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Abstract

The spray coating of particles is used in many industrial applications. One of the
mechanisms involves the transfer of liquid between particles via liquid bridge formation
and rupture; known as contact spreading. To date, terdeen limited research into
this mechanism. Indeed, the few studies reported have only been theoretical or modelling
based. In this thesis, a first experimental approach focusing on the liquid contact
spreading mechanism is presented. Experimental ldetabeen used to describe and
quantify this mechanism, and this work will contribute to the design andgeaiewet

coating processes.

Two coating techniques, commonly used in industry, have been employed for this
study; tumbling drum and fluidised ¢be Experiments were conducted using model
materials; spherical alumina particles and aqueous polymer solutions as the coating
liquids with varying viscosities. For these studies, specially designed experiments were

conducted to study the contact spreadimegzhanism only.

Of particular importance was the degree of coating uniformity within a batch of
particles, quantified by the int@article coating variability (CoV). A new image analysis
system, based owrolorimetric measurement, has been developed wanttatively
determine the colour uniformity of particles coated with dyed solutions. Her®, it
demonstratethat this novel method can analyse a large number of particles in a relatively
small periodof time and gives reproducible data with which tdedenine the CoV of a
batch.

Contact spreading was seen to occur in all systems studied. This supports the
concept that contact spreading plays an important role in the spray coating process.
Indeed, in the both tumbling drum and the fluidised bed systelaricertain conditions,

a neatuniform coating was ultimately achieved. The rate of contact spreading and,
therefore, the time to complete the coating process, was highly dependent on both
formulation and operational parameters. For example, the lowecaaeng liquid

viscosity, the faster the rate of contact spreading. An increase in tumbling speed in the

\



drum and fluidisation velocity in the fluidised bed also resulted in an increase in contact
spreading rate. The method of liquid addition in the f&d bed was also found to affect

the contact spreading process.

The findings are attributed to differences in the formation and rupture of liquid
bridges between particles which influence the extent of liquid transfer via contact
spreading. This study Bademonstrated that the viscous Stokes nuntiigrand the
critical Stokes numbefSt, as a function of collision velocity can be applied to predict
the sticking criterion of the colliding particlestuiimbling drumsystem However, this is
not the caséor the fluidised bed system due to the large effect of drying in this system
In the fluidised bed systems, no correlation was found betweestthad the time for
coating completiontc, or the asymptotic CoV, which represents the extent of coating.
However, in the tumbling drum system, a correlation was found bet®&emnd t;
increases Bt gave a decrease inln summary, this work has shown that the viscosity,
collision velocity, the coating thickness and drying are the main parameters which
influence the rate and extent of coating via contact spreading.

Vi
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CHAPTER 1

1 Introduction

Spray coating of particles and powders iscammonly used process in many
industrial applications, e.g. food, detergents and pharmaceuticals. It involves complex
interactiors which include three phasessolid, liquid and gasDue to lack of reliable
design rules and process understandimg,design andcaleup of the processre still
largelybasedn trial and error. Tumbling drums and fluidised bawdstypically usedor
particle coating processes, and the uniformity of the coating layer formed is very

important when considering theality of the final product.

1.1 Research Background

Spray coating cabe conceptually dividethto two distinct steps; drop deposition
onto agitating particle surfaces (step 1), and the spreading of liquid between particles due

to the formation and breakag€liguid bridges (step 2) as shownhkigurel1.1.

- L ) Dro
: Particle-drop *® P . >
o spreading
%y collision

particle
collision

Figure 1.1. Schematic view of spray coating mechanisms: (stepdyop deposition,
(step 1) contact spreading.



Research to date has tended to focus on droplet deposition and spreading (step I)
rather thariquid exchange between pai#s via contact spreading (step Il) even though,
for many systems suds rotatingdrums and fluidised beds, contact spreading is known
to be a very significant process. Thus, this thesis will focus on understanding wet coating
via the contact spreadingqmess (step II) in both a tumbling drum and fluidised bed to

assist in thelesignandscaleup rules for wet coating systems.

In the detergent and food industries, tumbling drums and fluidised beds are used
to spray coat dried powders (generally porousgers) and active ingredients with active
coating materials. In all cases, the characteristics of the coating layer, e.g. the desired
thickness and coating uniformity, are key requirements in manufacturing processes to
ensure that the active ingredients aosre material have wetlontrolled delivery
characteristicgHilton et al, 2013) The uniformity and quality of the coating laysme
strongly influencedby the level and distribution dhe coating achievedn many
industrial processes, certain levedf liquid added to theoating systemeften resulting
in formation of agglomerates. This agglomerate is unfavourgibleoating process
because it could limit the spreadinglimfuid within particlesand change the particles

mixing behaviour in the syste(Boyceet al, 2017aMcLaughlinandRhodes, 2001)

To achieve coating uniformity, a balance between mixing and particle flow and
operating conditions are of great importance in coating systems. In this study, the process
of the contact geading mechanisms in a tumbling drum anfluadised bed will be

analysed based on the coating uniformity of the coated particles.

1.2 Objectives

This study aimsto understand the overall mechanisms of the liquid coating
process via contact spreading iffelient coating system3.o achieve thisthe research

will focus on the following objectives:



1. Todevelop a novel method for the quantitative measurement of particle coating.
The method will focus on the determination of the Huarticle coating
uniformity within a batch of particles.

2. To develop experiments to study contact spreading only and reduce or remove
the influence of the spray. The effect of formulation and operating parameters
on contact spreading in a tumbling drum (drum speed/ tumbling regiixiag
time, coating liquid viscosity) will be studied.

3. To investigate the effect of liquid formulation and operating parameters on
contact spreading in a smaltale fluidised bedfl(idisation velocity, liquid
spray rate, nozzle height, coating liguiiscosity). This will involve the
development of a smadicale fluidised bed with a spray system for initial liquid

introduction.

4. To investigate different liquid loading methods in a fluidised bed (spray or pre
coating of particles), and the effect of oguteng parameters (mixing time, liquid

coating viscosity and fluidisation velocity) on contact spreading.

5. To theoretically explain the distribution of liquid via the contact spreading
mechanism using dimensionless numbers based on the experimental

observabns.

1.3 Structure of this thesis

In the following chapter, a thorough literature review of particle coating (wet
coating) and coating equipment; tumbling drums and fluidised lsgpigsentedChapter
3 describes the materials, methods, the equipmenpsatd techniques used in the study.
The development of a novel image analysis system to quantitatively measure the degree
of particle coating is explained and this is validated in Chapter 4. Chapter 5 investigates
the effect of mixing time, coating liquigiscosity and tumbling regime on contact
spreading only experiments in a tumbling dri@hapter &lescribes experiments using a
smaltscale fluidised bed, where liquid is sprayed on fluidised particles and the spreading

of liquid in the system is measurdd Chapter 7, a different liquid loading method for



the same fluidised bed is used. The effect of mixing time, coating liquid viscosity and
fluidisation velocity on contact spreadingre investigated, and the two methods
compared Chapter 8 contains a dbretical discussion on the contact spreading
mechanism based on the overall experimental observations and findings. Finally, Chapter
9 of this thesis gives conclusions and recommendations for future works. An outline of
this work is shown in Figure 1.2.

Chapter 1: _ Chapter 2:
Introduction | Literature review
v
Chapter 3:
Materials and
methods
\4
Chapter 4.
Image analysis
development
v A\ 4
Chapter 5: Chapter 6: Clhgpter i .
. ) o ) Fluidised bed;
Tumbling drum; Fluidised bed; > EENerE
pre-coating method spray method P " g

v

Chapter 8:
Theoretical mechanistic
development

\4

Chapter 9:
Conclusions and
recommendations

Figure 1.2. Flow chart of the work conducted in this thesis.
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CHAPTER 2

2 Literature review

2.1 Introduction

Coating of particulate powdelmsgainedgreatattention in recent years mainly
in pharmaceutical, food and detergent industries. Coating is generally performed to

achieve one or several of the following objecsive

a) protect powders from ambient factors such as moisture, oxygen and light
(Fang and Bhandari, 2010)

b) delayandcontrol the release of actiagentdHaack and Koeberle, 2014)

c) increase the particle sifBonidaet al., 2005)

d) improve product appearance, taste, or o@Rieiroet al.,2007)

e) conserve nutrients contained in food prodi(€tstaret al, 2014)

f) functionalize powders (such as catalysts, enzgoaed detergent¢Capece
and Dave, 2011)

The coating process involves the depositioradtingmaterialcomprising one
or multiple components onto solid particles. The coating material can be introduced by
several methods as illustrated in Figure 2)Lpowder form (dry powder coatind))
dispersed or dissolved in an easily evaporable solvent (wet coatiagpmelt (hotmelt
coating). Each method can produce different properties of final pro¢fbatsh and
Guigon, 2007a) Nowadays, spray coating (wet coating) is the most widely applied
coating procesfAnwar et al, 2010; Dretet al, 2012)and this will be the focus of this

literature review.
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Figure 2.1. Schematic view of different coating methods. Adapted frorSaleh
and Guigon, 2007a.

In this chapter, an overview of literature relevant to this thesis is presented, with
a focus on tumbling drum and fluidised bed coating systems. A description of both types
of coating equipmens givenfollowed by an explanation of the mechanisms invdlie
the spray coating in both systems. Current methods for the quantitative measurement of
coating uniformity are also reviewed. Furthermore, contact spreading proegsses
discussedan investigation into the characteristics and mechanisms of thispriocms
the objectives of this thesis.

2.2 Coating Equipment

In industry, many types of cbag equipment areommerciallyusedand carbe
classifiednto two categories: mechanical gmeeumaticsolid mixing systemslumbling
drums and impeller mixers aexamples of a mechanical mixing systevhile the
fluidisedbed is an example of a pneumatic mixing systach of which has advantages
and disadvantageAmongthese, spray coating in thembling drumandfluidisedbed
are most widely usedMaronga, 1998) Thus, n the following sectionsthesetwo

different types otoating systenare compared



2.2.1 Tumbling drums

Tumbling drums have a wideinge ofapplications, mainly in the detergent,
pharmaceuticabnd food industries, to form small coated particles or tablets. This
mechanical solid mixing system is among the oldedutstrial procedures, where the
mixing of particles is achieved by the movement of the equipment itself or by using an
agitator(Bansodeet al, 2010; Kleinbach and Riede, 199%ven though this coating
system haseen usedor a long time, the problem withkagh coatingvariability of the

final product has still not been resolved.

In the tumbling drum coating system, most of the core particles are agitated by
moving upwards, dragged by the drum wall with a small amount of the particles cascading
down the free surface dntherefore passing through the spray zone as illustrated in Figure
2.2. In the spray zone, themating material is sprayed from th®p onto the particle
surfaces and subsequently forms a coating layer on the surfaces due to evaporation of the
solvent faditated by drying (hot air) which occurs simultaneously. Here, the number of
spray nozzles can be more than one, depending on the drum design used. The cycle of
spraying and dryings repeateduntil the desired properties of the final products are

obtainel, e.g.coating mass or uniformityfurton, 2008)

Two Fluid Nozzle
Direction of Rotating of Drum

Atomizing Air

Coating Solullonl’

\ Hot Air Drawn 4/

through Tablet Bed

Figure 2.2. Schematic view of aypical drum coating process. SourceTurton
and Cheng, (2005)



2.2.1.1 Types of Tumbling Drum Coater

Different types of drum aters are available and haleen usedy previous
studies such as sidented AcceleCota perforated par(&albag and Wassgren, 2009)
perforated drums fitted with baffl§Sandadet al, 2004; Kandelat al, 2010)and sde-
vented drums with baffleSmithet al, 2003; Brocket al, 2014) The basic elements of
a drum coateare illustratedn Figure 2.2, andeach drum came differentiatecy the
drying air flow and the baffle designs and arrangement.

Baffles have been fitted ird@ drums by many researchers as they act as mixing
elements and have been reported to reduce the residence and circulat{¢taliraget
al., 2008) improve mixing efficiency{Smithet al, 2003; Sonet al, 2016)and increase
the diffusion coefficients of the tabldSandadet al., 2004) Smithet al., (2003) reported
that the shape and type of bafflesoaisfluenced the mixing behaviour, where the time
to reach uniformity of final product is shortest for rabbit ear followed by ploughshare and
tubular designs.

2.2.1.2 Types of Tumbling Regime/Bed Behaviour

Knowledge of dynamic particle mixing and flow in a tumg drum coater is
critical to ensure the desired quality of the final product in terms of coating uniformity
and process reliabilityare achievedTypically, when the drum rotates, the particle bed
has two regimes as shown in Figure 2.3: the active 4dasg) layer which is composed
of a thin layer of particles that flows down the free surface due to gravity, and the passive
layer (quasstatic zone) which consists of the remaining particles that rotates with the
drum wall and eventually enters the aethayer.A previousstudy has reported that an
increase in particle velocity in the active regieadsto ahigherpossibility of transition
to different flow regimegMellmann, 2001) Moreover, the mechanisms suchaging,
segregation, heat and mass tranafemlso reported toccurin this active regioriDing
et al, 2001; Dubéet al, 2013)
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Figure 2.3 Schematic view of a tumbling drum coater showing a quastatic and
cascading zone in the bed as the drumotates. Source:Sahni and Chaudhuri,
(2012.

Numerous stdies have numericallgndexperimentally investigated the transition
of the regimes since process mechanisms may differ in different re@itersinet al,
1983; Van Puyveldet al, 1999; Yanget al, 2008) Depending on filling degree, particle
propertiesand Froude numbeHeneinet al, (1983)classified the flow behaviour in the
tumbling drum intosix different tumbling regimes in their discrete element method
(DEM) study: slipping, slumping, rolling, cascadinggtaractingand centrifuging as
illustrated in Figure 2.4. These regimelsangefrom slumping (Figure 2.4a) to the
centrifuging(Figure 2.4f)as the drum rotational speed increases. Among these regimes,
the rolling and cascading regimes are widely used in industry due to good particle mixing,

low energy consumption and excellent heat trar{dfer et al, 2017; Santost al, 2014)

The slipping regime is an undesirable regime because the solid material only slips
on the surface of the drum, resulting in little or no mixing. As illusttah Figure 2.4f
(the centrifuging regime), the solid particles remain fixed todihen wall when the
centrifugal force from the drum rotation exceeds the gravity force. The speed at this
conditionis regardedhs the critical speedg, (EQ. 2.1) ands set as a reference for other
tumbling regimes which occur between zero and this critical s{Stestittet al, 2003)
In Eqg. 2.1 refers togravity andR is the drum radius.



(Equation 2.1)

=L —

ar Z

(d) (f)

Figure 2.4. Different drum speeds showing different flow regimes: (a), slumping
(b) slumping-rolling transition; (c), rolling; (d), cascading; (e), cataracting; and
(f), centrifuging. Source:Yang et al, (2008).

A study bySantomaset al, (2003)has visually observed the difference in the
bed surface shape of glass beads (25% fill level) as the drum speed increases from 0.6 to
52 rpm as shown in Figure 2.5. The lowest speed in Figure 2.5a (rolling regime) shows
that the bed surface changes frdat fo Sshaped (cascading, Figure 2.5b) and then to an
ill-defined shape (cataracting, Fig. 2.5c) as the drum speed increases. Thisiéinding

supportedy the flow behaviour observed from the DEM simulations in Figure 2.4.
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Figure 2.5. Bed surface shape as a function of drum speed: A) rolling; B)
cascading and C) cataracting regime. Sourc&antomasoet al, (2003).

Furthermore, to maintain a similar dynamic behaviour in different drum
geometrieeg. drum size, the paspeeds arsetup based on the Froude numbeér,
(Pandeyet al, 2006) This dimensionless number is the ratio of inertial to gravitationa
forces as shown in Eq. 2.2. In this equations the pan speed is the drum diameter,
andg is the acceleration due to gravity. This similarity in dynamic behaviour ensures that
the ratio of forces at certain points in the drum coater is constant across various scales.
Numerous studies have attempted to relate the Froude number with the dgngimiof
repose, where it has been demonstrated that both are nearly linearly related: the angle of
repose increases with Froude num@€hakharet al, 1997; Komossat al, 2014) In
amother studyby Liu and Specht, (2010) was found that the fraction or the thickness of
the cascading layer also increases with the Frowshkeber meaning that more mixing

occurs in the drum.

3 » 5 (Equation 2.2)

Dubéet al, (2013)adoptedthe radioactive particle tracking (RPT) technique to
observe the motion of nespherical particles in both regions (active ansspae) by using
a tracer particle. The results obtained wiencompared with spherical particles from
other model studies. The findings found that the shape of particles influences the velocity

in the passivelayer. Spherical particles cascading dowe bed surface with a larger
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momentum caused a higher particle velocity in the passive layer. Duegbesdegree

of spatial orientation for the nespherical particles, core segregation and lower axial
dispersiorare observeth both the active and pags layersNorouziet al., (2015)found

that in addition tdilling level, Froude number and size, the particle shape also influences
the transition of bhaviour from rolling to theascadingegime. The thickness of the
cascading layer is reported to be affected by the ratio of particled¥deu(n size D).

At larged/D ratios, the active layer can be characterlsgdeometryof the drum, while

for small d/D ratios, the active layer increases with the drum sfieélik et al, 2002)

2.2.1.3 Mixing and Segregation

Particle mixing in the drum is characterised as either convective or diffusive and
is observed to occur in two ways: mixing in transverse plane /radial aaxi#thdirection
(Figure 2.6). The former is more rapid and is caused by the rotation of the drum and a
combination of both convection and diffusion which are regarded as the dominant mixing.
The latteris causedby the bed height profile and the drum inclinatand mixing occurs
mainly by selfdiffusion (Sherittet al, 2003) Hogget al.,(1966)point out that the axial
mixing canbe describpeby Fi ckds Law of diffusion and
conditions: diffusivity increases with particle size, drum speed and druniFsree et
al., 2005; Parkeet al, 1997)and decreases with fill lev€Bherittet al., 2003.

12
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Figure 2.6. Schematic view of the axial and radial direction of mixing

Numerous studies havevestigatedparticle mixing and segregation in tumbling
drums by combining theoretical models and experimental results to enhance the coating
performance. As summarised in Table 2.1, the material characteristics (particle size,
shape, density) and the drum desigmargdsize, fill level and drum speed) both influence
the mixing and segregation behaviour in the tumbling drumdoy aystem Most of the
studies have been carried out numerically since this method provides more precise data,
and discrete element methddEM) is commonly usedSahniet al, 2011; Liuet al,

2017; Nafsuret al, 2017)

Table 2.1 Literature on mixing and segregation of particles in rotating drums

Authors Parameters Method Findings

(Sahni et Fill level, drum Exp- A At the hor i abservédahh

al., 2011) speed DEM radial convection is faster than ax
dispersion in the pan coater, but axial mixi
increases as the pan coater tilt increase:
both experiments and simulation)

A Fill Ilevel and d
effect on mixing in a smaller paater undel
the ranges studied
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(Sandadi Particle shape, Exp. A Circulation and
et al, size, drum the spray zone decreased as drum sp
2004) speed drum loadings, and tablet size increased

A The axial disper
with the drum speed

(Liuet  Drumspeed, Exp A The surface mixi

al., 2017) drum length DEM monaosized particles in the drum wq
compared by varying the drum speed ¢
drum length

A The shor't dr um
difference between the surface and wh
mixing process compared to the long drur

(Nafsun  Drum speed, Exp- A Thermal mixing ti
et al, fill level DEM drum speed and lowétling level
2017)

(Alchikh- Drum speed, Exp- A The degree of m
Sulaiman size, thanitial DEM particles was smaller as compared
et al, loading method monodisperse particles due to segrega
2015) phenomena

A Addition of parti
of smalest and largest particles improved 1
mixing and reduced the extent of segrega

A For -dispese dnd tdisperse
particles, best mixing was observed when
top (smalleri) bottom (larger) loading metho
was used

According to Alchikh-Sulaiman et al, (2015) the degree of mixing of
polydisperse particles is smaller compared to monodisperse lgmrticie to the
segregation mechanism@ndthe mixing of polydisperse particless improvedvhen an
intermediateparticle size range waaddedto the drum systemLiu et al, (2017)
experimentally validated a DEM model to investigate the difference between the surface
mixing (active layer) and the whole mixing in the drum by using different drum length
and speed. MWvas concludedhat the drum lengtinfluences the surface mixing and the
whole mixing as there was no significant difference for short drums (L = 26mm, L/D =

4.3) but a significant difference for | ong

14



pattern in longer drums also shows that bedtdeparbothend walls is greater than that

in the inner bed meaning that greater mixing is achieved due to theaideffect.

Most of these studies have focused almyesystem, in which particlparticle and
particlewall interactions and gravity danmate. However, when a small amount of liquid
is addedto the coating system, the mixing behaviour in the drum system changes. Thus,
understanding the behaviour of wet particles in the drum sysierportant to the design
or scaleup of the coating pross. Despite this, theiis still only a limited amount of

research that hdecusedon this,andthis will be reviewedater in this chapter.

2.2.2 Fluidised Beds

The fluidisedbed coating technique has been extensively used in numerous
industrial processes, for example, detergents, pharmaceuticals, food process technology
and agriculturéChanet al, 2006; Palamanét al, 2013, 2016; Naz and Sulaiman, 20Q16)

In thefood industry,for instancePalamaniet al.,(2016)applied the top spray fluidised
bed to produce functional coated rice by adding curcuminoitiategpresent in turmeric
rhizomes extract which possess hagtiioxidant activity and heat stability. Furthermore,
there is a variety of food products that areatedin the fluidised bed during their
production including milk, cocoa and coffee powdersd infant formulaTurchiuli,
2013)

In the fluidised bed coating system, particles are suspendiedbisedin a fluid-
like state using gas introduced at the bottom of the bed. The fluidised bed chamber can
be either cylindrical or conical in shaadthe airdistributedthrough a distributor plate
with an adequate partition and size of holes. At the samediocmatingsolution or melt
containing coating materiad continuously sprayednto fluidised core particles using a
nozzle and the core will be coated every time they pass through the sprayammeot

and Pernette, 20047 his process allows high coating rates akhown to be suitable
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for a wide range of particle sizes (50 um to 5 nam{l shapes. Generally, larger tablets

(ca. more than 6.35 mm) are not suitable to be coated in a fluidised bed due to mechanical
damage that occurs in the device. The types of fluidigedcarbe classifiecaccording

to the nozzle position dhe ways inwhich the solutionis sprayedtop, bottom or side)

and to the operating conditions; either continuous or batch pr@cassou and Poncelet,

2002) There existhreetypes of basic batch fluidised bed coating systems and each

coating system is different asdmmarisedn the following section.

2.2.2.1 Types of Fluidised Bed

Top raying is the oldest technique of spray coating technology. The coating
material isintroducedinto this system from a spray nozzle placed at the top, and the
coating is sprayed from top to bottom. The particles are fluidised by air from the bottom
of thefluidised bed chamber (Figure 2.7a). Thadisedparticles are coated in the spray
zone and then fall back to particle beddthe coating cycles continue until the desired
coating qualityis achievedThe final product qualitis largely determinedy the spray
and bed characteristics, and the particle motion. Accordittetieet al., (2009)drop
deposition occurs at the top of theidisedbed. To prevent possible droplet drying and
agglomeration dung thecoatingprocess, the ratio of particles to droplgteuld behigh
enough in the coating zoremdthe droplet size should be small enough to ensure coating

success during collisions.

To improve the success of collisions between fluidised pestand the droplets
a bottom spray type is widely used (Figure 2.7b). The liquid is introduced from the bottom
concurrently with the airandthis provides a shorter distance between the droplets and
the fluidised patrticles, therelneducingthe drying & droplets before impact to the
particle surface and leads to higher coating qualigunou and Poncelet (200@und
that the bottom spray type is efficient for coating tablets, Buglaerconcentration of
wet particles than top spray type leads to the risk of agglomeration of small particles

during thecoatingprocess.
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In 1950, Wuster improved the bottom spray type to reduce the risk of
agglomeration by adding a partition in the fluidised bed chamber (Figure 2.7c) with a new
design of the distributor plate to control the fluidisation of the particles. This new design
partition pravides a high velocity air stream, hence improving the fluidisation of the
particles. There are two zones observed: (i) inside the partition, where the spreading of
the droplets is the most efficient and (ii) outside the partition, where gravity dominates,
thus the fluidised particles slowly fall down the Wurster bed. This Wurster coater has
been widely applied in theharmaceuticaindustry to coat solid/tablet materials with a
size range from 501000 umdue togreater coating uniformity, drying capacitydan

minimal risk of agglomeration.

Figure 2.7. Different types of batchfluidised bed coating: a) top spray; b) bottom
spray; c) Wurster coater and d) side/tangential spray with rotating diskSource
Boyce, (2018)

Figure 2.7d shows a tangential/side spray fluidised bed. This type of device sprays
the liquid directly from the side of the fluidised bed chaméeda rotary plates attached
at the bottom of the chamber. The particles are fluidised from the airfloimgdhrough
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the space between the edge of the rotor plate and the inside chamber. The pattern of the
fluidisation in this device cabe describes a spiralling helix due to@@mbinationof

the centrifugal force, thair stream and gravit¢Srivastava and Mishra, 201@imilar to

the bottom spray type, the final product from this device also produces a higher coating
uniformity. However, since this technique applies high shear stress to the particles, it is

not suitable fofragile materials.

2.2.2.2 Atomisation Principles

In thespraycoating process, the atomisation of a coating material is the first stage
(see Figure 2.15). This st&&ags very important, mainly to obtain a large and rapid increase
in droplet surface area thus leading to an increase in the rate of evap(Hatieet al,
2008) Atomization is the process of producing droplets by the disruptive action of a high
relative vebcity between gas and the liquid stream. Here, the aerodynamic force exceeds
the consolidating surface tension force and causes the ligdisimbegratanto droplets
(Chenet al, 2008) In addition the optimum relative velocity achieveependsn the
type of nozzles and sizes used. The nozzlesbeadividedinto two main categories: (1)
pressure or singléuid nozzles, for which thpressurisediquid is the only stream fed to
the device, and JZneumatic or twdluid nozzles, in which two streanase fed a liquid

and a gas.

2.2.2.2.1 Two fluid nozzles

The mosttommonly used nozzles in theatingindustry are two fluid nozzles or
pneumatic sprayBorneret al, 2014; Nazt al, 2014; Pachecet al, 2016) This type
of nozzle can be further classified based on how both fluids come intactgFigure
2.8): (i) internal mixing nozzles, where the air stream and the liquid are mixed inside the

nozzle and (ii) external mixing nozzles, where baghtactat the exit of the nozzle head,
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and in the case of a pneumatic cup atomiser, both caattéioe rim of rotating nozzle
head.

Within these nozzles, in order to produce the same droplet diameter, the internal
mixing is reported to be more energy efficient due to less air being required. However, its
lifetime is shorter due to erosion when imigigs are present in thiguid used. Compared
to internal mixing, external mixingllows independent control of both liquid and air
streams, and for that case, external mixing nozzles are typically desired for fluidised bed
coating (Hede et al, 2008) Furthermore, nozzle clogging ptelms canbe reduced

because there is no interaction between the air and liquid in the nozzle device.

Liquid channel

o

Atomisation air

nozzle

g
”
=
=1
=
g
-
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Mixing zone

External mixing
nozzle

a) b)

Figure 2.8. Schematic view of two fluid nozzle designs: a) external mixing
nozzle; b) internal mixing nozzle. SourceHedeet al, (2008)
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2.2.2.2.2 Spray Pattern

As previously mentioned, spraying nozzles play a critical role in fluidised bed
coating, and there are many characteristics which should hsdeoed to select an
adequate nozzle; spray pattern, spray angle, spray rate and drop size. For spray pattern,
as an example, in a conveyor belt applications, if dual or multiple ncardassedthe
overlapping liquid distribution pattern of the nozzalegds to be considered as the process
may rely strongly on the spray relative to local volume {ldagers, 1997)Each nozzle
might have different shape orifices andapangles, thereby producing various spray

patternssuch as flat spray, full cone and hollow cone patterns (Figure 2.9).

With a flat spray nozzle pattern (Figure 2.9a), dro@etssprayedh tapereeedge
shape or a flaliquid layer with different thtknessesn relation tooperatingcondition
used to generate the spray. This type of spray nozzle is typically employed in narrow or
rectangular enclosed spaces and used for dust prevention. Ircarfelspray (Figure
2.9b), droplets are distributed owtid into a cone pattern, with its origin point at the
nozzle orifice. Such a spray pattern is widely used in the food industry, for instance, the

chocolate candies process, because it allowdrttydets tadistribute in the surface.

Flat Spray Full Cone Hollow Cone

a) b) <)

Figure 2.9. Different spray patterns for external mixing two-fluid nozzles: a)
Flat-spray nozzles, b) Fullcone nozzles, c) Hollovcone nozzles. Adapted from:
BETE Fog Nozzle, Inc., (2017).
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The third pattern is a hollow cone spray pattern (Figure 2.9c¢). This pattern looks
like acircularring and consists of droplets concentrated at the outer point of the conical
shape volume with no droplets accommodated inside the conical shape. Thertgusd
the nozzle at a right angle creating a centrifugal force which accumulates the droplets
outside the cone. Compared to other two nozzles, it produsresléerdrop sizeandit

canbe formedby a tangential or deflection nozZI€o et al., 2000)

The spray pattern coverageeais dependent on the spray ang&,and the
distance height from the particle b&d, The spray angle @ nozzle is not constant, and
it will diminish as the liquid moves from the nozzle due to gravitational effect. As
demonstrated in Figure 2.10, the spray coverage varies with spray angle (bel®w 180
and the spray distance. At certain spray distancesptiag angle of the liquid is affected

by the viscosity, spray pressure and the flow fatedradeet al., 2012a)

Spray distance

Actual coverage

B ————————————————
\ /‘ Target surface
SRS o

Theoretical coverage

Figure 2.10. Spray angle and coverage of a nozzle. Adapted from: BETE Fog
Nozzle, Inc., (2017).
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2.2.2.3 Theory of fluidisation

Fluidisationof particles in thefluidised bed dependson the fluid and patrticle
propertiesTo fluidise the solid particleshe fluid (either gas or liquid) is passed upwards
through the bed by changing the flow rddéferentflow rates will reach different states
of fluidisation regime; from the initialfixed state to pneumatic transportation. As
indicatedin Figure 2.11, at low air flow rate, the particle bed remains fixed. When the
fluidisation flow rate increasegradually, the particles will start to move, and a small
expansion of the beild observedThis representshe incipient or minimuniluidisation
regime. Then, when the flow rate is continuously increased, the following regimes can be
observed sequentially: smooth, bubblfhgdisation, slugging, turbulent fluidisation, and
pneumatic transpo(Smith, 2007)

The fluidisation velocityl, is commonly set between the minimum fluidisation
velocity, Um, and the entrainment velocitye, to maintain a recirculation of solid
particles in the fluidised bed chamber. These two values are dependent on the properties
of the particles (size, shape, and density), properties ajakériscosity, density) and
also the porosity of the particle bed. Beside these two values, there are other fluid
velocities in fluidised bed operations such as minimum bubbling velddity) (and
turbulencefluidisation velocity (Uix). However, not all these velocities need to be
measured. ldependn the type of proceassedin the fluidised bed coater. In the case
of the work involved in this thesis, thénris the most important velocity wih needs to

be measuredindthisis explainedn the following section.
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Figure 2.11. Fluidisation regimes: a) fixed bed, b) minimum fluidisation, c)
smooth fluidisation, d) bubbling fluidisation, e) slugging fluidisation, f) lean
phase fluidisation. Adapted fromRhodes, (2008)

2.2.2.4 Minimum Fluidi sation Velocity

The minimum fluidisation velocitym, as abovementioned is the lowest velocity
of the air needed for the particle bed to change from a fixedfliddésed state, and
depends mainly to the properties of solid particles used (see Section 2T2argu and
Poncelet, (2002pund thatUms mainly dependsn the particle diametedy, the particle
density,” p, the fluid densy, "¢, and viscosityy, as shown in Eq. 2-¥q. 2.4.

_ zmzp © ) W
ToR He 7 8

for dp <100 pm (Equation 2.3)

To . 8 8 =p» 8 fordy,>100 um(Equation 2.4)

zZ"

The Archimedes numbeAr in Eq. 2.4 is defined as the ratio of gravitational
forces to viscous forces. This dimensionless number has been used to describe the motion
of fluid and solid particles in a fluidised bed due to density differences Hphase flows

and is shown in EQ.5:
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wheredy is the diameter of an equivalent sphere.

Although theUmscanbe observedgisually, it is more accurate if measured experimentally
andcompared with the theoretical equation. There are a few experimental methods have
been used to measure thgrsuch as bed pressure drop, edlageand the heat transfer

method and the former is more commonly used.

For the bed pressure drop method, theis determined by plotting a graph of
bed pressure drop as a function of superficial fluidisation veldditygs described in
Figure 2.12(Khan et al, 2016; Patnaik and Sriharsha, 2Q10At lower superficial
velocity, the fluidisation air is passed upward through the fixed particle bed without
causing any particle motion. As the fluidisation véhps further increased, the pressure
drop also increases until a certain ppthen thepressure drops became constant. This
point is wherehe particle weight fully supports the drag force, tthesfixed bed starts
to expand due to the particle motidrhe superficial velocity point here is termed the

at which the fluidisation starts to occur.

For the voidage method, thé&nfis measured based on bed expansions where the
Unmfis considereavhen the voidage starts to increase as the fluidisatiocityelncreases.
In the heat transfer method, thieis determinedat the point when the heat transfer
coefficient startsto increase drastically as the fluidisation velocity increases. The bed
voidage and heat transfer methods are not commonly used et more complicated
and they also require a higher cost for the experimesatalp.
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Figure 2.12. Schematic plot of bed pressure drop and bed height as a function ¢
fluidisation velocity. Adapted from Patnaik and Sriharsha, (2010)

2.2.2.5 Powder Classification

Geldart, (1973xlassified particles based on their prajgsr into four groups to
predict fluidisation behaviour: A, aeratable; B, bubtdady/sandike; C, cohesive and
D, spoutableThese groups are characterised based on the density difference between the
particles and the fluidising mediurhp(-" f) andthe particle sizedy) as shown in Figure
2.13. The patrticle size ranges in Figure 2.13 shows that group C is the smallest (<30 um)
and referred to as cohesive powders. Due to high-jratdicle forces of group C, the
individual particles tend to form alggnerates which lead wefluidisation Thus, for this
group, generally, the particles are fluidised wakternalassistance such as baffles,
microjets or mechanical vibration. A better fluidisation is also achieved when larger

particles,e.g.group B paticles, are added to the particle {€wbccoet d., 2014)
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Note: Ain the graphis referred tathe group of alumina particles used in this study

The largest patrticles belong to group D (3001 severamillimetre9 with high
particle density. Bubble formation cha observedhen fluidising this group of particles.
The large bubbles formed cause the particles to be swept upwards causing unstable
operation. Thus, these particlaee typically processeih spouted bes, which require

lower gas flow than standard fluidised beds.

Geldart group A particles areeferred toas being aeratable due to good
fluidisation behaviour and form a uniform bed expansion as the fluidisation velocity
increases more than minimum fligdtion velocity,Umr. These types of particle ranige
sizefrom 30 to 125 um and have a particle density less than 140G kiglost of the
particles used in thituidised bed system are from this group, mainly because they can
be operated at low gas flewvhich allow easier control of the growth and speed above

the Umb, Where they exhibit the bubbling behaviour.
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Group Bpatrticles are describeas sandike and range in medium size fromi50
1500 pm and their particle density falls in the range of 1400 kg/n?. As shown in
Figure 2.13, the alumina particles used in this study are belong to this group based on
their density and sizdn contrast to group A particles, this group of particles exhibit

bubbling at the minimum fluidisation velocitWf{b= Umj).

2.3 Mechanisms of spray coating in tumbling drums and

fluidised bed coaters

Although different types of coating system® usedn different industries, the
underlying principles of spray coating for the abovementioned systems are the same
(Figure 2.14). The differences primarily relate to the way particles move between the
spray and drying zones and the method of removing thersolin both coating systems,
spray coating is based on repeated exposure of particles (e.g. tablets, granules) to a spray
containing solute and solvent as conceptually shown in Figure 2.14. After the spray
region, the particles move into a drying regiwhere the partial coating solidified
typically via evaporation of the solvent facilitated by heated drying air. The drying air
directedtowards the surface of the particle bed in order to achieve good heat and mass
transfer.Then, the spraying and drying zone cycle are repeated multiple times until the
desired coating massduniformity havebeen reache@urton and Cheng, 2005; Turton,
2008; Suzzet al, 2010; Sahnet al, 2011)
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Figure 2.14. Schematic view of the coating mechanisin most typesof coating
equipment. Source:Turton, (2008).

As the bed is moving durinftpidisation particles spend a fraction of a second in
the spray zone and receive a partial coating from the inigtiingand spreading (step 1
i drop deposition) mechanism with the amount and distribution depending on the local
conditions in the spgsazone. From here, the droplet may spread or penetrate to some
extent over the particlandin some cases, thiguid maybe transferretb other uncoated

particles (step 2 contact spreading). These two possible mechanisms are illustrated in

Figure 2.15
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Figure 2.15. Schematic view of spray coating mechanisms: (step [) drop deposition,
(step 1) contact spreading.
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There is potential for many processegake place inside the bed depending on
the operdon conditions, core particle properties and the coating materials properties
(Nienow, 1995) Thepossible mechanisms that cowldcurin a fluidised bed coater are
shownin Figure 2.16Nienow, (1995)pointsout that two main mechanisms should be
controlled to ensure a successful coating is achieved: the success of collisions between
droplets and particles and the collisions betweparticleand a wet particle. The term
success hereefersto the breakagefdhe liquid bridge formed from the wet collision
upon drying inside the bed.
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@

Wetting

¥

Wetted Particles
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Drying

Dried Fines
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Elutriation Fines to Liquid — o4 Layered
the Bed bridge Weak = Growth
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Fines Drying E NSV
/ Bridges Wetting
) ) Fines A _
Snow Balling Agglomeration W ot
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Dried Solid Bridges
Strong adhesion Weak adhesion forces
(Many Particles) (Fragmentation)
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(Few Particles)
Dry Defluidization *

Agglomeration

Coated Particles

Figure 2.16. Possible mechanisms that couldccur in a fluidised bed coater.
Adapted from Nienow, (1995)
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2.3.1 Drop Deposition and Spreading(Step 1)

Studies in tk area of wet coating have largely focused on liginisationrand
deposition or droplet impact on particles (step 1). This step of coating is clearly similar
to distribution nucleatiorgne of thdirst stagesin granulationwhich begins with droplet
formation, drop impact, wetting and spreading over pleticle surface, secondary
levelling of droplets, consolidation and drying of the coating layer (Figud R.ink
and Schlinder, 1997; Kariuét al, 2013; Karlssomet al, 2011; Pandat al, 2001; Strom
et al, 2005) Clearly, from Figure 2.7, liquid deposition behaviour is strongly affected
by interactions of the spray atige solid surface to be coated. Hen several attempts
have been made to understand baesic principles of the spraying and deposition
processes on a single tablet or granfidarlssonet al, 2011; Stromet al, 2005)
However, most studiassea fluidised bed rather than a rotating drum, although the latter

Is alsoextensively ued because of its simple operation.

A ‘ Wetting Drying

Drop spreading

K Coating cycles 4———/‘/'

Figure 2.17. Schematic view of liquid atomization and deposition in single
particle coating studies. Adapted fromSuzziet al, (2010) and Sondeg¢t al,
(2015)

From the literatu, several works highlight the important effect of particle surface
wettability, surface roughness, density, s{ktarstonet al, 2010; Saleh and Guigon,
2007b) adhesion strength and liquid formulati@fontet al, 2001; Yang and Leong,
2002; Andradest al, 2012b)on coating efficiency and qualitylso, the interest in drop
impact and spreading has been concerned with splashing, rebound and recoil, wetting
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dynamics, maximum spread and final spread as the final coating quality is highly
dependentn these phenomerf@/erneret al, 2007a, 2007c;. Andrads al, 2012b)

The effects of wettability on the dynamics of the spreading camdecterised
by a static (or equilibrium) contact angle;. Static contact angles are measured when
the droplet is in the static condition on a solid surface. Depending on the confact ang
values, different wetting behaviour can be observed; wetting (contact angle’)s 90
complete wetting (contact angle = zero) andwsetting (contact angle > 90), as
illustrated in Figure 2.18a. The dynamic contact angle is measured when the these phas
(droplet, solid and air) are moving, and these raferred toas advancing, a, and
receding, r, angles. The drop starts to spread if the contact angle exceeds thesstatic

and dewetting occurs if the contact angle is less than this value.

a)

h b)
8¢ < 90°)
(06c>90°)

Figure 2.18. a) Different contact angles on a surface; b) Schematic of dynamic
contact angle measurement by using the tilting cradle method. Adapted from:
Zhao and Jiang, (2018)

The values for both aand, : canbe measuretly using the tilting cradle or tilt
plate method, as shown in Figure 218sing this method, thdropletis placedon the
substrate which is then graduaiilted. The ais measured at the front of the droplet just
before the droplet starts to move, whileis measure@t the back of the droplet, at the
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sametime point. The difference between both contact anglégfinedas contact angle
hysteresis; it arises due to chemical heterogeneity, surface roughness, swelling and partial
dissolution of the solid in the liquitAndradeet al, 2013; Lazghalet al, 2005) Other
techniques, such as the Wilhelmy plate and capillary rising method have also been
reported to determine the contact angle on flat surfaces. For fine single particles, the
measurement methods can be based on microscopic visualization of thkqsalid
interface, and could include: sessile drop, atomic force microscopy (AFM),
environmental scanning electron microscopy (ESEM) and floating particle methods
(Alghunaimet al, 2016; Good, 1992; Lazghabal, 2005; Mitraet al., 2013)

As shown in Figure 2.19, when a drop impacts on a solid (smooth or rough),
impact behaviour came dividedinto several sulprocesses identified as spreading,
splashing and reboundirfyarin, 2006)

Spreading Rebounding Splashing

Figure 2.19. Impact of a drop on a solid surface: spreading, rebounding, and
splashing. SourceBolleddula et d., (2010)

According to a study bolleddulaet al (2010) for low kinetic energies (& of
drop impacts, after impact, the i§ dissip&ed by viscous forces and the drop will deposit
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over the surface and reach a maximum diameter after a finite spreading time. In some
cases, inertia could also be negligible if thesHow enough. However, if thexks too

large, inertia will take place to maintain the excess of surface energy upon iamghct,

the drop may partially recede and even completely rebound. Moreover, several works
have suggested that the abovementioned phenomnegmasenta continual tradeff
between inertial forces (associated with the mass of the drop and its impact velocity),
capillary forces (which depend on the surface tension and the solid surface
characteristics), gravitational forces and viscous dissip&@ionperWhite et al., 20®)

and these studies are summarized in Table 2.2.

Furthermore, the drop impact behaviour also can be described using three main
dimensionless parametgiéarin, 2006)

The Reynolds number (Eg. 2.6) compares the droplet inertia and the viscous
dissipation, meaning that the impacthafihly viscous droplets (resulting in a ldRje

number) could lead to poor spreading.

Re=21 (Equation 2.6)

The Weber number (Eq. 2.7) compares the inertissarfdceenergy. According
to previous findinggYarin, 2006) droplet rebound can take place when\Wenumber

is higher than unity and over a certain limit.

We= % (Equation 2.7)

Another dimensionless parameter, the Ohnesorge number (Es @ainedas
a combination of the Reynolds and Weber number. It reveals the importance of the

viscous forcewith the aerodynamic anchpillary force and can be described to scale the
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resisting force to the recoiling motion. It hbsen reportedhat increases in th®h

number will slow down the recoiling behaviour.

Oh=—L (Equation 2.8)
Z2ar
Here,” = liquid density;D = diameterp = impact velocity; = viscosity; = surface

tension.

Kariuki et al, (2013)have developed a Bernoulli model to describe the fractional
surface coatingk, which is important to accurately predict the strength of the liquid
bridge formed from the collision of two pafes. The strength of the liquid bridge is
based on the volume of the liquid bridge. This information could add new knowledge to
differentiate the process; particle coating or distribution nucleation. In this study, a new
dimensional parameter, the paeiccoating numbergp,, has been introduced which
defines the ratio of the theoretical area coated by the drops (assuming no overlap) to the
total surface area of the particle. Experimental results demonstrated ¢batd be used
to predictF usingsimple, known parameters and was able to account for differences in
drop size and particle sizén addition it could also be used to predict the effect of
changing particle size, surface area, and liquid level or drop size on the coating fraction.

Thus itis extremely valuable in a range of wetting and coating applications.
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Table 2.2. Single particle/ drop impact behaviour studies

(Note: CM: Coating material; 1V: Independent variables; DV: Dependent variables; CMC: Carboxymethylcellulose; D: Diam&ent@e angle; PVA: Polyvinyl alcohol;

Il ncrease;

PEG: Polyethylene glycol, HPMBy dr oxypr opyl met hyl cell ul ose; MD: Mal todextrin; ¢:
Author/ Core/ Parameters Results Method/Apparatus
Year Coating
material
Khoufech | -hydrophobic | IV. -as CMC §, aprebdin®V | .. e o -
et al, surface/ -droplet size recoil velocity & max. height rebound »fv_\ [
(2015) -water -liquid viscosity decrease L NP
-CMC -drop velocity -max. spreading influenced by inertia | -
DV viscous dissipation
-max spreading i mpact velocity § . ) -
-recoil velocity receding -hlghspeed camera and imag
-max height of rebound -impact regime diagram based on Oh analysis
and We numbers established based @
collected data
Andradeet | -banana and | IV, -max. spread factor not effected by
al., (2015) | eggplant -CM type surface energy
epicarps/ -CM viscosity -but effected by viscosity
-gelatin, -surface energy
glycerol, DV
cellulose -max spread D/ factor
nanofibers
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Gi ketl | horizontal v -surface wettability strongly influencec R Vel

al., (2002) | surfaces: -droplet We number droplet spreading ; - )
-smooth glass,| -liquid types -max spreadi ngWeg R /uNu
wax, PVC, -CA/surface wettability number i )
rough glass/ | DV
-water, -spreading D
isopropanol, | -apex/peak height of th
glycerine droplet

Bolleddula| -tablet (3 v -when Oh values range are extended

etal, types)/ -surface type (acrylic, mica, above 1, splashing and rebounding Qf”f o

(2010) -opadry ™I Teflon) completelyinhibited (highly viscous Ay g punp
white with -viscosity Newtonian) or
varying -drop velocity -role of wettability is negligible at an -
content of: -CA earlystage of impact j:l:\
PVA, PEG, DV -max spreading D showed agreement > ¥
HPMC -spreading D with threemodels used

-centerline height of drop,

h(t)
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Mitra et -spherical v -droplet spreading better predicted
al., (2013) | particle/ -We number dynamic CA than thetaticangle
-water, -surface temperature (2f
isopropyl 250°C)
alcohol, -CM types
acetone DV
-droplet shape evolution
-max spreading
Werneret | -smooth [\ -greater max spreading with higher dr
al., anhydrous -drop velocity velocity and lower viscosity
(2007c) milk fat -CM viscosity -surfactants not significant on m:
surface/ -surface tension (adding spreading,
-MD DES5, surfactant) limited droplet recoil
water DV -surfactants affect final spreading

-max spreading D

coverage area 3 times higher
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2.3.2 Contact Spreadingvia Particle-Particle Collision (Step 2)

The collisionof wetted particles which allows liquid bridges to form and solidify,
as in granulation, is undesirable in the coating pro¢Bserefijn et al, 2009)
Furthermore, if the flux of fluid is too high, this tends to ewet thebedand ircreases
the possibility of wetted particles agglomerating as demonstrated in Figure 2.20a
(Hapgoockt al, 2004) Thus, in order for particle coating to be successful, after the inter
particle collision occurghe formation of liquid bonds between wetted particles have to
be broken before the bridge solidifies (Figure 2.20b). More importantly, it is believed that
there is also some redistribution of liquid from wet to-matted particles in the bulk of
the bedas they return to the spray zone. This mechanism of coating is theoretically due
to the liquid transfer via contact spreading within particles in the powdeabeits rate
of occurrence is expected to be a complex function of particle propertiesigsidmition,
density, shape, surface roughness), liquid properties (viscosity, surface tension, density),
particle/liquid properties (solid/liquid contact angle, liquid penetration rate) and the
operating parameters (equipment type, speed, relative diomsndbad)(Sahni and
Chaudhuri, 2011; Saleh and Guigon, 2007b; Toschkoff & Khinast, 2@3pite the
significanceof liquid transfer between particles occurring in systems such as a rotating
drum and fluidised bed, the way that liquids interact and spread through the powders is
not well understoodandthere is still little research conducted in this area.

™. O BN ok
TR
:;ij:tj%{j \}) | ‘Snowball’

Particle-drop collision Liquid bridge Solid bridge structure

Panliulg Liquid — —
. particle transfer
) l’ collision ‘
Bridge mpmr/
Liquid bridge

— b) _—

Figure 2.20. Schematic view of different mechanisms between
granulation/agglomeration process and b) liquid transfer via contact spreading
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2.3.2.1 Liquid Bridge Forces

In awetparticle-particle collision, the formation and rupture mechanisms of liquid
bridgesareimportant to understand the wéguids disperse through the powd&he
liquid bridge consists of a cohesive force (static) due to surfacemeasd a viscous
force (dynamic) due to theslative motion of particles. Based on the amount of liquid
added to the systerprevious studies claim that different types of liquid bridges can be
formed, e.g, pendular (between two equal spheres or diffeimsd particles), funicular
(more than two particles with higher amount of interstitial liquid with some voidage) and
capillary (more particles with all interstitial spaces filled with liquid, and thick liquid
layers around the particles) as illustratedrigure 2.21Zhouet al.,2013) Most of the
liquid bridging occurring in coating systensfound to be in the final capillary state
(Wright and Raper, 1998)

(pendular) (funicular) (capillary)

Figure 2.21. Different states of liquid bridging based on theamount of liquid in
the system. SourceZhou et al, (2013)

Figure 2.22 illustrates that under static conditions, the cohesive force between the
two spherical particleis caused by the surface tension and pressure diffederectmthe
curvature of the ailiquid interface Fisher,(1926)was the first to calculate this cohesive
force by using the toroidal approximation and assumed that both sets of curvature are
circular and shown in Eq. 2.9. The first term on the rhnid side of the equatioefers
to the pressure differen@eross thair-liquid interface and is described by the Young
Laplace equation as shown in Eq. 2.10, while the second term arises from the surface
tension of the liquid:
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qa 4P A ralliry Vi 2 (Equation 2.9)

Youm As o (Equation 2.10)

whereais the surface tension of liquid, and r. are the radii of curvature of the liquid
bridge surfaces.

Figure 2.22. Liquid bridge between two equal spheres where a = half particle
separation. Sourcelian et al, (1993.

Based on lubrication theory, which simplifies partiplrticle adhesion by a
dynamic pendular liquid bridge as an adhesion mechanism between two particles coated
with a thin liquid film, the dissipative viscous force can be divided into two components:

the normal and tangential viscous force as shown in Eq.-21P (Naseet al,, 2001)

3 oh Z H. 21—[ (Equation 2.11)
Foha —1 1 il 8 Z4%0 (Equation 2.12)
Here, - - —
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where is the liquid viscosityvn, + are the normal and tangential components of the
relative velocity between particleR, andR: are the particle radigndSis the separation
distance. Most of the previous modelling works have neglected the tangential component
of the viscous force faimplicity (Hsiau and Yang, 2003; Washirbal, 2017)

Numerous studies on the liquid bridge force lesw particles havieeen carried
out experimentally and numerically. For exampl@zzoneet al.,(1987)investigated the
rupture behaviour of thpendularliquid bridge and found that the shape of the liquid
bridge was different and stronger as compared to the stationary condtismdicates
that models developed based ongtagicliquid bridge aranot fitto be used for dynamic
liquid bridge.Enniset al.,(1990)determined the normal viscous force by oscillating the
particles relative to one another and found thatcapdlary number,Ca, less than 18,
the static force dominated while atCa of more than 19 the viscoudorce dominated
the liquid bridge forceLian et al, (1993)point out that after the collision, the liquid
bridge ruptured when the critical separation distagewas greater than the rupture
distanceand conclude th& is proportional to the cubreot of the liquid bridge volume,

Vb, (EQ. 2.13). In the equatioMis thesolid-liquid contact angle in radians.

-||% 8 Py 7 (Equation 2.13)

Capillary number, as well as Bond number, are-giomensional numbers used to
characteriseand map the behaviour of the system based on forces involvedliguide
bridge(Boyceet al, 2017b; Donahuet al, 2012; Ennigt al, 1990) The bonchumber
in Eqg. 2.14 represents the ratio of the surface tension to the gravitational force, while the
capillary number (Eq. 2.15) is the ratio of viscous to surfacgderiorces:

(Equation 2.14)

F+ H—z% (Equation 2.15)
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whereg is the acceleration due to gravity,is the particle densityD is the particle
diameter,v is the characteristic collision velocity, is the viscosity and is surface
tension. To determine the characteristic collision velouityprevious studiesdve used
different methodslependingn the coating systems used. For instance, in a fluidised bed
systemy. is chosen based on the terminal velocity of the particle or based on the bubble
rise velocity(Enniset al, 1991; Boyceet al, 2017a) However, in aumbling drum
system,\. is based on the maximum collision velocityl{) (Enniset al, 1991; lveson

and Litster, 1998)

The influence of liquid bridges on thynamic behaviourof a moving tablet
colliding with a stationary tablet has been investigatedsbgg and Turton (2008y
incorporating a viscous liquid foe model into DEM simulations. The parameters used
for this were determined usiriggh-speedvideos of tablet collisions, where the tablets
hadbeen coatedith different viscosities of thin liquid films at their surfaces. As a result,
it was shownthat he viscous force governs the capillary force for liquids with high
viscosity and a linear relationship betwe®rand viscosity has tbe usedn order to
match the simulation and experimental results. Additionally, when only one sigface
wettedwith a very high liquid viscosity, liquid bridges could not be formed due to the

short contact time for a single collision event.

2.3.2.2 Effect of Liquid Bridge on Bed Hydrodynamics

In recent years, there has been an increasing amount of literaturebehaveur
of wet particles in tumbling drums and fluidised beds caused by liquid bridges. For
example, a particulate flow taking into account the adhdsiree which arises from
capillary forces and surface tension effects due to the liquid briddeekasmodellety
Mugurumaet al., (2000)using DEM. This study ignored the viscous effects of the liquid
bridge, andthe findings indicated that the motion of particles in a centrifugal tumbling
granulatoris largely affected by adhesion forcds. addition they also compared the
calculated components of the particle velocities with experimental measureaneltie,

results showed good agreeme®itmilar findings were observedy Liu et al, (20132
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andMcCarthy, (2003)where the capillary force reduced the mixing performance in the

drum.

Jarrayet al, (2018)found that higher capillary forces between the particles
decreasdhe width of the flowing region and the velocity of the particlesha free
surface.Liao, (2018)and Chou et al, (2010)demonstrated that the liquid viscosity
induced segregation due to the formation and rupturing of liquid bridges in a rotating
drum. Moreover, the diffusive process observed in axial masicghe s cr i bed by
law, where the pécle diffusivity decreased with an increase in inparticle cohesion

and drum fill level, but increased with the drum rotation sggerdet al, 2013b)

For wet particle behaviour in a fluidised b&hnget al.,(2017)found that when
a small amount of liquid was added, the particlegan toagglomeratend the bubbles
became gas channeBirardi, (2016kimulated the behaviour of wet particles using €EFD
DEM and found that stronger capillary forded to larger agglomerates being formed,
thus a higher fluidisation velocity is needed tpurt the particles. A similar method has
been usetly Boyceet al.,(2017b)and they found that the minimum fluidisation velocity
and thedefluidisedbed height botlincreasedvith the Bond number (Bo) due to inter
particle cohesionral inhomogeneity of the flow structurdse et al., (2014)simulated
the particles with and without liquid bridges in a bubbfingdisedbed and reported that
the mixing of thedry system was quicker compared to the wet system and the mixing

process took more time as liquid volume increased.

In both systems, when a small amount of liquid is added, the formation and rupture
of aggloneratesseemto have astrongimpact on bed hydrodynamics. Thus, previous
studies have characterised the agglomerate behaviour to assistsicakiep of the

coating process.
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2.3.2.3 Agglomerate Behaviour

An understanding of the coalescence or rebound dfeecellision of primary
particles is important to understand the behaviour of agglomerates (formation, growth
and breakup). It came summarisethat there are three modelling approaches to describe
the coalescence of wet particles; assume that capitbecgd contribute significantly and
neglect the viscous force, assume the viscous forces dominate and neglect the capillary
force (Enniset al,1991) or assume both forces contribuigngficantly and both forces
need to be consideréDarabiet al, 2009) It is reported that the coalescence of particles
depends on the balance between the rupture energy of the liquid bridges and the kinetic

energy of the particle collision particléSimonset al, 1994)

Enniset al, (1991)proposed the Stokes numb&t) and critical Stokes number
(St) to study the behaviour of agglomerates in the granulator with a dominant viscous
effect. The Stokes number definedasthe ratio of the initial collisional kinetic energy
to theviscous dissipation caused by thyamicliquid bridgeas shown in Eq. 2.16:

2 -
-|| < H (Equation 2.16)
wherep is the liquid viscositylJc is the particle collision velocity, is the particle size,
andjpi s the particle densit ySt is alimensionless i t i cal
number which represents the ratio of the initial collision kinetic energy to the energy

dissipated by viscous lubrication forces as follows:

1« — i T—E: (Equation 2.17)
»

wheree is the particle coefficient of restitutioh, is the thickness of the coating layer
andha is a measurement of the particle asperity height. According to this modelSif the
< St, the two patrticles will coalesce (collision success), whilgti$ St, the particles
will reboundregardless of whether it is a normal partigéeticle or oblgue particlewall
collision (Kantaket al., 2005)
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Otherstudiesby Donahueet al, (2010)have appliedst to attempt to predict the
sticking or rebound behaviour of the collisions between two or three particles. Recent
studies also have found that apart from the Stokes number, other dimensiambess
can beapplied to describe agglomerate behaviour. For instmg;e et al, (2017a)
found that agglomerate growth requirethigh Bond number (ratio of surface tension
forces to the gravitational forces) and low capillary number, where the capillary number
here is definedsaa ratio between the collisional and liquid bridge formatilmescales
Even though many studies have reported on the agglomerate behaviour at thamdicro
macrascale levelthereis a still lack of knowledge on how the formation and rupture of
theseagglomerates (liquid bridges) could influence the liquid distribution in both systems

during the coating process.

2.3.2.4 Modelling and Measurement of Liquid Transfer

The first study incorporating a model for liquid transfer in DEM simulations was
reportedoy Shi and McCarthy, (2008 he resultsndicatedthat liquid transfer through
contact spreading is significant. The study performed numerical simulations of liquid
transfer between particles in a rotating drum. The mwdslbasedn liquid bridges that
form between two particles and includedhesive and viscous forces and the
redistribution of liquid by the bridge rupture. This work aimed to determine the liquid
bridge volume formed upon impact between two heterogeneous particles and to define
liquid redistribution upon rupture of bridges. dchieve this, they made two assumptions.
Firstly, the liquid bridge formed is composed of liquid from both contacting particles and
is composed of the assembled liquid on the surface of a spherical cap near both contact
areas (this volumean be used tedculate the capillary force and critical separation force,

S). Secondly, the liquid bridge rupture&tis assumed to occur at the thinnest section,

andi t was these two O6halvesd of the |l iquid
redistribution of théiquid (Figure 2.23). Furthermore, the models coupledvith DEM
simulationsand, as a result, the modé&und that mass coating variability, GY was

inversely proportional to the square root of the coating time when the ratio of capillary

force to parttle weight, Bg, was less than 1. They also predicted thatn@\treases

linearly with the square root of coating time when, B@as greater than 1.
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a) Between two particles b) Liquid bridge rupture

Figure 2.23. Schematics of: a) spherical cap contributing to liquid bridge
between two particles, b) liquid bridge rupture at thinnest section. Adapted from
Shi and McCarthy, (2008) Note: Ri: radius particle i; R;: radius particle j; Vi liquid bridge

contribution from particle i; V;: liquid bridge contribution from particle j.

In contrast toShi and McCarthy, (2008)Darab et al, (2010) performed
computational fluid dynamics (CFD) simulations and developed a simplified
mathematical model to predict the shape evolution, rupture distance, and liquid
distribution of stretching liquid bridges between two eegiaéd solidspherical particles
with the same contact angle. They concluded that for a simplified model, several
assumptions muste madeFor instance, vas assumethat the surface tension effects
dominate the viscous, inertial and gravitational effects andrbdirtdge has a parabolic
shape. Nevertheless, for the CFD simulations, alletfiects mentioned aboweere
consideredAs a result, both models showed good agreement, though the numerical
simulations provided better results. addition the effects of antact angle and gravity
were also investigatesh liquid distribution with the aid of numerical simulatioasdit
was showrthat more liquids transferredo the particle with the smaller contact angle.
The liquid transfer fraction increased as the @oamber, Bgor liquid bridge volume

increased.

Mohan et al., (2014) numerically studied the effects of four different liquid
transfer models (Figure 2.24) on liquid spreading upon-jpaeticle collisions in sheared
particle beds. The liquid transfer in Model A was assumed to occur when particle surfaces
are in contacsimilar to heat conduction between particles. Model B1 proposed the liquid
transfer to occummediatelywhen in contact, based on the spherical cap assumption by
Shi and McCarthy, (2008Model B2 was similar to B1 but considered thelistribution
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of liquid caused by the formation and tuge of the liquid bridge. Model C was similar

to Model B2 but considered there was a limiigdid exchangeate between the contact

of the coatinglayer. This study concluded that the fraction of liquid flowing into the
bridgewasthe main keyto the liquid transfer rate. Furthermore, the study suggests that
the best model, Model C, coultk further improvedy consideringthe initial liquid
bridge volume (assumed zero in this work) or wetting effects since the rate of liquid

spreading is also controlldxy the dynamics of wetting

Model A

O0G00O0
0000

(a,d) particles approach each other, (b,e) particle surfaces are in
contactand transfer takes place, (c,f) particles move away from
each other

Model B1

00CO
¢ ofele

(a) particles approach (b) particle surfaces are in contact, (c)
particles separate and liquid transfer takes place, (d) particles
move away from each other.

Model B2

elele oj0®
00 00

Model C

00 G0 0o
00 00

(a) particles approach each other, (b) the liquid films are in contact,
(c) a liquid bridge is formed, (d) particles move away from each
other and the bridge ruptures at a certain rupture distance, and (e)
liquid is redistributed and particles separate

(a) particles approach each other, (b) the liquid films touch and a
liquid bridge is formed, (c) liquid from the particle drains into the
bridge, (d) particles move away from each other and the bridge
finally ruptures, and (e) liquid is redistributed and particles separate

Figure 2.24. Schematic view of liquid transfer based on four different liquid
transfer models. Adapted fromMohan et al.,(2014)

Given all the above, the assumption used in these models is that the particle
surface is always uniformly coated with a thin liquid layer after contact. However, this
assumption may not be suitable for hydrophobic particle surfaces and higher viscosities
which produce dower rate of liquid spreading. Thus, a new contact md@esbeen
proposed byVashinoet al.,(2016)to investigate the liquid transfer considering a partial
wetting of the particle surface upon contact using discrete element method (DEM). In this
model, each of the particle surfaces subdivided(Figure 2.25) and its assumed that
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the liquid transfer will only occur at these points ame trackedvith time. This model

was applied to simulate the spray drum system and it was then compared with the results
from theShi and McCarthy, (200&xudy. ltwas foundhat the Shi and McCarthy model

was valid aly for lower viscosities while the Washino model was valid for both low and

high viscosities.

Figure 2.25. Sub-divided particle surfaces in the Washino model; red dots
representthe centre of thesub-divided surface. SourceMWashinoet al.,(2016).

Until now, previous studies have only studied the liquid transfer mechanisms
using modelling techniques (DEM, CFD, DEGFD) and future studies should seek to
understand these dynamics experimentally in the coating system, where agglomerates
might be formedduring the coating procesandthis is believed to also influence the

liquid transfer mechanism via contact spreading.

2.4 Characterisation of thecoating layer

There are two different types of coating quality to consider; (i) -jpérdicle
uniformity which relates to the homogeneity of the coating layer on single particles, and
(i) inter-particle uniformity, which describes the coating homogeneity between different
particles within one batcfTobiska and Kleinebudde, 2003)he coating uniformity can

be characterised based on the mass distribution, thickness or morphology of the coating
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material (Turton, 2008) which depends on the purpose of the coating, and the mass

distributionhasbeen reportedbundantly.

Both parameters are typically quantified usingekative standard deviation, or
coefficient of variation, Co\(Sahni and Chaudhuri, 2014)d smaller values (i.e. higher
coating uniformity)are desiredor production coating peesses. In some studies, intra
particle uniformity has been defined as tia¢io of film thickness to the mean film
thickness over the tablet's surf§Eeeireichet al, 2015) Inter-particle coating variability
hasbeen defined in other work as tB@eV of the coating mass between particles and is

shown in Eq. 2.18Kumar and Wassgren, 2014)

G .
M <y (Equation 2.18)

whereaverage coating mags, and its corresponding standard deviatjorare given,

respectively, by Eq. 2.19Eq. 2.20:

BJ O (Equation 2.19)

BJ O: O (Equation 2.20)

In Eg. 2.19 and Eq. 2.26 refers to the coating mass on tbetparticle and\ is the

total number of particles in the bed.

In past studies, the characteristics of coating layers have been determined by
multi-technique approaches. The simplest method reported was based on weight gain of
the particles duringoating(Abe et al, 1998) The coating masis obtainedfrom the
mass difference before and after the coating proc&sdsakorn and Turton (2000)
evaluated the coating uniformity based on the amount of dyed coating material deposited
on different particle size fractions.\itas conductetby dissolving a coated particle in a
known amount of water to determine the blue dye intensity using a spectrophotometer.
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Other characterisation techniques have also been reported such as digital imaging
(Mozina et al, 2010) X-ray tomographyPerfetti et al, 2010; Sondegt al, 2016)
terahertz pulsed imaging (TRHoet al, 2007; Maurer and Leuenberger, 2Q@@nfocal

laser scanning microscopy (CLSMPpondejet al, 2016) and scanning electron

microsopy (Heindméakiet al, 1997)

However, the aforementioned methods do not adequately characterize the overall
coating quality for each batch, e.g. inparticle coating variability, which is a major
concern, for example, in coating bioactive ingredients. There have been studies which
havereported the methods for quantifying inferticle coating uniformity within a batch
of particles coated in tumbling drums and fluidised beds. For instance, a studgty
al., (2013b)used a combination of weight gain and nuclear magnetic resonance (NMR)
to determine the coating amount of one hundred coated particles. Here, NMR analyses
were carried out by measuring a specific component indaing solutionDubeyet al,
(2011)applied laser induced breakdown spectroscopy (LIBSjuestigate the influence
of speed, loading and spray pattern on tablet coating uniformity in a pan coater and
validated the results obtained using discrete element method (DEfvipedy and
Niebergall, (1997)developed an image analysis system to evaluate thepatgcle
coating uniformity based on the standard deviations of individual particles generated from
the optical density dat&komeroTorreset al., (2005, 2006evalwated the feasibility of
using Raman spectroscopy to determine itdblet coating uniformity. The findings
indicated that this method is a simple and robust technique to quantitatively characterise
the coating variability and coating thickneBgpypereet al.,(2009)have used confad
laser scanning microscopy (CLSM) to quantify the coating thickness and quality of
protein coated microparticles produced in a fluidised bed. Table 2.3 summarises the inter
particle coating uniformity characterisation methods, including their advantagks

disadvantages.

50



Although many of these techniques have proven to be able to determine the inter
particle coating uniformity, there are some drawbacks such as:
) small number of particles that can be analysed within a reasonable time
frame
(i) largesizedparticles and/or high amounts of coating material required
(i) time-consuming sample preparation

(iv)  destructive techniques (e.g. LIBS).

Thus, a new, better method of quantitative analysis is required to determine the inter
particle coating variability which cddi contribute to a higher product quality of the

coated particles.

To achieve final product uniformity and increase the process reliability in
tumbling drum and fluidised bed coaters, a number of experimental and numerical
investigations have focused on operating parameters (e.g. drum speed, fluidisation
velocity, fill level) and particle properties (e.qg, size, shape, hardness) which affect inter
and intraparticle uniformity (Werner et al, 2007b; Suzziet al, 2010; Sahni and
Chaudhuri, 2012; Toschkoff and Khinast, 2Q1preover, coating uniformity in drum
and fluidised bed coateissalso influencetdy particle mixing and flow and understanding

both will aid in increasig the final product quality.

Ideally, particles should be exposed to the coating region or spray zone at the same
rate to ensure coating uniformity. However, this is almost impossible to achieve in
practice.To improve this, a balance must be achieved between the movement of particles
within the coating systems, the frequency or average number of passes a particle makes
through the spray zone, the duration of the particles in the spray zone, the orientation
towards the spray nozzle and the rate of spray applied with the operating conditions
(Kalbaget al, 2008; Kalbag and Wassgren, 2009)
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Table 2.3. Techniques used to characterise the intgparticle coating uniformity

Technique

Nuclear
magnetic
resonance

(NMR)

Laser-
induced
breakdown
spectroscopy

(LIBS)

Image

analysis

Raman

Spectroscopy

Confocal
laser scanning
microscopy
(CLSM)

Informatio n

A~ 100 sampl

e

randomly selected for analysis

A Specific co

n

coating solution of each sample

is measured

A Twenty tabl

e

batch were randomly selected

for analysis
A Based on at

o

from the particle surface using

laser

A~ 221 sampl
analysis
A Samples are

e

digital camera and images are
imported to the software, whicl

allows themeasurement of
optical densities of individual
particles

A Used a comb
revolving laser focus with
partial least square (PLS)
multivariatespectrochemical
analysis

A ~50 micropa
analysis
A Able to opt
microparticle at any desired
position

r

Advantages/ Reference
Disadvantages

Advantages (Li, et al,
A Suitable 2013b)

largetablets ~ 1mm

Disadvantages
A Need | arg

coating material
A Expensive

A Minimal s
preparation al., 2019

Disadvantages
Restricte

amounts of sample
A Sample de

Advantages (Kennedy
A Low cost q

A Large san an

be evaluated Niebergall,

A Rapid mea 1997)

Disadvantages
A Limited i
for analysis

Advantages (Romero
A Minimal s
preparation

A Rapi ¢ and 2005, 2006)
destructive

Disadvantages

A Provides

biased to the surface of

the coating

Torreset al,

Advantages (Depypereet
A Ndesiructive al., 2009)

A Rapid mea

Disadvantages

A a combinati of Restricte
analysis allows for quantitative particle size ~200 um

measurement of coating
thickness
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2.4.1 Inter -particle coating variability: Effect of process parameters

Qualitative information regarding the effect of drum speed on residence times and
coating duration, and fill level, particle shape, size and spray rate oparnteie coating
variability are available in the literature. StudiesTybiska and Kleinebudde, (200dnd
Sandadiet al, (2004)reported that the residence time under the spray decreases as the
pan speed and fill load increases. In contigalhaget al, (2008)andDeniset al,, (2003)
reported that the pan load does not affect the average residence time per pasyStudies
other researchers suggested that itablet variability decreases with increased drum
speed and fill leve(Dubey et al., 2011and axal mixing was found to be the most
important parameter. In contra€fiang and Leonzio, (1998)d not obseve any distinct
trends regarding the drum speed and the-tatiglet variability, and it was suggested that

this was due to spray drying and coating transfer effects.

Compared to drum speed and fill levabt much work has been conducted to
quantify theeffect of spray characteristics on coating variabildybeyet al, (2011)
reported that cating variability was also affected by the fill level and spray patterns used;
full surface spray and symmetric band spray produced much lower coating variability
than ellipse and circular design patterns. In contResideet al, (2006)mentioned that
spray shape did not significantly affect the process, but an increase in the spray area led
to lower cating variability. A study byBrock et al, (2014)revealed via théesignof
experiment (DoE) model that coating uniformitsas beneficial at low drum load, high
drum speed, low spray rate and high run duratioddition results also demonstrated
that terahertz pulsed imaging (TPI) was a good method to measurabietruniformity
and to evaluate critical process paraangt{CPP) in an active pan coating process. In a
process that involves perforated coating pans, the main parameters of interest are the fill
level, the size and shape of the tablets, the rotation speed and the presence and shape of
baffles(Kalbaget al, 2008) However, one of the most important parameters, the drum

size, has not been studied in detail.

In afluidised bed, the quality of the coated particles is largely affected by the
spray charactestics and the particle motiofanderroostet al, 2011) Ataréset al.,

(2012) used confocal laser scanning microscopy (CLSM) to quantify the coating

53



thickness and found that the coating thickness was affected by the particle size. A smaller
particle size gave higher coating thicknesses because smaller particles can be fluidised
more and move faster, compared to larger parti€ldeng and Turton (2000¢ported

that the intesparticle variability of coated particles was mainly due to variability in the

amount of coating liquid deposited on particles in the spray zone.

It canbe summarisethat for both coating systems, numerous studies have related
the interparticle coating uniformity with the spray characteristics. The fraction of the
particles in the spray zone compared to the whole system is considerechadthiére
mightalso bdiquid transfer happening during the phase before particlester the sy
zone (outside the spray zone) and this mightlsacontributing to the coating uniformity
of the final product. However, so far there is no experimental work reported in the
literature regarding this mechanism, and work in this area could be verfjclzrte

industries which use coating techniques.

2.5 Summary

A number oftheoretical and experimental studies have investigated the spray
coating process ifiuidised bed and tumbling drum coating systems. In wet coating
systems, the distribution of theyliid amongst the particles in the system is important as
the liquid is only sprayed at discrete points (top, bottom or tangential spray). Most of the
studies havefocused on liquid distribution via droplet deposition and spreading
mechanisms at the micrand macrescale levels. This mechanispacursin the spray
zone, a small area compared to the whole system. When the particles travel from this area
to the bulk particle bed, the wet particles will move through the dsdljquid transfer
may occur from wetter to drier particles. So far, the mechanism of liquid transfer between
the wet collisiondhasbeen reporteciumerically. However, future experimental studies

are needed to understand this mechanism.

The formation of aglomerates has also been investigated. This occurs mainly at

initial stage of the coating process and has a strong impact on bed hydrodynamics.
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However,no study has reported on how it impacts on liquid distribution in the system.
Collision behaviour betwen granules can be predicted based on the liquid bridge forces
formed by using the viscous Stokes number and other dimensionless numbers such as
Capillary number (Ca) and Bond number (Bo). This thesis aims to contribute to our
knowledge on the liquid disbution in afluidised bed and tumbling drum coater via
collisions ofparticles orin terms of the contact spreading mechanismaddition the

liquid transfer via the contact spreading mechanism will bésoelatedo the coating

uniformity of the finalcoated particles.

Moreover, many techniques have been identified to quantify thepatécle
coating uniformity. However, each technique has its own drawbacks, such as the
limitation in number of samples which can be analysed within a gimedlframe Many
are also time consuming and cause damage to the sample. Thus, a new, improved method
of quantitative analysis is required to determine the -ipégticle coating variability of

the product.
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CHAPTER 3

3 Materials and Methods

In this study, different types of coating equipmdrave been designed to
investigate the coating of particles via the contact spreading mechémiaddition the
liquid spreadindehaviourin the coating system is determined quantitatively by using a
novel image analysis system 41 based on colorimetric measurement. This technique
allows for the quantitative and qualitative determination of coating uniformity within a
batch of particles. This chapter outlines details of all materials used;Hhegterisation
and the experimental procedures employed throughout this study. The development of
the new colorimetric image analysis system with which to quantify cdagingvioumill
be describeth following chapter (Chapter 4).

The first experimentamethod used a tumbling drum to study the contact
spreadingoehaviour (Chapter 5F'he second experiments were carried out amalt
scalefluidised bed with a spray system to observe the contact sprebdimayiourin a
different coating system (Chapt&). Finally, the third experiments were carried out in
the samdluidisedbed system used in second experiments but without the spray system
(Chapter 7). Here, a similar method to tumbling drum experiments (Chapter 5) was used
and the objective was to stuthe different method of liquid supply (spray and-poated

particles methods) to the fluidised bed system on contact spreading mechanism.

3.1 Particles

In this study, alumina particles were used to study the liquid distribution via
contact spreading ugirthree different coating techniques: tumbling drum (no spray) and
fluidisedbed (no spray and spray system). This section gives details of the particles used,
their properties and their methods of characterization. For each of the experiments,
aluminapatticlessupplied by Anderman Ceramics Ltd, United Kingdevereidentified

as the model particulate material. Images ofpiéwiclesare shownn Figure 3.1. This
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material wasselectedas amodel material due to its properties; nporous, good
flowability, spherical shape and whiie colour. A nonporous material is important in

this study to avoid any liquid ingress into particles during coating, which could influence
the coating behaviour arstibsequent analysis of tbeatinglayer on the particle surface.

A flowable material was used to reduce the cohesive effect during experiments when the
coating liquidis introducedinto the coating system which could change the mixing
behaviour In addition, the material should be wmwhite colour which is preferable for
subsequentolorimetricimage analysis.

Figure 3.1 Images of alumina beads

3.1.1 Particle Size Distribution

Two methods were used to determine the particle size distribution (PSD) of the
alumina particles sieving and dry cell laser diffractiorMélvern Mastersizer 3000,
Malvern Instruments Ltd., UKThe PSD of the alumingarticleswas initially measured
by sieving to obtain a size distribution based on mesh sizedmhsieving method
(preferable for a size range 40 um to 125 mm) with a vibrator sieve siisclki Sieve
Shaker AS 200 Basic, Germanyas used to divide the samgplmto size fractions and
their weight fraction. During sieving, the samples are thrown upward by the vibration
from the sieve bottom and fall back down due to gravitational force. Here, an
electromagnetic drive sets a spring/ mass motion and transfescitations to the sieve
stack,andthe oscillation height of the sieve bottom is determined by the amplitude set

up. The relative movement between the samples and the sieve will spread the samples
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uniformly across the sieve area. Depending on indivigadicle size, particles either

pass through the sieve mesh or remain on the sieve surface. The possibility of the samples
passing through the siel®determinedy the ratio of the sample size to the mesh size,

the orientation of the particles and thember of encounters between the particles and

the mesh openings.

The sieving methots basewn equivalent sphere diameter, which is the diameter
of a sphere passing through the same sieve apertusgives a mass distributicanda
size which is know as the sieve diameter. The sieve diameter is dependent on the
maximum width and thickness of the particles since the length does not hinder their
passage through the sieve apertures. However, if the particles are extremely elongated,
they maystill reman on sieve surface even after an extended vibration (Vs and
Finch, 2016)However, in this case, where the particles are spherical, this méthad s

give an accurate and realistic determination of the size distribution.

Approximately 40 g of thearticleswere sieved using a stack with a mesh sieve
size of 1.18 mm to 750 um at an amplitude of 1.5 mm / g for 3 Rrior toand after
analysis, eeh sieve and bottom pamas weighedand the mass recorded. The retained
sample weight and its percentage for each siear@determined using Eq. 3.1 and Eg.
3.2

(Equation 3.1)

% retained sample on each sieve : j (Equation 3.2)

wherew is the initial sample weighty: is the weight of empty sieves is the weight of
sieve andvsis the retained sample weight.

A frequency distribution was derived from the sieve analysis data. It was
measured by dividing the mass fraction of particles on that particular sieve size with the
width size of the sieve intervals and multiplied by 100 to get % frequency (Appendix Al).
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Figure 3.2givesthe frequency distribution by mass of discrete size intervals against the
midpoint of the interval size for the alumiparticlesby sieving analysis. It indicates

narrow unimodadlistribution with asizerange ofapproximately from 8500t1200 pm.
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Figure 3.2. Size distribution of aluminaparticles determined by a sieve shaker

Following from the sieve analysis resuli dry dispersion laser diffraction
(Malvern Mastersizer 3000Malvern Instruments Ltd., UK) analysis was further
conducted to determine the volume size distribution op#racles This equipmenvas
connectedo a dry particle feedeandthe size distribution of the sample was monitored
during each measurement lirguccessive readings became constant. This static light
scattering technique consists of three main elements: optical bench, sample dispersion

units and instrument software as shown in Figure 3.3.
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Figure 3.3. Schematic view of the laser diffraction instrument

(Malvern Instruments, 2012)

The particle size distribution obtained using this

measurement of the angular variation in ithtensity of light scattered as a laser beam
passes through a dispersed particulate sample (Malvern, 2012). As illustrated in Figure
3.4, the diffraction angle is inversely proportional to the particle size; large particles
scatter at small angles, whereas smatiglas scatter at large angles. A series of detectors
then accurately measure the intensity of light scattered by the particles. Eventually, the
intensity data i®nalyzedusing the Mie theory to calculate the particle size distribution,
assuming a volumequivalent sphere model. For this theory, knowledgeptical
properties (refractive index, Rindimaginary component) of both the dispersant and the

samplebeing measuredre required. These data can be found either from published data,

listed in thesoftware library ocan be directly measured.

60

technigaebased on




Incadent light

. Small angle scattering

Incident light

. Large angle scattering

Figure 3.4. Laser diffraction principle: Scattering of light from small and large
particles (Malvern Instruments, 2012)

The contribution of each particle in the distribution relates to the volume of that
particle (equivalent to mass if the density is uniform). The results obtained from laser
diffraction are illustratedn Figure 3.5. The size distribution of alumiparticlesshows
a narrow unimodal distribution with the size range from 882 @) ( 1180 um lao)
and this resukvasconsistent with the sieve analysis result. The size of aluparigles
IS expressedsds 3(1020 um), which iszolume moment mean (drouckere mean diameter)
diameter The raw particle size data from sieve and laser diffractionbeafoundin

Appendix Al. The alumina size properties from laser diffracdi@summarizemh Table
3.1
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Figure 3.5. Size distribution of alumina particles determined by laser diffraction
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Table 3.1. Size properties of the alumingparticles obtained via laser diffraction

Properties Particle size (um)
a3 1020
dz2 1010
dio 882
dso 1010
doo 1180
Span 0.290

3.1.2 Particle Density

Here, the methods to determine bulk density, particle or true density and envelope
density of the aluminpatrticles are described. Bulk density is defined as mass per unit
volume of a loose particle bed. The unit volume includes the interparticle spaces an
intraparticle voidsThe bulk density was measured based on Eq. 3.3, where the materials
were weighedrfy) and poured into a cylindendthe volume Vo) was read directly to
obtain the bulk density §).

z| O.m (Equation 3.3)

In contrast to bulk density, true density is defined as mass over the volume of a
particle, without considering pores in the particle. The true density was determined by
helium pycnometry using an AccuPyc 1l 1340 Automatic Gas Pycnometer
(Micromeritics, Norcross, USA) as shown in Figure 3.6a. Helianometryallows the
determinatiorof thetrue density of powders, porous and irregularly shaped solids without
consideringhe volume occupied by internal or open porosity. The pycnometer operates
on theAr ¢ h i mmintiplé by detecting the pressure change resulting from gas
displacement by a solid sample. The displaced fluid is helium, which can penetrate the
finest poresthereby giving maximum accuracy. A quantity of heliumlat@awn pressure
is purgednto an empty chamber. Measuring the pressure establishes a baseline. Then, a
samples placedn the chamber, whicts resealedThe same quantity of heliuim again
purgedinto the sample chamber at the same pressure, and the resulting pressure is

measured. The true volume of the samplelmanieterminedby the differencéetween
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the two pressures combined with the known volume of the empty sample. The true density
then can be determined based on the known particle mass and true volume of particle

measured.

Figure 3.6. Imagesof AccuPyc Il 1340 Automatic Gas Pycnometer

Table 3.2. Densities of the alumina particles

Bulk 2.064
True 3.62 + 0.002

3.2 Coating Liquids

In this study, different coating materials were selected to study contact spreading
behaviorusing thredifferent coating technique3he solutions used were polyethylene
glycol (PEG) (Sigm&ldrich, UK) for the tumbling drum coating system, while
hydroxypropyl methylcellulose (HPMC)ShinEtsu Chemical Ltd.Germany)was used
for fluidised bed coating system. Both of these coating materials were chossvdat
coating materials because these materials have been commonly used for coating and
agglomeratiorexperiments in previous studi@hua,et al, 2011; Dretet al, 2012; Lee
et al, 2011; Perfettet al, 2011; Valizadelet al, 2004) Viscosities of both liquideaere
variedby using thesameconcentration with differentgrade (molecular weight) of PEG
and HPMC.
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Initially, to compare the contact spreadimghaviouiin different coating systems
(tumbling drum andluidisedbed), the same type of coating solutions were to be used.
PEG solutions proved to be a good coating solution for the studies in the tumbling drum
system. However, when using PEG for preliminary experiments flutdsedbed, there
was no contacspreading observed even with long mixing times. Figure 3.7 shows the
CoV as a function of mixing time for these preliminary experiments in the fluidised bed
using a PEG 4000 molecular weight solution. This observation migtiidé¢o the fact
thatthe dryng rate in théluidisedbed is higher than in temblingdrum system. Thus,
even when increasing the mixing time, no contact spreading occurs. For this reason, the
coating solutiowas changetb HPMC forfluidisedbed experiments, where rapid drying
was not so problematic with this materialhis allowed coatingbehaviourto be
investigated using this equipment.
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Figure 3.7. Coefficient of variation as a function of time for alumina coated with
PEG 4000 in afluidised bed

Polyethylene glycol (PEG) with different molecular weights (4000, 10000, 20000
and 35000 Da) at the same aqueous concentration (50% wt/wt) were usesstmate
the contact spreadirigehaviouiin a tumbling drum. First, acid red (Sigmddrich, UK),
1% wt/wt was prepared to dye the coating solutions to allow for the colorimetric

characterisationf the coating layer (see Chapter 4). TH&BGwas dissaledin the dyed
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solution with the same percentage of mass (50% wt/wt). Three grades of hydroxypropyl
methylcellulose, HPMC (Tylopur 603, Tylopur 606 and Tylopur 615, -Htéu
Chemical Ltd., Germany) witmolecular weights 016000, 35600 and 60000 Da, wer
used to investigate the contact spreadiaaviourin the fluidized bed coating system.
The HPMC solutions viscositiegere variedy using the same concentration (5% wt/wt)
with different grades. Acid red (Sigr#ddrich, UK), 1% wt/wt, was also used to dye the
coating solutions to characterize the coating layer (see Chapter 4). The HPMC was
dispersed and dissolved first in 1/3 of tlequired amount of the dye solution, previously
heated to > 80 °C using a magnetic stirrer. Then, the remaining cold dyed solasion
addedwhile vigorously stirring. The polymer completely dissolves when the temperature
of thesolutionsfalls to < 30 €. The dyed aqueous solutions obtained were then allowed
to defoam and equilibrate at room temperature for several hours before use. The
calculations for PEG and HPMC solutions preparationbeafoundin Appendix A2.

All liquid solutions wereanalysedo determine their properties; viscosity, surface
tension, density and contact angle. The principles and operation otHaaeterisation

methodsare discusseih the following sections.

3.2.1 Viscosity Measurements

The viscosities of the solutions were mei@ed using a rheometer (MCR 502,
Anton Paar, Graz, Austria) fitted with cone + platé ¢@ne angle, 50 mm diameter) as
shown in Figure 3.8[he liquidis placedetween the cone amabottom fixed flat surface
plate after which the torque as a resulihafrotation of the cone measuredn addition
this type of geometryvas usedo that the shear rate was independent of position for small
angles2° or to ensure thatlBomogenoushear ratevas appliedo the sampleA stepped
shear rate rangbetween 0.1 and 1000'sat 20 °C was usedfor the analysis. All

measurementsere repeatethree timesandthe resultavere averaged

65



Figure 3.8. MCR 502 Anton Paar Rheometer

In Figure 3.9, the viscosities of the dyed PEG solutions are plotted as a function
of shear rate at a constant temperature of 25 °C. It shows that the solutions generally
exhibit Newtonianbehaviouy because the viscosities remain constant regardless of
changes to the shear rate (although PEG 35000 did show a slight deviation from this
behaviour at high shear rat&).addition the viscosities also increase with an increase in
molecular weight with the same concentration of solid PEG used from 137 mPa.s to
15489mPas (Table 3.3). The change in viscosity with different molecular weight HPMC
are summarizedh Table 3.3. As expected, the viscosity increases substantially with
molecular weight. In Figure 3.10, all the three solutions generally evidenced Newton
behaviouy where the viscosity remained constant as the shear rate increased t3.1000 s
However, for HPMC 615, the viscosity was obsert@decrease slightly at as the high
shear rate approached 1000QIsutin this work the shear rate is expectedbe lower than
this. Throughout this thesis, the different coating solutions will be referred to by their

viscosity values.
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Figure 3.9. Viscosity of PEG solutions as a function of shear rate, shown on a
logarithmic axis, at a constant temperature of 25 °C
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Figure 3.10. Viscosity of PEG solutions as a function of shear rate, shown on &
logarithmic axis, at a constant temperature of 25 °C
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Table 3.3. Viscosities of coating solutions

Coating Materials/ Molecular weight (Da) Viscosity (mPa.s)
4000 137 £ 27
10000 665 + 90
0% PEG 20000 3115 + 496
35000 15489 + 3435
5% HPMC 603 16000 11 £0.55
5% HPMC 606 35600 44 +1.81
5% HPMC 615 60000 177 +£18.8

3.2.2 Interfacial Tension Measurements

The interfacial tension for PEG solutionshams measuredith a Kriss K10ST
tensiometer (Hamburg, Germany), equipped with a platinum plate; the Wilhelmy plate
method (performed by Procter & Gamble, UK). The HPMC solutions were measured
using aFirst TenAngstroms FTA200 goniometefhe interfacial tension measurements
were important as interfacial tension will contribute to the liquid bridge formation and
wetting behaviour of the coating solutions used. The Wilhelmy plate method was carried
out by measung the force exerted on a thin, wettable plate whisrbitoughinto contact
with the liquid. When the contact angle on the plate is zero, the interfacial tensio@ can

calculatedby divided the measured force with the perimeter of the plate.

For gonianeter measurements (Figure 3.11), the pendant drop shape method was
used(Woodward, 2008)This methods basedn the YoungLaplace equation, and it
uses the radii of curvature of the droplets and their density to calculate the surface tension.
A needle of 0.41 mm diameter (22 G) was used to generate droplets. The dapdgesi
of the dropletswvere then storedn acomputerin real timeand softwarewas used to
convert these images into droplet profildl.measurementaere repeatetén timesand

the interfacial tension resuligere averaged

For the PEG solutions, thtkfference in interfacial tension between the solutions

is minimal which were in the rangg 54-56 mN/m. The same&vas observeétor HPMC
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solutions; the difference in interfacial tension between the HPMC solutias®é the
range from 4649 mN/m (Table 34).

Figure 3.11. FTA 200 Goniometer

Table 3.4. Surface tension of coating liquids

54.78 + 0.2%
55.42 + 0.20
55.88 £ 0.22
55.05 +0.24
49.18 + 0.08
46.89 + 0.45
48.20 £ 0.80

aMeasurements carried out by Procter & Gamble, Newchsitevation Centre, United Kingdom

3.2.3 Liquid Density Measurements

In order to measure the interfacial tension as discussed in Section 3.2.2, the liquid
density needs to be known. For the measurement of liquid density, a graduated cylinder
was usedThe empty graduated cylindeas weighednd filled with the liquid of iterest
using aplastic pipette. Then, the filled cylindewas weighedagain. The densityas
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calculatedrom the obtained liquid mass and the known cylinder volume. Table 3.5 shows
densities for both PEG and HPMC solutions. It indicates that with an seciregiscosity,

the densityslightly increasedor both solutions.

Table 3.5. Densities of coating liquids

Coating Materials/ Molecular weight (Da) Density (g/cn¥)
4000 1.049 £ 0.03

10000 1.077 £0.01

SR FEE 20000 1.110 + 0.01

35000 1.113 £ 0.02

5% HPMC 603 16000 0.979 £ 0.02

5% HPMC 606 35600 1.024 +0.01

5% HPMC 615 60000 1.022 £ 0.02

3.3 Particle-Liquid Characterisation

The determination of contact angle is of importance in this wotknderstand
solid-liquid interactions mechanisms such as wetting and spreading. The wettability of
particulate materiatan be characterised bye angle that is formed by the coating liquid
on its surface. A common method to measure the contact atlggesisssile droandthis

methodwas usedn this workandthe technique explained in the following sections.

3.3.1 Contact Angle Measurements

Measurement of the contaamgle of powdecoating liquid systemwsascarried
out by the sessile drop method usinBirst Ten Angstroms FTA200 goniometer (Figure
3.11). First, a thin layer of alumina beatias preparetly crushing them using a mortar
and pestle until ine powderwas obtainedThis fine powder was used to obtain a flat
particle bed surface to redutlee effect of excessive droplet penetration between large
particles during the measurement. Then the fine powder was spread out and fixed on a

microscope slide using double adhesive tape. Next, a 22 G (0.41 mm internal diameter)
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blunt needle was positiodgust above the bed, and a drop of the coating liquid allowed
to detach from the needle to the powder. Gdte shape of the drop profikas observed
for up to 180 s with a 4&ame movie recorded. The FTA 200 software was used to
determine the contact gie. However, previous findings8vVoodward, 2008)eported that
the sdtware onlycould measure a contact angle > 20° accurately. Therefore, in such

cases, the baseline for the droplet had to be defined manually.

Table 3.6. Contact angle of all particlecoating liquid systems used in this work

Particle Coating materials/ Molecular weight Contact angle €)
(Da)

4000 23.48 £ 1.49

10000 42.50 +0.73

: 0% PEG 20000 44.05 + 1.21

AR 35000 69.62 + 1.05
5% HPMC 603 16000 < 20° (4.38 £ 0.85)
5% HPMC 606 35600 < 20°(10.44 + 2.67)

5% HPMC 615 60000 27.15+£2.19

For this work, the contact angles for all coating liquids used were less than 70°,
indicating that these liquids had a good wettability with the particles (TablelB.6).
addition for both systems, a higher wettability was observed with a decreaseasityisc
as indicated by a lower contact angle value for lower viscosity. For HEIM®@ina
systems, the liquid droplet spread almost instantly, making the contact angle so low that
it could not be measured accurately by the software. For such systems)tda angle
is denoted as < 20°. The contact angle for each solution was measured at least five times

and the mean value recorded.

3.4 Experimental Methods

This section provides a description of the experiments performed in this work.
The experimental work &s divided into three sections due to different coating techniques
being used. However, in all systems, experiments were specially designed to study
contact spreading only. The first part involved the contact spreading mechanisms in a
tumbling drum withouta spray system, where a portion of particles werecpated
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before mixing with the remaining particle batch tumbling in the drline second part
studied the contact spreadibghaviourin a novel smalkcale fluidised bed with a spray
system to supplyhe liquid at the initial stagéinally, the third part involved a method
performed similar to tumbling drum experiments (i.e. no spray system), where particles
were precoated before mixing with the remaining batch in the stuidisedbed system

used in second set of experiments. Eheets of experimental methods allow for the

investigation of the contact spreading behaviour using different coating techniques.

3.4.1 Tumbling Drum Set-Up

A tumbling dr um iwlossé maou fsa autdwyr eadn dé unde
mechanisms of the liquid caad) process via contact spreading in a rotating drum system.
The setup allowed for introduction of preoated particles to investigate liquid transfer
from these particles to bulk particles in the drum. This system consisted of a horizontally
positioned dum, a hanéheld particle delivery device, a drum drive and control unit (Glen
Creston Ball Mill, model CA3) as shown in Figure 3.12. The drum was made of stainless
steel with dimensions of 325 mm x 210 mm. One end of the drum was removable, made
from Perpex glass to allow for observation of the material within the drum, with a 65
mm diameter aperture in the middle for loading-poated particles. The other end plate

was fixed to the body of the drum.

(a) Side view of drum

R ble Perspex wind

(b) Hand-held particle delivery device
| Pre-coated particles _

Uncoated particles

(c) End view of drum

ble Perspex wind,

Ball mill unit Aperture for particle delivery
device

Uncoated particles

Figure 3.12. Schematic diagram of the tumbling drum system
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The drum was placed on two 60 mm diameter and 735 mm long steel rollers with
a 250 mm separation between them. The rollers were covered withbarlayer to
prevent slipping between the drum and the rollers (Figure 3.13). Both rollers were
connected to anotor via a control unit, which was able to rotate the drum at speeds
ranging from approximately 0 to 90 rpm e0®51 in terms of the Froude numbier,as

shown in Eq. 3.6:

Fr <R/gv¥ (Equation 3.4)

wherey is the rotational speed in radR s the drum radius anglis the gravitational
acceleration. This allowed the generation of five different tumbling regimes out of the six
regimes of solid motionglthough thisvork focused only on the rolling, cascading and
cataractingegimes due to their industrial importandéoreover, this system also can
accommodate different sizes of drums with a range of fill levels5¢ of the drum
volume). However, a 10% fill volume was used throughout this work. Further details are

given in Section 5.2.1.

N /‘ Length = 325mm
\ Diameter= 210mm

(c)

Figure 3.13. Tumbling drum experimental set up: a) the whole setip view b)
front view, c) side view

For each experiment, 10% of the alumpaaticles(232.37 g) from a 10% drum
fill level (2323.69 g) were preoated with 50% wt/wWPEG solutions with different

molecular weights (MW) to give different viscosity solutions. Five millilitres of the PEG
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solutionswereput in a plastic bag filled with the 10% portion of alumpaaticlesusing

a plastic syringe. Then, the plastic veas shakemanually until theparticleswere fully

coated with the PEG solutions. Following this, the cogidicleswere added to the

drum whilst tumbling using a hadweld particle delivery device (Figur@14). The

particle delivery device was designed to apply thecped particles evenly along the

axial length of the drum (Figure 3.13 & 3.14). At this 10% fill level, a selected 50 rpm
(Froude number = 0.294) speedmwéas abkdwiongyg
an adequate flow of the particles within the drum.

Each experiment was carried out for a different tumbling time with intervals
ranging from O s until a time when it was clear that the coating process was complete.
Oncestopped, the drum was emptied and the whole sample batches were put in a tray and
dried at room temperature (21 °C) overnight prior to sampling for colorimetric analysis
(see Chapter 4 for details). Experimental runs were then repeated and stopped at
increasing time intervals, to give a series of coated batches at different times. In addition,
for each series, an additional run was performed where the 10% of-ibegpee particles
were added into the 90% of the uncoated particles in a static drum vathotitmbling.

The batch was then emptied out of the drum and collected. This was to consider if any
additional liquid transfer had occurred during the procedure of emptying the drum and
would provide an initial starting point from which the data would belysed. This
methodology will be described in more detail in Chapter 5, Section 5.2. A minimum of

two experiments were performed at each condition to test the reproducibility of the data.
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Figure 3.14. Method for introducing pre -coated alumina particles to the remaining
particles in the drum: (a) Addition of PEG solution to particles; (b) Particles fully
coated; (c) Precoated particles placed to particle delivery device; (d) Preoated

particles added to remaining particles in the drum.

3.4.2 Fluidised Bed Coating Equipment SetUp using the Spray
Method

This section provides details of tdevelopmenbf a smalscale batch top spray
fluidi sed bed which was manucbngistedaithreed 6i n h
systems: fluidizing system, liquid dispensing system and spray nozzle atomizing system
as shown in Figure 3.15. The fluidised bed tubelwels with transparenacrylic material
so that it was easy to observe the coating process within the tube. The tub@naeter
of 100 mm(outer), 90 mm (internaland was 698 mm in height. To provide an even
fluidizing air distribution, a distributgolate was used, manufactured from stainless steel
wire mesh (w = 0.325mm) and the fluidized air flow was controlled by a rotameter (FTI
1750 Series Variable Area Flowmeter). Thisidised bed was designed to vary the

position of the spray nozzle heigladed on the particle bed height and spray pattern used.
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Figure 3.15. A schematic overview of thdluidised bed system setp;
1: Fluidisation pressure control; 2: Spray atomisation pressure control; 3High-
pressurepot; 4: Fluidised bed chamber, 5: Spray nozzle

The coating solution was supplied by a hglessure pot (TS1258, Adhesive
Dispensing Ltd). A bottle containing the coating solutiwas placed inside the pot
chamber and #eed stainless steel dip tube was pushed through the pot lid to reach the
coating solution. The liquid was then pumped through this fitting to a 6.35 mm, internal
diameter (ID) tubgLegris 8X6 Advanced Polyamide fitae) linked to the fluid tube
(stainless steel), attached to the nozzle. The liquid pressure was controlled by a pressure
gauge (07 bar) and pressure regulator located on top of the pot lid. The air was supplied
to the pot through a fitted tube (Leg8X%6 Advanced Polyamide Calibre) located at the
side of thebody-pot, linked to the main air tap and controlled by a valve. The nozzle used
for this study was a twéluid external mixing nozzle (Spray System, PA64, PF1650), and
the internal diameter (ID)nal orifice diameter (OD) of the air cap and fluid cap used are

described in Figure 3.16.

To spray the coating liquid, a top spray nozzle was inserted vertically inside the
fluidised bed chamber. The spray nozzle was attached to the top platéwtiisedbed

chamber as can be seen in Figure 3.17.
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Figure 3.16. Images of a) the air cap and nozzle used and b) the dimensions c
the air cap and fluid cap

The top plate consisted of foholes;for air outlet (3 holes) and a tube (middle)
for leading through the air and liquid tube (attached to the atomized nozzle body). The
nozzle tip was positioned in a range of2cm height from the distributor plate that
the spray was fully submerged when the particles were fluidized (Figure 3.17). The details
of the operating conditions are explained in Chapter 6, Section 6.2.5. The nozzle (air cap
and fluid cap) was fitted to the outlet of the atomizing nozzley bgdighteningit using
a wrench. A valve with a long stainlesteel holder was fitted at the liquid line close to
nozzle inlet to control any dripping of the liquid supplied to the system once the liquid
valve was shut off. The holder was designed lemgugh so that it was easier to control
the on/off valve from the top of thtuidised bed chamber. Thatomizingair pressure
was controlled by adjusting the pressure gaugé@®ar) and pressure regulator located
at the spray nozzle control panel. bid#ion, this pressure could be varied to adjust the

pattern and the droplet size of the atomized liquid spray.

With the development of this novel experimentaliggt contact spreading only
experiments were now possible to investigate contact spreaditige fluidised bed
system.In each experiment, a 10 cm particle bed height (1313.26 g) of alumina beads
was loaded through a hopper to thredisedbed chamber.
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Figure 3.17. Images of thefluidised bed tube and theatomizing spray nozzle

The particlesverefirst fluidised with the air at 2.5 bar fluidisation pressure and
320 L/min flowrate (1.9Jmf). The measurement of minimufluidisation Uny, for the
particles is described i@hapter 6. Then, the nozzle height was set at 16 cm from the
distributor plate. After a few seconds of fluidisation, the HPMC solution was sprayed
from top of the tube at room temperature (21 °C) for 2 s. The liquid pressure was set up
at 2.0 bar (2.0 g/s9nd 1 bar atomization pressure to obtain a spray coverage area in the
tube of approximately 6 cm. Once the spraying time had stopped, the mixing time was
started until a predetermined interval time and at the same time, the top plate was removed

from thetube to avoid any dripping of the liquid to the particle bed.

After the mixing time was completed, the fluidisation was stopped immediately.
The tube was emptied and the whole batch was put in a tray and dried at room temperature
(21 °C) overnight priord sampling for colorimetric analysis. Experimental runs were
then repeated and stopped at increasing time intervals, to give a series of coated batches
for the selected conditionBetailedconditions of all experiments performed can be found
in Chapter 6,Section 6.2.5. In addition, for each series, experimentalrun was

performed where the particles were coated fosgiraytime only (2 s) (i.e. at 0 s mixing
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time). The batch was then emptied out offtbelisedbed tube and collected. This batch
wasconsidered as liquid transfer occurring due to the spraying procedure only, and not
contact spreading during mixing. This gave a starting point for the contact spreading only
process. This same methodology was used for different HPMC viscosity solutisag, n
heights,liquid spray ratesandfluidisation velocities, as described fully in Chapter 6.
Duplicate experiments were performed at each condition to test the reproducibility of the

method.

3.4.3 Setup of the Fluidised Bed System Using the Preoated Paticles
Method

This section provides details of the contact spreading experiments in the same
fluidised bed equipment developed in Section 3.4.2 with some modification. This was to
allow the investigation of contact spreading using a different methodqafdli
introduction into the system. As compared to Figure 3.15, thepsfetr these experiments
was modified and only consisted of one system; the fluidising system and a fluidised bed
tube as shown in Figure 3.18. This newgetallowed for introductiorof the coating
liquid via precoated particles to investigate liquid transfer from these particles to bulk
particles in the fluidised bed. The preated particles method used here was similar to
the method of liquid addition used in the tumbling drum expents described in Section
3.4.1. However, here, the particles were-q@uated in a plastic container and poured

directly to the system without using any particle delivery device as shown in Figure 3.19.

For each experiment, a 10 cm static bed heigbtwsad (1313.32 g). 10% of these
alumina particles (131.32 g) were mgreated with 5% wt/wt HPMC solutions with
different molecular weights to give different viscosity solutiobe 90% of the
remaining particles in the bed were first fluidised with tireah 2.5 bar fluidisation
pressure and 400 L/min flow rate (1J3y).Four millilitres of HPMC solutions were put
in a plastic container filled with the 10% alumina particles using a plastic syringe (Figure
3.19).Then, the container was shaken manually time particles were fully coated (20

s) with the HPMC solution©nce fully coated, these particles were added to the fluidised
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particles directly from top of the tube at room temperature (21 °C) to imitate the top spray

of liquid introduction as desdred in Section 3.4.2.

10 cm
1cm
Control panel fluidising
system
Gas Flow_meter c N
pressure o <4— Fluidised bed tube
0
@
©
Regulator L -
= T€ particles
On/off T
I 774 Distributor plate

=

Fluidising air tube

Figure 3.18 Schematic diagram of the modified fluidised bed setup for contact
spreading by the precoated particles method. The fluidising air is supplied from
the main air supply and is regulated using the control panel.

(b)

Figure 3.19. (a) and (b) pre-coating of 10% alumina particles and (c) pouring of
the pre-coated particles into the remaining 90% uncoated patrticles in the fluidised
bed
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Each experiment was carried out for a different fluidisation time with intervals
ranging from O s mtil the time that it was clear that the coating process was complete.
Once stopped, the tube was emptied and the whole sample batches were put in a tray and
dried at room temperature (21 °C) overnight prior to sampling for colorimetric analysis
(see Chamtr 4). Experimental runs were then repeated and stopped at increasing time
intervals, to give a series of coated batches at different times. Moreover, for each series,
an additional run was performed where the 10% of thecpaged particles were added
into the 90% of the uncoated patrticles in a static particle bed. The batch was then emptied
out of the tube and collected. This was to consider if any additional liquid transfer
occurring during the procedure of emptying the tube and this provided anstatidthg
point for subsequent analysis of coating with time. This same methodology was used for
different HPMC viscosity solutions and is described in more detail in Chapter 7, Section
7.2. A minimum of two experiments were performed at each conditioestothe

reproducibility of the data.

3.5 Summary

In this chapter, a range of particle and liquid characterisation methods and three
different coating equipment $eips have been described for the study of liquid transfer
via contact spreading. The experirtedmmethods for each of the coating systems were
also explained. However, the specific experimental conditions employed for each type of
equipment will be described in detail in the relevant results chapters. In the following
chapter,the development of mdy developed image analysis system to quantitatively
analyse coating behaviour based on the colorimetric measurement of the coating layer

will be described in detail.
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CHAPTER 4

4 Development ofa Quantitative Colorimetric Method

for Coating Characterisation

In order to investigate liquid coating distribution via contact spreading between
particles, a new image analysis system, based on colorimetric measurement, was
developed to quantitatively determine the ifgarticle color uniformity of particles
coated \vith dyed solutions. Here, a camera was used to capture images of the product
samples, and the degree of coating on particles was evaluated based on the coefficient of
variation (CoV) value measured from data generated by LabVIEW software. Preliminary
assesment of this newly developed novel colorimetric image system was conducted by
performing a contact spreading experiment in a tumbling drum and comparing the
quantitative data generated from the LabVIEW software to visual images of the coating
process. Thd chapter details thenagingsystem setp and image capture, followed by
the quantitative image analysis using the LabVIEW software. Finally, the validation and

preliminary assessment of this technique to describe coating behaviour is discussed.

This mehod of quantitative analysis was used for all the experimental work
throughout this thesis, and the liquid spreading via contact spreading mechanisms
observed for different coating equipment based on data generated from the LabVIEW

software.

4.1 Image Analysis System

This section presents an overview of the development a novel image analysis
system to characterise irHparticle coating uniformity. The sep is shown in Figure
4.1. The imaging system consists of five basic components: Lumenera Infiraimé&r&;
Navitar 12X zoom lens with light diffuser, lighting controller and a computer running
Infinity Capture Software and LabVIEW software.
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Figure 4.1. Image system seup. 1. Camera; 2. Navitar 12X zoomdns; 3. Light
diffuser; 4. Lighting controller; 5. Computer

To ensure proper identification and assessmedyefl coategharticles, precise
color measuremenis required. The Lumenera Infinity 3 CCD Camera (Lumenera
Corporation, Canada) with Infinity @&ure software included was used to capture the
images of coated particlebjgh qualityimages with extremely low noise and high
dynamic range. Recenth\GCD cameras have been frequently employed for quality
classification, physical characteristic detenti and properties evaluation of food
products(Andradeet al, 2012; Zhenget al, 2006) The camera wafitted to a Navitar
12X zoom lens (Image Optics, UK) ardLGT.19MF2D LED dome diffuser lamp
(Honyu, China) attached to an adapter (ca. 57mm diameter) screwed to the lens. The
attached light diffuser incorporates a ring with 120 LEDs which reflect ontota dome
to provide a completely shadow free incident illumination, thus reducing reflection on
captured images. A lighting controller was also attached to this light diffuser to provide

the right amount of light required.
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4.1.1 Quantitative Image Analysis

To quantify the degree of particle coating based on colorimetric measurement, a
series of seHwritten image processing algorithms in LabVIEW was used, developed at
the University of Sheffield The algorithms created were based on color th&oyzalez
& Woods, 2008)The 24bit colorimages consist of threel@t arrays of pixel values for
red, green and blue (RGB) intensities. By identifying the pixels forming the image of an
individual particle, it is possible to calculate RGB intensity foad (R + G + B = 1) for
each particle and, therefore, how evenly distributed the coating is. For example, for
perfect white particles, the same fraction of RGB value would be obtained (33.3% for
each value) and for particles coated with red dye, thoselparwill have a higher
fraction of red value (more than 33.3%). By measuring the relative intensity of the red
fraction on individual particles in a batch sample, it is possible to quantify changes in the

distribution of the coating with processing cdiuhs.

4.1.2 Sampling

After the coating process, samples of the dyed coated particles from the whole
batch were randomly collected with a riffle sample splitter (RT, Germany) as shown in
Figure 4.2. This sampling technigeleablesn reducing the bulk samptéze to a smaller
sized sample as a representative of a sample batch. The bulk paiggmurecdvenly
into the dividing head of the sample splitter and collected into two collecting receptacles
under the dividing heads. This procedure was repeatddnés) until the required
guantity was obtained, approximately 10% of the whole sample batch. This random

sample was then used for image analysis.

! Developed by Dr Andrew Campbell, Department of Chemical and Biological Engineering
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Figure 4.2. A riffle sample splitter used for sampling

4.1.3 Image Capture

The randomlysampled particles were mounted on 5 mm x 5 duublesided
adhesive black vinyl film (Anchor Magnets, UK) before images were taken using the
Infinity Capture software. The software is supported by Windows and has a graphical
user interface with standanpull-down menus, an icoibased toolbar and keyboard
commandswhich make it very simple to control the camera and take images (Figure 4.3).
When capturing imageshe camera settings were kept the same for all imaging. The
mounted samples were placed on the sample stage in the field of view of the camera and
16 imayes taken for each sample batch, thereby measuring approximatehd @m0
particles. Finally, the acquired images were stored as TIFF fileshkatimetricanalysis.

This method utilizes a twdimensional image and assumes that the coating uniformity
of the posterior and the anterior views of the particles are not significantly different.
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Figure 4.3. a) Infinity Capture main window with the camera settings and b)
captured image in Live preview window

4.1.4 LabVIEW Software for Quantitative Determination of Contact

Spreading

The images were imported into LabVIEW software for image processing.

Nati onal

Il nstrument 6s

LabVli

EW (Laborator)

Workbench) version 15.0 (6dit) was chosen as the programming language for the

development of software for this research. It is a graphical programming language, G,

using icons or graphics instead of typing a text. LabVIEW was chosen in this study for

the following reasons:

A Pr o gr asafiowohgrt ratrerghan being tebdsed, thus simplifying the

process, and it is easier to visualize and debug a complex program.

A Dataflow in

t he

program

functions, allowing creation of a progmathat can execute multiple operations in parallel,

which speeds up execution time.

A LabVIEW has

imageprocessing techniques directly and observe its effects on

an
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combinations oftechniques that are found to be effective can then automatically be

converted into executable LabVIEW programs.

Details of the LabVIEW software are further explained in Appendix B1. There
are four main image processing steps after image capture inpthénsoftware (Figure

4.4). The details for each processing semeslescribed in the following sections.

Eroded Labelled

Smoothing Image image

Input image ‘ Grayscale

image

Figure 4.4. Diagram of the main processing steps in image analysis using
LabVIEW software

4.1.4.1 Smoothing

The image smoothing technique was developed as initighneessing of the
input image data in LabVIEW for removing defects, e.g. improper focus, repetitive noise,
or geometric distortions. As shown in Figure 4.5, to get a smoothed image, a Gaussian
filt erwasadopted for noise reduction and to smooth the edges. It should be noted that the
software has been designed such that the parameter values could be changed through the
user interface. The most appropriate values for this alumina system wereaedestifas
to achieve colorimetric analysis for all particles present in the system. However, these
parameters could be changed for samples with different characteristics, e.g. particle size
and morphology.
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4.1.4.2 Grey scale image

The second step of analysisgaa with separatinghe particles from the image
backgroundoy converting the smoothed imageao 8bit greyscale imageGreyscale
images are -D arrays that assign one numerical value to each pixel which are
representative of the intensity at this poititis generated frontoloredimages by
suppressing the RGB component to 1 and O.
regiond (value 1) and the value 0 is the 06¢c
Figure 4.6, it isshownthat all partick pixels have one grey level and all background

pixels have another.
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Figure 4.5. Front panel of a) input and b) smoothed image
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Figure 4.6. Front panel view for agrey scaleimage

4.1.4.3 Eroded Image

In the third stepa boxcar averaging background subtraction algorithm is applied
(Crocker & Grier, 1996) This is araid to subtractinghe contrast gradients which might
arise from noruniform sensitivity among the pixels. The fundamental morphological
6openingd operation is then employkedt to ens
neighborgn the imaggGonzalezet al, 2010) I n morphol ogical Oopen
(shrink the image) and dilation (expand an image) stages are applied generally to smooth
the contour of an object, break the narrow isthmuses, and eliminate thin protrusions.

Figure 4.7 shows an eroded inegig the LabVIEW software.
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Eroded Image
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Figure 4.7. Front panel view of eroded image

4.1.4.4 Labelling

Finally, after removing the background and obtaining individual separate
particl es, L dabelihgEuméton is appliedt Here| aa image is produced
where each particleasa unique label (Figure 4.8). Thebelledimage is then used as a
mask to isolate the pixels of each particle in toour image from which the RGB
intensity fractions are calculated. ThebMdEW software is created to export the data
output to a spreadsheet (Microsékcel Microsoft Corp.,) before the final determination

of coating uniformity.
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Labelled Image
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Figure 4.8. Front panel view of labelled image

4.2 Pre-assessment of the Image Analysis System

Prior to analysing data using the image systemrugeand LabVIEW software,
there is a need to validate the systdim validate the abovmentioned system sep,
firstly, coated samples supplied from Procter & Gamble Company (P&G), Newcastle
Innovation Centre, United Kingdom have been te¢teg® Appendix B2) followed by
coated alumina particles, a model material which will be used in this. studie
following section, tle validation using coated alumina particles were explaimbd.
details of raw materials used, and the experimental works are explained in Chapter 3 while

the data analysis method is explained in the following sections.

4.2.1 Data Analysis Method

In this sedbn, the data analysis of a typical data series are explained; in this case,
50% wt/wt aqueous PEG (molecular weight 10,000) was used as a coating solution. The
coated particles were visualized using this novel imaging system and the LabVIEW
software wasised for analysing the int@article coating variability. Data analysis was

based on the standard deviations and mean red values generated for the red intensity color
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of individual particles in each sample batch. This data was then utilized to evakiate th
inter-particle coating uniformity, explained in the following sections. In addition, the
treatment of the data to fit an exponenti a

time for coating completiong tare also discussed.

4.2.1.1 Coating evolution

The image analysis focuses on measuring the red values of tdgagdoated
particles. The coating evolution of dyed coated alumina particles are shown in Figure 4.9.
The coating evolution can be described by plotting a grajiteqéiency ass a function
of percentage red'he developed LabVIEW software sums the values for each pixel in a
particle and returns the total value for each colour in a particle. Analytically, for perfect
white particles, it will have 33.3% blue, 33.3% red and 33.88&mg fraction, whereas

particles with red dye will have a higher % red value (more than 33.3%).

3.5
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Figure 4.9. Coating evolution of alumina particles coated with PEG 10000

solution (note that not all time seres for this graph are shown for visualisation
purposes)

From Figure 4.9, it can be observed that an increase in tumbling time from 0 s to

50 s produces a slightly higher percentage of red dye and the distributions became sharper
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and narrower. The raw pfeles show a relatively narrow peak at approximately 33.6 %
red, indicating that they are almost white in colour (pure white particles would yield a
value of 33.3 %). For the 0 second run, where the 10%qated particles are added to

the drum withouany tumbling, a large distribution of % red between approximately 33.8

i 53 % is observed. The small peaks at the high % of red are attributed to the 10% of pre
coated particles while the large, relatively narrow peak at approximately 34.5% is
attributed o the initial 90% uncoated particles. However, compared to the peak of raw
particles, there is a shift in the peak of these particles to a slightly higher % red, indicating
that there is some liquid transfer between particles occurring whilst the druemgs b
emptied. After 5 seconds mixing time, there is a further shift to higher red intensity, with
a still relatively large distribution of % red. However, as the mixing time increases, the
distributions become narrower indicating a lower degree of coasingtion with time,

i.e. the colour of the batch becoming more uniform, due to liquid contact spreading.

The average % red dye and the standard deviation of coated particles for all the
samples were further calculated based on data produced by the LabVIEW software, where
each labelled particle has its own % red dye value. The mean percentage red of all the
paticles at a specific time point as a function of mixing time is plotted in Figure 4.10. It
can be seen that an increase in mixing time produced a very slightly higher mean % of
red dye at lower mixing time. This correlates with the plot in Figure 4\®olid be
expected that the mean % red should be the same throughout mixing Tineeseason
for slightly lower values at lower mixing time could be due tocthier analysis. At lower
mixing time, particularly at O seconds, a percentage of the parntidiese relatively
thickly coated, and theolor value may not quite reflect the amount of dye present on
these particles. As the mixing tinpeoceedsind contact spreading occurs, todor will
be more evenly distributed across the batch of particlestl@adphenomenon will
diminish; indeed after 280 seconds mixing time, the % red value appears to remain

relatively constant.
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Figure 4.10. Mean % red as a function of mixing time

To follow the change in inteparticle coating variability between particles in a
batch, the coefficient of variation (CoValue for each time point was calculated based

on Eq. 4.1 and plotted as a function of time as shown in Figure 4.11.
a .
Fe T m ° (Equation 4.1)

In Eqg. 4.1,CoVis coefficient of variation(l is the standard deviation of the distribution

of % red dye intensity andis the % mean red intensity for eaahe point. Figure 4.11
indicates that the coating variability decreases with the mixing time, indicating that the
process of contact spreading is occurring within the drum. Thev@loié for this series

also appears to reach an asymptotic value of ~1t48bpmoximately 60 seconds.
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Figure 4.11. Coefficient of variation (CoV) as a function of mixing time

4.2.2 Treatment of Data

Figure 4.11 indicates that the Cd€creases with tumbling time untilréaches
an asymptotic value and it appears to follow an exponential decay curve. The method
used in this work to fit a curve to this data, followed the same procedure as that is
described in Green, (2017). To fit the data, a function of the form giveqg.id.E was
used:

Fo 74 For For FT m ' " (Equation 4.2)

where Cow represents the asymptotic variation in the coati@g\o represents the

variation at the time O secongss the coating rate constant, and the mixing time.

The curve fitting based on Eq. 4.2 is dependent op-ttadue; if it is too big, the
function will overpredict the rate at which the data approadhe asymptote, if it is too

95



small, the function will undepredict the rate at which the data approaches the asymptote.
Thus, to ensure the best fit was found in each case, a Solver Baddel was used. The
Solver was used to find the best valuetiat will minimise the sum of the ekguared

value. The chsquared value is an indicator to evaluate the difference between the real
data and predicted data for each time point, where the smaller the value, the higher the
correlation between the two setsdata. The asymptotic value is taken as an average of
the CoV values at the final time points, where there is no clear decrease in CoV values
(in this case, the CoV at 60, 80 and 100 s).

Moreover, to confirm the accuracy of the fitting and the relatignbetween the
two variables, the coefficient of determination, also commonly known-sguRred is
determined. The Rquared value can be presented in the range of 0 to 1, where closer to
one indicates a better fit. In this case, tRe&ue is 0.99 (Figure 4.12), which means that
99% of the dependent variabledyis) is predicted by the independent variablaxis),

thus confirming that the distance between the line and the data is very small.

As shown in Figure 4.12, an exponehtlacay curve was fitted based on Eq. 4.2
with aawvalue of 0.095, which represents a coating rate constant. In addition, the time
taken to complete the coating, can also been calculated. As the exponential decay
function will reach infinity for the the taken to complete the coating process, in this
work, the time for 98% of the coating to be completed is (iseCoV-Co VD) / ¢ Co VO
Co VD) .#Eqg.a.2idthen rearranged to determingdlaed Eq. 4.3 is obtained:

—tT T (Equation 4.3)
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Figure 4.12. Exponential decay curve fit to the raw data for a typical data set

In Eq. 4.3CoV(t)now refers to the time at which 98% of the coating is completed,
assuming thatCoVb represents 100% an@o\o represents 0%. Based on this, the

following Eqg. 4.4 isobtained:

Fo e 8 F e F e F e (Equation 4.4)

By substituent Eqg. 4.4 into Eq. 4.3, Eq. 4.5 and Eqg. 4.6 are obtained atad the
value then calculated. In the case of ttatadseries, this yieldstaof 41.17 seconds.

(Equation 4.5)

(Equation 4.6)

In the following results chapters, this same procedure is used to obtain plots and
fit exponential curves for the whole data series. However, when comparing data series

obtained using different condins (viscosity, tumbling regime, fluidisation velocity,
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flow rate, and nozzle height), the raw data is normalised by rescaling the data between
the values 0 to 1. Normalisation enablestleen d & t o be more easily
different experimentatonditions due to different initial values of CoV obtained. The

initial CoV value of each data set is dependent on the conditions used, e.g. viscosity of
solutions, the rate of spray, and these are discussed in the relevant results chapters. The

data is wrmalised according to Eq. 4.7, which is a normalised version of Eq. 4.2 and can
be seen in Figure 4.13.

Fo T4 F°r

. o pOdm iy E——— (Equation 4.7)
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Figure 4.13. Exponential decay curve model fit to the normalised data for a
typical data set

Figure 4.13 shows a rapid decay occurs mainly at lower mixing time. The physical
mechanism occurs here might be duéhtliquid transfer caused by the rapid formation
and rupture of the wet agglomeratés the time progresses, the coating rate nearly
constanteven the contact spreading occass the coating layeslreadydried due to
evaporation occurs simultaneouslytie systemThe values fot. anda-obtained from

normalised and raw data appeared to be similar and this indicated that this fitting curve
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method is reliable to determine the coating raje¢he asymptotic CoV value, and the
time to reach this valuet.. These values then will be determined and compared
throughout this work using this method for each of the experimental conditions

investigated.

Further to this, the quantitative data produced from this novel image analysis was
also compared to the quatitee images. Figure 4.14 illustrates the images of alumina
particles coated with 50% PEG 10,000 solution as a function of mixing time from O to 60
seconds. It is observed that the variation in Hptaticle coating decreases with tumbling
time. These visal studies agree with the quantitative data obtained from the image

analysis software, where thaneasured was 41.17 s.
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Figure 4.14. Images of coated alumingarticles as a function of time
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4.3 Summary

A novel image analysis system has been developed to assess and measure the
liquid distribution during particle coating which has resulted in improvements being made
to characterize the intgrarticle coating uniformity othe coating layer compared to
existing techniques (see Chapter 2, Section 2.4). This novel imaging system is accurate,
easy to handle a lot of sample particles (ca. 20@@00 particles per batch), and
measurements and analyses can take place in a ehiod pf time (approximately ten
minutes per batch)Three main outputs can be obtained from this quantitative data
analysis: (i) the extent of the liquid spreading in the system in terms of asymptotic CoV
value, Co\, (ii) the rate of the liquid spreading in terms of coating ratnd (iii) the
time to reach the end of the liquid spreading in terms of the time to reach the asymptote,
fc.

By using this method, the effect of a range of formulation and operatindplesria
on coating behaviour via contact spreading can be assessed to aid further understanding
of the coating process. Furthermore, most of the pharmaceutical, food and detergent
products are coloured and thus, a technique for assessing the quality @itthaseal on

the colour development of a coating layer could be achieved with this novel method.
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CHAPTER 5

5 Investigation of the Contact Spreading Mechanism

for Particle Coating in Tumbling Drums

5.1 Introduction

In this chapter, a largecaletumbling drum was manufactured to study and
understand the mechanisms of the liquid coating process in a rotating drum system. For
these contact spreading only experiments, no spray system was used. Here, a proportion
of a batch of particles was initiallgoated and added directly into the tumbling drum
containing the remainder of the batch particles. This method allows for the sole study of
the liquid contact spreading mechanism without the complication of the spray

deposition/spreading mechanism occursimgultaneously.

These experiments used alumperticlesand dyed polyethylene glycol (PEG)

solutions as model materials and were designed to:

° Investigate the effect of mixing time and coating liquid viscosity on contact

spreadingehaviour

° Investicate the effect of theumblingregime, bychangingthe drum speed, on
contact spreadinigehaviour

5.2 Experimental M ethods

5.2.1 Large-scaleTumbling Drum Experiments

Here, the experimental procedure and materials asedummarised. A more
detailed descriptioms given in Section 3.4.1. For each experiment, 10% of a batch of
alumina particles (232.37 g) was coated with PEG solutions of a certain viscosity and
placed in a running tumbling drum containing the remaining 90% of the particles using a

powder applicato(see Figure 3.14). The drum was run with a Glen Creston Ball Mill
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model CA 3 and the drum dimensions used for these experiments were 325 mm x 210
mm (see Figure 3.13ach experiment was run for a different tumbling time ranging
from O si 280s andexperimental conditions for all data sets al®wn in Table 5.1A

total of 21datasetsvere collected comprising 275dividual experiments

The experimental work for theeffect of viscosity on contact spreading
experimentsvereall carried out at 50 rpm. This drum speed was selectedascading
regime was observed at this speed. This cascading regime was preferred as most industrial
drums operate in this regime due to lowrggeconsumption and providing good mixing
(Norouzi,et al, 2015) The viscosity was varied by using the same concentration of dyed
PEG solutions witldifferentmolecular weights (MW) of PEG: 4000W, 10000 MW,
20000 MW and 35000 MW.

For effect of tumbling regime on contact spreadietpaviouy the experimental
work performed was splito two sets. The first set used the lowest PEG viscosity, PEG
4000 MW, as @oatingsolution while the secondtsesed the highest PEG viscosity, PEG
35000 MW solution. Both sets of experiments were carried out at three different drum
speeds to produce three different tumbling redietgavioursrolling (20 rpm), cascading

(50 rpm) anctataractingegime (85 rpm).

Rolling regime Cascading regime Cataracting regime
(20 rpm, Fr = 0.047) (50 rpm, Fr = 0.294) (85 rpm, Fr = 0.848)

Figure 5.1. Bed surface shape as a function of tumbling regimes

Figure 5.1 depicts typical cresgctional views of bed surface shape as a function
of tumbling regime. It can be seen that different tumbling regimes showed a different bed
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surface shape. In the rolling regime, the bed surface is approximately flat edrtgpére
othertwo regimes, where the bed surface appears more curved aradibgof the
curvature decreases with the drum speed. It is also can be observed that with an increase
in the drum speed, the slope of the right (lower) half of the bed desraskereas the

slope of the left (upper) half of the bed increases. baisaviourof the particle bed is

similar to previous findings when the drum speed was changedatstantfill level

(Deleleet al, 2016; Santomaset al, 2003)

Table 5.1 lists all the experimental conditions used for all the data sets. In the
results and discussion section, Section 5.3, all liquids will be described in terms of their
viscosity values, while thdifferent tumbling speeds used will be described in terms of
their tumbling regime (Table 5.1).

Table 5.1. Operational parameters and conditions for all data sets of tumbling
drum contact spreading experiments

Experiment Coating Drum Froude Fill Tumbling
un liquid speed/regime  number level time (s)
(mPa.s) (rpm) Q) (%)
1 (3 runs) 50% PEG 50 (cascading) 0.294 10 071 60
4000
(137)
2 (3 runs) 50% PEG 50 0.294 10 07 100
10000 (665) (cascading)
3 (3 runs) 50% PEG 50 0.294 10 07 140
20000 -
(3115) (cascading)
4 (3 runs) 50% PEG 50 0.294 10 071 200
35000 (cascading)
(15489)
5 (2 runs) 50% PEG 20 0.047 10 071 120
4000 (rolling)
(237)
6 (2 runs) 50% PEG 85 0.848 10 071 40
4000 (cataracting)
(137)
7 (3 runs) 50% PEG 20 0.047 10 07 280
35000 (rolling)
(15489)
8 (2 runs) 50% PEG 85 0.848 10 071 120
35000 (cataracting)
(15489)
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5.2.2 Image Analysis

Samples for image analysis were preparedaaradysedas described in Section
4.1. The coated particles were visualized using the imaging systIEW software
was used foranalysing the interparticle coating variation give a quantitative

determination of coating behaviour, i.e. the coefficient of variation (CoV).

5.3 Results and Discussion

5.3.1 Effect of Coating Liquid Viscosity on ContactSpreading

Figure 5.2 shows the results of a typical data series for the frequency distribution
of alumina coated with differentviscosity of PEG solutions; 137 mPa.s, 665 mPa.s,
3115 mPa.s and 15489 mPa.s, all dyed with 1% Acid Red. Note that, fograpbh not
all-time series are shown farsualisationpurposes. The full data series are given in
Appendix C1. Figures 5.2 {@ show a similar distribution trend; with an increase in a
mixing time from 0 s to 10 s, there was a shift in the % of redalyightly higher values.

It is also seen for all PEG solutions that an increase in mixing time leads to narrower
distributions, indicating a more uniform coatirkigure 5.2dalso shows aimilar trend,
however, the shift of the % red dye to slightly reghalue seems to be slower (0 s to 20

s) until it reaches narrower distribution.

To determine the intgparticle coating uniformity within a batch of particles, the
standard deviation and average % red dye of coated particles ar€itstedll data sets
for mean % red dye of coated alumina with 4 different viscosities of PEG solutions as a
function of mixing time are shown in Figure 5.3. From Figure 5.3, the % mean of red dye
for all different viscosities seems to reach a uniformevalithin approximately 10 20
seconds. This correlates with the distributions seen in Figures 5.2. It is expected that the
% red should be the same throughout the mixing time. However, in Figure 5.3, there is a

slight increase in % red value for all vis@ites at low mixing times.

104



3.5 3.5

a- 137 mPa.s b - 665 mPa.s
3 r ——raw particles 3 | —:}a:v particles
g: 5s
25 25 | —10s
E ——10s 5 20s
—20s = 50s
£ 2} ——30s E a2t ——100s
= c
by —050s by
S15 | ——60s S15 |
o o
g 9
[T ("5
1t 1
05 | 05
0 - 2 abeng P — 0 o
32 34 36 8 40 42 a4 46 48 a2 a4 a6 ag
% Red
35 - 35
c-3115mPa.s ———raw particles d - 15489 mPa.s ——raw particles
0s —0s
37 10s 31 10s
——20s —20s
25 | —45s 25 | 30s
@ —75s 80s
£ —— 905 @ ——120s
o a
2 2 —120s £ 27T —160s
z 2
c =
215 215 |
o a
(] 3
— o
- ]
1F T 1t \
0.5 o5 |
0 it oo o o . . 0 . et
32 34 36 38 40 42 44 46 48 32 34 36 38 40 42 a4 46 48
% Red % Red
Figure 5.2. Coating evolution of alumina particles coated with different viscosity PEG solutions, a: 137 mPa.s ; b: 665 mPacs3115 mPa.s and d:
15489 mPa.s
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The reason for slightly lower values at lower mixing time could be due tmtbe

analysis. At lower mixing time, particularly at O seconds, a percentage of the particles

will be relatively thicklycoated, and theolor value may not quite reflect the amount of

dye present on these particles. As the mixing pnoeeedsind contact spreading occurs,

the color will be more evenly distributed across the batch of particles and this

phenomenon will diminish; indeed, after-20 seconds mixing time, the % red value

appears to remain relatively constant.
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Figure 5.3. Mean % red dye as a function of mixing time

Moreover, different values of mean % red dye data series for different PEG

viscosities were also revealed (Figure 5.3); higher mean % red values are recorded for the

lower viscosity PEG solution. This is also shown in Figure 5.4, which shows images of

the precoated particles. The mean % red of 10%qweated alumina particles decreases

with PEG viscosity even though the same concentration of solid PEG and dye are used

for eachsolution. This is due to the different PEG molecular weights used contributing

to theslightchanges in theedintensity of the solutions.
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Figure 5.4. Mean % red dye and corresponding images as a function of PEG solution
viscosity for 10 % pre-coated alumina beads

To quantify the degree of liquid spreading in the particle thexlcoefficient of
variation,CoV, was determined based on Eq. 4.1 as explained in Sec#dnh1.A low
CoV value infers more uniformity between coated partidiegure5.5 (ad) shows the
coefficient of variation (CoV) plotted as a function of mixing time for each viscaHlity.
the dah series are presented in triplicate for each viscosity to check for the reproducibility
of the data. From the graphs, it is seen that all the data at specific viscosities are
reproducible Kalbag and Wassgren (2008)mulation findings reported that ti@oV
decreases as the coating fraction increases and the coating timessicfé#s result was
consistentwith actual experimental data (contact spreading only) and previous works
which have investigated narontact spreading only experiments with the effect of spray
zone aregPandeyet al, 2006; Sahni and Chaudhuri, 2011; Toschkoff and Khinast,
2013) The fact that coating fraction increases with mixing time means that the fraction
of red dye-coatedparticles is larger than uncoated particles, thus the uniformity of coating
increases.The results show (Figure 5.5) that as mixing time increases, the coating
variability for alumina particles coated with different viscosity liquids decreddes

indicates that the coating becomes more uniform with time anajthe distributesvia
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contact spreading within the drum. Moreover, the CoV value for all the data series appears

to reach an asymptotic value at different mixing time.

Figure 5.6 Bows all the data series for all viscosities plotted together and the
asymptotic CoV valuappeargo be similar for all viscosities useldowever, the initial
CoV values for each data series are slightly different. There are two likely causes for the
differences in CoV value at early time points; the difference in initial red intensity color
(see Figure 5.4) and also the wetting properties of different solution viscosities.
Therefore, for proper comparison of coating rates, all the data are nornisssai on
Eq. 5.1 and shown in Figure 5.7. This type of normalisation is referred to as the relative
CoV throughout this thesis to differentitate between the other type of normalisation
based on Eq. 4.7 as described in Chapter 4, Section 4.2.2.

1m

«o g° T Fo T4 F° T2 (Equation 5.1)

whereCoV (t) represents the variation at the mixing timegndCo\k is the variation at

time = 0 seconds.

As can be seen in Figure 5.fietelativeCoV data series for different viscosities
of PEG solutions reach a similar asymptotic CoV value after a certain mixing time.
However, the CoV values exhibited with time depended on the viscosity ¢fBEGe
solution; a lower viscosity showed aigker decrease in CoV value and the curves are
steeper compared to higher viscosity. This could be related to the effect of viscosity on
liquid bridge strength and rupture mechanisms which influence the contact spreading
process. Findings bMazzoneet al, (1987) found that the strength of the dynamic bridge
is dominated by viscous forces and the magnitude order is stronger than a static bridge
(attraction by surface tension only), especially for higher viscosity. Thus, it needs a higher

force to rupture the brgk between particles.
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Figure 5.5. Coefficient of variation as a function of mixing time for alumina particles coated with different PEG viscosities for all datseries a:
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To determine the time to reach an asymptéy/ value,tc, and the coating rate,

& an exponential decay curve, was fitted to each data set, normalised b€nvgemd

the averageCoVp (Eq. 4.7). This curve fitting method was applied as the relative

asymptoticCoV reaches a similar value for all viscosities used (FiguBe Bhe fitting

method was based on Eq 4.2 and Eq. 4.7 as explained in Section 4.2.2 and shown in

Figure 5.8. From this figure, all data series appeared to fit well with the fitting curve,

supported by a reasonably high regression coefficient of determinafivalue.All the
measured parameters are summarised in Table 5.2.
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Figure 5.8. All data series of thenormalised (between Co\, and average Co\) coefficient
of variation and fitted decay curves as &unction of mixing time for different PEG

viscosities

Figure 5.9 shows an average normali€&y/ and fitting curve for all viscosities

used plotted as a function of time. The error bars represent standard deviations of repeated

values ofCoV obtained afterepeated experiments. It shows that some data are presented

with large error bars or with no errors bars due to insufficient sample particles to repeat

the exact same mixing times for each data series. The mixing times for the second and

third experimerdl runs were defined and repeated based on the maximum time needed

for each viscosity to reach the end of the coating process (i.e. longer mixing time needs
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for higher viscosity).The error bars for highest viscosity in Figure 5.9 are higher
compared to lever viscosity might be due to the variation in fraction of wet agglomerates
formed mainly at initial mixing time. A higher viscosity formed s&ronger wet
agglomerateandthe contact spreadingechanisra are highlydepends on the rupture of

these wet aggmerates in the system.

® 137 mPa.s - Average

665 mPa.s - Average
3115 mPa.s - Average
15489 mPa.s - Average

----- 137 mPa.s - Fit

= = =665 mPa.s - Fit

......... 3115 mPa.s - Fit

— — 15489 mPa.s - Fit

Normalised CoV (-)

0 20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 5.9. Average normalised (between Co\ and average CoW) coefficient of
variation and fitted decay curves as a function of mixing time for different PEG
viscosities. Error bars represent standard errors

According to Table 5.2, when comparing all the PEG solution viscosities used,
the coating ratelearly decreasesith an increase in viscosity, indicating that the contact
spreading process is slower lagher viscosity. Thus, the tim@kento reach the
asymptote valuet; also appears to be longer at higher viscosity. Furthermore, to point
out the effect of viscosity aotg, anda; the mean of these values is plotted as a function of
viscosity and shown in Figure 5.10 and Figure 5.11. Figure 5.10 shows clearly that the
decreases logarithmically as viscosity increases and Figure 5.11 shows thigt the

increases with an increase in viscosity.
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Table 5.2. Fitting constants and time taken for coating completion for all data series

Viscosity Run Coating rate R? Time for 98 % CoV %

(mPa.s) const al coating asymptote
completion, t

1 0.14031 0.987 27.88 1.790

2 0.11825 0.979 33.08 1.510

137 3 0.15019 0.987 26.05 1.696

Mean 0.13625 - 29.00 1.665

1 0.09746 0.991 40.14 1.803

2 0.09502 0.994 41.17 1.404

665 3 0.10561 0.983 37.04 1.292

Mean 0.09936 - 39.45 1.500

1 0.08052 0.993 48.58 1.762

2 0.07689 0.992 50.88 1.586

3115 3 0.07152 0.992 54.70 1.174

Mean 0.07631 - 51.39 1.507

1 0.0304 0.990 85.46 1.704

2 0.04291 0.964 91.16 1.839

15489 3 0.04578 0.969 128.68 1.289

Mean 0.03969 - 101.77 1.611

Note: The asymptotic CoV value is taken as an average of thev@la¥s at the final time points, where

there is no clear decrease in CoV values
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Figure 5.10. Coating rate constants plotted as a function of PEG viscosity, a) normal

viscosity and b) logviscosity. Error bars represent standard deviation.
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Regarding the asymptote CoV value, Gothe viscosity did not significantly
affect this value, which was nearly constant at1L 8% for all the PEG solutions and
shown in Figure 5.12. In an ideal case, when the coating fraction is equal to one, all of
the particles could be considered as dguznatedand there is no variability in the
coating (Kalbag et al, 2008) The Co\b obtained inthese findingsshows a minimal

variation from the ideatase.

Also, based on thabovementionedesults, the fitting methods used based on

exponential decay curves seems to fit wéth all the data sets. This fitting method is
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compared with those used by previous autli@endeyet al, 2006; Shi and McCarthy,

2008; Freireich and Li, 2018Jho fitted their CoV data as a function of time with a power

law function. These works have been carried out in a tumbling drum with the spray
system. For this, abe power law function does not hold below 1 s, the curves were only
fitted above 1 s. Moreover, an extra fitting parametes also used\ power law function

was also fitted to the current data sets from 2 seconds (the earliest time considered in
these gperiments) and the Rvalues compared to the exponential function (this time
adjusted from 2 seconds coating time) . An excel solver was usaditnisethe sum of

the squared difference between the theoretical and actual data points by varying the
coatng rateconstantind thereby determining the best fit for each of the functions. Table
5.3 summarises the’Ralues for both fitting methods which were tested onadataset

for each PEG viscosity used. Bditings gave good fits to allatasetsested R > 0.9).
However, 10 out of 18ata setsested show that the exponential function fits the decay

of the CoV with time better where thé Ralues were slightly higher.

Figure 5.13 shows the exponential and power law function fitted to the CoV data
with time for onedata sefor each PEG solution used. It dam seenthat the exponential
decay curve fitted better comparedpmwerlaw function for all PEG viscosities used.
This might be related to the different system used. In this study, there wasago sp
involved and the spray zone can be considered constant referring to the 10% initially
coated particles. The CoV might change with time depending on turnover time of this
10% wet particles within the particle bed and transfer the liquid via contaetdgmge
Moreover, Easo, (2017) found an exponential relationship using population balance
modelling where it is reported that exponential fit reasonably at large dimensionless
times while a power law fit accurately at smaller times. In this dasa&n be seen that at
asymptotic CoV values, the exponential curve fit better compared to power law.
Therdore, using the exponential function to fit curves to the data was considered the most

appropriate and was employed throughout his work.
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Table 5.3. The comparison of R values for different fitting methods

Vi scos Run R’
(mPa. Exponenti Power | a
131 1 0.975 0.934
2 0.959 0.944
3 0.971 0.959
665 1 0.973 0. 986
2 0.990 0.961
3 0.9714 0.987
3115 1 0.963 0. 957
2 0.982 0.977
3 0.983 0.969
15489 1 0.9714 0.977
2 0.951 0. 897
3 0.957 0.939

Note: Text in bold is referred tahe R? valuesfor exponential functiorslightly lower than power law
function
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Figure 5.13. Exponential and power law function fitted to the CoV data with time for
different PEG viscosities
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Figure 5.14 illustrates the images of reéye-coatedparticles as a function of
mixing time with two different PEG viscd®s; 131 mPa.s fromi040 s and 15489 mPa.s
from 07 160 s. Each image captured aifferenttumbling time gives visual information
on coating variability of each batch. As observed in Figure 5.14, when both PEG solutions
wereused as a coating matdyian increase in mixing time showed an increase in coating
uniformity. However, it shows thatlangertime was needed to reach a uniform coating
uniformity for the higher viscosity solution, which revealed a slower coating process via
contact spreadingf higher viscosity. These visual studies correlate with the quantitative

results obtained from the image analysis system.

The probable reason for this may be due to the behaviour of liquid bridge force
formed during wet collisions. The overall strengtha liquid bridge consists of two
distinct forces: adhesive force and viscous force. The adhesive force arises from capillary
and surface tension effects while the viscous force is dependent on the viscosity of the
liquid and always resists the motiontbé colliding particles (Song and Turton, 2007). A
capillary number (Ca) can be defined as the ratio of viscous to capillary forces (Eq. 5.2)

and was calculated for all the PEG solutions as shown in Table 5.4.

F =|= Eﬁ% (Equation 5.2)

Here, V. is the characteristic velocity (the linear velocity at the periphery of the
drum), is the liquid viscosity, andis the liquid surface tension. According to Englis
al. (1990), for low cpillary number (< 16), the maximum liquid bridge strengthydxis
dominated by the capillary force, whereas for high capillary numbefY>the viscous
force dominates. In this case, Table 5.4 shows that the capillary number for majority of
the solutons is more than 1, indicating that bridge strength is dominated by viscous
forces, thus eliminating the dependence on capillary and surface tension. Based on the
dynamic liquid bridge, viscous force here is a result of either high liquid viscosity er larg
relative velocity between the particles. However, the capillary number for 137 mPa.s
solution is only slightly higher 1. Thus, in this case, the capillary and viscous forces are

equally important, and the capillary force cannot be neglected.
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Figure 5.14. Images of coated particles as a function of tumbling time at two different PEG viscosities (18iPa.s and 15489 mPa.s)
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Table 5.4 Capillary number for each PEG solution viscosity

Viscosity (mPa.s) Capillary number (-)
137 1.37
665 6.59
3115 30.65
15489 154.71

As the capillary force cabe neglectedor the three highest viscosity solutions,
the liquid bridge strength is approximated by its viscous component, which can be
predicted using lubrication theofi¢nniset al, 1990) This force consists of components
in both the normal and tangggal directions given by Eq. 5.3 (normal direction) and Eq.
5.4 (tangential directior()Shi and McCarthy, 2008)

Fo. Z 4 o. zl_l—l (Equation 5.3)
0, —™ jW 8 Z4Ho o (Equation 5.4)

Here,1/R°= 1/Ry + 1/R,, [ is the fluid viscosityy is the relative velocity of the spheres
(normal and tangentiall3: andR: are the radii of the two particles, a8t the separation
between particles. This first order dependence shows that liquid viscosity can have a large
impact on the liquid bridge strength, the contact spreading and, therefore, the ultimate
CoV of the sysm. In addition, Eq. 5.3 also shows a squared dependence on the particle
radius, however, for this system the effect of particle size was not investigated. Figure
5.15 plots the coating rate constangnd time to complete the coating procéssgainst

the liquid bridge force multiplied by the separation distaRG&$). It shows that aByn*S

values increases, tkalecreases, while thgihcreases. This observation supports the fact
that the viscosity contributes to the liquid bridge strength, ithilisencing the contact

spreading behaviour.
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Figure 5.15. Coating rate constants and time completion plotted as a function of liquid
bridge force multiplied by the separation distance of twaparticles. Error bars represent
standard deviation.

For the higher viscosity solution, asinilartumbling time, the images indicated
higher intraparticle coating variability based on tluealisedspots of intense red color
observed. This could be linked smglomerateformation and liquid bridge rupture
mechanisms occurring in the early stage efphocess. Thidcalisedred spots can also
be seen at 0 s for lower viscosity, but these disappeared more quickly with time. This
might be due to higher wetting properties of the lower viscosity solution (indicated by a
lower contact angle, see SectioA.2), where it will wet the solid surface more efficiently
after liquid bridge rupture and not leaweealisedspots of theoatingsolution.

The wettability of the different PEG solutions used on a layer of fine alumina
particles are illustrated in Figai6.16. This figure shows that with an increase in viscosity,
the base width of the droplet decreases while the drop height increases meaning that a
higher viscosity reduces the maximum spreading diameter of the drop. Based on this,
when the liquid bridgeare formed from the collision of wet particles, it is possible that
the higher viscosity solution does not spread on the particle surface as well as the lower
viscosity solution and if this is followed by rapid drying, more liquid binder will be

trapped vithin the agglomerates. When these particles separate, more viscous energy
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dissipation occurs during the elongation of the bridge. Thus, at lower mixing time, once
the bridge ruptured, more localised red spots can be seen (Figure 5.14) compared to lower
viscosity. Moreover, it is also reported that rupturing of the liquid bridge happens at a
larger interparticle distance for higher contact an(@i®mornahacet al, 2015)

As a conclusionof this section, it appears that mixing time, coating liquid
viscosity and wetting properties influence the liquid transfer through contact spreading in
the tumling drum. The difference in coatifgehaviourobserved when using different
viscosities is most likely due to the effect of viscosity on liquid bridge strength, in terms
of the formation and rupture of the liquid bridges. The knowledge of these mechanisms
could contribute greatly to understanding more about contact spreading. Therefore,
investigating the effect of tumbling speed will be important, as higher tumbling speeds
may favour quicker rupture of the bridges. The results for the effect of tumbkegl sp

(tumbling regime) are presented in the following section.
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Figure 5.16. Snapshot of alumina fine particle layesPEG solution after 3 minutes measurement. The contact angles are-(8 9 lower than the

originally measured contact angle (see Section 3.4.kpte: PEG 4000 MW (angle =18.42 base width =6.3582nm); PEG 10000 MW( angle=40.38, base
width=5.2261mm); PEG 20000 MW (angle=40.1% base width=4.7861Imm) and PEG 35000 MW (angle=64.79 base width=4.1111Imm)
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5.3.2 Effect of Tumbling Regimeon Contact Spreading

In this section, results foeffect of different tumbling regimes on contact
spreading ina tumbling drumare discussedHere, only two different PEG viscosities
were chosefrom thepreviousstudy; the lowest and the highest viscosity (d8¥as and

15489mPa.s)due to time constraint andsufficient sample particles

Figure 5.T¥a-c and Figure 5.1&c show the results of a typical data series for the
frequency distributiorof alumina coated wittwo dyedPEG solutiong137 mPas and
15489 mPa)sat three different tumbling regimesrolling, cascading andataracting
regimesFor each data series, nottathe points for that series are shownvJmualisation
purposesTheresults forall data seriearegivenin the AppendixXC2. From both figures,
asimilar pattern to the effect of viscosity parameter lbarobservethere. It shows that
with an increase in mixing time, the coating evolution shifts to a higher % red intensity
and eventually reaches a constant distribution. When considering the same viscosity of
PEG solution used, an increase in tumbling speed cordsltata narrower distribution
and reaches a constant % red distribution fa$tés shows that the coating uniformity

between the particles in a batch increases with the tumbling speed (Appendix C4).
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Figure 5.17. Coating evolution of alumina coated with PEG 4000 MW (137 mPa.s) at different tumbling regimea: rolling regime; b: cascading
regime and c: cataecting regime (note that not all time points for each @ta seriesare shownfor visualisation purposes)
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Figure 5.18. Coating evolution of alumina coated with PEG 35000 MW (15489 mPa.s) at different tumbling regimes rolling regime; b:
cascading regimeand c: cataracting regime(note that not all time points for each data serieare shownfor visualisation purposes)

125



Figures 5.19 and 5.20 show the coefficient of variati©oy andrelative CoV
plotted as a function of time. The Cavas determined based on Eq. 4.1 as explained in
Section4.2.1.1 All the data series for each tumbling regime are presented for both PEG
viscosities; 137 mPa.s and 15489 mPa.s. From Figure 5.19a and 5.20a, it can be seen that
the raw CoV data for both PE@Gscosities used at different tumbling regimes decrease
as time progresses and eventually plateau to a similar CoV value after a certain time.
Normalisation of the data to give the same initial CoV valuessafFigure 5.19b and
5.20b) also follow thisrend.

It canbe clearly seefrom the data series for both PEG viscosities (Figure 5.19b,
5.20b) that the coating variability decreases more rapidly with increasing tumbling speed.
All viscosities are observed to reach similar asymptotic CoV value. BoPG solution
viscosities, even though all the data series do not significantly differ between tumbling
regimes, asimilartrend is observed, where the coating variability for the rolling regime
indicates the highest variability followed by cascading aathractingregime (see
Figures 5.19b and 5.20bih order todetermine the coating rat,andtc, the exponential
decay fitting procedure described in Chapter 4, Section was2isedThe value of the
fitting constant (coating rate) obtained from the decay curve fitted to theratlalised

data series (Figure 5.21) is summarised in Table 5.5.

The fitting curves largely fit well to the raw data series as theaRies obtained
are in the range from 0.964 to 0.992, approaching 1, meaning that the accuracy of the fit
approaches 100% (Table 5.5). From Table 5i§,3hownthat the coating rate caasit,
& significantly increased with the speed of the drum (see Figure 5.23). Note also that the
effect of increasing speeslso dependsn the liquid viscosity. At the same tumbling
regime, as expected, the lower viscosity shows a higher coating ratee(5.23) and
this behaviourcan be related to the effect of viscosity described irpteeioussection.
Images of the coated particles as a function of tumbling time for both viscosities at

different tumbling regimes also show these trends and are igivvgpendix C4 and C5.
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Figure 5.19. a) Coefficient of variation (CoV) and b) Relative CoV as a function of
mixing time for alumina particles coated with PEG 4000 MW (137 mPa.s) at different
tumbling regimes
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Figure 5.20. a) Coefficient of variation (CoV) and b)Relative CoV as a function of
mixing time for alumina particles coated with PEG 35000 MW (15489 mPa.s) at

different tumbling regimes
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Figure 5.22 shows the averagermalisedCoV plotted as a function of mixing
time and fitted with the decay curves for both PEG solutions used. Similar effebe
of viscosity data in Section 5.3.1, only some data in Figure &@2presenteavith
average values (error bars). Some of the data was added witlepéad(without eror

bars) to make sure that all the conditions reach the final point where the coating process

is completed (fully coated particles).
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Table 5.5 Fitting constants and time taken for coating completion for all data series
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Note: The asymptotic CoValue is taken as an average of the CoV values at the final time points, where
there is no clear decrease in CoV values
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Figure 5.22. Average normalised (between Coyand average Co\) coefficient of
variation and fitted decay curves as a function of mixing time for a) PEG 4000 MW (13
mPa.s) and b) PEG 35000 MW (1548&hPa.s) at different tumbling regimes. Error bars

represent standard errors (measured in triplicate).
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Figure 5.23. Fitting rate constants as a function of theaumbling speed. Error bars
represent standard deviation

In addition the tumbling speedlso seemso influence the time for the coating
process vi@ontact spreading to reach an asymptotic value of Co\¢ataeactingegime
reaches thend pointwithin the shortest time followed by the cascading and rolling
regimes. For both viscosities, thdor therolling regimereachess almosttriple that of
the time of thecataractingegime. Figure 5.24 plots theas a function of theumbling
regime.Both PEG viscosities show similar trends; th&as inversely proportional to the
drum speed. This difference in coatinghaviourat different speed might be related to
the different particle motiobehaviourin different flow regimes (mixing); in padular,
the collision between particles and between the particles and the drum. Mixing in the
drum can occur in two ways; axial mixing and rad@iafular (crossectional) mixing.
The former refers to the rate of mixing in a direction along the axis dfcotahile the
latter refers to that in a plane direction perpendicular to the axis of rotBtibeyet al.,
2011)
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Figure 5.24. Time taken for coating completiont., as a function of tumbling regime at
different PEG viscosities. Error bars represent standard deviation

Figure 5.25 and 5.26 depict the contact spreabeigviourof alumina particles
coated with PEG 35000 MW (15489 mPa.sgataractingand cascading flow regime. It
canbe observethat after 1Gs tumblingtime, most of the dyed particlegere locatedt
both ends of the drum walls, in the form of wet agglomegatdonly a few dyed particles
canbe seerat the middle of the particle bed. It cha concludedhat liquid spreading is
faster at both end drum walls compared to the middle of the bed. As the tumbling time
increased up to 40 sdtaracting, the wet aglpmerates disappearemdit canbe seen
that thedyedparticles have almost spread to the whole area of the particle bed. While for
the cascading regime, as the tumbling time increased up to 60 s, it clearly can be seen that

at both end walls more liquid spread than in the middle area of the drum.
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10s, 85 rpm 40s, 85 rpm

Figure 5.25. Contact spreadingbehaviour in the cataracting regime (85 rpm) of alumina
coated with PEG 35000 MW (15489 mPa.s) at 10 s (left)) and 40 s (right) mixing time

10s, 50 rpm 60s, 50 rpm

Figure 5.26. Contact spreadingbehaviour in the cascading regime (50 rpm) of alumina
coated with PEG 35000 MW (15489 mPa.s) at 10 s (left) and 60 s (right) mixing time

In the case of the rolling regime, similar behaviour to tla¢aractingand
cascading regimes can be observed, where liquid distribution happens faster at both ends
of the drum walls compared to the middle of the particle bed (Figure 5.27). After 20 s
mixing time, the dyed wet agglomerates (liquid bridges formed betweenan&tigs)
located at both end walls start to rupture and collide with other particles. However, at this
time, the wet agglomerates in the middle only flow from the top surface downwards and
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start to rupture as the time is increased. The wet particleslbhwely start to spread the

liquid to other particles imiddlearea of the particle bed.

205,20 rpm 805,20 rpm

Figure 5.27. Contact spreadingbehaviour in the rolling regime (20 rpm) of alumina
coated PEG 35000 MW (15489 mPa.s) at 20 s (left) and 80 s (right) mixing time

This observation was similar to a previous studivaimann (2001) They found
that with a rolling regime, the particle bed vedsracterisethy a uniform, static flow of
particle layers at the top bed surface (active layeion@gand a plug flow region that
moves upward via solid body rotation with the rotational speed of the drumimvall.
addition the axial displacement of the particles in the plug flow regsoomainly
transportedby solid body rotation around the drum axigh no or minimal axial
displacementandthe rotational speed strongly influenced the axial particle veldacity
this rolling regime, as the speed was constant, the axial diffusion of wet particles mainly
occurs in the active layer, similar to the fimgl reported byDeleleet al, (2016) The
axial displacement was believed to happen once the wet agglomerates ruptwged, thu
taking alongertime to reachtc (see Table 5.5) compared to other regimes for both
viscosities. This observation is consistent with previous studies which found that axial
mixing was better at the higher spéBdibeyet al, 2011) Moreover, axial motion of wet
particles behaved in a similar way to a diffusive process and coult@ldescribedyy
Fi ck O(lsuetah 2013b)Fi cko6s | aw of diffusion descridtl
chemical species (A) at a loaat (x) in a material as proportional to the concentration

gradient (dCudx) of that same species (Cengel, 2006).
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It seems possible that the difference in observations and results are due to the
effect of speed or kinetic energy on rupture mechanisrigediquid bridge formed after
the collision. As rotation rate increases, the intensity of particle mixing is high and the
turn over time significantly decreag@eniset al,, 2003) Thismeans the collision energy
between the particles is greater and there is enough energy to rupture the liquid bridge
formed Thus,wet particles will redistribute the liquid in the system and reachnah
point of thecoatingprocess within a shorter tina higher drum speed. This assumption
is supportedby the findings of previous studies, where they concluded that an increase in
rotation speed causes an increase in the shear layer (active region thickness), thus causing
a higher rate exchange of massergly and momentum within the particle Q@&bateng
and Barr, 1997; Delelet al, 2016) Also, the greater the fraction of bed occupied by the
active layer, the more time particles will be exposed in the active (Biggreinet al,
1983) Thiswill enhance the mixingThusa greatefraction of wet particles will collide
and rebound. As a result, greater ifparticle coating uniformity within a shorter time is
obtained using aataractingegime compared to the other regimes due to more vigorous
collisions between the wetted pahéis.

The rate of change of the CaVvas also analyseas a function of the number of
drum revolutions. Figure 5.28a shows thenormalisedCoV value and fitted decay
curves as a function @& number ofdrum revolutions for both PEG viscositieswias
observedhat the CoV value decreases with drum revolutions béfeedingoff at a final
minimum CoV value for both viscosities. Surprisingly, there was no difference in coating
rate when comparing different tumbling regimes as shown in Figure 5.29, | atataal
points collapse onto theamecurve. For higher drum speed, the time to complete one
revolution is faster than at lower speétbwever, when consideringe same number
revolutions,a similar CoV values are obtained for all regin{esgardless of ffierent
speedused as the same number of collisions occurs lead to similar rate of contact
spreading in the systenThe time to complete the coating process as a function of
tumbling speed is also shown in Figure 5.30. Here, no difference i #adue was
observed for all regimes at the same PEG viscosity used, as the coating rate influenced

thet. value obtained.
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Figure 5.28 Normalised CoV (between CoYand CoVp) as a function of number of
drum revolutions for a) PEG 4000 MW (137mPa.s) and b) PEG 35000 MW (15489
mPa.s) at different tumbling regimes

Theseresults might be due to particles of similar size and density mixing similarly
after a certain number of revolutions. Thus, the same coating behaviour is observed for
the different regimes when mixing is represented in terms of the number of drum
revolutions. According to a previous study, at the same fill level and number of
revolutions, the mixing index shows no differendleus the liquid transfer between
particles roughly occurs atsamilarrate(Liu et al, 2013a)
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Figure 5.29. Coating rate as a function of tumbling speed at different PE®iscosity in
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Figure 5.30. Time taken for coating completion tc as a function of tumbling regime
at different PEG viscosity in terms of drum revolutions
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5.4 Summary

This work is the first comprehensive experimental study to date of the batch
contact spreading process in a tumbling drum coating system. The most obvdong f
to emerge from this study is that even without the spray system, contact spreading occurs
in this model system and could contribute significantly to the coating uniformity of the
final coated particles. Contact spreading behaviour can be charetteyishe extent of
coating (asymptotic CoV), the coating rate constanand the time for the coating
process to completé,. It can be concluded that both parameters studied; viscosity and
tumbling regime, significantly affected the contact spreadmngcess. The results
indicated that decreasing the viscosity and increasing drum speed both ineraaded
reduced thetc value, meaning a faster contact spreading process. These results are
attributed to the differences in the formation and stabilityigpfid bridges between

particles which influence the extent of liquid transfer via contact spreading in this system.

In the range of viscosity used, the Ca number is greater than 1, hence, the liquid
bridge formed was assumed to be dominated by theusdooce. It explains that when
a liquid bridges formed, a higher viscosity will absorb more kinetic energy to the coating
layer and thus decrease the possibility of the colliding particles to rebound. This chapter
only discussed the liquid transfer \dantact spreading in a tumbling drum system, but it
is anticipated that contact spreading could also be an impact factor in other types of
coating equipment. In the next chapter, contact spreading in asrakdlfluidised bed

system is investigated.
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CHAPTER 6

6 Investigation of the contact spreading mechanism

for particle coating in small-scalefluidised bed

6.1 Introduction

In this chapter, a smadicalefluidised bed was designed and btiio study and
understand the mechanism of the contact spreadiaglifferent system from whichas
used in Chapter 5 (tumbling drum system). For these contact spreading experiments, to
minimize the effect of the spray deposition on the particles, liquid was added to the system
through a very short spray time (2 spllBwing this, the spray was stopped, and the effect
of liquid contact spreading was studied. Thiging time was considered after the initial
spraying time finished. This method allows for the sole study of the contact spreading
without influence from thespray deposition and spreading mechanism occurring

simultaneously in theprayzone area.

These experiments used the same patrticles as in Chapter 5, i.e. alumina patrticles,
but with different coating materials; hydroxypropyl methylcellulose (HPMC) swigti

of different viscosities. This study éesignedo:
Uldentify the role of contact spreading in fluidised bed system

Ulnvestigate the effect of mixing time, coating liquid spray rate and viscosity on

contact spreadingehaviour

U Investigate the effect of operating parameters (nozzle heilgidjsation

velocity) on contact spreadifgehaviour

2 Designed and built with Layla Alhabeshi, University of Sheffield
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6.2 Experimental methods

This section summarises the experimental procedure and materials used. These
are also explained in detail in Secti®.5.2. It will first describéthe determination of the
minimum fluidisation velocity Ums), followed by calibration curve development for the
coating solutions. Finally, an outline of the main experimental procedure will be

described.

6.2.1 Minimum fluidisation velocity, Ums

Alumina particles used in this study askassifiedin Group B in the Geldart
classification (see Chapter 2, Section 2.2.2.5) based on their size and densityl(0.85
mm, 3.6 g/cr). Before operating théluidised bed experimets, it is important to
determine the minimurfiuidisationvelocity, U, Since thdluidisationvelocity needs to
be maintained above this value during the process. In this study, experimental and
theoretical approaches were used to determingth&ased on the equipment available,
firstly, the bedvoidagemethod was used to measure the This method measured the
bed expansion by visually observing thedisationbehaviouwhich was captured using
a digital camera (14megapixely and an MPEG movi€l080 x 1920, 30 fps). For each
fluidisationtest, the volumetric aftow ratevaried between 50450 L/min, 10 cm static
bed heigh(1.1, ratioof particle bed height to internal diameter of the jubad the gas
pressure varied between 2.8.5 bar.Different gas pressure was tested adfdcted the

maximum air flow rate needed to fluidise the alumina particles.

Figure 6.1 shows th8uidisation behaviourat differentfluidisation flow rates
ranging from 288420 L/min. The difference in bed expé#ms of eachcondition was
determined At higher flow rates, due to the large bubbles in the powder bed, the bed is
frequently swept from one side of the tube to the other side. Due to vigorous movement
at higherflow rates it is difficult to define the uper limit or surface of the bed clearly
Thus, the bed height was determined consistently based diatthevel of the particle
bed as shown in Figure 6.1. The o6fl at | evel

fluidised particles over the cr®sectional area of the tube is flat. The measured bed
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expansion was theplottedas a function of air flow rate at different gas pressure and is
shown in Figure 6.2. It indicates that at different gas pressure, a similar trend was
observedwhere the bed expansion was constant at air flow rates fr@8®0/min. The

bed then started to expand from 220 L/min up to 450 Lemwirept forthe lowest gas
pressure, 2.0 bar, which only can go up to 350 L/min. The results confirmed previous
findings that theUms was dependent on the size and density of the particles, and
independentof the gas pressur¢Escudero, 2010)Thus, for the fluidised bed
experments, a gas pressure of 2.5 bar was selected so that the flow rate could be set up
to 400 L/min.Based on the observations of the videos and the recorded datiay the

the aluminaparticles was determined to be 0.576 m/s (220 L/min). The superficial
velocity was measured by dividing tllew rate with the crosssectionalarea of the
fluidised bed tube (Appendix D1).

Minimum fluidisation velocity based on the bed pressure drop was also
determined to compare with the visual methatthe experimentadetup isshownin
Figure 6.3. Two pressure taps, one just above the distributor plate and the other above the
bed, were linked to a digital differential manometer (Testo 512, United Kingdom) to
record the pressure drop. First, the particles (1313.26 pourednto the fluidised
bed tubeandair passed through it for approximately 5 mimtil the system was stable.
The initial static bed heighivas recorded The fluidisation velocity was increased
incrementally, allowing sufficient time to reach aastg state. The manometer readings
were noted for each increment in flow rate (30 L/min) and the superficial velocity
calculated. Th&nyywas t hen determined by plotting the
of air flow rateand shown in Figure 6.4. &n Figure 6.4, the pressure drops increase
with flow rate (AB) until the bed expands and the bed porosity increases. At point B, the
transition from a static bed to a partiaflyidised bedwas observedFrom point B to
point C, the pressure drop remaineonstant withflow rate and here, the bed was
observed to transition from partially to fuliipidised The velocity at which the pressure
drop was at a maximum wgakenas theUmsand the value obtained, approximately 220

230 L/min, was close tthe value from theisualmethod.
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Figure 6.1. Different bed voidagefor a 10 cm static bed heigh{1.1, ratio particle bed height to the inner diameter bthe tube)
undergoingfluidisation from 280 - 420 L/min air flow rates at 2.5 bar gas pressure
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