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Abstract

The spherical agglomeration process is gaining increasing interest in the pharmaceutical industry as it
has the ability to transform needlike crystals into dense agglomerates that apherical in shape.

The formed agglomerates have improved micromeritic properties, improving the ease of handling and
reducing the number of downstream processing steps. Spherical agglomerates are formed by
suspending particles in a solvent and addingaatisolvent to induce crystallisation. An immiscible
bridging liquid is then added to the crystal suspension to form spherical agglomerates.

As the success of spherical agglomeration is determined by the composition of the solvent system,
this has been th subject of the majority of spherical agglomeration research. However, there is
limited consistency in the apparatus used for the various investigations. Spherical agglomeration is a
process that occurs in suspension; therefore, the mixing profile viltathe contact between the
bridging liquid and particles. In a stirred tank, the impeller conditions are the main factor that
influences flow and mixing. This work studied the influence of flow characteristics and mixing on the
formation of spherical agjomerates. For this investigation, experiments were performed with
different impeller geometries, speeds and clearances. A computational fluid dynamics (CFD) study
with corresponding impeller characteristics was also produced.

This work demonstrates thathe impeller geometry, clearance, and speed have an enormous
influence on the particle size distribution and sphericity of agglomerates formed. The CFD study
demonstrates that the impeller clearance influences the flow profile and the mixing between the
particles and the bridging liquid. For increased impeller clearances, the circulation loop induced by the
impeller covers a greater portion of the liquid height for the pitched blade and propeller impellers. As
the flow in the tank greatly influences agglemte characteristics, it is crucial that the impeller
geometry and clearance are accurately included in a population balance model (PBM) for spherical
agglomeration.

A PBM has previously been developed by Ahmed et al., 2023 which incorporated the various
nucleation mechanisms to predict agglomerate size. Whilst this model did consider impeller diameter
and speed, it did not include impeller geometry and clearance. In this work, the PBM by Ahmed et al.,
2023 was modified to include different impeller geome$ and clearances due to the CFD and
experimental study showing that these parameters influence spherical agglomeration. To incorporate
impeller geometry, the impeller power number was used as the experimental study observed a clear
correlation between pwer number and agglomerate characteristics. It was found that increased
power number produced agglomerates that were more consistent in size and sphericity. The velocity
magnitude from the CFD simulations was used in the PBM to include the influencepeifeim
clearance.

The PBM that was developed as part of this work was experimentally validated using an agglomeration
in suspension process in whigoly(methylmethacrylate) beads were suspended in water, and a
bridging liquid was added. As part of thepeximental validation, various process parameters,
including impeller geometry, impeller clearance, bridging liquid to solid ratio (BSR) and agglomeration
time, were altered. In a comparison of the PBM developed in this work, the PBM by Ahmed et al.,
2023and the experimental data, it was found that the PBM developed in this thesis, predicted a
value closer to the experimental results than the model by Ahmed et al., 2023 for 56.4 % of the
simulations. This is a minimal improvement to the previous moidet. predictions for axial impellers
were inaccurate, but this PBM was effective at predictingdidor agglomerates produced with a
Rushtonturbine impeller, which was the best performing impeller experimentally.
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Chapter 1 Introduction

Spherical agglomeration is a particle size enlargement process, in which a bridging liquid is added to
suspended particles to generate agglomerateit et al., 2018) This process is generating increasing
interest in the pharmaceutical industry, due the potential to improve micromeritic and powder
handling properties of drug particles for tableti@rlewski et al., 2018).imited understanding of the
mechanisms of agglomerate production and process optimisation are hindering industrial uptake.
Most spherical agglomeration studies are in small betafhscale vessels, ranging from 100 mL to 1

L, and limited scalap data is available.

There are two primary methods of spherical agglomerate production relevant to pharmaceutical
manufacturing, differentiated by the starting solvent system. The first method, antisolvent spherical
agglomeration, starts with a typical antisolvent crystallisation process, in which the drug is dissolved
in a good solvent, and an antisolvent (or pooivent) is added to precipitate crystals. Once the
crystals have formed, a bridging liquid is added causing the crystals to agglori¢hargg et al.,

2010) The second method, termed agglomeration in suspension, starts with crystals suspended in a
solvent. Bridging liquid is added to induce agglomeration. For both methods, the resultant
agglomerates are generally spherical in shape and can often undergo tdibéeting due to improved
compression characteristi¢Saini et al., 2013)

Many parameters are known to influence spherical agglomeration such as the agitation speed,
temperature, and bridging liquid to solid ratio. A small number of parametriciessuare available in

the literature, however these are typically restricted to specific solvent/powder systems and provide
little understanding of the mechanisms and kinetics of formation, growth and breakage.
Understanding these mechanisms is key to pegiing process and product design,

A critical literature review has been conducted to understand the mechanisms and kinetics of spherical
agglomeration processes, and to identify gaps in the knowledge. The rate process controlling the
spherical agglometin processes are in fact very similar to the regimes and mechanisms involved in
high shear wet granulation and, therefore, there are opportunities to apply our relatively advanced
understanding of wet granulation to spherical agglomeration.

There have ben limited attempts to model the process of spherical agglomeration. Blandin et al, 2005
proposed a population balance model (PBM) incorporating an agglomeration kernel to describe the
growth of agglomerates. Arjmandiash et al, 2019 proposed a mechaicistucleation/layering
model, later incorporated into PBM in the work of Ahmed et al., 2023.

As in all agglomeration kernels, the particle meeting probability is an important factor for spherical
agglomeration. Hydrodynamics are stated as the major fadttwencing the probability of particles
meeting(Blandin et al., 2005)n the case of spherical agglomerate, hydrodynamics are influenced by
the mixing action between the components in the fluid system and the particles. The Zwietering
correlation prgosed in 1958 proposed that the impeller speed needed for particles in a system to be
fully suspended was dependent on material properties, the impeller diameter and the Zwietering
constant which is to be determined experimentally. Further studies hawesiigated the Zwietering
constant and a study by Devarajulu and Loganathan in 2016 determined that the Zwietering constant
varies with impeller geometry, impeller clearance, liquid height and vessel diameter. Despite the
crucial role flow and mixing play eagglomerate production, this research avenue has been largely
neglected. This represents a conspicuous gap in spherical agglomeration research and will be
addressed in this work.



1.1 Aim

The aim of this research is to enable improved design of sphernjgdbraeration processes, by
developing a novel, predictive, population balance model. Critically, this population balance model
will incorporate the flow and mixing characteristics in spherical agglomeration vessels, to predict
resulting particle attribute.

1.2 Objectives
To achieve the aim, various objectives will be met:

1. An experimental study to identify the effect of stirred tank geometries and operating
conditions on particle attributes

2. A corresponding computational fluid dynamics (CFD) study of theeide of impeller
and internal geometry of stirred tank reactors (STRs) on flow characteristics

3. Construct a robust population balance model (PBM) for spherical agglomeration that
incorporates the influence of flow characteristics. This will be informedCBp and
experiment observation

4. Experimentally verify, validate and evaluate the PBM

1.3 Overall Thesis Outline

A comprehensive analysis of the spherical agglomeration literature will be presentdajster 2

This chapter utilises the parametric studies for spherical agglomeration to determine the influence of
operating conditions on agglomerate characteristics. An assessment of the current und@rgtan
spherical agglomeration mechanisms, and how they have been modelled is also included in this
chapter. As mixing behaviour is a focus for this research, there has been an evaluation of CFD software
to determine their applicability for spherical aggieration CFD simulations. Discussions of CFD
simulations for suspensions, slurries, and high shear wet granulation processes are also presented in
Chapter 2 Slurries and suspensions were considered due to spherical agglomeration occurring in a
dilute solvent system. Research into high shear wet granulation (HSWG) was conducted due to
spherical agglomeration being mechanistically similar to HSW&eaRsh avenues were identified
based on gaps in the literature, these are also presentdéchiapter 2

Chapter Jresents the experimental and CFD methodology used for this research. This thesis contains
two experimental stages; the first is to identify the influence of stirred tank geometrgpherical
agglomerates, and the second is to experimentally validate the produced CBiter Jdetails the
material system and changes to the stirred tank geometry that were made during this investigation.
The material systems and reactor geometries tested for the PBM validationssmesdied irChapter

3. The methods used to analyse the produced spherical agglomerates for both experimental studies
are also presented in this chagt A parametric CFD study was conducted in ANSYS Fluent to
investigate the influence on stirred tank geometry on flow patterns and mixing characteristics.
Construction of the CFD study is discussed in this chapter alongside development of a PBM for
sphercal agglomeration. Flow characteristics that were determined using the CFD studies were
incorporated into the PBM.

The results of the parametric experimental investigation into the influence of impeller geometry,
speed and clearance are showrGhapter 4 This chapter presents the particle size distribution (PSD)
of the spherical agglomerates, as well as agglomerate images to determine the efiesgvef
different impeller geometries.

Chapter 5presents the results of the CFD simulations that correspond to the experimental study
presented n Chapter 4 The velocity profiles in the tank with different impeller configurations is shown

2



and the influence of impeller geometry, speed aneachnce on the flow profiles is analysé&haper
5 also discusses the link between the flow pattern and spherical agglomeration.

InChapter 6the methodology used to incorporate the impeller geometry and clearance into the PBM
is discussed. This chapter details the adaptations to key equations of the existing spherical
agglomeration PBM by Ahmed et al., 2023, based on the findings of the pair@experimental and

CFD study presented @hapter 4and Chapter 5

Validation of the PBM is key to ensuring that it is applicable to spherical agglome@tiapter 7
contains a comparison of validation experiments with results produced by the PBM. The experimental
results will also be compared to the PBM by Ahmed et al., 2023 to determine whether the produced
model is an improvement on previous iterations of a spherical agglonoer&iBM.

A four month industrial placement at Pfizer was undertaken over the course of this PhD project, and
is discussed i€hapter 8 Whilst thisresearch does not pertain to spherical agglomeration, it draws
upon understanding gained fDhapter 5 CFD simulations of a crystallisation procgege developed

to investigate how changing reactor geometry influences particle motion and settling in a series of
mixed suspensiomixed product removalMSMPR) crystallisers.

Figurel-1 shows the thesis results chapters and how they link together. A major component of this
research is the CFD simulations and experimental investigation into how impeller geometry influences
agglomerate formation. These results are used to influence thegion of the PBM as previous
iterations by Ahmed et al., 2023 did not incorporate the impeller geometry or the flow pattern in the
tank. The developed model has been experimentally validated, ensuring that incorporation of flow
pattern improves model pmiction. This will be performed by comparing the experimental results
with the base model and the results generated from the model that incorporates flow. The outcomes
from the CFD results @hapter Swvere useful in determining investigation parameters for the CFD in
Chapter 8
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Figurel-1 Diagram explaining the content of the thesis results chapters and how they link together

1.4 Key Contributions of this Work

The aim of this work was to generate a predictive population balance modekghberical
agglomeration that considers the influence of reactor geometry on the flow characteristics in a stirred
tank. To do this both experimental and computational analysis of mixing in stirred tank with different
impeller geometries, speeds and cleacas was conducted. The key contributions from this thesis
are:

1 Determining that increased impeller power number increases the consistency in the shape
and size of spherical agglomerates

1 Further confirmation of the importance of clearance when usiriguahbn turbine impeller
due to the transition between axial and radial flow at clearance to vessel diameter ratios > 0.3

1 Incorporating the impeller power number for different impeller geometries into a population
balance model for spherical agglomeration

1 Usirg experimental validation to suggest further development areas to increase the accuracy
of population balance models for spherical agglomeration



Chapter 2 Literature Review

2.1 Overview of the Spherical Agglomeration Process

The pharmaceutical industry has shown in@iag interest in spherical agglomeration in recent years,
although it is not currently used for industrial pharmaceutical manufacture. Spherical agglomeration
is a promising particle size enlargement technique for pharmaceutical manufacture, due to the
products of this technique being spherical particles with improved micrometric propg@idswski

et al., 2018) It is desirable to improve micrometric properties, such as sphericity, as this can improve
the ease of handling of the particles, as theyl Wéve improved flowability. Spherical agglomeration
also influences porosity, meaning direct tabletting of the spherical agglomerates is possible; reducing
the need for further processing which in turn minimises production o@&i et al., 2013Y e ability

to be directly tabletted makes this process extremely attractive to the pharmaceutical industry as oral
solid dosage forms are the most common form of administration to patig¢rishna et al., 2012yith

70% of all pharmaceutical products bgiin solid forn{Pefia and Nagy, 2015)

Spherical agglomeration is a technique which is one of three types of spherical crystallisation. Section
2.2 discusses spherical crystallisation in more defdile process of spherical agglomeration begins
with an antisolvent crystallisation, then a bridging liquid is added to induce agglomeraAtiothis
process occurs in a ternary mixture, the selection of the liquids is extremely important for the process
to work effectively and can be a difficult and timmensuming procesg@lavadzedah et al., 201@he

three components of the ternary mixturkave different purposes in the facilitation of spherical
agglomeration. Primary particles of a pharmaceutical compound dissolve in the solvent. The
antisolvent induces the precipitation of the pharmaceutical compound, and the bridging liquid acts as
a birder and causes bridges to form between the patrticles of the pharmaceutical comfduztiang

et al., 2010b)

Spherical agglomerates can also be manufactured through a process called agglomeration in
suspension. In this process, already formed crystassuspended in a solvent, and then the bridging
liquid is added to induce agglomeration. Agglomeration in suspension technique may be used due to
it being less complex than conventional spherical agglomeration which has a ternary liquid system.

/g §@ o

crystals

Immersion Mechanism

wetting & consolidation & attrition &
nucleation growth breakage

Good solvent

Dlstrlbutlon Mechanism

Poor solvent Bridging liquid @@
@ o

Figure2-1 Schematic of the spherical agglomeration process, including the different nucleation mechanisms, image from
(ArjmandiTash et al., 2019)




Figure 2-1 shows a schematic of the spherical agglomeration process, including the different
mechanisms of nucleation. In the nucleation regime, the bridging liquid initially wets the powder
particles. When the bridging liquid contacts the powder, nuclei fMagh®odi et al., 2012; Pitt et

al., 2018; Arjmandiash et al., 2019)'he formation of spherical agglomerate nuclei can happen in
two different ways. The mechanism of nucleation depends on the size of the liquid droplets in relation
to the suspended primgrparticle size. If the particles are larger than the liquid droplets, nucleation
occurs through the distribution mechanis(®itt et al., 2018; Arjmandiash et al., 2019)in the
distribution mechanism, the bridging liquid coats the powder particles.chated particles aggregate
together to form the nucle{ArjmandiTash et al., 2019Alternatively, the droplets of the bridging
liquid being larger than the powder particles will result in immersion nucleation occyfittcet al.,
2018; ArjmandiTash et al., 2019)In immersion nucleation, the powder particles penetrate the liquid
droplet to form a nucleus within the dropl¢ArjmandiTash et al., 2019)

Once the nuclei form, the agglomerates undergo consolidation and growth; consolidatiors¢hase
bridging liquid to be squeezed out of the nuclei on to the surface and the particles with wet surfaces
undergo collisions; allowing coalescence to od@lrarti et al., 2013; Pitt et al., 2018Jhe agitation

rate determines the rate of squeezingtahe liquid as it influences the collision rate.

Some agglomerates may decrease in size due to breakage or attéitibaugh attrition and breakage

can occur, it will not reduce the average particle size, as the system will have reached an equilibrium
between the increase and decrease of particle $&emer, 1979; Bharti et al., 2013; Javadzedah et
al., 2016; Pitt et al., 2018)

In a spherical agglomeration study of glass beads suspended in carbon tetrachloride, with -a water
glycerol mix as the brging liquid, Bemer proposed that there were four regimes in spherical
agglomeration. The four regimes are the flocculation regime, the zero growth regime, the fast growth
regime, and the equilibrium regimé@Bemer, 1979; Pitt et al., 2018The equilibrim regime is
sometimes referred to as the constant size regifBbarti et al., 2013)

The flocculation regime occurs when particles contact the bridging liquid and form loose flocs. The
zero growth regime follows the flocculation regime. In the zero gnovegime, there is limited
bridging available due to flocculation formation, resulting in a constant mean particle size. As spherical
agglomeration is very system dependent, the zero growth regime will also vary for each system. Due
to the lack of bridgig liquid, the zero growth regime is considered the rate limiting $Bdyarti et al.,

2013; Javadzedah et al., 2016Jhe fast growth regime comes after the zero growth regime. Fast
growth occurs due to consolidation and coalescence of the loose flomsing tightly packed
agglomerates. This process reaches an equilibrium and the mean size either will remain constant or
decrease slightly as there may still be consolidation occurring in the syBtemer, 1979; Pitt et al.,
2018)

2.2 Spherical Crystadhtion

Spherical agglomeration is a method in which spherical crystallisation can be achieved and as such,
the terms are sometimes used interchangeably. Spherical crystallisation can occur through both
typical and nortypical crystallisation techniqueSypical spherical crystallisation techniques involve
three solvents which induce crystallisation and agglomeration. Typical spherical crystallisation
processes are discussed in Sectith@.1 The nortypical crystallisation techniques, discussed in
Sectior2.2.2generate spherical crystals byntmlling physical and chemical properties of the system.
Section 2.2.3 analyses the different spherical crystallisation techniques and justifies spherical
agglomeration being the spherical crystallisation technique used for this work.



2.2.1 Typical Crystallisation

Typical crystallisation methods for spherical crystallisation ansidered a solvent change method of
crystallisation, and in these methods either a binary or ternary solvent system is used to induce
agglomeration(Krishna et al., 2012)The process of spherical agglomeration has been discussed in
Section2.1Sectiong2.1.1.1to 2.1.1.4discuss the other typical spherical crystallisation proesss

2.1.1.1Quasiemulsion Solvent Diffusion (QESD)

This technique occurs in a system that contains a good solvent and antisolvent. The good solvent will
have a higher affinity for the primary particles than the poor solvent. When the solution of the good
solvent and patrticles are dispersed in the briddiggid, quasi emulation droplets are formed. The
interfacial tension between the good solvent and poor solvent results in the good solvent diffusing
from the emulsion droplets into the poor solvent. Counter diffusion of the poor solvent and good
solvent results in crystal formation. A polymer additive as added to the system to stabilise the
emulsion(Chadwick et al., 2009; Krishna et al., 2012; Keshwani et al., 2015; Javadzedah et al., 2016;
Pitt et al., 2018)

It is difficult to design a QESD proceséirading an additive that will keep the system emulsified and
improve diffusion of the poor solvent into the solution of the good solvent and the particles is very
difficult (Keshwani et al., 2015)

2.1.1.2Ammonia Diffusion

The ammonia diffusion method is ordyitable for amphoteric particles, which are only soluble in
alkaline or acidic solutions and not conventional organic, neutral solvents. In the ammonia diffusion
method, ammonia will act as the bridging liquid and the good solvent. Poor solvent selemtisiders

the solubility of the drug in the poor solvent and how miscible the poor solvent is with both water and
ammonia(Puechagut et al., 1998; Krishna et al., 2012; Keshwani et al., 2015; Javadzedah et al., 2016)

There are three mechanistic stepbammonia diffusion. In the first stage, the poor solvent enters the
ammoniawater solution leading to precipitation of the particles. Whilst this is occurring, the ammonia
will diffuse into the organic phase. Diffusion of the ammonia into the organisepteduces the ability

of ammonia to act as a bridging liquid, and this prevents further agglomeration occurring, limiting the
agglomerate size.

2.1.1.3Crystalleco-agglomeration (CCA)

CCA was developed to allow for the crystallisation and agglomeration ob&RIlgs with excipients

or another API. In this method, a good solvent is used to dissolve the APl and the antisolvent is added
to induce crystallisation. An immiscible bridging liquid is then added to form liquid bridges and
agglomerate the material. Theelection of the solvent system for CCA is very difficult as the solvents
selected need to be appropriate for the API and the excipiéhéshwani et al., 2015; Javadzedah et

al., 2016)

2.1.1.4Neutralisation Technique

The neutralisation technique is similar $pherical agglomeration in that bridging liquid is added to
formed crystals to induce agglomeration. However, the crystals are formed by dissolving the API in an
alkaline solution and adding this to an acidic solution that contains the bridging lign@lsray
polymers that may also be add€¢@huahan et al., 2012; Krishna et al., 2012; Keshwani et al., 2015;
Pitt et al., 2018)



2.2.2 NonTypical Crystallisation

Nontypical crystallisations occur by changing the physical or chemical properties of the mixture
induce crystallisation, and a bridging liquid is then ad@eeshwani et al., 201550me examples of
these crystallisations are given in the following sections:

2.1.1.5Salting Out Spherical Crystallisation

In 1983, Kawashimi et al. produced spherical agglates of sodium theophylline monohydrate using
the salting out method. In this work, ethylenediamine solutions of theophylline and sodium chloride
were added to a mixture of ethanol and chloroform. At increased concentrations of chloroform, the
diameter d the agglomerates increas€lawashima et al., 1983)

2.1.1.6Cooling Crystallisation Spherical Agglomeration

In a study by Guo et al., 2022, a cooling crystallisation spherical agglomeration process was used to
generate spherical agglomerates of benzoic atite benzoic acid particles was dissolved in water at
353.15 K which was then cooled to 293.15 K to form benzoic acid crystals. Oleic acid was added as the
bridging liquid to the suspension of benzoic acid crystals with a small amount of sodium dodecyl
sulphate being added as a surfactant. These agglomerates had a narrower particle size distribution
than conventionally formed spherical agglomeraf€sio et al., 2022)

2.1.1.7Melt Spherical Crystallisation

Teipel et al., 2000 produced spherical crystals of amiomndinitramide (AND) using melt
crystallisation. The ADN was melted into a liquid which was then added to heated paraffin oil, forming
spherical droplets. The mixture was then cooled to allow the spherical droplets to solidify into
spherical crystals of[AN. These crystals ranged from@@0>m in sizgTeipel et al., 2000; Liao et al.,
2023)

2.2.3 Analysis of Spherical Crystallisation Techniques

Spherical crystallisation techniques can be used to produce agglomerates for APl with poor solubility
and has the added benefit of improving micromeritic properties such as flowability and compaction.
The different methods of spherical crystallisation ladlve their advantages and disadvantages,
however, this work focusses on spherical agglomeration due to this method having a wider range of
applicable solvent&rishna et al., 2012As spherical agglomeration can be used with a larger variety
of solventsystems, it gives interesting research avenues. The wide range of appropriate solvents also
increases the likelihood of it being used industrially as more environmentally friendly solvents may be
applicable. Sectio.7 discusses the sustainability of the spherical agglomeration process.

2.3 Ternary System Selection

As previously mentioned, the most common method for spherical agglomeration involves
precipitation and agglomeration from a ternary system. The ternary system consists of the solvent,
antisolvent and bridging liquid. Choosing the correct solvent and antisolvent is important as they
dissolve and precipitate the solid crystals, which are thetted by the bridging liquid to form nuclei.
Solubility studies ensure that the optimal solvent and antisolvent are used. The choice of bridging
liquid is also important as it influences the strength of the formed agglome(&tmsahan et al., 2012)
Asthe bridging liquid needs to wet the particles to induce agglomeration, it is important to accurately
measure and understand the system wettability. SecBdh2discusses various methods to study the
bridging liquid to powder wettability.

There are general guidelines for the selection of the components of the ternary system, which depend
on the pharmaceutical compound that undergoes sphericalagegtation. The guidelines, proposed
by (Saini et al., 2013depend on which group {4) the compound falls into:



1 Group 1- If the compound is soluble in water, then a water immiscible organic solvent is the
antisolvent with high concentration salt soioih being the bridging liquid.

1 Group 2- If the active pharmaceutical ingredient (API) is soluble in organic solvents, then
water is the antisolvent. The bridging liquid is an organic solvent that is immiscible in water.
1 Group 3- Some compounds are only soluble in organic solvents that are miscible in water. For

these compounds, a saturated aqueous solution of the compound is used as the antisolvent
with a mixture of organic solvents being used as the bridging liquid.

1 Group 4- If the compound is insoluble in water and organic solvents, then an organic solvent
that is immiscible in water is chosen as the antisolvent with a 20% calcium chloride solution
being used as the bridging liquid. The mixture will also need to aoathinding agent such
as polyethylene glycol (PEG) to allow agglomeration to occur.

The guidelines proposed by Saini et al., 2013 aid in choosing the correct components for the tertiary
system. However, these guidelines may suggest that multiple systemksl be suitable for the API.
When this occurs, experimentation ensures selection of the optimal system as even a system that
meets the proposed guidelines may not result in agglomerate formation. In a study by Thati and
Rasmuson, 2012, the spherical lggeration of benzoic acid with seven different bridging liquids
were tested, of which two resulted in no agglomerate format{@hati and Rasmuson, 2012)

2.3.1 Solubility Studies

When performing spherical agglomeration, it is important that the primary ipl@d sufficiently
dissolve in the solvent and this, in turn, will allow for the determination of the ideal antisolVahte
2-1 shows a summary of theethods used for measuring solubility.

Table2-1 Comparison of methods used for solubility Studies, information fi@Glomme et al., 2005; Gregory, 2014;
Avdeef et al., 2016; Veseli et al., 2019)

Method Advantages Disadvantages

Shake Flask Simple and inexpensive Time consumingVeseli et al.,
experiment to perform(Veseli| 2019)
et al., 2019) Large amounts of sample
High level of accuraqy¥eseli | required(Veseli et al., 2019)
et al., 2019)

Potentiometric | Uses small quantities of the | Can only be used on

Methods pharmaceutical compound | compounds that are ionisable
(Veseli et al., 2019) (Glomme et al., 2005)
Fast and efficienfAvdeef et
al., 2016)

Column Elution | Simple and inexpensive set | Large amount of solid neede(
up (Veseli et al., 2019) (Veseli et al., 2019)
Relatively short time to find | Not suitable for inorganic
solubility when compared to | compounds as coating the
shake flask method@/eseli et| support materials difficult

al., 2019) (Gregory, 2014)




2.3.2 Wettability Studies

To ensure that the bridging liquid is suitable for the agglomeration of the solid particles, the contact
angle between the bridging liquid and particle is measured. The contact angle is the angle of the
tangent of the liquidinterface and the solid surfaqgluhtaméki et al., 2018)f the contact angle is
lower than 90° then there is a high level of wettability between the surface and the liquid. A contact
angle of 0° indicates that complete wetting hascurred (Yuan and Lee, 2013n Figure2-2, a
schematic of contact angles can be seen.

Figure2-2 Schematic diagram of contact angles, one under 90° (wetting) and one over 96X ¢tiom)

Contact angle measurements are extremely useful to be able to analyse the surface energetics of a
aeaitsSyo | 2dzy3aQa 9ljdzZ GA2Y 6HPMO A& ONRGAOFE F2NJI
of a liquid droplet on a solid surface to intecial tensiongYuan and Lee, 2013)

g ATy r (2.1)

Where:
111,2is fluid 1 to fluid 2 surface tension (N.m)
vAd | 2dzy3Qa 902y il OO0 Fy3fS o
1snis solidfluid 1 surface tension (N.m)
1 spois solidfluid 2 surfaceension (N.m)

In Equation 2.1, only the flui#f dZAR & dzZNF I OS GSyaiaz2y |yR , 2dzy3Qa
Therefore, another equation is required to calculate the other surface tensions between the solid and

the fluids present in the systefikwok et &, 1997) Often in contact angle measurements, it is only a
solidHiquid-vapour system. However, it is possible to get accurate contact angle measurements with

a solidliquid-liquid system using Equation (2(Jjang et al., 2017Yhere are limitations of usingpé

contact angle to determine the surface energetics as the observed contact angle may not be equal to
,2dzy3Qa O2ydGFOG y3atsS a GKS 02y il Od Fy3atsS OFy
(Kwok et al., 1997)Furthermore, surface rougiess, chemical heterogeneity, and hydrophobicity of

a solid surface influence contact angle measurements, resulting in less accurate values obtained for
surface wettability(Tavana et al., 2004)Table 2-2 shows a summary of various contact angle
measurement methods.
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Table2-2 Comparison of various contact angle measurement methods, information fR§rand Neumann, 1997;
Bezuglyi et al., 2001; Bachmann et al., 2003; Hoorfar and Neumann, 2004; Galet et al., 2010; Yuan and Lee, 2013;
Huhtamaki et al., 2018)

automated(Huhtamaki et al., 2018)

Measurement | Advantages Disadvantages
Method
SessileDrop Small volumes of liquid and small | High risk of impurities due to the small
Goniometry surfaces of substrates are needed | volume of liquid requiredYuan and Lee,
(Yuan and Lee, 2013) 2013; Huhtamaki et al., 2018)
Extremely simple methofivuan and | Can be time consuming if larger areas are
Lee, 2013; Huhtamaki et al., 2018) | used as multiple measurements need to be
taken at different points on the sample ared
(Huhtamaki etl., 2018)
Tilting Plate Simple and has less dependence o The estimation of the liquid surface
the judgement of the operatofYuan | curvature is often done visually and
and Lee, 2013) therefore can be subjective leading to
Can get measurements quickly changes in the results if different operators
(Huhtamaki et al., 2018) are usedBezuglyi et al., 2001)
Use of tilting plate method to measure
advanced and receding contact angle may
not be the best use of this methdierce et
al., 2008)
Drop ste influences the reported angle
(Huhtamaki et al., 2018)
Wilhelmy Plate | No operator error and it can easily j The sample needs to have the same

morphology and composition on all surface
if the surface is rought is difficult to
determine the length of the contact line anq
therefore the contact angléHuhtamaki et
al., 2018)

Axisymmetric

High levels of accura¢iRig and

Inaccurate results were obtained if the droy

with 3.7% precisionofr a capillary
rise height that is 10% of the final
height that the liquid rises in the tub

(Galet et al., 2010)

Drop Shape Neumann, 1997) were close to sphericgHoorfar and
Analysis Can be automated through using Neumann, 2004)

computerised image analyqiB® and

Neumann, 1997)
Capillary Rise | Washburn equation can be applied | If the contact angle is greater than 90° ther

the testing fluid will not rise into the sample
(Bachmann et al., 2003)

2.3.3 Constructing the Ternary Phase Diagram
Once the appropriate solvent, antisolvent and bridging liquid have been selected, a ternary phase
diagram is constructed to determine the composition of the solvent sysgigkar et al., 2016; Kulkarni

et al., 2011pitt et al., 2018; H. Zhang et al., 2010B¢rnary phase diagrams consist of an equilateral

triangle with each corner of the triangle representing 100 % concentration of compounds A, B and C.
Ternary phase diagrams are presented as if they are isotHermaz f | z

an example ternary phase diagram.

In Figure2-3, the ternary phase diagram is for a mixture of acetone, water, and dichloromethane

(DCM). In this system, acetone is the good solvent, water is the antisolvent and DCM is the bridging
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liquid. The mixture was prepad by mixing water and acetone in different ratios ranging from 1:9 to
9:1. With DCM added drop by drop, the system underwent intermittent mixing. At each ratio, the
volume of DCM that was required for the solution to become clear was noted and this dsialatted

to identify the miscible (A) and immiscible (B) regions. For spherical agglomerates to form, the
composition of the system must be within the miscible rediditkar et al., 2016)

Dichloromethane

- /\/ \VAVAVAYAVAVAW
/\/ \VAVAVAVAVA A

v 1
03 02 0.1 0 Acetone

Water ' 09

Figure2-3 Ternary phase diagram of acetomater-dichloromethane (DCM). Image frofditkar et al., 2016)

2.4 Parameters Impacting Spherical Agglomerate Formation

Many parameters control the effectiveness of the spherical agglomeration process; a summary of
these paraneters and their effects can be found Trable 2-3, with more information about the
parameters in the following subections.
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Table2-3 Impact of process parameters on the formed agglomerates, information {Kamwashima et al., 1982; Paradkar
et al., 2002; Katta and Rasmuson, 2008; Thati and Rasmuson, 2011; Thati and Rasmuson, 201&iMaghsgari, 2013;
Pefia and Nagy, 2015; Orlewski et al., 2018; Arjm@adh et al., 2019)

Process Parameter

Impact on Agglomerates

Agitation Speed

Higher agitation speed reduces the size of the formed agglomerg
(Paradkar et al., 2002; Katta and Rasmuson, 2008)

Temperature

An increased solvent temperature reduces the size of

agglomerated products as well as the sphericity and der
(Maghsoodi and Yari, 2013)

Increased solvent temperature reduces the fracture stress of
agglomerategThati and Rasmuson, 2012)

Bridging Liquid to Solid Rat
(BSR)

There is a range of BSR values that allow agglomeration to
effectively. Too low ad no agglomeration occurs; too high and
paste forms(Pefia and Nagy, 2015)

Aqueous Solution Feed Rate

Size decreases with higher feed rate of aqueous solytit et al.,
2018) Fracture force increases at higher feed rates of aque
solution(Thati and Rasmuson, 2011)

Bridging Liquid Feed

Increased feed rate increases the size of the produced agglome
(Kawashima et al., 1982)

The horizontally injected bridging liquidproduces smalle
agglomerates than vertically injected bridging liqy@rlewski et al.
2018)

Solvent To Antisolvent Ratio

High values will result in a low yigldefia and Nagy, 2015)

Residence Time

Increased residence time increases the fracture stress
agglomerategThati and Rasmuson, 2012)

Solids Concentration

Increased solid concentration results in faster agglomeration

increased agglomerate size until a certain level of solid concentri
is reached; increasing it further will have no eff@eefia, Oliva, et al
2017)

Size of Solid Particles

If the solid particles are smaller in size than bridging liquid drop
then immersion nucleation takes place, resulting in denser parti
that can have easily controlled size distributigrjmandiTash et al.
2019)

Size of Bridging Liquidroplets

Increased bridging liquid droplet diameter will increase the size of
produced agglomerate@rlewski et al., 2018)
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2.4.1 Effect of Agitation Speed

AsTable2-3 shows, the size of the produced agglomerates decreases when there is an increase in
agitation speedParadkar et al., 2002; Katta and Rasmuson, 2008; Pitt et al.,. Zl0iS8)ecrease in

size with increased speed is due to the increassghr in the system as the agitation rate is increased.
The increase in shearing may lead to attrition and breakage resulting in smaller sized agglomerates
(Chaterjee et al., 2017)ncreased shear causing an increase in particle breakage can also laad t
broader particle size distributioH. Zhang et al., 201Q4d}igure2-4 shows a PSD for benzoic acid
spherical agglomerates formed at differentpeller speeds.
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Figure2-4 Impact of agitation speed on the particle size distribution of spherical agglomerates of benzoic acid, image from
(Katta and Rasmuson, 2008)

2.4.2 Effect of TemperaturBifference

Table 2-3 also shows that the agglomerate size decreases with an increase in the temperature
difference between the good solvent and the biitlg liquid(Kawashima et al., 1982Jhis can also

be seen irFigure2-5. Although the increase in temperature causes smaller agglomerates to form, the
agglomerates take a shorter amount of time to become regularly shaped, dense particles with smooth
surfaces(Maghsoodi and Yari, 2013The change in size and density of the agglomerates with
temperature may also be due to the influence on the initigistallization of the primary particles
(Kawashima et al., 1984; Pitt et al., 20IB)e influence of temperature on solubility may account for
temperature effecting spherical agglomerate properti€g€huahan et al., 2012)At lower
temperatures, therds lower solubility of the powder in the system leading to an increase in the level
of supersaturation; this promotes nucleation and smaller crygHisti and Rasmuson, 2012)
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Figure2-5 Impact of temrature on the particle size distribution, image frdirhati and Rasmuson, 2012)

2.4.3 Impact of Bridging Liquid to Solid Ratio (BSR)

The impact of BSR on the agglomeration process is more complex as there is a critical range for the
BSR. This range is found empirically. If the BSR value falls within the critical range, then efficient
agglomeration can occur. If the BSR is lower thamdhge, then there is no significant agglomeration,

and if the value of BSR is higher than the range, the product has alpastmnsistencyPefia and

Nagy, 2015; Pitt et al., 2018fhe zeregrowth regime for spherical agglomeration dominates the
kinetics of agglomeration. The time in the zegoowth regime is sensitive and depends on process
parameters, with the BSR being a key factor that influences the time in thegeengh regime. As

the BSR increases, the time in the zgrowth region decrease@emer, 1979)Figure2-6 shows the

impact of the BSR in the critical range on the PSD. It can be sEguie2-6 that as the value of BSR
increases the size of agglomerates increases and the distribution of agglomerate size is wider.
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Figure2-6 Impact of critical range BSR on the particle size distribution of spherical agglomerates, imagé/franal.,

2015)
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2.4.4 Effect of Feed Rate

The feed rate in spherical agglomeration is important as it influences the size and strength of the
produced sphericahgglomerates. At higher aqueous solution feed flow rates, the agglomerate size
decreasegKawashima et al., 1982; Thati and Rasmuson, 2@i$)can be seen iRigure2-7. This is

due to the aqueous solution feed rate affecting the level of supersaturation in the spherical
agglomeration proces¢Thati and Rasmuson, 2011)Iincreased aqueous solution feed ratell
increase the level of supersaturation resulting in more nuclei and smaller cry3thii and
Rasmuson, 2012 he strong nuclei produced at high levels of supersaturation also explain why the
fracture strength of agglomerates increases with ired agueous solution feed ra{@hati and
Rasmuson, 2011)
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Figure2-7 Impact of the feed rate on the particle size distribution, image f(@imati and Rasmuson, 2011)

When the feed rate of the bridginliquid is decreased the average agglomerate size decreases. This is
to be expected as more bridging liquid in the system increases the chances of particle cohesion,
increasing the size of the agglomerates that are forr(i€awashima et al., 1982 he njection point

of the bridging liquid also impacts agglomerate size. If the bridging liquid is injected horizontally into
the system, the agglomerates formed will be smaller than if the bridging liquid is injected vertically.
This is due to the breadff point of the horizontally injected bridging liquid being at the capillary tip,
compared to the external surface of the capillary when the bridging liquid injection is vertical. A
smaller size bridging liquid droplet is formed when it breaks off from thdlaaptip (Orlewski et al.,

2018)

2.4.5 Effect of Solvent to Antisolvent Ratio

Another important parameter in the formation of spherical agglomerates is the solvent to antisolvent
ratio, often called R(Tahara et al., 2015} $AS{Pefia and Nagg015; Pefia, Oliva, et al., 2017; Pitt et
al., 2018; Pefia et al., 2019)he ratio of solvent to antisolvent is critical as if the ratio is high then
there is a lower level of supersaturation in the system. At low levels of supersaturation, the yield of
spherical agglomerates decread@®ena and Nagy, 2013jor the spherical agglomeration of albuterol
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sulphate, it has been reported that the value afdRould be lower than 0.01, which results in vast
guantities of organic solvents being need@dhara eal., 2015)

2.4.6 Effect of Residence Time

Residence time has an impact on the particle size and properties of the produced agglomerates.
Various studies have shown that as the residence time increases, the size of the agglomerates
increases until an equilitum point is reached@Kawashima et al., 1984; Tahara et al., 2015; Javadzedah
et al., 2016; Chaterjee et al., 2017; Pitt et al., 20%8% important to find an optimum residence time

as the equilibrium status is due to long residence times, resultimgore breakage occurring, hence
reducing the particle size. However, this is balanced by other particles agglomerating and increasing
in size. If the residence time is too low, agglomeration will be incomplete due to inefficient effusion of
good solventand bridging liquid from the drople{davadzedah et al., 201@hcreasing the residence

time also results in greater compressive strength and sphericity; some studies also observed an
increase in density at higher residence tinfpkrishima et al., 193; Pitt et al., 2018)

2.4.7 Effect of Solids Concentration

The concentration of the solids in the mixture influences the size of the agglomerates that are
produced(Thati and Rasmuson, 2011; Pefia, Burcham, et al., 20dg&leased solid concentration up

to a limit also causes the agglomeration process to be faster with larger agglomerates produced. Once
the limit is reached, increasing the concentration further has no impact on the final agglomerate size
(Blandin et al., 2003; Pitt et al., 2018} the surface of the solid particles is rough, then a higher
concentration is needed compared to fine, smooth parti¢daghsoodi and Yari, 2013)

2.4.8 Effect of Primary Particle Size

The initial particle size is important in spherical agglomeration as it irdeserthe nucleation
mechanism that will occur. If the particle size is greater than the size of the bridging liquid droplets,
then distribution nucleation will occur. The agglomerates formed through distribution nucleation are
less dense and have a broadsze distribution than those formed via the immersion mechanism. It is
favourable to have small initial particles as this allows for greater control of the particle size
distribution as they will undergo immersion nucleatigfrjmandiTash et al., 2019A schematic of

the different nucleation mechanisms is showrFigure2-1.

2.4.9 Effect of Bridging Liquid Droplet Diameter

Large droplets of bridging liid results in large agglomerates being formed and a wider particle size
distribution. This is due to the larger droplets being able to be penetrated by more of the initial solid
particles. The droplets containing more solid will result in larger agglaewrdhe broad size
distribution could be due to the droplets breaking into smaller droplets which will create smaller
agglomerategOrlewski et al., 2018)f the droplets are much larger than the initial solid particle size,
then immersion nucleation ilv take place which produces denser agglomerates and allows for greater
control of the PSArjmandiTash et al., 2019)

2.4.10 Effect of Mixing Conditions

There has been little consistency in the impeller geometries used in spherical agglomeration literature.
Work by Chen et al., 2021 investigated the influence of three impeller configurations at different
reactor scales. The impeller geometries used in Wosk were a pitched blade impeller, a double
layered pitched blade impeller, and a Maxblend impeller; these can be séegure2-8.
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1-PBT 2-PBT Maxblend

Figure2-8 Impeller geometries used l{hen et al., 2021)

The three impellers ifrigure2-8 were used in both 2 and 10 L vessels to investigate scgdeof
spherical agglomeration. Experiments were also performed at a 0.5 L scale, but these only used the
singlelayered pitched blade turbine. This work found that the Maxblend impeller needed lower
agitation speedshan both configurations of pitched blade impellers. It was also found that scaling up
spherical agglomeration was a relatively smooth process. However, larger scale systems tended to
produce larger agglomerates and the PSD was also wider at larger. Stasikesan be seen Figure

2-9.
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Figure2-9 Particle size distribution of dimethyl fumarate agglerates produced at varied reactor scales using a single
layered pitched blade impeller, image fri@hen et al., 2021)

2.5 Continuous Spherical Agglomeration

The pharmaceutical industry is showing increasing interest in continuous production as it has many
benefits. In 2015 there was a publication by the FDA that contained guidelines to advance continuous
manufacturing of pharmaceutical products. Many pharmamal companies, including Eli Lilly and
Novartis, have developed commeregale continuous drug manufactufeng, 2017)
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Continuous manufacturing can increase the safety of the process due to smaller reactor volumes being
needed for the same producm rate in comparison to batch. The smaller volumes are extremely
important for reactions where there are harmful reactants. A fully continuous process offers greater
guality control, and excipients can be added during the process to simplify the comvefdioe API

to a drug productJohnson et al., 2019)

Continuous spherical agglomerate production using a series of msixgoknsion mixegroduct
removal (MSMPR) reactors has been investigated. This research had benzoic acid primary particles,
ethanolsolvent and water antisolvent mixed in the first reactor, with toluene bridging liquid added in
the second reactor. The residence time, impeller speed and system volume were investigated for both
tanks in the system. The BSR was also investigated, athpéers were found to have similar effects

as they do in batch spherical agglomeration. The nstiftge stirred tank configuration allowed for
increased control over the product end properties, and the resultant agglomerates had desirable
characteristicshat would allow them to undergo direct compressitefia and Nagy, 2015)

2.6 Safety of Spherical Agglomeration for Pharmaceutical Manufacture

In the pharmaceutical industry, the safety and purity of tablets is a priority to ensure that medicines
conform to guidelines and meet the needs of patients. Pharmaceutical products need to meet the
guidelines of various organisations to be able to be sold globally. Regulatory authorities from Japan,
Europe and the United States are involved in the International CGenée on Harmonization (ICH) of
technical requirements for registration of pharmaceuticals for human use. The ICH was formed to
ensure that resources are used efficiently to ensure new medicines are available without
compromising the safety and efficacydrfigs(Haleem et al., 2015)

In 2009, the ICH implemented the Q10 Pharmaceutical Quality Systems. This details a model
pharmaceutical quality system (PQS) which was designed to ensure that product quality was met
through a well performing process thats appropriate controls. Areas for improvement are also
investigated for the PQS to further develop the understanding of the prqd&stuyse et al., 2021)

One approach taken by the pharmaceutical industry is Quality by Design (QbD). This appre®ach wa
defined in ICH Q8 and Q9 guidelifBsamod et al., 2016; Gyulai et al., 2018; VanDuyse et al.,.2021)
The principle of quality by design is that for most pharmaceutical products, the quality issues were
due to poor design, therefore, quality must medrporated into the process design. Quality is built in

by systematically defining objectives of the product, increasing the levels of process understanding
and process control based on process knowledge and risk managéfmsaida et al., 2018)

A study by Usha et al., 2008 investigated the stability, pharmacokinetics, pharmacodynamics and
toxicity of spherical agglomerates of aceclofenac in a dichloromethane (DCM) and water solvent
system with an acetone bridging liquid. Hydroxypropyl methylcelluiseeps (HPMC) was also
present in the system as a hydrophilic polymer. Various process parameters including impeller speed
and BSR were investigated. The dissolution behaviour of the spherical agglomerates was better than
that of the aceclofenac crystalSablets were produced via direct compression of the optimal reaction
conditions. The tablets of the spherical agglomerates were within acceptable limits of physiochemical
properties and were found to be stable for 6 montlusha et al., 2008)

Studies vere also conducted on animal subjects to determine the concentration of the drug in the
body over time. This study found that the spherically agglomerated aceclofenac had a higher blood
plasma concentration over time compared to the marketed tablet andutyerocessed aceclofenac;

this can be seen iRigure2-10a. During the study on rats, there were no deaths of the test subjects
and no differences indhaviour, appetite or physiological activities was observed. Haematological and
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biochemical tests on the rats also did not show any changes, and this allowed for trials on human
volunteers. As can be seenhkigure2-10b, the tablet made of spherical agglomerates of aceclofenac
(Tablet C) absorbs into the blood faster than the marketed tablet after oral administration. Analysis of
Tablet C shows that hias a higher time of peak plasma concentration, and a higher peak plasma
concentration suggesting that the spherical agglomerated material has an increased extent of
absorption compared to the marketed tablet. As the spherical agglomerates in Tablet Ddraesed
bioavailability, lower doses may be needed for tablets to achieve the same efficacy as the marketed
tablet, and this would reduce the cost. Lower volumes of drug needed in the tablet could also lead to
decreased likelihood of adverse reactionsdatoxicity (Usha et al., 2008)This work suggests that
spherical agglomeration is a promising tool to increase bioavailability of API in the drug, therefore,
reducing the mass needed in tablets which would then reduce the potential for adverse affects
toxicity. However, longerm studies into tablet stability and toxicity are needed, as well as
pharmacokinetic studies before spherically agglomerated material in tablets can be produced
industrially.
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Figure2-10 The concentration over time of drug in blood plasma for the pharmacokinetic study in (a) rats and (b) humans.
F9 is the spherical agglomerates of aceclofenac, Mkt Tab is the marketed tablet and Tablet C is the tabletgroduce
spherical agglomerates®; image from(Usha et al., 2008)
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2.7 Sustainability of Spherical Agglomeration

The amount of waste generated by the pharmaceutical industry has been found to be higher than the
waste from fine or bulk chemical production. @i of the waste generated by pharmaceutical
companies, GSK estimated that 70 % was solvent w@gtdton, 2015) Spherical agglomeration
occurs in ternary solvent systems, and many solvents are harmful for the environment. Commonly
used solvents are Banol, toluene, dichloromethane (DCM) and chloroform. Fiicahle2-4, most of

the commonly used solvents are classed as problematic or higher. Tinishd&rates that whilst
spherical agglomeration is a promising technique for pharmaceutical manufacture, the solvent system
and process design must be carefully considered to reduce the harmful effects that the solvents may
have on the environment.

Table2-4 Green solvent selection ranking guide for solvents used for spherical agglomeration, informatidiv\fedton,
2015)

Classification Solvents
Recommended Water

Ethanol

Isopropyl acetate
Recommended or Problematic | Methanol
Acetone

Methyl acetate
Problematic Heptane
Toluene
Chlorobenzene

Problematic or Hazardous Cyclohexane
Dichloromethane (DCM)
Pyridine

Hazardous Dimethyl ether

Hexane

Pentane

Highly Hazardous Chloroform
Dichloroethane

Carbon tetrachloride

The Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) influences the
import and use of chemicals in Europe. This organisation has added restrictions to toluene, DCM and
chloroform due to thei environmental impact and their potential to be hazardous to he@®yrne et

al., 2016) Therefore, finding new solvents that are both more sustainable and less toxic than
conventional spherical agglomeration solvents is extremely important.

Recent atidies have investigated the possibility of using #axic and renewable bridging liquids for
spherical agglomeration. In a study by Guo et al., 2022, oleic acid was successfully used as a bridging
liquid for benzoic acid,-leucine and aspirin. This shottgt spherical agglomerates can be obtained

with more sustainable solven{&uo et al., 2022)Further research into improving the sustainability

of spherical agglomeration is a research avenue that would increase the likelihood of spherical
agglomeraibn being used industrially.

Another way to reduce the solvent use in the development stages of a spherical agglomeration process
is through the development of accurate predictive models. These models would allow for a company
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to input their API propertieand various solvent systems to determine which systems are most likely
to successfully form agglomerates. This would reduce the number of preliminary experiments
required, lowering solvent consumption at the process development stage.

2.8 Gaps in Sphericabglomeration Literature

The majority of studies relating to spherical agglomeration are carried out in small benchtop scale
experiments and, therefore, it is unclear whether the optimal benchtop scale conditions will apply for
spherical agglomerate produon at an industrial scale as mixing and settling dynamics will differ at
larger scales.

As spherical agglomeration processes require the powder to be mixed with solvent, there is often
agitation involved which will influence the mixing patterns in tagk. The impact of flow patterns on

the mechanisms of spherical agglomeration and the resultant products has not been thoroughly
investigated. Different agitator types, agitation speeds, reactor geometries, and reactor scales will all
result in different nixing patterns in the system.

2.9 High Shear Wet Granulation

The regimes that are thought to occur in the spherical agglomeration process are similar to those that
occur in high shear wet granulation (HSWG). Understanding the impact that process parameters have
on the regimes and product properties in HSWG can fealgreater understanding of their impact

on spherical agglomeration.

High shear wet granulation processes generally use a continuous stirred tank reactor (CSTR) with high
agitation speeds being used to generate the necessary shear to increase thé matény. Choppers

are also present in these tanks to break up large granules to allow for the powder and binder to be
redistributed throughout the reaction mixturéBriens and Logan, 2011)

In HSWG, a liquid binder is added to the powder that is to be granulated. Through agitation, the binder
is distributed onto the powder surface causing granulation to occur through the mechanisms of
nucleation, consolidation and grow{€ampbell et al., 2a). During the consolidation and growth of

the granules, they can also undergo attrition and breakage due to the shear imparted by the agitator
(Chitu et al., 2011)The regimes occurring in HSWG are impacted by process parameters, and various
studieshave been conducted to find the influence of parameters such as agitation speed on the
regimes of HSWG. Figure2-11, andTable2-5 the impact of various parameters on specific regimes

of granule formation can be seen. Many of these parameters can also be s€gabl®2-3 as
influencing the formation of spherical agglomerates; this could be due to the mechanistic regimes in
both processes being extremely similar.

Amount and
Nature of Liquid %ranulator
Rel. size of Binder eometry
Liquid droplet to .
Powder l
Wetting and Coalescence and Attrition and
Nucleation Consolidation Breakage
Solid Liquid T
Contact Angle Mode of Liquid Impeller and
Additiog Chopper Shape,

Size and Speed

Figure2-11 Regimes involved in HSWG and parameters that impact those re¢Busssh et al., 2017)
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Figure2-11shows that the nature of the binder has a large impact on both the wetting and nucleation
and coalescence and consolidation regimes of HSWG. This is due to the availability of the binder being
extremely important for these processes. In the wetting andleation regime, the binder makes
contact with the powder and wets it allowing nuclei formation. The wetted nuclei then come into
contact with other nuclei and loose powder and coalesce and consol{8atesh et al., 2017)f the

binder is extremely gicous then it will not move around the granulation vessel as easily as a less
viscous material resulting in lower availability of binder throughout the powder bed. Small amounts
of binder will also decrease availabil{fyu et al., 2017)This will resulin less nuclei formation and

lower rates of coalescence and consolidation causing fewer granules to Tatnte 2-5 shows the

impact of the equipmentised for HSWG has on the mechanisms that occur in the granulation process.

Table2-5 Impact of equipment parameters on granulation mechanisms, adapted from (Yu et al., 2017)

Mechanism Impeller Speed Impeller Type Equipment Type
Nucleation and n

Wetting

Consolidation n n
Coalescence n n

Attrition and n n

Breakage

In Table2-5, the speed of agitation by the impeller is shown to impact on all regimes in granulation,
whereas inFigure2-11 the impeller speed is only shown to influence attrition and breakage. This is
due to higher agitation speeds increasing the collision velocity between particles and other particles
and the wall of the vessel. Above a certain velgdhis will lead to attrition and breakage. At velocities
below this, there may be some breakage but also coalescence and consoli(dticet al., 2017)
Therefore,Figure2-11 only considers the impact on attrition and breakage as this is the mechanism
that agitation speed has the largest impact dfigure2-12 shows increasing the tip speed of the
impeller will lead to a reduction in the size of the produced granules at both reactor scales.
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Figure2-12 Influence of reactor scale and agitation speed on the size of granules in HSWG, ima(eHitoret al., 2011)
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2.10 Stirred Tank Flow Characteristics

Stirred tank flow conditions are dependent on the geometry of the stirred tank and its various
components.Impeller geometry, speed and size are all important parameters that influence flow in
the tank. Other influential parameters are fluid properties and the dimensions of the tank and baffle
system(Van Wazer et al., 1999n an unbaffled stirred tank, tHéow around the impeller is a circular
flow pattern, shown irFigure2-13; this induces vortex formation, reducing mixing efficiency.

Figure2-13 Aerial view of an unbaffled stirred tank with a circular flow pattern, adapted ffdem Wazer et al., 1995)

As well as circular flow, radial and axial flow are present in the stirred tank. In axiahflomg occurs

up and down the length of the tank in a looping pattern. With radial flow, the fluid goes from the
stirrer to the sides of the tank and then back towards the stirrer. Radial flow causes two mixing zones,
one above and one below the impell&igwever mixing occurs rapidly between the zofiéan Wazer

et al., 1995; Couper et al., 201Ejgure2-14 shows axial and radial flow profiles frarside and aerial

view. AsTable2-5 shows, the impeller geometry influences mechanisms for HSWG, and will therefore
influence spherical agglomeration mechanisms.

- e y 15y

- - . A

Figure2-14 Varying flow patterns in stirred tanks leftaxial flow, right; radial flow. Image adapted frofCouper et al.,
2012)

To ensure that contact occurs between bridging liquid and particles, the particles need to be well
suspended. Soliiquid suspensions are agitated above the critical impeller sp@efl o ensurethat

no particles are stationary at the bottom of the tank for more than 2 s, Equation 2.2 is the calculation
for0 (Zwietering, 1958)
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Where:

0 is the critical impeller speed f@article suspension (rps)
“Yis the Zwietering constant

U is the kinematic viscosity @fs)

“(s the constant of acceleration due to gravity (m/s)

" is the solid density (kg/fh

" is the liquid density (kg/f)

@ is the solid loading in the system

‘Q is the diameter of particles (m)

Qis the diameter of the impeller (m)

Equation 2.2, proposed by Zwietering, 1958, is an empirical correlation with a fitting parameter. In
work by Devarajulu and Loganathan, 2016, Zwietering constants were determined for nine impeller
geometries that promote varied levels of radial and axlalvf A selection of these impeller
correlations can be seen irable2-6.

Table2-6 A selection of imellers, and the Zwietering Constant equations derivedvarajulu and Loganathan, 2016)

Impeller Zwietering Constant Equation
‘I
:'I&-Q‘ ) 6 8 O B8
) Y l].EB)TrY By,
Radial Flow
P& U 5%
Radial Flow

“ 6 8 o 8
Y B C— —
i bl 2
Axial Flow
J y 58 0 8
W X~ 5%
Axial

0 is impeller clearance (mPis liquid height (m) andyis tank diameter (m)

The correlations iMable2-6 suggest that the critical impeller speed has a correlation to both the
impeller clearance and the height of liquid in the taiidevarajulu and Loganathan, 2016urther
studies found thathe Zwietering constants can only be used for systems with the same geometry.
The study also concludes that the influence of impeller clearance on critical impeller speed cannot be
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separately accounted for in the Zwietering equation, and that experimewvaak is needed to derive
accurate constant§Ayranci and Kresta, 2014)

There have been both experimental and computational fluid dynamics (CFD) investigations into
influence of stirred tank geometry on the double loop flow pattern generated by rldilimpellers
(Figure2-14). These studies determined that at clearances below 30 % of the tank diameter, the radial
flow pattern of aRushtonturbine is converted to a singleop axial flow pattern(Montante et al.,

1999; Zhu et al., 2019Fingleloop flow patterns are considered more effective at suspending solids
than a doubleloop pattern(Zhu et al., 2019)increasing the impeller c@eance to over 33 % of the

tank diameter results in the double loop flow pattern, which creates segregation in the tank, resulting
in undesirable mixing behavio(®©chieng et al., 2008)
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Figure2-15Influence of impeller clearance to tank diameter (C/T) on the impeller power number (Np) at multiple impeller
speeds, image frorzhu et al., 2019)

In Figure2-15it can be seen that not only does the impeller clearance influence the flow pattern of a
radial impeller; it also influences the impeller power number. The decreased power number will
reduce the power input needed to generate the impeller spe&ithough clearance influences the
impeller power number, it is not considered in the power number equation (Equation 2.3).

J— (2.3)

Where:

0 is the impeller power number

0 is the required power input (W)

" is the fluid density (kg/f)

0 is the impeller rotation speed (rps)
Qis the impeller diameter (m)
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The transition from doubldoop to singleloop also increases the macro mixing in the tank, reducing
mixing time by pproximately 16.4 % for the same impeller spé@dhieng and Onyango, 2008)pth

CFD and experimental studies found that the tracer was well dispersed with the axial flow pattern
generated at low impeller clearances. Whilst this work highlights the itapoe of clearance on
mixing and flow patterns in the tank, it has only been conducted wiRuahtonturbine impeller.
Investigations into the influence of clearance on mixing with different impeller geometries would be
beneficial to understanding the jportance of impeller configuration on mixing.

2.11 Modelling the Influence of Flow Characteristics on Spherical Agglomeration

CFD shows the flow patterns of the materials around the reactor and is a very useful tool to determine
the degree and efficiency ofixing, as well as the shear profile in reactors. The basis of CFD analysis
is NavierStokes equations. CFD is widely utilised in many industries as it can increase efficiency in
mixing and fluid flow as it allows for the analysis of factors that influéloeesuch as particle size and
pressure loss due to frictiof©fei and Ismail, 2016)

Population balance models (PBM) are widely used for granulation processes as they can determine
the development of the product properties. PBM can range from simpéedimensional models to
more complex multdimensional models that solve simultaneous mechaniéruset al., 2017)

As the mechanisms and regimes in spherical agglomeration are similar to those of HSWG, there will
be similarities in the procedure for metling HSWG and spherical agglomeration. The shear in both

of these cases can be determined through a CFD model. This PhD thesis couples CFD simulations with
PBM to determine the impact of flow characteristics on agglomerate production.

Analysis of CFD studies for slurries and suspensions are important, as although spherical
agglomeration is mechanistically similar to HSWG, they differ greatly in the mixture composition. In
HSWG, the mixture has a high volume of powder with lower ligguel§. Spherical agglomeration
occurs in a ternary mixture resulting is a higher proportion of liquid to solid when compared to HSWG.
This results in a spherical agglomeration mixture behaving more like a slurry or suspension.

2.11.1 CFD Modelling of HSWG
CFD studies of HSWG determine the flow patterns and mixing that occurs in the grantaateg-7
shows a summary of CFD modet®d to investigate HSWG.
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Table2-7 Summary of CFD models of HSWG literature

Paper Model System | Software | Process Challenges Advantages
CFD simulation of | CFD ANSYS | 1 EulerianEulerian approach 1 Chopper flow could not | 1 EulerianEulerian
the high shear Fluent o Particles are not treated be simulated as it approach useallows for
mixing process individually but as a impacts the flow pattern simulation of a large
using kinetic theory continuous medium 1 High speed camera was number of particles
of granular flow 1 Kinetic theory of granular flow used to find the velocity
and frictional stresg combined with frictional stress profiles close to the wall
modelsg (Darelius models. experimentally
et al., 2008) 1 Partial slip model used was f  Free slip model could no
derived for dilute particle accurately predict the
systems and is a function of wal experimental bed height
restitution for the particles 1 Tangential wall velocity
underpredicted
Modelling of dense| CFD ANSYS | § Eulerian approach 1 Vertical swil pattern 1 Eulerian based continuun
and complex Fluent 1 Segregated solver with implicit cannot be accurately model can capture most
granular flow in linearizationg solves the model predicted with the features of the motion of
high shear mixer in 2 stages continuum kinetie solids
granulatorg A CFD 0 1s'stage solves frictional model
approachq (Ng et momentum equation for| § Over prediction of the
al., 2009) velocity profiles tangential velocity at the
o 2"stage Poisson type wall
equation for pressure
correction derived from
continuity equation
1 Unsteady state with firsorder

temporal formulation
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A compartmental | CFBPBM ANSYS Constant volume Monte Carlo Continuum based kinetio Less computationally
CFDBPBM model of Fluent approach for the population frictional model cannot expensive than DEM as i
high shear wet balance model for internal and successfully model the simulates bulk flow
granulationg (Yu et external coordinates vertical swirl pattern as Bed height can be well
al., 2017) Two fluid CFD model based on very complex predicted

the kinetic theoy of granular Large number of cells in

flow the mesh needed to

Sliding mesh approach used to allow for acurate

allow for the rotation of the modelling of all

agitator parameters
CFD simulation of | CFD ANSYS EulerianEulerian multiphase Highspeed camera Rapid mixing behaviour
transient particle Fluent framework used for particle flow needed to determine the can be captured by the
mixing in a high and Kinetic theory of granular flow velocity of the particles model and this matches
shear mixexg MATLAB and the frictional stress model near the wall and these well with experimental
(Nguyen et al., used in the transport equations differed to modelled wall results
2014) Solid velocity by the wall velocities Using a tracer allowed fo

determined using a highpeed Cohesivity could be the characterisation of

camera incorporated into the the mixing mechanism

Partial slip model was usédr frictional stress model

wall behaviour but needs furthe and partial slip model

development to increase can be further developec

accuracy
Analysis of CFBPBM ANSYS CFD in fluent and data extracte Took 5 days for the Shows the stress and
mesoscale eéfcts Fluent to MATLAB for analysis system to reach steady collision peak at the
in highshear and Coupled flow field and state agitator blades for both
granulation MATLAB population balance solver Not accuate for flows of aggregé#ion and breakage
through a Uses kinetic theory of granular dense granular materials
computational fluid flow. Constant volume Monte Spatial
dynamics Carlo (CVMC) method is used compartmentalisation

population balance
coupled
compartment
model¢

Two-dimensional population
balance modet, solid and liquid

can influence the final
granule size distribution
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(Abrahamsson et
al., 2018)

Breakage and
compaction mechanisms
can be developed furthe

Modelling dilute CFD ANSYS | 1 Standard kinetic theory of Viscosity is Model matches the
and dense granula Fluent granular flow is used underestimated for temperatures and volume
flows in a high 1 Dense region modelled as a intermediate particle fractions obtained
shear granulator viscoplastic fluid concentrationsg kinetic experimentally
(Khalilitehrani et 1 Cell size wasquivalent to the theory of granular flow Velocity field is also
al., 2014) size of 34 particles. Hexahedral needs modification to captured quite well

mesh was used Improve accuracy,

{1 EulerianEulerian framework wag ~ underestmates viscosity

used
Continuum CFD ANSYS | § Kinetic theory of granular flow i Overestimation of axial Good description of muki
modelling of mult Fluent used for dilute region movement when using regime granular flows
regime particle 1 Dense region treated with kinetic theory ofgranular especially in the
flows in highshear pseudaplastic rheology flow + friction intermediate range
mixingq {1 EulerianEulerian framework (neither dense nor dilute
(Khalilitehrani et § Sliding mesh used for the and the transition
al., 2015) agitator rotation between these)

Matches experimental
results well
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AsTable2-7 shows, in CFD simulations of HSWG, an Eul&tigerian approach is extremely common.

The EuleriasEulerian approach is applicable to systems with a high volume of the dispersed phase. A
Eulefan-Eulerian system is a twituid model that contains a continuous phase, the liquid, and a
dispersed phase, the sol{®fei and Ismail, 2016)n HSWG, there are large volume fractions of solids.

Another common feature of the CFD modelsTable2-7 is the use of the kinetic theory of granular

flow (KTGF). The derivation of KTG is based on the classical kinetic theory of dense gases but this
theory has been extended by considering interactions of fdeal particlegDarelius et al., 2008)
Statistical mechanics have been used to describe particle velocity, which is broken down to a local
mean velocity and a random fluctuating velodi&antt and Gatke, 2006)

The patrtial slip model is also consistently used by the CFD simulations shbaiiié®-7. This model

was initially developed for dilute flow. Due to the partial slip model being based on dilute flow, it is
based on coefficients of wall restitution which may reduce the relevanahisfmodel for dense
systems that are greatly impacted by frictional stréBarelius et al., 2008Partial slip is useful for
system boundaries as using a-gigp condition can lead to overestimation of stresses in the system
(Khalilitehrani et al., @L5). Using the partial slip model will allow for the range between no slip and
free slip to be covere@Yu et al., 2017)

For stirred tank CFD simulations, a sliding mesh approach is often used for modelling the agitator; this
can be seen in many die models shown ifTable2-7. The sliding mesh approach allows for one part

of the system geometry to rotate relative to the rest of the geometry. The fluxes of momentum across
the geometry interface are matched for each time s{garelius et al., 2008)Jsing the sliding mesh
approach increases the accuracy of the model and reduces the need for experimental input although
it does require more computational tim@aworski et al., 1997)

2.11.2 CFD Modelling of Slurries and Suspensions

Although the mechanisms of spherical agglomeratenfation are the same as high shear wet
granulation, spherical agglomeration occurs in suspension. For this reason, the flow patterns in
spherical agglomeration will be closer to that of slurries and suspension. A review of CFD modelling of
slurries and sugmsions has been carried out to identify appropriate CFD methodologies for
suspension, and can be seernTade 2-8.

Thek-# turbulence model is oftensed for the CFD modelling of slurries and suspensions. This model
is one of the most common turbulence models and results in two extra transport equations being
included to represent turbulence in the floMonk and Chadwick, 2017)hek parameter of thek-¢

model is the turbulent kinetic energy;refers to the turbulent dissipation and this determines the
scale of the turbulencévion Soe and Yu Khaing, 2017)

For CFD analysis of slurries and suspensions, theGrdaular multiphasenodel is commonly used.

The major assumption of this model is that each phase present in the mixture coexists at all points in
the vessel as interpenetrating continua. To solve the continuity and momentum equations for all
phases present coefficients ott@mphase exchange and pressure are u@@dhel et al., 2012)

To simulate impeller rotation, a multiple reference frame (MRF) can be used. The MRF approach was
proposed by Luo et al. 1994, in this approach a stationary portion of the reactor and agrpoviion.

In the case of a stirred tank reactor, the agitator and any flow that is within the confines of the agitator
would be in the moving frame. The rest of the tank, including baffles and tank walls, are stationary in
the CFD simulatio(Patil et al, 2018) Using MRF generates an approximation of the results. However,

it is considered to be a satisfactory approximation especially if the impact of the interactions between
the agitator and baffles is wedleohel et al., 2012)
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Table 2-8 Summary of slurry and suspension CFD modelling literature

Paper Model | Software | Process Advantages
Type
CFD Modeling of Soli¢ CFD ANSYS | 1 EulerGranular theory each phase coexists § 1 Multiple reference frame approach used to
Suspension in a Stirre Fluent all points in the vessel model stirring action of agitatag successful ag
Tank: Effect of Drag 1 One fluid phase and orsolid phase weak interaction between agitator and baffle
Models and Turbulent 1 Kinetic Theory of Granular Flow 1 Drag models have limited impact on the
Dispersion on Cloud 1 Hexahedral mesh no mesh on the agitator results whilst still producing results that are
Heightg (Gohel et al., | Consistent mesh density for most of tank wif ~ close to experimental values
2012) increased density at the walls
Experimental and CFL[ CFD ANSYS | 1 EulerianGranular multiphase model 1 Grid sizes have little impact on the results
studies of solidiquid Fluent 1 k- turbulence model produced, therefore 260000 is acceptable ar
slurry tank stirred with 1 Aqitator represented by unsteady sliding me does not needncreasing to 390000 or 52000
an improved Intermig
impeller¢ (Zhao et al.,
2014)
Computational Fluid | CFD ANSYS | 1 EulerEuler fluid model 1 Useful for simulating large stirred tanks of
Dynamics Simulation Fluent f  Multiple reference frame used for agitation slurry or suspension
of the Solid simulation 1 Good agreementwith experinmtal data
Suspension in a Stirre f Used a comercial grid generator and tested| § 200,000 cells captured the flow pattern
Slurry Reactog gird sizes that generated between 10,000 ar| effectively
(Khopkar et al., 2006) 800,000 cells
1 SUPERBEE limiter function was used to avg
nonphysical oscillations
Solids Suspension CFD ANSYS | 1 EulerianGranular multiphase model 1 Combining the Euleria@ranular model with
Study in a Side Fluent 1 k- turbulence model the k- ¥ turbulence model increases accuracy
Entering Stirred Tank f  Multiple reference frame approach used for of model pediction
Through CFD rotation of the agitator 1 Flow patterns of liquid show that flow action

Modeling¢ (Chen and
Xiao, 2013)

Tetrahedral elements that grow in size furthe
away from the agitator

undergoes compression due to solid particle
presence so there can be poor mixing towar
the top of the vessel
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Analysis of Energy CFD CHAM 1 Cylindrical coordinate system Tested at multiple agitation speeds and the
Dissipation in Stirred PHOENIC| § IPSA multiphase model secondary forces that develop due to stirring
Suspension 2008 Y k- turbulence model were considered by habilitating the swirl
Polymerisation  Isothermal systemrad initially at rest option
Reactors Using § Used a norslip boundary condition for the Tested multiple reactor scales ahdd general
Computational Fluid wall of the vessel rules for dimensiong diameter to height ratio
Dynamics; (Nogueira of 5:18 and the agitator diameter is 0.9 timeg
et al., 2012) vessel diameter

Coalescence in bulk of liquid and breakage

closest to agitator
A Study of the Mixing | CFD ANSYS | 1 Multiple reference frame approach for Generated velocitprofiles matched the
Performance of Fluent rotation of agitator experimental results
Different Impeller 1 Standardk-¢ turbulence model was used Produced data allows for choosing optimal
Designs intBred f Reynoldsaveraged Navier Stokes Equations design of mixing equipment and scale up
Vessels Using used as it isnost realistic or the turbulent Reynoldsaveraged Navier Stokes was more
Computational Fluid mixing realistic than Large Eddy Simulation or Direg
Dynamics; (Torotwa 1 Pressurebased steady state and absolute Numerical Simulation
and Ji, 2018) velocity conditions used Impeller design impastthe performance and

1 Fluid flow and agitator were modelled as twg flow in a stirred vessel
separate regions that had interactions and a
fine mesh was used for increased stability

CFD Predictions of CFD STAR Eulerian multiphase model Combining multiple reference frame and rigi
Solids Distribution in CCM+ Standardk-# turbulence model was used body motion allows for better flow field

Stirred Vessat
(Kubicki and Lo, 2012

== —a -

Multiple reference frame and Rigid body
motion is used for the rotation of the agitator
Liquid and solid treated as interpenetrating
continua

Mesh elements were polyhedral shaped

prediction as it resolves thiateractions
between the agitator and the impeller
Finer mesh closer to the agitator reduced
severity of gradients
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2.11.3 Analysis of CFD Software
To be able to produce the CHBM simulations for a stirred tank, the appropriate software niest
chosen. Therefore, a software analysis needs to be completed to determine the simulation methodology.

2.11.3.1 ANSYS Fluent

ANSYS Fluent can be used for a wide variety of flow simulations due to it having extremely versatile code
(Haghgoo, 2013)This result in Fluent being one of the most popular commercial CFD progiZouset

al., 2018) Fluent contains powerful tools in a tightly integrated program allowing for results to be
obtained quicklyHaghgoo, 2013)Although Fluent has high license costs, licenses were readily available
through the University of Sheffield. The availability of licenses, increased support and an integrated
platform made Fluent the CFD chosen package for this work.

2.11.3.2 COMSOL

COMSOL is @FD package with a uskiendly graphical interfacéHysing, 2011)A major attraction of
COMSOL compared to other CFD packages is the finite element method for numerically solving partial
differential equationgVladimir et al., 2012)COMSOL useiirreasing due to it being widely accepted as

a proper tool for heat transport simulatiofylug, 2014)In comparison to other CFD software, COMSOL
requires greater computing power due to it not using cell centred degrees of fre¢dgging, 2011)

2.11.3.3 STARCCM+

STARCCM+ is a commercial CFD package that numerically simulates continuous mechanics problems
(HernandezPerez et al., 2011)Many industries use STARCM+ making it one of the most popular
commercial CFD package®ou et al., 2018)

2.11.3.4 OpenFoam

OpenFoam is a free software used for CFD simulations. C++ coding is used to solve continuum mechanics
problems easily and reliab{yasak, 2009 here are two major versions of OpenFoam. One is developed

by a corporation, and the other is community\dn, and evolved independently to the main development
branch(Beaudoin et al., 2014A Linux operating system is required to run OpenF{diflsson, 2006)

2.11.3.5 Barracuda VR

Barracuda VR can be used to simulate fluidised systems that involve chemical reactions of particulate
solids, such as catalygtdaghgoo, 2013Making it applicable for modelling circulating fluidised beds to
compare multiple drag mode(8andara et al.2019) There is a simple, graphical user interface, including

a logical workflow. The software also includes mesh generation andppostssindHaghgoo, 2013)

2.11.3.6 M-Star

M-Star is a relatively new CFD software that uses a Lattice Boltzmann appiigawiy CFD simulations.

This reduces computational time for transient systems when compared to a conventional CFD package
that calculates a NavieBtokes based solutigiiKuschel et al., 2023CFD simulations of stirred tanks have
been successfully penfimed in M-Star, with a particular emphasisonMi I NQ& | oAt AGe (2
simulations (LES) in turbulent mixi(@iacomelli and Van den Akker, 2021; Kuschel et al., 2023; Hanspal
et al., 2023)

2.11.3.7 Comparison of Software
To determine which CFD sofiwe is most suitable to use for this research a comparison of them is
conducted.Table2-9 shows the advantages and disadvantages of the different Cibase packages.
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Table2-9 Evaluation of various CFD software packages

Software | Advantages Disadvantages
FLUENT | Greater accuracy with reduced rdime for flow around a turbine blad¢ § High license cost§Zouet al., 2018)
compared to COMSQVlug, 2014)
1 Integrated package that has both grid generation and gwetessing
(Haghgoo, 2013)
1 Allows the use of fine grids whilst using lower memory than COIMBSysing,
2011)
1 Extremely versatile code that can be applied to many (ldeghgoo, 2013)
1 Variable values can be found at all points in the sysf2ou et al., 2018)
T Includes complex pyrolysis mod&rusch et al., 2018)
COMSOL | § User friendly with graphical user interfaidysing, 2011) 1 Relies heavily on direct solvers limiting it
T Accurate calculation of heat transfer valu@8adimir et al., 2012) certain applicationgHysing, 2011)
1 Can be operated in conjunction with MATLAMBug, 2014) 1 Processing time is increased for flg
1 Can enter coupled systems of partial diffatial equationgHaghgoo, 2013) around turbine blade and results are le
accurate compared to Flue(Vlug, 2014)
STAR 1 One of the most popular CFD softwd#ou et al., 2018) 1 High license cosi{&ou et al., 2018)
CCM+ 1 Powerful mesh generator and has the ability to generate mesh for impqg § Values of variables can only be found
geometries(Podila and Rao, 2015) selected pointgZou et al, 2018)
1 Contains multiple overset interpolation methods and specifying the con § Time consuming to create geometries
method can increase the accuracy of res¢@handar and Boppana, 2018) STAR packages, therefore a tHiarty
software is often usedPodila and Rag
2015)
OpenFoam § Free to use softwaréViug, 2014) 1 Requires Linux operating systeifviug,
1 Background meshes can have overset interfg@sndar and Boppana, 201 2014)
1 Allows for polynomial interpolation between mesh@handar and Boppani 1 Not as user friendly as other CFD packa
2018) (Vlug, 2014)
1 Continuously developed by both a company and users to produce diffé
results(Beaudoin et al., 2014)
T Communicates well with pogirocessing packages and mesh genems
(Shademan et al., 2013)
Barracuda | 1 Accurate simulation of chemical reactions with particle/gas fl¢iwaghgoo, 1 Does not include complex pyrolysis mo
VR 2013) (Hysing, 2011)
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Good user interface wittogical workflow, easy mesh generation and pq
processindHaghgoo, 2013)

Over prediction of pressure drop
comparison with experimental resuli
(Jayarathna et al., 2017)

M-Star

Reduced computation time for a Latti@oltzmann solver compared to Nawie
StokegKuschel et al., 2023)

Proven track record for solving large eddy simulations in turbulent mi
(Giacomelli and Van den Akker, 2021)

M-Star is a relatively new softwaend has
less validation literature available wit
peerreviewed papers published afte
October 2020(M-Star Simulations, 2023
this is after this thesis had commenced
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2.12 Population Balancelodelling
PBM is a useful tool for predicting product properties for many industrial processes. Equation 2.4 shows
the onedimensional population balance equatifintster, 2016)

h v . L . h 7 Sa~\
UV € W U &5 W ——— 6w WQW (2.4)

Where:

wis the suspension volume #n

¢ oo is the number of particles of diametésat time 6

“Ois the growth of particles

0 @& & are the volumetric flowrates in and out of the system volumé/én

€ W& & arethe number of particles of sizéin and out of the system volume (th
o o is the frequency distribution of birth of particles of sioém™/s)

‘Q  is the frequency distribution of death of particles of sizgn™/s)

Equation 2.4 assumes that the system is a-weked control volume and focusses on patrticles of a specific

size (). The equation considers urormalized size distributions in terntd volumetric flows(Litster,
2016)

/

S
=
Flux Flux
in out
nel,
oy O
x x+dx ]

Figure2-16 Differential growth changing the particle size distribution, image adapted f{tdtster, 2016)

Figure2-16 demonstrates the purpose of population balance modelling. The aim of a PBM is to determine
the number of particles of sizeto w 'Q wn a specified control volume. Equation 2.4 considées
processes that effect the number of particles of the desired size range, tetmiedrticle size in a given
volume.

Table2-10 explains the tems in Equation 2.4, and how they are used to monitor the particle size in a
given volume.
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Table2-10 Description of terms used in Equation 2.4, information friitster, 2016)

Equation Term Explanation

T & The accumulation of particles of si@ein a control volume of siz

1o &, at a given time

0 &5 © The flow in of particles of size x into the control volume

0 & @ The flow out of the control volume of particles of size

T 00D The growth of particles of sizg in a control volume of siz®, at

B a given timed

v Birth of particles of sizevin the control volume, nucleation is &

6w example of his
vy o Death of particles of sizevin the control volume, breakage (
w0 & particles is an example of this

Many industrial particulate processes, including crystallisation and high shear wet granulation have PBMs
developed to predict product performance. Increased understanding of existing particulate PBMs will
allow for improvements to population balance moliteg) of spherical agglomeration.

2.12.1 PBM for Granulation

Granulation is mechanistically similar to spherical agglomeration and therefore, there should be
similarities in PBM construction for the two processes. As discussed in S2@jotnere are three
mechanisms involved in granulation, nucleation and wetting, coalescence and consolidation, and
breakage and attrition. In the PBM framework, differemriels represent the different mechanisms.
These kernels are discussed in the following sections.

2.12.1.1 Nucleation and Wetting Kernel

In the first stage of granulation, nuclei form through the wetting of the powder bed by a biwditeboer

et al., 2005)Nucleation is a rate process that influences granule properties and therefore needs including
in a PBM for granulatiofBellinghausen et al., 2019yhe mechanism of nuclei formation is complex,
resulting in a nucleation kernel being challenging toedep (Wauters et al., 2003)

Models for nucleation consider the nucleation regime map proposed by Hapgood et al., 2003. The
nucleation regime is determined by the drop penetration time and the dimensionless spray flux. Equation
2.5 is for drop penetratin time and Equation 2.6 is for dimensionless spray (fiapgood et al., 2003)

The regime map is shown Higure2-17.

T p® U—T— (2.5)

Where:

t is the drop penetration time (S)

® is the volume of the liquid droplet (fn

T is the porosity of the powder bed

'Y  isthe pore radius (m)

‘ is the viscosity of the liquid (Pa.s)

[ is the suface tension of the liquid (N/m)

— is the liquid dynamic contact angle in a capillary (rad)
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. — (2.6)

Where:

* is the dimensionless spray flux
wis the volumetric spray rate (s)

0 is the area flux of powder (ffs)

‘Q is the diameter of the droplets (m)
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Figure2-17 Nucleation regime map generated filapgood et al., 2003)magereproducedfrom (Wildeboer et al., 2005)

Two commonly used nucleation models for a granulation PBM are the drop nucleation model by Barrasso
and Ramachandran, 2015, and the model proposed by Hapgood et al.(B8l08ghausen et al., 2019)

In the drop nucleation method, the droplets of bindgave a lognormal size distribution. The liquid sprays
onto a bed of fine powder, and the liquid fills the irqarticle voids. In this model, the droplet size, bed
porosity and maximum pore saturation will influence the granule size. An assumptiois ofddel is that
the primary particles are much smaller than the binder drop(Bisllinghausen et al., 2019)

The nucleation model proposed by Hapgood et al., 2009, uses a Poisson distribution to estimate the nuclei
size distribution. Using a probabylifunction, such as a Poisson distribution, allows the model to predict
the likelihood of events occurring in a specified region. In the Hapgood nucleation model, the Poisson
distribution predicts the number of droplets that land in a certain area ofpinder bed. Results for this
model at low penetration time and low spray flux were consistent with experimental results. There was
divergence between experiments and modelling results when the spray flux was greater than 0.5. This
model would be most accate for processes operating in the drop controlled nucleation redifagmgood

et al., 2009)
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Bellinghausen et al., 2019 recommended using the lognormal distribution method for nucleation PBMs if
the spray flux is under five. With the lognormal distrilomt there are model parameters that will need
recalibrating for different operating conditions. This study found that the Poisson distribution model
proposed by Hapgood et al., 2019, under predicts the size distribution of nuclei if the system is not
operating within the dropcontrolled regime(Bellinghausen et al., 2019Hapgood et al., 2009, also
highlighted the inaccuracy of the Poisson distribution method for nucleation regions other than the drop
controlled regime.

Overall, nucleation is a cruciatocess in granulation, but there is limited understanding of this process,
as it is difficult to isolate nucleation. Although there are models such as lognormal distribution and the
Hapgood model, there is still work needed to capture the kinetics ofation for granulation purposes.

2.12.1.2 Coalescence and Consolidation Kernel

More granulation mechanism research focusses on coalescence compared to the other granulation
mechanisms, and therefore there are more coalescence kernels. Theoretical coalescence model
literature are useful for predicting whether the collision of two particles will result in them coalescing or
rebounding(lveson et al., 2001)

Iveson, 2001, proposed that there are two types of coalescence models. In class 1 models, the colliding
particles will either stick together or rebound. For class 2 models, either the collided particles survive as
one new particle, or they separat€igure2-18 shows a schematic diagram of the various coalescence

models.
Stick At Survive
— —

O N
. s

(a) (b)

Figure2-18 Schematic of the different coalescence model classifications, (a) class 1: stick or rebound, and (b) class 2: survive or
separate, adapted frorfiveson, 2001)

A class 1 coalescence model operates with the assumption that granules move freely, anastlee el
properties of the system are important. In this model, coalescence can only occur if the collision kinetic
energy is dissipated. If the energy is not dissipated, the granules will rebound and not coalesce. Multiple
coalescence models are class 1, thaly differ in their selection of energy dissipation mechanisms. Some

of these mechanisms are plastic deformation, elastic losses, and contact surface adhesion energy. A major
assumption of class 1 models is that granules formed through coalescencetwitidergo breakage due

to subsequent impactéiveson, 2001) Figure2-18(a) shows a class 1 coalescence model.

Class 2 coalescence models do comsider the elastic effects for initial collisions. This model assumes
that either the granules are plastic, or they are surrounded by other granules and cannot move freely.
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Due to the surrounding granules, collisions between granules will occur foritaditime and bonds
develop between the granules in contact. The strength of the bond between granules needs to be
sufficient to withstand other collisions and shear forces in the system. If the bond is strong enough, the
bonded granules will coalesce (sive). If the bond is too weak then the granules will break apart
(separate). Bond strength may be influenced by the contact time between particles, and the plastic
deformation of granuleqlveson, 2001) A summary of coalescence models in literature ahnelir
classification can be seenTiable2-11.

Table2-11 Summary of existing coalescence models whith (lveson, 2001glassification they fall under, information from
model papers an@lveson et al., 2001)

Model Iveson 2001 Model Description
Classification

(Ouchiyama | Class 2 This model is class 2 as it considers plastic deformation; the pr

and Tanaka, is in a drum granulator, which consists of compression

1975) separation zones.

(Ennisetal., | Class 1 The model considers head on collisions between particles that

1991) aviscous fluid layer on them. The coefficient of restitution is u
for calculating rebound velocity.

(Moseley and | Class 1 In this model, the patrticle collisions occur at an angle. Elastic fq

hQoNARSYy calculate the radiaihteraction force between particles.

(Simons et al.,| Class 2 This model focusses on predicting the rupture energy of lig

1994) bridges between particles, removing the need to use the Lapl
Young equation, which is complex and time consuming.

(Seville et al., | Class 2 The model considers visgastic sintering of particles and th

1998) contact time between particles.

(Thornton and| Class 1 This stick/bounce model considers elagilastic particle

Ning, 1998) deformation. Collisions betwee particles occur head on. Th

coefficient of restitution is dependent on particle veloc
parameters including the velocity of particle impact.

2.12.1.3 Breakage and Attrition Kernel

Although much of the development for PBM of granulation considers the coalescence kernel, there have
been some developments in generating breakage kernels. Breakage is an important rate process in
granulation as it influences the final product size disttibn (Ramachandran et al., 2009)able2-12
summarises models developed for breakage during granulation.
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Table2-12 Description and limitation of breakage modelling for granulation

Model

Description

Limitations

(Biggs et al., 2003)

This model considers breakage to be
negative aggregation. Aggregation is the
only parameter involved in the model,
which incorporates breakage by extendi
the aggregation equation to include a
negative term(Biggs et al., 2003)

Breakage is a firgirder rate
process, but aggregation is
secondorder, meaning this
model is inaccurate on a
physical basiRamachandran
et al., 2009)

(Salman et al., 2003

Experimental observations of breakage
due to impact in fertiliser granules
developed an empiricdlreakage model.
The probability of the impact causing
damage to the granule is influenced by
impact velocity, impact angle and particl
size(Salman et al., 2003)

This model is limited to the
experimental conditions and
cannot be applied as a generg
breakage model
(Ramachandran et al., 2009)

(Tan et al., 2004;
Tan et al., 2005)

This model includes a binary breakage
function. The binary function allows the
granule to break into both small and larg
fragments. Other breakage models
(fragmentation and attrition) were
considered but the binary model
improved the model accuracy when
compared with experimental resul{3an
et al., 2005)

This work used experimental
data to fit model parameters,
which may limit how
appropriate this model is for
other applications
(Ramachandran et al., 2009)

(Dhanarajan and
Bandyopadhyay,
2007)

This model considers breakage of granu
to be directly proportional to the energy
of impact. The breakage is also inversel
proportional to the strength of the
granule. There was good agreement
between experimental and modelled
results(Dhanarajan and Bayopadhyay,
2007)

The assumption that binder
content is the main factor in
granule strength without
considering binder properties
limits the accuracy of the
model. This model also
neglected to consider velocity
when calculating the kinetic
energy of he granule
(Ramachandran et al., 2009)

2.12.2 Modelling Spherical Agglomeration

Development of a PBM for spherical agglomeration will allow for prediction of agglomerate properties
based on characteristics of the primary materials used in the process.i&gtsgglomeration studies are
often extremely system specific and require experimentation to determine the optimal conditions. A
predictive PBM would reduce the number of experiments needed to design a spherical agglomeration
process.
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As spherical aggloanation is mechanistically similar to wet granulation, it can be assumed that a spherical
agglomeration PBM has similar framework to a PBM for wet granulation. Modelling attempts of the
various spherical agglomeration mechanisms are discussed in thigrsecti

2.12.2.1 Nucleation

AsFigure2-1 shows, there are two pathways for nucleation in spherical agglomeration; the immersion
mechanism and the distribution mechanism. For immersion nucleation to occur, the primary particles
mustbe much smaller than the droplets of bridging liquid. The particles will then collide with the bridging
liquid droplet and cover the droplet surface layer. The particles are then immersed into the bridging liquid
droplet; this process continues until no megparticles can fit inside the dropléRitt et al., 2018; Arjmandi

Tash et al., 2019; Ahmed et al., 202Bijgure2-19 shows a schematic of the immersion mechanism.
Distribution nucleation occurs when the primary particles are larger in size than the bridging liquid
droplets. In this mechanism, the bridging liquid droplets stick to the outside of the particles, forming a
liquid coating. This coatirgllows for aggregation between the particles, resulting in nuclei formation. In
the immersion mechanism, the agglomerates grow to the size of the bridging liquid droplets. In theory
using the immersion mechanism would allow for greater control over agglai® properties; therefore,

this is thefavourednucleation mechanisn(Pitt et al., 2018; Arjmaneiash et al., 2019; Ahmed et al.,
2023)
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Figure2-19 Schematic diagram of immersion in the spherical agglomeration process, adapte(@rjiomandiTash et al., 2019)

ArjmandiTash et al., 2019 proposed a mechanistic mathematical model for immersion nucleation in
spherical agglomeration. For nucleationdocur, the primary particles need to collide with the bridging
liquid droplets and the system needs to be undergoing agitation for this contact to occur. This model
proposes that two scenarios that may occur when the particles collide with the bridging (lKfjmandi

Tash et al., 2019)

In the first scenario, the bridging liquid must preferentially wet the particles in comparison to the mother
solution. The wettability of the particles in the bridging liquid allows the patrticles to penetrateéhato
droplets of the bridging liquid. Penetration into the droplets can occur at any collision velocity and surface
tension, but these parameters may limit the immersion kinef/asgmandiTash et al., 2019)

For the second scenario, the bridging ligdmkes not wet the particles as well as the mother solution. In
this system the particles will either stay at the droplet surface or rebound from it. Penetration of particles
into the droplets can only occur if high impact velocities allow the particle &vomne the interfacial
tension(ArjmandiTash et al., 2019)

The mathematical model proposed by Arjmaiidish et al., 2019 has been implemented into a PBM by
Ahmed et al., 2023. gPROMS FormulatedProducts (Siemens, Process Systems Enterprise Lédl) was us
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for the PBM construction. This work used a HSWG framework with custom rate kernels to model spherical
agglomerationAhmed et al., 2023)The nucleation kernel in this model is shown in Equation 2.7.
Gn o ——D 2.7)
Where:
@ oo is the birth of nuclei of sizeat time o
0 f is the bridging liquid total volumetric flowrate /s)
¢ ofD is the bridging liquid number density (nofin
® is the volume of the formed nucle,assumed to be equabtthe nuclei diameter (%)
2.12.2.2 Growth
Initial attempts at modelling focused on the agglomeration in suspension method, with a view for applying
the system to fine coal powdéBemer, 1979)In the work by Bemer, 1979, experiments were performed
using powderd glass in a binary solvent system. Observations from these experiments led to Bemer
generating a PBM to predict agglomerate size. This model is called the coaleboeaic@ge model. The
coalescencéoreakage model includes collision induced coalescenmayth by layering, and breakage
RdzS (2 ONMHzaAKAYy3Id | O21tSa0SyO0S FNBIljdsSyoe | yR S7¥73
coalescencdoreakage model and worked well for steashate agglomerate size distribution predictions
(Pitt et al., 2018)

Another approach to modelling growth in spherical agglomeration is through an agglomeration kernel,
rather than coalescence. Madec et al., 2003; developed a multidimensional kernel for agglomeration in
suspension. This kernel used a Monte Carlo solvingoagp. The agglomeration kernel included the
bridging liquid composition, allowing for the model to determine if the BSR was within the optimal range
for agglomeration. Equations 2810 show the agglomeration kern@fladec et al., 2003)

P00 O O pTUT— (2.8)
) P T (2.9)
1 — (2.10)

Where:

1 is the rate of agglomeration

I is the agglomeration rate constant (m/s)

0 and0 are the agglomerating particle sizes (m)

& and® are the bridging liquid compositions in each particle (volume percentage)
1 is the solid particle weight coefficient

| is the liquid droplet weight coefficient

0 is the optimal value for bridging liquid composition

The derivation fod  means that agglomeration only occurs when particles have the correct amount of
bridging liquid. If too much or too little bridging liquid is present a collision betweeticfes is unable to
occur(Madec et al., 2003; Pitt et al., 2018he incorporation of the bridging liquid composition and the
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liquid droplet weight coefficient ensure that particles must be sufficiently wetted for agglomeration to
occur. This model did produce realistic agglomerate size distributions for spherical agglomerate processes,
however it did not consider nucleation orayvth (Madec et al., 2003)

Experimental data was incorporated into a modelling study by Blandin et al., 2005 that utilized the four
step agglomeration mechanism proposed by Bemer in 1979. The four mechanisms proposed are:

1. Primary particles become wettieby bridging liquid, causing nuclei formation

2. The nuclei collide with each other, resulting in compaction which reduces the mean diameter

3. Coalescence and consolidation lead to agglomerate growth. This stage is influenced by the system
hydrodynamics, as @l as process conditions, e.g. BSR and impeller speed

4. Agglomeration ends when the agglomerates cannot undergo more compaction

From the experimental study by Blandin, it was found that the agglomeration of salicylic acid microcrystals
was strongly influered by the BSR with the solids concentration having little influence on agglomeration.
Blandin et al., 2003 also found that the agglomerate size was inversely proportional to the impeller speed.
These observations influenced the formation of a model to mtettie mean size of agglomerate products;

this can be seen in Equation 2.(landin et al., 2005)

0 16 80 86 Y'Y (2.11)

Where:

0 s the size of the agglomerate products

| is a poportionality constant influenced by material properties
0 is the concentration of solids in the system (moljm

0 is the impeller speed (rps)

0 "Y' the bridging liquid to solid ratio

Equation 2.11 is an empirical correlation developeddoe material system and therefore cannot be
applied to general spherical agglomeration studies. Further work from Blandin et al., 2005 resulted in the
generation of a spherical agglomeration model for the growth of agglomerates. The equations for this
modd are shown in Equations 2.12 to 2.(Bandin et al., 2005)

h ; .

Y 0o (2.12)
i g VEDO 00 o (2.13)
O @D QED Q QA (2.14)
. . 8
MMA®» 6 | WD - Y Y o0 0¥ (2.15)

There are two equations fd® "Q"@G¢ (Equations 2.16 and 2.17):

=
3¢

IfQ "G Q D smE QA = P (2.16)
OtherwiseQ QG Tt (2.17)
o Wyt — " 5 o0 @ —— (2.18)
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Where:

« is the number density function (nb/rfs

'Y is the rate distribution for agglomeration (hs?)

0 is the agglomerate particle size (m)

0 and0 are agglomerate particle concentration (nbim

i is the agglomeration rate (nb#m?)

0 "6 is the agglomeration kernel

"Q'AM is the meeting probability of agglomerates

Q QA is the efficiency of agglomeration

0 isa kinetic parameter that is determined through experimentation
| "@6 is the target agglomeration efficiency

“Yand"Y are the agglomerate sizes (m)

0 is the velocity of particle collision (m/s)

"Q is the adhesive force between agglomeraiN)

"Q is the disruptive force between agglomerates (N)

'Q'Q"Q is the radius of the contact surface (m)

0 o is the mean porosity of the agglomerates

O is the binding force at the point of contact between two agglomerates (N)

The model by Ahmed et al.,, 2023 considered agglomerate growth to occur by both layering and
coalescence. The layering term was based on the immersion rate and collision rate limited regime
developed byArjmandiTash., et al 2019. The immersion rate lirditeodel assumes a high rate of particle
collisions with bridging liquid droplets. This results in a constant layer of particles on the droplet surface
and agglomeration is limited by how quickly these particles immerse into the droplet. In the colligion ra
limited model, it is assumed that there are insufficient collisions for a constant layer at the surface of the

droplets; the rate of collisions will limit agglomeratidrable2-13 shows assumptions of both models.
Table2-13 Assumptions for the immersion and collision rate limited models, adapted (faimandiTash et al., 2019)

Model Assumptions
Immersion| 1 There is a packed layer of primary particles on the surface of the droplets of bri
rate liquid
limited 1 The immesion rate of the patrticles into the bridging liquid droplet limits agglomel
nucleation
f 5 NOeQa [¢ A& dzaSR G2 OFtOdzZ 4SS GK
this calculates the immersion rate
1 The KozemCarman equation is used to calate the permeability of the particle lay¢
Collision | § Particle immersion into bridging liquid droplets is rapid
rate 1 Nucleation of agglomerates is limited by the rate of collisions between the part
limited and droplets of bridging liquid
1 Thebridging liquid droplets and primary particle sizes are greater than the turby
microscale of Kolmogorov
1 The change of relative velocity between bridging liquid droplets and mother sol
is negligible over the nucleation time.
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Equation 2.19 is fdmmersion rate limited growth, and Equation 2.20 is for collision rate limited growth.

0 6 e . (2.19)
ocfd 6 g 60 60 + b (2.20)
d Q0 6 (2.21)

Where:
"Oafd is the growth of an individual agglomerate, also shown-as

0 is a kinetic parameter found through experimentation
is the sphericity of the particles
‘O is theprimary particle diameter (m)
[ is the bridging liquid and mother solution interfacial tension ¢)/m
—is the contact angle between the bridging liquid and the particles (
‘ is the bridging liquid viscosity (N s/m
wis the agglomerate diametgm)
* is the criticalpacking liquid volume fraction
| is the target efficiency
0 'O is the relative velocity of the particles and the mother solution (m/s)
0 'O is the relative velocity of the bridging liquid droplets and the mother solution (m/s)
* is the volume fraction of crystals in the mother solution
0 "Q0 ié the agglomerate nucleation number
'O is the bridging liquid droplet diameter (m)

A parameter termed the agglomerate nucleation number, or AgNu, is used to predict whether the system
is immersion or collision rate limited. If AgNu is greater than one then the system is immersion rate limited
and Equation 2.19 will be used in the model. Equation 2.20 is used when AgNu is under one and the system
is collision rate limitegAhmed et al., 2023)The calculation for AgNu is shown in Equation 2.21.

Growth by coalescence is also considered inrttealel by Ahmed et al., 2023. The coalescence is based
on the work by Blandin, shown in Equations 2.12 to 2Bl8ndin et al., 2005nd is used to describe the
formation of large agglomerates due to collisions and coalescence between agglonm@iates et al.,
2023).

Since the initial observations by Bemer there have been improvements to population balance modelling

for spherical agglomeration. The incorporation of bridging liquid properties by Madec et al., 2003 was
extremely useful in ensuring # agglomeration can only occur when the system is within the acceptable

BSR range which increased the accuracy of spherical agglomeration modelling. In the model by Blandin et

al., 2005, the bridging liquid is also an important parameter that is consid@ites model also considers

the mechanisms behind agglomeration, including incorporating collision velocities between patrticles.
'KYSR SiG It ®Z HnuHo O2YO0AYSR .flFyRAyQa O2IfSaoSyo
ArjmandiTash et al., 2019. lthe model by Ahmed, two mechanisms of layered growth are proposed

based on factors that can limit particle immersion into bridging liquid droplets. This model considers the
collisions between bridging liquid droplets and particles to be a growth limaictgf. One area that could
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be further developed in these models is the influence of reactor geometry on hydrodynamics and mixing
in the system as improved mixing will increase the contact between bridging liquid and pdBieiasr,
1979; Madec et al., 2IB; Blandin et al., 2005; Pitt et al., 2018; Ahmed et al., 2023)

2.12.2.3 Breakage

The mechanism of breakage for spherical agglomeration needs further investigation. The most recent
model by Ahmed et al., 2023, does not consider agglomerate breakage due fiiciaatiresearch into
breakage mechanisms to derive a breakage kernel for spherical agglomépstiored et al., 2023)

Studies by Thati and Rasmuson, 2011, observed the potential of breakage occurring in spherical
agglomerates of benzoic adi@ihati aad Rasmuson, 2011, Pitt et al., 2018was thought that this system

may include breakage as there was a gradual change in particle size distribution after addition of feed
material to a previously agglomerated benzoic acid syqfEnati and Rasmuson, 2011)

In Sectior?.4.1it was discussed that increased impeller speed will result in larger agglomerates up to a
point, where further increases to speed will cause a decrease iln@aggate size. This could be due to
impeller speeds above a critical value resulting in increased breakage, as the particle velocity will increase
and be too great for successful coalescence with other particles, but sufficient to cause breakage when
they mntact the tank wall¢Pitt et al., 2018)

2.12.3 Software for Population Balance Modelling

Population balance models can be calculated using different software. For this work, gPROMS Formulated
Products was chosen for the spherical agglomeration PBM. Thigasefwas chosen due to the ability to
generate a flowsheet that allows users to change model parameters without the need to adjust the code.
This would be attractive in a pharmaceutical company as it would allow for research staff to quickly
generate modés of various spherical agglomeration processes without needing to access or understand
the code. An existing PBM for spherical agglomeration was developed in gPROMS Formulated Products
by Ahmed et al., 2023. This PBM was used as the foundation of therPBd work, with modifications

made to incorporate flow characteristics. Continuing to develop the model in gPROMS Formulated
Products was a more efficient way of developing the model than rewriting a functional and well
performing model in a differentaftware.

2.13 Summary

Spherical agglomeration can be used to increase the ease of handling problematic particles. It is often
used for needldike crystals. However, there is little research about how the process can be applied to
other difficult to process articles such as particles that stick together or have both hydrophilic and
hydrophobic components.

Many papers state that spherical agglomerates have improved micrometric properties and, therefore,
bioavailability is increased. However, there have narbstudies directly comparing tablets made from
spherical agglomerates to tablets made from granules of the same compound to see whether these
properties are improved. Tablets consist of API and excipients such as surfactants to stabilize the tablet
and ircrease shelf life. The process of producing tablets from spherical agglomerates could be investigated
to see whether they can be easily blended with excipients to produce tablets that meet industry and
consumer standards.

Many studies have been carriedtousing STRs for spherical agglomeration, however there is a lack of
consistency in the apparatus used. Various studies have ubkstlé propeller agitators, others have used
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magnetic stirrers, and some useb@de turbine agitators. These will all indutifferent flow patterns in

the system which will impact the mixing of the powder and bridging liquid. If there is insufficient mixing,
then there will be a lower yield of spherical agglomerates. Investigating the quality of mixing with different
agitatortypes will allow for the optimal conditions for the apparatus to be identified.

PBMs are a useful predictive tool for the pharmaceutical industry. Previous works in spherical
agglomeration PBM have based the models on a HSWG framework, due to meckanikrity between
spherical agglomeration and wet granulation. Models for nucleation and growth of spherical
agglomerates have been developed. However, breakage needs further investigation before it can be
incorporated into a model. The current understamgl of spherical agglomeration highlights the
importance of contact between the bridging liquid and the particles. However, there needs to be more
research into the influence of mixing on agglomerate formation, and how this could be incorporated into
a PBM

To identify the impact of mixing characteristics on the formation of spherical agglomerates, this PhD thesis
will develop CFD simulations of STRs with various geometries. These simulations will be compared with
experimental data, which will influencéé generation of a predictive PBM for spherical agglomeration,
which incorporates mixing characteristics.
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Chapter 3 Materials and Methods

This thesis used experimental and modelling approaches to investigate the importance of flow
characteristics on spherical agglomeration and incorporate these findings into a PBM. S8tion
describes the methodology for the experiments used to investigate the influence of flow characteristics
on spherical agglomeration, with the results of these experimentElimpter 4 The experimental
methodology for the analysis and validation of the spherical agglomeration PBM is given in Section 3.4;
with the results of these experiments @hapter 7 Sectior8.5discusses the agglomerate characterisation
methods utilised for all of th experiments conducted as part of this researdie methodology for the

CFD investigation into the influence of impeller characteristics on spherical agglomeration are in Section
3.6, with the results of the CFD study@apter 5 The construction of the spherical agglomeration PBM

is detailed inChapter 6

3.1 Materials
Two different diameters of monosized poly(methylmethdaty) (PMMA) beads are the material systems
used for this research.

The PMMA beads allow for comparison to the CFD simulations, as they are spherical and monosized,
which allowed for simplifications of the particle geometry in the CFD. The experimenssigiatimg the
influence of impeller geometry used p2n PMMA beads. Sectidh3discusses the methodology of these
experiments.

During the validaon of the PBM, further experiments were performed with the 52 um PMMA beads.
Experiments were also performed with the 20 um PMMA beads to determine the influence that primary
particle size has on agglomerate formation. The methodology for the validatiparinents with the
PMMA beads is given in Secti®.

Table3-1 shows a summary of the various material systems used for the experiments. The two particle
types tested for this research used the same solvent system. For both particle sizes, water was used as
the suspending solvent, with toluersdded as the bridging liquid. This will minimise the influence of
density and viscosity differences that other solvents would have on the mixing behaviours in the system.

Table3-1 Summary of the material systems used in the experiments

Material Suspending Solvent Bridging Liquid

52 (£2) pm PMMA Beads Water Toluene
(Microbeads USA Spheromers| Stuart Distinction Water Still | (SigmaAldrich

CA 50) D4000 Anhydrous 99.8 %)
20 (£2) pmPMMA Beads Water Toluene
(Microbeads USA Spheromers| Stuart Distinction Water Still | (SigmaAldrich

CA 20) D4000 Anhydrous 99.8 %)

3.1.1 Material Wettability

A First Ten Angstroms 200 goniometer measured the contact angle of the bridging liquid on the PMMA
beads to ensure that the bridging liquid would sufficiently wet the particles. For all experiments
performed as part of this thesis, toluene was used as the bridging liquid. Toluene was used as previous
work by an MEng student, Guo J. Lian, found that tolugae the optimal bridging liquid for the PMMA
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beads(Lian, 202Q)Contact angle measurements were performed in this work to determine whether the
contact angle was different for the 26m and 52 unPMMA beads, so that the correct value could be
used for BM validation.

A thin layer of the PMMA beads was attached to a glass slide using adhesive tape. The slide was placed
on the stand, directly below a syringe containing the bridging liquid, in this case toluene. A drop of bridging
liquid was added to the gvder, a highspeed camera recorded the droplet falling and contacting the
particles. Measurement of the contact angle was recorded from the frame where the droplet first touches
the PMMA beads. The FTA32 software analysed the image of the contact pdetetmine the contact

angle of the bridging liquid and the powder. On occasion, a reference line had to be manually drawn for
the software to be able to determine the correct contact angligure3-1 shows the goniometer used for
contact angle measurements.

Figure3-1 Image of the goniometer used to measure contact angle

Figure3-2 shows one of the contact angle measurement images obtained for tip@28nd 52 um PMA

beads. In this figure it can be seen that the contact angle for the 52 um beads is lower than the 20 um
beads. The measurements for each particle size were taken three times, and an average was calculated.
The measured values and calculated averagedotact angle are ifable3-2.

“Angle = 12.39 degrees “Angle = 8.67 degrees
Base Width = 1.8148mm Base Width = 1.6311mm

Figure3-2 Contact angles measured for the different sized PMMA beads (I) 20 um beads and (r) 52 um beads

Table3-2 Contact angle measurements for the 20 um and 52 pm PMMA beads, with repeats

51| Page



20um PMMA Bead | 52 um PMMA Bead
Contact Angle (°) | Contact Angle (°)
Reading 1 12.39 8.67
Reading 2 13.46 8.35
Reading 3 14.55 8.96
Average 13.467 8.66
StandardDeviation | 0.882 0.249

3.1.2 Determining System Composition

Section 2.4 discusses important parameters for successful spherical agglomeration, the solids
concentration and bridging liquid to solid ratio (BSR) are two of these important parameters. The
experimental system was 3 % wt/wt solution with a total mass of 600 g. Bguatl shows the calculation

for the mass of solid required. Equation 3.2 and 3.3 show the calculations for volume and mass of bridging
liquid respectively.

R - (3.1)
G 8°Y¥ (3.2)
a @ (3.3)

Where

a is the mass of particles (kg)

a is the total system mass (kg)

& is the solids concentration (mol/n
@ is the volume of bridging liquid @n
0 "Y' the bridging liquid to solid ratio
is the particle density (kg/&

& is the mass of bridging liquid (kg)
" is the bridging liquid density (kgAn

3.2 Equipment

All of the experiments used the sap that is shown ifrigure3-4. The setup consisted of a 1 L beaker, a
baffle system and an impeller attached to a Caframo Light Torque Overhead Stirrer. The dimensions of
the various equipment components are giverFigure3-4 and Table3-3.
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Figure3-3 Image of the tank and overhead stirrer used for the experiments

d

o

C

D

Figure3-4 Schematic of the stirred tank sap with the dimensions labelled accordingTable3-3

Table3-3 Dimensions of the stirred tank system

Description Symbol Value (mm)
VesseDiameter D 90

Liquid Height L 144

Vessel Height H 180

Width of Impeller Blade | W 10

Impeller Diameter D 50
Clearance C 1830
Baffle Width B 9

Number of Baffles N 4
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The clearances ihable3-3 were investigated as these are between 20 % and 33 % of the tank diameter.
In previous studies, reducingRushtonturbine impeller clearance to below 30 % of the tank diameter
induced an al flow pattern into the systerfMontante et al., 1999; Zhu et al., 201%he selected values

for impeller clearance allow for an investigation into whether this phenomenon occurs for all radial
impellers, whilst also investigating the influence of céaece on axial systems.

3.3 Influence of Impeller Geometry Experiments

3.3.1 Particle System

These experiments are agglomeration in suspension experiments, this type of spherical agglomeration
occurs when crystals are suspended in a solvent, and the addition id§ify liquid induces
agglomeration. This method allows for comparison to CFD simulations, as it is a binary mixture and having
a ternary phase liquid system would increase the complexity of the TEHIE3-4 shows the composition

of the experimental system used for the impeller geometry investigation, with an image of then52
PMMA beads shown iRigure3-5.

Table3-4 Mass of components in the system

Material Purpose In System Mass (g)
52 (x2) um PMMA Beads Solid Particles 18
Water Suspending Solvent 582
Toluene Bridging Liquid 6.5025

—100 pm

Figure3-5 Image of the 52 (+2) um PMMA beads used for the expenits, scale bar is 100 pm
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Preliminary studies were conducted with a fldade impeller to determine the BSR of the system, values
of 0.4, 0.5 and 0.6 were tested and it was determined that a BSR of 0.5 was the ideal value for this system.

3.3.2 Impeller Designs

These experiments usadultiple impeller geometries to determine the influence that changing impeller
geometry has on particle mixingrigure3-6 shows the chosen impeller3he four different impeller
geometries promote various levels of radial and axial flow in the stirred tank, influencing the contact
between bridging liquid and particles. Secti2ri0 discusses the importance of impeller induced flow
pattern on mixing in stirred tanks.

Table3-5 Impeller geometries used for investigating influence of impeller geometrgpierical agglomeration, and which flow
pattern the impeller promotes in the tank

Impeller Diameter (mm) Promoted Flow Pattern
Geometry

FlatBlade 50 RadialGrenville et al., 2017)
Propeller 50 Axial(Couper et al., 2012)
RushtonTurbine | 50 RadialGrenville, 2016)
PitchedBlade 50 Axial(Van Wazer et al., 1995)

-
E e

Figure3-6 Image of the four impellers used, from lefght, flat blade, propellefRushtonturbine, pitchedblade

All four of the impeller geometries were tested at impeller speeds of 300 rpm, 450 rpm and 600 rpm. The
clearance was also altered with experimentsfpemed at clearances of 18 mm, 20 mm, 25 mm, 27 mm
and 30 mm; giving a total of 60 experimeniable3-6 summarises the experiments performed foiigh
work.

3.3.3 Experimental Approach and Methodology

To obtain a 3 % wt/wt solution of 52 um PMMA beads in water, 18 g of PMMA beads was added to 582 g
of distilled water. The system was agitated for 10 minutes to allow the system to equilibrate, and then
the bridging liquid was added by pipette into the stirred tank. For a BSR of 0.5, there were 7.5 mL of
toluene added. The system was agitated for a further 45 minutes to allow agglomerate formation. It was
then passed through a Buchner funnel with a 90 mm disanMillipore filter paper of 1.2 pnpore size,

and left to dry at 21C. Once dry, the agglomerates underwent analysis, and this analysis is discussed in
Section 3.5. The impeller geometry, speed and cleararwere varied for each experimentthe
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experimental conditions can be seenliable3-6; this resulted in 60 experimental conditions performed,
with two repeats for each impeller at 450 rpm and 25 mm clearance.

Table3-6 Summary oexperiments and CFD simulations performed. Each impeller speed and clearance value was tested for all
four impeller geometries, (*indicates repeated experiments)

Impeller Impeller Impeller Clearance (mm)
Geometry | Speed (rpm)
300 18 20 25 27 30
FlatBlade 450 18 20 25* 27 30
600 18 20 25 27 30
300 18 20 25 27 30
Propeller 450 18 20 25*% 27 30
600 18 20 25 27 30
300 18 20 25 27 30
Rushton 450 18 20 25* 27 30
600 18 20 25 27 30
300 18 20 25 27 30
450 18 20 25* 27 30
600 18 20 25 27 30

Pitched
Blade

3.4 PBM Validation Experiments

The purpose of these experiments was to evaluate agxisting PBM by Ahmed et al., 2023, and the PBM
generated inChapter 6 The experiments pesfmed used the material systems specifiedable3-1. The
different sizes of PMMA beads allowed for investigation into the influence that partizieeder, and
therefore, the bulk density, has on the agglomeration behaviour.

3.4.1 Impeller Geometries

The validation experiments used a 5 nrushtonturbine, a 5 mm propeller and a 3 mRushtonturbine
impeller. The 5 mnRushtonturbine was determined to béhe best impeller (se€hapter J, with the 5
mm propeller being the worst. Using a 3 mRushtonturbine will help determine whether impeller
diameter is accurately included in the PBM. The three impeller geometries are shdviguie3-7.

Figure3-7 The impellers used for validation experiments, from left to right, 5 Rushtorturbine, 5 mm propeller, 3 mm
Rushtonturbine

3.4.2 20 pm PMMA Bead Experiments

Figure3-8 shows the 2Qum primary particles that were used for these experiments. These beads were
used to investigate thaccuracy of the PBM at predicting the influence of particle size in the syBt@m.
these experiments, PMMA beads were suspended in water and agitated for 10 minutes. After 10 minutes,
the desired volume of bridging liquid was added into the system, whashthen agitated for the specified
agglomeration time. The product of one experiment was filtered and left to dry aC2lowever, the
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product dried as a sheet and was stuck to the filter paper. The experiment was repeated and the product
was poured intanetal trays and dried at 8% in an oven to determine if the drying process influenced
the product. It was found that drying the agglomerates in an oven without filtering the product allowed
the agglomerates to retain their shape. Therefore, all futuméidation experiments dried the product in

an oven at 85C. A summary of experimental conditions for the PBM validation experiments with 20 pm
PMMA beads is shown rable3-7.

Figure3-8 Image of 20 (+2) um PMMA beads used for the experiments, scale bar is 20 um

Table3-7 Experimental conditions tested for the 20 um beads as part of the PBM experimental validation

20 (£2) pum Validation Experiments

Solid Particles 20 um PMMA Plastic Beads
Solids Concentration 3 % wit/wt
Suspending Solvent Water

Suspending Solvent afbwder Mass 600 g

Bridging Liquid Toluene

BSR 0.38, 0.5, 0.64, 0.77
Impeller Speed 600

Agitation Time (min) 45, 90

3.4.3 52 um PMMA Bead Experiments
The 52 um PMMA beads used for these experiments can be sddgure3-5. For these experiments,
PMMA beads were suspended in water and agitated @ominutes. After 10 minutes, the desired volume
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of toluene was added into the system as the bridging liquid, which was then agitated for the specified
agglomeration time. Once the agglomeration time had been reached, the contents of the stirred tank
were poured into metal trays and left to dry in an oven at &5 Table3-8 shows a summary of the
experimental conditions that were investigated for the PBalidation with 52 um PMMA beads.

Table3-8 Experimental conditions tested for the 52 um beads as part of the PBM experimental validation

52 (x2)um Validation Experiments

Solid Particles 52 um PMMAPlastic Beads
Solids Concentration 3 % wt/wt and 4 % wt/wt
Suspending Solvent Water

Suspending Solvent and Powder Mass | 600 g

Bridging Liquid Toluene

BSR 0.38, 0.5, 0.64, 0.77
Impeller Speed 600, 500

Agitation Time (min) 30, 45, 90

3.4.4 Summary oExperiments
A summary table of the experiments performed with the 58 PMMA beads can be seenTiable3-9.
Table3-10shows the experiments performed with the 20 um PMMA beads.

Table3-9 Summary of validation experiments performed with the(%2) um PMMA beads

Impeller Geometry Solids Impeller Impeller BSR | Agitation time
Concentration | Speed Clearance (min)
(rpm) (mm)

50 mmRushtonTurbine 3 % wit/wt 600 25| 0.5 45
50 mmRushtonTurbine 3 % wit/wt 600 25| 0.5 90
30 mmRushtonTurbine 3 % wit/wt 600 25| 0.5 45
50 mmRushtonTurbine 3 % wit/wt 600 25| 0.64 45
50 mmRushtonTurbine 3 % wit/wt 600 25| 0.38 45
50 mmRushtonTurbine 3 Y%wt/wt 600 25| 0.77 45
50 mmRushtonTurbine 4 % wit/wt 500 25| 0.5 30
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Table3-10 Summary of PBM validation experiments conducted witli2Z) um PMMA beads as the primary particles

Impeller Geometry Impeller Impeller BSR | Agitation time
Speed (rpm)| Clearance (mm) (min)

50 mmRushtonTurbine 600 25 0.5 45
50 mmRushtonTurbine 600 25 0.5 90
50 mm Propeller 600 25 0.5 45
50 mm Propeller 600 18 0.5 45
50 mm Propeller 600 25 0.5 90
50 mmRushtonTurbine 600 18 0.5 45
50 mmRushtonTurbine 600 25 0.64 45
50 mmRushtonTurbine 600 25 0.38 45
50 mmRushtonTurbine 600 25 0.77 45

The experiments summarised Trable3-9 and Table3-10 will allow for investigation into the accuracy of
the PBM predicted PSOr spherical agglomeration systems with the following conditions:

1 Primary particle size
BSR

Impeller geometry
Impeller clearance
Agitation time
Impeller diameter
Impeller speed

1 Solids concentration

=A =4 =4 =4 -4 =9

Impeller diameter, impeller speed and solids centration were only varied for experiments with G

PMMA beads as the primary material. The final experiment for the 52 um particle size is based on
experiments performed by Guo J Lian as part of an MEng research pré&esults from experiments by

Guo J Lian were also used for model validation; these experiments were at a 300 mL scale, and more
details are given i€hapter 7 The smaller impeller diameter of the 3 niaishtonTurbine was only tested

for the 52um PMMA beads because the impeller was not successful at agglomerating the larger particles,
and therefoe would not have been able to agglomerate the smaller primary particles as they are more
difficult to entrain in the impeller flow pattern.

1 Optimisation of the Spherical Agglomeration Process: Wetting and Nucleation, Guo Jung Lian 2020(lcided as
2020)throughout this thesis
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3.5 Agglomerate Characterisation

For both sets of experiments, it was important to determine the PSD of the agglomerates. The size
distribution data allows for comparisons between experimental and PBM predicted sizes. It is also useful
as it gives insight into how well mixed the systepassthe agglomerates will be smaller and more delicate

if there has been insufficient contact between the primary powder and the bridging liquid.

Image analysis was also performed on the agglomerates from both sets of experiments. These images will
be useful to determine the sphericity of the agglomerates. It will also help identify if there is coalescence
in the system.

3.5.1 Particle Size Analysis

The PSD was found using sieving. A Retsch AS 200 control sieving nféghied-0) was used with a

series of Retsch sieves. To generate the particle size distribution, the mass of each empty sieve was
recorded and the sieves were stacked into a large stadkeasmall stack, the arrangement of the stacks

can be seen iffable3-11. The powder was poured into the top sieve of the large stack and then placed
onto the sieve shaker. It was shaken at an amplitude of 50 Hz for 15 minutes. The mass of sieve and
powder on each sieve was recorded and the material on the sieves were collected. The material that was
smaller than 710 um was poured into the top sievetm smaller stack. This was then placed on the sieve
shaker and agitated at the same conditions as the larger material, with the mass of the sieves recorded
after the agitation period had finished.

Figure3-9 The Retsch sieve shaker with one of the sieve stacks used for PSD generation
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Table3-11 Sieve stacks used to generate the agglomerate PSD

Large Stack Sieve Size (um) | Small Stack Sieve Size (um)
2000 600

1700 500

1400 425

1180 355

1000 250

850 150

710 Collection Plate
Collection Plate (powder in this

plate is put into 600 um sieve i

small stack)

To generate the particle size distribution from the sieve data, the calculations shown in Equations 3.4 to
3.8 were performed.

a a 5 ap (3.4)
"Qr y—h (3.6)
0 i (3.7)
B
o L (3.8)
B

Where:

a is the mass of powder in size interva@l

& j mass of the sieve and powder recorded for sieve "Slze
A  mass of sieve siZ@

W j is the mass fraction of particles sige

"Qp is the mass frequency of particles of si2e

Y& is the difference between the interval of sifandQ p
of’is the average of the interv&&and™Q p

of is the mean particle size of the distuifion
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3.5.2 Agglomerate Imaging

The agglomerates were imaged using a Pixelink D7-15€Ahera with a TV lens 1/3" CS, the images were
captured using UScope x64 software. The cameraigés shown irFigure3-10. To generate the images,

a small sample of the powder was placed in a clear petri dish and the light was switched on to level 2. The
images were taken with overhead lighting against a blaadkfround at zoom length settings of 0.58x

and 2x. A scale bar was added using the UScope X64 software that has been calibrated to ensure accurate
measurements.

Figure3-10 The Pixelink camera sap usedfor obtaining agglomerate images

3.6 CFD Methodology

A comprehensive CFD software analysis, described in S@ctibi8.7 determined that ANSYS Fluevds

the preferred software for spherical agglomeration CFD studies. Using Fluent allows for CAD drawings of
geometry, mesh generation and pgstocessing all in one integrated packdgaghgoo, 2013Fluent is

also widely used industrially, and is maxser friendly than other available software, due to a larger
number of tutorials and resourcg¥Iug, 2014) A summary of all CFD simulations performed for this
research can be seenTrable3-6.

3.6.1 Principles of CFD Simulations

The popularity of CFD simulations to predict the suspension of particles in a stirred tank has increased
over the last 30 years as CFD predictions allow for design and optimisation of reactor ge@nhgigru

et al., 2021) It can also identify areas mhomogeneity in a system, which may pose a safety risk in some
processegEgedy et al., 2012)

To generate a CFD simulation for a stirred tank there are steps that need to be followed to produce
accurate simulations. The steps are:

1 Generation of thegeometry using CAD drawings

1 Meshing the system

1 Determine the governing equations, turbulence model and boundary conditions
1 Data analysis
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The geometry construction and meshing are crucial to the validity of the CFD simulation. To ensure that
the CFD simulain is an accurate reflection of the equipment that is simulated, there must be consistency
between the tank dimensions and properties.

Meshing of the system determines the accuracy of the simulation, but increased mesh density will lead to
increased comptation time (Parvizi et al., 2016)The two main approaches to CFD meshing are the
structured and unstructured approadi®adrehaghighi, 2018} structured mesh consists of hexahedral
elements that have implicit connectivity. The structured mesh apphas time consuming, especially for
complex geometries, which may need to be manually broken into smaller compof8agaowski et al.,
2018) An unstructured mesh consists of tetrahedral elements andunstructured mesh generation is built
in to many CPB software systems; therefore, the process can be automé®ednowski et al., 201.8fhe
tetrahedral shape of this mesh also allows for adaptation around complex geometries, and it is preferable
to use an unstructured mesh for moving meshes, such aslaimg impeller rotation(Sadrehaghighi,
2018) A structured mesh will require fewer mesh elements than an unstructured mesh to produce the
same simulation quality as hexahedral (structured) elements can be stretched further than tetrahedral
(unstructured) elements, without decreasing the quality of the simulation reg@tsnowski et al., 2018)

Agglomeration in suspension occurs in a multiphase system in which particles are suspended in a solvent,
and a bridging liquid is added to induce agglomierat To accurately reflect this, the CFD simulations
must consider multiphase flow. There are two main multiphase flow systems used in CFD simulations,
they are EuleriasEulerian, or Lagrangian. In the Eulerlamerian multiphase model, the solid partigle

are treated as a continuous phagéohel et al., 2012)The different phases are represented by their
volume fraction at different points in the system. The mass and momentum balances are solved for each
of the phases in the system using a Reynaldsaged approactiGu et al., 2020)The Lagrangian model
considers solid material as individual particles, and approximates hydrodynamic forces using single
particle empirical modelg§Gohel et al., 2012)Multiple studies have determined that a Lagramgia
approach requires greater computational time than an EuleEarerian approacl{Zhang and Chen,
2007; Xu et al., 2020)

As spherical agglomeration occurs in a stirred tank, the system will be in turbulent flow. To model this
correctly, theappropriate CFD turbulence model must be selected. One model that is commonly used for
CFD simulations of stirred tanks is thetkirbulence model. This model assumes that the average velocity
gradient is proportional to the Reynolds stré$srotwa andli, 2018) In this model, the turbulent kinetic
energy is the k term. The calculation (Equation 3.9) for the turbulent kinetic energy averages the
fluctuating turbulent velocity in three directions (represented in Equation 3.9fhyand 0. The
turbulent dissipation is represented by Equation 3.10 shows the calculation fgrin this equation the
turbulent kinetic energy is related to the area using the diamei®y {0 determine the turbulent
dissipation- (Gorman et al., 2021)

Q - o OfF ohf (3.9)

S — (3.10)

The k- turbulence model is popular due to it producing results that are reasonably accurate in a lower
computation time than dber turbulence model¢Torotwa and Ji, 2018Ywo important parameters that
need to be carefully considered when using the kurbulence model is the mesh near the wall and the
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wall treatment. These parameters influence the result of the turbulentriztary layer(SadineRiquelme
et al., 2022) The k- turbulence model has produced some inaccurate results for recirculating flows,
leading to variations of the-k model being developefl_ane, 2017)

Another turbulence model that can be used it model. In this model k still refers to the turbulent
kinetic energy, but is the turbulent frequencyLee and Wahab, 2019)he k| model estimates the
solution at the start of the run and has been shown to have difficulty converging to tiosolOften the
k- - model is run first and the solution of this is used as input for K~or flows that demonstrate strong
curvature, the K model has improved accuracy compared to the knodel (Monk and Chadwick,
2017)

3.6.2 Geometry Constructio

Construction of the various stirred tank geometries was performed in ANSYS Design Modeller 2019 R2,
allowing for easy integration of the geometry into the CFD simulation through ANSYS Worlihguad.

3-4 shows a schematic of the stirred tank, and the dimensions of the tank are shdwablegB-3. Changing

both impeller geometry and clearance resulted in construction of twenty stirred tank geomelabte

3-12 shows the 20 stirred tankonfigurations constructed to determine the influence of impeller
geometry on flow characteristics.

Table3-12 Various impeller configurations in the stirred tank geometries produced for the spherical aggtion CFD study

Impeller Geometry | Impeller Clearance (mm)
18
20
FlatBlade 25
27
30
18
20
Propeller 25
27
30
18
20
RushtonTurbine 25
27
30
18
20
PitchedBlade 25
27
30

64| Page



Figue 3-11 shows CAD drawings for the stirred tanks with the various impeller geometries. It can be seen

that there is a smaller cylindrical region inside the tank which is not present in an experiragstiam.

¢tKA&a NBIA2Y ol a O2yaidNHOGSR G2 104G Fa Yy aAYyYSN F
to mimic the rotation of the impeller; the inner domain dimensions ardatle3-13. These dimensions

were chosen to allow for the rotation to occur in the bulk of the fluid. As the inner domain will rotate

during simulations, it could not touch the bottom of the tank, or the baffles.

(a) (b) (c) (d)

Figue 3-11 CAD drawings of the four impeller types simulated, with the laboratory equipment impellers shown below(a) flat
blade, (b) propeller, (dRushtonturbine and (d) pitcheéblade

Table3-13 Dimensions of the inner domain for the CFD simulations

Description Value
(mm)
Inner Domain Height 142
Inner Domain Diameter 70
Inner Domain Clearance 2

3.6.3 Mesh Construction
Due to the complexity of the geometry, an unstructured, tetrahedral mesh shape was used for the CFD
simulations. This meshing approach was selected as it is more suitable for geometries with a rotating
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component(Sadrehaghighi, 2018¥igure3-12 shows a cross section of the tank with a tetrahedral mesh.
A mesh density analysis was performed to determine the optimal mesh size abesgrof this is detailed
in Sectior3.6.5

u 0.1 (=)
)

Figure3-12Image of the tank cross section with an tetrahedral mesh that was used for CFD simulations

3.6.4 Simulation Construction

ANSYS Fluent 2019 R2 was used for the CFD simulations. The stirred tank was simulated as an Eulerian
Eulerian multiphase system, with water as the primary phase, and sphaadid particles as the
secondary phase. The solid properties were chosen to reflect the size and density of spherical
agglomerates produced when the 52 um PMMA beads were the primary particles. The solid density was
given as 1200 kg/fas this is the desity of PMMA. Monosized particles were used to reduce the
computation time of the simulations. The patrticles size was specified as 500 um due to this being the
minimum size that is considered a spherical agglomerate when 52 uym PMMA beads are used as the
primary particles.

Calculations of the impeller Reynolds number showed that the mixing behaviour in the system was
turbulent as it ranged from 12,500 at 300 rpm to 25,000 at 600 rpm. Botlktheand k-1 turbulence

model were tested for one CFD simulation. Thepkilon model was used for all CFD simulations in this
work as there was little variation in the results of the two models, amghdilon produced a solution in

less time than fomega.

In Table3-14, the residual for the continuity equation is higher than the other residuals due to the mixing
induced transient nature of the system. This resuitfluctuations that influence the convergence of the
continuity equation more than other residualsassaveraged properties of the solid and liquid are
classified as a mixture phase; the mixture is the input for the continuity equation (Equationr8sidfing

in fluctuations for the continuity resul{Stuparu et al., 2021)he agitation in the system also results in
fluctuations in the continuity equation, as it will influence the velocity vector for each phase.
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S (3.11)

Where:

| is the volume fraction for phasg
" is the density for phasg

b is the velocity vector for phasg

Table3-14 Settings in Fluent used for all spherical agglomeration CFD sinmsglatio

CFD Setting Value
Multiphase Model EulerianEulerian with two phases
Viscous Model Standard kepsilon turbulence model for a dispersed multipha

preliminary simulations were performed withdimega
turbulence model for comparison but this did riafluence
results so kepsilon was used for simulations of the 60 impelle
configurations

Fluid Properties (modelled Density: 998 kg/rh

on water) Viscosity: 0.001003 kg/m.s

Solid Properties (assumin{ Density: 1200 kg/rh
PMMA spherical particles) Particle Size: 500 um

Phase Interactions Virtual Mass Modelling
Coefficient: 0.5

Cell Zone Conditions Inner Domain: Frame Motion, rotation axis direction 1, rotatio
speed is desired impeller speed
Outer Domain: rotation axis direction 1

CellRegisters Cylindrical region around impeller blades
Radius: 0.025 m
Height: 0.015 m

Method Scheme: Phase Coupled SIMPLE
Gradient: GreerGauss Cell Based

Initialization Solids inserted in cell register region

Residuals Continuity:1e03

u-solid,v-water, w+solid, wwater, w-solid, energypl, energyp2,
k-water, epswater, visolid: 1e05

Initial Conditions Solid Volume Fraction: 0.1

Water Temperature: 300 K

Solid Tempetature: 300K

Water Turbulent Kinetic Energy: 2/is?

Water Dissipation Rate:rh?/s®
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AsTable3-14shows, the fluid system was assumed to have the same viscosity as water, and was simulated
as a Newtonian fluid. The values ofteladensity and viscosity were used because the CFD simulations
were performed as if the spherical agglomerates had already been formed, therefore, the amount of
bridging liquid in the system was considered negligible. The viscosity in the system wasdssie
constant as water is a Newtonian fluid so it will have constant viscosity as agitation force is afipdied.
CFD simulations were validated by running an experiment avithixturemonosized redand clearglass

beads suspended in water, the systaasrecorded,and the movement of theed beads was tracked in

each frame Appendix B Impeller Geometry CFD Analysimws a sequence of frames used in the CFD
validation.

3.6.5 Mesh Density Analysis

The mesh for the created geometry occurred in ANSYS Mesher 2019 R2. The various areas of the tank
geometry weref 0 St t SR +a abl YSR {SOGA2ya¢ Ay ' b{,{ aSak
areas of contact between the different zones in the stirred tank. Contact sizing mesh was applied to the
system due to there being contact between the moving area, classfethe inner domain, and the

stagnant area, classified as the outer domain. The inner domain contains the agitator and the bulk of the
moving fluid. The outer domain consists of the tank walls and baffles. A tetrahedral mesh was chosen for

this system du¢o the flexibility of mesh construction, and the ability to simulate moving meshes to allow

for impeller rotation(Sadrehaghighi, 2018)

Having a finer mesh will increase the accuracy of the results but will result in increased computational
time. Simuhtions performed had the same sap parameters at various mesh sizes until the results
converged. This ensured that the mesh was sufficient to produce accurate results, whilst also ensuring
that the computational time was not too long. The simulationsdtermine the ideal mesh density
analysis simulated a flat blade impeller at a 25 mm clearance and an impeller speed of 450 rpm. Further
CFD simulations used the best performing mesh from the mesh density analysis investigatiie8-15

shows the number of nodes and elements in the mesh for different mesh sizes, a graphical representation
of the mesh density is shown Figure3-13. FromTable3-15, it can be seen that as the mesh size
decreases, the number of nodes and elements increases rapidly. The increased mesh density, shown in
Figure3-13, reflects this increase.

Table3-15 The number of nodes and elements for different mesh sizes tested as part of the mesh density analysis

Mesh Size (mm) Number of Nodes Number of Elements
6 10,487 46,898

5 17,329 81,483

4 30,868 151,303

3 66,917 341,675

2 207,652 1,110,692

1 1,495,923 8,436,968
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Figure3-13 Schematics from ANSYS Mesh 2019 R2 for the various meshes tested as part of the mesh density analysis

3.6.6 Influence of Impeller Geometry Study CFD Simulations

The Mesh Density Analysis determined that a tetrahedral mesh with 4 mm mesh size was the best choic
for the parametric CFD study. The geometries listefable3-12 were simulated at 3 impeller speeds of

300 rpm, 450 rpm, and 600 rpm. A literatwstidy investigated the impeller speeds used most often for
spherical agglomeration studies of a similar volume. This study found that speeds between 200 and 700
rpm were most common; the number of studies that use different impeller speeds can be degarin

3-14. The three impeller speeds for the different impeller configurations resulted in 60 CFD simulations
performed as part of this thesis.
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Figure3-14 Impeller speed against number of experimental spherical agglomeration studies of similar liquid volume to the
studied system

3.6.7 PBM Construction Simulations

Results from the 60 simulations of the paratric study produced fitting correlations for the velocity in
the tank based on impeller characteristics. As these curves were fit withord2r polynomial trendline,
additional simulations were performed to increase the applicability of this trendkud details on the
development of the fitting curves, and the additional simulations ait€hapter 6of this thesis.
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Chapter 4 Experimental Investigation into the Influence of Impeller
Characteristics on Spherical Agglomeration

4.1 Introduction

From the literature review conducted {Dhapter 2 it was found that due to the system specific nature of
spherical agglomeration, the majority of research has focussed on determining the ideal solvent system
to produce agglomerates. Thestudies have been useful in understanding parameters that influence
agglomeration kinetics, however, there is little consistency in the equipment design. Spherical
agglomeration occurs when an immiscible bridging liquid is added to a suspension of cifystals.
successful agglomeration, there must be good contact between the bridging liquid and the crystals. A
stirred tank system is commonly used for spherical agglomeration. In this equipment, the contact between
the bridging liquid and crystals will be hdsvinfluenced by the impeller characteristics. The aim of the
work in this chapter is to investigate different impeller geometries, clearances and speeds to determine
the influence that these parameters have on the formation of spherical agglomerates.

Inthis work, four different impeller geometries were investigated. The selected impellers were a flat blade
impeller, a propeller impeller, Rushtonturbine impeller and a pitched blade impeller. These impellers
were chosen as they promote different flovagerns in the tank. Th&kushtonturbine and flat blade
impeller promote radial flow, whilst the pitched blade and propeller impeller promote axial (iam

Wagzer et al., 1995; Couper et al., 2012; Grenville et al., 20he) different impeller geomdtrs were all

tested at clearances of 18 mm, 20 mm, 25 mm, 27 mm, and 30 mm with impeller speeds also being varied
at 300 rpm, 450 rpm and 600 rpm. For each of the impeller conditions, toluene was added as the bridging
liquid to a suspension of PMMA beadswater, and the system was agitated for 45 minutes. Se@i8n

details the full experimental methodology.

Figure4-1 Image of the different impellers used in the experiments, from left to rigttet blade, propellerRushtonturbine,
pitched blade

From the experimental methodology (Secti8r8), 60 experimental conditions were investigated. Two
repeats were performed for the experiments at 450 rpm and 25 mm clearance for each imjfietielata

for these repeats, and standard deviations for the averages is given in Apperdixhie repeated data
was within an acceptable deviation, no repeats were performed for other conditions due to the large
guantity of experiments this would havequired. In this chapter, the results for each impeller are in
individual sections, and a comparison of the results is given in Settoithe PNMA beads used for
these experiments are 52m. Therefore, any material in the particle size distribution (PSD) less than 500
p1m is not considered a spherical agglomerate, even though it will have undergone growth.
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To determine which impeller is most effe@ at generating spherical agglomerates, the following criteria
will be considered; the agglomerates are sized between>0@&nd 1000>m, there is a low value of the
PSD span and the agglomerates are consistently spherical in shape.

4.2 FlatBlade Impeller

The flatblade impeller is a radial promoting impeller that has four blades with & iich. The PSD
obtained for the spherical agglomeration experiments at different impeller clearances at an impeller
speed of 300 rpm is shown Figure4-2. For an impeller speed of 300 rpm, there is a large portion of
primary material for all impeller clearances, with 18 mm having the largest frequency of fine powder
the PSD. FrorRigure4-2, it can be seen that for systems with an impeller speed of 300 rpm, clearances
of 20 mm and 25 mm give the narrowest sdistribution and produces the greatest mass of spherical
agglomerates. IRigured-2, it can be seen that there is the lowest amounpamary material when the

flat blade is used with an impeller clearance of 30 mm, however the PSD peaks for 30 mm are under 500
pum, suggesting limited agglomeration at this clearanBeclearance of 27 mm is the only one that
produces a definitive peak th# greater than 50Qm.
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Figure4-2 PSD for agglomerates produced by the flat blade impeller at a speed of 300 rpm for different clearances

The flat blade impeller rotating at 450 rpm forms more agglortesdetween 50Qum and 1000 pnfor

all clearances compared to a speed of 300 rpigure4-3 shows the PSDs for agglomerates produced
with the flat blade impeller at different clearances with a speed of 450 rpm. In this figure, the clearances
of 18 mm and 30 mm have the lowest fraction of unagglomerated material, with the 30 mm clearance
having the narrowest PSD.
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At a speed of 450 rpm, the clearance2® mm produces the largest portion of fine material whilst also
producing large agglomerates.figure4-3, the clearance of 27 mm has the broadBSD. This broad size
distribution may be due to a clearance of 27 mm being a transition point in the flow pattern. Multiple
studies have determined that a C/D ratio of 0.3 influences the shape and height of flow patterns for
different impeller geometriedt has been found that lower clearances increased particle suspension with
a flat blade impelle(Devarajulu and Loganathan, 2016)
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Figure4-3 PSD for agglomerates produced by the flat blade impeller at a speed of 450 rpm for different clearances

At an impeller speed of 600 rpm, a clearance of 25 mm and 30 mm produce a fairly consistent PSD, with
the 30 mm clearance producing larger granules tan be seen iRigured-4. The agglomerates produced
at 25 mm and 30 mm clearance have a peak at approximatelyufhOBoth clearances see a rapid
decrease in the mass frequency from 550 um to 700 um. The PSD for 30 mm clearance has more
agglomerates over this size than at the lower clearance, suggesting the increased clearance has less

efficient mixing. The larger agglomerates at a clearance of @0compared to 25 mm can be seen in
Figure4-5.

The clearance with the greatest portion of fines is with a clearance of 27 mm. This could be dige to th
clearance being a transition point between flow patterns. In a study by Devarajulu and Loganathan, 2016,
it was observed that increasing the impeller clearance reduced particle suspension when a flat blade
impeller was used. This is due to an increasespension power being required by a flat blade impeller

as the clearance increas@Shudacek, 1985)

Clearances of 18 mm and 20 mm have a similar PSD. For these clearances there is a relatively broad peek
between approximately 60am and 1800 um, witthe maximum mass frequency at 110 um. This peak
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suggests a fairly uniform distribution of agglomerates, but they are much larger than at the clearances of
25 mm and 30 mm, this can also be seeRigure4-5.

0.005
0.0045 -
0.004 4
0.0035 -
g
? 0.003 + —18 mm
(O]
% 0.0025 - —20 mm
i —_—
7 0.002 4 25 mm
g —27 mm
0.0015 - 30 mm
0.001 4
0.0005 -
O T 1

0 500 1000 1500 2000 2500
Particle Size (um)

Figure4-4 PSD for agglomerates produced by the flat blade impeller at a speed of 600 rpm for different clearances

Figure4-5 shows images of spherical agglomesaproduced by the flat blade impeller at varied impeller
speeds and clearances. From this figure, it can be seen that an impeller speed of 300 rpm is not as effective
at producing spherical agglomerates as increased impeller speeds. This is demorisgrdteck being a

few large agglomerates and a large mass of unagglomerated material. The agglomerates produced at 300
rpm are also of lower sphericity than agglomerated formed at increased impeller speeds.

The impeller condition that produces the best &ggerates appears to be an impeller speed of 600 rpm,
with a clearance of 25 mm. These agglomerates are spherical in nature and the most consistently sized.
The consistency in size is also showhifgured-4, as the agglomerates produced at a clearance of 25 mm
have the narrowest size distribution, and the lowest mass frequency of fine material. The increase in
impeller clearance resulting in difficids with particle suspension for a flat blade impeller has been
observed in multiple studiegChudacek, 1985; Devarajulu and Loganathan, 206}the study by
Devarajulu and Loganathan, 2016, it was observed found that the ability of a flat bladesimpslispend
particles decreases at an impeller clearance to diameter ratio (C/D) above 0.3.

The highest impeller speed of 600 rpm will induce more shear on the system, increasing the consolidation
and potential breakage of agglomerates, leading to a lopegticle siz€Chaterjee et al., 2017Breakage
phenomena in spherical agglomeration has not been investigated as well as the other mechanisms of
formation, consolidation and growth.
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Figure4-5 Images of agglomerates formed with the flat blade impeller at varied impeller speeds and clearances, the red scale ®anis 100
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Figured-6 shows the average particle sizhd) for the agglomerates produced using a flat blade impeller

at the various impeller speeds and clearances tested. The average size of agglomerates produced at a
clearance of 18 mm and speed of 300 rpm is just under 10Q@n although the mass frequency of
particles is highest for sizes lower than 250 (Higre4-2). This is due to ik system also producing very

large agglomerates due to inefficient mixing.

As Figure4-6 shows, the largest average agglomerate size for all clearances other than 20 mm is for
agglomerates produced at 450 rpm. Fréiigure4-5, the agglomeates produced at 450 rpm appear to

be more consistently spherical than agglomerates produced at 300 rpm, there is also less fine powder for
450 rpm agglomerates than those formed at 300 rpm. The increase in size between the agglomerates and
300 rpm and 450pm may be due to the increased impeller speed resulting in more contact between the
primary particles and bridging liquid. Figure4-6, it can beseen that the agglomerates produced at 600

rpm are on average smaller than those at 450 rpm. This could be due to the increased impeller speed
increasing the shear in the system, promoting consolidation and breakage of agglomerates, this
phenomenon has atsbeen observed in Chaterjee et al., 2017.
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Figured-6 Average particle size for the flat blade impeller experiments at different impeller speeds and clearances, the
standard deviation of the repeatsifthe experiment at 25 mm and 450 rpm was 0.441

4.3 Propeller

The propeller impeller has 3 blades at a°@ihgle from the impeller shaft and it promotes axial flow in
the tank. As discussed in SectidriO, axial flow is a single loop flow pattern and is thought to give
improved solid suspension compared to double loop (radial) flow impéNépatante et al., 1999; Zhu et

al., 2019) Figure4-7 shows the PSD for spherical agglomerates produced using the propeller impeller at
a speed of 300 rpm with different clearanceskFlgured-7, it can be seen that all impeller clearances have
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a large mass density of fine powder at impeller speeds of 300 rpm. For impeller clearancesrof 28

mm and 30 mm, the majority of the sieved material are unagglomerated fines (#&p0Clearances of

20 mm and 25 mm still have a large portion of unagglomerated material, but they also have very large
masses of agglomerated material. The large porbtf fines together with very large agglomerates is due

to inefficient mixing in the system. Botfigure4-7 and Figure4-10 show that there is limited successful
agglomeration for the propeller impeller at a speed of 300 rpm and, therefore, this configuration should
not be considered for further $perical agglomeration studies. CFD simulations of this configuration were
still performed to determine the velocity profiles in the tank (Chapter 5).
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Figure4-7 PSD for the propeller impeller with an impeller speed of 300 rpm at various clearances

In Figure4-8, the PSD for the propeller impeller at a spedd450 rpm can be seen for all five of the
impeller clearances tested. When comparfrigure4-8 with Figure4-7, it is evident that a speed of 450

rpm greatly reduces the number of fines in the system, and also increases agglomerate formation. This is
also corroborated b¥rigure4-10. The lowest portion of fine material for the propeller impeller at 450 rpm

is with an impeller clearance of 30 mm. The agglomerates produced at this clearance @ppedarger

and more consistently spherical than agglomerates produced at lower clearances.

For clearances of 25 mm and below there is a trimodal size distribution. The first peak for these
distributions are below 25Qm; this is unagglomerated primanmpaterial. There is then a peak at
approximately 500 pm, with the third one at 1000 um. These peaks are likely due to poor mixing between
the primary particles and the bridging liquid leading to inefficient bridging liquid distribution.
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Figure4-8 PSD for the propeller impeller with an impeller speed of 450 rpm at varied impeller clearances

Figure4-9 shows the PSD for the propeller impeller at different clearances with a speed of 600 rpm.
Impeller clearances of 27 mm and below have a bimodal distribution. For these clearances there is a high
mass frequency of particles below 2A6. This is unaggmerated material due to inefficient mixing.

Clearances of 18 mm and 20 mm have a peak at approximately 500 um. This suggests that although there
are lots of fines at these clearances, there is still successful agglomeration. This suggests that e impell
flow characteristics are not sufficient to provide efficient mixing and contact between the bridging liquid
and the primary particles. The higher clearances, 25 mm and 27 mm, have their second peak over 1000
pm; this is due to coalescence between aggioates leading to larger agglomerate structures.

The impeller clearance of 30 mm gives a trimodal distribution for the particle mass frequency. This
clearance also has a relatively large portion of fine material, but also has two further peaks in the
digribution, one at approximately 1100 pm and the final peak at approximately 1550 pm. These peaks
suggest that there is inefficient mixing of the bridging liquid and the solid particles.

Although there is still a high portion of fines for all clearanclestd are fewer fines at 600 rpm than at

300 rpm Figure4-7). This can also be seen by comparing agglomerate imagegiired-10. The reduction

in fines at higher impeller speeds is due to the particles having a higher collision velocity. From Equation
2.15, it can be seen that increasing the paeticollision velocity will increase the adhesive force between
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agglomerates, resulting in more successful agglomerations in the syBiamdin et al., 2005; Ahmed et
al., 2023)
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Figure4-9 PSD for the propeller impeller at different clearances with an impeller speed of 600 rpm

Figure4-10 shows images of thagglomerates produced with the propeller impeller at different impeller
speeds and clearances. It can be seen that an impeller speed of 300 rpm is insufficient for successful
agglomerate production. The many fine particles with a few, very large agglteseira the images
suggest that some particles are not suspended and therefore there is no contact with bridging liquid,
whilst others are overwetted, resulting in oversized agglomerates. The lack of suspension may be due to
some areas of the tank operatirag velocities under the critical particle suspension velocity. Chapter 5
presents the results of a corresponding CFD investigation into the influence of impeller geometry on
velocity profiles in the tank.

In Figure4-10, the agglomerates for all impeller clearances and speeds are not as spherical as ones
produced using a flat blade impelldfigure4-5). The lack of sphericity for these agglomerates may be
due to the propeller impeller not imparting sufficient shear on the system to induce consolidation within
the agglomerate¢Dogon and Golomiyg 2015)
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Figure4-10Images of the agglomerates formed using the propeller impeller at varies impeller speeds and clearances, the scalethanis 100
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InFigure4-11, the average size of the agglomerates at varied impeller speeds and clearances can be seen.
There is not a clear correlation between the impeller clearance and speed with the average particle size.
This is due to the bimodal and trimodal distriltons present in all PSDs. As can be seen in most
agglomerate imaged-{gure4-10), all impeller configurations have a wide variety of particle skaged

sizes. This shows inefficient mixing in the system as not all particles were able to contact the bridging
liquid.

The images ifrigure4-10andthe mean particle size shown figure4-11 suggest that an impeller speed

of 600 rpm and a clearance of 25 mm would be the optimal impeller configuration for spherical
agglomerate production with a propeller impeller. The agglomerates produced under these conditions
are the most consistently sphieal in shape and have an average particle size ovepbs0QQvhilst being

under 1000 um. The PSDHigure4-9 however, shows that the majority of sied material is either under

250 pm, with the large size peak being over 1000 um. This bimodal distribution suggests that even though
these agglomerates appear consistent in shape, the propeller impeller is not an ideal impeller geometry
for spherical aggimeration.
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Figure4-11 Average particle size for the propeller impeller at various impeller speeds and clearances, the standard deviation of
the repeats for the experiment at 25 mm and 450 rpm was 0.592

4.4 RushtonTurbine

TheRushtonturbine impeller is an impeller that promotes radial flow. It has a disc perpendicular to the
impeller shaft, and six blades coming from the shaft and through the disc dttddfe pitch. Th&ushton
turbine used for this workan be seen in Figure33

Figure4-12 shows the PSD of spherical agglomerates produced ugtgshtonturbine impeller with an
impeller speed of @0 rpm at different impeller clearances. At an impeller speed of 300 rpm, there are still
fines present in the system for each impeller clearance, but they have all been successful at forming
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agglomerates as every distribution has a peak above |500 The 25 mm clearance has the largest
proportion of fines in the system, suggesting that this clearance does not promote even mixing and
particle suspension throughout the tank.

A clearance of 30 mm produces the largest agglomerates, with two of th&speathe trimodal
distribution being over 1000 um and 1500 um. There are still fines produced with this impeller clearance
however, this is the lowest mass frequency of fines. The reduction in fines and production of larger
agglomerates at a 30 mm cleaee may be due to this being the only tested clearance that produces a
double loop flow patter(Montante et al., 1999; Zhu et al., 2019)
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Figure4-12 PSD for the agglomerates produced with Reshtonturbine at different clearances with an impeller speed of 300
rpm

The agglomerate PSDsHigure4-13 are for agglomerates formed withRushtonturbine at an impeller

speed of 450 rpm, at different impeller clearances. An impeller clearance of 20 mm produces the least
amount of fines, and has a relatively narrow distribution that peaks at approximatelyu®5d he low
portion of fines with a narrow distoution suggests that this impeller configuration provides increased
contact between the bridging liquid and primary particles in comparison to other systems. Due to the low
clearance of this impeller, thRushtonturbine will be generating a single loop\ pattern within the

tank, which is considered to be beneficial for particle suspen@ftmtante et al., 1999; Zhu et al., 2019)

At 450 rpm, the largest portion of fines produced with tRashtonturbine are at an impeller clearance

of 30 mm. This is at a C/D value of 0.33 which will result in a fully formed double loop pattern. This double
loop may be reducing the suspension of particles in comparison to lower clearances, resulting in fewer
particles having contact with the bridging liqidontante et al., 1999; Zhu et al., 2019)
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Figure4-13 PSD for spherical agglomerates formed usiftuahtorturbine at 450 rpm impeller speed, with variodgarances

Figure4-14 shows the PSD for spherical agglomerates produced usiRgshtonturbine impeller at
different clearances, with an impeller speed of 600 rpm. The PSD for an 18 mm clearance is similar to the
PSD for an 18 mm cleararReshtorturbine at 300 rpmFigure4-12), however, the 600 rpm distribution

has a third peak at approximately 13Qén. Thisthird peak suggests that whilst the clearance of 18 mm
gives the fewest fines, and the bulk of the agglomerates are between 500 um and 900 um, there is a
significant portion of oversized agglomerates. The presence of oversized agglomerates suggestehat th

is not even dispersion of bridging liquid throughout the tank, resulting in some particles being able to
agglomerate more than others.

The impeller clearance of 27 mm at 600 rpm gives a PSD with 4 peaks. In this distribution, two of the peaks
are belav 500 pm, suggesting a large amount of fines in the system. The most prominent peak is at
approximately 900 um, with a shallower peak at 1500 um. The values of these peaks demonstrate
inefficient mixing in the system resulting in oversized agglomeratesaalailge portion of fines. The
clearance of 27 mm is at a C/D value of 0.3, this clearance is the transition point between a radial flow
impeller producing a single loop flow pattern or a double loop flow pattern. Operating at this transition
point may hae resulted in fluctuations and variations in flow pattern over the course of the experiment,
leading to inefficient mixingMontante et al., 1999; Zhu et al., 2019)
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Figure4-14 PSD of spherical agglomerates produced usiRgshtonturbine at 600 rpm with various clearances

Figure4-15 shows images of the spherical agglontesaproduced using Rushtonturbine at different
impeller speeds and clearances. The majority of the agglomerates in these images are spherical in
appearance, with the nospherical agglomerates being considerably larger than the bulk of the
agglomeratesThe larger agglomerates, with lower sphericity, will have been formed by coalescence of
the spherical agglomeratd®itt et al., 2018; Cheng et al., 2020)

The agglomerates formed at a speed of 600 rpm and a clearance of 27 mm have a broad ramge of siz
this matches the PSD shownRigure4-14. This image contains very large coalesced masses, as well as
primary material and smaller agglomerategnabnstrating the inefficient suspension of particles, and
dispersion of bridging liquid at this condition. Agglomerates produced at the same speed, with a 30 mm
clearance have a narrower distributioRigure4-14) and the agglomerates are more consistent in shape
and size Figure 4-15). This sugges that the clearance of 27 mm is undergoing a transition and
fluctuations between double and single loop flow patterns, causing ineffective ni¥iogtante et al.,

1999; Zhu et al., 2019)

Although the PSDs for 18 mm at 300 rpm and 600 rpm wernéasjrthe images of the agglomerates show

that the 600 rpm agglomerates are more consistently spherical in shape. The improved sphericity at 600
rpm can be due to the increased impeller speed causing more consolidation in the gyidtathand
Rasmuson, 2IP; Saini et al., 2013Yhe consistency in the size and sphericity of agglomerates may be
improved with a longer mixing tim@efia and Nagy, 2015)
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Figure4-15Images of spherical agglomerates forngith the Rushtorturbine impeller at various impeller speeds and clearances, the scale bar isid000
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The average particle size for the spherical agglomerates produced ustoghraonturbine at various
impeller speeds and clearances can be seeRigure4-16. The mean for the majority of the impeller
configurations in between 580m and 870 um. The consistency across clearances and impeller speeds
suggest that flow patterns and velocities produced bRashtonturbine impeller are beneficial for
promating contact between the primary particles and the bridging liquid, inducing agglomeration.

Rushtonturbine impellers have increased power consumption. It has also been found that increased
Rushtonturbine clearances will increase the power requiremefidsvarajulu and Loganathan, 2016)

the spherical agglomeration PBM by Ahmed et al., 2023, the power consumption is used to estimate the
energy dissipation in the system (Equations 6.2 to 6.4). The energy dissipation is used for calculating
velocity ofparticle and fluid interactions, as well as the separation f¢Rlandin et al., 2005; Arjmandi

Tash etal., 2019; Ahmed et al., 20ZR)erefore, increased clearance will increase the power consumption

in the system, resulting in higher velocitieslie system. Increased velocities will result in more successful
collisions, and consolidation of the agglomerates.

The impeller speed of 300 rpm at a clearance of 30 mm gives agglomerates with a mean size of 1410 pum.
In the PSD for this configuratioRigure4-12) there were 3 peaks; one was the fines, and the other two
were both over 1000 um. The agglomerate imadégure4-15) show that agglomerates produced at 300

rpm with a 30 mm clearance are consistently large, and mostly spherical. The large agglomerates may be
due to the increased clearance causing high powensumption, and therefore increased collision
velocities(Devarajulu and Loganathan, 201&he system however, is at a low impeller speed so there
may not be sufficient shear to induce agglomerate breakage or consolidation, reducing the number of
finesas proposed by Chaterjee et al., 2017.
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Figure4-16 Average particle size of agglomerates formed usingRhshtonturbine impeller at various impeller speeds and
clearances, the standard deviation titrepeats for the experiment at 25 mm and 450 rpm was 0.19
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4.5 PitchedBlade Impeller

The pitched blade impeller for this work has four blades that exit the shaft at ‘abdede pitch; this
impeller can be seen in Figures3Figure4-17 shows the PSD of spherical agglomerates produced with a
pitched blade impeller at 300 rpm with various impeller clearances. It can be seen that clearances of 18
mm, 20 mmand 30 mm had large mass frequencies of fines in the PSD. There was some agglomeration
occurring at a clearance of 25 mm. However, this peak is belowshd is considered unagglomerated
material.

All clearances produced some agglomerated material (greater than 500 um) at a speed of 300 rpm, but
the mass of this is much lower than the mass of fines produced. A clearance of 27 mm was most effective
at producing agglomerates as it has two peaks &0 pm. The 27 mm PSD is a trimodal distribution
which shows that even though this clearance was the best of the system, it still had mixing inefficiencies
in the tank.
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Figure4-17 PSD for the spherical gipmerates formed with a pitched blade impeller at an impeller speed of 300 rpm at various
impeller clearances

Figure4-18 shows the PSD for pitchedblle impeller agglomerates produced at a speed of 450 rpm with
different impeller clearances. For each clearance tested, the PSD has a bimodal distribution. The first peak
for all clearances is below 2%0n, meaning that there was still unagglomerated firadter 45 minutes of
agglomeration time.

As can be seen fRigure4-18, the second peak of the bimodal distributions was lowest for a clearance of
27 mm. This second peak was also the narrowest distribution for the 450 rpm impeller speed with a
pitched blade impeller. This suggests that an impeller clearance of 27 mm for a 450 rpm impeller speed
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promotes improved mixing between the bridging liquid godimary particles. A study by Kresta and
Wood., 1993 found that at an impeller clearance that is 30 % of the tank diameter, the flow pattern
reaches both the top and bottom of the tank, increasing suspension. As the tank diameter is 90 mm, a 27
mm clearalce will be 30 % of the tank diameter, resulting in a full circulation loop of the tank. This full
single loop will draw down less dense material and suspend any settled particles, resulting in even mixing
between the bridging liquid and particléisresta ad Wood, 1993)
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Figure4-18 PSD for the pitchebBlade impeller spherical agglomerates formed at impeller speed of 450 rpm and various
impeller clearances

Figure4-19 shows the BD for agglomerates produced with a pitched blade impeller at a speed of 600
rom with various clearances. All clearances produce a bimodal distribution, with the first peak
representing unagglomerated material under 50&. The other peak for all cleararsces over 900 pum.

This suggests that the higher impeller speed increases particle suspension, encouraging contact between
the bridging liquid and primary particles, inducing agglomeration.

The 27 mm impeller clearance has the fewest fines in the systachassymmetrical second peak. This
suggests that this impeller clearance increases the suspension of particles, resulting in better
agglomeration. The improved suspension is due to the clearance to tank diameter ratio being 0.3. This
value allows for theiggle loop pattern of the axial system to cover the full liquid he{¢lnésta and Wood,

1993)
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Figure4-19 PSD of spherical agglomerates formed with a pitched blade impeller at different impellemdesyavith an
impeller speed of 600 rpm

Figure4-20 shows images of the agglomerates formed using a pitched blade turbine at various impeller
speeds ad clearances. Fromaigure4-20, it can be seen that for all impeller speeds the 27 mm clearance
produces agglomerates that are relatively consistent in shape and size. As previously mentioned, a
clearance of 27 mm will ghva clearance to tank diameter ratio of 0.3. This ratio allows for the flow in the
tank to cover the full range of liquid depth, improving mixing between the particles and bridging liquid
(Kresta and Wood, 1993)

An impeller speed of 300 rpm is natffcient for successful spherical agglomeration using a pitched blade
impeller, this can be seen in boHigure4-17 and Figure4-20. InFigure4-20, the images at 300 rpm have
large masses ofrfe material with a few, very large agglomerates. This shows that this speed is not able
to induce agglomeration. One reason for this is that the system may be operating under the critical
impeller speed for particle suspensiod (). CFD simulations we performed for the 60 impeller
configurations to investigate the velocity profiles in the tank. The results of the CFD study are shown in
Chapter 5.
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Figure4-20Images of the spherical agglomerates formed using a pitched blade impeller at various impeller clearances and speedshéinéssta0m
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The average particle sizes for the agglomerates produced at different impeller speeds and elearndmc

the pitched blade impeller are shownfigure4-21. The average patrticle size of agglomerates at 300 rpm
are consistently smaller than agglomages produced at higher impeller speeds. The unsuccessful
agglomeration at low impeller speeds is due to these speeds producing insufficient shear to induce
agglomeration and consolidatidibogon and Golombok, 2015)

Agglomerates produced at 450 rpmveaan average particle size between §0fh and 800 um for all
impeller clearances, with the clearance of 27mm producing the smallest average agglomerate size. From
Figure4-20, the agglomerates produced at a clearance of 27 mm and a speed of 450 rpm have increased
sphericity in comparison with agglomerates produced at different clearances with a speed of 450 rpm.

At impeller speeds of 600 rpm, the agglerates are generally larger than agglomerates formed at lower
speeds. The exception to this, is the average size at a clearance of 20 mm. This may be due to the PSD at
600 rpm being wider yet shallower than the PSD for the same clearance at 450 rpiguied-19, the
agglomerates produced at a clearance of 20 mm and 600 rpm have a wide PSD (750 um to 1750 um) but
at a very low mass frequency of 0.01. This is different to the agglomerates at 20admMb@&npm as they

have a narrower distribution (500 pm to 1250 um) but the maximum frequency is much higher at
approximately 0.025 at a size of 800 um.

1200

1000 A

800 A

600 A W 300 rpm

d,3(>m)

m450 rpm

W 600 rpm
400 -

200 A

18 mm 20 mm 25 mm 27 mm 30 mm

Impeller Clearance (mm)

Figure4-21 Average particle size for spherical aggerates formed with a pitched blade impeller at different impeller speeds
and clearances, the standard deviation of the repeats for the experiment at 25 mm and 450 rpm was 0.463
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4.6 Discussion

The span of the particle size distribution quantifies the sprefithe data, and it is calculated using
Equation 4.1Figure4-22 shows the calculated PSD span for the different impeller geometries, speeds and
clearances.

YN wé (4.2)
Where:

‘Q is the diameter that 90 % of the distribution is smaller tham)

‘Q is the median of the particle size distribution; 50 % of the particles are smaller than thismize (
‘Q is the diameter that 10 % of the particles are smaller thram)(
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Figure4-22 Span of the particle size distribution for the four impeller geometries at different clearances and impeller speeds,
(a) 300 rpm, (b) 450 rpm and (c) 600 rpm
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Figure4-23 shows images of spherical agglomerates produced with different impeller geometries and
clearances at a speed of 450 rpm. The agglomerate images for the different impeller conditions for speeds
of 300 rpm a&ad 600 rpm are shown in Figure5%and Figure & in Appendix A, respectively. From these
figures, it can be seen that impeller speed, geometry and clearance have a large influence on the size and
shape of spherical agglomerates.

The impeller speed of 30m was the poorest performing impeller speed for all impellers. This can be
seen from the agglomerate images in Figusd. A hese agglomerates are less consistent in size and have
reduced sphericity compared to agglomerates formed at higher speeidsiré4-23 and Figure 45).
Figure4-22 shows thespan of the particle size distribution for the impellers at different speeds and
clearances. At an impeller speed of 300 rrig(re4-22a) there igmore variation in PSD for the different
impeller geometries and clearances than at higher impeller speeds, suggesting that an impeller speed of
300 rpm is not able to successfully produce consistent spherical agglomerates. The increased impeller
speeds prducing more consistent agglomerates can be due to increased speeds improving suspension of
particles(Jafari et al., 2012) At increased impeller speeds, the impeller tip speed is higher, resulting in
higher shear forces in the systeincreased shear forces exponentially increase the agglomeration rate
constant, resulting in faster agglomeratidaading to increased contact between the bridging liquid and
particles(Chen et al., 2021)ncreased impeller speeds also increase agglatearonsolidation, resulting

in increased sphericityChaterjee et al., 2017)

From the results presented in FigurebAFigure4-23 and Figure 4, the Rushtonturbine and flat blade
impellers produced agglomerates with increased sphericity compared to the other impellers, especially at
higher impeller speeds. THeushtonturbine and flat blade impellers increasing the sphericity of the
agglomeratesnay be due to them promoting radial flow in the system compared to the propeller and
pitched blade impellers which both promote axial flgWian Wazer et al., 1995; Couper et al., 2012;
Grenville et al., 2017Radial flow impellers impart greater levefsshear on the system than an axial flow
impeller. Increased shear forces will increase agglomeration as increased shear rates result in fluid layers
that contain suspended particles moving at higher spegisgon and Golombok, 2015\t impeller
speedsof 450 rpm and aboveF{gure4-22b and Figure4-22c), the span of the flat blade impeller is
consistently below 2 for all clearances, suggesting that these conditions promote consistent mixing and
agglomeration in the tank. THeushtonturbine follows a similar trend, apart from at an impeller speed

of 450 rpm with a clearance of 30 mm. This deviation from a narrow span can be deéignried-13 as

the PSD shows a bimodal distribution of fine material under=28@&nd then a very broad peak between
750>m and 1700>m.

As demonstrated ifrigure4-20, the agglomerates produced by the pitched blade impeller were more
consistent in size and sphericity with increasing impeller speed. This is further demonstrated by the span
of the PSDn Figure4-22, which also shows an increase in consistency as impeller speed is increased as
the results at 450 rpm and 600 rpm are consistently aefowith limited variation when compared to the
results at 300 rpm. From the agglomerate imageBigure4-20, it appears that an impeller speed d®

rpm and clearances of 25 mm and above are able to produce agglomerates that are consistently sized and
spherical, although these conditions still produce a large amount of fine powder. As FiguFaghire

4-23 and Figure /A show, the pitched blade impeller produces agglomerates that are more consistent in
shape and size than the propeller impeller, even though they both promote axial flow igdtesrs This

may be due to the pitched blade impeller having a larger impeller power number than the propeller
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impeller(Van Wazer et al., 1995; Couper et al., 2012Yhe spherical agglomeration PBM by Ahmed et
al., 2023, the power requirements are ws& calculate the velocity of interactions between the liquid
and fluid in the system. Impellers with increased power numbers will have higher power requirements,
leading to increased velocity of the liquid and particle interacti@iandin et al., 2005ArjmandiTash et

al., 2019; Ahmed et al., 2023Jjhe increased velocities will result in more agglomerates being produced.

Of the tested impellers, the propeller was the least successful at producing agglomerates that are
spherical in appearance withthe desired size range of 5Q0n to 1000 um The average particle sizes

for this impeller, shown ifrigure4-11, are inconsistent across the various impeller speeds and clearances.
The PSD for all configurations of the propeller impeller (Sedti8yn show that this impeller produces a
large proportion of fine material. The spherical agglomerates produced using the propeller were not
consistently sphericalF{gure4-10). This could be due to the low shear of the axial flow pattern not
producing a sufficient velocity for effective particle suspengidogon and Golombok, 2015; Grenville et
al.,2017)

In Figure4-10, an impeller speed of 600 rpm and a clearance of 25 mm appears to form agglomerates that
are the most consistent in spherigiaind size for a propeller impeller. Bgured-11 shows, this impeller
configuration produces €3 that falls within the desired size range of 50 to 1000 pm although it is
towards the upper limit of this range. From the PSD, showkigare4-8, there is a very broad peak that
ranges from aproximately 500um to 1750 um, with the highest mass frequency at 1100 um. This
suggests that although the agglomerate images look consistent, there is still a broad range of particle sizes
produced at this condition. The impeller speed and clearancedabpéars to produce the most consistent
agglomerates for the propeller impeller produces less consistent agglomerates than the other impellers
tested in this work. This suggests that the propeller impeller is unlikely to be successful at producing
sphericalagglomerates that are consistent in both size and sphericity.

Based on the criteria outlined in Sectidnl, the Rushtonturbine appears to be # most promising
impeller for spherical agglomerate production at the impeller speeds and clearances tested in this work.
This is due to thdss of agglomerates produced by thushtorturbine being consistently in the size range

2T pnn >Y {2 thewalumes of spahdhat@at cdlculated using Equation 4.1, only 2 of the 15
simulations produced PSDs with a span greater than 2, compared to 5 for the flat blade and pitched blade
impellers, or 8 for the propeller impeller. As tRashtonturbine consitently produced PSDs with low
values for span it is able to produce agglomerates more consistently. From the agglomerate images, the
agglomerates produced by tHeushtonturbine appear to be more spherical in shape than other impeller
configurations, althagh this has not been quantified. The best to worst performing impeller based on the
criteria established in this chapter aRushtonturbine, flat blade, pitched blade and propeller.

The results in this chapter suggest a correlation between impeller pawmber and improved spherical
agglomerate characteristics. Of the four impellers tested, the power number in decreasing order would
be Rushtonturbine, flat blade impeller, pitched blade impeller and propeller impel@renville et al.,

2017) This isthe same order as most consistent to least consistent spherical agglomerates formed,
suggesting that increased power number increases the likelihood of producing spherical agglomerates
that are consistent in size and sphericity. Increased power numbdr r@sult in higher power
requirements in the system, especially at increased clearafi»®garajulu and Loganathan, 2018¥ the

PBM for spherical agglomeration includes power consumption in the velocity calculations, increased
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power number increases particle collision velocity, resulting in increased agglomefBtandin et al.,
2005; ArjmandiTash et al., 2019; Ahmed &k, 2023)

Three impeller configuration parameters were investigated in this chapter; impeller geometry, impeller
clearance and impeller speed. The impeller speed is the only parameter investigated in this work that can
be specified as part of the PBMW Ahmed et al., 2023. As the results in this chapter show, impeller
geometry and clearance have a significant influence on agglomerate properties. Therefore, they should
be incorporated into the PBM. One way to do this would be to incorporate the immgedheer number

for the different impellers into the agglomeration and layering kernels. The power number would be used
to calculate power consumption, which is a parameter that is used to calculate the collision velocity.

From the results, it can be sedhat clearance does influence agglomerate production. However, the
experimental results alone are insufficient to be able to include this in the PBM. To further investigate the
influence of clearance in the stirred tank, CFD simulations of the variquedlén configurations were
performed to determine the velocity profiles in the tank. The results of these CFD simulations are
presented in Chapter 5.
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Figure4-23 Images of the agglomerates produced wilifferent impeller geometries and clearances at an impeller speed of 450 rpm
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4.7 Conclusion

As can be seen frorRigure4-23, the impeller geometry and clearance have an enormous effect on
spherical agglomerates. Due to the large influence of these impeller characteristics, it is essential that the
impeller geometry and clearance are incorporated into 8MHBr spherical agglomeration. The PBM by
Ahmed et al., 2023 is the most recent and robust PBM for spherical agglomeration, but this model only
considers impeller diameter and impeller speed. Therefore, adapting this PBM to incorporate the impeller
geometry and clearance would improve the accuracy of the model. This would increase the likelihood of
the PBM being used to aid the design of a spherical agglomeration process.

From the experimental results in this chapter, there is a clear correlation betwezaaised impeller
power number, and increased consistency of agglomerate size and sphericity. Of the four impellers tested,
the Rushtonturbine impeller has the highest power number. This impeller produced the largest portion
of agglomerates within the de@gd size range of 500 um to 1000 um, and they appeared spherical in
shape. This differs from the propeller impeller, which had the lowest power number and was the least
consistent impeller with regards to agglomerate size and sphericity. In the PBMowe pequirements

are used to calculate the velocity of particle and fluid interacti@ktsmed et al., 2023)ncreased power
number leads to increased power requirements and would result in increased velocities in the system. In
the PBM by Ahmed et aR023 the power number is given as a fixed value and is not calculated as part of
the model. Allowing the model to calculate the power number for different impeller geometries could
lead to the PBM being applicable to different stirred tank geometries.

The impeller clearance has also been shown to influence the formation of spherical agglomerates. The
influence varies with each impeller geometry and speed. From the experimental results alone, it is difficult
to identify and parametrise the influence ompeller clearance. Therefore, CFD simulations that
correspond to each impeller configuration tested in this chapter were performed. Including the velocity
profiles from the CFD simulations with different impeller geometries and clearances in the PBM could
improve the validity of the model. The results of the CFD simulations are shown in Chapter 5.
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Chapter 5 CFD Investigation into the influence of flow characteristics on
spherical agglomeration

5.1 Introduction

Chapter 4 discusses the results of an experimental studgwied to investigate how changing impeller
characteristics influences spherical agglomeration. The experimental study did find an influence of the
impeller geometry, speed and clearance. In this chapter, CFD simulations of the experimental equipment
configurations were performed to understand the velocity profiles in the tank. Sebtlkis a comparison

of the CFD and experimental results to determine the importance of flow profiles on agglomerate
production.

5.2 Mesh Density Analysis

The mesh density analysis was performed é&edmine the optimal mesh size for the CFD investigation
into the influence of impeller geometry on spherical agglomeratiofidnre5-1, the numberof iterations

for the simulation to converge is plotted against the number of nodes that are simulated. This figure shows
that there is an exponential relationship between the number of nodes and the number of iterations
required. A lower number of nodest a larger mesh size, would reduce the computation time needed for
the simulationgSadrehaghighi, 2018\ reduced computation time for a larger mesh was expected due
to the number of nodes decreasing rapidly as the mesh size is increased. Thissean rd-igure3-13.
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Figure5-1 The number of iterations for the simulation to converge against the number of nodes for the different mesh sizes

Figureb-2 shows the volume weighteaverage velocity magnitude for the solid particles and the fluid for
different mesh values. There are fluctuations between 6 mm and 5 mm mesh, but when the mesh is 4 mm
or smaller, the results are fairly constant. The maximum velocity magnitude valuatsareonstant at a
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mesh size of 4 mm and below; these results can be seen in Appendix B. Based on the reiguite5Srl
andFigure5-2, it was determined that the mesh size for the CFD simulations would be 4 mm. This value
was chosen to give results that are not influenced by mesh size, wislstraducing the overall

computation time.
m Solid
m Water
2 mm 1 mm

Figure5-2 Volume weighted average velocity magnitude of the solid particles and liquid at different mesh sizes, results from
CFD simulations
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5.3 Influence of ImpelleGeometry on Velocity Profile

As discussed in Sectidrl, the CFD study considered four impeller geometries which were each simulated
at three impeller speeds and five impeller clearances. To determine the influence of the flow
characteristics in the tank, the solid and liquid velocity magnitudes for the simulations were considered.
The velocity in the tank will influence the rate of collisions aftiples with both the bridging liquid and
other particles, influencing agglomerate formaticd@hapter 3 details the CFD simulation methodology
used for investigating the influence of impeller characteristics on mixing in stirred tanks.

The volume weighted average velocity magnitude of both the solid and the liquid have been plotted
against impeller clearance for the various impeller speeds and geometries to determine the influence that
the impeller configuration has on the system vel@mst Sectiorb.5 presents a comparison between the
CFD and experimental results to determine the significance of impeller design on sphericaleagtgom
formation.

The just suspended impeller spead () was calculated using Equation 2.2 for each impeller geometry
and clearance. The results of these calculations were converted into velocities using the just suspended
impeller tip speed calculatig shown in Equation 5.1.

0o 00 (5.1)
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Where:

‘O is the just suspended impeller tip speed (m/s)
Qis the impeller diameter (m)

0 is the just suspended impeller speed (rps)

The results of Equation 5.1 are showmable5-1. It can be seen that the just suspended impeller speed
increases with clearance. The three impeller speeds tested were 300 rpm, 450 rpm and 600 rpm; these
values are all greater than the calculated value®) of Thevolume weighted average (VWA) velocity
magnitude of solid and water for each impeller configuration was found from the CFD simulations. In the
following sections, the VWA velocity magnituddues were compared to the calculat&d values. It is
expected that systems operating und€rwould not lead to successful agglomeration.

Table5-1 Calculated values of just suspended impeller speed and impeller tip speed for the impellers at different clearances

Impeller Geometry| Clearance (mm)| C/D 4= ¢rps) k. ¢m/s)

18 0.200 2.408 0.378

20 0.222 2.576 0.405

Flat Blade 25 0.278 2971 0.467
27 0.300 3.120 0.490

30 0.333 3.338 0.524

18 0.200 2.318 0.364

20 0.222 2.400 0.377

Propeller 25 0.278 2.582 0.406
27 0.300 2.649 0.416

30 0.333 2.742 0.431

18 0.200 2.897 0.455

20 0.222 2.964 0.466

Rushton 25 0.278 3.112 0.489
27 0.300 3.164 0.497

30 0.333 3.238 0.509

18 0.200 2.414 0.379

20 0.222 2.532 0.398

Pitched Blade 25 0.278 2.803 0.440
27 0.300 2.903 0.456

30 0.333 3.045 0.478

5.3.1 FlatBlade Impeller

The flatblade impeller has four blades, andkade pitch of 99; this impeller increases the radial flow in

the systemFigureb-3 shows the VWA velocity magnitude for the solid particles agam=ller clearance

to vessel diameter ratios (C/D) at different impeller speeds. There is a decrease in VWA velocity magnitude
for all impeller speeds as the clearance ratio increases. For all values of C/D, the highest velocity
magnitude is with an imgker speed of 600 rpm. It is expected that higher impeller speeds would result
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in increased VWA velocity magnitude as the impeller will be rotating at higher tips speeds, resulting in
increased velocities in the rest of the tank.

The VWA solid velocity rgaitude at 300 rpm is lower than the calculaf€ivalue for all clearances. This
suggests that particles at this impeller speed will not be well suspended in the tank, resulting in poor
agglomeration.

For all impeller speeds tested, the VWA veloniggnitudes at low C/D values are higher than, or close to
the "O values for those clearances. This suggests that lower clearances are favourable fdyladéat
impeller. The drastic decrease in VWA solid velocity magnitude at C/D of 0.3 and abgestsag
transition in flow pattern for this impeller. In work by Montante et al., 1999 and Zhu et al., 2019 it was
observed that for &kushtonturbine impeller, there is a transition from a single loop to double loop flow
pattern in the system at C/D greatéhan 0.3. A flat blade impeller also promotes radial flow in the tank,
suggesting a flow pattern transition also occurs at these clearances for a flat blade impeller.
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Figure5-3 Volume weighted average solid velocity magnitude against clearance to vessel diameter ratio for a flat blade impeller
at different impeller speeds

The VWA velocity magnitude for the water in the simulations can be se€igume5-4. This profile for

water looks similar to the profile for the solid particles. There are, however, differences between the solid
and liquid velocity magnitude profiles. Rbe three impeller speeds tested, the VWA velocity magnitude
profiles are consistent for C/D values of 0.28 and below. At an impeller speed of 600 rpm, the water has
a larger velocity magnitude than the solid at a C/D of 0.3. When the C/D is furtheasedréo 0.33, the

solid velocity magnitude is larger than the water velocity magnitude. An impeller speed of 450 rpm
produces similar values for both the solid and the water velocity magnitude for all clearances, with the
biggest difference being betweemhéd values for a C/D of 0.33. For the impeller speed of 300 rpm, the
VWA velocity magnitude for the water is almost double the solid VWA velocity magnitude.
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Figure5-4 Volume weighted average water velocity magnitude against clearance to vessel diameter ratio for a flat blade
impeller at different impeller speeds

The CFD contours, shownTiable5-2 show a clear difference in the solid velocity magnitude profile at
different C/D ratios. CFD contours for all impeller configurations can be found in Appendix B. The lower
C/D ratios have a more uniform flow distributianith areas of high velocity. For a C/D of 0.33, there is a
much smaller flow pattern, and this is closer to the impeller. It was also found that the VWA velocity
magnitude for both the solid and the liquid decreases at C/D>0.3. In a study by Devarapgianfathan.,

2016, it was observed that a flat blade impeller with six blades was effective at suspending solids at
C/D<0.25, suggesting that lower clearances would favour a flat blade impeller.

The results inFigure 5-3, Figure 5-4 and the CFD contours suggest that this transition occurs at
0.28<CD<0.3 four a flat blade impeller with four blades. The study by Devarajulu & Loganathan., 2016
does not have published data for 0.25<C/D<0.3. Therefore, the transition for the six blade impeller that
they tested may also occur between these values butas wot observed in their work. There may also

be a difference between the results obtained by Devarajulu & Loganathan., 2016, and this work due to
the difference in the number of impeller blades. Increasing the number of impeller blades will increase
the impeller power number, leading to higher power consumption in the system. The spherical
agglomeration PBM by Ahmed et al., 2023 suggests that increased power consumption will increase
particle velocity, which may lead to improved suspension for all pasticle
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Table5-2 CFD contours of solid velocity magnitude for the flat blade impeller at different impeller speeds and C/D ratios
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5.3.2 Propeller

The propeller impeller geometry has three curved blades at g@@h. This impeller promotes axial flow

in the stirred tank. The volume weighted averages for solid velocity magnitude at different impeller speeds
and C/D are shown iRigure5-5. For the propeller impeller, the solid particle VWA velocity magnitude
increases with increased impeller speed for all values of C/D. This is expected ascidénepeller speed

will lead to a higher impeller tip speed, resulting in greater velocity in the sy&dman et al., 2021)

With impeller speeds of 450 rpm and 300 rpm, the VWA solid velocity magnitude decreases slightly as C/D
increases. This decrsa may be due to the increased valugjof. For all impeller speeds and clearances,

the VWA solid velocity magnitudes are lower than the calculated val@@sifown inTable5-1. The VWA

solid velocity magnitude being much lower than these values suggest that more particles have settled to
the bottom of the tank at higher clearance&t an impeller speed of 600 rpm, the VWA solid velocity
magntude increases with impeller C/D values. This suggests that the agglomerate formation in the system
will improve with increased clearance at 600 rpm. The increase in particle suspension at C/D>0.28 may be
due to a trend observed by Kresta and Wood, 1983his work, they determined that when C/D>0.3 for

a pitched blade impeller then the single loop flow pattern reaches the top and bottom of the tank. As a
pitched blade impeller also imparts axial flow in a stirred tank, it can be assumed that C/D wilh hav
similar influence for flow generated by a propeller impeller.
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Figure5-5 Volume weighted average solid velocity magnitude against clearance to vessel diameter ratio for a propeller impeller
at differert impeller speeds

The VWA liquid velocity magnitude is showrrigure5-6. The results for 600 rpm and 300 rpm follow a
similar trend as the VWA solid velocity magnitude profiléSigure5-5. At an impeller speed of 450 rpm,

the VWA liquid velocity magnitude is greater than the solid VWA velocity magnitude, and it increases with
increasing C/D ratios. This may be due to the increased C/D causing the flown pattever more of the
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liquid height than it does at lower clearances. A study by Kresta and Wood, 1993 observed this trend for
axial flow impellers.
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Figure5-6 Volume weighted average water velocity magde against clearance to vessel diameter ratio for a propeller
impeller at different impeller speeds

A selection of solid velocity magnitude CFD contours for the propeller impeller are shdwablab-3;

with the remaining contours given fppendix B Impeller Geometry CFD AnalystsomTable5-3, it can

be seen that increasing the impeller speed increases the maximum solid velocity magnitude at all C/D
values. The flow pattern from the impeller also reaches increased heights iankenith an increase in
impeller speed. This is due to increasing impeller speeds resulting in higher velocities in the tank, and
more particles being entrained in the flow.

At an impeller speed of 300 rpm, the flow of the particles appears to have d¢étireards the bottom of

the tank, under the impeller. This suggests that an impeller speed of 300 rpm is insufficient for particle
suspension, and will therefore not be suitable for spherical agglomeration as it will not facilitate mixing
between the parttles and the bridging liquid.

The shape of the flow profile is fairly consistent across C/D ratios for an impeller speed of 450 rpm. This
suggests that whilst this speed is sufficient for improved particle suspension when compared to a speed
of 300 rpm, ti is insufficient to suspend particles across the full height of fluid in the tank.

Increased C/D values lead with an impeller speed of 600 rpm lead to a flow pattern that covers the entirety
of the liquid height in the tank. This correlates with the fings of a study by Kresta and Wood, 1993. This
study, and the CFD results shown here suggest that increased C/D ratios and higher impeller speeds will
lead to improved mixing between the bridging liquid and solid particles, increasing agglomerate
production.
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Table5-3 Solid velocity magnitude CFD contours for the propeller impeller at varied impeller C/D and speeds
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5.3.3 RushtonTurbine

TheRushtorturbine impeller has 6 blades that leave a circular disk at a@teh. This impeller promotes

radial flow in the system. The VWA solid velocity magnitude profile RRushtonturbine at different
impeller speeds and clearances is showrfrigure5-7. It can be seen that for all impeller speeds, the
highest value of VWA solid velocity magnitude is at a C/D of 0.33. This value is much greater than values
at lower C/D values. The increase of VWA solid velocity kg correlates to studies bylontante et

al., 1999 and Zhu et al., 2019. In this research and the studies by Montante et al., 1999 and Zhu et al.,
2019, it was found that C/D forRushtorturbine has a large influence on the flow pattern in the tank. At

C/D values below 0.3, the system operates with a single loop flow pattern, similar to that induced by an
axial flow impeller. Increasing the clearance to give O/Bwill lead to the formation of the double loop

flow pattern that is expected by a radiahpeller Figure2-14).
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Figure5-7 Volume weighted average solid velocity magnitude against clearance to vessel diameter raffufdttanturbine
impeller at dfferent impeller speeds

The VWA liquid velocity magnitude folRashtonturbine impeller is shown ifigure5-8, and follows a
similar trend to the WA solid velocity magnitude, in that the velocity value is much larger at C/D of 0.33
compared to the lower C/D ratios. The VWA liquid velocity magnitudes at C/D<0.3 are lower than the
VWA solid velocity magnitude for the same conditions. This may beodire fower clearances inducing

a single loop flow pattern, which is thought to be better at suspending solid par{idestante et al.,

1999; Zhu et al., 2019)

The VWA velocity profiles suggest that a C/D value of 0.33 and an impeller speed of 600 rpm for the
Rushtorturbine will be most effective at producing spherical agglomerates as this is above the calculated
value of O, shown inTable5-1.
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Figure5-8 Volume weighted average water velocity magnitude against clearance to vessel diameter ratiufshtanturbine
impeller at diferent impeller speeds

CFD contours of solid velocity magnitude for tRashtonturbine at selected impeller speeds and
clearances can be seenTable5-4, with the results from the remaining simulations given in Appendix B.
It can be seen that increasing the impeller speed increases the maximum velocity in the system.

The flow profile at C/D of 0.33 is very different to the profiles at lower C/Degdbor all impeller speeds.

This is due to the trend also observed by Montante et al., 1999 and Zhu et al., 2019, in which a C/D>0.3
allows for a double loop flow pattern to form whenRaishtonturbine is used. At lower clearances, the
Rushtonturbine wil produce a single loop flow pattern, similar to that of an axial impeller. The results
obtained at C/D of 0.33 have a higher maximum solid velocity magnitude than the lower clearances,
suggesting that the double loop pattern induced at this clearancer@slilt in higher velocities in the
system. In a study by Devarajulu and Loganathan, 2016, it was found that increasing the clearance for a
Rushtorturbine impeller increases the impeller power number. In the model for spherical agglomeration
developed byAhmed et al., the power consumption is correlated to the energy dissipation in the system.
The energy dissipation is used for calculating the velocities of the interactions between the particles and
the bridging liquid, as well as the separation force betw particle§Ahmed et al., 2023)This would
suggest that the collision velocity in the system would increase at higher C/D values. This can be observed
in Figure5-7 although the increase at C/D>0.3 is less steep than at higher C/D ratios.
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Table5-4 CFD contours of solid velocity magnitude for Bweshtonturbine impeller at different speeds and (C/D) ratios
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5.3.4 PitchedBlade Impeller

The pitched blade impeller has febtades coming out of the impeller shaft at a 4itch. This impeller
promotes axial flow in the system. The VWA solid velocity magnituda futched blade impeller at
different impeller speeds and C/D ratios can be sedfignre5-9. The VWA solid velocity magnitude for

all impeller speds decreases with an increase in clearance up to C/D<0.3. After this the VWA solid velocity
magnitude increases. Increased clearances for a pitched blade impeller have been shown to increase the
impeller power numbefDevarajulu and Loganathan, 2018}e spherical agglomeration PBM by Ahmed

et al., 2023 uses power consumption in the calculation of the velocity of solid and liquid interaction, as
well as separation forces. In the model, increasing power consumption would increase the velocities in
the sysem. This suggests that spherical agglomerate production with a pitched blade impeller will be
improved at increased C/D values as the velocities in the system will be greater.
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Figure5-9 Volume weightedaverage solid velocity magnitude against clearance to vessel diameter ratio for a pitched blade
impeller at different impeller speeds

The VWA liquid velocity magnitude at different impeller speeds and C/D ratios for the pitched blade
impeller is shown ifrigure5-10. The VWA liquid velocity magnitude is higher than the VWA solid velocity
magnitude for all conditions tested. This suggests that the pitched blade impeller is more effective at
mixing liquidghan it is at suspending solid particles.

The low values of VWA velocity magnitude for both solids and liquids with the pitched blade impeller
suggest that this impeller will not be effective at producing spherical agglomerates. These results do
suggestthat the best agglomerates produced by a pitched blade impeller would be at C/D>0.3 and an
impeller speed of 600 rpm as this gives the greatest value of VWA velocity magnitude for the solid and
liquid.
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Figure5-10 Volume weighted average water velocity magnitude against clearance to vessel diameter ratio for a pitched blade
impeller at different impeller speeds

Table5-5 shows a selection of CFD contours of the solid velocity magnitude at various C/D ratios and
impeller speeds for the pitched blade impeller. The other contours can be foulplpiendix B Impeller
Geometry CFD AnalysiBhe contours for 300 rpm show that particle suspension is directly around the
impeller and towards the bottom of the tank. This demonstrates that this impeller speed i®w for
particle suspension, and it suggests that 300 rpm is insufficient for successfully producing spherical
agglomerates.

At an impeller speed of 450 rpm, the flow pattern appears to cover less area in the tank as C/D increases.
This may be due tdhe increase in C/D leading to particles that have settled towards the bottom of the
tank not becoming entrained in the flow pattern and therefore, not suspended. Increased C/D for a
pitched blade impeller has been shown to extend the height of the flowepatwith a C/D>0.3 covering

the full liquid heightKresta and Wood, 1993Jhe flow pattern for a C/D of 0.33 at an impeller speed of
450 rpm does not reach this height, suggesting that the velocity imparted on the particles is too low for
them to stay suspended as they move further from the impeller.

The velocity profiles ifable5-5 at an impeller speed of 600 rpm show that with increasing C/D ratios,
the flow profiles cover a greater portion of the liquid height in the tank. This correlates with the findings
of the study by Kresta and Wood, 1993. As the increasing C/D at 600 rpm leads to a greater height of flow
pattern within the liquid height, it suggests that an impeller speed of 600 rpm is sufficient for particle
suspension. The increased particle suspension at gpeed and high C/D values mean that these
conditions will be more successful at producing spherical agglomerates than lower C/D ratios and impeller
speeds with a pitched blade impeller.
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Table5-5 Solid velocig magnitude CFD contours for the pitched blade impeller at various speeds and C/D ratios
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5.4 Influence of Impeller Geometry on Particle Suspension

Spherical agglomerates form due to contact between the bridging liquid and the primary particles in a
stirredtank. Therefore, it is important to understand the suspension behaviour of the particles as this will
determine the likelihood of contact between the particles and the bridging liquid. TakBas 59 show

CFD contours of solid volume fraction for theptier configurations.

The CFD solid volume fraction contours for the flat blade impell€abie5-6 show that there is a clear
change in solid spension as the clearance is increased. This is a similar trend to the CFD contours and
volume weighted average velocity magnitude profiles, showhaible5-2 and Figure5-3 and Figure5-4.

In Table5-6, the solid volume fraction is constant throughout the whole height of the tank atfCABALt
increased C/D ratios, the solid particles are not as well suspended, and the highest volume fraction settles
to the bottom of the tank. The velocity magnitude value&igure5-3 show that at C/DX).28 the velocity
magnitude is much higher than at increased C/D values. This suggests that at higher clearances the velocity
magnitude is insufficient for particle suspension. The trend of volumeidracontour is the same for all
impeller speeds, suggesting that clearance has a larger influence on particle suspension than impeller
speed for a flat blade impeller. At a C/D ratio of 0.33, however, increasing the impeller speed does increase
the volumefraction of solids that are closer to the impeller, suggesting that when the impeller induces
laminar flow, impeller speed is more important for particle suspension than impeller clearance.

Table5-6 CFD cordurs of the solid volume fraction for the flat blade impeller at different impeller speed<Cib

C/D 0.20 0.22 0.28 0.30 0.33

(a)
300
rom

(b)
450
rem

.....

(c)
600
rem

THIRT
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Table5-7 shows the CFD contours of solid volume fraction for the propeller impeller at different impeller
speeds and clearances. For all impeller speeds and clearances, a large portion of theeseéitited on

the bottom of the tank, suggesting that the propeller impeller is inefficient at particle suspension. As the
impeller speed is increased, the highest volume fraction of solids does form a peak in the centre of the
tank underneath the impellerThe velocity magnitude values shownFigure5-5 and Figure5-6 show

that increasing the impeller speed leads to increased velocity in the system, therefore increasing the
suspension of particles. IMable5-7, the shape of the solid volume fraction is consistent across the
increasing C/D ratios for each impeller speed. Therefore, the impeller speed has a greater influence on
solid suspension thatie clearance for a propeller impeller.

Table5-7 CFD contours of the solid volume fraction for the propeller impeller at different impeller speeds and clearance to
diameter ratios

The solid volume fractio®FD contours for Rushtonturbine impeller at different impeller speeds and
clearances can be seenTiable5-8. InTable5-8, there is a clear difference in the solid volume fraction
contour at C/D of 0.33 compared to the other clearances for all impeller speeds. This is similar to the trend
obsewed inTable5-4, where the velocity profile changes at higher clearances a&trshtonturbine is

able to form the double loop flow pattern assoadtwith radial impellergMontante et al., 1999; Zhu et

al., 2019) In both the results for the flat blade impelldrgble5-6) and theRushtorturbine impeller Table

5-8), the double loop flow pattern allows faronsistent particle suspension. This may be due to the
velocity magnitude values obtained with the double loop pattern being much higher than the velocity
magnitude values obtained when the radial impeller can only produce a single loop flow pattern.
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