed. Depending on the application of the product, only
onemechanism should be dominant since the properties of the resulting particles differ significantly.
Process design requires detailed knowledge about the relationship between the resulting product
properties and operating conditions, material parameters, and equipment design, which can be
obtained by experimental work andmathematical modeling.

The present work deals with modeling of particle formation in batch spray fluidized bed processes,
using different methods. First, two process models for coating and layering granulation as well
as agglomeration of amorphous particles based on a Monte Carlo method are presented. This
method offers great advantages over commonmodeling approaches. In case of coating and layering
granulation, amoredetaileddescriptionof product properties and their distributions canbeobtained.
For the first time, the process kinetics for agglomeration of amorphous particles can be described
while the influence of process and material parameters is directly taken into account. The presented
Monte Carlo models describe layering and agglomeration as a result of processes occurring on the
single particle scale such as droplet deposition, binary collisions, droplet drying, size enlargement,
and breakage. The influence of operating conditions and material parameters is discussed and
the models are validated using theoretical approaches and experimental data. Second, a process
model based on population balances and a heat andmass transfer model for spray fluidized beds
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Abstract

is presented. This model is used to characterize the border between layering and agglomeration
by combining the Stokes criterion and a new dynamic model describing the wet surface fraction of
the particles. The influence of operating conditions andmaterial parameters on the dominant size
enlargement mechanism is presented in a simulation study. Further simulations and experimental
data are used to provide a new classification of the size enlargement mechanisms based on the
probability of successful collisions.
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Kurzzusammenfassung

Sprühwirbelschichtprozesse werden häufig in der Landwirtschaft sowie der chemischen, pharma-
zeutischen, und Lebensmittelindustrie genutzt,um partikuläre Produkte aus feststoffhaltigen Flüssig-
keiten, z.B. Lösungen, Suspensionen, oder Schmelzen, herzustellen. Die Umwandlung vom flüssigen
in den festen Zustand bietet Vorteile hinsichtlich Transport, Handhabung, Konservierung und nach-
folgender Prozessschritte. Beispiele solcher Produkte sind Düngemittel, Waschmittel, beschichtete
Tabletten, und lösliche Lebensmittelpulver.

In Sprühwirbelschichten wird die Flüssigkeit auf eine Partikelschüttung, die durch einen heißen
Gasstrom fluidisiert wird, gesprüht. Die Flüssigkeit wird dabei entweder durch Abkühlung (Schmel-
ze) oder Verdunstung (Lösung, Suspension) in einen Feststoff umgewandelt, der auf den Partikeln
verbleibt. In Sprühwirbelschichten können unterschiedliche Prozesse realisiert werden: Coating,
Granulation und Agglomeration. Coating und Granulation bezeichnen das Aufbringen einer Fest-
stoffschicht auf der Oberfläche der fluidisierten Partikel. In Coatingprozessen liegt der Schwerpunkt
auf der Bildung einer funktionalen Schicht, z.B. mit einer Schutzwirkung, wobei Granulation haupt-
sächlich auf Vergrößerung der Partikel abzielt. Agglomeration beschreibt das Zusammenführen
mehrerer Partikel zu Agglomeraten, die durch Bindekräfte aneinander haften. Dies kann auch er-
reicht werden, indem reines Wasser auf amorphe Partikel gesprüht wird. In diesem Fall können
durch Glasübergang klebrige Stellen auf der Partikeloberfläche erzeugt werden, die zur Bildung
von Agglomeraten führen. Im Allgemeinen finden in Sprühwirbelschichtprozessen sowohl Schicht-
wachstum als auch Agglomeration gleichzeitig statt. Da sich aber die erzielten Produkteigenschaften
erheblich unterscheiden können, sollte abhängig von der Anwendung des Produktes nur ein Wachs-
tumsmechanismus dominieren. Die Auslegung dieser Prozesse erfordert detailliertes Wissen über
den Zusammenhang zwischen den erzeugten Produkteigenschaften und den Prozessbedingun-
gen, Materialeigenschaften sowie konstruktiven Merkmalen verwendeter Anlagen. Dies kann über
experimentelle Untersuchungen sowie mathematische Modellierung erreicht werden.

Die vorliegende Arbeit beschäftigt sich mit der Modellierung von Partikelbildung in absatzweise
betriebenen Sprühwirbelschichtenmit unterschiedlichenMethoden. Zunächst werden zwei Mo-
delle für Coating und Granulation sowie Agglomeration amorpher Materialien unter Verwendung
einer Monte-Carlo Methode vorgestellt. Diese Methode bietet Vorteile gegenüber herkömmlichen
Ansätzen. Mit dem präsentierten Modell für Schichtwachstumsprozesse ist eine detailliertere Be-
schreibung der erzeugten Produkteigenschaften und deren Verteilungen möglich. Zusätzlich kann
die Prozesskinetik bei der Agglomeration amorpher Partikel zum erstenMal beschrieben werden,
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Kurzzusammenfassung

wobei der Einfluss von Prozess- undMaterialparametern direkt berücksichtigt wird. Die vorgestell-
ten Modelle beschreiben Schichtwachstum und Agglomeration als Folge von Prozessen, die auf der
Einzelpartikelebene ablaufen, wie z.B. Tropfenabscheidung, binäre Kollisionen, Tropfentrocknung,
Partikelvergrößerung und Bruch. Der Einfluss der Prozessbedingungen undMaterialeigenschaften
wird präsentiert und beide Modelle werden mit theoretischen Ansätzen und experimentellen Daten
validiert. Anschließend wird ein weiteres Prozessmodell bestehend aus Populationsbilanzen und
einemWärme- und Stoffübertragungsmodell für Sprühwirbelschichten vorgestellt. Mit diesemMo-
dell kann die Grenze der unterschiedlichenWachstumsmechanismen beschrieben werden, indem
das Stokes-Kriterium und ein neuer Ansatz für die Berechnung des Benetzungsgrades kombiniert
werden. Der Einfluss der Prozess- undMaterialparameter auf den dominanten Wachstumsmecha-
nismus wird im Rahmen einer Simulationsstudie diskutiert. Basierend auf weiteren Simulationen
und experimentellen Daten wird eine neue Klassifizierung der Wachstumsmechanismenmit Hilfe
der Wahrscheinlichkeit erfolgreicher Kollisionen vorgeschlagen.
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Nomenclature

Latin symbols

𝑎 coefficient −
𝐴 surface area m2

𝐴spray contact area between spray cone and bed m2

𝐴V surface area per volume m2m−3

Ar Archimedes number −
𝐵0 birth rate of particles with smallest size s−1
𝐵agg birth rate of agglomerates m−3 s−1
𝐵gt constant in Williams-Landel-Ferry equation K
𝑐 specific heat capacity J kg−1 K−1

𝑐 ′n,p number concentration of particles m−3

𝐶gt constant in Williams-Landel-Ferry equation −
𝐶V,inter inter-particle coefficient of variation −
𝐶V,intra intra-particle coefficient of variation −
𝑑 diameter m
𝑑10 number-based mean diameter m
𝑑32 Sauter mean diameter m
𝐷agg death rate of agglomerates m−3 s−1
𝑒 external coordinate m
e vector of external coordinates m
𝑒 ′ coefficient of restitution −
𝐸 Young’s modulus Pa
𝑓 frequency s−1
𝐹coll factor for scaling collision frequency −
FN flux-number −
𝑔 gravitational acceleration m s−2
𝐺 growth rate m s−1
ℎ height m
Δℎevap specific enthalpy of evaporation at 0 °C J kg−1
𝐻 enthalpy J
¤𝐻 enthalpy flow rate J s−1
¤𝐻 mean enthalpy flow rate J s−1
𝑖 internal coordinate various
i vector of internal coordinates various
𝑘 Gordon-Taylor constant −
𝐾gt constant g Kmol−1
𝐾max maximum coordination number −
𝐿 length m
Le Lewis number −
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Nomenclature

𝑚 exponent −
𝑀 mass kg
𝑀 molar mass kg kmol−1
¤𝑀 mass flow rate kg s−1
¤𝑀 meanmass flow rate kg s−1
𝑛 (𝑥) number density function for size m−1

𝑛 (𝑣 ) number density function for volume m−3

¤𝑛12 number density function flow rate from spraying zone
to drying zone

m−1 s−1

¤𝑛21 number density function flow rate from drying zone to
spraying zone

m−1 s−1

𝑁 number −
𝑁 ′
p number of particles coated per coating trial −

𝑁 ′
pos number of positions coated per coating trial −

Nu Nusselt number −
Nu′ apparent Nusselt number −
𝑝sat saturation vapor pressure Pa
𝑃 probability −
𝑃tot total pressure Pa
Pr Prandtl number −
𝑞0(𝑥) normalized number density function m−1

𝑄0 normalized cumulative distribution −
¤𝑄 heat flow rate J s−1
¤𝑄 mean heat flow rate J s−1
𝑟 random number (uniformly distributed) −
𝑟n random number (normally distributed) −
𝑟 ′ gradient −
𝑅 particle radius m
𝑅 molar gas constant Jmol−1 K−1

Re Reynolds number −
Re𝜀 Reynolds number divided by porosity −
𝑠 layer thickness m
𝑠 mean layer thickness m
𝑆 scaling factor −
𝑆max maximum pore saturation −
Sc Schmidt number −
Sh Sherwood number −
Sh′ apparent Sherwood number −
Stcrit critical Stokes number −
Stdef deformation Stokes number −
Stv viscous Stokes number −
𝑡 time s
Δ𝑡 time step s
Δ𝑡dry drying time s
𝑇 temperature °C
𝑢 velocity m s−1
𝑣,𝑣 ′ particle volume m3

𝑉 volume m3

𝑤 mass fraction −
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Nomenclature

𝑥 particle size m
𝑥j boundary value of j-th particle size interval or control

volume
m

𝑥j center of j-th particle size interval or control volume m
Δ𝑥j size of j-th particle size interval or control volume m
𝑋 ,𝑌 moisture content kgliquid/kgdry matter
𝑌 ′ yield stress Pa

Greek symbols

𝛼 heat transfer coefficient Wm−2 K−1

𝛽 mass transfer coefficient m s−1
𝛽 ′(𝑡 , 𝑣 , 𝑣 ′) agglomeration kernel s−1
𝛽 ′(𝑣,𝑣 ′) agglomeration kernel (size dependent part) various
𝛽 ′0 agglomeration efficiency depending on 𝛽 ′(𝑣,𝑣 ′)
𝛾 surface tension Nm−1

𝛿 diffusion coefficient m2 s−1
𝜀 porosity −
𝜁 dimensionless height −
Δ𝜁j size of j-th dimensionless height interval −
𝜂 viscosity Pa s
𝜃 contact angle °
𝛩 elasticity parameter Pa−1
𝜅 adjustable parameter −
𝜆 thermal conductivity Wm−1 K−1

𝛬 coefficient −
𝜇k k-th moment of a distribution mk

𝜈 kinematic viscosity m2 s−1
𝜈 ′ Poisson’s ratio −
¤𝜈 dimensionless drying rate −
𝜉 number fraction −
𝛱 dimensionless elasticity parameter −
𝜚 density kgm−3

𝜎Mc standard deviation of coating mass distribution m
𝜎s standard deviation of layer thickness distribution m
𝜎u standard deviation of velocity distribution m s−1
𝜎x standard deviation of particle size distribution m
𝜏 residence time s
𝜑 spray zone volume fraction −
𝜙 limiter function −
𝛹c coated surface fraction −
𝛹wet wet surface fraction −
𝛺 property space −
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Subscripts
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a asperities
as adiabatic saturation
agg agglomerate
bed bed
break breakage
c coating
class classes
coll collision
contact contact
core core particle
crit critical
depos deposition
diff diffusion
drop droplet
dry dry
e external
elu elutriation
eq equilibrium
evap evaporation
exp experimental
free free
g gas, gas phase
gl gas-liquid
gp gas-particle
gt glass transition
i internal
in inlet
imb imbibition
I first drying stage
j index
k index
l liquid, liquid phase
lam laminar
layer coating layer
max maximum
mf minimal fluidization
min minimum
MC Monte Carlo
p particle, particle phase
pl particle-liquid
pos position
pp primary particle
r random
real real
s solid
sec sector
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spray spray
sprayed sprayed
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tab tablet
tot total
turb turbulent
v water vapor
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wet wet
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aq. aqueous
γ-Al2O3 alumina
CFD computational fluid dynamics
CNMC constant number Monte Carlo
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DE dextrose equivalent
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MC Monte Carlo
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Chapter 1

Introduction

1.1 Motivation

Particulate products represent the majority of all chemical products manufactured in industry.
Estimates of the relative amount vary between 60% for bulk solids according to Schulze [1] and
up to 80% when liquid and solid mixtures, aerosols, and materials that contain gas bubbles are
further taken into account, see Merkus [2]. Particles play an important role in many fields such
as agriculture, and the chemical, pharmaceutical, and food industries. Examples of particulate
products manufactured in these fields are fertilizers, catalysts, detergents, tablets containing an
active pharmaceutical ingredient, cosmetics, milk powder, soup and beverage powders.

Particulate goods can be produced from liquids containing solid material, which may be solutions,
suspensions, or melts. This process step is performed to reduce transportation costs, simplify
handling and post-processing, and to prolong shelf life in comparison to the liquid state of the
material.

The end-use properties and performance of the product are defined by the particle properties.
Usually, the particle size and its distribution is considered to be the most important property. In
general, the particle size distribution should be as narrow as possible to ensure defined properties
and the amount of dust (particle size below approx. 100 µm [3]) should be as small as possible.
Since inter-particle adhesion forces increase compared to their weight force for smaller particles,
the flowability may be diminished. Beyond that, the presence of dust may lead to mass loss, dust
explosions, and poses a health risk if the material is toxic.

Another important property is the particle porosity, which relates the void volume and the total
volume of a particle. If the desired application involves dissolution (e.g., in case of fertilizers, phar-
maceuticals, and beverage powders), the dissolution rate is significantly influenced by porosity.
Generally, a high porosity leads to faster dissolution rates. The porosity also has an effect on the me-
chanical strength of the particles, which should be high enough to withstand stress during packaging,
transport, and storage without breakage or dust formation due to abrasion. A high porosity lowers
the mechanical strength of the particles. Additionally, porosity directly influences the bulk density of
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the product: if the porosity is small, the bulk density will be high and vice versa, affecting packaging
and transport of the product.

The product properties are further influenced by themoisture content. If it is too high, the flowability
may be diminished due to adhesion forces or the particlesmay stick together during storage, forming
a product, which may not be usable for the intended purpose. The moisture content influences
the growth rate of microorganisms, potentially leading to spoilage and a reduced shelf life, which is
especially important for foodstuffs. A reduction of the moisture content can be reached by drying,
which can be realized during the particle production process or in a subsequent process step. An
upper limit of the moisture content is usually given by product specifications. Drying far below this
limit directly increases the production costs.

Several processes exist to produce particulate products from liquid rawmaterials such as crystal-
lization, spray drying, and spray granulation. In crystallization, particles are formed from liquids
by solvent evaporation or cooling. In spray drying, a liquid is atomized into droplets, which are in
contact with a hot gas. Evaporation of the liquid then produces solid particles. In contrast to crystal-
lization and spray drying, where particles are directly formed from liquidmaterials, spray granulation
aims for size enlargement and adjusting further properties of already existing particles. In this case,
the liquid is sprayed onto an agitated particle bed. Several methods exist to realize agitation of the
particles such as mechanical agitation in mixers, rotating drums, or pans and pneumatic agitation
in fluidized beds. The term granulation can be further categorized based on the size enlargement
mechanism and the purpose of the process. If the particles grow by applying a layer of the sprayed
solid material around the initial particles, the size enlargement mechanism is called layering. The
process is called layering granulation if size enlargement is the main objective. However, if the solid
layer is intended to have a function (e.g., a protective layer) and the materials of the solid layer and
the particles are different, the process is called coating. The size enlargement mechanism and the
process are named agglomeration if particle clusters connected by adhesion forces are created. If
the particles are amorphous, spraying pure water may also lead to agglomeration, as sticky spots
may be formed on the particle surface due to glass transition. Generally, particle size enlargement
by layering and agglomeration can occur simultaneously, but depending on the intended product
application only one mechanism should be dominant.

The present dissertation deals with spray fluidized bed processes such as coating, layering granu-
lation, and agglomeration induced by spraying a solution or suspension onto a fluidized particle
bed. In this type of equipment, particle formation and drying can be realized in either batch or
continuous mode in a single process step with generally high heat andmass transfer rates. Design
of such processes requires detailed knowledge of the relationship between operating conditions,
material parameters, equipment design, and the final product properties. This can be achieved by
extensive experimental work as well as mathematical modeling of the underlying phenomena (i.e.,
particle formation and heat and mass transfer). For this purpose, different computational methods
exist, ranging between macroscopic and microscopic approaches. Macroscopic methods are usually
simplified based on assumptions and fast, while microscopic approaches tend to be more detailed,
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e.g., by considering each particle individually. At the same time, the increase in resolution leads to
higher computational cost, limiting their application for systems at industrial scale.

In this dissertation, both microscopic and macroscopic modeling of batch spray fluidized bed
processes is presented. Two microscopic models based on a Monte Carlo method are developed
for coating and layering granulation, and agglomeration in spray fluidized beds. Modeling layering
using a microscopic approach provides the possibility to describe product properties and their
distributions in greater detail compared to previously published models based on macroscopic
approaches. Modeling spray fluidized bed agglomeration by means of solid containing liquid using a
Monte Carlo method has already been presented in literature. It has been shown to provide a more
straightforward method of modeling agglomeration kinetics compared to macroscopic approaches.
This dissertation aims at applying this technique to model spray fluidized bed agglomeration of
amorphous particles since no model for this process has been published in literature until now.
Additionally, a macroscopic method for estimating the dominant size enlargement mechanism in
spray fluidized bed processes is presented. This method combines the Stokes criterion, which is
usually used in microscopic modeling of agglomeration processes, with a macroscopic process
model, enabling the investigation of the border between both size enlargement mechanisms.

1.2 Outline of the thesis

This thesis consists of five main chapters covering a detailed literature survey on particle formation
in spray fluidized beds, microscopic modeling using a Monte Carlo method, presenting simulation
results for coating and layering granulation and binder-less agglomeration of amorphous particles,
and a macroscopic approach for estimating the dominant size enlargement mechanism.

Chapter 2 focuses on the state of the art of spray fluidized bed processes and the theory necessary to
understand the present dissertation. First, the fundamentals of fluidization and spray fluidized bed
processes are given, and the underlying processes occurring on the single particle scale are discussed.
The relevant properties influencing the product performance and established methods describing
the border of the size enlargementmechanisms are discussed. Finally, the state of the art of modeling
spray fluidized bed processes is presented.

In Chapter 3, a detailed description of the Monte Carlo method used to model both coating and
layering as well as binder-less agglomeration is given. At first, the scaling procedure, event selection,
time step calculation, and discretization of the particle surface are discussed. Then, modeling of the
micro-processes and events occurring in the considered processes such as deposition of droplets,
binary particle collisions, droplet drying, size enlargement, and breakage is shown. Additionally, the
assumptions used in modeling the micro-processes and events are summarized.

Chapter 4 shows how coating and layering granulation in spray fluidized beds can be modeled based
on the events and processes on the single particle scale, described in the previous chapter. A detailed
simulation study, including theoretical validation of the model and an investigation of the influence
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of various parameters on product properties, is presented. Furthermore, the model is validated
with experimental data. The used experimental setup is described before comparing results from
simulations and experiments.

In Chapter 5, the Monte Carlo model for binder-less agglomeration of amorphous particles is pre-
sented. The description of the structure of the algorithm is followed by the presentation of a sim-
ulation study investigating the influence of process conditions and material parameters on the
microscopic agglomeration behavior. The governing agglomeration behavior on the macroscopic
scale is explained using experimental data, after the experimental setup is described. Additionally,
the results from experiments are compared to simulation results.

Chapter 6 covers the macroscopic model for estimating the border between layering and agglomera-
tion. First, the processmodel is described in detail, including relevant probabilities aswell as the used
heat andmass transfer and growth model. The solution of the used equations is explained and the
appliedmodel assumptions are summarized. The influence of process andwetting parameters on the
dominant size enlargement mechanism is investigated by means of a simulation study. Additionally,
a new description of the border between layering and agglomeration is proposed based on further
simulations and experiments published in literature.

The main results and corresponding conclusions of this dissertation are summarized in Chapter 7
along with an outlook on future research.
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Chapter 2

Particle formation in spray fluidized beds

This chapter presents a detailed literature review about particle formation in spray fluidized beds.
At first, the phenomenon of fluidization is explained, and the fundamentals of spray fluidized beds
are given. Afterwards, micro-processes (i.e., processes occurring on the single particle scale), size
enlargement mechanisms, properties of the formed particles, and the border between different size
enlargement mechanisms are discussed. Macroscopic andmicroscopic modeling concepts for the
discussed processes are presented before the goals of this dissertation are formulated based on the
presented literature survey.

2.1 Fluidized beds

2.1.1 Fluidization

A fluidized bed apparatus consists of a process chamber, a distributor plate, and a bed of particles
in the fluid-like or fluidized state. Fluidization is achieved by a fluid flow (gas or liquid) passing
through the particle bed. The distributor plate ensures an even distribution of the fluid over the cross
sectional area of the apparatus. As particle formation in gas-solid fluidized beds is to be investigated
in this work, the focus lies on gas-solid fluidized beds in the following sections. Depending on the
flow rate of the gas, different stages of fluidization can be observed, see Kunii and Levenspiel [4]. The
main stages of fluidization in gas-solid fluidized beds are shown in Figure 2.1. At a very low flow rate
of the gas, the particles remain in contact and a fixed bed is present. If the flow rate is increased to
the point where the particles begin to float and move stochastically, the so-called point of minimum
fluidization is reached. At this point, equilibrium between the force of resistance between particle
and gas, buoyancy, and the weight force of the particles is established [5]. Compared to the fixed
bed, height and porosity of the bed are larger. Increasing the flow rate above minimum fluidization
results in further expansion of the bed height, a higher bed porosity, and instabilities with bubbling
and channeling of the gas. This stage is called bubbling fluidization. A further increase of the flow
rate eventually leads to pneumatic transport or elutriation of the particles. In this case, the solids
are carried out of the bed along with the gas. According to Mörl et al. [6], the range of existence of a
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Gas Gas Gas Gas
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Figure 2.1: Selected fluidization regimes for gas-solid fluidized beds (adapted from Kunii and Leven-
spiel [4]).

fluidized bed lies betweenminimumfluidization and elutriation. The correlations used to determine
these two points in this work are summarized in Appendix B.

Geldart [7] investigated the influence of particle properties (i.e., the density difference between solid
material and gas, and the particle size) on the fluidization behavior. Based on published literature
and own experimental work, he identified four groups of particles, which are shown in Figure 2.2
and described below:

• Group A: The particles have a small mean size (50 µm to 200 µm according to Mörl et al. [6])
and a density below 1400 kgm−3. After minimum fluidization, a considerable bed expansion is
observed before bubbling commences.

• Group B: Particle size is typically between 40 µm and 500 µm, and the density ranges between
1400 kgm−3 and 4000 kgm−3. In this group, bubbles start to form slightly above the minimum
fluidization velocity and the bed expansion is rather small.

• Group C : This group includes particles which are cohesive and very hard to fluidize, since
the inter-particle forces are stronger than those exerted by the gas flow. This may occur as a
result of a very small particle size (smaller than 50 µm [6]), electrostatic forces, or the presence
of liquid or sticky material in the bed. Mechanical stirrers, vibration of the apparatus, and
pulsation of the gas can be used to improve the fluidization behavior [6].

• Group D: Particles falling into this group are rather large and/or very dense. Deep beds of
these particles are difficult to fluidize, large exploding bubbles and channeling is observed.
Fluidization of particles showing such behavior is usually done in shallow beds or spouted
beds [4].

In general, a fluidized bed shows the following advantages and disadvantages [4, 8]:
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Figure 2.2:Geldart classification for fluidization by ambient air (adapted from Geldart [7]).

• high heat- and mass transfer rates,

• high surface area,

• suitable for large-scale and continuous operations, and

• easy handling of the solids.

Disadvantages are:

• abrasion of the solid material,

• erosion of pipes and vessels,

• possible segregation for wide particle size distributions (elutriation of fines), and

• non-uniform residence time distributions in continuous operations resulting in non-uniform
product properties.

Fluidized bed technology is widely used in industry for different chemical and physical processes [6,
9]. Chemical processes comprise gas-gas reactions, in which particles act as a catalyst, and gas-solid
reactions, where the solid material is transformed. Examples are cracking of hydrocarbons and
combustion or gasification, respectively. Examples of physical processes are mixing, classifying,
adsorption, heating/cooling, drying, coating, layering granulation, and agglomeration.

2.1.2 Spray fluidized beds

The main parts of a spray fluidized bed are shown in Figure 2.3. The fluidization gas enters the
gas inlet chamber, passes through the gas distributor, and fluidizes the particle bed in the process
chamber. In the exhaust chamber, filter elements are often used to remove dust from the gas before
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Figure 2.3:Main parts of a spray fluidized bed used for particle formation (adapted from Jacob [10]).

it flows out of the apparatus. In the process chamber, liquid containing solid material is added to the
particle bed using a spray system (feed lines and one or several nozzles). Solutions, suspensions, and
melts may be sprayed to induce growth of the particles by different mechanisms. In case of solutions
and suspensions, the liquid part evaporates and is removed along with the gas, while the solid part
remains on the particles. Whenmelts are sprayed, the liquid is transformed into solid material by
cooling.

Fluidized bed equipment can be used for batch or continuous processes and is available in various
designs such as process chambers with circular or rectangular cross-sections, whichmay be constant
or expanding in the vertical direction. A detailed overview regarding different design options of
spray fluidized beds is given by Jacob [10]. Furthermore, different processing options concerning
the nozzle orientation are available, which influence the product properties. The main processing
options are briefly described below [10]:

• Top-spray: The spray nozzle is located in the upper part of the process chamber and the liquid
is sprayed on top of the fluidized particles. The tendency for spray drying and nozzle caking
is increased compared to other options. This configuration is typically used for coating and
producing agglomerates with low andmedium bulk densities.

• Bottom-spray: The spray nozzle is located in the lower part of the process chamber and sprays
upward into the bed. The tendency for spray drying is reduced. Due to a "cleaning effect" of
the particle bed, nozzle caking is reduced as well. Bottom-spray is typically used for coating,
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layering granulation and agglomeration (medium and high bulk densities).

• Tangential-spray: The spray nozzle is installed at the wall of the process chamber and sprays
tangentially into the particle bed. The tendency for spray drying and nozzle caking is reduced.
This option is typically used for coating and layering granulation.

Based on these processing options, two specialized options have been developed [10]:

• Wurster processing : The Wurster process was developed in the 1950s and 1960s [11] based on
the bottom-spray option. In this case, the process chamber is divided into two regions using a
tube and in combination with a segmented gas distributor, a more controlled circulation of the
particles is obtained. Typical applications are coating of fine particles and layering granulation.

• Rotor processing : This process was developed based on the tangential-spray option. A rotating
disk is used in the lower part of theprocess chamber insteadof a gas distributor. Thefluidization
gas enters via a ring gap between the rotor and thewall of the apparatus. This option is typically
used to produce very compact particles by layering granulation and agglomeration.

In the following sections, the underlying processes leading to different size enlargementmechanisms
in top-spray fluidized beds using solutions or suspensions are described.

2.2 Size enlargement of particles in spray fluidized beds

2.2.1 Micro-processes

Particle growth in spray fluidized beds is the result of a complex network of processes occurring on
the single particle scale, so-called micro-processes. Several attempts have been made in literature to
summarize the network of micro-processes for spray fluidized bed processes, see Tan et al. [12] for
melt granulation, Guignon et al. [13] and Werner et al. [14] for coating, and Terrazas-Velarde [15]
for agglomeration. Based on these works, a simplified network of micro-processes categorized into
single droplet drying, particle-droplet collisions, particle-particle collisions, and deposited droplet
processes is shown in Figure 2.4.

The spray nozzle creates single droplets with a size and velocity distribution entering the fluidized
bed. The droplets start to dry and their size is reduced in the first drying stage, where the drying rate
is controlled by external heat and mass transfer [16]. Depending on the conditions and the used
materials, drying increases the solid concentration in the droplet until a solid shell or crust is formed
at the surface of the droplet while the interior of the droplet is still wet. The solid crust formation
represents the beginning of a second drying stage and adds a heat and mass transfer resistance
leading to a slower drying process of the droplets [16]. As drying continues, a solid dust particle is
formed eventually. This phenomenon is called spray drying. It is also referred to as overspray in
the context of spray fluidized bed processes, where it is generally unwanted, since it produces dust.
Additional phenomena such as inflation, deflation, and particle rupture, influencing themorphology
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Figure 2.4: Simplified network of micro-processes occurring in spray fluidized bed processes.
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of the resulting dust particles have been reported, see Tran et al. [16], Walton [17], and Handscomb
et al. [18], which are omitted in Figure 2.4.

Collisions between particles and droplets occur due to their movement in the fluidized bed. The
result of such a collision can either be adherence and subsequent spreading of the droplet on the
particle surface (droplet deposition) or rebound of the droplet. In a spray fluidized bed, droplets
and particles collide mainly due to interception (passage of droplets close to the particle surface)
and inertia (particle surface is on the trajectory of the droplets), see Guignon et al. [13]. According to
Werner et al. [14], adherence of the droplets is influenced by a number of parameters such as the
collision parameters (angle of the collision as well as momentum of droplets and particles), liquid
and interfacial properties, and the surface structure of the particles. A collisionmay result in rebound
if the droplet recoil velocity after impact is too high or significant droplet drying has occurred prior
to the collision.

Inter-particle collisions occur in spray fluidized bed processes as well. A collision is called a dry
collision if nowet droplet is present at the contact point of the colliding particles, resulting in rebound.
Consequently, awet dropletmust bepresent at the contact point during awet collision. Awet collision
results either in adherence (agglomeration) of the particles and subsequent formation of a liquid
bridge or in rebound. The outcome of a wet collision depends strongly on the parameters of the
collision and properties of the liquid and solid material. Collisions may also lead to different types of
breakage such as breakage of bridges (liquid and solid bridges in agglomerates), breakage of single
particles, and abrasion of the material present on the particle surface (particle material or solidified
droplets).

If the particle material exhibits an interconnected pore system, a deposited droplet may be imbibed
into the porous structure. At the same time, drying of deposited droplets occurs. Both processes lead
to a reduction of the droplet height. Similar to the above described case of spray drying, deposited
droplets containing solid material may show crust formation during drying before the deposited
droplet solidifies completely. Additionally, liquid bridges in agglomerates dry and solidify as well,
transforming them into solid bridges.

The above described micro-processes imply that the droplet size is smaller than the particle size.
However, if the droplet size is larger than the particle size, the interactions between particles and
droplets are different, see Abberger et al. [19], Seo et al. [20], and Boerefijn and Hounslow [21]. In
this case, a droplet can wet the surface of multiple particles at once. The result is an agglomerate
consisting of several particles connected by liquid bridges. Collisions between these agglomerates
lead to compaction and further agglomeration, see Iveson et al. [22] and Hapgood et al. [23]. Since
this work focuses on systems with small droplets compared to the particle size, a detailed discussion
of these phenomena is omitted.
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2.2.2 Coating and layering granulation

In coating and layering granulation, the main goal is the production of single particles consisting of
a core particle covered by a solid layer. The solid layer is built around the core particles by repeated
deposition and drying of droplets, see Figure 2.4. In both processes, the size enlargementmechanism
is identical and called layering. Overspray and particle-particle collisions leading to agglomeration
are generally undesired. Continuous layering granulation is an exception since the particles produced
by overspray serve as new seed particles in this process. In coating and batch layering granulation,
overspray is considered as material loss andmay impair the product quality. According to Nienow
[24], typical growth rates of coating and layering granulation are in the range of 10 µmh−1 (coating)
to 100 µmh−1 (layering granulation). Figure 2.5 shows a schematic representation of particle growth
by layering.

In case of coating, the material of the core particles and the added solid material are different. The
thickness of the added solid layer is relatively small since the main purpose of this process is a
functionalization of the particles and not a change of the particle size [25]. In layering granulation,
thematerial of the core particles and the added solidmaterial are the same. The change of the particle
size distribution is the main goal, resulting in larger layer thicknesses compared to coating.

Applications of coating can be found in the pharmaceutical, chemical, agricultural, and food indus-
trieswith varying objectives. Sustained release coatings are applied to pharmaceuticals and fertilizers,
which control the start and duration of release of active ingredients [26–28]. In the chemical industry
the properties of catalysts can be enhanced by membrane coating of catalyst particles [29]. Coatings
are also used to add flavor [30], mask bad taste and odor [13, 30, 31], and to protect ingredients
from environmental influences (water/moisture, acid, oxygen) [13, 32, 33]. Further applications are
improvement of appearance [27, 30, 34] and reducing abrasion or sticking [13, 33]. Applications
of layering granulation can be found in the agricultural industry, where it is used to produce solid
pesticides [35] and fertilizers (e.g., urea [36, 37], and ammonium sulfate [38, 39]).

layering
growth

wetting
+

drying
particles

+
spray

Figure 2.5: Schematic representation of particle size enlargement by layering.
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2.2.3 Agglomeration

In agglomeration, small powder particles are transformed into larger particles called agglomerates.
They consist of several primary particles bound together by differentmechanisms. The fundamentals
of binding mechanisms between primary particles in agglomerates have been presented by Rumpf
[40]. An overview regarding the major binding mechanisms is given by Bück et al. [25] and Schubert
[41], see Figure 2.6. Particles can be bound together by material bridges. Solid material bridges can
be formed due to sintering, chemical reactions, cooling of molten binders, and crystallization of
binder solutions due to drying at contact points. Liquid material bridges comprise adhesion due to
highly viscous binder and capillary forces. Particles may also stick together without material bridges.
Thesemechanisms are divided into van derWaals and electrostatic forces. Interlockingmay also play
a role for fibrous particles. For industrial agglomeration, mostly van der Waals forces andmaterial
bridges are relevant [42].

In spray fluidized bed processes, agglomerates are formed by repeated droplet deposition, wet
collisions, and liquid bridge drying, see Figure 2.4. Overspray and layering are undesired since in both
cases material for generating liquid and solid bridges is lost. Typical growth rates are in the range of
100 µmh−1 to 1000 µmh−1 [24] exceeding by far the growth rates of coating and layering granulation.
A schematic representation of size enlargement by agglomeration is shown in Figure 2.7.

Depending on the molecular structure of the particle material, different mechanisms leading to
agglomeration can be observed, see Palzer [42, 43]. Especially in food systems, two different supra-
molecular structures can be found: amorphous and crystalline systems. In amorphous systems the
molecules are in disorder, while in crystalline systems the atoms andmolecules are highly ordered.
As the free volume of a system is linked to its degree of order, the free volume of amorphous structures
is generally higher than in equivalent crystalline structures at a given temperature. Amorphous struc-
tures are meta-stable, which means they transform into crystalline structures over time. Amorphous
structures can be produced by transforming a melt or liquid into a solid by either fast cooling or
rapid removal of solvent. Solids can also be converted into the amorphous state by grinding, which is
called solid state amorphization [42, 44, 45]. If amorphous materials and liquids with similar polarity
come into contact, solvent molecules can migrate into the solid matrix and increase the mobility
of the matrix molecules, acting as a plasticizer while solid molecules may migrate into the liquid
droplet. This is observed in various agglomeration processes used in the food industry, where water
or aqueous solutions are sprayed onmoving, water-soluble amorphous particles [42]. The migra-
tion of water from deposited droplets into the amorphous matrix leads to a locally decreased glass
transition temperature. If the temperature of the material is near the glass transition temperature,
the viscosity of the material decreases. The result is a sticky, rubbery material, which is able to form
viscous bridges when particles collide at these spots [42, 45]. Drying then generates solid bridges
connecting the primary particles. If a water-soluble crystalline material comes into contact with
water, the material dissolves, but almost no water migrates into the crystalline structure. Therefore,
the viscosity of the wet spots remains moderate [42]. Depending on the materials, other substances
need to be included in the binder to increase viscosity and generate liquid bridges between colliding
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Figure 2.6:Major binding mechanisms in agglomerates (adapted from Bück et al. [25] and Schubert
[41]).
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Figure 2.7: Schematic representation of particle size enlargement by agglomeration.
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particles. Solid bridges are formed by drying and re-crystallization in this case.

Depending on the process conditions, several growth regimes can be observed in agglomeration
processes. Iveson and Litster [46] and Iveson et al. [47] developed a growth regimemap for liquid-
bound agglomerates, indicating the type of agglomeration depending on a Stokes deformation
number Stdef and the maximum pore saturation 𝑆max . These parameters are defined as:

Stdef =
𝜚p𝑢2coll
2𝑌 ′ , (2.1)

𝑆max =
𝜚p𝑋

(
1 − 𝜀p,min

)
𝜚l𝜀p,min

. (2.2)

In these equations, 𝜚p is the density of the particles (or agglomerates),𝑢coll is the collision velocity,𝑌 ′

is the yield stress of the particles, 𝑋 is the liquid content of the particles, 𝜚l is the density of the liquid,
and 𝜀p,min is the minimum porosity of the particles for the given process conditions. The growth
regimemap is shown in Figure 2.8. The identified types of agglomerate growth are:

• Steady growth: The average agglomerate size increases steadily with time. This is typical for
easily deformable agglomerates. Increasing the liquid content increases the growth rate.

• Induction growth: At the beginning of the process, a period of little or no agglomeration is
observed, followed by a period of rapid agglomeration. Increasing the liquid content decreases
the length of the first period. This is typical for less deformable agglomerates.

• Nucleation: Small agglomerates are formed by spraying of liquid. Further agglomeration is not
possible due to insufficient liquid content.

• Crumb: The formed agglomerates are too weak and cannot form stable bonds, leading to
breakage.

• Slurry/over-wet mass: Too much liquid is added and the particles form an oversaturated slurry.

• Dry, free-flowing powder : The particles will remain as a dry powder since the amount of added
liquid is insufficient to form agglomerates.

Applications of agglomeration can be found in several industries such as food, chemical, and phar-
maceutical industry. The main objective is to increase the particle size and improve properties for
the respective application. In the food industry, the manufacturing of several products such as dairy
powders (milk or whey powders), dehydrated convenience foods (instant soups, sauces, season-
ings), or beverage powders (soluble coffee, cocoa, sugar-based beverage powders) [42, 43] involves
an agglomeration step. In the chemical industry, products such as detergent powders [48–50] or
fine chemicals (e.g., vitamin mixes) [42] are agglomerated. Pharmaceutical and detergent powders
undergo an agglomeration step prior to tableting [42, 51, 52] or in combination with spheronizing
when producing spherical agglomerates [53].
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Figure 2.8:Growth regimemap derived by Iveson and Litster [46] and Iveson et al. [47] indicating
the types of agglomerate growth.

2.2.4 Product properties

Important properties defining the product quality of particles produced by coating, layering gran-
ulation, and agglomeration are the particle size distribution, shape, density, porosity, flowability,
strength, redispersion behavior, and the moisture content [25]. To ensure intended product per-
formance, these properties have to be within certain specifications. Below, the influence of the
properties on the product performance is briefly discussed.

Important properties of coated particles are coating mass uniformity and the morphology of the
coating [27, 33]. Coating mass uniformity refers to the variation of coating mass among individual
particles and is therefore called an inter-particle property. The variation of the coating mass is
especially important when applying active ingredients in the coating. Coating morphology refers to
the distribution of the coating thickness on individual particles, which is an intra-particle property.
Themorphology is further characterized by coating layer porosity and the existence of fissures or gaps.
Beyond that, surface coverage is an important property. These properties also influence product
performance when the coating is applied for a sustained release application or as a protective layer.

The main property of particles produced by layering granulation, influencing product performance
is the particle size distribution, see Cotabarren et al. [36]. In case of fertilizers, usually a narrow size
distribution is preferred to ensure uniform distribution of the fertilizer on the field. Additionally,
segregation effects are minimized when producing mixtures of fertilizers [36]. The dissolution
behavior depends on the size and porosity of the particles. The porosity should be relatively low to
achieve a certain strength minimizing abrasion [36] and to ensure slow dissolution behavior [25].

Important properties of agglomerates are the particle size distribution, redispersion behavior, and
compressibility. Fundamentals of redispersion of agglomerates have been stated by Pfalzer et al. [54].
The process of redispersion can be divided into wetting, sinking, and breakup of the agglomerates
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2.2 Size enlargement of particles in spray fluidized beds

into their primary particles. In order to achieve fast and complete redispersion, agglomerates should
consist of a large number of bridges characterized by relatively weak strength. The bridges should
be weak to facilitate dissolution, while a large number of bridges ensures mechanical stability of
the agglomerates, e.g., during transport or packaging. Powders are agglomerated prior to tableting
to improve compactibility and the strength of the resulting tablets [42, 55]. The flowability of the
agglomerates needs to allow accurate dosing when tableting particles including active ingredients
and minimize segregation prior to tableting to ensure tablet uniformity [52].

Tsotsas [56] states that particle formation in spray fluidized beds is strongly influenced by the drying
conditions. For layering granulation and coating it is shown that the surface structure of the resulting
particles depends on the drying conditions: at low spraying rates and high temperatures smooth
particles are obtained, while high spraying rates and low temperatures lead to rough particles. Rieck
et al. [57] show that not only the surface structure, but also the porosity of the solid layer is changed
accordingly. An influence of layer porosity on the process kinetics is shown as well. Since in these
studies a solution crystallizing during drying was used for coating, the influence of drying on crystal-
lization is assumed to be the reason for the change in surface structure and porosity. The kinetics of
agglomeration and the agglomerate structure depend on the drying conditions as well. However, the
structure of agglomerates is muchmore complex than the structure of particles produced by layering.
As a result, a variety of morphological descriptors such as radius of gyration, fractal dimension and
pre-factor, agglomerate porosity, coordination number distribution, and coordination angle distribu-
tion are available [56]. Dadkhah and Tsotsas [58] investigated the influence of operating conditions
on such descriptors by creating 3D images of agglomerates using X-ray micro-tomography. It was
found for non-porous primary particles that a higher agglomeration rate leads to denser agglomer-
ates (higher fractal dimension and coordination number, lower porosity) and a lower agglomeration
rate leads to a looser, fluffier product (lower fractal dimension and coordination number, higher
porosity).

2.2.5 Border between layering and agglomeration

In particle formation processes in spray fluidized beds, usually both size enlargement mechanisms
(layering and agglomeration) occur simultaneously. However, in order to achieve the required
product quality, only one mechanism depending on the application of the product is desired. In this
case, the material properties as well as the process parameters need to be adjusted to favor either
layering or agglomeration. The amount of properties and parameters influencing the dominating
mechanism opens up a wide field of investigation.

Many studies investigating the border of the size enlargement mechanisms experimentally can be
found in literature. Some investigations focus on the detection of defluidization [59, 60] occurring
when agglomeration leads to very large particles and the mass flow rate of the fluidization gas
cannot maintain the fluidized state. Others deal with the direct measurement of the mass fraction of
agglomerated particles [34, 37, 61, 62]. In any case, these studies are focused on coating experiments,
where agglomeration is undesired and should be avoided. According to the mentioned works,
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Chapter 2 Particle formation in spray fluidized beds

agglomeration is more pronounced if particle size, bed temperature, mass flow rate, and evaporation
capacity of the fluidization gas are decreased and the spraying rate and droplet size are increased.

Theoretical studies regarding the border of layering and agglomeration are also available in the
literature. Below, the criteria presented by Akkermans et al. [63], Davis et al. [64] and Barnocky and
Davis [65] are discussed.

Akkermans et al. [63] presented a criterion predicting the dominant size enlargement mechanism
for the production of detergent agglomerates. A dimensionless number called Flux-number FN was
introduced, which is defined as:

FN = log
(
𝜚p

(
𝑢g − 𝑢mf

)
𝐴spray

¤𝑀spray

)
. (2.3)

In this equation, 𝜚p is the density of the particles,𝑢g − 𝑢mf is the difference between the gas velocity
and the minimum fluidization velocity (also known as excess gas velocity), ¤𝑀spray is the mass flow
rate of the spray, and 𝐴spray is the contact area between each spray cone and the particle bed. A
classification of the size enlargement mechanisms based on the works of Wasserman et al. [49] and
Akkermans et al. [63] is given by Boerefijn and Hounslow [21] and Boerefijn et al. [50]:

• Flooding : Flooding will occur if FN < 2. The result is rapid agglomeration leading to defluidiza-
tion.

• Agglomeration: In order to achieve agglomeration without defluidization, the condition 2 ≤
FN ≤ 3.5 must be fulfilled.

• Layering : Particle growth by layering will occur if FN > 3.5.

Hede et al. [61] suggest that higher values for the Flux-number are needed to ensure size enlargement
by layering since they found layering to be the dominant size enlargement mechanism for FN ≥
4.5 . . . 4.7.

Further investigations focus on the description of binary, normal collisions between particles in
spray fluidized beds. In these studies, two spherical particles with a radius 𝑅 approaching each other
with a velocity 𝑢coll and covered with a liquid layer of thickness ℎl and viscosity 𝜂 are considered.
Davis et al. [64] consider particles with a smooth surface (no surface roughness). Upon collision, the
approaching particles are slowed down due to viscous forces of the liquid. A large pressure develops
in the liquid, whichmay additionally lead to elastic deformation of the particles. Barnocky and Davis
[65] consider two colliding spherical particles with a surface roughness ℎa covered by a liquid layer,
based on a theory presented by Davis [66]. In this case, the particles are also slowed down by the
liquid layer. When the particles come into contact at the surface roughness elements, they may also
deform elastically. In both cases, particles will stick together and agglomerate if their kinetic energy
is dissipated during the collision. Otherwise, rebound will occur.

In both approaches, the particles are characterized by their viscous Stokes number Stv . The condition
for rebound is met if a critical value Stcrit is exceeded. Therefore, the general condition for successful
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2.2 Size enlargement of particles in spray fluidized beds

agglomeration can be expressed as:

Stv ≤ Stcrit . (2.4)

The viscous Stokes number is defined as:

Stv =
2
3
𝑀p𝑢coll

𝜋𝜂𝑅2 , (2.5)

where 𝑀p is the mass of the colliding particles, 𝑢coll is the collision velocity, 𝜂 is the viscosity of
the liquid layer, and 𝑅 is the radius of the colliding particles. If size andmass of colliding particles
are not equal, the harmonic mean values of the individual masses and radii can be used as shown
in literature, see Terrazas-Velarde [15] and Tardos et al. [67]. The definition of the critical viscous
Stokes number depends on the morphology of the particles (smooth or rough surfaces). For smooth
surfaces, Stcrit becomes [68]:

Stcrit =
2
5 ln

(
4
√
2

3𝜋𝛱

)
. (2.6)

In this equation, 𝛱 is a dimensionless elasticity parameter, which is defined as:

𝛱 =
4𝛩𝜂𝑢coll𝑅3/2

ℎ5/2l

with 𝛩 =
1 − 𝜈 ′

1
2

𝜋𝐸1
+ 1 − 𝜈 ′

2
2

𝜋𝐸2
. (2.7)

The parameter𝛩 can be calculated using Poisson’s ratio𝜈 ′ and the Young’s modulus 𝐸 of particle 1
and 2. For rough surfaces, Stcrit becomes [65]:

Stcrit =
(
1 + 1

𝑒 ′

)
ln

(
ℎl
ℎa

)
. (2.8)

In this equation, 𝑒 ′ is the coefficient of restitution of the particles and ℎa is the height of the surface
asperities (surface roughness).

The criterion for the collision of two particles with rough surfaces was later used by Ennis et al. [69]
two derive a classification of the size enlargement mechanisms:

• Noninertial regime: In this regime Stv/Stcrit → 0. This means that Stv is always smaller than
Stcrit and consequently all collisions lead to agglomeration as long as a liquid layer is present.
The distribution of the liquid controls the agglomeration process.

• Inertial regime: The largest Stokes numbers equal the critical value (Stv,max ≈ Stcrit ). The kinetic
energy of the particles and the layer viscosity start to play a role.

• Coating regime: The average Stokes number equals the critical value (Stv ≈ Stcrit ). Particle
growth by agglomeration is not achieved since coalescence and rebound compensate each
other. Instead, the particles grow only by layering.
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Chapter 2 Particle formation in spray fluidized beds

An extended criterion taking plastic deformation of the colliding particles into account has been
presented by Liu et al. [70]. However, the present work focuses on non-deformable, elastic particles,
which is why a detailed discussion of the model by Liu et al. [70] is omitted.

In contrast to theoretical approaches dealing with normal collisions described above, Donahue et al.
[71, 72] present theoretical and experimental work on oblique collisions between particles. They have
found that the above shown Stokes criterion (derived for normal collisions) is able to describe the
outcome of oblique collisions as well. However, when a certain impact angle is exceeded, particles
may separate after successful agglomeration, although the Stokes criterion is met. This observation
is attributed to centrifugal forces arising from rotation of the agglomerate, leading to breakage of the
liquid bridge. A dimensionless number (i.e., the centrifugal number) is proposed to characterize the
influence of centrifugal forces.

The above shown criteria allow an estimation of the dominant size enlargement mechanism based
on parameters on the single particle level. The decision whether a collision is successful depends on
the properties of the particles (i.e., size, density, surface roughness, velocity, elasticity) and the liquid
film (i.e., height and viscosity). As shown by Tsotsas [56], drying influences the liquid film properties,
but also the area covered by deposited droplets. The latter also plays a role since wet spots must be
present at the contact points for agglomeration to occur. In this way, drying influences not only the
kinetics of the particle formation process, but also which size enlargement mechanism dominates.

Both criteria (Flux-number and Stokes criterion for normal collisions) have been tested experimen-
tally in the frame of spray fluidized bed layering granulation by Hede et al. [61] and Villa et al. [73]
using urea and sodium sulfate, respectively. In both cases, layering was the desired size enlargement
mechanism, which was also predicted by both criteria. However, in some cases high percentages of
agglomerates were measured, indicating that more complex criteria are required. For example, the
wet particle surface also plays a role as discussed above and should therefore be included in such an
extended criterion.

2.3 Modeling of particle formation

2.3.1 Particle size distribution

A particulate product or a population of particles is characterized by its properties such as size,
shape, temperature, or moisture content. Usually, such properties are distributed and cannot be
sufficiently described solely by amean value. In order to characterize such property distributions, the
number density function can be used. According to Ramkrishna [74], the number density function 𝑛
is defined as:

𝑁p,tot (𝑡 ) =
∫
Ωe

∫
Ωi

𝑛 (𝑡 , i, e) d𝑉i d𝑉e . (2.9)
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2.3 Modeling of particle formation

In this equation, 𝑁p,tot is the total number of particles in the population, the vectors i and e refer
to the internal and external coordinates,Ωi andΩe represent the domain of internal and external
coordinates, respectively. The variables d𝑉i and d𝑉e are then infinitesimal volumemeasures ofΩi

andΩe . External and internal coordinates are used to characterize the state of a particle. External
coordinates represent the spatial position and are limited to a number of three. Internal coordinates
represent the properties of a particle such as size, shape, temperature, or moisture content. The
number of internal coordinates is not limited. The unit of the number density function depends on
the units of the properties. In general, the unit of 𝑛 can be described as:

[𝑛] = 1∏
𝑖
[𝑒i]

∏
𝑗

[
𝑖j
] . (2.10)

If the particle properties do not depend on the spatial position of the particle, external coordinates
can be neglected and Equation (2.9) simplifies to:

𝑁p,tot (𝑡 ) =
∫
Ωi

𝑛 (𝑡 , i) d𝑉i . (2.11)

In this case, 𝑛 (𝑡 , i) describes the number of particles being in the same property interval at time 𝑡 .

An important example is the number density distribution of the particle size 𝑥 . Here, external
coordinates are neglected and only one internal coordinate (i.e., the particle size 𝑥) is used. Usually,
a normalized number density function 𝑞0 is used:

𝑞0(𝑥) = 𝑛 (𝑥)
∞∫
0
𝑛 (𝑥)d𝑥

=
𝑛 (𝑥)
𝑁p,tot

with [𝑛] = [𝑞0] = 1
[𝑥] . (2.12)

The unit of both 𝑛 (𝑥) and 𝑞0(𝑥) depends on the unit of 𝑥 . The normalization of 𝑛 (𝑥) with the total
number of particles𝑁p,tot leads to:

∞∫
0

𝑞0(𝑥) d𝑥 = 1. (2.13)

In addition to the normalized number density function 𝑞0, a cumulative form𝑄0 can be used to
describe a size distribution:

𝑄0(𝑥) =
𝑥∫

0

𝑞0(𝑥) d𝑥. (2.14)

In the above shown equations, the subscript of 𝑞0 and𝑄0 indicates that the distribution with respect
to the particle number is used. In general, other types of distributions are also available such as the
distribution with respect to the particle volume or mass [75]. However, in this work the distribution
with respect to the particle number is used in all cases.
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Chapter 2 Particle formation in spray fluidized beds

Important parameters such as different mean values can be obtained frommoments of the number
density function. The 𝑘 -th moment 𝜇k of a number density function 𝑛 (𝑥) is defined as [76]:

𝜇k =

∞∫
0

𝑥𝑘𝑛 (𝑥) d𝑥. (2.15)

Depending on the value of 𝑘 , different physical interpretations of the corresponding moments are
possible such as the total number, length, surface area, and volume of the particles:

𝑁p,tot = 𝜇0, (2.16)
𝐿p,tot = 𝜇1, (2.17)
𝐴p,tot = 𝜋𝜇2, (2.18)

𝑉p,tot =
𝜋

6𝜇3. (2.19)

Note that the shape factors used for the total surface area and the total volume are valid for spherical
particles. If the shape of the particles is different, other shape factors need to be applied.

In addition to the physical interpretations, moments can be used to calculate mean values char-
acterizing a size distribution. Often used parameters are the mean diameter 𝑑10, the Sauter mean
diameter 𝑑32, and the standard deviation 𝜎x [77]. The mean diameter 𝑑10 represents the arithmetic
mean diameter of the number density function and can be calculated from the total length of the
particles 𝐿p,tot and the total number𝑁p,tot :

𝑑10 =
𝐿p,tot

𝑁p,tot
=
𝜇1
𝜇0
. (2.20)

The Sauter mean diameter 𝑑32 corresponds to the diameter of a sphere with the same ratio between
its volume and surface area as the particle system:

𝑑32 = 6
𝑉p,tot

𝐴p,tot
=
𝜇3
𝜇2
. (2.21)

The standard deviation is defined as the square root of the variance (mean quadratic variation) with
𝑑10 being the expected value:

𝜎x =
©­«

∞∫
0

(𝑥 − 𝑑10)2𝑞0(𝑥) d𝑥ª®¬
1/2

=

(
𝜇2
𝜇0

−
(
𝜇1
𝜇0

)2)1/2
. (2.22)

A high 𝜎x indicates large variations of the particle size, while a small value implies that only minor
variations exist. In the limit (𝜎x → 0) all particles have the same size.

When dealing with discrete data from measurements, the particle size 𝑥 is divided into a certain
number of size classes. For each class 𝑗 a value of𝑄0 is obtained. The corresponding normalized
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Figure 2.9: Example of a particle size distribution in the form of a normalized number density
function 𝑞0 (a) and a normalized cumulative distribution𝑄0 (b).

number density 𝑞0 is then calculated as follows:

𝑞0(𝑥j) =
𝑄0(𝑥j+1) −𝑄0(𝑥j)

𝑥j+1 − 𝑥j with 𝑥j =
𝑥j+1 + 𝑥j

2 . (2.23)

In a graphical representation𝑄0 is plotted vs. the boundary of each class, while 𝑞0 represents a mean
value of the interval

[
𝑥j , 𝑥j+1

]
and is plotted vs. the center 𝑥j of each class. In case of discrete values,

the calculation of the moments and corresponding mean values can be performed as follows:

𝜇k ≈
𝑁class∑︁
𝑗=1

𝑥𝑘j 𝑛 (𝑥j)Δ𝑥j . (2.24)

Examples of 𝑞0 and𝑄0 (normal distribution with 𝑑10 = 0.5mm and 𝜎x = 0.05mm) are shown in
Figure 2.9.

2.3.2 Macroscopic models

Inmacroscopicmodels, usually the transient behavior of a property distribution (e.g., the particle size
distribution) due to different particulate processes is modeled. A well-established concept used to
model the change of property distributions is the population balance introduced byHulburt and Katz
[78]. This concept is widely used to model particle formation processes such as crystallization, see
Randolph and Larson [76] and Gerstlauer et al. [79], layering granulation and coating, see Heinrich
et al. [80], Vreman et al. [81], and Silva et al. [82], and agglomeration, see Hounslow et al. [83], Kumar
et al. [84], and Peglow et al. [85]. Burgschweiger and Tsotsas [86] modeled a continuous drying
process using population balances, where the residence time is used as the internal coordinate.
Applications of population balance models are the prediction of property distributions, the design of
operating conditions to achieve a desired property distribution, and control of particulate processes
[87].
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A general form of a population balance for a batch process is given by Randolph and Larson [76],
assuming that external coordinates can be neglected. Changes of the number density function 𝑛 (𝑡 , i)
can then be described by the following equation:

𝜕𝑛 (𝑡 , i)
𝜕𝑡

= −∇(𝐺𝑛) + 𝐵 −𝐷. (2.25)

In this equation,∇(𝐺𝑛) is a term representing the convection of𝑛 with a velocity𝐺 along the internal
coordinates. 𝐵 and𝐷 are birth and death terms describing phenomena leading to production or
disappearance of particles. Depending on the dominant size enlargement mechanism, different
forms of Equation (2.25) can be derived, which are discussed below.

Layering

In coating and layering granulation processes, the particles grow by repeated droplet deposition,
drying, and solidification of the droplets, leading to a layer-wise growth. Usually, this phenomenon
is described by the convection term with the particle size 𝑥 being the internal coordinate, while no
birth and death terms are used. Equation (2.25) then simplifies to:

𝜕𝑛 (𝑡 , 𝑥)
𝜕𝑡

= −𝜕(𝐺𝑛)
𝜕𝑥

. (2.26)

In this case, the growth rate𝐺 is defined as:

𝐺 =
d𝑥
d𝑡 , [𝐺 ] = ms−1. (2.27)

In order to solve Equation (2.26), a mathematical formulation for 𝐺 must be found. A general
formulation is given by Rieck et al. [57] considering that the distribution of the sprayed liquid is
related to an arbitrary moment 𝜇k of the number density function 𝑛:

𝐺k =
2𝑤s ¤𝑀spray

𝜚s𝜋
(
1 − 𝜀layer

) 𝑥𝑘−2
𝜇k

. (2.28)

In this equation, ¤𝑀spray is the spraying rate of the liquid,𝑤s is the mass fraction of the solid material
in the sprayed liquid, 𝜚s is the density of the solid material in the liquid (without pores), and 𝜀layer is
the porosity of the solid layer. If 𝜀layer = 0, the solid layer is compact and Equation (2.28) is equal to
the formulation given by Peglow et al. [88]. The total growth rate can be calculated from:

𝐺 =
∑︁
𝑗

𝛬j𝐺j with
∑︁
𝑗

𝛬j = 1. (2.29)

The values of 𝛬j can lie between 0 and 1. The sum of all 𝛬j must equal unity to ensure mass conser-
vation. A selection of 𝛬2 = 1 leads to the well-known formulation given by Mörl et al. [6]. In this case,
the distribution of the liquid is related to the total surface area of the particles. This leads to a growth
rate, which is independent of the particle size. As a result, all particles grow with the same velocity
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and the shape of the number density function 𝑛 is preserved.

According to Peglow et al. [88], experimental results show that the shape of the number density
functionmay change during a layering process, depending on the apparatus. In order to describe
this effect, different values for 𝛬j (other than 𝛬2 = 1) can be used. Additionally, this phenomenon
can be modeled by introducing compartment models. In such models, the apparatus is divided into
at least two coupled zones and each zone is described by its own population balance. Examples
where the apparatus is divided into a spraying zone and a drying zone are given by Silva et al. [82],
Sherony [89], Wnukowski and Setterwall [90], and Li et al. [91], who use the coating mass or volume
as the internal coordinate and Rieck et al. [57], Hampel et al. [92], and Neugebauer et al. [93], who
use the particle size as the internal coordinate. Maronga andWnukowski [94] introduce a third zone
to account for the influence of stagnant regions on the number density function. In case of two
coupled zones, the system of two population balance equations reads:

𝜕𝑛1(𝑡 , 𝑥)
𝜕𝑡

= − 𝜕(𝐺𝑛1)
𝜕𝑥

− ¤𝑛12 + ¤𝑛21, (2.30)

𝜕𝑛2(𝑡 , 𝑥)
𝜕𝑡

= ¤𝑛12 − ¤𝑛21. (2.31)

In these equations, 𝑛1 and𝑛2 are the number density functions of the spraying zone (index 1) and the
drying zone (index 2), respectively. The particles grow in the spraying zone, while no size enlargement
occurs in the drying zone, see Figure 2.10. The zones are coupled, which means that particles can be
exchanged between the zones. This is taken into account by introducing number flow rates ¤𝑛12 and
¤𝑛21 in Equation (2.30) and Equation (2.31), which are calculated using the residence time 𝜏 of the
particles in the respective zone and the corresponding number density function:

¤𝑛12 = 𝑛1
𝜏1
, ¤𝑛21 = 𝑛2

𝜏2
. (2.32)

In order to ensure mass conservation, the residence times of both zones must fulfill the following
condition:

𝜏1
𝜏2

=
𝜑

1 − 𝜑
. (2.33)

In this equation, 𝜑 denotes the relative volumetric fraction of the spray zone. If either 𝜑 or𝜏1 (or both)
are large, the influence of the drying zone is small and the two-zonemodel behaves like the one-zone
model (cf. Equation (2.26)) in terms of dispersion of the number density function. Experimental
studies regarding the size of the spray zone and the residence times of the particles in both zones
have been presented by Börner et al. [95].

Population balance models can be used to calculate particle size or coating mass distributions for
batch or continuous processes. However, a more detailed description of particle properties such as
intra-particle layer thickness distributions or information about the surface coverage of the coating
has not been presented in literature with this approach.
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Figure 2.10: Schematic representation of a two compartment model, where the fluidized bed is
divided into a spraying zone (index 1) and a drying zone (index 2).

Agglomeration

In order to describe agglomeration processes, usually birth and death terms are used. Layering,
which may occur simultaneously, is often neglected since its influence on the kinetics is small (cf.
typical growth rates given by Nienow [24] in Section 2.2). The complexity of the birth and death
terms depends on the number of micro-processes, which need to be included. For agglomeration,
Equation (2.25) can be simplified to:

𝜕𝑛 (𝑡 , 𝑣 )
𝜕𝑡

= 𝐵agg −𝐷agg . (2.34)

In this equation, 𝐵agg and𝐷agg describe birth and death of particles of a certain size due to binary
agglomeration. These terms are often described using the particle volume as internal coordinate
due to its additivity: if two particles with volumes 𝑣 and 𝑣 ′ agglomerate, a particle with volume 𝑣 + 𝑣 ′
is formed. The birth and death terms are then defined as [83]:

𝐵agg (𝑡 , 𝑣 ) = 1
2

𝑣∫
0

𝛽 ′(𝑡 , 𝑣 − 𝑣 ′, 𝑣 ′) 𝑛 (𝑡 , 𝑣 − 𝑣 ′) 𝑛 (𝑡 , 𝑣 ′) d𝑣 ′, (2.35)

𝐷agg (𝑡 , 𝑣 ) = 𝑛 (𝑡 , 𝑣 )
∞∫

0

𝛽 ′(𝑡 , 𝑣 , 𝑣 ′) 𝑛 (𝑡 , 𝑣 ′) d𝑣 ′. (2.36)

In Equation (2.35), the pre-factor 1/2 ensures that collisions between two particles are not counted
twice. The parameter 𝛽 ′(𝑡 , 𝑣 , 𝑣 ′) is called agglomeration kernel (also aggregation kernel or coales-
cence kernel) and describes the kinetics of the process. It can be split into two factors [96]:

𝛽 ′(𝑡 , 𝑣 , 𝑣 ′) = 𝛽 ′0(𝑡 )𝛽 ′(𝑣,𝑣 ′). (2.37)

The time-dependent part 𝛽 ′0(𝑡 ) is called agglomeration efficiency and varies with particle properties
(other than size or volume), material properties, and process conditions [87]. For the description
of the volume-dependent part 𝛽 ′(𝑣,𝑣 ′), several approaches are reported in literature, which can
be divided into empirical and mechanistic approaches. A brief overview is given in Table 2.1. A
more thorough summary is presented by Hussain [97]. The above shown Equations (2.34) to (2.36)
represent the population balance for agglomeration for one compartment (spray zone). A two-
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2.3 Modeling of particle formation

Table 2.1: A brief summary of agglomeration kernels proposed in the literature.

Name Equation Reference

Constant 𝛽 ′(𝑣,𝑣 ′) = 1 Scott [102]
Brownian 𝛽 ′(𝑣,𝑣 ′) = (

𝑣1/3 + 𝑣 ′1/3) (𝑣−1/3 + 𝑣 ′−1/3) Smoluchowski [103] (found in [104])
Shear 𝛽 ′(𝑣,𝑣 ′) = (

𝑣1/3 + 𝑣 ′1/3)3 Smoluchowski [103] (found in [104])
Sum 𝛽 ′(𝑣,𝑣 ′) = 𝑣 + 𝑣 ′ Golovin [105]
Product 𝛽 ′(𝑣,𝑣 ′) = 𝑣𝑣 ′ Scott [102]
Sastry 𝛽 ′(𝑣,𝑣 ′) = (

𝑣2/3 + 𝑣 ′2/3) (𝑣−1 + 𝑣 ′−1) Sastry [96]
Kapur 𝛽 ′(𝑣,𝑣 ′) = (

𝑣 + 𝑣 ′)𝑎 (𝑣𝑣 ′)−𝑏 Kapur [100]
EME 𝛽 ′(𝑣,𝑣 ′) = (

𝑣1/3 + 𝑣 ′1/3)2 (𝑣−2 + 𝑣 ′−2)1/2 Hounslow [106]
EKE 𝛽 ′(𝑣,𝑣 ′) = (

𝑣1/3 + 𝑣 ′1/3)2 (𝑣−1 + 𝑣 ′−1)1/2 Hounslow et al. [107]

compartment model similar to the one shown in Figure 2.10 has been presented by Hussain et al.
[98] for agglomeration.

In contrast to layering, the agglomeration kinetics cannot be directly calculated from process param-
eters and particle properties as shown by the mathematical formulations of agglomeration kernels
given in Table 2.1. Instead, one of the existing kernels has to be selected, which still remains a difficult
problem since a single kernel considering all governing factors does not yet exist [87]. As a result, one
has to rely on experimental data fitting to extract numerical values for either 𝛽 ′0(𝑡 ) (see Hampel et al.
[99]), or adjustable parameters of 𝛽 ′(𝑣,𝑣 ′) in empirical formulations (e.g., the kernel given by Kapur
[100] in Table 2.1). This issue is also known as the inverse problem in literature. Empirical kernels
may provide an acceptable level of model prediction [101], but the obtained values are restricted to
the used material, experimental setup, and process parameters.

In a more recent publication, Hussain et al. [108] presented a method to model the agglomeration
kernel as a result of process conditions and material parameters. Assuming a size-independent
aggregation process (i.e., 𝛽 ′(𝑣,𝑣 ′) = 1), the following expression was obtained:

𝛽 ′ = 𝛽 ′0 = 𝑓coll𝑃coll,wet ,suc
𝑁p,wet

𝑁 2
p,tot

(2(𝑁p,tot −𝑁p,wet
)

𝑁p,tot − 1 𝑃coll,wd +
𝑁p,wet − 1
𝑁p,tot − 1 𝑃coll,ww

)
. (2.38)

In this equation, 𝑓coll is the collision frequency,𝑁p,wet and𝑁p,tot are the number of wet particles and
the total particle number, respectively. In order to calculate𝑁p,wet and𝑁p,tot , the one-dimensional
population balance model was extended by corresponding differential equations. Additional param-
eters were introduced such as the probability of successful wet collisions 𝑃coll,wet ,suc (probability that
the kinetic energy is dissipated during a wet collision), as well as 𝑃coll,wd and 𝑃coll,ww representing the
probability of a collision at awet spot in awet-dry collision (awet particle collidingwith a dry particle)
and in a wet-wet collision (two wet particles colliding with each other), respectively. Hussain et al.
[108] show that these parameters can be derived based on the wet surface fraction (ratio between
wet particle surface area and total particle surface area) and the Stokes criterion, which are directly
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Chapter 2 Particle formation in spray fluidized beds

influenced by process parameters and material properties.

In order to solve the population balances, several methods are available. Analytical solutions are
only possible in very few cases (simple kernels and initial conditions), e.g., using Laplace transforms
[87]. However, usually numerical approaches have to be used to obtain an approximate solution.
According to Abberger [87], several techniques may be used for the numerical solution of population
balance equations: finite difference, finite volume (see also LeVeque [109]), finite elements, and
spectral methods (see also Bück et al. [110]). If agglomeration or breakage need to be included, more
advancedmethods such as pivotial methods (fixed or moving pivot) [111, 112] or the cell-average
method [84] need to be applied. As a result, the partial differential equations are transformed into a
system of ordinary differential equations and can be solved numerically (e.g., using Runge-Kutta
methods) yielding the transient behavior of the number density function. For discretization of the
partial differential equations, different types of grids can be used (i.e., equidistant or geometric grids).
The former provides accurate solutions, but requires high computational cost resulting from the
large number of grid cells. Geometric grids can reduce the number of grid cells, but may lead to
problems conservingmass [84]. Other methods reducing the calculation times are moment methods
yielding the transient behavior of the moments of the number density function, see Marchisio et al.
[113] andMarchisio and Fox [114].

2.3.3 Microscopic models

Microscopic models describe the particle formation processes as a result of phenomena occurring
on the single particle level. No grid or discretization is needed as the particles are treated as discrete
entities. Two well-knownmethods are discrete element methods (DEM), often coupled with com-
putational fluid dynamics (CFD), andMonte Carlo (MC) methods. Both approaches are discussed
below.

In a DEM, the motion of each individual particle is described by Newton’s second law of motion.
Forces resulting fromgravity, particle-particle or particle-wall contacts, particle-fluid interaction, and
non-contact forces can be taken into account. DEMs are used to study particle packing, transport
properties, hopper flow, mixing, and granulation. Coupled with CFD, in which the gas phase is
described by volume-averaged Navier-Stokes equations, complex multiphase flows (e.g., occurring
in fluidized beds or pneumatic conveying equipment) can be described [115, 116]. Particle formation
in spray fluidized beds has been studied using CFD-DEM simulations by Goldschmidt et al. [117]
and Fries [118]. Goldschmidt et al. [117] presented a CFD-DEMmodel for agglomeration, directly
taking into account the increasing particle size and steric hindrance during collisions. Since the used
binder is a liquid melt, drying is not considered, but solidification of the binder due to cooling is
accounted for. However, it is assumed that every collision at a wet spot leads to agglomeration. Fries
[118] focused on particle and collision dynamics in different fluidized bed equipment. Partially wet
particles were taken into account and the influence of the liquid film properties (wet surface fraction,
film thickness and viscosity) on the particle and collision dynamics was investigated. However, the
properties of the liquid filmwere fixed values and not related to the process conditions. The resulting
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2.3 Modeling of particle formation

size of the agglomerates was not investigated, as the focus lay on particle velocities and collision
frequencies. Since CFD-DEMmodels are computationally expensive, the simulated process time is
short and ranged between 2.5 s and 10 s in the above discussed studies. The application of CFD-DEM
models for simulating real process times in the range ofminutes or hours is therefore not yet possible.
Nevertheless, they can be used to extract important properties such as residence time distributions,
collision frequencies, or particle velocities for macroscopic models.

Another way of discretemodeling of particulate processes is given byMonte Carlomethods. Metropo-
lis and Ulam [119] introduced this method, which is essentially a statistical approach to study dif-
ferential equations. The connection between this method and the population balance approach
has been established by Ramkrishna [120]. The solution is in this case performed by a stochastic
sampling experiment involving random numbers [121]. Monte Carlo methods have been used to
model different particulate processes such as agglomeration during crystallization [121], agglomera-
tion of droplets in clouds [122], agglomeration of particles in spray fluidized beds [108, 123, 124],
twin-screws [125], high-shear granulators [126], and coating in spray fluidized beds (Wurster) [127]
and pan coaters [128]. In comparison to population balances, this simulation method offers several
advantages. Nomathematical formulation of themacroscopic process kinetics is needed and the dis-
cretization of the property domain is unnecessary. The consideration of several internal coordinates
or properties can be easily performed, while in case of macroscopic modeling a multidimensional
population balance must be solved, which may lead to large computation times, see Barrasso and
Ramachandran [129]. In order to use a Monte Carlo method to model particle formation in spray
fluidized beds, the processes occurring on the single particle level (see Figure 2.4) need to bemodeled.
They are then applied sequentially to a sample of the particle population changing its properties
over time.

A classification of Monte Carlo methods is given by Zhao et al. [130]. Monte Carlo methods can be
divided into time-driven and event-driven methods based on the treatment of the time step. In
time-driven methods a fixed time step is specified and all possible events are executed within this
time step. In event-driven methods only one event per time step is executed and the length of the
time step corresponds to the frequency or probability of the event. In this context, event refers to a
specific action involving particles such as agglomeration or breakage of particles or agglomerates, and
deposition of droplets on the particle surface [130]. They are also termedMarkov jump events, as they
evolve the simulation in time [125]. According to Zhao et al. [130], event-drivenmethods show better
accuracy and performance than time-driven methods. However, if a Monte Carlo model is coupled
with a process model performing explicit integrations over time, a time-driven method is more
suitable due to the fixed time-step. Monte Carlo methods can be further categorized into constant
number (CNMC) and constant volume (CVMC) methods based on the regulation of the sample size,
sometimes referred to as simulation box. The sample size (i.e., the number of particles considered
in the simulation) needs to be regulated since agglomeration or breakage lead to a decreasing and
increasing number of particles or agglomerates, respectively. If the sample size is too small, it will
not be statistically representative, while a high sample size leads to large computation times. In a
constant number method the sample size is regulated in each time step, while periodic regulation is
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applied in a constant volumemethod. Smith andMatsoukas [131] point out that in case of a constant
volumemethod the sample size may be too large (a smaller number would be sufficient to guarantee
statistical accuracy) or too small depending on the number concentration in the simulation box. As
a result, the statistical error oscillates about a constant value between successive regulations of the
sample size. Considering a simplified case of spray fluidized bed agglomeration, Hussain et al. [108]
compared the results of twoMonte Carlo models (CNMC and CVMC) to an analytical solution. The
results indicate a higher accuracy of the CNMC approach.

The foundation for the Monte Carlo methods derived in this thesis has been presented in the works
of Terrazas-Velarde [15], Dernedde [132], and Hussain [97]. All of them considered spray fluidized
bed agglomeration by spraying a binder solution. Terrazas-Velarde [15] introduced an event-driven
CVMCmethod tomodel spray fluidized bed agglomeration. It is the firstmodel being able to describe
the influence of drying conditions on the kinetics of the process without fitting agglomeration kernels.
Instead, this behavior arises due to combinedmodeling of heat andmass transfer and agglomeration
on the single particle scale. Dernedde [132] created an extended CNMCmodel based on the work of
Terrazas-Velarde [15] and introduced a three-dimensional description of the particle structure, elimi-
nating simplifying assumptions made in the previous work. However, an increase in computation
time was observed. Hussain [97] used a CNMCmodel based on Terrazas-Velarde [15] and focused
on developing a population balance model in which the kernel is modeled by introducing additional
differential equations describing the number of wet particles (cf. Equation (2.38)). The resulting
population balance model is able to describe the influence of drying conditions on agglomeration.

The above mentioned dissertations focused on spray fluidized bed agglomeration with a binder
solution. However, Monte Carlo modeling of agglomeration of amorphous particles due to glass
transitionaswell as layering in sprayfluidizedbedshavenotbeenaddressed. Publications concerning
these processes are briefly discussed below.

In case of agglomeration due to glass transition, many articles deal with experimental investigations.
The measurement of the glass transition temperature is often addressed, see Roos and Karel [133],
Aguilera et al. [134], Descamps et al. [135], and Paterson et al. [136]. Investigations regarding ag-
glomeration of amorphous materials in fluidized beds are presented by Palzer [137] and Avilés-Avilés
et al. [138]. It was found by Palzer [137] that the agglomeration process is strongly influenced by the
distribution of the moisture in the bed. In case of a more or less equal distribution of the moisture,
the fluidized bed will collapse due to excessive agglomeration if the process temperature is near the
glass transition temperature. This behavior was shown in experiments, in which humid fluidization
air was used instead of spraying water. If the fluidization air is dry and the water is sprayed on
the particles, only a fraction of the particles is wetted leading to a more controlled agglomeration
process. Avilés-Avilés et al. [138] investigated the influence of operating parameters (spraying rate
and temperature) and the material (amorphous maltodextrin DE 12 and DE 21) on agglomeration.
An increasing spraying rate led to larger agglomerates for DE 12, but did hardly influence the DE 21
particles. A higher temperature of the fluidization air led to larger agglomerates for DE 12 and smaller
ones in case of DE 21. Theoretical investigations of agglomeration of amorphous particles are rarely
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found in literature. According to Palzer [43], the Frenkel equation can be used to calculate the growth
of material bridges due to sintering. However, Dopfer et al. [45] state that agglomeration of amor-
phous powders due to sintering may only take place in a static agglomeration process, e.g., during
storage. Since in dynamic agglomeration processes such as fluidized bed agglomeration the contact
times during particle collisions are short, it is assumed that the development of a sinter bridge is not
possible. A process model describing the dynamic agglomeration process of amorphous materials in
spray fluidized beds has not been introduced.

Monte Carlo modeling of layering growth has been presented by KuShaari et al. [127] and Pandey
et al. [128]. KuShaari et al. [127] developed a model for tablet coating in a Wurster fluidized bed. The
model focused on the description of particle movement and the increase in tablet mass during the
process. The model yields the number density function of the coating mass by tracking the mass
increase of each tablet. Pandey et al. [128] used a Monte Carlo model to calculate the variability
of the coating mass of tablets in a pan coater. The movement of the particles was experimentally
investigated with a camera, yielding distributions of the circulation time and the velocity of the
tablets. These distributions were then used in the model to simulate the process. The coating mass
of each tablet was tracked and used to calculate its inter-particle variability for different operating
conditions. Drying was not considered in either model. A Monte Carlo model for spray fluidized bed
layering, which is able to describe several property distributions such as distribution of the particle
size, coating mass, and layer thickness (inter-particle and intra-particle), provide information about
the surface coverage of the coating, and includes the influence of drying has not been presented in
literature.

2.3.4 Heat andmass transfer

Heat andmass transfer in fluidized beds depends strongly on the complex multiphase flow emerging
from the interaction between the gas, particles, and droplets. An overview regarding the modeling
approaches for multiphase flows is given by van Annaland et al. [116] along with the corresponding
length-scale that can be resolved. One example is the above mentioned CFD-DEM. However, for
systems at engineering scale the required number of particles and the corresponding calculation
times would become very large. Such systems can be modeled more efficiently with the continuum
approach, where gas and particle phase are modeled as interpenetrating continua. The properties
of the particles such as concentration and velocities are then averaged over control volumes [139].
Other approaches use empirical engineeringmodels to treat themultiphase flow, which are relatively
simple, fast, and able to handle large systems [116]. Two examples of such models are discussed
below.

In the approach presented by Burgschweiger et al. [140] for fluidized bed drying, a two-phase model
dividing thefluidizedbed into a suspensionphase andabubblephase is used to account for bypassing
effects. The suspension phase is the part of the gas flow containing the particles, while the bubble
phase contains no particles (cf. Figure 2.1). Heat and mass can be exchanged between both phases.
Additionally, the wall of the apparatus is considered in the heat transfer equations. The gas flow
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is approximated by plug flow, which is a common assumption for fluidized bed models, see also
Heinrich andMörl [141] and Ronsse et al. [142]. The particle phase is assumed to be ideally mixed.
As a result, particle properties do not depend on the spatial location. Since a plug flowmodel does
not incorporate backmixing of the gas, it is introduced in the kinetics as proposed by Groenewold
and Tsotsas [143]. The model considers transport resistances within particles using the concept of a
normalized drying rate introduced by vanMeel [144] as well as sorption equilibrium. In this concept,
the normalized drying rate ¤𝜈 is used, which is defined as the ratio between the actual evaporation
rate ¤𝑀evap and the evaporation rate in the first drying stage ¤𝑀evap,I :

¤𝜈 =
¤𝑀evap
¤𝑀evap,I

. (2.39)

During the first drying stage transport resistances within the particles are negligible compared to
gas-side resistances. For non-hygroscopic materials the evaporation rate in the first drying stage is
constant, while for hygroscopic material it depends on the solid moisture content. Hygroscopicity is
introduced in the model by building the driving force with the sorptive equilibrium𝑌eq (𝑋 ,𝑇p):

¤𝑀evap ∼ 𝑌eq (𝑋 ,𝑇p) −𝑌 . (2.40)

In this equation,𝑌eq (𝑋 ,𝑇p) is the equilibriummoisture content of the gas calculated using sorption
isotherms at moisture content 𝑋 and temperature 𝑇p of the particles. 𝑌 is the moisture content
of the bulk gas. Peglow et al. [85] applied the model to describe drying during spray fluidized
bed agglomeration. An extension was presented by Burgschweiger and Tsotsas [86] to account for
residence time distributions in continuous drying processes.

Heinrich andMörl [141] proposed a model for layering granulation, assuming plug flow for the gas
phase (without further division into suspension and bubble phase) and taking into account axial
and radial dispersion of the particle phase. They assume that the sprayed liquid forms a coherent
film with arbitrary thickness (model parameter) around the particles. Neither imbibition of liquid
and a corresponding transport resistance within the particles nor hygroscopicity is considered. They
introduce a wet surface fraction𝛹wet characterizing the ratio between the wet particle surface area
𝐴p,wet and the total particle surface area 𝐴p,tot , which is incorporated in the evaporation rate similarly
to Equation (2.39):

𝛹wet =
𝐴p,wet

𝐴p,tot
=

¤𝑀evap
¤𝑀evap,I

. (2.41)

Since no hygroscopicity is considered, the driving force is built with the moisture content of the gas
at adiabatic saturation𝑌as :

¤𝑀evap ∼ 𝑌as −𝑌 . (2.42)

Particle growth by layering is taken into account by a simple model based onmean values.
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The wet surface fraction does not only control the evaporation rate, but also influences the border
between the size enlargement mechanisms along with further liquid film properties (height and
viscosity) as discussed in Section 2.2.5. Since the height of the liquid film is a free parameter and not
related to the process conditions andmaterial properties in the model of Heinrich andMörl [141],
it cannot be used to investigate the border between agglomeration and layering. However, droplet
geometry models such as the one used in a Monte Carlo model by Terrazas-Velarde [15], enable to
calculate droplet properties (i.e., height and covered surface area) depending on the droplet volume
and the wetting characteristics of the liquid and particle material.

2.4 Goal of the thesis

Previous investigations have shown that discrete modeling of particle formation based on aMonte
Carlo method has certain advantages compared to macroscopic modeling using population balance
equations. In the discrete approach, a more detailed description of particle properties is possible
and nomacroscopic process kinetics needs to be derived. Instead, kinetics is modeled as a result
of a complex network of phenomena occurring on the single particle level. The studies laying the
groundwork for this thesis [15, 97, 132] focused on spray fluidized bed agglomeration with a binder
solution. Monte Carlo modeling of layering and agglomeration of amorphous material due to glass
transition have not been treated. Therefore, in this thesis two processmodels based on aMonte Carlo
method dealing with layering, as well as with agglomeration of amorphous material are presented.
The model for layering is expected to provide valuable property distributions and information about
the surface coverage of the coating, which has not been achieved using macroscopic modeling
approaches. Since a process model treating agglomeration of amorphous material due to glass
transition in spray fluidized beds does not exist yet, this thesis aims at closing this gap by deriving a
corresponding process model based on previous Monte Carlo models for agglomeration, including
the influence of process andmaterial parameters on the agglomeration kinetics. For each model a
simulation study is performed, investigating the influence of selected process parameters on the
kinetics and particle properties. Additionally, theoretical approaches and experimental data obtained
in lab-scale fluidized beds are used to validate the presented models.

The border between size enlargement by layering and agglomeration is of great interest since both
phenomenamay occur simultaneously in spray fluidized bed processes and the properties of the
resulting particles differ significantly. Therefore, only one of these mechanisms should be domi-
nant. Experimental studies indicate that current criteria may fail in predicting the dominant size
enlargement mechanism. As discussed above, existing criteria take particle properties (size, density,
surface roughness, velocity, elasticity) and liquid properties (height, viscosity) into account, but do
not consider the wet surface fraction (ratio of wet particle surface area and total particle surface
area), which also plays a role according to Tsotsas [56]. Therefore, in this thesis an extended crite-
rion describing the border between layering and agglomeration for spray fluidized bed processes
is presented. The dominant size enlargement mechanism is classified based on the probability of
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successful collisions. This parameter is calculated from the probability of wet collisions and the
probability of successful wet collisions (in terms of dissipation of kinetic energy), which have been
used to model the agglomeration kernel in a previous study by Hussain et al. [108]. A new dynamic
model for the wet surface fraction based on a droplet geometry model is derived, which is used to
calculate the probability of wet collisions. In order to incorporate the influence of drying conditions,
a spray fluidized bed drying model using the wet surface fraction to calculate the evaporation rate is
derived. Additionally, a newmethod to include the Stokes criterion is presented, which is used to
derive the probability of successful wet collisions. A simulation study is performed to investigate
the influence of operating conditions andmaterial parameters on the dominant size enlargement
mechanism. Based on experimental data and further simulation results, a classification of the size
enlargement mechanism using the probability of successful collisions is proposed.
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Micro-scale modeling using a Monte Carlo
method

This chapter is an extended version of Rieck et al. [145, 146]. At first, an overview of the general
structure of the used Monte Carlo algorithm is given. Scaling of the particle system, micro-scale
event selection, calculation of the time step, and the concept of positions are discussed. Afterwards,
details of the events and micro-processes used in both models are presented and the corresponding
assumptions are summarized.

3.1 General structure

3.1.1 Flow chart

As discussed in the previous chapter, event-driven methods and constant number approaches show
better accuracy and performance than time-driven methods [130] and constant volume approaches
[108]. As a result, an event-driven, constant number Monte Carlo algorithm is used in this work.

A general flow chart of theMonte Carlo algorithm is shown in Figure 3.1. After initializing the required
variables and process parameters, the real particle system is scaled down. Then, the Markov jump
event evolving the simulation in time is selected and the time step is calculated. Afterwards, the
selected event is executed and the properties of all wet droplets in the system are changed due to
drying. Then, particle properties such as layer thickness, coated surface fraction, size, and number of
primary particles per agglomerate are updated. If necessary, the scaling factor is updated as well, in
order to re-scale the system in the following time step. The simulation will continue until a defined
process time is reached. Then, the particle system is scaled up again and the data is saved.

3.1.2 Scaling and regulation of the sample size

As discussed in Chapter 2, Monte Carlo models consider a sample from a real particle population.
Therefore, the real particle system is scaled down using a scaling factor 𝑆 . Scaling reduces the number
of particles considered in the simulation, but the properties such as size distribution are identical.
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Figure 3.1:General flow chart of the Monte Carlo algorithm used in this work.
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Table 3.1:Overview of constant and variable parameters for layering and agglomeration processes
in reality and the simulation.

Layering Agglomeration
Parameter

real MC real MC

𝑁pp − − const. 𝑓 (𝑡 )
𝑁p const. const. 𝑓 (𝑡 ) const.
𝑆 const. 𝑓 (𝑡 )

Using 𝑆 , any parameter changing with the size of the particle system can be scaled from the real
system to the sample system and vice versa. In previous works focusing on agglomeration, see
Terrazas-Velarde [15], Hussain [97], and Dernedde [132], the scaling factor is defined based on the
number of primary particles in the sample and in the real system, respectively. In case of layering
processes, the distinction between particles and primary particles is, though, unnecessary and
therefore the scaling factor is calculated from the number of particles. The scaling factor for both
processes is thus defined as:

𝑆 =




𝑁p,MC

𝑁p,real
layering,

𝑁pp,MC

𝑁pp,real
agglomeration.

(3.1)

As the presented simulation method is a constant number Monte Carlo algorithm, the size of the
sample systemmust be regulated if the particle number changes during the simulation to ensure
statistical accuracy and reasonable computation times. In a real layering process, the number of
particles is constant if overspray and breakage of particles are neglected. As a result, once the
real system is scaled down, the sample size and the scaling factor stay constant over time and no
regulation is needed. However, in a real agglomeration process the number of primary particles stays
constant, while the number of particles changes due to agglomeration and breakage of bridges. In
this case, the term “particle” comprises single primary particles and agglomerates. In the simulation
the number of particles is held constant by randomly deleting a particle in case of a breakage event,
which would otherwise increase the number of particles by one. In case of an agglomeration event,
which decreases the number of particles by unity, one randomly selected particle is copied. This
leads to a constant number of particles and a variable number of primary particles in the simulation.
As a result, the scaling factor changes over time andmust be re-calculated in each time step. Table 3.1
gives an overview of constant and variable parameters in agglomeration and layering processes.

In case of agglomeration, the number of primary particles𝑁pp,MC in the simulation used in Equa-
tion (3.1) is equal to the number of particles at the beginning of the simulation since no agglomerates
exist at this stage. As the simulation proceeds, 𝑁pp,MC changes and is accessible by counting the
number of primary particles of all agglomerates in the sample system. The number of primary
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Figure 3.2: Influence of the number of particles considered in the simulation on the relative standard
deviation and computation time. The values are normalized to the simulation results,
in which a number of 2000 particles were used. The data is taken from Terrazas-Velarde
et al. [147].

particles𝑁pp,real in the real system is constant and can be calculated using the bed mass, particle
density, and the initial particle size distribution, assuming spherical particles:

𝑁pp,real =

∞∫
0

𝑛 d𝑥 with 𝑛 =
6𝑀bed
𝜋𝜚p

𝑞0
∞∫
0
𝑥3𝑞0d𝑥

. (3.2)

In case of layering, the number of particles𝑁p,MC in the simulation in Equation (3.1) stays constant.
The number of particles in the real system stays constant as well and can also be calculated using
Equation (3.2).

The remaining parameter, which must be set, is the size of the sample system. The size of the sample
can be adjusted by the number of particles considered in the simulation. In order to guarantee statis-
tical accuracy, this value should not be too small and, at the same time, it should not exceed a certain
value to prevent long computation times. An investigation regarding the influence of the number
of particles in the simulation on both the results and the computation times has been performed
by Terrazas-Velarde et al. [147]. Several simulations with different sample sizes were performed.
The computation time and standard deviation characterizing the variation of the simulation results
compared to the case with the highest accuracy (i.e., the largest number of particles) were evaluated.
The results, which are normalized to the values for the case of 2000 particles, are shown in Figure 3.2.
Based on these results, Terrazas-Velarde et al. [147] suggest that the number of particles in the simu-
lation should lie between 1000 and 2000 particles to ensure accuracy and reasonable computation
times. Zhao et al. [130] also recommend a sample size in the order of 1000 particles. As a result, the
number of particles considered in the simulation is set to 1000 in this thesis.
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3.1 General structure

Mass conservation

For agglomeration the combination of sample size regulation and the definition of the scaling factor
in Equation (3.1) only ensures mass conservation if the primary particles are equally sized. However,
if the primary particle size is distributed, mass conservation is not fulfilled and the scaling factor
needs to be re-defined, as shown in the following example.

In this example, an amount of 1000 single particles (no agglomerates) is considered and no agglom-
eration or breakage takes place. Particles are only randomly copied and deleted, ensuring a constant
number of particles. This is done for equally sized primary particles as well as distributed primary
particle sizes. The parameters used in this example are given in Table 3.2. In case of distributed
primary particle sizes, a normal distribution of particle diameter is used, which is created as shown
in Appendix C. In case of equally sized particles, every time a particle replaces another the total
mass of the sample stays constant. However, in case of distributed primary particle sizes, a smaller
particle may replace a larger one or vice versa. As a result, the total mass of the sample changes,
while particle number is still constant. This effect increases with increasing variation in particle size.
In Figure 3.3, the evolution of the relative sample mass (total mass of the primary particles in the
sample divided by its initial value) for an increasing number of sample size regulations (copying and
deleting) is shown. If the particles are equally sized, mass is conserved, while mass is lost in case of
the distributed primary particle sample. In this example, approximately 2% of the initial mass is lost
after 1000 sample size regulations. Therefore, information about the number of primary particles in
the sample system is not sufficient to ensuremass conservation since the size of the primary particles
plays a role.

As Equation (3.1) only relies on the number of the primary particles, this effect will lead to errors
in the simulation. A solution is to re-define the scaling factor and directly use the total mass of the
primary particles:

𝑆 =
𝑀pp,tot ,MC

𝑀pp,tot ,real
. (3.3)

In this way, mass conservation is fulfilled even if the primary particle size is distributed. The total
mass of the primary particles in the real system corresponds to the bed mass and the total mass
of the primary particles in the simulation is calculated using the size and density of each primary

Table 3.2: Simulation parameters used in the example to investigatemass conservation of the sample
system.

Parameter Value Unit

Mean particle diameter 𝑑10 0.6 mm
Standard deviation 𝜎x 0 and 0.06 mm
Particle density 𝜚p 2500 kgm−3

Number of particles𝑁p,MC 1000 −
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Figure 3.3: Evolutionof the relative samplemassdependingon thenumberof sample size regulations
for equally sized particles (𝜎x = 0mm) and distributed particle sizes (𝜎x = 0.06mm).

particle. Since in case of layering the regulation of the sample size is not necessary, Equation (3.1)
may still be used even if the initial particle size is distributed. In this work, Equation (3.1) is used in
the Monte Carlo model for layering and Equation (3.3) is used for the agglomeration model.

3.1.3 Event selection

After scaling the particle system, a Markov jump event evolving the simulation in time needs to be
selected. In contrast to micro-processes, which run in time, such events are considered to occur
instantaneously. In previous works [15, 97, 132], two micro-scale events have been identified to
change the state of the particle sample for the considered processes: droplet deposition and binary
collisions. In order to correlate the simulation with real time, frequencies of these events can be used.
The calculation of these frequencies is given in Section 3.2.1 and 3.2.2, respectively.

The selection of an event based on its frequency can be performed using a uniformly distributed
random number 𝑟 from the open interval (0, 1) and the total event frequency 𝑓tot ,MC (sum of all event
frequencies):

event =
{
collision 𝑟 𝑓tot ,MC ≤ 𝑓coll,MC ,

droplet deposition 𝑓coll,MC < 𝑟 𝑓tot ,MC ≤ 𝑓tot ,MC .
(3.4)

This approach is depicted in Figure 3.4. The total event frequency is composed of the frequencies
of the individual events. Using a random number 𝑟 , a value between 0 and 𝑓tot ,MC is drawn. If this
number lies between 0 and 𝑓coll,MC , the selected event will be “collision”. If it lies between 𝑓coll,MC

and 𝑓tot ,MC , the selected event will be “droplet deposition”. This method can easily be extended to
an arbitrary number of events. In this way, the number of times each event is selected corresponds
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𝑓tot ,MC𝑓coll,MC

𝑓drop,MC

𝑟 𝑓tot ,MC

𝑓coll,MC

0

Figure 3.4: Schematic representation of the method used for event selection.
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Figure 3.5: Relative frequencies of the two events “droplet deposition” and “collision” for 100 events
and106 events, respectively. The event frequencies are 𝑓coll,MC = 7 s−1 and 𝑓drop,MC = 3 s−1.

41



Chapter 3 Micro-scale modeling using a Monte Carlo method

to its individual fraction of the total frequency for a sufficiently large number of event selections.
This is shown in the following example, in which 𝑓coll,MC = 7 s−1 and 𝑓drop,MC = 3 s−1. Both events
are selected according to Equation (3.4). The expected relative frequencies should therefore be 0.7
(collision) and 0.3 (droplet deposition). The results are shown in Figure 3.5 for 100 events and 106

events, respectively. In case of 100 events, the expected values are only approximately met, while the
obtained relative frequencies and the expected values match for 106 events.

3.1.4 Calculation of the time step

In an event-driven Monte Carlo method, each event evolves the simulation in time by a certain time
step Δ𝑡 . The simulated process time is then approximated by the sum of these time steps. In many
approaches, see Hussain [97], McGuire et al. [125], Dernedde [132], and Fichthorn andWeinberg
[148], the time step is treated as an exponentially distributed parameter. According to these works,
the time step can be calculated using the following equation based on the inverse method proposed
by Gillespie [149]:

Δ𝑡 = − 1
𝑓tot ,MC

ln 𝑟 . (3.5)

In this equation, 𝑟 is a uniformly distributed random number from the open interval (0, 1). For a
sufficiently large number of time steps, the average time step Δ𝑡 becomes

Δ𝑡 =
1

𝑓tot ,MC
. (3.6)

3.1.5 Concept of positions

The concept of positions was first introduced by Terrazas-Velarde [15] and divides the surface of a
particle into sectors, which are additionally subdivided into smaller surfaces called “positions”. Each
position can hold one deposited droplet. This concept is used in the model to easily describe partial
wetting and binary collisions including steric effects. Dernedde et al. [124] extended this approach
and enabled a more detailed description of the steric accessibility of droplets. In this thesis, the
concept of positions is further extended, firstly, by taking a size distribution of the initial particles
into account (for both layering and agglomeration) and secondly, by considering a growing number
of positions per single particle for layering processes. The approach used in this thesis is described
below.

The number of sectors is assumed to be equal to amaximum coordination number𝐾max . This param-
eter represents the number of neighbors a primary particle can have at most within an agglomerate.
Following previous studies [15, 97, 124], a maximum coordination number equal to six will be used
in this thesis. Dadkhah et al. [150] showed by investigating agglomerates of different sizes using
X-ray micro-tomography that the mean coordination number is in the range of four. Consequently,
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𝐴contact𝐴p sector

Figure 3.6:Division of the particle surface into sectors and positions.

the assumedmaximum coordination number is considered to be appropriate. Figure 3.6 shows a
particle, which is divided into 6 sectors and 9 sub-surfaces (positions) per sector.

The number of positions per sector 𝑁pos,sec is calculated from the particle surface 𝐴p, the contact
area between a deposited droplet and the particle surface 𝐴contact , and the maximum coordination
number 𝐾max :

𝑁pos,sec = nint
(

𝐴p

𝐴contact

1
𝐾max

)
. (3.7)

The obtained value is then rounded to the nearest integer. Consequently, the number of positions
for a primary particle can be calculated using

𝑁pos = 𝑁pos,sec𝐾max . (3.8)

It is assumed that droplets instantaneously take the form of a spherical cap after deposition, see
Figure 3.7. Meric and Erbil [151] provide equations for several geometrical parameters of deposited
droplets:

𝐴drop =
𝜋

2
𝑑2contact
1 + cos 𝜃 , (3.9)

𝑉drop = 𝜋ℎ3drop

[
1

1 − cos 𝜃 − 1
3

]
, (3.10)

𝑑contact = 2
[3𝑉drop

𝜋

sin3 𝜃
2 − 3 cos 𝜃 + cos3 𝜃

]1/3
. (3.11)

In these equations, 𝐴drop is the curved surface area of the droplet,𝑉drop is the droplet volume, ℎdrop is
the droplet height, 𝑑contact is the diameter of the contact area, and 𝜃 is the contact angle. The contact
area then follows from:

𝐴contact =
𝜋

4𝑑
2
contact . (3.12)

As a result, a position vector can be assigned to each particle, which is used to store information
for each position such as presence or absence of a droplet, droplet state (wet or dry), presence of a
bridge, and the steric accessibility of the position. As shown byDernedde et al. [124], this information

43



Chapter 3 Micro-scale modeling using a Monte Carlo method
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Figure 3.7: Illustration of a droplet before and after deposition on a particle surface.

can be stored by assigning integer values to each position (labeling). The meaning of the used labels
is summarized in Table 3.3.

Assigning a position vector for each particle enables to store the information in form of a matrix. An
example showing this matrix for three particles of equal size is given in Figure 3.8. In this example,
each particle has three sectors, each consisting of three positions. Note that this example is simplified
to avoid an oversized illustration. As stated above, in the simulation 1000 particles with six sectors per
particle are used. Figure 3.8 shows that the first particle does not have any wet droplets, see Table 3.3.
The second particle holds a wet droplet on the second position of sector 1 and a dry droplet on the
first position of sector 3. The first position of particle three holds a droplet used as a bridge. As a
result, the whole sector is blocked and no droplets can be deposited on the empty, blocked positions.
The second sector is blocked as well due to another bridge located on the second position. The first
and third position of this sector hold a wet and a dry droplet, respectively. The wet droplet may not
become a bridge, unless the existing bridge breaks before the droplet has dried.

Blocking sectors and deactivating the corresponding positions is a way to account for steric effects
in agglomerates and has been introduced by Terrazas-Velarde [15]. Such effects are illustrated in
Figure 3.9, where two particles collide and agglomerate both at the second position of the colliding
sectors. Both particles hold additional wet droplets, which are, however, inaccessible for other
colliding particles after agglomeration. At the same time, the remaining free positions may not
receive any droplets. Unless the bridge breaks, the positions of the colliding sectors stay blocked, the
free positions remain empty, and the droplet states change only due to drying.

In previous works using the concept of positions [15, 97], only monodisperse primary particles were
considered. The model from Dernedde [132] is able to take a size distribution of the initial particles
into account. However, the type of the distribution is restricted to a normal distribution and the
concept of positions was not used in this case. Therefore, the concept of positions is extended to
consider an arbitrary size distribution of the initial particles in the present work. In Appendix C,
an algorithm is presented, which is used in the present thesis to create a set of particle diameters
according to an arbitrary size distribution. Necessary changes to the concept of positions when
distributed initial particle diameters are taken into account are presented below.

If monodisperse primary particles are considered, the particle diameter and the number of positions
(both𝑁pos,sec and𝑁pos) are identical for each particle. In order to extend the concept of positions,
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Table 3.3:Meaning of the possible position labels used in the presented algorithm (adapted from
Dernedde et al. [124]).

Label Position state Sterical accessibility Presence of droplet Droplet state

0 inactive − − −
1 active + − no droplet
2 active + + wet
3 active − − no droplet
4 active − + wet
5 active − + bridge
6 active + + dry
7 active − + dry
8 active + − no droplet

Sector 1 Sector 2 Sector 3

1 1 1 1 1 1 1 1 1

1 2 1 1 1 1 6 1 1

5 3 3 4 5 7 1 1 1

𝑁pos

𝑁
p,
M
C

Figure 3.8: Schematic representation of thematrix used to store information about the droplet states
for each position of each particle. For simplification, three equally sized particles with
three sectors, each consisting of three positions, are shown.
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Figure 3.9: Illustration of two agglomerating particles. In this example, agglomeration results in two
blocked wet droplets, which are inaccessible for further collisions due to steric hindrance
(adapted from Terrazas-Velarde [15]).

enabling size distributions of primary particles,𝑁pos,sec and𝑁pos need to correspond to the diameter
of each particle, following Equation (3.7) and Equation (3.8). Note that independently of the particle
size, the maximum coordination number 𝐾max is still assumed to be six. As a result, a minimum
particle diameter 𝑑p,min exists, which can be considered using this approach. For a particle with a
size equal to 𝑑p,min, the number of positions per sector𝑁pos,sec equals unity and the corresponding
number of positions𝑁pos is six. A particle diameter smaller than 𝑑p,min cannot be considered in the
simulation without changing the maximum coordination number. The minimum particle diameter
depends on the maximum coordination number and the contact area between the droplet and the
particle 𝐴contact ; it can be calculated by rearranging Equation (3.7) and setting𝑁pos,sec to unity:

𝑑p,min =

(
𝐾max𝐴contact

𝜋

)1/2
. (3.13)

Figure 3.10 shows the behavior of 𝑑p,min depending on the droplet diameter 𝑑drop, which is used to
calculate the droplet volume, assuming spherical droplets in Equation (3.11). The minimum particle
diameter changes linearly with increasing droplet diameter. For example, if the droplet diameter is
equal to 40 µm, the smallest particle diameter that can be considered with 𝐾max = 6 and 𝜃 = 40° is
approximately 94 µm.

Since each particle has a different number of positions (both 𝑁pos,sec and 𝑁pos), the length of the
corresponding position vector is also different. In order to save the droplet state for each position in
a matrix as shown in Figure 3.8, the label “0”(see Table 3.3) is used, representing an inactive position.
An example is shown in Figure 3.11. The first particle in this example is the largest with three positions
per sector. Particle two is smaller with two positions per sector and the third particle is the smallest
one is this example with only one position per sector. As stated above, the positions labeled with
“0” are inactive and only used to fill the matrix. They are not involved in droplet deposition and
collision events. In this way, size distributions of primary particles can be included into the concept
of positions.

A simplification can be made in case of layering. Since the particles grow layer-wise and not by
agglomeration, the introduction of sectors is unnecessary. Therefore, the particle surface is only
divided intopositions. Thenumberof positionsperparticle can thenbe calculatedusing the following
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Figure 3.10: Influence of the droplet diameter on theminimum particle diameter for a contact angle
of 40° and a maximum coordination number equal to 6.
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Figure 3.11: Schematic representation of the matrix used to store information about the droplet
states for the case of distributed particle sizes.
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equation:

𝑁pos = nint
(

𝐴p

𝐴contact

)
. (3.14)

A distribution of the particle size and the corresponding number of positions can be taken into
account in the same way as described above.

Layer-wise particle growth implies an enlargement of the surface of single particles. Correspondingly,
the number of positions per particle should be adjusted during the layering process. A detailed
description of this procedure is given in Section 3.2.4. This adjustment may also be necessary for
agglomeration processes if a binder solution is used since undesired layeringmay take place and lead
to growth of the primary particles. However, in previous works [15, 97, 124], this effect has not been
taken into account. In this thesis, the focus lies on agglomeration due to glass transition. Since in
these processes pure water is sprayed and no solid material is present in the liquid to induce layering,
the adjustment of the number of positions per particle is only taken into account in the simulations
for layering processes. However, an increasing number of positions due to agglomeration is certainly
taken into account and described in Section 3.2.5.

3.2 Micro-processes and events

3.2.1 Droplet deposition

The frequency of the droplet deposition event can be directly calculated from the mass flow rate
of sprayed droplets. This parameter scales with the size of the particle system, and therefore the
scaling factor needs to be used. Assuming monodisperse and spherical droplets, the frequency of
the droplet deposition event in the simulation 𝑓drop,MC can be calculated as follows:

𝑓drop,MC = 𝑆 ¤𝑁drop = 𝑆
6 ¤𝑀spray

𝜋𝜚drop𝑑
3
drop

. (3.15)

If this event is selected to occur in a time step, a particle and a position must be randomly selected to
deposit a droplet. As stated in Chapter 2, Mörl et al. [6] presented a mathematical formulation of the
process kinetics for layering processes, assuming that droplet deposition is related to the surface
area of the particles. A particle having a large diameter and consequently a large surface area is more
likely to receive a droplet than a small particle. The generalization proposed by Peglow et al. [88]
(droplet deposition can be related to an arbitrary moment of the particle size distribution) can also
be adapted in the Monte Carlo algorithm as described below.

One way to select a particle for a droplet deposition event, is to select it based on its number. Since
in this thesis 1000 particles are considered in the simulation, a particle can be selected by randomly
choosing an integer number between 1 and 1000. However, it is also possible to select the particle
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Table 3.4: Properties and selection probabilities of the set of three particles used in the example to
test the particle selection methods in the droplet deposition algorithm.

𝑑p 𝐴p 𝑉p 𝑃sel (𝛬0 = 1) 𝑃sel (𝛬1 = 1) 𝑃sel (𝛬2 = 1) 𝑃sel (𝛬3 = 1)
No.

[mm] [
mm2] [

mm3] [−] [−] [−] [−]
1 0.4 0.5027 0.0335 0.3333 0.3333 0.2857 0.2222
2 0.2 0.1257 0.0042 0.3333 0.1667 0.0714 0.0278
3 0.6 1.1310 0.1131 0.3333 0.5000 0.6429 0.7500∑ 1.2 1.7593 0.1508 1 1 1 1

based on physical properties, e.g., length (diameter), surface area, or volume. The procedure and the
influence of the particle selection on the particle formation process is illustrated in the following
example.

Consider three particles with different diameters, surface areas and volumes, see Table 3.4. If the
particles are selected based on their number, a random integer between unity and three would
be necessary in the current example. In this case, each particle has the same probability to be
selected. However, the selection probability is not equal if the particles are selected based on physical
properties. The procedure is shown in Figure 3.12 for the selection based on the diameter, but is
identical for other properties. A random number from the interval (0, 𝑑p,tot ) is drawn, where 𝑑p,tot is
the sum of all individual diameters and equals 1.2mm in this example. Figure 3.12 shows that the
size of the intervals corresponds to the value of the diameter. The number of the selected particle
can then be obtained by the interval, in which the random number lies:

particle =




1 𝑟𝑑p,tot ≤ 0.4,
2 0.4 < 𝑟𝑑p,tot ≤ 0.6,
3 0.6 < 𝑟𝑑p,tot ≤ 1.2,

with 𝑑p,tot =
∑︁
𝑗

𝑑p,j . (3.16)

In this case, the selection probability is not equal for each particle. In fact, it depends on the property
itself and corresponds to the normalized size of the interval. For the case depicted in Figure 3.12, the
interval of the third particle occupies half of the total range and its selection probability is therefore
0.5. Particles 1 and 2 are smaller and their selection probabilities are 1/3 and 1/6, respectively.
Table 3.4 lists the selection probabilities depending on the used property.

In case of layering, the different methods of particle selection for droplet deposition described above
directly correspond to the macroscopic growth kinetics given in Equation (2.29). If the particles are
selected based on their number, the kinetics correspond to𝐺 = 𝛬0𝐺0 with 𝛬0 = 1. If the particles are
selected according to their length,𝐺 = 𝛬1𝐺1 with 𝛬1 = 1 and so on. If values other than unity are
used for𝛬j , mixtures of these kinetics are obtained. The selection property in a specific time step can
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Figure 3.12: Schematic representation of the method used to select particles for droplet deposition.
In this example, selection based on particle diameter is shown.

be determined randomly with a uniformly distributed random number 𝑟 from the interval (0, 1):

property =




number 𝑟 ≤ 𝛬0,

length 𝛬0 < 𝑟 ≤ 𝛬0 + 𝛬1,

surface area 𝛬0 + 𝛬1 < 𝑟 ≤ 𝛬0 + 𝛬1 + 𝛬2,

volume 𝛬0 + 𝛬1 + 𝛬2 < 𝑟 ≤ 1.

(3.17)

In the simulations presented in this thesis the particles are selected based on their surface area by
setting 𝛬2 to unity.

The described selection algorithmwas tested using the set of particles listed in Table 3.4. The particles
were selected for droplet deposition based on their number, diameter, surface area, and volume and
the number of droplets each particle received was counted. The results are shown in Figure 3.13
for 100 and 106 droplets, respectively. Figure 3.13a shows that the probability for each particle to be
selected is identical if the selection is based on their number. If the selection property is the particle
diameter, particle number 3, being the largest particle in this example, receives half of the droplets,
while the other two receive significantly less droplets. This effect increases if the surface area or
the volume are used as the selection property. It can also be seen that the relative droplet number
each particle receives changes with the number of droplets. For the case of 106 droplets, the relative
droplet numbers match the selection probabilities in Table 3.4.

The example shown in Figure 3.13 illustrates that the way particles are selected for droplet deposition
influences the distribution of droplets within the sample system and therefore the behavior of the
particle formation process. The influence of droplet deposition on layering and agglomeration is
addressed in the frame of simulation studies in Section 4.2.2 and Section 5.2.1, respectively.

Once a particle has been selected, a position of this particle is randomly chosen and the droplet
is deposited. The position is selected based on the number of positions of the specific particle by
drawing a random number from the interval (1, 𝑁pos). The label of the position is changed according
to Table 3.3. Additionally the time of droplet deposition is stored and later used to calculate the
progress of drying during the simulation, see Section 3.2.3.

In the Monte Carlo models presented by Terrazas-Velarde [15] and Hussain [97], particles were
selected for droplet deposition based on their surface area as well, which corresponds to the case
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Figure 3.13: Relative droplet number received by the particles (example of Table 3.4) for different
selection properties: number (a), length (b), surface area (c), volume (d).

given in Figure 3.13c andEquation (3.17) (with𝛬2 = 1). Dernedde [132] picked the particles randomly
by their number, which corresponds to the case shown in Figure 3.13a. In comparison to the current
thesis, small particles are preferred in the selection for droplet deposition in the model by Dernedde
[132].

3.2.2 Particle collisions

The frequency of the collision event 𝑓coll,MC is calculated using the collision frequency per single
particle in the real particle system 𝑓coll and the number of particles in the simulation:

𝑓coll,MC =
1
2 𝑓coll𝑁p,MC . (3.18)

The pre-factor 1/2 follows from the assumption of binary collisions. The collision frequency per
single particle 𝑓coll is an important parameter and depends on the complex multiphase flow in the
fluidized bed. This parameter is accessible either by CFD-DEMmodeling, see Fries [118], or experi-
mental methods such as different particle tracking techniques comprising PTV (particle tracking
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velocimetry), MPT (magnetic particle tracking), and PEPT (positron emission particle tracking), see
Jiang et al. [152]. Previousmodeling approaches by Terrazas-Velarde [15] and Hussain [97] calculated
𝑓coll using an empirical model presented by Buffière andMoletta [153] based on hydrophonemea-
surements in an inverse three-phase fluidized bed. Dernedde [132] used a theoretically developed
expression presented byOesterle and Petitjean [154] in combinationwith an empirical correlation for
the relative particle velocity obtained by experiments in a pseudo-2D fluidized bed. The calculated
value of 𝑓coll needed to be adjusted with a constant pre-factor, in order to reduce the calculated
collision frequency in the models of Terrazas-Velarde [15] and Hussain [97] as well as in the work of
Dernedde [132]. Otherwise, the large number of collisions associated with a high collision frequency
leads to the situation that liquid bridges are formed shortly after droplet deposition. This leads to
a negligible influence of droplet drying on the agglomeration process, which has been, however,
observed experimentally. The adjusted collision frequency is then considered to be an effective
collision frequency in the sense of agglomeration [15]. In this thesis, the approach presented by
Dernedde [132] is used to calculate 𝑓coll and explained below.

The collision frequency of a particle 𝑗 can be calculated according to Oesterle and Petitjean [154]
using the following equation:

𝑓coll,j =
√
2𝜋

(
𝑅j + 𝑅0

)2
𝑐 ′n,p

��𝑢p,j − 𝑢p,0��. (3.19)

In this equation, 𝑅j and 𝑢p,j are the radius and velocity of particle 𝑗 and 𝑅0 and 𝑢p,0 represent the
mean radius and the mean velocity of the surrounding particles. The parameter 𝑐 ′n,p is the number
concentration of particles in the fluidized bed. Assuming monodisperse particles, a mean velocity of
the particles in the fluidized bed𝑢p, and that the surrounding particles move with a small velocity
equal to minimum fluidization velocity, Dernedde [132] simplified Equation (3.19) to:

𝑓coll = 𝐹coll
√
2𝜋𝑑2p 𝑐 ′n,p𝑢p. (3.20)

In this equation, 𝐹coll is the constant pre-factor used to scale the collision frequency. Dernedde [132]
obtained 𝐹coll = 0.1 by fitting his simulation results to experimental data. The number concentration
𝑐 ′n,p is defined as the number of particles per bed volume:

𝑐 ′n,p =
𝑁p,real

𝑉bed
=
1 − 𝜀bed
𝑉p

with 𝑉p =
𝜋

6𝑑
3
p . (3.21)

In this equation, 𝜀bed is the porosity of the fluidized bed and𝑉p is the volume of a single particle.
The mean relative particle velocity is calculated according to an empirical correlation based on PIV
(particle image velocimetry) measurements in a pseudo-2D fluidized bed presented by Dernedde
[132]:

𝑢p = −0.00001669Re2 + 0.00444290Re with Re =
𝑢g𝑑p

𝜈g
. (3.22)

Since in the simulations a particle size distribution is considered, the above shown equations in
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which monodisperse particles are assumed, are evaluated with the number-based mean particle
size.

If the event “collision” is selected to occur in a time step, two particles have to be selected randomly.
In contrast to droplet deposition, the particles are selected only based on their numbers. In this way,
the probability for each particle to be selected is identical, which follows from the assumption that
the fluidized bed is well mixed. However, a selection based on physical properties as shown above for
droplet deposition would be possible. Once two particles have been chosen, the colliding positions
are selected based on their numbers as well, which accounts for a random orientation of the particles
during collisions. Subsequently, the agglomeration criteria described later in Section 3.2.5 need to
be checked to determine the outcome of the collision.

3.2.3 Droplet drying

Once a droplet has been deposited on a particle, the corresponding position is labeled accordingly
and the droplet starts to dry. The purpose of the droplet drying algorithm is to provide the drying time
of the deposited droplets, depending on the process conditions. In combination with the deposition
time of the droplet, the droplet state (wet or dry) can be checked as follows:

droplet state =
{
dry 𝑡 ≥ 𝑡depos + Δ𝑡dry ,

wet otherwise.
(3.23)

In this equation, 𝑡 is the process time in the simulation, 𝑡depos is the time of droplet deposition, which
is stored for each droplet, andΔ𝑡dry is the drying time of the droplet. If a droplet has dried completely,
the corresponding position is labeled according to Table 3.3.

In the following, the drying models for coating and layering as well as binder-less agglomeration are
presented separately.

Dryingmodel for coating and layering

In case of coating and layering, drying of deposited droplets containing solid material is considered.
Similar to spray drying (cf. Section 2.2.1), evaporation of the liquid causes shrinkage of the sessile
droplet as well as crust formation, see Sondej et al. [155], who investigated drying of sessile solution
droplets. These stages are shown in Figure 3.14. In previous Monte Carlo approaches focusing on
agglomeration using binder droplets, drying of deposited droplets has been modeled. Terrazas-
Velarde [15] and Hussain [97] used a model calculating the reduction of the droplet height during
drying, assuming a constant contact angle. This assumption is based on observations from single
droplet drying experiments. Terrazas-Velarde [15] also considered crust formation by calculating a
critical droplet height, which corresponds to the maximum concentration of the solid material in the
droplet. Droplets smaller than this value, are considered to be dry. A drying model for the stage after
crust formation was not presented. The model has been validated using deposited droplet drying
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Figure 3.14: Schematic representation of the stages during drying of a deposited droplet.

experiments and showed good agreement in case of pure water droplets at lower temperatures. In
case of elevated temperatures and binder droplets (aqueous hydroxypropyl methylcellulose (HPMC)
solution), the model overestimates the drying kinetics. Hussain [97] neglected crust formation and
considered droplets to be dry if their height equals zero. Dernedde [132] calculated the reduction
of the droplet mass due to drying and additionally modified the driving force by multiplying the
moisture content at adiabatic saturation with the mean mass fraction of water in the droplet to
account for an increasing mass transfer resistance during drying. The resulting drying times are
larger and closer to values estimated from experimental data on the mean moisture content of
particle samples taken from spray fluidized bed agglomeration experiments. However, in some cases,
the drying times calculated by the model exceed the values obtained from the experimental data.

In this thesis a relatively simple approach is used to calculate drying times of deposited droplets.
Neglecting shrinkage, the drying time follows from the liquidmass of the droplet and the evaporation
rate:

Δ𝑡dry =
𝑀drop (1 −𝑤s)

¤𝑀evap
. (3.24)

Assuming gas-side controlled drying (neglecting an increased mass transfer resistance due to crust
formation), the mass flow rate of evaporation is calculated based on the following equation:

¤𝑀evap = 𝛽𝜚g𝐴drop (𝑌as −𝑌 ). (3.25)

In this equation, 𝛽 is themass transfer coefficient calculated as shown in Appendix B, 𝜚g is the density
of the fluidization gas, 𝐴drop is the curved surface area of the droplet following from Equation (3.9),
and𝑌as −𝑌 is the driving force of the drying process. The driving force is calculated from themoisture
content of the fluidization gas at adiabatic saturation𝑌as and the moisture content of the bulk gas
𝑌 . The moisture content at adiabatic saturation is calculated as shown in Appendix A. Similar to
Terrazas-Velarde [15], Hussain [97], and Dernedde [132], the moisture content of the bulk gas is
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calculated, assuming that the sprayed water evaporates completely:

𝑌 = 𝑌in +
¤𝑀spray (1 −𝑤s)

¤𝑀g ,dry
with ¤𝑀g ,dry =

¤𝑀g

1 +𝑌in . (3.26)

In this equation,𝑌in is the inlet moisture content of the fluidization gas,𝑤s is the solid mass fraction
of the sprayed liquid, ¤𝑀spray and ¤𝑀g ,dry are the mass flow rates of the sprayed liquid and the dry
fluidization gas, respectively.

Dryingmodel for binder-less agglomeration

In case of binder-less agglomeration, pure water droplets are sprayed on fluidized amorphous
particles. It is assumed that each droplet is instantaneously and fully imbibed into the amorphous
particle, creating a cylindrical wet region (puddle) beneath the original contact area between the
droplet and the particle. The puddle has a depth (or height) ofℎimb and a rough bottomwith a height
of asperities equal to ℎa. During drying, the geometry of the puddle (height and cross section) stays
constant. However, themass fraction ofwater𝑤w , which is used to determine the local glass transition
temperature as explained in Section 3.2.5, decreases. Figure 3.15 shows a schematic representation
of formation and drying of the wet regions.

In reality, wetting can be the result of different mechanisms such as capillarity in case of porous
substrates or matrix diffusion in case of macroscopically non-porous substrates, or a combination of
both. Pashminehazar et al. [156] investigated the internal 3D structure of amorphous material using
the example ofmaltodextrin, which is also used in the presentwork as described in detail in Chapter 5.
X-ray tomography was used to measure the internal porosity of maltodextrin single particles. The
results show that maltodextrin particles are porous with porosity values ranging between 0.19 and
0.29. The results also indicate that the porosity appears mainly in the form of inclusions, which are
not interconnected to each other. These findings favor the non-capillary imbibition mechanism
in case of maltodextrin, but the substrate is formally considered as porous with a certain porosity
in the present work. Since droplet imbibition is considered to be instantaneous (see Figure 3.15)
this assumption has no kinetic influence in the model. Below, the equations of the drying model are
derived.

Once a droplet has been deposited, a wet region𝑉imb with a porosity corresponding to the primary
particle porosity 𝜀pp is created (see Figure 3.15), which contains solid volume𝑉s and liquid volume
𝑉w :

𝑉imb =
𝑉w
𝜀pp

=
𝑉s

1 − 𝜀pp . (3.27)

Note that at the time of deposition, the volume of water in the wet region𝑉w is equal to the droplet
volume𝑉drop, which is calculated from the droplet diameter. The depth or height of the wet region,
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Figure 3.15: Schematic representation of formation anddrying ofwet regions in themodel for binder-
less agglomeration.

which is constant during drying, can be obtained to:

ℎimb =
𝑉drop

𝜀pp𝐴contact
. (3.28)

The mass fraction of water in the wet region is defined as:

𝑤w =
𝑀w

𝑀w +𝑀s
=

𝜚w𝑉w
𝜚w𝑉w + 𝜚s𝑉s , (3.29)

where𝑀w ,𝑀s , and 𝜚w , 𝜚s are the masses and densities of water and solid material (without pores),
respectively. Combining Equations (3.27) and (3.29), the mass fraction of water in the wet region can
be calculated as follows:

𝑤w =
𝜚w𝜀pp

𝜚w𝜀pp + 𝜚s
(
1 − 𝜀pp

) +𝑤w,0. (3.30)

The mass of the water droplet𝑀w decreases during drying due to the evaporation mass flow rate:

d𝑀w
d𝑡 = − ¤𝑀evap. (3.31)

The equation for the evaporation mass flow rate is formally equal to the formulation given in Equa-
tion (3.25) (gas-side controlled drying, no hygroscopicity), but in this case the evaporation rate is
calculated with the (constant) footprint of the droplet (contact area between the droplet and the
particle) (see Equation (3.12)) instead of the curved surface area of the droplet:

¤𝑀evap = 𝛽𝜚g𝐴contact (𝑌as −𝑌 ). (3.32)

The moisture content of the fluidization gas at adiabatic saturation and the mass transfer coefficient
are calculated as shown in Appendices A and B, respectively. Combining Equations (3.31) and (3.32)
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and integrating the resulting equation, the change in droplet mass over time is obtained:

𝑀w (𝑡 )∫
𝑀w,0

d𝑀w
d𝑡 d𝑡 =

𝑡∫
𝑡=0

−𝛽𝜚g𝐴contact (𝑌as −𝑌 )d𝑡 , (3.33)

𝑀w (𝑡 ) = 𝑀w,0 − 𝛽𝜚g𝐴contact (𝑌as −𝑌 )𝑡 . (3.34)

The value of the mass fraction of water in the wet region𝑤w (𝑡 ) can be obtained by inserting𝑀w (𝑡 )
into Equation (3.29). The drying time of the imbibed water droplet is then calculated using:

Δ𝑡dry =
𝑀w,0
¤𝑀evap

, (3.35)

where 𝑀w,0 is the initial water mass of the wet region, which is equal to the mass of the water
droplet.

3.2.4 Size enlargement in coating and layering

If one or several droplets have dried in a time step according to Equation (3.23), the height of the
resulting solid material needs to be calculated. This height or layer thickness can be calculated for
each position of each particle and varies with the number of droplets deposited on a position over
time and the volume of one solidified droplet. The calculation of the layer thickness in the presented
Monte Carlo model is described below.

Freireich and Wassgren [157] suggest to calculate the layer thickness assuming that the radius of
curvature of the particle can be neglected (layer thickness is small compared to the particle radius).
In this case, the layer thickness generated by a dry droplet for a position follows from the volume of a
dry droplet and the contact area between droplet and particle:

𝑠drop,dry =
𝑉drop,dry

𝐴contact
. (3.36)

In the present work, an approach taking the particle radius into account when calculating the layer
thickness of solidified droplets is used. Considering a particle with a uniform solid layer, the layer
thickness 𝑠layer can be calculated using a simple volume balance:

𝑉layer =𝑉p −𝑉core = 𝜋

6
(
𝑑core + 2𝑠layer

)3 − 𝜋

6𝑑
3
core . (3.37)

Expanding, Equation (3.38) is obtained:

0 = 𝑠 3layer +
3
2𝑑core 𝑠

2
layer +

3
4𝑑

2
core 𝑠layer −

3
4
𝑉layer

𝜋
. (3.38)
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Equation (3.38) can be solved analytically yielding an expression for the layer thickness:

𝑠layer =

(
𝑑3core
8 + 3

4
𝑉layer

𝜋

)1/3
− 𝑑core

2 . (3.39)

Equation (3.39) can be used to calculate the thickness of a uniform layer if the volume of the layer
𝑉layer and the diameter of the core particle 𝑑core are known. Note that the calculated layer thickness
depends on the particle size (i.e., it increases for smaller particle diameters).

In case of a non-uniform solid layer, the layer thickness must be calculated for each position indi-
vidually. Equation (3.39) must be modified using the idea illustrated in Figure 3.16 before it can be
used in this case. When the layer thickness for one position needs to be calculated (left hand-side
particle), Equation (3.39) may be used if the solid volume is virtually placed on each position of the
particle (right hand-side particle), as indicated in Figure 3.16. In this way, the calculation of the layer
thickness generated by a dry droplet 𝑠drop,dry on a position is reduced to the above discussed case of
a uniform solid layer and Equation (3.39) can be used. The volume of the (virtual) layer𝑉layer can
then be calculated from the number of positions of the considered particle in the specific time step
and the volume of a single dry droplet:

𝑉layer = 𝑁pos𝑉drop,dry . (3.40)

The volume of the dry droplet depends on the amount of solid mass in the droplet, calculated from
the droplet mass𝑀drop and the solid mass fraction𝑤s , the density of the solid material without pores
𝜚s and the porosity of the dry droplet 𝜀drop,dry , which is a model parameter and needs to be set in the
simulation:

𝑉drop,dry =
𝑀drop𝑤s

𝜚s
(
1 − 𝜀drop,dry

) . (3.41)

The described method allows to calculate the layer thickness for each position on each particle
during the layering process. The increase in particle diameter can be calculated using the initial
diameter 𝑑p,0 and the mean layer thickness 𝑠 of each particle:

𝑑p = 𝑑p,0 + 2𝑠 with 𝑠 =
1

𝑁pos

𝑁pos∑︁
𝑗=1

𝑠j . (3.42)

In addition to the layer thickness and the particle size, the coating mass of single particles is an
important parameter. The coating mass𝑀c of a particle can be calculated from its number of dry
droplets, which is tracked during the simulation and the amount of solid mass in a droplet:

𝑀c = 𝑁drop,dry𝑀drop𝑤s . (3.43)

By computing histograms, different layer thickness distributions can be obtained: intra-particle layer
thickness distribution for each particle, which describes the distribution of the layer thickness on
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Figure 3.16: Schematic representation of the method used to calculate the layer thickness of a
solidified droplet.

single particles, and the inter-particle layer thickness distribution describing the distribution of the
mean layer thickness in the population. Additionally, the distribution of the particle size and the
coating mass in the population can be calculated.

As the particles grow, their surface area increases over time as well. As a result, the number of
positions for each particle needs to be adjusted. Each time the diameter of a particle increases, the
number of positions is re-calculated using Equation (3.14). If the number of positions increases,
more positions will be activated, which are then available for droplet deposition. This approach is
shown in Figure 3.17, where a particle is represented by five positions. In this example, a wet droplet is
present on the first position, dried droplets are located on positions two to four, and the fifth position
is still inactive (left hand-side). Assuming the number of positions to increase by one, a sixth position
is enabled (right hand-side) and the label changes from “0” to “8”, see Table 3.3. This label represents
an empty position, which does not belong to the initial particle. In this way, information about the
surface coverage of the coating can be obtained as described below. Subsequently a layer thickness
value other than zero must be assigned to this position since otherwise the value of the mean layer
thickness of the particle (see Equation (3.42)) would decrease due to activating this position. In this
approach, the mean layer thickness of the particle (before activating the position) is assigned to the
activated position.

If the purpose of the layering process is coating, information about the surface coverage of the coating
is important. This property is described by the coated surface fraction𝛹c , which can be calculated
using the labeling system in Table 3.3. The coated surface fraction is defined as the ratio between the
coated surface area and the total surface area of a particle, which can be written as:

𝛹c =
𝐴p − 𝐴p,free

𝐴p
=
𝑁pos −𝑁pos,free

𝑁pos
. (3.44)

In this approach,𝛹c is directly calculated from the corresponding number of positions. The number
of free positions (positions without any droplet)𝑁pos,free is then obtained by counting the number of
positions labeled “1”. Once a particle is completely coated (i.e., the coated surface fraction equals
unity and the number of free positions is equal to zero) the time is stored in the simulation. This
parameter represents the coating time of a particle, which is used to calculate the distribution of the
coating time in the population.
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2 6 6 6 1 0 82 6 6 6 1

Figure 3.17: Adjustment of the number of positions during layering: if the number of positions of a
particle must be increased due to growth, additional positions are activated and labeled
according to the introduced labeling system, see Table 3.3.

3.2.5 Size enlargement in binder-less agglomeration

In case of binder-less agglomeration, particles grow by forming agglomerates that consist of several
(at least two) primary particles. The size of agglomerates depends on the number, size and spatial
arrangement of the primary particles within the agglomerate. In this thesis, an equivalent diameter
is used to represent the size of agglomerates based on the diameters of the primary particles and a
mean agglomerate porosity. The same equivalent diameter has been used in previous works [15, 97]
for monodisperse primary particles:

𝑑agg =

(
𝑁pp𝑑3pp
1 − 𝜀agg

)1/3
. (3.45)

In this equation,𝑁pp is the number of primary particles within an agglomerate, 𝑑pp is the primary
particle diameter, and 𝜀agg is theporosity of the agglomerate. In case of polydisperse primaryparticles,
Equation (3.45) needs to be modified, leading to:

𝑑agg =

©­­­­­«

𝑁pp∑
𝑗
𝑑3pp,j

1 − 𝜀agg

ª®®®®®¬

1/3

. (3.46)

In this approach, Equation (3.46) is used to calculate the equivalent diameter of agglomerates con-
sisting of at least two primary particles (i.e., it is not applied for single particles). The agglomerate
porosity is a model parameter and needs to be set in the simulation. This parameter depends on
process parameters and on the number of primary particles an agglomerate consists of, see Dad-
khah and Tsotsas [58]. Depending on the mentioned parameters, the porosity values obtained by
X-ray micro-tomography range between 0.3 and 0.8 for agglomerates consisting of non-porous glass
particles produced in a spray fluidized bed. A similar study by Pashminehazar et al. [156] which
investigated agglomerates consisting of maltodextrin particles shows porosities between 0.4 and
0.85, depending on the evaluation method (convex hull, dilation, or radius of gyration). The value
for 𝜀agg is therefore set to 0.5 in all simulations.

If two particles (single primary particles or agglomerates) collide successfully according to the criteria
described below, they form an agglomerate consisting of the colliding particles. This growth behavior
needs to be reflected in the number of positions of the resulting agglomerate. As shownby an example
in Figure 3.18, the position vector of the agglomerate is obtained by merging the position vectors of
the colliding particles. In this simplified example, two particles consisting of three sectors and six
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Figure 3.18: Adjustment of the number of positions during agglomeration: if two particles collide
successfully they form an agglomerate consisting of the colliding particles. The resulting
position vector of the agglomerate is obtained by merging the position vectors of the
colliding particles. Additionally, re-labeling according to Table 3.3 to represent bridges
and sterically inaccessible positions is performed.

positions agglomerate. Position two of the first particle and position one of the second particle are
selected for collision. After merging the position vectors, the corresponding sectors are blocked and
re-labeled according to Table 3.3. The information of the other positions is left unchanged. Since
both collision partners do not exist anymore as individual entities, they are deleted from the sample.
The resulting agglomerate is added to the sample and another randomly selected particle is copied
and added to the sample as well to ensure a constant number of particles. The scaling factor is then
adjusted according to Equation (3.3). An increasing number of positions due to layering as described
in Section 3.2.4 is not considered here, as in binder-less agglomeration only pure water is sprayed.
Below, the agglomeration criteria used in the presented model are described.

Glass transition

Upon droplet deposition, a wet region is formed as shown in Figure 3.15. Water migrates from the
droplet into the amorphous matrix and decreases the glass transition temperature locally. If the
temperature of the material is near its glass transition temperature, the viscosity of the material
decreases and a sticky spot is created at that position. As described in Section 3.2.3, the wet region is
subjected to drying. As a result, the water content decreases until it reaches zero. During the lifetime
of the droplet, glass transition may occur and create an agglomerate upon particle-particle collision.
If the wet region has dried completely, the sticky material has re-solidified and collisions involving
this position cannot result in agglomeration anymore. Re-wetting of such spotsmay, however, induce
glass transition again.

The glass transition temperature of the material in a wet region can be calculated using the Gordon-
Taylor equation [158]:

𝑇gt =
(1 −𝑤w)𝑇gt ,s + 𝑘𝑤w𝑇gt ,w

(1 −𝑤w) + 𝑘𝑤w
. (3.47)
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In this equation, 𝑘 is a constant, and𝑇gt ,s and𝑇gt ,w represent the glass transition temperatures of the
dry solid andwater, respectively. Equation (3.47) shows that the local glass transition temperature also
depends on the water mass fraction of the wet region. As described in Section 3.2.3, this parameter
changesduringdroplet drying and therefore connects drying to stickiness andpossible agglomeration
in the model. Values of𝑇gt ,s and𝑇gt ,w can be found in the literature, see Palzer [43]. If no value for
𝑇gt ,s can be found, it can be estimated using an equation given by Roos and Karel [159]:

𝑇gt ,s = 𝑇gt (∞) − 𝐾gt

𝑀s
. (3.48)

In this equation,𝑀s is the molar mass of the material, 𝑇gt (∞) is the limiting glass transition tem-
perature at a high molar mass, and 𝐾gt is a material specific constant. For maltodextrins, which are
used in this thesis,𝑇gt (∞) = 243 °C and 𝐾gt = 52 800 g Kmol−1 [159]. If the molar mass is unknown, a
method presented by Dokic et al. [160] and Castro et al. [161] can be used to estimate it based on the
DE value:

𝑀s =
18000
DE + 18,

[
𝑀s

]
= gmol−1. (3.49)

Figure 3.19a shows the decrease of the glass transition temperature with increasing water mass
fraction, calculated using Equation (3.47) for the example of maltodextrin DE 10 and water (𝑇gt ,s =
160 °C, 𝑘 = 7,𝑇gt ,w = −135 °C, values taken from Palzer [43]).

The change in viscosity𝜂 associatedwith glass transition can be estimated using theWilliams-Landel-
Ferry equation [43, 162]:

log 𝜂

𝜂gt
=

𝐶gt
(
𝑇s −𝑇gt

)
𝐵gt +

(
𝑇s −𝑇gt

) . (3.50)

The constants in this equation have the values 𝐵gt = 51.6K and𝐶gt = −17.4 for most polymers. The
parameters𝑇s and𝜂gt represent the temperature of the solid material and its viscosity at the glass
transition temperature, respectively. In the literature [163, 164], it is often assumed that𝜂gt = 1012 Pa s,
while a recent study by Paterson et al. [136] reports a higher value in the range of 1014 Pa s. A value
of 1012 Pa s is used in the simulations presented in this thesis. Figure 3.19b shows the decrease in
viscosity for an increasing water mass fraction, calculated using Equation (3.47) and Equation (3.50)
for the same example (maltodextrin DE 10 and water) at𝑇s = 20 °C. Note that in this example glass
transition sets in at a water mass fraction of approximately 0.11. The viscosity at water mass fractions
lower than this threshold is therefore set to 1012 Pa s.

As stated above, glass transition leads to soft, sticky spots on the particle surface, which may cause
agglomeration. However, according to Palzer [42] and Descamps et al. [164], the viscosity of the
material must in fact be lower than 108 Pa s to enable stickiness and therefore agglomeration. If the
viscosity is higher, the formation of viscous bridges will not be possible. In literature, this point is
referred to as the sticky point with a corresponding sticky point temperature, which lies about 10 K to
30 K above the glass transition temperature. In this thesis, a temperature difference of 20 K is used.
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Figure 3.19: Example of a decreasing glass transition temperature (a) and viscosity (b) with an
increasing water mass fraction for maltodextrin DE 10 and water at a solid temperature
of 20 °C.

Agglomeration criteria

In this modeling approach, a series of criteria is used to determine whether a binary particle-particle
collision leads to the formation of a viscous bridge or to rebound. First, if two particles collide, at least
onewet positionmust be involved in the collision to reduce both the glass transition temperature and
the viscosity of the material. If no wet droplet is present at the colliding positions, the corresponding
glass transition temperatures are equal to the values of the dry solid𝑇gt ,s , which is always above the
temperature in the fluidized bed in the investigated parameter range of this thesis. Consequently, a
collision of two dry particles will always result in rebound.

Second, the temperature of the particles needs to be higher than the local sticky point temperature
lying 20 K above the glass transition temperature as described above. This condition can be expressed
as:

𝑇s ≥ 𝑇gt + 20K. (3.51)

The temperature of the solid material is assumed to be equal to the outlet temperature of the gas,
which can be approximated using an energy balance derived for a well-mixed fluidized bed and
constant process parameters (spraying rate, gas inlet conditions):

𝑇s =
𝑇g ,in

(
𝑐g +𝑌in𝑐v

) + (𝑌in −𝑌 )Δℎevap
𝑐g +𝑌 𝑐v . (3.52)

In this equation,𝑇g ,in and𝑌in represent the temperature and moisture content of the fluidization gas
at the inlet. 𝑌 is the moisture content of the bulk gas, 𝑐g and 𝑐v are the specific heat capacities of the
fluidization gas and vapor, and Δℎevap is the specific enthalpy of evaporation of water at 0 °C.

If conditions one and two are met, the Stokes criterion is additionally checked, see Equations (2.4),
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Chapter 3 Micro-scale modeling using a Monte Carlo method

(2.5), and (2.8). If this condition is met as well, the colliding particles agglomerate as described in
Section 3.2.5, otherwise they rebound and the simulation proceeds without agglomeration in the
specific time step.

In order to calculate the viscous Stokes number Stv , the masses and radii of the colliding particles
as well as the collision velocity and the viscosity of the layer need to be known. The masses of the
colliding particles (single particles or agglomerates) follow from the sum of themasses of the primary
particles in each collision partner. The radii can be deduced from the diameters, which are calculated
using Equation (3.46). As described in Section 2.2.5, the harmonic mean values of the masses and
radii are then used when calculating the viscous Stokes number. The viscosity of the sticky layer is
given by Equation (3.50) and depends on the changing water mass fraction of the wet spot. If the
particles collide at two wet spots, the highest of the two viscosity values is used to calculate Stv . In
order to estimate the collision velocity, an approach presented by Dernedde [132] is used. In this
approach, the collision velocity depends on the individual velocities of the colliding particles:

𝑢coll = 𝑢p,1 + 𝑢p,2. (3.53)

The velocities of the colliding particles are calculated, assuming normally distributed velocities:

𝑢p,j =
��𝑢p + 𝜎up𝑟n,j �� with 𝜎up = 10𝑢p. (3.54)

The mean value of the velocity distribution is given by the empirical correlation given in Equa-
tion (3.22). Dernedde [132] suggests that the standard deviation of the distribution 𝜎up is equal to
10𝑢p to account for distinct variations of the measured velocities observed in the PIV experiments,
which are the basis for Equation (3.22).

In the Monte Carlo model, the collision velocity is calculated based on the mean particle velocity
with the above shown equations in each collision event. As a result, the distribution of collision
velocity is not a parameter that needs to be set explicitly in the simulation. Instead, it follows from
Equation (3.53) and Equation (3.54). However, the distribution of collision velocity can be visualized
by calculating a large number of collision velocities and computing a corresponding histogram. The
parameters used in the simulation study shown in Chapter 5 lead to a mean particle velocity equal to
0.018m s−1. The collision velocity distribution is then obtained by calculating 106 collision velocities
(requiring 2 · 106 normally distributed random numbers). It can be characterized by a mean value of
0.29m s−1 and a standard deviation of 0.15m s−1, see Figure 3.20. A study presented by Jiang et al.
[152] shows collision velocities measured using particle tracking velocimetry (PTV) in a pseudo-2D
fluidized bed. The values vary between 0.1m s−1 and 0.25m s−1 and are in the same range as the
collision velocities calculated with the approach used in this thesis.

To calculate the critical Stokes number Stcrit , the coefficient of restitution, the height of the viscous
layer and the height of asperities at the bottom of the wet spot must be known. The height (or depth)
of the viscous layer follows from Equation 3.28 and is constant during drying. Both the coefficient of
restitution and the height of asperities are model parameters and must be set in the simulation.
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Figure 3.20:Normalized distribution of the collision velocity for the conditions in the simulation
study in Chapter 5. The mean and standard deviation characterizing the distribution
are 0.29m s−1 and 0.15m s−1, respectively.

3.2.6 Breakage

Breakage may occur if the kinetic energy of the collision partners cannot be dissipated by a viscous
layer. This may occur when either no wet droplet is present at the colliding positions, or the Stokes
criterion predicts rebound. In this thesis, breakage is taken into account in terms of breakage of wet
and solid bridges. Abrasion or breakage of the primary particles is not considered (cf. Figure 2.4). The
used breakage algorithmdefines a fixed fraction of unsuccessful collisions leading to a breakage event.
The value of this fraction is 0.002 (0.2%). It is an empirical value, which was obtained by visually
fitting simulation results to experimental results for experiment 17, see Chapter 5. The obtained
value was then used in each simulation. If a breakage event happens, one randomly picked bridge
(wet or dry) in the first collision partner breaks when the selected particle is actually an agglomerate.
Otherwise, no breakage will occur. The details of the breakage algorithm and the changes made to
the position vector in case of a breakage event are described below.

If a bridge (wet or dry) breaks, the corresponding droplet is assigned to the same particle and
position it was deposited on before the collision. The state of the droplet is then checked using
Equation (3.23) and the position vector is labeled accordingly. An example is shown in Figure 3.21,
where an agglomerate consisting of three primary particles has been selected for breakage. The
bridge is randomly chosen based on its number, using a uniformly distributed random number. In
this example, depending on the bridge selected for breakage, different particles are formed: if the first
bridge breaks, a single particle (former first primary particle) and an agglomerate (former second
and third primary particles) are created. The single particle holds two wet spots: one is created by
the droplet which used to be the bridge, and another wet spot becomes available due to the blocking
of the corresponding sector being revoked. If the second bridge breaks, an agglomerate (former first
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Bridge 1
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Figure 3.21: Breakage of an agglomerate consisting of three primary particles: one bridge is randomly
selected to break. Depending on the selection of the bridge, different particles are
created. The information stored in the position vectors (presence and state of droplets
and bridges) for each primary particle is preserved and transferred to the newly created
particles.
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Agglomerate selected for breakage:

Figure 3.22: Breakage of an agglomerate consisting of three primary particles: detailed illustration of
the changesmade to the position vectors depending on the bridge selected for breakage.
For simplification, only three sectors per primary particle are used in this example.
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and second primary particles) and a single particle (former third primary particle) are created as well.
In this case, the single particle does not hold any wet spot andmust therefore collide with a wetted
particle or receive a wet droplet prior to another collision to agglomerate again. Figure 3.22 shows
the changes made to the position vectors for the same example as in Figure 3.21. The result of any
breakage event is an increase of the number of particles in the simulation box. After breakage, the
first newly created particle replaces the former agglomerate and the second particle replaces another
randomly selected particle in the sample. In this way, the number of particles is kept constant. Then,
the scaling factor is re-calculated using Equation (3.3).

3.3 Summary of model assumptions

The assumptions used in the Monte Carlo models for coating and layering granulation as well as for
binder-less agglomeration are summarized below.

Assumptions used in bothmodels:

• well mixed fluidized bed,

• no division into compartments (e.g., spraying and drying zone),

• no overspray,

• sprayed droplets are monodisperse and spherical,

• droplets attain spherical cap geometry instantly after deposition,

• no overlapping or coalescence of deposited droplets,

• spherical particles,

• gas-side controlled drying,

• complete evaporation of sprayed liquid,

• deposition of droplets related to particle surface,

• exponentially distributed time steps.

Assumptions used in Monte Carlo model for coating and layering granulation:

• geometry of added solid layer is assumed to be a spherical shell,

• porosity of dry droplets is equal to the porosity of the complete layer,

• no imbibition of deposited droplets,

• neglecting shrinkage of deposited droplets when calculating the drying time.
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Assumptions used in Monte Carlo model for binder-less agglomeration:

• only binary collisions are considered,

• constant collision frequency,

• particle velocity is normally distributed,

• constant agglomerate porosity (independent of agglomerate size),

• maximum coordination number equal to 6 (independent of particle size),

• sticky point temperature 20 K above glass transition temperature,

• particle temperature is equal to gas outlet temperature,

• constant probability of unsuccessful collisions leading to breakage,

• after deposition, instantaneous and full imbibition of droplets,

• droplet drying with constant height and cross section of the wet region and varying water mass
fraction.

68



Chapter 4

Monte Carlo model for coating and layering
granulation

This chapter is an extended version of Rieck et al. [145]. Here, the structure of theMonte Carlo model
for coating and layering granulation is described. A simulation study is presented, investigating the
influence of the droplet depositionmechanism aswell as inlet gas temperature, spraying rate, coating
layer porosity, solid mass fraction, droplet size, and the contact angle on selected particle properties.
Additionally, the presented model is validated by comparing simulation results to analytical models
and experimental data.

4.1 Structure of the algorithm

A schematic representation of the micro-processes and events used to model coating and layering
granulation is shown in Figure 4.1. In order tomodel particle growth by layering, only onemicro-scale
event, the deposition of droplets on the particle surface, needs to be included. Subsequently, the
deposited droplets dry and leave a solidified droplet behind. Repeated deposition of droplets and
solidification then builds a layer around the initial particles.

The structure of theMonte Carlo algorithm for coating and layering granulation is shown in Figure 4.2.
After initializing the variables and scaling of the particle system, which is done only once at the
beginning as the sample size is constant over time, the simulation starts by calculating the length of
the first time step. The only considered event in this process is droplet deposition, which is executed
as described in Section 3.2.1. Then, drying of all deposited droplets is calculated in each time step by
updating the droplet states according to Equation (3.23). Subsequently, if droplets have dried in a
time step, the layer thickness of the corresponding positions is increased, the position number of
the corresponding particle is updated as described in Section 3.2.4, and the coated surface fraction
is calculated. The process time in the simulation is compared to a pre-defined value: if this value
is reached, the simulation will stop. Otherwise, it will continue for another time step. Since a large
number of time steps will be executed in the simulation, the results are stored in total at 50 uniformly
distributed points in time during the simulation to reduce the amount of generated data.
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droplet
deposition

solution

drying layer formation

Figure 4.1:Network of the micro-processes and events used to model coating and layering granula-
tion.

4.2 Simulation study

A simulation study is performed to show the influence of process parameters on selected particle
properties during a coating process. Firstly, the reference case of the simulation study is used to
present the particle properties, which can be extracted from the Monte Carlo simulation, includ-
ing intra-particle and inter-particle layer thickness distributions, distributions of the particle size,
coating mass, and coating time, and the transient behavior of the coated surface fraction. Then,
the simulation results of the reference case are compared with analytical models. The simulation
parameters correspond to a batch coating process in a lab-scale fluidized bed, in which non-porous
glass particles are coated with a sodium benzoate solution, and are given in Table 4.1. The chosen
parameters lead to full surface coverage of the particle system. The simulation time is set to 3600 s in
the reference case, leading to a sprayed solid mass of 150 g. In the simulations varying the spraying
rate and the solid mass fraction of the solution, the simulation time is adjusted to achieve the same
mass of sprayed solid material.

4.2.1 Theoretical validation

The results of the reference case simulation (bold parameters in Table 4.1) are shown in Figure 4.3.
Figure 4.3a shows intra-particle and inter-particle layer thickness distributions, which can be ex-
tracted from the simulation. As described above, intra-particle layer thickness distributions indicate
the variation of the layer thickness on a single particle. These distributions can be obtained for each
particle considered in the simulation. Since all of them cannot be shown, the intra-particle layer
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Figure 4.2: Flow chart of the Monte Carlo algorithm for coating and layering granulation.
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Table 4.1: Simulation parameters used in theMonte Carlo simulations for coating (simulation study).

Parameter Value Unit

Particle material glass
Sprayed solid material NaB
Sprayed liquid material water
Bed diameter 𝑑bed 0.15 m
Bedmass𝑀bed 0.5 kg
Mean particle diameter 𝑑10 0.6 mm
Standard deviation 𝜎x 0.06 mm
Particle density 𝜚p 2500 kgm−3

Solid density of coating material 𝜚s 1440 kgm−3

Spraying rate ¤𝑀spray 0.25, 0.5, 0.75 kg h−1

Droplet diameter 𝑑drop 25, 50, 75 µm
Contact angle 𝜃 20, 40, 60 °
Solid mass fraction of the solution𝑤s 0.2, 0.3, 0.4 −
Porosity of the coating layer 𝜀drop,dry 0.1, 0.3, 0.5 −
Inlet temperature of the fluidization gas𝑇g ,in 50, 70, 95 °C
Inlet moisture content of the fluidization gas𝑌in 1 g kg−1

Mass flow rate of the fluidization gas ¤𝑀g 120 kg h−1

Sprayed solid mass𝑀s,sprayed 150 g
Number of particles in the MC simulation𝑁p,MC 1000 −

thickness distributions of three particles are selected: the particles with the smallest (58.5 µm), aver-
age (61.6 µm), and largest (65 µm) mean layer thickness in the simulation. They show that the layer
thickness varies approximately between 30 µm and 90 µm on single particles. The inter-particle layer
thickness distribution indicates the variation of the mean layer thickness in the population. It can
be seen that this distribution is much narrower than the intra-particle layer thickness distributions,
indicating that the mean layer thickness hardly varies in the population. This effect directly follows
from the assumptions made in the droplet deposition algorithm described in Section 3.2.1: since
the fraction of sprayed material a particle receives during the coating process is assumed to depend
on its surface area, all particles grow with the same velocity in terms of mms−1. As a result, the
differences of the mean layer thicknesses in the population are very small. Figure 4.3b shows the
particle size distribution at the beginning (𝑡 = 0) and at the end of the coating process. As mentioned
above, all particles grow with the same velocity, leading to a shift of the particle size distribution
towards larger particle sizes, while maintaining the shape of the distribution. The mean particle size
increased from 0.60mm to 0.72mm. Figure 4.3c depicts the distribution of the coating mass in the
population. It shows that the mass of solid material on the particles varies between approximately
40 µg and 140 µgwith amean coatingmass of 86.5 µg. Figure 4.3d shows the coating time distribution
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Figure 4.3: Simulation results of the reference case: intra-particle and inter-particle layer thickness
distributions (a), particle size distributionbefore andafter the coatingprocess (b), coating
mass distribution (c), coating time distribution (d), and transient behavior of the coated
surface fraction (averaged over the population) (e).
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indicating that the coating times vary between 500 s and 1800 swith amean value of 858 s. Figure 4.3e
shows the transient behavior of the coated surface fraction (averaged over the population) during
the coating process. The coated surface fraction at 𝑡c , which is the mean coating time obtained from
the coating time distribution shown in Figure 4.3d, is 0.996. Note that the coated surface fraction at
𝑡c does not equal unity since some particles are still not fully coated as indicated by the coating time
distribution. The particles are completely coated after 1800 s (i.e., after the last position labeled “1”
received a droplet) in this simulation. Below, the results of the Monte Carlo simulations are validated
by comparison to analytical models using the example of the reference case.

Assuming a constant particle surface area, the behavior of the coated surface fraction during a coating
process can be calculated by a differential equation, which has an analytical solution as presented in
detail in Appendix C. Based on the contact area 𝐴contact , the total surface area of the particles 𝐴p,tot ,
and the number flow rate of droplets ¤𝑁drop, the coated surface fraction can be calculated using:

𝛹c = 1 − exp
(
−𝐴contact
𝐴p,tot

¤𝑁drop𝑡

)
. (4.1)

Figure 4.4 shows the transient behavior of the coated surface fraction from Equation (4.1) and two
Monte Carlo simulations performed with parameters corresponding to the reference case. The first
simulation (labeledMC) is performedwith the algorithm described above and the second simulation
(labeledMC (no position update)) is performedwithout the update of the number of positions during
the coating process, which corresponds to the assumption of a constant particle surface area used
in the analytical model. Figure 4.4a shows the evolution of the coated surface fraction during the
complete simulation time and Figure 4.4b shows an enlarged version of the same plot. The results
from the analytical model and the Monte Carlo simulation without the position update agree well.
The coated surface fraction from theMonte Carlo simulation including the position update is slightly
smaller. This is a result of a reduced probability of a single position to be hit by a droplet since more
positions are available in this case. However, the influence of the position update on the coated
surface fraction is small.

Additionally, theoretical work on the intra-particle layer thickness distribution has been presented
by Freireich and Wassgren [157]. Their model does not calculate the distribution, but yields the
corresponding coefficient of variation𝐶V,intra. In general, the coefficient of variation is defined as the
ratio between the standard deviation and the mean value of a distribution. According to Freireich
andWassgren [157], the coefficient of variation of the intra-particle layer thickness distribution of a
uniformly coated single particle can be calculated based on the number of droplets deposited on a
particle𝑁drop, the number of positions𝑁pos, and number of positions wetted when the particle is
exposed to the spray𝑁 ′

pos :

𝐶V,intra =
𝜎s,intra
𝑠intra

=

√︄
1

𝑁drop

(
𝑁pos

𝑁 ′
pos

+ (
𝑁drop − 1

) ) − 1. (4.2)

Due to the design of the presentedMonte Carlo model,𝑁 ′
pos equals unity. Equation (4.2) was derived,
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Figure 4.4: Transient behavior of the coated surface fraction obtained from an analytical model
(Equation (4.1)) and twoMonte Carlo simulations (with and without position update)
during the complete coating process (a) and during the first 1000 s (enlarged) (b).

assuming a constant particle surface area and neglecting the radius of curvature of the core particles
when calculating the height of solidified droplets. Figure 4.5 shows the transient behavior of the
coefficient of variation obtained from Equation (4.2) and twoMonte Carlo simulations with parame-
ters corresponding to the reference case. The first simulation (labeled MC) is performed with the
algorithm described above, whereas the second simulation includes the assumptions of the analyti-
cal model: constant surface area of the particles (no position update), and neglecting the radius of
curvature when calculating the height of a solidified droplet (cf. Equation (3.36)). In the simulation,
𝐶V,intra is calculated for each single particle from the corresponding layer thickness distribution and
then averaged over the population. Similarly, the analytical model is applied to each particle from the
Monte Carlo simulation individually and the result is then averaged over the population as well. The
number of droplets deposited on each particle required in Equation (4.2) is obtained from theMonte
Carlo simulation. Figure 4.5 shows that results obtained from the analytical model and the Monte
Carlo simulation including the assumptions agree well. The intra-particle coefficient of variation
from the first Monte Carlo simulation (without assumptions) agrees well with the analytical model
in the beginning of the coating process when the layer thickness is small. However, the difference
increases as the process continues and the coefficient of variation is slightly smaller than the values
predicted by the analytical model. These deviations are due to the simplifications made in deriving
the analytical model.

Kalbag and Wassgren [165] presented theoretical work on the coefficient of variation of the inter-
particle coating mass distribution𝐶V,inter . The coefficient of variation can be calculated based on the
total number of droplets deposited on all particles𝑁drop,tot and the number of particles coated per
coating trial𝑁 ′

p :

𝐶V,inter =
𝜎Mc

𝑀c
=

√︄
1

𝑁drop,tot

(
𝑁p,MC

𝑁 ′
p

− 1
)
. (4.3)
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Figure 4.5: Transient behavior of the coefficient of variation of the intra-particle layer thickness
distribution obtained from an analytical model (Equation (4.2)) and twoMonte Carlo
simulations (with and without assumptions of the analytical model).

In the context of the presented Monte Carlo model, a coating trial corresponds to the deposition of a
single droplet and the number of particles coated per trial equals unity. The total number of droplets
deposited on all particles𝑁drop,tot is directly taken from theMonteCarlo simulation. Figure 4.6a shows
the transient behavior of the inter-particle coefficient of variation calculated from Equation (4.3) and
from the coatingmass distributions obtained from twoMonte Carlo simulations. The first simulation
(labeled MC) corresponds to the reference case, in which droplets are deposited according to the
particle surface area. The second simulation was performed with the same simulation parameters,
but with 𝛬0 = 1 in the droplet deposition algorithm described in Section 3.2.1 (i.e., each particle
has the same probability to receive droplets). Figure 4.6a shows that the values of𝐶V,inter obtained
from the first Monte Carlo simulation are larger than the values calculated with Equation (4.3). In
the derivation of the model shown in Equation (4.3), no influence of particle properties on droplet
deposition was taken into account. This means each particle has the same probability to be hit by
a droplet, which corresponds to 𝛬0 = 1. Consequently, the transient behavior of the inter-particle
coefficient of variation obtained in the second simulation matches with the analytical model. The
corresponding coating mass distributions are shown in Figure 4.6b. Since in case of 𝛬0 = 1 each
particle has the same probability to receive droplets, the coating mass per particle is almost identical
(cf. Figure 3.13a) and the coatingmass distribution is very narrow. Therefore, the values of𝐶V,inter are
small. As mentioned above, the simulation of the reference case was performed with 𝛬2 = 1, which
leads to a very narrow distribution of the mean layer thickness in the population (cf. Figure 4.3a).
At the same time, this leads to a significant variation of the coating mass in the population (cf.
Figure 3.13c) as shown in Figure 4.6b and the corresponding values of𝐶V,inter are larger.
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Figure 4.6: Transient behavior of the coefficient of variation of the inter-particle coating mass distri-
bution obtained from an analytical model (Equation (4.3)) and twoMonte Carlo simula-
tions (with and without assumptions of the analytical model) (a) and the coating mass
distribution at the end of the simulation obtained in the Monte Carlo simulations (b).

4.2.2 Influence of droplet deposition

The influence of the droplet deposition mechanism on selected particle properties is investigated.
The simulation parameters correspond to the reference case and the selection property in the droplet
deposition algorithm is varied similar to Figure 3.13 in Section 3.2.1: four simulations are performed
inwhich𝛬0 to𝛬3 in Equation (3.17) are sequentially set to unity. The results are shown in Figure 4.7.

Figure 4.7a shows intra-particle layer thickness distributions for each simulation. In contrast to
Figure 4.3a, only the layer thickness distribution of the particle with the averagemean layer thickness
is shown here. The standard deviations of these distributions are similar, while the mean layer
thicknesses are slightly decreasing from 𝛬0 = 1 to 𝛬3 = 1. This effect arises since the radius of
curvature is taken into account when calculating the layer thickness of a solidified droplet, see
Section 3.2.4. First, small particles receive more droplets in case of 𝛬0 = 1 compared to the other
cases and second, the calculated layer thickness increases for smaller particles. As a result, the layer
thickness distributions are shifted towards smaller thicknesses (from 𝛬0 = 1 to 𝛬3 = 1). However,
this influence is relatively small. The inter-particle layer thickness distributions showmore distinct
differences when varying the selection property in the droplet deposition algorithm, see Figure 4.7b.
The shape of these distributions indicates that the standard deviation changes. The smallest standard
deviation can be found in case of 𝛬2 = 1, which is the standard case in the simulations presented
in this thesis. The largest standard deviation is obtained for 𝛬0 = 1. Consequently, the mean layer
thickness is almost the same for each particle in the population in case of 𝛬2 = 1, while in the other
cases themean layer thickness varies to a greater extent within the population. This behavior can also
be observed in the particle size distributions shown in Figure 4.7c. Since the mean layer thickness
is almost identical for each particle in case of 𝛬2 = 1, the shape of the particle size distribution
is preserved during the coating process. For 𝛬0 = 1 and 𝛬1 = 1, the shape of the particle size
distributions is not preserved as they become narrower during the coating process. In these cases,
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small particles receivemore droplets and large particles receive less droplets, compared to the case of
𝛬2 = 1 as shown in Figure 3.13. As a result, smaller particles grow faster and the shape of the particle
size distribution changes. If 𝛬3 = 1, the particle size distribution becomes broader. Larger particles
are preferred by the droplet deposition algorithm compared to the case of 𝛬2 = 1, leading to faster
growth of these particles and a changing shape of the distribution. The mean particle diameter is
shown in Figure 4.7d. In the beginning of the simulation the values are very similar, while during
the process a small, but growing difference between the values can be observed. The largest mean
particle diameter at the end of the process can be found in case of 𝛬0 = 1 and the smallest one for
𝛬3 = 1. This directly follows from the effect of the particle size on the calculated layer thickness shown
in Figure 4.7a. Figure 4.7e shows the standard deviation of the particle size distribution confirming
the above discussed effects: the standard deviation stays constant for 𝛬2 = 1, decreases for 𝛬0 = 1
and 𝛬1 = 1, and increases if 𝛬3 = 1.

4.2.3 Influence of process andmaterial parameters

The influence of process and material parameters (inlet gas temperature, spraying rate, coating
layer porosity, solid mass fraction of the sprayed liquid, droplet size, and contact angle) on particle
properties is presented. The used simulation parameters are given in Table 4.1. The selected particle
properties are two different intra-particle layer thickness distributions as well as the distribution of
the coating time. The first layer thickness distribution belongs to the particle with the average mean
layer thickness at the end of the coating process. The second distribution indicates the variation of
the layer thickness on single particles at the time of reaching full coverage, which is of interest when
a thin, complete layer is desired. This property is obtained by storing the layer thickness distribution
for each particle once its coated surface fraction reaches unity. Since this distribution is available
for each particle in the simulation, only one of them is shown in this simulation study. Similar to
the first layer thickness distribution, the distribution which belongs to the particle with the average
mean layer thickness (at the time of reaching full coverage) is selected. The influence of process and
material parameters on the selected properties is discussed using further parameters: the number
flow rate of droplets (cf. Equation (3.15)), volume of a dry droplet (cf. Equation (3.41)), number of
positions (cf. Equation (3.14)), layer thickness generated by a dry droplet (cf. Equation (3.39)), and
the drying time (cf. Equation (3.24)).

It was pointed out in Section 2.2.4 that the porosity of coating layersmaydependondrying conditions,
influenced by inlet gas temperature and the spraying rate. The influence of these parameters on the
coating layer porosity is not considered in the presented simulation study. Instead, the influence
of each parameter is investigated separately. The results are shown in Figure 4.8 to Figure 4.13 and
summarized in Table 4.2.
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Influence of inlet gas temperature

An increasing inlet gas temperature does not influence the number flow rate of droplets, dry droplet
volume, number of positions, and the layer thickness generated by a single dry droplet, while only
the drying time of droplets is decreased. This eventually leads to more dry droplets, which can
contribute to the solid layer. However, no significant influence on either intra-particle layer thickness
distribution can be seen in Figure 4.8a (at the end of the coating process) or in Figure 4.8b (at the
time of reaching full coverage). Correspondingly, the mean values and standard deviations of both
distributions shown in Figure 4.8c are constant. No influence of the inlet gas temperature on the
distribution of the coating time, see Figure 4.8d, can be observed either.
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Figure 4.8: Influence of the inlet gas temperature on the intra-particle layer thickness distribution at
the end of the coating process (a), and at the time of reaching full coverage (b), the mean
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Influence of spraying rate

An increasing spraying rate leads to a larger number flow rate of droplets, while the dry droplet
volume, number of positions, and the layer thickness of a dry droplet are not changed. The drying
time of droplets is increased due to a larger moisture content of the gas. Figure 4.9a to Figure 4.9c
show that the spraying rate does not influence the intra-particle layer thickness distribution at the
end of the coating process and at the time of reaching full coverage. Note that the process times
in the simulation are adjusted to achieve the same sprayed solid mass in each simulation, which
leads to constant layer thickness distributions. Figure 4.9d indicates that an increasing spraying rate
strongly reduces the coating time due to the increased number flow rate of droplets.
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Figure 4.9: Influence of the spraying rate on the intra-particle layer thickness distribution at the end
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Influence of coating layer porosity

A larger coating layer porosity does not change the number flow rate of droplets, number of positions,
or the drying time, but increases the solid volume of a dry droplet, which leads to an increased layer
thickness generated by a single dry droplet. As a result, the intra-particle layer thickness distributions
at the end of the coating process and at the time of reaching full coverage are shifted towards larger
values, see Figure 4.10a and Figure 4.10b. Simultaneously, an increased layer thickness generated by
a single droplet increases the standard deviation of both distributions, see Figure 4.10c. Figure 4.10d
shows that the coating time distribution is not influenced by the coating layer porosity.
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Figure 4.10: Influence of the coating layer porosity on the intra-particle layer thickness distribution
at the end of the coating process (a), and at the time of reaching full coverage (b), the
mean values and standard deviations of both layer thickness distributions (c), and the
coating time distribution (d).
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Influence of solid mass fraction

An increased solid mass fraction leads to a smaller number flow rate of droplets since the droplet
density is higher (cf. Equation (A.17)), while the spraying rate stays constant. The volume and layer
thickness of a dry droplet increase and the drying time is smaller since the droplets contain less
water. Figure 4.11a shows the influence of an increased solid mass fraction on the intra-particle layer
thickness distribution at the end of the coating process. The mean layer thickness stays constant,
while the standard deviation increases, see also Figure 4.11c. Due to the changing number flow rate
of the droplets, the process time in the simulation is adjusted resulting in the same sprayed solid
mass and a constant mean layer thickness. The standard deviation increases due to the larger layer
thickness of a dry droplet. Figure 4.11b shows the intra-particle layer thickness distribution at the
time of reaching full coverage. In this case, the mean and standard deviation increase when the
solid mass fraction is higher, which is due to the larger layer thickness of a dry droplet. The reduced
number flow rate of droplets leads to slightly larger coating times, see Figure 4.11d. However, this
influence is small in the investigated range.
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Figure 4.11: Influence of the solid mass fraction on the intra-particle layer thickness distribution
at the end of the coating process (a), and at the time of reaching full coverage (b), the
mean values and standard deviations of both layer thickness distributions (c), and the
coating time distribution (d).
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Influence of droplet size

An increasing droplet size leads to a smaller number flow rate of droplets and an increased volume
and layer thickness of dry droplets. The number of positions decreases due to a larger contact area
and the drying time increases due to the larger droplet volume. The influence of the droplet size on
the intra-particle layer thickness distribution at the endof the coatingprocess is shown inFigure 4.12a.
The mean layer thickness stays constant since the same amount of solid material is sprayed (larger
dry droplet volume, but smaller number flow rate), while the standard deviation increases due to
the larger layer thickness generated by dry droplets, see also Figure 4.12c. Figure 4.12b shows the
intra-particle layer thickness distribution at the time of reaching full coverage. Due to the larger layer
thickness of dry droplets, the mean and standard deviation are both increased. The coating time
is influenced by two factors: the reduced number of positions leads to shorter coating times, while
the smaller number flow rate would increase it. Eventually, the influence of the number flow rate
dominates since ¤𝑁drop ∼ 𝑑3drop and 𝐴contact ∼ 𝑑2drop and the coating time is increased when larger
droplets are sprayed, see Figure 4.12d.
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Figure 4.12: Influence of the droplet size on the intra-particle layer thickness distribution at the end
of the coating process (a), and at the time of reaching full coverage (b), the mean values
and standard deviations of both layer thickness distributions (c), and the coating time
distribution (d).
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Influence of contact angle

A larger contact angle does not influence the number flow rate of droplets and the dry droplet volume,
but leads to an increasing number of positions due to a smaller footprint of deposited droplets. As a
result, a larger layer thickness of a single dry droplet is predicted by the model, see Equation (3.40).
The drying time is increased since the curved surface area of the droplet is smaller. Figure 4.13a
shows the influence of the contact angle on the intra-particle layer thickness distribution at the end
of the coating process. When the contact angle increases, the mean value stays constant. Although
the layer thickness of a single droplet is larger, less droplets are stacked over each other due to a
higher number of positions and the mean layer thickness stays constant. The standard deviation
increases due to a larger layer thickness of a single droplet. Figure 4.13b shows that an increasing
contact angle increases both the mean value and the standard deviation of the intra-particle layer
thickness distribution at the time of reaching full coverage, which is the result of the increased layer
thickness of a single droplet. The coating time increases since the number of positions is larger while
the number flow rate of droplets is constant, see Figure 4.13d.
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Figure 4.13: Influence of the contact angle on the intra-particle layer thickness distribution at the
end of the coating process (a), and at the time of reaching full coverage (b), the mean
values and standard deviations of both layer thickness distributions (c), and the coating
time distribution (d).
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Table 4.2: Influence of process conditions and material parameters on the single particle layer thick-
ness distribution (at the end of the coating process and when reaching full coverage) as
well as the mean coating time.

Parameter 𝑇g ,in ↑ ¤𝑀spray ↑ 𝜀drop,dry ↑ 𝑤s ↑ 𝑑drop ↑ 𝜃 ↑
¤𝑁drop − ↑ − ↓ ↓ −
𝑉drop,dry − − ↑ ↑ ↑ −
𝑁pos − − − − ↓ ↑
𝑠drop,dry − − ↑ ↑ ↑ ↑
Δ𝑡dry ↓ ↑ − ↓ ↑ ↑
𝑠intra − − ↑ − − −
𝜎s,intra − − ↑ ↑ ↑ ↑
𝑠intra at𝛹c = 1 − − ↑ ↑ ↑ ↑
𝜎s,intra at𝛹c = 1 − − ↑ ↑ ↑ ↑
𝑡c − ↓ − ↑ ↑ ↑

Table 4.2 summarizes the influence of the process conditions and material parameters on both layer
thickness distributions and the coating time. Themean value of the intra-particle layer thickness
distribution at the end of the coating process only increases when the porosity of a dry droplet
becomes larger due to an increased layer thickness of dry droplets. Although this value is also larger
in case of an increased solid mass fraction, droplet size, and contact angle, the mean layer thickness
stays constant in these cases as explained above. The standard deviation of the intra-particle layer
thickness distribution at the end of the coating process is always increasedwhen the layer thickness of
dry droplets is larger. The same observation can bemade in case of the mean and standard deviation
of the intra-particle layer thickness distribution at the time of reaching full coverage. The coating
time is mainly governed by the number flow rate of droplets in case of varying spraying rate, solid
mass fraction, or droplet size. However, the number of positions (influenced by the footprint of
deposited droplets) also has an influence when the contact angle is varied.

4.3 Comparison to experimental data

4.3.1 Experimental setup

In this section, several lab-scale fluidized bed coating experiments are used to validate the Monte
Carlo model for coating and layering granulation. In total six experiments with varying material
properties and process parameters are used. Experiment 1 and 2 have been published by Rieck et al.
[57] and the remaining experiments are taken from Sondej et al. [166]. The details of the experiments
are described below, before presenting the results.
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Figure 4.14: Schematic representation of the lab-scale fluidized bed plant used in the experiments
(adapted from Rieck et al. [146]).

Materials

The particles used in the presented coating experiments vary in terms of material and particle size
distribution. Different non-porous glass beads (Sigmund Lindner GmbH, Germany) with mean
diameters of 0.27mm, 0.53mm, and 0.64mm and porous γ-Al2O3particles (Sasol Germany GmbH,
Germany) with mean diameters of 0.64mm and 1.8mm were used. The sprayed materials were
aqueous solutions of sodium benzoate (NaB; solid mass fraction ranging between 0.29 and 0.3),
sodium benzoate (95% of added solid mass) and additional hydroxypropyl methylcellulose (HPMC;
5% of added solid mass) with a total solid mass fraction of 0.3, and shellac dissolved in an aqueous
ammonia solution (mass fraction of ammonia equal to 0.02) with a solid mass fraction of 0.15.

Plant description

The experiments were performed in a cylindrical lab-scale fluidized bed (Glatt GmbH, Germany,
type: GPCG 1.1, modified) with an inner diameter of the fluidized bed chamber of 0.15m. A two-
fluid nozzle (Düsen Schlick GmbH, type: 970/0 S4) was used in top-spray configuration. The orifice
diameter of the liquid tube of the nozzlewas 0.8mm. Thedistributor platewasmadeof sinteredmetal
and had a mean pore size of 100 µm. The fluidization gas was air taken from the local compressed
air network and heated to the desired temperature by an electrical heater. After passing the fluidized
bed chamber, the air is filtered by a textile filter (mean pore size of 7 µm) and blown out. The plant is
equipped with various instruments to measure the moisture content of the gas (MIR), temperatures
(TIR), and mass flow rates (MIR). An overview is given in Figure 4.14.
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Experimental plan and conduction of experiments

The initial bed mass was filled into the fluidized bed chamber, the fluidization was started, and the
plant was heated up to the desired temperature. Before starting the coating experiment, a sample of
the initial particles was taken. Then, the liquid was sprayed for the desired duration. The atomization
air pressure was 1.7 bar in experiments 1 and 2, and 2 bar in the remaining experiments. At the end
of each experiment, a sample of the coated particles was taken.

The samples were analyzed offline using different measurement devices. The particle size distri-
bution was determined using a Camsizer (Retsch Technology, Germany), which is a photo-optical
measurement system taking images of freely falling particles. Using image processing, the projected
area of each particle can be evaluated and converted to diameters of equivalent circles representing
the particle diameter. The particle size distribution is then obtained by computing histograms. Ad-
ditionally, randomly picked single particles were further analyzed using X-ray micro-tomography
(ProCon X-Ray GmbH, Germany). The particles were put on a sample holder in front of an X-ray
source. The intensity of the X-rays after passing the sample was measured by a detector. Due to
differences in X-ray absorption of the core particle, the coating material, and air (in the pores and
surrounding the particle), a two-dimensional intensity profile of the X-rays can be obtained. By rotat-
ing the sample 360°, a three-dimensional volume image of the scanned particle can be reconstructed
withMAVI software (Fraunhofer Institute for Technical and IndustrialMathematics, Germany). Using
image processing, the coating layer porosity and the intra-particle layer thickness distribution of the
analyzed coated particle can be obtained. Further details regarding the measurement and image
analysis can be found in literature, see Sondej et al. [166, 167].

4.3.2 Simulation results

AMonte Carlo simulationwas performed for each experiment. The layer porositiesmeasured using X-
raymicro-tomography are used in the simulations for the porosity of a dry droplet in Equation (3.41).
In each simulation, a set of 1000 particles was created using the measured initial particle size distri-
bution, as explained in Appendix C. In case of the aqueous sodium benzoate solution (experiments 1
to 3), density, viscosity, and surface tension are known (cf. Appendix A) and the Sauter diameter
of the sprayed droplets is estimated using an empirical correlation for externally mixing two-fluid
nozzles given by Lefebvre andMcDonell [168]. The resulting droplet sizes are in the range of 60 µm for
experiments 1 and 2 and 35 µm for experiment 3. The necessary parameters are not available for the
other materials and, therefore, a droplet size of 35 µm is assumed in experiments 4 to 6. The contact
angles were estimated based on photo-optical measurements performed by Terrazas-Velarde [15],
who obtained contact angles of aqueous HPMC droplets deposited on glass and γ-Al2O3particles.
A negligible influence of the solid mass fraction on the contact angle was found. Based on this
observation and since the solutions used in the experiments are water-based, the value of the contact
angle is set to 40° when glass beads are used and 60° for γ-Al2O3particles. The remaining parameters
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Table 4.3: Parameters used in the particle coating experiments and the corresponding simulations.

Value Value Value Value Value Value
Parameter

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6
Unit

Particle material glass glass γ-Al2O3 γ-Al2O3 glass glass

Sprayed solid material NaB NaB NaB shellac shellac NaB,
HPMC

Sprayed liquid material water water water aq. NH3 aq. NH3 water
Bed diameter 𝑑bed 0.15 0.15 0.15 0.15 0.15 0.15 m
Bedmass𝑀bed 1 1 0.4 0.4 0.4 0.5 kg
Mean particle diameter 𝑑10 0.53 0.53 1.80 0.67 0.64 0.27 mm
Standard deviation 𝜎x 0.10 0.10 0.04 0.04 0.06 0.04 mm
Particle density 𝜚p 2500 2500 1040 1040 2500 2500 kgm−3

Solid density of coating material 𝜚s 1440 1440 1440 1050 1050 1433 kgm−3

Spraying rate ¤𝑀spray 1.28 0.51 0.12 0.37 0.36 0.27 kg h−1

Droplet diameter 𝑑drop 60 60 35 35 35 35 µm
Contact angle 𝜃 40 40 60 60 40 40 °
Solid mass fraction of the solution𝑤s 0.3 0.3 0.29 0.15 0.15 0.3 −
Porosity of a dry droplet 𝜀drop,dry 0.5 0.46 0.3 0 0 0.1 −
Inlet temperature of the fluidization gas𝑇g ,in 95 95 75 50 60 60 °C
Inlet moisture content of the fluidization gas𝑌in 1 1 1 1 1 1 g kg−1

Mass flow rate of the fluidization gas ¤𝑀g 120 120 120 120 120 110 kg h−1

Process time 𝑡 2820 7020 3600 7200 3600 3600 s
Number of particles𝑁p,MC 1000 1000 1000 1000 1000 1000 −
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Figure 4.15:Comparison of intra-particle layer thickness distributions obtained from experiments
and the Monte Carlo simulation for experiment 3 (a), experiment 4 (b), experiment 5
(c), and experiment 6 (d).

follow directly from the experiments. Table 4.3 gives an overview about the used materials and simu-
lation parameters. Below, particle size distributions and intra-particle layer thickness distributions
obtained from experiments and the simulations are compared.

Intra-particle layer thickness distributionsweremeasured for experiments 3 to 6 by randomly picking
a single particle from each sample. Figure 4.15 shows the comparison of the distributions from the
simulation and the experiments. Since the measured layer thickness distribution corresponds to
a randomly picked single particle, the results are compared to two intra-particle layer thickness
distributions, which belong to the particles with the smallest (denoted by MC (min)) and largest
(denoted by MC (max)) mean layer thickness in the simulation. Then, the measured layer thickness
distribution should lie in between the two distributions obtained in the simulation. Figure 4.15
shows that the simulated and measured data agree well for all cases. Table 4.4 shows the mean
and standard deviations calculated from the shown intra-particle layer thickness distributions. The
values predicted by the simulation are close to the results of the measurement.

Table 4.4 additionally shows the mean and standard deviation of the inter-particle layer thickness
distributions obtained in the simulation. As one would expect, these mean values lie between the
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Table 4.4:Mean and standard deviation of intra-particle and inter-particle layer thickness distribu-
tions obtained in experiments and simulations.

Value Value Value Value
Parameter

Exp. 3 Exp. 4 Exp. 5 Exp. 6
Unit

𝑠intra,exp 26.16 28.09 30.31 12.47 µm
𝜎s,intra,exp 6.47 3.94 3.56 4.64 µm
𝑠intra,min 25.60 27.54 30.67 10.92 µm
𝑠intra,max 26.40 29.06 32.48 15.33 µm
𝜎s,intra,min 8.35 5.17 4.51 3.73 µm
𝜎s,intra,max 8.34 5.28 4.86 3.82 µm
𝑠inter 26.01 28.32 31.52 13.53 µm
𝜎s,inter 0.13 0.23 0.27 0.57 µm

mean values of the intra-particle layer thickness distributions 𝑠intra,min and 𝑠intra,max . However, as
already indicated in Figure 4.3a, the corresponding standard deviations are much smaller than those
of the intra-particle layer thickness distributions, which is due to the assumptions in the droplet
deposition algorithm. Experimental values were not measured in the considered trials, but further
results given by Sondej et al. [167] indicate that the standard deviation of inter-particle layer thickness
distributions should be larger than the values obtained in the discussed simulations.

Particle size distributions after the coating process were measured for experiments 1, 2, 4, and 6.
Figure 4.16 shows the comparison of the simulated and measured particle size distributions before
(𝑡 = 0) and after the coating process. In all cases the simulated andmeasured data agree well.
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Figure 4.16:Comparison of the particle size distributions before and after the coating process ob-
tained from experiments and the Monte Carlo simulation for experiment 1 (a), experi-
ment 2 (b), experiment 4 (c), and experiment 6 (d).
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Chapter 5

Monte Carlo model for binder-less
agglomeration due to glass transition

This chapter is an extended version of Rieck et al. [146]. First, the structure of the Monte Carlo model
for binder-less agglomeration is presented. A simulation study is used to describe the influence of
the droplet deposition mechanism as well as process and material parameters on the agglomeration
behavior. Additionally, a comprehensive experimental study is described in detail before simulation
results are compared to experimental data.

5.1 Structure of the algorithm

A schematic representation of the micro-processes and events used to model binder-less agglomera-
tion is given in Figure 5.1. Modeling of binder-less agglomeration requires twomicro-scale events:
deposition of droplets on the particle surface and binary collisions between particles. The deposited
droplets wet the particles and are imbibed. Depending on the process conditions, the droplets
may cause glass transition of the material, leading to sticky, viscous spots on the particle surface.
If particles collide at these spots, agglomerates may be formed. Collisions at dry spots will always
result in rebound of the collision partners due to the conditions in this thesis (inlet gas temperature
is always lower than the glass transition temperature of the dry solid). The effect of glass transition
can be reversed by drying of the wet spots. Re-wetting of these positions is possible, whichmay again
lead to viscous spots. Breakage of viscous and solid bridges is included as well.

Figure 5.2 illustrates the structure of theMonte Carlo algorithm for binder-less agglomeration. Firstly,
the particle system is scaled down. Then, the event occurring in a specific time step is chosen
according to Equation (3.4). If the chosen event is droplet deposition, one wet droplet is added to a
randomly selected particle. If the event collision is chosen, two particles are randomly selected to
collide with each other. In this case, the agglomeration criteria described in Section 3.2.5 are checked.
If the selected particles agglomerate, they are attached to each other and form a larger compound.
Otherwise, rebound occurs, whichmay result in breakage. If breakage occurs, one randomly selected
bridge (wet or dry) of the first collision partner breaks, forming two smaller particles as described in
Section 3.2.6. If breakage does not occur, nothing happens to the colliding particles. After successful
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imbibition +
glass transition

droplet
deposition

water

breakage

dryingcollisions

dry

sticky

Figure 5.1:Network of the micro-processes and events used to model binder-less agglomeration.

agglomeration or breakage, the particle sizes and the scaling factor are updated in order to re-scale
the particle system in the following time step as described in Section 3.1.2. The simulation continues
until the process time reaches a pre-defined value. Similar to the Monte Carlo algorithm for coating
and layering described in Chapter 4, the variables are saved in total at 50 uniformly distributed points
in time during the simulation. In contrast to the Monte Carlo algorithm for coating and layering,
the droplet drying algorithm is not used in each time step to update the droplet states. Instead, a
time-saving approach is applied as described below.

Calculating droplet drying and updating the droplet state in each time step is computationally
expensive and has a large influence on the total computation time. This is necessary in the Monte
Carlo algorithm for coating and layering granulation, described in the previous chapter, to obtain
the correct time a particle reaches full coverage. However, in case of the Monte Carlo algorithm
for binder-less agglomeration, computational time can be saved when the states of all droplets are
only updated in the 50 time steps, in which the variables are stored. However, the droplet state is
still important for the droplet deposition event (to ensure that the new droplet is deposited on a
dry position) and for the collision event (to evaluate the agglomeration criteria) in all other time
steps. Consequently, the state of either one droplet (droplet deposition) or two droplets (collision)
still needs to be checked in a time step using Equation (3.23). This approach leads to a significant
reduction of the computation time compared to checking all droplet states in each time step.
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Figure 5.2: Flow chart of the Monte Carlo algorithm for binder-less agglomeration.
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5.2 Simulation study

A simulation study is performed to describe the influence of the droplet deposition mechanism as
well as process andmaterial parameters on the macroscopic agglomeration behavior in the model.
The presented simulation study is based on a comprehensive experimental study on binder-less
agglomeration of partly amorphous maltodextrin particles published by Rieck et al. [146], which is
described in Section 5.3. Before presenting simulation results, sources and estimation methods for
material parameters are given.

The particles used in the experiments are made of maltodextrin, which is a carbohydrate mixture
produced by starch hydrolysis. Three different maltodextrins (Glucidex IT, Roquette, France) are
used, which can by distinguished by their DE value (dextrose equivalent): DE 6, DE 12, and DE 47
(also denoted by dried glucose syrup). As indicated in Section 3.2.5, application of the Gordon-Taylor
equation requires values of the constant 𝑘 and the glass transition temperature of the dry solid
𝑇gt ,s , which are both material dependent. Values for these parameters are given in literature [43] for
DE 5 and DE 10. As the DE of the used materials vary between 5 to 8 (for DE 6) and 11 to 14 (for
DE 12), the values given for DE 5 and DE 10 are used. Since no values could be found for DE 47,
the value for 𝑘 was extrapolated linearly from data presented by Roos and Karel [159]. The glass
transition temperature of the dry solid was estimated using Equation (3.49) and Equation (3.48), see
Section 3.2.5. The resulting values of 𝑘 and𝑇gt ,s are summarized in Table 5.1.

The porosity of the maltodextrin particles was estimated based on the bulk density provided by the
manufacturer, which is around 500 kgm−3 and the density of the material without pores (approx.
1500 kgm−3), which was measured using a gas pycnometer (Grabner Instruments, Austria, type:
Minidens TCO). Assuming a random packing of spheres having a bed porosity of 0.4, themean poros-
ity of the maltodextrin particles can be estimated. Based on the described values and assumptions,
the mean porosity is 0.4 and the corresponding density is 900 kgm−3. In the presented simulation
study, the initial particle size distributions are approximated by normal distributions with a mean
diameter of 140 µm (corresponds to a Sauter mean diameter of 160 µm) and a standard deviation
of 40 µm, which follow frommeasurement results presented in Section 5.3. A set of 1000 normally
distributed particle diameters was then created in each simulation as shown in Appendix C. The
collision frequency is calculated as described in Section 3.2.2 and equals 12.6 s−1. For simplification,

Table 5.1:Material parameters used in the Gordon-Taylor equation for maltodextrin DE 6, DE 12,
and DE 47.

𝑇gt ,s 𝑘
Material

[°C] [−]
DE 6 188 7.7
DE 12 160 7.0
DE 47 111 5.3
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Table 5.2: Simulation parameters used in theMonte Carlo simulations for binder-less agglomeration
(simulation study).

Parameter Value Unit

Particle material DE 6, DE 12, DE 47
Sprayed liquid material water
Bed diameter 𝑑bed 0.15 m
Bedmass𝑀bed 0.45 kg
Mean particle diameter 𝑑10 140 µm
Standard deviation 𝜎x 40 µm
Primary particle density 𝜚pp 900 kgm−3

Solid density 𝜚s 1500 kgm−3

Primary particle porosity 𝜀pp 0.4 −
Agglomerate porosity 𝜀agg 0.5 −
Collision frequency 𝑓coll 12.6 s−1

Particle velocity (mean)𝑢p 0.018 m s−1

Collision velocity (mean)𝑢coll 0.29 m s−1

Collision velocity (standard deviation) 𝜎ucoll 0.15 m s−1

Breakage probability 𝑃break 0.002 −
Coefficient of restitution 𝑒 ′ 0.5 −
Height of asperities ℎa 5 µm
Spraying rate ¤𝑀spray 0.3, 0.4, 0.5 kg h−1

Droplet diameter 𝑑drop 30 µm
Contact angle 𝜃 40 °
Inlet temperature of the fluidization gas𝑇g ,in 60, 80, 95 °C
Inlet moisture content of the fluidization gas𝑌in 1 g kg−1

Mass flow rate of the fluidization gas ¤𝑀g 39 kg h−1

Process time 𝑡 250 s
Number of particles in the simulation𝑁p,MC 1000 −
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the value is calculated once at the beginning of the simulation and held constant. The calculated
mean particle velocity is 0.018m s−1. The resulting distribution of the collision velocity follows from
the method described in Section 3.2.5 and is characterized by a mean value of 0.29m s−1 and a stan-
dard deviation of 0.15m s−1. The restitution coefficient 𝑒 ′ is set to 0.5 based on PTVmeasurements
presented by Jiang et al. [169] and the height of asperities at the bottom of wet spots is estimated
to be 5 µm. The Sauter mean diameter of the sprayed water droplets was estimated based on an
empirical correlation for externally mixing two-fluid nozzles reported by Lefebvre and McDonell
[168] and is 30 µm. The contact angle is assumed to be 40°. Further operating parameters are based
on the experimental study, which is described in detail in Section 5.3.1. The parameters used in this
simulation study are summarized in Table 5.2.

5.2.1 Influence of droplet deposition

The influence of the droplet deposition mechanism on the agglomeration behavior is investigated in
a similar way as shown in Section 4.2.2. In total four simulations are performed, in which 𝛬0 to 𝛬3

in Equation (3.17) are sequentially set to unity. The simulation parameters correspond to those in
Table 5.2 for maltodextrin DE 12 with𝑇g ,in = 60 °C and ¤𝑀spray = 0.4 kg h−1. The results are shown in
Figure 5.3.

Figure 5.3a shows the initial particle size distribution as well as the particle size distributions after
250 s of spraying for each simulation. Figure 5.3b shows the transient behavior of the corresponding
Sauter mean diameter. A significant influence of the selection property in the droplet deposition
algorithm on the agglomeration kinetics can be observed. In case of𝛬0 = 1 (i.e., particles are selected
based on their number when receiving droplets), the agglomeration rate is higher than in all other
cases, leading to the largest agglomerates. When the particles are selected based on their volume
(𝛬3 = 1), the smallest agglomeration rate and Sauter mean diameter are obtained.

If the particle selection for droplet deposition is based on the particle number, all particles have the
same probability to be selected. However, if the selection property is either size, surface area, or
volume, the relative amount of droplets received by small particles is reduced, while it increases for
larger particles, see Figure 3.13 in Section 3.2.1. As a result, the wet surface area is increased for small
particles in case of 𝛬0 = 1 and for large particles in case of 𝛬3 = 1. However, since small particles
have less positions due to their small surface area, the resulting wet surface fraction is higher in
comparison with large particles, leading to an increased probability of a wet position being randomly
chosen in a collision event. At the same time, the selection of collision partners is performed based
on the number of the individual particles (i.e., the selection probability is identical for each particle).
Therefore, small particles can agglomerate more frequently in case of 𝛬0 = 1. This increases the
agglomeration rate, leads to larger agglomerates, and consequently to a small amount of single
primary particles in the particle size distribution, see Figure 5.3a.
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Figure 5.3: Influence of the droplet deposition mechanism on the particle size distribution (a) and
the transient behavior of the Sauter mean diameter (b).

5.2.2 Influence of process parameters

The influence of process parameters (inlet gas temperature and spraying rate) and a material pa-
rameter (DE value of maltodextrin) on the three agglomeration criteria considered in the model is
presented. Therefore, further parameters are considered: drying time (cf. Equation (3.35)), glass
transition temperature (cf. Equation (3.47)), temperature of the solid (cf. Equation (3.52)), and
viscosity (cf. Equation (3.50)). The agglomeration behavior is quite complex, as changes in these
parameters lead to opposing trends on themicroscopic level. These trends are discussed below, while
the governing trend on the macro-scale is discussed later using the simulation and experimental
results. The used simulation parameters are summarized in Table 5.2. To show the influence of the
above mentioned parameters on agglomeration, the following simulations are performed:

• simulations with𝑇g ,in = 60 °C and𝑇g ,in = 95 °C (DE 12, ¤𝑀spray = 0.4 kg h−1),

• simulations with ¤𝑀spray = 0.3 kg h−1 and ¤𝑀spray = 0.5 kg h−1 (DE 12,𝑇g ,in = 80 °C), and

• simulations with DE 6 and DE 47 (𝑇g ,in = 80 °C, ¤𝑀spray = 0.4 kg h−1).

The results are shown in Figure 5.4 to Figure 5.6 and summarized in Table 5.3.

Figure 5.4 shows the influence of the inlet gas temperature on the agglomeration behavior. Figure 5.4a
shows the mean number of wet droplets (scaled up to the real particle system) during the process
and Figure 5.4b to Figure 5.4d depict the transient behavior of the water mass fraction𝑤w , the glass
transition temperature𝑇gt , and the viscosity of the wet spots𝜂 during the drying time of a droplet.
An increase in temperature leads to a shorter drying time and therefore to a smaller number of
wet droplets. This directly influences the first agglomeration criterion negatively and leads to less
successful collisions. Additionally, the water mass fraction is reduced faster in case of a high inlet gas
temperature leading to a faster increase of the glass transition temperature of thewet spot. That iswhy
in case of a high inlet gas temperature it is more likely that the calculated glass transition temperature
during a collision is higher, which generally inhibits the second agglomeration criterion from being
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Figure 5.4: Influenceof the inlet gas temperatureonparameters of the agglomeration citeria: number
of wet droplets (a), water mass fraction (b), glass transition temperature (c), and viscosity
(d).

fulfilled and impedes agglomeration. At the same time, the temperature of the particles𝑇s is also
higher if the inlet gas temperature is increased, promoting agglomeration. The combination of both
effects is shown in Figure 5.4c. According to the second agglomeration criterion, the glass transition
temperature must be smaller than the temperature of the solid material reduced by 20K (indicated
by the dashed lines in Figure 5.4c) to ensure stickiness of the material. The intersection of the curves
for𝑇gt and𝑇s − 20K yields the time interval, in which the second agglomeration criterion is fulfilled.
This time interval is reduced in case of a high temperature, which means that the negative influence
on the second criterion (higher glass transition temperature) prevails, leading to less agglomeration
events. The third agglomeration criterion (Stokes criterion) is influenced by the viscosity of the
material. Figure 5.4d shows that the viscosity is lower at the beginning of the drying process in case
of a high inlet gas temperature due to a higher particle temperature. At the same time, drying is faster
in this case and therefore the viscosity increases faster. Depending on the time of the collision, the
viscosity may be smaller or larger in case of a higher inlet gas temperature and agglomeration may
be impeded or promoted.

Figure 5.5 shows the influence of the spraying rate on the agglomeration behavior. A higher spraying
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Figure 5.5: Influence of the spraying rate on parameters of the agglomeration citeria: number of wet
droplets (a), water mass fraction (b), glass transition temperature (c), and viscosity (d).

rate leads to an increased number of wet droplets (see Figure 5.5a) due to a higher number flow
rate of droplets (see Equation (3.15)) and an increased drying time. This directly influences the first
agglomeration criterion, leading tomore agglomeration events. As drying is slower in case of a higher
spraying rate, the reduction of the watermass fraction is slower (see Figure 5.5b) and correspondingly
the glass transition temperature increases slower during the drying process. This leads to lower
values for𝑇gt during collisions and therefore positively influences the second agglomeration criterion.
However, the temperature of the solid material is lower, which inhibits the fulfillment of the second
agglomeration criterion. Considering both effects simultaneously in Figure 5.5c, it can be seen
that the time interval in which the second agglomeration criterion is fulfilled increases with an
increasing spraying rate, which ultimately promotes agglomeration as the positive influence (lower
glass transition temperature) prevails. Figure 5.5d shows that the viscosity at the beginning of the
drying process is larger in case of a high spraying rate, but increases slower during drying. Similar to
the case shown in Figure 5.4d, a higher spraying rate may lead to higher or smaller viscosities during
collisions. Depending on the time of the collision, agglomeration may be promoted or inhibited
according to the third agglomeration criterion.

Figure 5.6 shows the influence of the DE value of the maltodextrin on the agglomeration behavior.
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Figure 5.6: Influence of the DE value on parameters of the agglomeration citeria: number of wet
droplets (a), water mass fraction (b), glass transition temperature (c), and viscosity (d).

As stated in Section 3.2.3, the drying model assumes gas-side controlled drying, neglecting material
influence such as hygroscopicity. Therefore, the drying time is not influenced when varying the
DE value and the number of wet positions does not change. The small difference in Figure 5.6a
results from the stochastic nature of the model. Note that the simulation for DE 47 was performed
with the same initial particle size distribution as the simulation for DE 6 in this case, since the larger
particle size (cf. Table 5.2) would otherwise lead to a slightly larger drying time due to a smaller
mass transfer coefficient for DE 47, interfering with the impact of the DE value. Since the drying
time is identical, the first agglomeration criterion is not influenced. The reduction of the water
mass fraction is not changed as well, see Figure 5.6b. However, a higher DE value leads to smaller
glass transition temperatures, promoting agglomeration. As the temperature of the solid material
is not changed, the time interval in which the second agglomeration criterion is fulfilled is larger
when the DE value is increased. Consequently, the combination of both effects results in more
successful collisions according to the second agglomeration criterion in case of a higher DE value, see
Figure 5.6c. Figure 5.6d shows that the viscosity of a wet spot will be lower if the DE value increases.
Therefore, the third agglomeration criterion predicts less agglomeration events in this case.
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Table 5.3: Influence of inlet gas temperature, spraying rate, and DE value on the parameters of the
agglomeration criteria of the presented model.

Parameter 𝑇g ,in ↑ ¤𝑀spray ↑ DE ↑
Δ𝑡dry ↓ ↑ −
𝑇gt ↑ ↓ ↓
𝑇s ↑ ↓ −
𝜂 ↑↓ ↑↓ ↓
1. criterion ↓ ↑ −
2. criterion ↓ ↑ ↑
3. criterion ↑↓ ↑↓ ↓

5.3 Comparison to experimental data

In this section, the Monte Carlo simulation results are compared to experimental data. Before
presenting the results, details about the experimental study are presented.

5.3.1 Experimental setup

Materials

The primary particles used in the agglomeration experiments are made of three different types of
maltodextrin: DE 6, DE 12, and DE 47 (Glucidex IT, Roquette, France). The used maltodextrin is
probably only partly amorphous, the rest being crystalline. According to Takeiti et al. [170], who
measured the crystallinity index of different maltodextrins, it can be estimated that approximately
30% of thematerial is amorphous. The primary particles have been sieved before the experiments to
ensure a constant initial particle size throughout the experimental study. In each case, the fraction
between the 100 µm and 200 µmmeshes were used. Tap water was sprayed during the experiments
to induce agglomeration.

Plant description

The agglomeration experiments were performed in the same lab-scale fluidized bed plant as the
coating experiments described in Chapter 4. Details of the plant can be found in Section 4.3.1.

Experimental plan and conduction of experiments

As shown in Table 5.4, the experimental study consists of 27 experiments, in which inlet gas tempera-
ture, spraying rate, and the DE value of the material were varied. The remaining process parameters
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Table 5.4: Parameters used in the binder-less agglomeration experiments and the corresponding
simulations.

¤𝑀spray 𝑇g ,in 𝑑10,0 𝑑32,0 𝜎x,0 𝑓coll 𝑢p 𝑢coll 𝜎ucollExp. Material [
kg h−1

] [°C] [µm] [µm] [µm] [
s−1

] [
ms−1

] [
ms−1

] [
ms−1

]
1 DE 6 0.30 60 133 157 41 13.2 0.018 0.29 0.15
2 DE 6 0.29 80 127 158 42 11.5 0.016 0.26 0.14
3 DE 6 0.30 95 135 166 46 11.4 0.017 0.27 0.15
4 DE 6 0.39 60 132 158 41 13.1 0.018 0.29 0.15
5 DE 6 0.43 80 128 154 40 11.6 0.016 0.26 0.14
6 DE 6 0.38 95 132 156 39 11.2 0.016 0.26 0.14
7 DE 6 0.56 60 132 158 40 13.1 0.018 0.29 0.15
8 DE 6 0.53 80 134 161 43 12.1 0.017 0.27 0.15
9 DE 6 0.53 95 126 152 41 10.7 0.016 0.26 0.14
10 DE 12 0.30 60 133 162 44 13.2 0.018 0.29 0.15
11 DE 12 0.28 80 145 173 45 13.0 0.018 0.29 0.15
12 DE 12 0.30 95 143 179 49 12.0 0.018 0.29 0.15
13 DE 12 0.40 60 134 160 40 13.3 0.018 0.29 0.15
14 DE 12 0.40 80 135 161 42 12.2 0.017 0.27 0.15
15 DE 12 0.40 95 134 168 46 11.4 0.017 0.27 0.15
16 DE 12 0.56 60 133 161 43 13.2 0.018 0.29 0.15
17 DE 12 0.48 80 142 170 44 12.8 0.018 0.29 0.15
18 DE 12 0.49 95 132 161 43 11.2 0.016 0.26 0.14
19 DE 47 0.30 60 148 195 54 14.6 0.020 0.32 0.17
20 DE 47 0.30 80 152 195 51 13.5 0.019 0.30 0.16
21 DE 47 0.30 95 139 172 46 11.7 0.017 0.27 0.15
22 DE 47 0.42 60 136 171 47 13.5 0.018 0.29 0.15
23 DE 47 0.40 80 143 177 46 12.9 0.018 0.29 0.15
24 DE 47 0.43 95 149 201 56 12.5 0.018 0.29 0.15
25 DE 47 0.51 60 146 176 45 14.3 0.019 0.30 0.16
26 DE 47 0.52 80 151 198 54 13.5 0.019 0.30 0.16
27 DE 47 0.54 95 162 223 64 13.4 0.020 0.32 0.17
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were constant: initial bed mass, 0.45 kg; mass flow rate of the fluidization gas, 39 kg h−1; atomization
air pressure, 2.3 bar.

The initial bed mass was filled into the fluidized bed chamber, fluidization was started, and the plant
was heated up to the desired temperature. The agglomeration experiment was initiated by starting
the spray. The experiments were performed until de-fluidization was visually observed, except in
experiment 3, 12, and 15, in which de-fluidization did not occur due to an equilibrium between
agglomeration and breakage. During each experiment, samples with a mass between 4 g to 7 g were
taken in time intervals corresponding to a sprayed water mass of 25 g (including a sample before
starting the spray). In case of fast agglomeration experiments, samples were also taken after spraying
12.5 g and 37.5 g of water.

The samples were analyzed offline using a Camsizer (Retsch Technology, Germany), yielding the
particle size distribution of each sample. Additionally, the moisture content of each sample was
determined thermogravimetrically with a drying oven. The initial mass fractions𝑤w,0 varied between
0.02 and 0.05.

Drying of wettedmaltodextrin surfaces

In addition to the agglomeration experiments described above, the drying behavior of wetted mal-
todextrin surfaces was investigated. Therefore, particles from all used maltodextrin grades were
pressed into tablets with a hydraulic press using a pressure of 1.3MPa. The dry mass of the tablets
ranged from 226mg to 268mg, see Table 5.5. The drying behavior was investigated using a magnetic
suspension balance (Rubotherm, Germany). The accuracy of the measurement is 1 µm. Peglow et al.
[171] give a detailed description of the magnetic suspension balance. Each tablet was placed into the
sample holder of the magnetic suspension balance and dried with pure nitrogen until the measured
mass reached a constant value. This procedure took up to five days. Then, a water droplet with a
mass ranging between 4.69mg and 5.3mg, see Table 5.5, was placed onto the tablet with a pipette.
These masses correspond to a spherical droplet diameter of approximately 2mm. It was observed
that the droplet was instantly imbibed into the porous structure of the tablet. After deposition of the
droplet, the decrease of the tablet mass due to drying of the droplet was recorded. The mass flow
rate of the used nitrogen was 23.3 g h−1 in all experiments.

Table 5.5:Masses of the dry tablets and droplets in the drying experiments.

𝑀tab,dry 𝑀dropMaterial
[mg] [mg]

DE 6 239.60 4.69
DE 12 225.98 5.19
DE 47 268.16 5.30
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5.3.2 Simulation results

A simulation for each experiment shown in Table 5.4 was performed with the corresponding inlet gas
temperature, spraying rate, andDE value. In each simulation, a set of 1000 particles was created using
the measured initial particle size distribution as shown in Appendix C. The mean particle diameter,
Sauter mean diameter, and standard deviation of the measured initial particle size distributions are
given in Table 5.4 as well. Due to the observed variation of these parameters, collision frequency and
mean particle velocity were calculated according to Section 3.2.2 in each simulation individually.
The results are shown in Table 5.4 along with the mean and standard deviation of the corresponding
distribution of the collision velocity. The remaining simulation parameters are identical to the ones
shown in Table 5.2. In order to avoid presenting the results of all experiments and simulations, the
focus lies on presenting the results of selected parameter combinations to illustrate the governing
influence of the inlet gas temperature, the spraying rate, and the DE value on the agglomeration
process. Therefore, the transient behavior of the Sauter mean diameter 𝑑32 (normalized to its initial
value𝑑32,0) of both the experimental and simulation results of the following experiments are shown:

• 4-6; 13-15; and 22-24 (influence of inlet gas temperature and DE value),

• 2, 5, 8; 11, 14, 17; and 20, 23, 26 (influence of spraying rate).

The omitted simulation and experimental data show the same trends as the presented data. The
results are shown in Figure 5.7 to Figure 5.9.

In Figure 5.7 the results from the experiments and the simulations for maltodextrin DE 6 are shown.
The influence of temperature is shown in Figure 5.7a. A low temperature leads to faster agglom-
eration, while a high temperature consequently leads to slower agglomeration. This trend can be
observed for both the experimental and the simulation data and is in accordance to the results of
the above presented simulation study. Ultimately, the negative influence of a high temperature on
agglomeration on the first two criteria and partly on the third criterion seems to be dominant. Fig-
ure 5.7b shows the influence of the spraying rate. A high spraying rate leads to faster agglomeration,
while a lower spraying rate results in a slower agglomeration process. This trend can be observed
in both the experimental and simulation results and agrees with the simulation study as well. The
positive influence of a high spraying rate on the first two criteria and partly on the third criterion
prevails. The simulation overestimates the agglomeration rate in the case of fast agglomeration
in Figure 5.7a (combination of 60 °C and 0.4 kg h−1) and agrees well for fast agglomeration in Fig-
ure 5.7b (combination of 80 °C and 0.5 kg h−1). In all other cases shown in Figure 5.7, the net rate
of agglomeration is underestimated. In case of the highest inlet gas temperature and the lowest
spraying rate, an equilibrium between agglomeration and breakage is predicted by the simulation,
while the experiment indicates net growth in these cases. Furthermore, the experimental data shows
only minor differences between low and medium temperature in Figure 5.7a (60 °C and 80 °C) as
well as high and medium spraying rate in Figure 5.7b (0.5 kg h−1 and 0.4 kg h−1) in contrast to the
simulation results.
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Figure 5.7: Transient behavior of the Sauter mean diameter for different temperatures at a spray-
ing rate of 0.4 kg h−1 (a) and different spraying rates at a temperature of 80 °C (b) for
maltodextrin DE 6 particles. The results from the simulation and the experiments are
represented by the solid lines and the dashed lines, respectively. Different temperatures
and spraying rates are distinguished by the symbols.
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Figure 5.8: Transient behavior of the Sauter mean diameter for different temperatures at a spray-
ing rate of 0.4 kg h−1 (a) and different spraying rates at a temperature of 80 °C (b) for
maltodextrin DE 12 particles. The results from the simulation and the experiments are
represented by the solid lines and the dashed lines, respectively. Different temperatures
and spraying rates are distinguished by the symbols.
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Figure 5.9: Transient behavior of the Sauter mean diameter for different temperatures at a spray-
ing rate of 0.4 kg h−1 (a) and different spraying rates at a temperature of 80 °C (b) for
maltodextrin DE 47 particles. The results from the simulation and the experiments are
represented by the solid lines and the dashed lines, respectively. Different temperatures
and spraying rates are distinguished by the symbols.

Figure 5.8 shows the results from the experiments and the simulations for maltodextrin DE 12. The
influence of the inlet gas temperature and the spraying rate is the same as for DE 6 particles. The
simulation results agree well with the experiment for all varied parameters. Note that experiment 17
(combination of 80 °C and 0.5 kg h−1), which is shown in Figure 5.8b, was used to fit the fraction of
unsuccessful collisions leading to breakage 𝑃break as described in Section 3.2.6.

Figure 5.9 shows the results from the experiments and the simulations for maltodextrin DE 47. The
general trendsdiscussedaboveare the sameas forDE6andDE12particles. Similar to the experiments
with DE 6, the experimental data shows almost no difference between inlet gas temperatures of
60 °C and 80 °C (Figure 5.9a) and spraying rates of 0.4 kg h−1 and 0.5 kg h−1 (Figure 5.9b). The model
overestimates agglomeration in case of fast agglomeration (combination of 60 °C and 0.4 kg h−1 in
Figure 5.9a; combination of 80 °C and 0.5 kg h−1 in Figure 5.9b) and underestimates agglomeration
for the rest of the parameter combinations except for slow agglomeration (combination of 80 °C and
0.3 kg h−1) in Figure 5.9b.

In Figure 5.10, the influence of the DE value on the agglomeration behavior is shown for all investi-
gated inlet gas temperatures at a spraying rate of 0.4 kg h−1. The simulation results are given on the
left-hand side (Figure 5.10a, Figure 5.10c, and Figure 5.10e). It can be observed that the agglomer-
ation rate increases with increasing DE value in the simulation: DE 47 particles show the highest
agglomeration rate, while DE 6 particles agglomerate with the smallest rate. Comparing to Figure 5.6
and Table 5.3, the positive influence of an increasing DE value on the second agglomeration criterion
outweighs the negative influence on the third criterion. An exception can be observed in Figure 5.10c,
whereDE 6 andDE 12 agglomeratewith very similar rates in the simulation, resulting from the slightly
higher spraying rate in case of DE 6 compared to DE 12 (see Table 5.4). The experimental results
are given in Figure 5.10b, Figure 5.10d, and Figure 5.10f. They show that DE 6 and DE 47 particles
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Figure 5.10: Transient behavior of the Sauter mean diameter for all used materials at a spraying rate
of 0.4 kg h−1 and a temperature of 60 °C in the simulation (a) and the experiment (b),
80 °C in the simulation (c) and the experiment (d), and 95 °C in the simulation (e) and
the experiment (f).
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Figure 5.11: Transient behavior of the normalized mass during drying of water droplets deposited
onmaltodextrin tablets with different DE values in a magnetic suspension balance.

agglomerate with similar rates, which are higher than the agglomeration rate of DE 12 particles. The
trend predicted by themodel is in this case not in agreement with the experimentally observed trend.
Below, the results of the tablet drying experiments are used to explain these differences.

As described in Section 5.3.1, the drying behavior of wetted maltodextrin surfaces was investigated.
Figure 5.11 shows the results of these experiments, in which the decrease of the droplet mass (nor-
malized to its initial value at the time of deposition, see Table 5.5) due to drying is shown for all used
materials. The results show that the drying behavior is greatly influenced by the DE value of the
material. The drying time of the deposited droplets is equal to 26 h in case of the DE 12 tablet, 79 h in
case of the DE 6 tablet and 150 h for the DE 47 tablet. The corresponding mean evaporation rates
are shown in Figure 5.11. The unexpected drying behavior in case of the DE 12 tablet may be used
to explain the experimentally observed agglomeration behavior shown in Figure 5.10b. Since the
water droplets seem to dry significantly faster in case of maltodextrin DE 12, the probability of a wet
collision is reduced, leading to a slower agglomeration rate. It should though be noted that despite
using the same pressure and particle size distribution in the production of the tablets, the behavior
of DE 12 might be due to a different pore system of the tablet. Nevertheless, these results indicate
that the DE value or associated material properties influence the drying behavior.
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Chapter 6

Macroscopic modeling of the dominant size
enlargement mechanism

This chapter is an extended version of Rieck et al. [172] and deals with estimation of the dominant
size enlargement mechanism in a spray fluidized bed process. The underlying model is described
in detail, before presenting results of a simulation study indicating the influence of the inlet gas
temperature, viscosity, droplet size, and contact angle on the dominant size enlargementmechanism.
Furthermore, a classification of the dominant mechanism based on the probability of successful
collisions is proposed, which follows from experimental data and simulation results and allows for
regimemaps to be created.

6.1 Model description

In the following sections, a model for estimating the dominant size enlargement mechanism from
the point of view of layering is presented. The dominant size enlargement mechanism is classified
based on the probability of successful collisions, which is calculated from the probability of wet
collisions and the probability of successful wet collisions (in terms of dissipation of kinetic energy),
respectively. The probability of wet collisions follows from a new dynamic model for the wet surface
fraction and a heat and mass transfer model for spray fluidized beds. Additionally, a method for
calculating the probability of successful wet collisions based on the Stokes criterion is presented.

6.1.1 Estimating the probability of successful collisions

As shown in themodeling approach presented byHussain et al. [108], the aggregation kernel depends
on the probability of a wet collision𝑃coll,wet (at least one dropletmust be involved in the collision) and
the probability that such a wet collision is successful in terms of kinetic energy dissipation 𝑃coll,wet ,suc ,
leading to agglomeration. The product of these parameters yields the probability of successful
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collisions 𝑃coll,suc , which is used in the present work to estimate the dominant size enlargement
mechanism:

𝑃coll,suc = 𝑃coll,wet · 𝑃coll,wet ,suc . (6.1)

Depending on this parameter, the dominant size enlargement mechanism will then be:

dominant mechanism =

{
layering 𝑃coll,suc → 0,
agglomeration 𝑃coll,suc → 1.

(6.2)

For layering to be dominant, the probability of successful collisions must approach zero, which
can be due to a low probability of wet collisions (𝑃coll,wet → 0), a low probability of successful wet
collisions (𝑃coll,wet ,suc → 0), or both. If the probability of successful collisions is sufficiently large
(ideally if 𝑃coll,wet → 1), agglomeration will be dominant. This condition will certainly be fulfilled if
both the probability of wet collisions and the probability of successful wet collisions approach unity
(𝑃coll,wet → 1 and 𝑃coll,wet ,suc → 1). Note that this approach neglects the influence of liquid and solid
bridge breakage. Consequently, a major model assumption is that breakage does not dominate the
process and therefore the probability of successful collisions calculated using Equation (6.1) can be
used as a suitable parameter to estimate the dominant size enlargement mechanism. Below, the
calculation of the considered probabilities is presented.

Probability of wet collisions

The probability of wet collisions depends on the wet surface fraction𝛹wet . Following Rajniak et al.
[173], it is assumed that all particles are wet and have the samewet surface fraction. Since only binary
collisions are considered, either one or two droplets can be involved in a collision. The probability of
wet collisions is then comprised of the probabilities of both individual events (exactly one droplet
and exactly two droplets take part in a collision):

𝑃coll,wet = 2𝛹wet (1 −𝛹wet ) +𝛹 2
wet = 2𝛹wet −𝛹 2

wet . (6.3)

Probability of successful wet collisions

Theprobability of successfulwet collisions is calculatedbasedon the Stokes criterion in this approach.
As described in Section 2.2.1, spherical, non-deformable particles, which are always larger in diameter
than the sprayed droplets, are considered. Using these assumptions and the Stokes criterion for
particles with rough surfaces given in Section 2.2.5, a critical particle size 𝑥crit can be obtained:

𝑥crit =
9
4

𝜂

𝜚p𝑢coll

(
1 + 1

𝑒 ′

)
ln

(
ℎl
ℎa

)
. (6.4)
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Figure 6.1: Plot of a particle size distribution (mean value and standard deviation equal to 0.2mm
and 0.05mm, respectively) with 𝑥crit equal to 0.15mm and the corresponding fraction of
particles with a fulfilled Stokes criterion.

Here, the liquid film height ℎl is set to the height of the individual deposited droplets calculated
according to Equation (3.10). Since the Stokes criterion is fulfilled, particles which are smaller than or
equal to 𝑥crit have the possibility to agglomerate upon a wet collision. The critical particle size is then
used to calculate the fraction of particles with a fulfilled Stokes criterion from the number-based,
normalized particle size distribution 𝑞0:

𝜉 =

𝑥crit∫
0

𝑞0 d𝑥 (6.5)

Figure 6.1 shows a normalized particle size distribution (normal distribution with a mean diameter
of 0.2mm and a standard deviation of 0.05mm) and the fraction of particles with a fulfilled Stokes
criterion for 𝑥crit = 0.15mm. In this example, 𝜉 is equal to 0.16. The probability of successful wet
collisions can then be calculated based on 𝜉 as presented below.

Since the Stokes criterion presented by Ennis et al. [69] is derived for spherical particles with equal
sizes, the size of the colliding particles should be smaller than 𝑥crit in order for agglomeration to
occur. As described in Chapter 2, the criterion can be extended to spherical particles of unequal size
when the harmonic mean of the particle sizes is used. Correspondingly, a wet collision results in
agglomeration when the harmonic mean is smaller than or equal to 𝑥crit :

2𝑥1𝑥2
𝑥1 + 𝑥2 ≤ 𝑥crit . (6.6)

Note that in this case many size combinations resulting in a successful collision are possible. For
example, one of the two particles may be larger than 𝑥crit , as long as the resulting harmonic mean is
still smaller. Re-arranging Equation (6.6) yields 𝑥2 as a function of 𝑥1. Since this function has a pole
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Figure 6.2: Plot of the particle size 𝑥2 (a) and the corresponding fraction of particles with a fulfilled
Stokes criterion 𝜉 (b) as a function of 𝑥1 for the corresponding example.

at 𝑥crit2 , two cases are obtained:

𝑥2 ≥ 𝑥1𝑥crit
2𝑥1 − 𝑥crit for 𝑥1 <

𝑥crit
2 , (6.7a)

𝑥2 ≤ 𝑥1𝑥crit
2𝑥1 − 𝑥crit for 𝑥1 >

𝑥crit
2 . (6.7b)

Evaluating Equation (6.7) for the limit cases yields:

0 < 𝑥1 <
𝑥crit
2 : lim

𝑥1→0+
𝑥1𝑥crit

2𝑥1 − 𝑥crit = 0 and lim
𝑥1→ 𝑥crit

2
−

𝑥1𝑥crit
2𝑥1 − 𝑥crit = −∞, (6.8a)

𝑥crit
2 < 𝑥1 < ∞ : lim

𝑥1→ 𝑥crit
2

+
𝑥1𝑥crit

2𝑥1 − 𝑥crit = ∞ and lim
𝑥1→∞

𝑥1𝑥crit
2𝑥1 − 𝑥crit =

𝑥crit
2 . (6.8b)

Both cases are shown in Figure 6.2a for the same example as in Figure 6.1. For 𝑥1 < 𝑥crit
2 , 𝑥2 must be

larger than the value calculated with Equation (6.7a). Since this value lies between 0 and −∞ and
only positive values for 𝑥2 are reasonable, the Stokes criterion is fulfilled for any value of 𝑥2 when
𝑥1 <

𝑥crit
2 , leading to agglomeration. For 𝑥1 > 𝑥crit

2 , 𝑥2 must be smaller than the value calculated with
Equation (6.7b), which starts at∞ and decreases asymptotically to 𝑥crit

2 . In this case, the particle size
distribution plays a role in whether agglomeration occurs. The values of 𝑥2 for which Equation (6.7)
is fulfilled are represented by the gray area in Figure 6.2a for this example.

The fraction of particles with a fulfilled Stokes criterion can be calculated similarly to Equation (6.5).
However, in this case 𝜉 depends on 𝑥1. The limit cases show that 𝜉 equals unity for 𝑥1 <

𝑥crit
2 . For

𝑥1 >
𝑥crit
2 , it can be calculated in a similar way as shown above, leading to:

𝜉 (𝑥1) =




1 𝑥1 <
𝑥crit
2 ,

𝑥2∫
0

𝑞0 d𝑥 𝑥1 >
𝑥crit
2 .

(6.9)
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For the current example, 𝜉 is shown in Figure 6.2b as a function of 𝑥1. For small values of 𝑥1, 𝜉 is
equal to unity and decreases to zero for increasing values of 𝑥1.

The probability of successful wet collisions then follows from 𝜉 and the probability distribution of
the particle size, which is given by the normalized particle size distribution 𝑞0:

𝑃coll,wet ,suc (𝑥, 𝑥1) =
∞∫

0

𝜉 (𝑥1) 𝑞0(𝑥) d𝑥. (6.10)

Theoretical validation

The proposedmodel to calculate the probability of successful wet collisions can be validated theoret-
ically by comparison to results obtained with a Monte Carlo model. In this model, a set of particles
with different diameters is created according to a given particle size distribution using the algorithm
described in Appendix C. In this example, the particle size distribution shown in Figure 6.1 is used
to create a set of 108 particles. Binary collisions between these particles are mimicked by randomly
choosing two collision partners (according to their number). In each collision, both diameters are
checked. A collision is then labeled “successful” when the harmonic mean diameter is smaller than
a given critical value. In this example, 107 collisions are performed and the fraction of successful
wet collisions is calculated. Note that it is implicitly assumed in this example that each collision is
“wet” for simplification. Furthermore, besides checking whether a collision is successful, nothing
else happens in this Monte Carlo model. Actual agglomeration, as in Chapter 5, is not considered
since the purpose of this model is to validate Equation (6.10).

The Monte Carlo simulation was performed for different values of the critical particle size ranging
between 0.15mm and 0.4mm. The results are then compared with the analytical model (Equa-
tion (6.10)) in Figure 6.3. An increasing 𝑥crit leads to larger values of the probability of successful
wet collisions since the fraction of particles with a fulfilled Stokes criterion is increased. The results
obtained from Equation (6.10) and the Monte Carlo model agree well for all investigated values of
the critical particle size.

In order to calculate the probability of successful collisions, a process model providing the necessary
parameters is required. The probability of wet collisions (see Equation (6.3)) depends on the wet
surface fraction, which is calculated using a novel approach within a spray fluidized bed drying
model. Looking at the processes from the point of view of layering, a population balance model for
layering growth is used to obtain the transient behavior of the particle size distribution, which is
necessary to calculate the probability of successful wet collisions according to Equation (6.10). The
process model is presented in the following sections.

115



Chapter 6 Macroscopic modeling of the dominant size enlargement mechanism

0.15 0.2 0.25 0.40

0.2

0.4

0.6

0.8

1

1.2

0.12

0.56

0.94
1

0.12

0.56

0.94
1

𝑥crit [mm]

𝑃 c
ol
l,w

et
,su

c
[ −
]

MC
analytical

Figure 6.3:Comparison of the probability of successful wet collisions obtained with the proposed
analytical model and a Monte Carlo model.

6.1.2 Heat andmass transfer model

The heat and mass transfer model for spray fluidized beds presented in this work is based on several
assumptions for simplification (a complete list is given in Section 6.1.5). In this model three phases
(liquid film, particle, and gas phase) are considered. The main assumptions for deriving the heat and
mass transfer model are:

• no distinction between suspension and bubble phase,

• perfectly mixed solid and film phase, and

• plug flow of the gas phase.

The heat andmass flow rates considered in themodel are shown in Figure 6.4. Heat can be exchanged
between the gas and particle phase (index “gp”), between the particle and liquid phase (index “pl”),
and between the gas and liquid phase (index “gl”), respectively. Mass and enthalpy transfer between
the liquid and the gas phase due to evaporation is taken into account.

Below, the approach used to model the wet surface fraction is presented. Furthermore, the mass and
enthalpy balances along with the corresponding kinetics are described.

Wet surface fraction

The wet surface fraction𝛹wet is defined as the ratio between the wet surface area 𝐴pl (interface
between particle and liquid) and the total particle surface area 𝐴p,tot . This parameter can lie between
zero (the particles are completely dry) and unity (the whole surface area of the particles is covered by
liquid). If𝛹wet → 1, the surface area of the particles is completely wetted and the evaporation rate is
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¤𝑀evap ¤𝐻evap

¤𝑄gp

¤𝑄pl

¤𝑄gl

Figure 6.4: Schematic representation of the consideredmass, enthalpy, and heat flow rates in the
presented model.

equal to its maximum. Correspondingly, the evaporation rate lies between zero and the maximum
for 0 ≤𝛹wet ≤ 1. Changes in the wet surface area can be attributed to changing wet surface fraction
due to drying and changing total particle surface area due to size enlargement:

d𝐴pl
d𝑡 =

d
d𝑡

(
𝛹wet𝐴p,tot

)
=𝛹wet

d𝐴p,tot
d𝑡 + 𝐴p,tot d𝛹wetd𝑡 . (6.11)

The change of total surface area can be calculated from the transient behavior of the secondmoment
of the particle size distribution 𝑛:

𝛹wet
d𝐴p,tot
d𝑡 =𝛹wet𝜋

∞∫
0

𝑥2
𝜕𝑛

𝜕𝑡
d𝑥. (6.12)

In contrast toHeinrich andMörl [141], who assume a coherent film, the liquid phase is here described
by a number of individual droplets deposited on the particle surface. Similar to the presented Monte
Carlo models, the droplets are assumed to bemonodisperse, each covering a certain surface area
of the particle. Coalescence or overlapping of droplets are not taken into account. Using these
assumptions, the wet surface area can be described based on the contact area between a deposited
droplet and the particle 𝐴contact (footprint), the droplet mass𝑀drop, and the liquid mass𝑀l :

d𝐴pl
d𝑡 =

𝐴contact
𝑀drop

d𝑀l
d𝑡 . (6.13)

The transient behavior of the wet surface fraction can then be written as follows, assuming that it
does not exceed unity:

d𝛹wet
d𝑡 =




1
𝐴p,tot


𝐴contact
𝑀drop

d𝑀l
d𝑡 −𝛹wet𝜋

∞∫
0

𝑥2
𝜕𝑛

𝜕𝑡
d𝑥


𝛹wet < 1,

0 otherwise.

(6.14)
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The geometry of a deposited droplet is assumed to be a spherical cap, described by the model
proposed by Meric and Erbil [151]. The contact area between the droplet and the particle required in
Equation (6.14) is calculated using Equation (3.12). Since this parameter depends on the droplet size
(volume) and the contact angle, the influence of the wetting parameters on the wet surface fraction
and therefore the dominant size enlargement mechanism can be taken into account. In this study,
shrinkage and an increasing viscosity of deposited droplets during drying is not considered. The
droplet properties are calculated using the initial droplet volume, which follows from the droplet
diameter. Extensions in this direction can be made without conceptional difficulties.

Mass and enthalpy balances

The water mass and enthalpy balances for the gas phase are given in Equation (6.15) and Equa-
tion (6.16), respectively. Since the gas phase is modeled assuming plug flow, the water mass and
enthalpy depend on the spatial location in the fluidized bed, represented by a normalized height
coordinate 𝜁 . Both the water mass and enthalpy are transported along 𝜁 with flow rates equal to ¤𝑀w,g

and ¤𝐻g , respectively. Furthermore, the water mass changes due to the mass flow rate of evaporation
¤𝑀evap and the enthalpy changes due to the enthalpy flow rate of evaporation ¤𝐻evap, the heat flow
rates between the gas and particle phase ¤𝑄gp, and the gas and liquid phase ¤𝑄gl :

𝜕𝑀w,g

𝜕𝑡
= −𝜕

¤𝑀w,g

𝜕𝜁
+ ¤𝑀evap, (6.15)

𝜕𝐻g

𝜕𝑡
= −𝜕

¤𝐻g

𝜕𝜁
+ ¤𝐻evap − ¤𝑄gp − ¤𝑄gl . (6.16)

In the presented model, the sprayed material is instantly distributed between the film phase and the
particle phase. This means that the liquid part of the sprayed material is added to the film phase and
the solid part is added to the particle phase. In this way, the kinetics of the underlying process (e.g.,
crystallization or precipitation) is not explicitly modeled. Then, the mass of the liquid film phase𝑀l

depends on the liquid part of the spraying rate and the mass flow rate of evaporation. The liquid
film enthalpy𝐻l changes due to evaporation and the heat flow rates between the liquid phase and
the gas and particle phase, respectively. Since the liquid phase is assumed to be perfectly mixed, no
dependency on the spatial location in the fluidized bed needs to be considered:

d𝑀l
d𝑡 = ¤𝑀spray,l − ¤𝑀evap, (6.17)
d𝐻l
d𝑡 = − ¤𝐻evap + ¤𝑄gl + ¤𝑄pl . (6.18)

The mass of the particle phase 𝑀p can be calculated from the third moment of the particle size
distribution. The enthalpy𝐻p depends on the heat flow rates between the particle phase and the gas
and liquid phase, respectively. The mass and enthalpy of the particle phase are independent of the
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spatial location as well:

𝑀p =
𝜋

6 𝜚p𝜇3 =
𝜋

6 𝜚p
∞∫

0

𝑥3𝑛 d𝑥, (6.19)

d𝐻p

d𝑡 = ¤𝑄gp − ¤𝑄pl . (6.20)

Since the mass flow rate of evaporation, the corresponding enthalpy flow rate and the heat flow
rates between the gas phase and the liquid phase, and between the gas phase and the particle phase
depend on the spatial location 𝜁 , their average values are used in the above shownmass and enthalpy
balances for the film and particle phase. The averaged values are calculated as follows:

¤𝑀evap =
∫

¤𝑀evap d𝜁 , (6.21)

¤𝐻evap =
∫

¤𝐻evap d𝜁 , (6.22)

¤𝑄gl =
∫

¤𝑄gl d𝜁 , (6.23)

¤𝑄gp =
∫

¤𝑄gp d𝜁 . (6.24)

Kinetics

The mass flow rate of evaporation is calculated using the following equation:

¤𝑀evap = 𝛽𝜚g𝐴gl (𝑌sat (𝑇l) −𝑌 ) with 𝐴gl =𝛹wet
𝐴drop

𝐴contact
𝐴p,tot . (6.25)

In this equation, 𝛽 is the mass transfer coefficient calculated according to Groenewold and Tsotsas
[143] as shown in Appendix B, 𝜚g is the density of the fluidization gas, 𝐴gl is the gas liquid interface
(curved droplet surface area),𝑌sat (𝑇l) is the saturation moisture content of the fluidization gas at
liquid film temperature𝑇l calculated using Equation (A.11), and𝑌 is themoisture content of the bulk
gas. The gas liquid interface is calculated using the wet surface fraction, the total particle surface area
and the ratio of the curved droplet surface area and the contact area. In contrast to Heinrich andMörl
[141], the curved droplet surface area and the contact area are not identical in the present approach
due to the used droplet geometry model. As a result, the ratio of 𝐴drop and 𝐴contact must be taken into
account when calculating the area of the interface between gas and liquid. Equation (6.25) shows
that the wet surface fraction directly influences the mass flow rate of evaporation. The resulting
drying rate reaches its maximum if𝛹wet → 1 and goes to zero if𝛹wet → 0, resembling the behavior
of particles which first dry from their surface and then from their interior. The curved surface area of
the droplet 𝐴drop is calculated using Equation (3.9).

Themoisture content of the bulk gas is calculated from the water mass in the gas phase and themass
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of dry gas in the fluidized bed:

𝑌 =
𝑀w,g

𝑀g ,dry
with 𝑀g ,dry = 𝜀bed

𝜋

4𝑑
2
bed𝜚gℎbed . (6.26)

The calculation of the porosity and the height of the bed is performed as shown in Appendix B. The
bed diameter 𝑑bed is given by the diameter of the fluidized bed chamber. Similar to Equation (6.26),
the moisture content of the particles is calculated using the liquid filmmass and the dry bedmass
given by the mass of the particles:

𝑋 =
𝑀l
𝑀p

. (6.27)

The enthalpy flow rate used in the differential equations shown above is calculated as follows:

¤𝐻evap = ¤𝑀evap
(
𝑐v𝑇l + Δℎevap

)
. (6.28)

The heat flow rates between the respective phases are calculated using the following equations:

¤𝑄gl = 𝛼gl𝐴gl
(
𝑇g −𝑇l

)
, (6.29)

¤𝑄pl = 𝛼pl𝐴pl
(
𝑇p −𝑇l

)
with 𝐴pl =𝛹wet𝐴p,tot , (6.30)

¤𝑄gp = 𝛼gp𝐴gp
(
𝑇g −𝑇p

)
with 𝐴gp = (1 −𝛹wet )𝐴p,tot . (6.31)

In these equations, 𝛼 is the heat transfer coefficient between the respective phases. The heat transfer
coefficient for the gas-particle heat transfer 𝛼gp is calculated according to Groenewold and Tsotsas
[143] as shown in Appendix B. Following Heinrich and Mörl [141], the gas-liquid heat transfer
coefficient 𝛼gl is assumed to be equal to 𝛼gp. Heat transfer between particle and liquid is assumed to
be purely conductive, neglecting any convection. For this special case (spherical particle in contact
with a fluid), 𝛼pl can be calculated using a Nusselt number equal to two. The interfaces between the
particle and liquid phase𝐴pl and the gas and particle phase𝐴gp represent thewet surface area and the
dry surface area, respectively. They are calculated as shown in Equation (6.30) and Equation (6.31).

The following equations are used to relate the temperature of each phase with the corresponding
enthalpy:

𝐻g =𝑀g ,dry
(
𝑐g𝑇g +𝑌

(
𝑐v𝑇g + Δℎevap

) )
, (6.32)

𝐻p =𝑀p𝑐p𝑇p, (6.33)
𝐻l =𝑀l𝑐l𝑇l . (6.34)

In these equations, 𝑐g , 𝑐v , 𝑐p, and 𝑐l are the specificheat capacities of the gasphase (air), vapor, particle
phase, and the liquid phase (water), respectively. The calculation of the specific heat capacities of air,
vapor, and water is shown in Appendix A. The specific heat capacity of the particles is given in the
corresponding tables along with further simulation parameters.
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6.1.3 Growthmodel

The transient behavior of the particle size distribution is modeled with a population balance for
layering growth for a single compartment, see Section 2.3.2:

𝜕𝑛 (𝑡 , 𝑥)
𝜕𝑡

= −𝜕(𝐺𝑛)
𝜕𝑥

. (6.35)

Growth kinetics𝐺 is calculated using Equation (2.28) and Equation (2.29) with𝛬2 = 1 (sprayed liquid
material distribution is related to the total particle surface area). Note that only the solid part of the
sprayed material is subjected to the growth kinetics𝐺 as described above.

Layering growth leads to a changing particle density. Since a batch process is considered here, the
particle density can be calculated using the third moment 𝜇3, solid density 𝜚s, solid layer porosity
𝜀layer , and the initial values of the particle density 𝜚p,0 and the third moment 𝜇3,0, respectively:

𝜚p (𝑡 ) = 𝜚p,0
𝜇3,0
𝜇3(𝑡 ) + 𝜚s

(
1 − 𝜀layer

)𝜇3(𝑡 ) − 𝜇3,0
𝜇3(𝑡 ) . (6.36)

6.1.4 Solution of the model equations

The system of differential equations is solved numerically in MATLAB using the solver ode15s. The
partial differential equations (Equations (6.15), (6.16), and (6.35)) arediscretizedusing afinite volume
scheme to transform them into ordinary differential equations. Additionally, a flux-limiter function
given by Koren [174] is used in case of Equation (6.35) to reduce numerical diffusion. The derivation
of the used discretized equations is given in detail in Appendix D.

6.1.5 Summary of model assumptions

The assumptions used in the above described model are summarized below:

• no distinction between suspension and bubble phase,

• perfectly mixed solid and film phase,

• plug flow of gas phase,

• no dominant influence of breakage,

• spherical, non-deformable particles,

• normal, binary collisions,

• all particles are wet with identical wet surface fraction,

• sprayed droplets are monodisperse and spherical,

• droplets attain spherical cap geometry instantly after deposition,
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• no overlapping or coalescence of deposited droplets,

• shrinkage and increasing viscosity of drying droplets is not considered,

• sprayed material is instantly distributed among the film phase and particle phase,

• heat transfer coefficient between gas and liquid phase is equal to heat transfer coefficient
between gas and particle phase,

• heat transfer between particle and liquid phase is purely conductive (Nusselt number equal to
two).

6.2 Simulation study

6.2.1 Influence of process and wetting parameters

A simulation study was performed to investigate the influence of inlet gas temperature, viscosity,
and wetting parameters (droplet size and contact angle) on the probability of successful collisions
representing the dominant size enlargement mechanism. The simulation parameters and the initial
and boundary conditions used to solve the system of differential equations are given in Table 6.1
and Table 6.2, respectively. The simulation parameters correspond to a lab-scale spray fluidized
bed coating process in which glass beads are coated with a sodium benzoate solution. The specific
heat capacity of glass particles is taken from Kuchling [175]. Terrazas-Velarde et al. [123] suggest a
coefficient of restitution for glass particles of 0.8 based on literature values ranging between 0.7 and
0.9. The height of surface asperities (surface roughness) is assumed to be small, in the range of 1 µm,
following Dernedde [132]. The collision velocity is calculated according to the method described in
Section 3.2.5. In this case, only the mean value𝑢coll of the collision velocity distribution is used. Note
that this value is kept constant (i.e., it is not adjusted according to changing particle properties during
the simulation). The viscosity of the sodium benzoate solution is calculated using an empirical
correlation based on measurements using a Höppler viscometer, see Equation (A.19). This equation
allows to calculate the viscosity of a sodium benzoate solution with a solid mass fraction of 0.3 based
on its temperature. In the simulation, the viscosity is calculated at liquid film temperature𝑇l . In
order to study the influence of liquid viscosity, two cases are considered. In the simulations denoted
by “low viscosity”, the viscosity is calculated with Equation (A.19). In case of simulations denoted
by “high viscosity”, the same equation is used, but the obtained value is multiplied with a factor
equal to 3, mimicking an increased viscosity due to the addition of thickener. The resulting liquid
viscosities at 20 °C are 4.18 Pa s (“low viscosity”) and 12.54 Pa s (“high viscosity”). Depending on the
material, even higher viscosities are possible as shown by Dewettinck et al. [59], who used different
gums as coating material. The simulation results are presented below in Figure 6.5 to Figure 6.9 and
summarized in Table 6.3.

Figure 6.5 shows the transient behavior of the particle size distribution and the influence of inlet gas
temperature on the wet surface fraction, viscosity, and the critical particle size during 1 h of process
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Table 6.1: Simulation parameters (parameters for the reference case are printed in bold).

Parameter Value Unit

Particle material glass
Sprayed solid material NaB
Sprayed liquid material water
Bed diameter 𝑑bed 0.15 m
Bedmass𝑀bed 0.5 kg
Mass flow rate of the fluidization gas ¤𝑀g 40 kg h−1

Particle density 𝜚p 2500 kgm−3

Specific heat capacity particles 𝑐p 729 J kg−1 K−1

Spraying rate ¤𝑀spray 0.7 kg h−1

Solid mass fraction𝑤s 0.3 −
Droplet diameter 𝑑drop 25, 50, 100 µm
Contact angle 𝜃 20, 40, 60 °
Solid density 𝜚s 1440 kgm−3

Solid layer porosity 𝜀layer 0.3 −
Collision velocity (mean)𝑢coll 0.42 m s−1

Coefficient of restitution 𝑒 ′ 0.8 −
Height of surface asperities ℎa 1 µm
Process time 𝑡 3600 s

Table 6.2: Initial and boundary conditions (parameters for the reference case are printed in bold).

Parameter Value Unit

𝐵0(𝑡 ) 0 s−1

𝑛 (𝑡 = 0, 𝑥) 𝑛0 = 𝑓 (𝑑10,0, 𝜎x,0) mm−1

𝑑10,0 0.2 mm
𝜎x,0 0.05 mm
𝛹wet (𝑡 = 0) 0 −
𝑌in = 𝑌 (𝑡 , 𝜁 = 0) = 𝑌 (𝑡 = 0, 𝜁 ) 1 g kg−1

𝑇g ,in = 𝑇g (𝑡 , 𝜁 = 0) = 𝑇g (𝑡 = 0, 𝜁 ) 50, 70, 95 °C
𝑋 (𝑡 = 0) 0 g kg−1

𝑇l (𝑡 = 0) 20 °C
𝑀p (𝑡 = 0) 0.5 kg
𝑇p (𝑡 = 0) 50, 70, 95 °C
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Figure 6.5: Plot of the particle size distribution (before and after layering growth) (a), and influence
of the inlet gas temperature on the wet surface fraction (b), liquid viscosity (c), and the
critical particle size (d).

time. Figure 6.5a shows that the particle size distribution is shifted towards larger sizes (mean value
increased from 0.2mm to 0.26mm), while its shape is preserved. The wet surface fraction is shown
in Figure 6.5b. An increasing inlet gas temperature leads to smaller values of the wet surface fraction
ranging between 0.29 (50 °C) and 0.01 (95 °C) since the evaporation rate is higher. As a result, less
liquid material is present on the particle surface. The viscosity of the solution decreases as well since
the liquid film temperature is increased, see Figure 6.5c. Figure 6.5d shows the critical particle size,
which decreases when temperature is higher due to lower viscosity. Therefore, agglomeration is less
likely to occur for high inlet gas temperatures since the wet surface fraction and the critical particle
size are decreased, lowering both the probability of wet collisions and the probability of successful
wet collisions, respectively.

The influence of temperature and viscosity on the considered probabilities is shown in Figure 6.6
and Table 6.3. Figure 6.6a shows the probability of wet collisions for different inlet gas temperatures,
following the behavior of the wet surface fraction from Figure 6.5b. The values range between 0.5
(50 °C) and 0.02 (95 °C). Figure 6.6b and Figure 6.6c show the influence of inlet gas temperature on
the probability of successful wet collisions for low and high viscosity. In both cases, the values are
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Figure 6.6: Influence of the inlet gas temperature on the probability of wet collisions (a), the prob-
ability of successful wet collisions for low viscosity (b) and high viscosity (c), and the
probability of successful collisions for low viscosity (d) and high viscosity (e).
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smaller when the temperature is increased due to smaller values of 𝑥crit , see Figure 6.5d. In case of low
viscosity, the resulting values are very small, indicating that wet collisions are rarely successful. If the
viscosity is increased, the probability of successful wet collisions is significantly increased, resulting
in values ranging between 0.3 (50 °C) and 0.0005 (95 °C). The resulting probability of successful
collisions is shown in Figure 6.6d and Figure 6.6e. In both cases, an increased inlet gas temperature
leads to smaller values. In case of low viscosity, agglomeration is unlikely since the probability of
successful collisions is smaller than 0.001 for all considered temperatures. However in case of high
viscosity, significant agglomeration may occur in case of (50 °C) since up to 15% of all collisions
are successful. For higher temperatures, the values are smaller than 0.001 and agglomeration is
unlikely.

Figure 6.7 and Table 6.3 show the influence of wetting parameters (droplet size and contact angle) on
the wet surface fraction and the probability of wet collisions at low and high inlet gas temperatures.
According to Figure 6.7a, the wet surface fraction is increased when droplet size and contact angle are
decreased. Smaller droplets lead to a decreased contact area 𝐴contact and droplet mass𝑀drop. Since
𝐴contact ∼ 𝑑2drop and𝑀drop ∼ 𝑑3drop, the wet surface fraction increases, see Equation (6.14). At the
same time, a higher wet surface fraction increases the evaporation rate, while the ratio between the
curved surface area and the contact area is constant (cf. Equation (6.25)). As a result, the liquid mass
is reduced, which would in turn decrease the wet surface fraction. Eventually, the first effect prevails
and the wet surface fraction is increased in case of smaller droplets. A smaller contact angle leads to
a larger contact area, but does not influence the droplet mass, leading to an increased wet surface
fraction. As a result, the evaporation rate is higher as well. However, in this case the ratio between the
curved surface area and the contact area is reduced, which would lead to a smaller evaporation rate.
Under the given conditions, the first effect prevails and the evaporation rate is increased. Similar to
the above discussed influence of the droplet size, this would decrease the wet surface fraction since
the liquid mass is reduced as well. Eventually, the influence of the contact angle on the wet surface
fraction through Equation (6.14) is predominant and the wet surface fraction increases when the
contact angle is smaller. Figure 6.7b shows the influence of wetting parameters on the wet surface
fraction for a high inlet gas temperature. In this case, the evaporation rate is higher compared to
Figure 6.7a. When the droplet size is decreased, the influence of droplet geometry, which would
increase the wet surface fraction, is balanced by the influence of drying, which would decrease the
wet surface fraction, leading to a constant wet surface fraction. However, when the contact angle is
reduced, the influences of droplet geometry and drying do not balance each other. In this case, the
ratio between the curved surface area and the contact area also decreases as discussed above. The
resulting evaporation rate is decreased, leading to a positive influence on the wet surface fraction.
Therefore, the contact angle still has an influence on the wet surface fraction at high temperatures,
although it is small under the given conditions. Figure 6.7c and Figure 6.7d show that the behavior of
the probability of successful wet collisions follows the trend of the wet surface fraction.

Figure 6.8 and Table 6.3 show the influence of the wetting parameters on the probability of successful
wet collisions at low and high inlet gas temperatures for low and high liquid viscosity. The probability
of successful wet collisions is smaller when the droplet size and the contact angle are decreased since
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Figure 6.7: Influence of droplet size and contact angle on the wet surface fraction at an inlet gas
temperature of 50 °C (a) and 95 °C (b) and the probability of wet collisions at an inlet gas
temperature of 50 °C (c) and 95 °C (d).
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Figure 6.8: Influence of droplet size and contact angle on the probability of successful wet collisions
for low viscosity at an inlet gas temperature of 50 °C (a) and 95 °C (b) and for high viscosity
at an inlet gas temperature of 50 °C (c) and 95 °C (d).

in both cases the resulting droplet height is smaller (see Equation (3.10)), decreasing the critical
particle size. In case of low viscosity, the probability of successful wet collisions is small, while in
case of high viscosity the values are significantly increased. As discussed above, the probability of
successful wet collisions is higher when lower inlet gas temperatures are used due to higher liquid
viscosity at low temperatures.

The influence of droplet size, contact angle, viscosity, and inlet gas temperature on the probability of
successful collisions is shown in Figure 6.9 and Table 6.3. Although in case of 50 °C the probability of
wet collisions is relatively high, ranging between 0.4 and 0.6, the probability of successful collisions
is small when a low viscosity is used due to a low probability of successful wet collisions. At 95 °C,
the probability of successful collisions is even smaller since both the probability of wet collisions
and the probability of successful wet collisions are low. For high liquid viscosity, the probability of
successful collisions is significantly increased due to a larger probability of successful wet collisions.
Significant agglomeration is to be expected in case of high viscosity and 50 °C since 𝑃coll,suc exceeds
0.001 in all simulations shown in Figure 6.9c, especially for large droplet sizes and contact angles
since up to 35% of all collisions are successful. Layering will be the dominant mechanism for all
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Figure 6.9: Influence of droplet size and contact angle on the probability of successful collisions for
low viscosity at an inlet gas temperature of 50 °C (a) and 95 °C (b) and for high viscosity
at an inlet gas temperature of 50 °C (c) and 95 °C (d).

Table 6.3: Summarized influence of the inlet gas temperature, droplet size, contact angle and liquid
viscosity on the probability of wet collisions, probability of successful wet collisions and
the probability of successful collisions.

Parameter 𝑇g ,in ↑ 𝑑drop ↑ 𝜃 ↑ 𝜂 ↑
𝑃coll,wet ↓ ↓ ↓ −
𝑃coll,wet ,suc ↓ ↑ ↑ ↑
𝑃coll,suc ↓ ↑ ↑ ↑
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Chapter 6 Macroscopic modeling of the dominant size enlargement mechanism

other simulations shown in Figure 6.9 since 𝑃coll,suc is smaller than 0.001 in these cases.

The above shown simulation results show that the probability of successful collisions is influenced by
inlet gas temperature, liquid viscosity, droplet size and contact angle. In order to link the probability
of successful collisions with the dominant size enlargement mechanism, a classification based on
simulations and experimental data is presented.

6.2.2 Regimemaps

In total 63 simulations basedonexperimental investigations of sprayfluidizedbedprocesses available
in the literature were performed to classify the dominant size enlargement mechanism based on
the probability of successful collisions. In these experiments, either layering or agglomeration is
dominant, which is in each case determined by the authors of the respective study (e.g., by SEM
images, measured particle size distributions, or the fraction of agglomerated particles). Since in the
simulation the dominant size enlargementmechanism is unknown, particle growth due to layering or
agglomeration is not considered (i.e., the particle size distribution anddensity are kept constant). The
simulations were performed with the corresponding parameters until the considered probabilities
reach a steady state. These steady state values represent the conditions in each simulation and
are linked to the dominant size enlargement mechanism determined by the authors of the study.
Comments on the selection of the simulation parameters of each study are given below before
presenting the results.

In this work, three studies focusing on spray fluidized bed agglomeration performed by Terrazas-
Velarde [15], Hampel [176], and Jiménez et al. [177] and three studies performed by Rieck et al. [57]
and Saleh et al. [178, 179] dealing with spray fluidized bed coating are considered. The corresponding
simulation parameters are given in Table 6.4. Terrazas-Velarde [15] and Hampel [176] used porous γ-
Al2O3particles and non-porous glass beads, which were agglomerated using aqueous HPMC solution.
Glass beads were also used by Jiménez et al. [177], along with aqueous acacia gum as binder. Jiménez
et al. [177] used a conical fluidized bed with a diameter of 140mm at the bottom and 225mm at the
top. Based on these values, a mean diameter of the fluidized bed chamber is calculated since the
presentedmodel has been derived for cylindrical fluidized beds. Jiménez et al. [177] report a relatively
high bed porosity of 0.95, which is obtained in the simulation as well despite using a mean diameter
of the fluidized bed chamber. Rieck et al. [57] coated γ-Al2O3particles and glass beads with aqueous
sodium benzoate solution. Saleh et al. [178, 179] focus on coating of sand particles by spraying
aqueous sodium chloride solution. In these studies, the mass flow rate of the fluidization gas was
not directly stated and had to be calculated based on the given bed diameter and excess gas velocity.
Additionally, the authors report the bed temperature instead of the inlet gas temperature, which
was adjusted in the simulation to match the given bed temperature. The inlet gas moisture content
was estimated based on the generation of the gas flow. In case of Terrazas-Velarde [15], Rieck et al.
[57], Hampel [176], and Saleh et al. [178, 179] pressurized air was used and a correspondingly small
moisture content of 1 g kg−1 has been assumed. According to Jiménez [180], ambient air was used
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6.2 Simulation study

for fluidization. In these simulations, a moisture content equal to 9 g kg−1 based on a temperature of
20 °C and a relative humidity of 0.6 was used.

In each study,most of the necessarymaterial propertieswere given alongwith the process parameters.
However, certain parameters weremissing and had to be either assumed or taken from other sources.
References and estimation methods regarding the material parameters are summarized below.

• The particle densities were in each case given by the authors in the respective study.

• The coefficient of restitution of glass beads and γ-Al2O3particles are given by Terrazas-Velarde
[15] and the corresponding value for sand particles is taken from Derakhshani et al. [181].

• Contact angles between aqueous HPMC and glass beads or γ-Al2O3particles are given by
Terrazas-Velarde [15] based on photo-optical measurements. Values for the other systems
(acacia gum-glass, sodium benzoate-glass, sodium benzoate-γ-Al2O3, sodium chloride-sand)
were not available in literature. As discussed in Section 4.3.2, the influence of the solid mass
fraction on the contact angle was found to be negligible by Terrazas-Velarde [15]. Based on
this observation and since all liquids used in the considered experimental studies are water-
based, the contact angle for the systems acacia gum-glass, sodium benzoate-glass, and sodium
chloride-sand is estimated to be 40° and 60° in case of sodium benzoate-γ-Al2O3.

• The droplet sizes were given by the original authors in case of Terrazas-Velarde [15], Hampel
[176], and Saleh et al. [178, 179]. Jiménez et al. [177] report some values, but do not present
detailed information. For a reference experiment 35 µm are stated, which is used in each of
the corresponding simulations. In case of Rieck et al. [57], the droplet size was not given, but
it was subsequently calculated using an empirical correlation for externally mixing two-fluid
nozzles reported by Lefebvre andMcDonell [168]. The viscosity and surface tension used in
this calculation are given in Appendix A. The corresponding droplet diameters are in the range
of 60 µm, which is the value used in the simulations.

• The height of surface asperities for glass and γ-Al2O3particles is taken fromDernedde [132].
No values were available for sand particles. It is assumed that the surface structure of sand and
glass particles is similar and thus the same value is used.

• The specific heat capacity of the particles is taken from literature: Kuchling [175] (glass and
sand), and Burgschweiger et al. [140] (γ-Al2O3).

• The viscosity of aqueous HPMC is taken from Dernedde [132] and the viscosity of aqueous
sodium chloride follows from Zhang and Han [182]. The viscosity of the acacia gum solution
is given by Jiménez et al. [177]. Since the temperature dependency of the above mentioned
viscosities is unknown, constant values were used. In case of Rieck et al. [57], the above
mentioned correlation based onmeasured viscosities was used, see Equation (A.19).

• The density of the sprayed solid was given by Terrazas-Velarde [15], Rieck et al. [57], and
Hampel [176] in case of HPMC and sodium benzoate, respectively. The values for acacia gum
and sodium chloride are taken from safety data sheets [183, 184].
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Table 6.4: Simulation parameters for each experimental study used to derive the classification of the dominant size enlargement mechanism.

Parameter Hampel [176] Terrazas-Velarde [15] Jiménez et al. [177] Rieck et al. [57] Saleh et al. [178] Saleh et al. [179] Unit

Particle material γ-Al2O3(A)
glass (G)

γ-Al2O3(A)
glass (G) glass γ-Al2O3(A)

glass (G) sand sand

Sprayed solid material HPMC HPMC acacia gum NaB NaCl NaCl
Sprayed liquidmaterial water water water water water water
Dominant mechanism agglomeration agglomeration agglomeration layering layering layering
Bed diameter 𝑑bed 0.15 0.15 0.184 0.15 0.1 0.1 m

Bedmass𝑀bed
0.5 (A)
0.85 (G)

0.3 (A)
0.5 (G) 0.25–0.75 0.5 (A)

1 (G) 1.25–2.53 2 kg

Spraying rate ¤𝑀spray 0.2–0.3 0.1–0.5 0.172–0.502 0.5–1.28 0.274–0.598 0.46 kg h−1

Mass flow rate of the
fluidization gas ¤𝑀g

20–30 58 (A)
70–110 (G) 160 75 (A)

120 (G) 11 10–17.5 kg h−1

Inlet gas temperature
𝑇g ,in

50–100 30–80 60–80 50–95 185–255 100–145 °C

Inlet gas moisture
content𝑌in

1 1 9 1 1 1 g kg−1

Particle density 𝜚p
1040 (A)
2500 (G)

1400 (A)
2500 (G) 2450 1280 (A)

2500 (G) 2630 2630 kgm−3

Solid density 𝜚s 1390 1390 1400 1440 2170 2170 kgm−3

Coefficient of
restitution 𝑒 ′

0.6 (A)
0.8 (G)

0.6 (A)
0.8 (G) 0.8 0.6 (A)

0.8 (G) 0.9 0.9 −
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Table 6.4: (continued).

Parameter Hampel [176] Terrazas-Velarde [15] Jiménez et al. [177] Rieck et al. [57] Saleh et al. [178] Saleh et al. [179] Unit

Height of asperities ℎa
5 (A)
1 (G)

5 (A)
1 (G) 1 5 (A)

1 (G) 1 1 µm

Droplet diameter 𝑑drop 40 80 35 60 15–60 20 µm

Contact angle 𝜃 60 (A)
40 (G)

60 (A)
40 (G) 40 60 (A)

40 (G) 40 40 °

Collision velocity
(mean)𝑢coll

0.16–0.24 (A)
0.13–0.19 (G)

1.17 (A)
1.53–2.26 (G) 0.88 2.16 (A)

2.82 (G) 0.23 0.28–1.20 m s−1

Solution viscosity𝜂
5.98 (𝑤s = 0.02)
21.44 (𝑤s = 0.04)
61.86 (𝑤s = 0.06)

21.44 (𝑤s = 0.04)
147.11 (𝑤s = 0.08)
383.90 (𝑤s = 0.10)

43 (𝑤s = 0.20)
200 (𝑤s = 0.30)

4.18 (20 °C)
(Equation
(A.19))

1.05 (𝑤s = 0.10)
1.26 (𝑤s = 0.20)
1.40 (𝑤s = 0.25)

1.26 mPa s

Solid mass fraction𝑤s 0.02–0.06 0.04–0.10 0.20–0.30 0.30 0.10–0.25 0.20 −
Specific heat capacity
particles 𝑐p

944 (A)
729 (G)

944 (A)
729 (G) 729 944 (A)

729 (G) 840 840 J kg−1 K−1

Mean particle
diameter 𝑑10

150 (A)
120 (G)

360 (A)
400 (G) 160 610 (A)

530 (G) 229 267–639 µm

Number of simulations 22 14 8 8 8 3 −
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• The measured particle size distributions were available in case of Rieck et al. [57], Hampel
[176], and Saleh et al. [178] in the form of either files or tables. In case of Terrazas-Velarde
[15], plots of the measured particle size distributions of the glass beads and γ-Al2O3particles
were given. Normal distributions were then created in the simulation to visually fit the plots of
the distributions. In case of Jiménez et al. [177] and Saleh et al. [179], no plots or data were
available other than the mean diameter. In these cases, a normal distribution was used as well,
where the standard deviation was set to 10% of the mean diameter.

• The collision velocity is calculated according to themethodproposed byDernedde [132], which
is described in Section 3.2.5.

The results are shown in Figure 6.10. The coordinate axes represent the probability of wet collisions
and the probability of successful wet collisions, respectively. Contour lines indicate the level of the
probability of successful collisions. For each simulation, the steady-state values of the probability
of wet collisions and the probability of successful wet collisions are calculated as described above.
Based on these values, one data point can be drawn into the plot per simulation. Figure 6.10 shows
that the simulations corresponding to experiments in which layering was dominant are located
on the left side of the plot, where the probability of successful wet collisions is low. In fact, the
probability of successful wet collisions is 0 in these simulations, while the steady-state probability
of wet collisions ranges between 0.00016 and 0.3. The simulations corresponding to experiments
in which agglomeration was dominant are placed on the right side of the plot at high values of the
probability of wet collisions. These values range between 0.92 (one point) and 1, while the probability
of wet collisions varies between 0.0014 and 0.42. Exceptions are three data points, which belong to
agglomeration experiments performed by Terrazas-Velarde [15]. These are placed on the left side
of the plot since the predicted probability of successful wet collisions is 0. In the corresponding
experiments, the smallest amount of HPMCwas used (𝑤s = 0.04) leading to a relatively low liquid
viscosity. Terrazas-Velarde [15] reports that during these experiments an initial non-growth period
was observed. This means that, initially, the Stokes criterion is not fulfilled. Size enlargement by
agglomeration is therefore not possible under these conditions, which is also found in the simulations
shown in Figure 6.10. However, as the droplets dry in the experiment they increase in viscosity (up
to the range of 10 Pa s), which eventually enables size enlargement by agglomeration. Since this
mechanism is not included in the presented model and the probability of successful wet collisions is
calculated with initial droplet properties (height and viscosity), the presented model cannot predict
the dominant size enlargementmechanism for these experiments. Nevertheless, Figure 6.10 indicates
that the border between layering and agglomeration can be characterized by 𝑃coll,suc = 0.001. This
means that for agglomeration to become dominant, the probability of successful collisions does not
need to be high (i.e., close to unity). Instead, exceeding a rather small value of 0.001 is enough to
shift the dominant size enlargement mechanism towards agglomeration. Consequently, layering
will be dominant when the probability of successful collisions is lower than 0.001. Based on this
classification, the agglomeration regime and the layering regime are represented by the gray and
white areas in Figure 6.10, respectively.
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Figure 6.10: Regimemap consisting of contour lines illustrating different levels of the probability of
successful collisions and data points representing simulation results corresponding to
experimental investigations available in the literature.

Since the collision velocity is usually a distributed parameter in spray fluidized bed processes, the
influence of this parameter is further investigated. Therefore, the simulations shown in Figure 6.10
were repeated twice with a small collision velocity (reduced by 50% compared to the original value)
and a high collision velocity (increased by 50% compared to the original value). The results are
shown in Figure 6.11 (small collision velocity) and Figure 6.12 (high collision velocity). In case of a
small collision velocity, data points corresponding to experiments with dominant agglomeration
are shifted to the right side of the plot since the probability of successful wet collisions is increased.
Two data points from the experiments performed by Terrazas-Velarde [15] are affected and shifted
to the right. The probability of successful wet collisions is increased from 0.92 to unity, and from
0 to 0.18. The latter was previously plotted in the layering regime and is now in the agglomeration
regime. Two data points from the same study are still predicted to be in the layering regime by the
simulation. Other data points are not affected since their values of the probability of successful wet
collisions were already unity (cf. Figure 6.10). The data points corresponding to experiments with
dominant layering are not changed. In case of a high collision velocity, data points corresponding to
experiments with dominant agglomeration are shifted to the left side of the plot since the probability
of successful wet collisions is decreased. The values of the probability of successful wet collisions
now range between 0.29 and 1. In comparison to Figure 6.10, more data points (previously three,
now seven) from the study of Terrazas-Velarde [15] are placed on the left side of the plot since the
probability of successful wet collisions is 0, although agglomeration is dominant in the experiments.
In these four cases, the solid mass fraction of HPMC is equal to 0.08. Similar as described above, the
missing mechanism of increasing viscosity during drying causes the prediction of the wrong size
enlargement mechanism. The data points corresponding to experiments with dominant layering are
not affected. The above shown figures indicate that the collision velocity may significantly influence
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Figure 6.11: Regimemap illustrating simulation results obtained with a small collision velocity.
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Figure 6.12: Regimemap illustrating simulation results obtained with a high collision velocity.
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Figure 6.13: Regimemaps obtained for the simulation parameters given in Table 6.1 and Table 6.2
for a changing inlet gas temperature (a) and spraying rate (b).

the probability of successful wet collisions. However, they also show that the border of the size
enlargement mechanisms may still be described by a probability of successful collisions equal to
0.001, although the collision velocity was varied in this relatively wide range.

The presented classification based on the probability of successful collisions allows for creating
specific regimemaps, which show the influenceof actual process parameters rather thanprobabilities
on the dominant size enlargement mechanism. Figure 6.13 shows two regime maps, each based
on 3000 simulations, which were created using the same parameters as in the previously shown
simulation study, see Table 6.1 and Table 6.2. The parameters of the reference case (printed in bold)
were used here. The regime map in Figure 6.13a shows the influence of inlet gas temperature on the
dominant size enlargement mechanism. The inlet gas temperature was varied between 40 °C and
100 °C. The viscosity was calculated with Equation (A.19) as in the simulation study presented in
Section 6.2.1, but the constant factorwas varied between 1 and 10. Figure 6.13b shows the regimemap
for a spraying rate varying between0 kg h−1 and1.2 kg h−1. The contour lines represent different levels
of the probability of successful collisions and the gray and white areas illustrate the agglomeration
and layering regime based on the above presented classification. Figure 6.13 shows that layering is
dominant for high temperatures and low viscosity as well as low spraying rates and low viscosity.

The influence of droplet size and contact angle can also be shown using regimemaps. Figure 6.14
shows the border between the size enlargement mechanisms (defined by 𝑃coll,suc = 0.001) for dif-
ferent droplet sizes and contact angles. The other simulation parameters correspond to those in
Table 6.1 and Table 6.2. The border between layering and agglomeration is shown in Figure 6.14a for
droplet sizes equal to 25 µm and 100 µm and in Figure 6.14b for contact angles equal to 20° and 60°.
These plots illustrate that both large droplets and large contact angles increase the size of the area
representing dominant agglomeration.
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Figure 6.14: Influence of droplet size (a) and contact angle (b) on the size of the agglomeration and
layering regime.
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Chapter 7

Conclusions and outlook

AMonte Carlo model for coating and layering granulation was derived by modeling droplet depo-
sition, deposited droplet drying, and calculating the layer thickness generated by dry droplets as
described in Chapter 3. Chapter 4 shows that the presented model is able to predict the transient
behavior of several important product properties such as the intra-particle layer thickness distri-
bution (for each particle considered in the simulation), inter-particle layer thickness distribution,
particle size distribution, coating mass distribution, coating time distribution and the coated surface
fraction. The transient behavior of the coated surface fraction was compared to an analytical model,
showing good agreement. Furthermore, the transient behavior of the coefficient of variation of both
the intra-particle layer thickness distribution and the coating mass distribution were compared to
analytical models available in literature [157, 165], which showed good agreement as well. A simula-
tion study was performed to investigate the influence of droplet deposition on the intra-particle and
inter-particle layer thickness distribution and the particle size distribution. It was found that the
influence on the intra-particle layer thickness distribution is small, while properties of the population
(inter-particle layer thickness distribution and particle size distribution) are significantly changed by
the droplet deposition mechanism. Additionally, a simulation study was performed to investigate
the influence of inlet gas temperature, spraying rate, dry droplet porosity, solidmass fraction, droplet
size, and contact angle on the intra-particle layer thickness distribution (at the end of the coating
process and upon reaching full coverage) and the coating time distribution. The simulations show
that the mean of the intra-particle layer thickness distribution is only increased when the dry droplet
porosity is increased. Otherwise, this value remains constant since the same solid mass was added
to the particle system in each simulation. The corresponding standard deviation is larger when the
layer thickness generated by a single dry droplet is increased, which occurs when increasing the dry
droplet porosity, solid mass fraction, droplet size and contact angle. For the same reason, both mean
and standard deviation of the intra-particle layer thickness distribution (upon reaching full coverage)
increase in the same cases. The coating time is increased when the number flow rate of droplets and
the footprint of a single droplet are smaller, which occurs when decreasing the spraying rate and
increasing the solid mass fraction, droplet size, and contact angle. It was also shown that the drying
time of droplets does not significantly influence the product properties in the investigated range.
Further simulations were performedwith parameters corresponding to experimental studies of spray
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fluidized bed coating. The simulation results were compared to experimental data on intra-particle
layer thickness distributions and particle size distributions, showing good agreement.

In comparison to macroscopic approaches, which use population balances to calculate the transient
behavior of property distributions, the presented Monte Carlo model for coating and layering granu-
lation is able to predict a variety of property distributions at once, which has not been available in
literature before. The simulation results were validated both theoretically and experimentally. The
presented model can therefore be used to predict intra-particle and inter-particle properties, which
may be useful for process design. However, an application for process optimization and control
is still limited due to higher computational cost in comparison to macroscopic models. Although
validation yielded good agreement in the investigated cases, themodelmay be extended by removing
restrictions generated by model assumptions.

Future research should focus on extending the model regarding compartments and calculating the
porosity of dry droplets. It has been shown that without considering compartments the variation of
the inter-particle mean layer thickness is very small in combination with droplet deposition related
to the particle surface area. By introducing compartments (e.g., spray and drying zones), a larger
variation of the inter-particle layer thickness distributions is to be expected, which may be more
realistic. Additionally, the proposedmodel is not able to predict the porosity of the formed solid layer.
Instead, this value has to be measured, e.g., by X-ray micro-tomography. The porosity of dry droplets
is then assumed to be equal to the measured layer porosity. A more advancedmodel for deposited
droplet drying including the structure formation is necessary. Several assumptions regarding the
multiphase flow can be eliminated by coupling the Monte Carlo model with a CFD-DEM approach
as shown by Jiang et al. [185].

A Monte Carlo model for binder-less agglomeration of amorphous particles due to glass transition
was derived bymodeling droplet deposition, glass transition, binary collisions, breakage, and droplet
drying as described in Chapter 3. Based on these micro-scale events and processes and three ag-
glomeration criteria, the model presented in Chapter 5 is able to calculate the transient behavior of
the particle size distribution during an agglomeration process. Using the example of maltodextrin
particles, a simulation study investigating the influence of droplet deposition on the particle size
distribution was performed. It was shown that the droplet depositionmechanism strongly influences
the particle size distribution. In a further simulation study, the influence of inlet gas temperature,
spraying rate, and the DE value of maltodextrin particles on the agglomeration criteria was presented
in detail. Opposing trends on the microscopic level have been identified. The governing trend on
the macro-scale was then discussed using experimental data and corresponding simulations. In the
investigated range, the first two agglomeration criteria (at least onewet dropletmust be present at the
contact point and the solid temperaturemust exceed the sticky point temperature) seem to dominate
the macroscopic behavior. It was found that agglomeration is faster and therefore leads to larger
agglomerates when the inlet gas temperature is lower and the spraying rate as well as the DE value
are higher. A comparison between experimental data and corresponding simulations shows that the
agglomeration behavior is correctly described by the model for varying inlet gas temperatures and
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spraying rates. However, the model predicts faster agglomeration kinetics for increasing DE values,
which is not fully supported by the experiments.

The presented model is the first one to account for binder-less agglomeration due to glass transition.
Despite of several assumptions, the model is able to correctly describe the influence of process
parameters on the macroscopic agglomeration behavior. The influence of the DE value could not
be fully described by the presented version of the model, which is considered to be a result of the
assumptions in the drying model (gas-side controlled drying). Nevertheless, if the necessary model
parameters are available, the model may be used for process design. However, an application in
optimization or process control is unlikely due to the computation times. Instead, an extended
macroscopicmodel similar to the one presented by Hussain et al. [108] for binder-less agglomeration
could be derived, which may then be applied to optimization or process control. Beyond that, the
Monte Carlomethod was extended in terms of taking an initial particle size distribution into account.
Therefore, an algorithm was developed, which is able to create particle diameters according to an
arbitrary measured size distribution. The concept of positions and the scaling procedure for mass
conservation were modified accordingly.

Future work should focus on eliminating assumptions made in deriving the presented model. As
indicated by the drying experiments of maltodextrin surfaces in the magnetic suspension balance,
the material grade may have an influence on drying. Therefore, it could be interesting to investigate
wetting and drying behavior of amorphous single particles (instead of tablets) experimentally. In this
way, the dryingmodel could be improved, enhancing the predictive ability of themodel. Beyond that,
the description of the collision frequency should be improved. Althoughmodels available in literature
may be used to calculate the collision frequency, it was necessary to reduce the calculated value by a
constant factor in the presented model similar to previously developedMonte Carlo models. This
parameter significantly influences agglomeration kinetics and particle properties in the simulation
and could be described more accurately using CFD-DEM approaches. Assumptions regarding the
agglomerate structure such as spherical particles, constant agglomerate porosity, and maximum
coordination number should also be eliminated. This topic is currently under investigation by
Singh and Tsotsas [186], who are able to predict the morphology of agglomerates in addition to the
kinetics.

A macroscopic model for estimating the dominant size enlargement mechanism for spray fluidized
bed processes from the point of view of layering is presented in Chapter 6. The dominant size enlarge-
ment mechanism is linked to the probability of successful collisions, which can be calculated using
the probability of wet collisions and the probability of successful wet collisions (in terms of dissipa-
tion of kinetic energy). The probability of wet collisions is calculated from the wet surface fraction,
which follows fromanewdynamicmodel and a heat andmass transfermodel for spray fluidized beds.
The probability of successful wet collisions is then calculated from the Stokes criterion using a new
model, which is validated theoretically by a Monte Carlo method. A simulation study is performed,
which shows the influence of inlet gas temperature, viscosity, droplet size, and contact angle on the
probability of successful collisions. It is shown that the agglomeration tendency decreases when
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the inlet gas temperature is high and the viscosity, droplet size, and contact angle are decreased.
Further simulations based on experimental work published in literature were performed, which are
used to classify the experimentally observed dominant size enlargement mechanism based on the
calculated probability of successful collisions. The results indicate that layering will be dominant
if this parameter is smaller than 0.001. Consequently, agglomeration will become dominant if this
value is exceeded. The obtained classification is then used to create regime maps, which are able to
show the border between the size enlargement mechanisms for different parameters.

The presented model combines microscopic andmacroscopic parameters in order to estimate the
dominant size enlargement mechanism for spray fluidized bed processes. The model includes a new
dynamic model for calculating the wet surface fraction, taking the geometry of deposited droplets
and drying conditions into account. Further, a new theoretically validated model for calculating the
probability of successful wet collisions based on the Stokes criterion is presented. Both models were
not available in literature before. An interesting result of the simulation study based on experiments
taken from literature is that for agglomeration to become dominant, the probability of successful
collisions does not need to be high (i.e., close to unity). Instead, a relatively small value of 0.001 rep-
resents the border between the size enlargement mechanisms based on the considered simulations
and experiments. The presented model may be used in process design to estimate the dominant
size enlargement mechanism. Further applications may be a comprehensive macroscopic process
model considering particle size enlargement by simultaneous layering and agglomeration including
the effect of drying conditions and wetting parameters on the process kinetics.

Future research should include model extensions regarding changing droplet properties during
drying. As it was shown in this work, considering the initial droplet properties alone may lead to
prediction of the wrong size enlargement mechanism if droplet properties such as viscosity change
significantly during drying. This may be achieved by introducing a population balance model to
calculate the residence time distribution of deposited droplets. Then, changes in droplet properties
can be linked to the residence time. Although the presented simulations show that the border
between the size enlargement mechanisms can be described by a probability of successful collisions
equal to 0.001 even when the collision velocity is varied in a relatively wide range, the model should
be extended by taking droplet size distributions into account. The predictive ability of the model
may be further improved by considering compartments as well as imbibition of liquid droplets into
porous particles.
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Appendix A

Material properties

A.1 Properties of dry air

Molar mass

𝑀g = 28.96 kg kmol−1 (A.1)

Source: Glück [187]

Density

𝜚g =
𝑃tot𝑀g

𝑅 (𝑇 + 273.15)
with 𝑅 = 8314.4 J kmol−1 K−1 (A.2)

Specific heat capacity

𝑐g = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇 2 + 𝑎3𝑇 3 (A.3)

with

𝑎0 = +1.0065
𝑎1 = +5.309 587 · 10−6

𝑎2 = +4.758 596 · 10−7

𝑎3 = −1.136 145 · 10−10

Units:
[
𝑐g

]
= kJ kg−1, [𝑇 ] = °C

Source: Glück [187]
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Thermal conductivity

𝜆g = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇 2 + 𝑎3𝑇 3 (A.4)

with

𝑎0 = +2.417 800 · 10−2

𝑎1 = +7.634 878 · 10−5

𝑎2 = −4.663 859 · 10−8

𝑎3 = +4.612 639 · 10−11

Units:
[
𝜆g

]
= Wm−1 K−1, [𝑇 ] = °C

Source: Glück [187]

Kinematic viscosity

𝜈g = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇 2 + 𝑎3𝑇 3 (A.5)

with

𝑎0 = +1.351 980 · 10−5

𝑎1 = +8.930 841 · 10−8

𝑎2 = +1.094 808 · 10−10

𝑎3 = −3.659 345 · 10−14

Units:
[
𝜈g

]
= m2 s−1, [𝑇 ] = °C

Source: Glück [187]

Prandtl number

Pr = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇 2 + 𝑎3𝑇 3 (A.6)

with

𝑎0 = +7.178 900 · 10−1

𝑎1 = −1.675 739 · 10−4

𝑎2 = +6.514 142 · 10−7

𝑎3 = −6.687 762 · 10−10

Units: [Pr] = 1, [𝑇 ] = °C
Source: Glück [187]
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A.2 Properties of water vapor

Molar mass

𝑀v = 18.02 kg kmol−1 (A.7)

Source: Glück [187]

Specific heat capacity

𝑐v = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇 2 + 𝑎3𝑇 3 (A.8)

with

𝑎0 = +1.854 283
𝑎1 = +1.126 740 · 10−3

𝑎2 = −6.939 165 · 10−6

𝑎3 = +1.344 783 · 10−7

Units: [𝑐v] = kJ kg−1, [𝑇 ] = °C
Source: Glück [187]

Diffusion coefficient in air

𝛿 =

0.00143 (𝑇 + 273.15)1.75
[
1
𝑀v

+ 1
𝑀g

] 1
2

√
2𝑃tot

[ (
𝑉diff,v

) 1
3 + (

𝑉diff,g
) 1
3
]2 (A.9)

with

𝑉diff,v = 13.1
𝑉diff,g = 19.7

Units: [𝛿 ] = cm2 s−1, [𝑇 ] = °C, [𝑃tot ] = bar
Source: Poling et al. [188]

Saturation vapor pressure in air

𝑝sat = 𝑎0 exp
(
𝑎1 + 𝑎2𝑇 + 𝑎3𝑇 2 + 𝑎4𝑇 3 + 𝑎5𝑇 4) (A.10)
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with

𝑎0 = +611
𝑎1 = −1.912 75 · 10−4

𝑎2 = +7.258 00 · 10−2

𝑎3 = −2.939 00 · 10−4

𝑎4 = +9.841 00 · 10−7

𝑎5 = −1.920 00 · 10−9

Units: [𝑝sat ] = Pa, [𝑇 ] = °C
Source: Glück [187]

Moisture content at adiabatic saturation

The saturation moisture content of water vapor in air follows from the saturation vapor pressure, the
total pressure, and the ratio of the corresponding molar masses:

𝑌sat =
𝑀v

𝑀g

𝑝sat (𝑇 )
𝑃tot − 𝑝sat (𝑇 ) . (A.11)

The moisture content at adiabatic saturation𝑌as can be calculated using Equation (A.11) when the
saturation vapor pressure calculated at the adiabatic saturation temperature𝑇as is used. The adiabatic
saturation temperature and the corresponding moisture content can be calculated iteratively using
the following equations:

𝑌as =𝑌sat (𝑇as), (A.12)

𝑇as =𝑇g ,in −
Δℎevap + (𝑐v − 𝑐l)𝑇as

𝑐g +𝑌in𝑐v (𝑌as −𝑌in). (A.13)

A.3 Properties of water

Density

𝜚w = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇 2 + 𝑎3𝑇 3 (A.14)

with

𝑎0 = +1.002 045 · 103

𝑎1 = −1.029 905 · 10−1

𝑎2 = −3.698 162 · 10−3

𝑎3 = +3.991 053 · 10−6
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Units: [𝜚w] = kgm−3, [𝑇 ] = °C
Source: Glück [187]

Specific heat capacity

𝑐w = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇 2 + 𝑎3𝑇 3 (A.15)

with

𝑎0 = +4.177 375
𝑎1 = −2.144 614 · 10−6

𝑎2 = −3.165 823 · 10−7

𝑎3 = +4.134 309 · 10−8

Units: [𝑐w] = kJ kg−1, [𝑇 ] = °C
Source: Glück [187]

Thermal conductivity

𝜆w = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇 2 + 𝑎3𝑇 3 (A.16)

with

𝑎0 = +5.587 913 · 10−1

𝑎1 = +2.268 458 · 10−3

𝑎2 = −1.248 304 · 10−5

𝑎3 = +1.890 318 · 10−8

Units: [𝜆w] = Wm−1 K−1, [𝑇 ] = °C
Source: Glück [187]

A.4 Properties of aqueous sodium benzoate solution

Density

The density of aqueous sodium benzoate solution is approximated using the following equation:

𝜚l = (1 −𝑤s)𝜚w +𝑤s𝜚s . (A.17)

The solid density of sodium benzoate is 1440 kgm−3 [189].
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Surface tension

The surface tension of aqueous sodium benzoate solution with a solid mass fraction equal to 0.3 was
measured with a Du Noüy tensiometer at a temperature of 20 °C. The obtained surface tension is:

𝛾 = 60.74mNm−1. (A.18)

Viscosity

The viscosity of aqueous sodium benzoate solution with a solid mass fraction equal to 0.3 was
measured with a Höppler viscometer for different temperatures between 15 °C and 50 °C. This data
was used to create an empirical correlation yielding the viscosity of the solution from its tempera-
ture. Following Poling et al. [188], an exponential function was used and the correlation shown in
Equation (A.19) was obtained. Table A.1 shows the measured and calculated viscosities.

ln𝜂 = 𝑎0 + 𝑎1
𝑇 + 273.15 (A.19)

with

𝑎0 = −7.31
𝑎1 = +2545

Units: [𝜂] = mPa s, [𝑇 ] = °C

Table A.1:Measured and calculated viscosity for aqueous sodium benzoate solution (𝑤s = 0.3).

𝑇 𝜂 (measured) 𝜂 (Equation (A.19))
[°C] [mPa s] [mPa s]
15 4.3621 4.5823
20 4.1848 3.9415
25 3.3516 3.4075
30 3.0233 2.9600
50 1.7374 1.7605
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Fluidized bed properties

B.1 Hydrodynamics

The range of existence of a fluidized bed is described by the gas velocity at minimum fluidization
𝑢mf and at elutriation𝑢elu. In order to fluidize a particle bed, the gas velocity𝑢g must lie between
these velocities:

𝑢mf < 𝑢g < 𝑢elu. (B.1)

In dimensionless form, the gas velocity can be represented by the Reynolds number defined as:

Re =
𝑢g𝑑p

𝜈g
. (B.2)

The Reynolds numbers at minimum fluidization Remf and elutriation Reelu can be calculated by the
following dimensionless correlations given by Martin [190]:

Remf = 42.9
(
1 − 𝜀bed,mf

)©­­«

√√√
1 +

𝜀3bed,mf(
1 − 𝜀bed,mf

)2 Ar
3214 − 1

ª®®¬
, (B.3)

Reelu =

√︂
4
3Ar. (B.4)

The Archimedes number Ar used in Equation (B.3) and Equation (B.4) is defined as:

Ar =
𝑔𝑑3p

𝜈2g

𝜚p − 𝜚g
𝜚g

. (B.5)

The change in bed porosity due to expansion of the bed is calculated according to Martin [190]:

𝜀𝑚bed =
Re
Reelu

with 𝑚 =

ln
(Remf

Reelu

)
ln 𝜀bed,mf

. (B.6)
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The bed porosity at minimum fluidization 𝜀bed,mf ranges practically between 0.4 and 0.7 [190]. In
this work, the value of 0.4 is used.

B.2 Heat- andmass transfer

B.2.1 Correlations fromMartin

The drying time in the presented Monte Carlo models (cf. Chapter 3) is calculated with a mass
transfer coefficient obtained from correlations given by Martin [190], which are based on the model
of Gnielinski [191] for packed beds. According toMartin [190], the Nusselt number of a single particle
Nup is calculated as follows:

Re𝜀 =
Re
𝜀bed

, (B.7)

Nulam = 0.664Re1/2𝜀 Pr1/3, (B.8)

Nuturb =
0.037Re0.8𝜀 Pr

1 + 2.443Re−0.1𝜀

(
Pr2/3 − 1

) , (B.9)

Nup = 2 +
√︃
Nu2lam + Nu2turb. (B.10)

The corresponding Sherwood number Shp can be calculated using the Lewis number Le:

Shp = NupLe1/3. (B.11)

The Lewis number is obtained from the Schmidt number Sc and the Prandtl number Pr:

Le = Sc
Pr , (B.12)

Sc =
𝜈g

𝛿
, (B.13)

Pr =
𝜈g𝜚g𝑐g

𝜆g
. (B.14)

Similar to Dernedde [132] the mass transfer coefficient 𝛽 then follows from the Sherwood number of
a single particle Shp:

𝛽 =
Shp𝛿
𝑑p

. (B.15)

B.2.2 Correlations from Groenewold and Tsotsas

In Chapter 6 the model presented by Groenewold and Tsotsas [143] is used to calculate the heat and
mass transfer coefficients in the fluidized bed. They propose to calculate the Sherwood number
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Shbed using the model given by Gnielinski [191] at minimum fluidization conditions. The Nusselt
number of a single particle is obtained from Equation (B.8) to Equation (B.10), but with:

Re𝜀 =
Remf

𝜀bed,mf
. (B.16)

The Nusselt number of the bed then follows from the Nusselt number of a single particle:

Nubed =
[
1 + 1.5(1 − 𝜀bed,mf

) ]
Nup. (B.17)

The corresponding Sherwood number of the bed is calculated using the Lewis number:

Shbed = Nubed Le1/3. (B.18)

Following Groenewold and Tsotsas [143], the apparent Sherwood number Sh′bed can then be derived
from Shbed :

Sh′bed =
ReSc
𝐴Vℎbed

ln
(
1 + Shbed𝐴Vℎbed

ReSc

)
. (B.19)

In this equation, 𝐴V is the particle surface area per bed volume and ℎbed is the height of the fluidized
bed, which are calculated using:

𝐴V =
4𝐴p,tot

𝜋𝑑2bedℎbed
, (B.20)

ℎbed =
4𝑀bed

𝜚p (1 − 𝜀bed)𝜋𝑑2bed
. (B.21)

The apparent Nusselt number Nu′bed follows from Equation (B.18) and the corresponding heat and
mass transfer coefficients can be calculated as follows:

𝛼 =
Nu′bed𝜆g
𝑑p

, (B.22)

𝛽 =
Sh′bed𝛿
𝑑p

. (B.23)
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Mathematical derivations

C.1 Calculation of distributed particle diameters based on particle size
distributions

In the Monte Carlo models presented by Terrazas-Velarde [15] and Hussain [97], the initial particle
bed is assumed to consist of monodisperse particles. The model presented by Dernedde [132] is
able to consider a size distribution, which is, however, restricted to a normal distribution. A set of
normally distributed particle diameters with a mean diameter 𝑑10 and a standard deviation of 𝜎x can
be created by drawing random numbers 𝑟n from the standard normal distribution:

𝑑p,j = 𝑑10 + 𝜎x𝑟n,j . (C.1)

In the present work, a novel algorithm forMonte Carlomodels has been developed, allowing to create
a set of particle diameters according to an arbitrary particle size distribution. This method is used to
create an initial set of particle diameters in the Monte Carlo simulations based on measured size
distributions of the particlematerial. The set of particle diameters in the simulations with parameters
corresponding to experimental conditions shown in Section 4.3.2 and Section 5.3.2 were created
with this method.

Assume that a normalized number-based particle size distribution 𝑞0 and the corresponding size
classes are available in discrete form (e.g., frommeasurements). The size classes are represented by
their boundary values 𝑥j and 𝑥j+1 and the corresponding class centers 𝑥j . First, the absolute number
of particles is calculated for each size class, assuming spherical particles:

𝑁p,j = 𝑛jΔ𝑥j =
6𝑀bed
𝜋𝜚p

𝑞0,j∑
𝑗
𝑥3j 𝑞0,jΔ𝑥j

. (C.2)

The total number of particles𝑁p,tot then follows from𝑁p,j :

𝑁p,tot =
∑︁
𝑗

𝑁p,j . (C.3)
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The values 𝑁p,j and 𝑁p,tot characterize the size distribution of the real particle system with a nor-
malized size distribution 𝑞0, a total mass of𝑀bed , and a particle density of 𝜚p. In order to obtain the
absolute particle number for each size class of the Monte Carlo system,𝑁p,j must be scaled down by
the ratio of the number of particles in both systems:

𝑁p,MC ,j = nint
(
𝑁p,j

𝑁p,MC

𝑁p,tot

)
. (C.4)

Note that scaling using the ratio of the particle number is sufficient here (cf. Section 3.1.2) since
scaling using the particle mass is only needed in the actual Monte Carlo algorithm when sample size
regulations are performed. The value of 𝑁p,MC ,j is rounded to the nearest integer. As a result, the
total number of particles in the Monte Carlo systemmay not exactly match the set value of𝑁p,MC . In
order to achieve that

∑︁
𝑗

𝑁p,MC ,j = 𝑁p,MC , (C.5)

the values of𝑁p,MC ,j must be increased or decreased accordingly. Therefore, the difference in particle
number is calculated:

Δ𝑁p = 𝑁p,MC −
∑︁
𝑗

𝑁p,MC ,j , (C.6)

whichmay be positive (particles need to be added) or negative (particles need to be removed). Several
ways of modifying 𝑁p,MC ,j to fulfill Equation (C.5) exist. The easiest way would be to change the
values of 𝑁p,MC ,j in a single size class by Δ𝑁p. However, this method could alter the shape of the
resulting size distribution by creating bumps or peaks. Therefore, several values of𝑁p,MC ,j should be
changed simultaneously. Additionally, to minimize the impact of adding or removing particles in a
size class, only the size classes with the largest values of𝑁p,MC ,j are modified. Both aspects are taken
into account in the following method:

• sort the values of𝑁p,MC ,j in descending order and

• modify the first Δ𝑁p values of the sorted𝑁p,MC ,j by adding or subtracting unity.

For example, ifΔ𝑁p = 5, five particles need to be added to𝑁p,MC ,j , which is achieved by increasing the
values of𝑁p,MC ,j in the five size classes with the largest numbers by unity. In this way, the condition in
Equation (C.5) is fulfilled and the impact on the shape of the particle size distribution isminimized.

The next step is calculating randomparticle diameters for each size class. The values of the diameters
may range between the boundary values 𝑥j and 𝑥j+1 of each class. Using a uniformly distributed
random number 𝑟 from the open interval (0, 1), a random diameter in size class 𝑗 is calculated as
follows:

𝑑p,j = 𝑥j +
(
𝑥j+1 − 𝑥j

)
𝑟 . (C.7)
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C.1 Calculation of distributed particle diameters based on particle size distributions
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Figure C.1:Comparison between initial particle size distributions obtained by measurements and
the proposed algorithm for experiment 4 (Chapter 4) (a), experiment 6 (Chapter 4) (b),
experiment 1 (Chapter 5) (c), and experiment 19 (Chapter 5) (d).

Since each size class needs a number of diameters equal to𝑁p,MC ,j , the procedure is repeated accord-
ingly. The particle size distribution of the created set of particle diameters can then be obtained by
computing histograms.

A comparison betweenparticle size distributions obtained bymeasurements and the above described
method is shown in Figure C.1 using the example of experiments 4 and 6 from Chapter 4 and
experiments 1 and 19 from Chapter 5. In all cases, the particle size distributions agree well. However,
note that in Figure C.1c and Figure C.1d (experiments 1 and 19) small deviations can be observed for
particle sizes smaller than 0.1mm. In these cases, the calculated diameters were smaller than the
minimum particle diameter that can be considered in the simulation (see Section 3.1.5) and were
replaced with 𝑑p,min.
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C.2 Analytical calculation of the coated surface fraction

In this section, an analytical model for the transient behavior of the coated surface fraction during a
layering process is presented, assuming that the particle surface area is constant. The coated surface
fraction𝛹c is defined as the ratio between the coated surface area and the total surface area of a
particle:

𝛹c =
𝐴c
𝐴p

=
𝐴p − 𝐴p,free

𝐴p
. (C.8)

If the particle surface area is constant, the time derivative of𝛹c reads:

d𝛹c
d𝑡 =

1
𝐴p

d𝐴c
d𝑡 . (C.9)

The transient behavior of the coated surface area depends on the footprint of a single deposited
droplet 𝐴contact , the number flow rate of droplets ¤𝑁drop, and the distribution of droplets among the
particles. If the droplets are distributed based on the surface area of the particles, following the idea
proposed by Mörl et al. [6], a particle receives droplets based on the fraction of its surface area in the
bed. Consequently, the transient of 𝐴c is proportional to this fraction:

d𝐴c
d𝑡 ∼ 𝐴p

𝐴p,tot
. (C.10)

Additionally, droplets may hit spots on the particle surface which are either empty or already covered
by a droplet. As a result, the transient of 𝐴c is also proportional to the uncoated surface fraction of a
particle:

d𝐴c
d𝑡 ∼ 𝐴p,free

𝐴p
. (C.11)

Combining these ideas, the time derivative of the coated surface area reads:

d𝐴c
d𝑡 = 𝐴contact ¤𝑁drop

𝐴p

𝐴p,tot

𝐴p,free

𝐴p
= 𝐴contact ¤𝑁drop

𝐴p,free

𝐴p,tot
. (C.12)

Combining Equation (C.12), Equation (C.9), and Equation (C.8) yields:

d𝛹c
d𝑡 =

𝐴contact
𝐴p,tot

¤𝑁drop (1 −𝛹c). (C.13)
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Equation (C.13) can be solved by integration. Since the natural logarithm of zero is undefined, the
case𝛹c = 1 has to be excluded. Then, 1 −𝛹c > 0 and the following solution is obtained:

𝛹c∫
0

d𝛹c
1 −𝛹c =

𝑡∫
0

𝐴contact
𝐴p,tot

¤𝑁drop d𝑡 , (C.14)

− ln|1 −𝛹c |
�����
𝛹c

0
=
𝐴contact
𝐴p,tot

¤𝑁drop𝑡

�����
𝑡

0
, (C.15)

𝛹c = 1 − exp
(
−𝐴contact
𝐴p,tot

¤𝑁drop𝑡

)
. (C.16)
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Appendix D

Discretization of partial differential equations
using a finite volumemethod

Thefinite volumemethod is used in thiswork todiscretize partial differential equations and transform
them into ordinary differential equations, which are then solved numerically. In this chapter, the
finite volumemethod is presented in detail using the example of the one-dimensional population
balance for layering growth. Since the approach is identical for the partial differential equations
describing water mass and enthalpy of the fluidization gas, the resulting discretized equations are
given without detailed explanation.

D.1 Population balance

In the finite volumemethod, the calculation domain is divided into several non-overlapping control
volumes, see Patankar [192]. The differential equation is then integrated over each control volume.
In order to evaluate the integrals, profiles between the grid points representing the control volume
have to be assumed. The resulting equations can then be solved numerically.

The one-dimensional population balance for a batch layering growth process reads:

𝜕𝑛 (𝑡 , 𝑥)
𝜕𝑡

= −𝜕(𝐺𝑛)
𝜕𝑥

. (D.1)

The property coordinate 𝑥 representing the particle size is discretized as shown in Figure D.1. The
faces of the control volumes are represented by 𝑥j , while 𝑥j are the grid points placed in the center
of each control volume. Integration of the left-hand side of Equation (D.1) over control volume 𝑗 is
performed by interchanging differentiation and integration [193]. Additionally, it is assumed that 𝑛
is constant in this control volume (represented by 𝑛j), leading to:

𝑥j+1∫
𝑥j

𝜕𝑛

𝜕𝑡
d𝑥 =

d
d𝑡

𝑥j+1∫
𝑥j

𝑛 d𝑥 =
d𝑛j
d𝑡

(
𝑥j+1 − 𝑥j

)
=
d𝑛j
d𝑡 Δ𝑥j . (D.2)
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𝑥1 𝑥1 𝑥2 𝑥j−1 𝑥j 𝑥N 𝑥N𝑥j

(𝐺𝑛)1 (𝐺𝑛)j−1 (𝐺𝑛)j (𝐺𝑛)N
𝑥j−1 𝑥j+1 𝑥j+1 𝑥j+2 𝑥N+1

(𝐺𝑛)j+1

Figure D.1:Discretization of the property coordinate 𝑥 into𝑁 control volumes.

Integrating the right-hand side of Equation (D.1) is performed applying Gauss’ theorem [194]:

−
𝑥j+1∫
𝑥j

𝜕(𝐺𝑛)
𝜕𝑥

d𝑥 = −[𝐺𝑛]𝑥j+1𝑥j = −
(
(𝐺𝑛) |𝑥j+1−(𝐺𝑛) |𝑥j

)
. (D.3)

Combining the above shown equations, Equation (D.4) is obtained:

d𝑛j
d𝑡 = −

(𝐺𝑛) |𝑥j+1−(𝐺𝑛) |𝑥j
Δ𝑥j

. (D.4)

Further assumptions are necessary to evaluate the fluxes at the faces of the control volumes, which
are discussed in the following sections.

D.1.1 First order upwind scheme

The first order upwind scheme can be used to further evaluate Equation (D.4). Using the upwind
scheme for𝐺 > 0, the fluxes (𝐺𝑛) |𝑥j+1 and (𝐺𝑛) |𝑥j can be written as [192]:

(𝐺𝑛) |𝑥j+1= (𝐺𝑛) |𝑥j= (𝐺𝑛)j , (D.5)
(𝐺𝑛) |𝑥j= (𝐺𝑛) |𝑥j−1= (𝐺𝑛)j−1. (D.6)

Note that the flux entering the first control volume (𝐺𝑛) |𝑥1 is defined by the boundary condition and
is therefore not evaluated with the above shown equations. Incorporating the boundary condition
𝐵0(𝑡 ) (birth rate of particles with smallest size), the flux entering the first control volume reads:

(𝐺𝑛) |𝑥1= 𝐵0(𝑡 ). (D.7)

Then, the discretized form of Equation (D.1) is obtained:

d𝑛1
d𝑡 = − (𝐺𝑛)1 − 𝐵0(𝑡 )

Δ𝑥1
, (D.8)

d𝑛j
d𝑡 = − (𝐺𝑛)j − (𝐺𝑛)j−1

Δ𝑥j
. (D.9)

D.1.2 Flux limiter

According to LeVeque [109], methods such as the first order upwind scheme are known to exhibit
significant numerical diffusion. Higher order methods are more accurate, but oscillatory behavior
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D.2 Mass and enthalpy balances

may be observed. Flux-limitermethods combine both low and high ordermethods to obtain reduced
numerical diffusion without oscillations. In this work, the flux-limiter method proposed by Koren
[174] is used, which is described below.

Evaluating the fluxes at the faces of the control volumes in Equation (D.4) using the flux-limiter
method yields:

(𝐺𝑛) |𝑥j+1= (𝐺𝑛)j + 1
2𝜙

(
𝑟 ′ |𝑥j+1

) ((𝐺𝑛)j − (𝐺𝑛)j−1
)
, (D.10)

(𝐺𝑛) |𝑥j= (𝐺𝑛)j−1 + 1
2𝜙

(
𝑟 ′ |𝑥j

) ((𝐺𝑛)j−1 − (𝐺𝑛)j−2
)
. (D.11)

In these equations, 𝜙 (𝑟 ′) is the limiter function, which depends on the ratio of consecutive solution
gradients 𝑟 ′ defined as:

𝑟 ′ |𝑥j+1=
(𝐺𝑛)j+1 − (𝐺𝑛)j + 𝜅
(𝐺𝑛)j − (𝐺𝑛)j−1 + 𝜅 . (D.12)

The parameter𝜅 is introduced to avoid division by zero. In this work,𝜅 is set to 10−20. The limiter
function proposed by Koren [174] is defined as:

𝜙 (𝑟 ′) = max
(
0,min

(
2𝑟 ′,min

(
1
3 + 2

3𝑟
′, 2

)))
. (D.13)

Similar to the above described first order upwind scheme, the flux entering the first control volume
is defined by the boundary condition:

(𝐺𝑛) |𝑥1= 𝐵0(𝑡 ). (D.14)

Fluxes entering the second and leaving the last control volume need a special treatment as well, since
they cannot be evaluated using the equations shown above. These fluxes are evaluated with the first
order upwind scheme in this work:

(𝐺𝑛) |𝑥2= (𝐺𝑛)1, (D.15)
(𝐺𝑛) |𝑥𝑁+1= (𝐺𝑛)𝑁 . (D.16)

D.2 Mass and enthalpy balances

The mass and enthalpy balances of the fluidization gas are partial differential equations as well.
They are discretized using the finite volumemethod (first order upwind scheme) and then solved
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numerically. The resulting discretized equations for control volume 𝑗 read:

d𝑀w,g ,j

d𝑡 = −
¤𝑀w,g ,j − ¤𝑀w,g ,j−1

Δ𝜁j
+ ¤𝑀evap,j , (D.17)

d𝐻g ,j

d𝑡 = −
¤𝐻g ,j − ¤𝐻g ,j−1

Δ𝜁j
+ ¤𝐻evap,j − ¤𝑄gp,j − ¤𝑄gl,j . (D.18)

The boundary conditions are incorporated in the discretized equations for the first control volume:

d𝑀w,g ,1
d𝑡 = −

¤𝑀w,g ,1 − ¤𝑀w,g ,in

Δ𝜁1
+ ¤𝑀evap,1, (D.19)

d𝐻g ,1
d𝑡 = −

¤𝐻g ,1 − ¤𝐻g ,in

Δ𝜁1
+ ¤𝐻evap,1 − ¤𝑄gp,1 − ¤𝑄gl,1. (D.20)

The water mass flow rate and the enthalpy flow rate entering the first control volume are calculated
using the moisture content and temperature of the inlet gas𝑌in and𝑇g ,in:

¤𝑀w,g ,in = ¤𝑀g ,dry𝑌in, (D.21)
¤𝐻g ,in = ¤𝑀g ,dry

(
𝑐g𝑇g ,in +𝑌in

(
𝑐v𝑇g ,in + Δℎevap

) )
. (D.22)
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