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ABSTRACT

Dry powder inhalers (DPIs) are widely used for the therapy of respiratory and pulmonary
diseases. In this study, a coupled discrete element method and computational fluid
dynamics (DEM-CFD) is employed to investigate the micromechanics of carrier-based
DPIs. The effects of van der Waals forces and electrostatic forces on the mixing process,
and the influences of air flow and particle-wall impact on the dispersion process are

examined.

For the mixing of carrier and active pharmaceutical ingredient (API) particles in a
vibrating container, it is found that vibration conditions affect the mixing performance.
While there is an optimal mixing condition to maximise the number of API particles
attaching to the carrier (i.e. contact number) for van der Waals cases, the contact
number decreases with increasing vibration velocity amplitude and frequency for
electrostatic force cases. It is also revealed that van der Waals forces (short range) and

electrostatic forces (long range) result in different mixing behaviours.

For the air flow induced and impact induced dispersion, it is found that the dispersion
performance improves with increasing air velocity, impact velocity and impact angle, and
reduces with increasing work of adhesion. The dispersion performance can be
approximated using the cumulative Weibull distribution function governed by the ratio of

air drag force to adhesive force or the ratio of impact energy to adhesion energy.

Keywords: dry powder inhaler, DEM-CFD, mixing, dispersion, micromechanics.
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CHAPTER 1 INTRODUCTION

1.1 Background

Dry powder inhalers (DPIs) have been widely used for treating pulmonary and
respiratory diseases, since they have a number of advantages compared to
other drug delivery approaches. DPIs can directly deliver drugs to the target
areas, therefore they have a rapid onset of activity and they need smaller doses.
DPIs are breath actuated and propellant free, so that they are more suitable for
the elderly and children. In addition, DPIs provide more drug choices since they
are useful for drugs that are poorly absorbed orally. Furthermore, DPIs contain
no Freon and are environmentally friendly. Therefore, the DPI is considered as
an important and promising method for pulmonary drug delivery (Aulton and
Taylor, 2001; Islam and Gladki, 2008; Newman and Busse, 2002; Smith and

Parry-Billings, 2003).

Since the active pharmaceutical ingredient (API) particles that can be directly
delivered to the lungs and respiratory tracts are generally small (< 5 ym), they
are extremely cohesive and have poor flowability (Pritchard, 2001). In order to
improve the flowability and dispersion efficiency of DPI formulations, API
particles are either mixed with large carrier particles or aggregated into large
agglomerates to be transported more effectively, and then they need to be
dispersed as fine particles so that they can be delivered to the lung and deep
respiratory tracts. Therefore, particle-particle interactions such as van der Waals
potentials, electrostatic interactions and capillary forces are of significant

importance in controlling the performance of DPls (Hinds, 1999). The
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complicated nature of this process results in the relatively low efficiency of

current DPIs (normally < 30%).

In order to improve the performance of DPIs, much research has been focused
on the formulations, the design of the inhaler device and the patients’ inspiratory
manoeuvre, which are three main factors governing the performance (Jones and
Price, 2006). The effects of particle size, particle concentration, particle
morphology, particle surface roughness, particle density, and crystal form have
been investigated experimentally (Kaialy et al., 2012a; Kaialy et al., 2012b;
Kaialy and Nokhodchi, 2012; Kaialy et al., 2012c; Shur et al., 2012; Young et al.,
2005). Numerical modelling based on Computational Fluid Dynamics (CFD) has
also been employed to explore the influence of air flow (patients’ inspiratory
manoeuvre) and the design of the device, such as the grid structure, the
mouthpiece geometry, the mouthpiece length and the size of the air inlet (Coates

et al., 2005a; Coates et al., 2006; Coates et al., 2004; Coates et al., 2007).

However, experimental and CFD studies cannot provide the micro-scale
information of particle-particle interactions, which is pivotal for understanding the
underlying mechanism of DPIs. Therefore, as a useful method to simulate the
behaviour of an assembly of particles, the discrete element method (DEM) has
also been employed to explore the de-agglomeration and dispersion process of
loose agglomerates in DPIs (Calvert et al., 2009; Calvert et al., 2011; Tong et al.,

2011; Tong et al., 2010). Most of the DEM research was focused on loose (drug-
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only) agglomerates and not much work on carrier-based agglomerates could be

found.

This study develops a coupled DEM-CFD model to investigate the micro-
mechanics in carrier-based DPls. The processes of API particles attaching to
and dispersing from the carrier particles are modelled respectively and the
effects of van der Walls forces, electrostatic force, air flow and particle-wall

impact are explored.

1.2 Objectives

This study aims to investigate the micromechanics in carrier-based DPIs using

DEM-CFD. The objectives are summarised as follows:

a) Explore the effect of van der Waals forces on the attaching process of API
particles to a carrier particle;

b) Explore the effect of electrostatic forces on the attaching process of API
particles to a carrier particle;

c) Explore the effect of air flow on the dispersion process of API particles
from a carrier particle;

d) Explore the effect of particle-wall impact on the dispersion process of API

particles from a carrier particle.
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1.3 Layout of this thesis

Chapter 1 presents an introduction to the background, objectives and layout of

this thesis.

Chapter 2 reviews the current research on DPIs, including experimental and

numerical work. The development of DEM is also summarised in this chapter.

Chapter 3 investigates the effects of van der Waals forces on the attachment
process of API particles to a carrier particle. Firstly a critical velocity criterion is
proposed to determine the lowest impact velocity at which two elastic auto-
adhesive spherical particles will rebound from each other during impact. Then
the attachment process of API particles to a large carrier in a vibrating container

is investigated and a mechanism is proposed to describe this process.

Chapter 4 discusses the effects of electrostatic forces on the attachment process
of API particles to a carrier particle. The mixing process of pre-charged carrier
and API particles in a vibrating container is investigated and the influences of
charge on particle and size of the container on the mixing performance are
explored. A mechanism is proposed to describe this mixing process governed by
a long range adhesive force, and it is compared with the mechanism for the

mixing process governed by a short range adhesive force described in Chapter 3.
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Chapter 5 investigates the effect of air flow on the dispersion process of API
particles from a carrier particle using a coupled DEM-CFD method. A carrier-
based agglomerate is initially formed and then dispersed in a uniformed air flow.
The influences of the air velocity and work of adhesion are examined. The
preferred location for API particles to detach is also explored. Furthermore, a

mechanism is proposed to describe the air flow induced dispersion performance.

Chapter 6 investigates the effect of particle-wall impact on the dispersion
process of API particles dispersing from a carrier particle. A carrier-based
agglomerate is set to impact with a wall at various impact velocities and angles.
The influence of impact energy and adhesion energy are examined. Moreover, a

mechanism is proposed to describe the impact induced dispersion performance.

Chapter 7 summarises the findings and the limitations of this study, and

proposes the possible future work.

According to the regulations of University of Birmingham, the format of
Publication-style Chapter is used for Chapter 3 to 6. Although all the seven
chapters in this thesis have a logical sequence, each result chapter (i.e. Chapter
3 to 6) is self-contained and has been published as a journal paper. Therefore,
the introduction and DEM model parts in Chapter 3 to 6 may have some overlaps

with each other or with those in Chapter 1 and Chapter 2.
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*Part of the content in this chapter was published as “Yang, J., Wu, C.Y., Adams,
M. Numerical modelling of agglomeration and deagglomeration in dry powder

inhalers: A review. Current Pharmaceutical Design, 2015.



CHAPTER 2 LITERATURE REVIEW

2.1. Dry powder inhalers

2.1.1. Background and development

Dry powder inhalers (DPIs) have been developed to deliver medicines directly to
the lungs and airways in the form of dry powders for treating pulmonary and
respiratory diseases, such as asthma, bronchitis and emphysema. Using DPlIs, a
drug can be directly delivered to its site of action and act rapidly, resulting in a
few advantages compared with other drug delivery approaches (e.g. injection
and oral administration), such as direct delivery of drugs to the target areas
resulting in a rapid onset of activity and smaller doses; providing more drug
choices especially for those poorly absorbed orally; and its environmentally
friendly label (Aulton and Taylor, 2001; Frijlink and De Boer, 2004; Islam and

Gladki, 2008; Newman and Busse, 2002).

Drug particles are usually micronized to obtain a suitable size for use in DPIs
(preferably less than 5 um). However, due to their size range, the particles are
extremely cohesive and thus have poor flowability. To overcome this behaviour,
the drug particles are generally mixed with large carrier particles (usually 30 — 70
pm). The attraction between the drug and carrier particles is mainly due to van
der Waals forces, Coulombic forces and capillary forces, in which van der Waals
forces are the most dominant. The adhesive forces have to be sufficiently strong
to transport the particles, but weak enough to be overcome by the removal

forces generated during the de-agglomerate process.

8
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A dry powder inhaler normally consists of four primary parts as shown in Fig. 2.1,
including a powder formulation element, a dose system, a powder de-
agglomeration part and the mouthpiece (Frijlink and De Boer, 2004). Drug
particles and other excipients are pre-mixed and stored in the formulation
element, gauged by the measuring part to produce the required amount of
formulation, then delivered to the de-agglomerate system where they are broken
into fine particles and finally inhaled with the inspiratory air flow to the targeted

area through the mouthpiece.

— Mouthpiece

1 bt Powder de-agglomeration principle

\{el’*ec“’ e )
G B Powder formulation
’ ¥
L
®_9
p— = =1 ~~Dose (measuring) system
=
o 4
p‘\‘\‘\“‘ ~J_ i

Fig. 2.1. Primary parts of a dry powder inhaler (Frijlink and De Boer, 2004).

In the dose measuring part, orifices in a disk or cavities in a slide are filled with
powder from the powder formulation part where the formulated powders are
stored. In some cases the filling relies on gravity action and, in other cases, on

other forces such as those generated using compressed air.
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In the powder de-agglomerate process, the drug particles should ideally detach
from the surface of the carrier, so that they can reach the targeted action area.
Depending on the powder de-agglomerate mechanism, the powder de-
agglomerate systems can be classified into breath operated systems and
auxiliary energy operated systems. The former uses kinetic energy of the
inspiratory air flow to break up the mixture while the latter uses other means

such as compressed air.

The mouthpiece can also be used for several functional purposes. In addition to
controlling the resistance to air flow with bypass channels and reducing the
deposition of the drug in the mouth from back flows, mouthpiece design is also

relevant to the shape of the released aerosol cloud (Frijlink and De Boer, 2004).

The more recent DPI shown in Fig. 2.1 provides a multi-dose choice and is more
convenient to patients. However, the single dose DPI is also applicable to the
current market. The typical DPI using this mechanism is the first generation of
DPI devices, i.e. Spinhaler® as shown in Fig. 2.2 (Aulton and Taylor, 2001).
Capsules or blisters containing unit dose of inhalation powders are preloaded
into the dose system, then different piercing or opening mechanisms are applied
to break the capsules or blisters to disperse the powder into the inspiratory air

stream. This kind of inhaler is single dose but more easy to operate.

10
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Piercing
needle

W &
Hard gelatin 11 L _
capsule [ { | Rotor

|

Mouthpiece . 1

Fig. 2.2. The Spinhaler® (Aulton and Taylor, 2001).

DPIs have been developed for decades and currently there are many brands of
DPIs available in current market. Normally, it is recognized that there are three
main governing factors (i.e. Formulation design, Inhaler device design and
Patients’ respiratory manoeuvre) and two main dispersion mechanisms (i.e. air
flow induced and mechanical impact induced) for DPIs, which are reviewed in

details in the following sections.

2.1.2. Three main governing factors

It is widely acknowledged that there are three main factors governing the
performance of DPIs, including the formulation design, the device design and the
inspiratory manoeuvre of the patients. The effects of these three factors are
reviewed respectively. However, it should be noted that the three factors actually

affect the DPI performance in a collective manner and they also make influence

11
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on each other. For example, a specific formulation (e.g. particle rugosity) with a
specifically designed DPI device (e.g. the geometry of the mouthpiece) could
enhance the DPI performance for a specific group of patients (e.g. sufficient
inspiratory capacity) but it may reduce the lung deposition with another device or

for other patients.

1) Formulation design

Since the optimal size distribution of drug particles for an inhaled medication is
considered to be 1-5 ym, such small particles are very cohesive and not free
flowing. It can cause drug retention within the device and reduce the amount of
drug particles delivered by the inhaler. The uniformity in metering individual
doses can also be reduced. Therefore, drugs delivered by an inhaler are
formulated either by pure drug particles or with inactive excipient particles (i.e.
drug-only formulation and carrier-based formulation) to form large agglomerates
(Newman and Busse, 2002). The use of large agglomerates can help to increase
the delivery dose and improve the dose uniformity as larger particles flow more
easily and meter accurately. The budesonide agglomerate used in Turbuhaler®
(made by AstraZeneca) is an example of drug-only formulation. The lactose-
salbutamol blends used in Rotahaler® (made by GlaxoSmithKline) is an example
of carrier-based formulations. Normally the inactive excipient particles are much
larger than drug particles (i.e. active pharmaceutical ingredient (API) particles),
with a diameter range of 30-120 ym; more recent researches also show that the

addition of fine excipient particles may also be a promising approach to improve

12
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the DPI efficiency (Jones and Price, 2006; Zeng et al., 1999). Jones and Price
(2006) showed that the addition of fine excipient particles during the mixing
process increased the pulmonary delivery of the drug and there was an optimal
concentration of added excipients. Zeng et al. (1999) used a twin stage impinger
to investigate the effect of different sequences of addition on in vitro deposition.
They found that the formulation prepared by first blending micronized lactose
with coarse lactose before mixing with salbutamol sulphate produced a greater
fine particle fraction (FPF) and fine particle dose (FPD) of salbutamol sulphate
than the same formulation prepared using a different mixing order of the three
components. “Active sites” occupied by either excipients or drugs was believed

to have a considerable effect on the formulation dispersion performance.

There are three different formulation types: adhesive mixtures, nucleus
agglomerates and spherical pellets as shown in Fig. 2.3. In adhesive mixtures
(carrier-based formulation), drug particles are homogeneously distributed on the
surface of the carrier particle due to the van der Waals adhesion. When the
drugs are attached in multi-particulate layers around the carrier particle, nucleus
agglomerates are formed. Spherical pellets are formed of pure micronized drug
or mixtures of micronized drug and micronized excipient particles, resulting high

porosity and low mechanical stability (Frijlink and De Boer, 2004).
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Fig. 2.3. SEM pictures of three types of formulation: a) an adhesive mixture, b) a
nucleus agglomerate and c) a spherical pellet (Frijlink and De Boer, 2004).

The interactions between drug particles and carrier particles or drug particles
and drug particles are critical for the DPI performance and have attracted a lot of
research. The effective forces have to be sufficiently strong so that fine API
particles can adhere with the carriers or form large agglomerates for storage or
to be transported, but weak enough so that they can be detached or dispersed
by a de-agglomeration process and thus allow the delivery of the API particles
into the respiratory tracts and lungs. Therefore an ideal formulation should
provide good homogeneity, stability and dispersion ability. Variables, such as
particle size (Guenette et al., 2009; Kaialy et al., 2012a), particle shape (Kaialy et
al., 2011; Kaialy et al., 2012b), density and porosity (Kaialy et al., 2011; Kaialy
and Nokhodchi, 2012), particle surface roughness (Kaialy et al., 2012c; Young et
al., 2008), electrostatic charge (Adi et al., 2010; Kaialy et al., 2014; Pu et al.,
2009), surface energy (Cline and Dalby, 2002; Kaialy and Nokhodchi, 2012),
crystal form (Shur et al., 2012), storage conditions (Jashnani et al., 1995; Le et
al., 2012), particle concentration (Steckel and Muller, 1997; Young et al., 2005),
material properties (Hassan and Lau, 2010; Steckel and Bolzen, 2004),
flowability (Rabbani and Seville, 2005) and the type of ternary additives (Kaialy

and Nokhodchi, 2013), have been investigated.
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The influence of the particle size of a lactose carrier on the DPI performance was
experimentally examined by Kaialy et al. (2012a). They demonstrated that the
DPI performance improved with decreasing carrier particle size due to a
decreasing adhesion. A study of the effect of carrier particle size (Guenette et al.,
2009) also showed that, while increasing the amount of fine lactose particles
improved the DPI aerosolisation performance. It also led to increasing capillary
forces and a poor storage stability. Therefore, the beneficial effect of finer

carriers must be balanced with their negative effects.

Particle shape is also an important factor that affects the DPI performance. The
dispersion performance of salbutamol sulphate from DPI formulations containing
different carrier particles with different elongation ratio (ER) that is to
characterise the particle shape was investigated by Kaialy et al. (2011). It was
found that carrier particles with higher ER have smaller density, higher porosity
and poor flow properties. Hence using carrier particles with higher ER can
enhance the DPI performance by delivering more drug particles to lower airways.
However, other limitations, such as higher drug retention in inhaler device, more
deposition on throat and lower drug emission, also existed. Particle shape could
also affect the electrification process, and sequentially influence the particle

interactions and the formulation dispersion performance.

For the influence of particle density and porosity, Kaialy and Nokhodchi (2012)

suggested that engineered lactose with smaller bulk and tap density and higher
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porosity improved the homogeneity of drug content and the dry powder inhaler

performance.

Recently, various techniques were employed to modify the surface roughness
and adhesion of particles in order to optimise DPI performance. Adi et al. (2013)
used spray drying to prepare the API particle with different surface roughness
and used atomic force microscopy to measure the surface roughness and
adhesion force properties. Significantly better de-agglomeration was found in
corrugated particles than in smooth particles, which was attributed to the lower
adhesion forces between corrugated particles. Kaialy et al. (2012c) also found
that lactose particles with a rougher surface, an elongated shape and more

irregular shapes could deliver more API particles to lower airway regions.

Previous experimental results showed that blending of positively charged carrier
particles and negatively charged API particles can improve their uniformity
because it strengthened the inter-particle adhesion (Pu et al., 2009). However,
Adi et al. (2010) initially charged mannitol powder to varying magnitudes by
tumbling inside containers of different materials and then examined the
dispersion performance. They found that the initial charge from tumbling did not

significantly affect the aerosolisation.

The surface energies of drug and carrier particles of dry powder inhaler
formulations were measured by Cline and Dalby (2002) using inverse gas

chromatography (IGC) in two commercial DPIs. However, it was found that the
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FPF increased with the increased surface energy. It was inconsistent with the
intuition, and the authors argued that a minimum surface energy interaction
between carrier and drug particles was needed to pull cohesive drug particles
apart during the blending and dispersion processes, otherwise drug particles
would keep aggregated. However, the mechanism behind this phenomenon was

still unknown.

Seed crystals and supercritical carbon dioxide crystallization was used by (Shur
et al. (2012) to produce ipratropium bromide monohydrate and anhydrous
crystals, respectively, and they found that these two crystals exhibited similar
mechanical and interfacial properties, which also resulted in the similar DPI

performance.

The dispersion performance at various humidity conditions was examined by (Le
et al. (2012) using a twin stage impinge. Results showed that the FPF decreased

as the relative humidity is increased.

The relationship between API dosage (drug/lactose ratio) and aerosolisation
performance of carrier based formulations was investigated by Young et al.
(2005) using a twin stage impinge. It was found that the FPF decreased with
increasing API dosage when the API dosage was low (10-135 pg/50 mg), while
the FPF increased with increasing APl dosage at large APl dosages (135-450
Mg/50 mg). These results were attributed to the effect of "active sites”, which

were preferentially occupied by API particles due to large contact area, high
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surface energy and simple geometric constrains. Therefore, there was a critical
API dosage below which the FPF decreased since API particles were adhered to
the active sites, and above which FPF increased since the active sites were fully

occupied with excessive API particles present in the formulation.

Particles of different materials have different properties, which can make
considerable influence on DPI formulation performance. The potential use of a
variety of alternative carriers in DPI formulations rather than lactose, such as
mannitol, glucose, sorbitol, maltitol and xylitol, was evaluated by (Steckel and
Bolzen (2004). It was found that different sources and qualities of carriers led to
considerable differences in the FPF. Mannitol was found as a potential candidate
as the alternative carrier whereas the more hygroscopic sugars presented poor

dispersibility.

2) Inhaler device design

Besides the dedication to the study and development of DPI formulation,
considerable attention has been focussed on device design. The design of a DPI
device must be coordinated with the formulation design (Newman and Busse,
2002). The inhaler design is directly related to the air flow generated in the
device, which is critical for lifting and delivering drug particles to lungs and lower
airways. In addition, the materials of the DPI device affect the accumulation of
electrostatic charge, which can change the amount of the drug remained in the

inhaler as well as dispersion behaviour (Carter et al., 1998). An increase of fine
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particle dose of DPI was also reported by Heng et al. (2013) through coating the
drug capsule and inhaler device to reduce drug retention in inhaler device.
Therefore, the effect of device design was widely investigated and the influence

of changes on mouthpiece, grid, and inlet are summarized as below.

Coates et al. (2004) used CFD and relevant experiment to explore how the
modifications to an inhaler (Aerolizer®), including changing the grid voidage (Fig.
2.4) and the length of mouthpiece, influenced the DPI performance, which was
measured with a mannitol powder using a multi-stage liquid impinger at 60 I/min.
It was found that the amount of particles remained in the device doubled and the
FPF reduced as the grid voidage increased while the length of the mouthpiece

had little impact on the DPI performance.

a) b) c)

Fig. 2.4. Schematic of the grid structures. a) original grid; b) modified grid 1; c)
modified grid 2 (Coates et al., 2004).

An investigation of the effect of the air inlet size (Fig. 2.5) on the air flow in the
inhaler and the DPI performance was carried out by Coates et al. (2006). It was
found that at low flow rates (30 and 45 I/min), reducing the air inlet size

increased the inhaler dispersion performance due to increasing flow turbulence
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and particle impaction velocities above their critical levels for maximal powder
dispersion, while at 60 I/min, reducing the air inlet size reduced the inhaler
dispersion performance resulted from releasing a large amount of powder from
the device before the turbulence levels and particle impaction velocities could be

fully developed.

el | el | el |
a) b) C)

Fig. 2.5. Schematic of the inlet size. a) full size; b) 2/3 size; c) 1/3 size (Coates et
al., 2006).

Coates et al. (2007) also examined the influence of mouthpiece geometry
(including cylindrical, conical and oval designs) on the device retention, throat
deposition and the overall inhaler performance. It was found that the mouthpiece
geometry had no effect on device retention and the overall DPI performance
while it significantly affected the throat deposition by controlling the axial

component of the exit air flow velocity.

The effect of the spinning capsule on the overall performance of DPI inhaler
Aerolizer® was explored by Coates et al. (2005b) through visualizing the capsule
motion using high-speed photography. CFD was also applied to determine the

air flow in the inhaler with and without the presence of different sized capsules. It
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was found that the capsule size had no effect on the device flow field, particle-
device impaction frequency and the DPI dispersion performance. However, the
presence of the capsules actually had a considerable influence on the dispersion
behaviour due to providing additional strong mechanisms for formulation de-

agglomeration.

3) Patients’ respiratory manoeuvre

The patients’ respiratory manoeuvre, in conjunction with the resistance of a DPI,
determines the air flow through the inhaler (Newman and Busse, 2002). The
peak inspiratory flow rate (PIFR) affects the process of lifting particles of the drug
formulation from the drug chamber or capsule and the process of de-
agglomeration (Newman et al., 1989; Vidgren et al., 1988). Therefore, patients
are advised to inhale with full inspiratory effort in order to optimize drug delivery.
Less inspiratory effort will lead to a lower PIFR through the device, a lower
amount of particles omitted from the device and deposited in the lungs (Clark,
1995). On the other hand, DPIs with high-resistance reduces the inter-patient
variability in PIFR compared to low-resistance devices, resulting in more
reproducible inhaler performance (Pauwels et al., 1997). In conclusion, the
patients’ respiratory manoeuvre mainly determines the air flow in the inhaler
device, which is widely considered as one of the most important dispersion

mechanisms for the dispersion process in DPIs.
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An ideal inhaler should diminish the influence of patients’ respiratory manoeuvre,
i.e. reproducible flow rate. However, for current DPIs in the market, their
performances are actually affected by the PIFR generated through the device. In
addition, the rate of increase in flow, or “rise time” to peak air flow rate, also
plays an important role in controlling the performance (Everard et al., 1997). The
inspiratory flow rate, rise time (defined by the time between 10 and 30 I/min), and
duration of inhalation of adults with mild-to-moderate and severe asthma are
compared in Fig. 2.6. Two group of patients produced similar mean PIFRs and
rise times but the inhalation durations of the mild-to-moderate patients were
longer (Newman and Busse, 2002). This indicated that most patients were able
to generate the required air flow to operate the DPI. However, the effects of their

unique inspiratory manoeuvre cannot be ignored.

80 -

60 -

Mild to moderate

.r Severe/ |
20 +

Inspiratory Flow Rate
(L/min)
£

0 -'.'f"\hi'i-

Seconds

Fig. 2.6. Examples of inspiratory flow rates produced by adults with mild-to-
moderate persistent asthma and severe asthma (Newman and Busse, 2002).
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2.1.3. Dispersion mechanisms

It is well recognized that the dispersion process in DPlIs is primarily governed by
two mechanisms: i) air flow and ii) mechanical impact (De Boer et al., 2003;
Donovan et al., 2012; Voss and Finlay, 2002). However, inconsistent results still
exist. For example, it was reported that air flow can dominate the dispersion
performance while particle-particle and particle-wall impacts were also found to
play an important role in dispersion process of DPls. In fact, the DPI
performance is governed by so many variables as described in Fig. 2.7, also as
we summarised in the previous sections, that the current research results are
based on some specific conditions and assumptions and the results or
arguments can only be valid under the specific conditions. It is believed that both
the air flow and the impact play an important role on the dispersion process in
DPIs. Therefore, in this section, the effects of the two main mechanisms are

discussed.

DPI design
- Powder formulation
- Dose system

Performance
- Dose entrainment

- Fine particle fraction

‘ Air flow resistance Flow manoeuvre - Lung deposition
- Peak flow rate

- Flow increase rate
- Inhalation time

- De-agglomeration principle I

‘ Inhalation effort

Patient factors

- Instruction

- Clinical parameters
- Age, gender, training
- Smoker/nonsmoker

Fig. 2.7. Scheme of the major variables and interactions in DPI performance
(Frijlink and De Boer, 2004).
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Voss and Finlay (2002) developed a powder de-agglomeration device, which
was designed to entrain a dose of powder into the air stream and expose the
powder to either a controllable level of turbulence or a mesh; the aim was to
explore the effects of turbulence and mechanical impaction on dry powder de-
aggregation. They found that the extent of de-aggregation increased as the level

of turbulence was increased.

The rate at which API particles are detached from carrier particles in adhesive
mixtures in an air classifier was investigated by De Boer et al. (2004). They

found that the rate increased with increasing flow rate and the dispersion time.

Aerodynamic dispersion of loose aggregates in a uniform fluid flow was
investigated using DEM-CFD by Calvert et al. (2011). They found that there was
a threshold velocity above which dispersion occurred quickly and approached

equilibrium asymptotically.

On the other hand, impact induced dispersion/de-agglomeration also drew much

attention of researchers.

The impact of a cuboidal agglomerate with a wall was investigated by (Thornton
and Liu (2004). It was found that the fracture occurred as a result of strong force

transmission into the agglomerate creating a heterogeneous velocity distribution.
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Ning et al. (1997a) simulated the agglomerate-wall impact induced breakage of a
lactose agglomerate that consisted of 2000 primary particles within a size range
of 9-11 um. They found that the dynamic features and loading compliance of
loose agglomerates were distinctly different from solid particles and strongly

bonded agglomerates.

Recently, the impact between a loose agglomerate of fine mannitol particles and
a wall was modelled using the discrete element method (DEM) by Tong et al.
(2009). They found that agglomerate breakage was promoted with increasing
impact velocity and an optimal breakage performance was obtained at an impact

angle of 45°.

Although the influence of turbulence on the break-up and aerosol performance of
DPI formulations was investigated by Wong et al. (2010) using a combination of
computational fluid dynamics and standardized entrainment tubes, they argued
that there was no correlation between the extent of the turbulence and aerosol
performance and the impact dominated agglomerate break-up in the system
considered. The influence of impact on DPI performance was further examined
by Wong et al. (2011), who found that particle-wall impacts resulted in initial

agglomerate fragmentation followed by re-entrainment in the airstream.

Tong et al. (2010) performed a combined CFD and DEM approach and
investigated powder dispersion. In their study, agglomerates of different particle

sizes and poly-dispersities were dispersed in a cyclonic flow at different flow
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velocities. It was shown that the dispersion was governed by particle-wall

impacts and particle-particle adhesion.

These studies provided a better understanding of the underlying mechanisms of
air flow induced and impact induced dispersion/de-agglomeration. However, they
were generally concerning the overall behaviour of the DPIs and the mechanical
analysis of dispersion behaviour of loose agglomerate (i.e. drug-only
formulations). The investigation for carrier-based DPIs at the micro-mechanical
level was rarely reported. In addition, it should be noted that these two main
dispersion mechanisms need to be discussed under specific conditions and they

determine the overall DPI performance collectively.

2.2. DEM and its applications in DPIs

2.2.1. The theory and development of DEM

The discrete element method (DEM) was first proposed by Cundall and Strack
(1979) and then developed in the last few decades for modelling the behaviour of
an assembly of particles. Owing to its distinguished advantages of providing the
detailed information of the particulate system at single particle level, such as the
trajectory of and the transient force acting on the particle, which is difficult to
obtain in conventional experiments, and providing a relationship between the

macroscopic and microscopic properties of particulate matter, which is truly

26



CHAPTER 2 LITERATURE REVIEW

demanded for current particle and science research, DEM has been widely used
in many fields, such as chemical engineering, pharmaceutical engineering,
environmental engineering, energy engineering and food industry (Zhu et al.,

2007).

There are two common DEM models. While the simple hard-sphere model,
which cannot explicitly calculate the interaction forces between particles and
treat the impacts as instantaneous ones, is typically used for rapid granular flows,
the soft-sphere model is more popular. In the soft-sphere model, the particles are
able to suffer deformations which are used to calculate the interactional forces
between particles though the force-displacement relationship. In addition, the

soft-sphere model is capable of handling multiple particle contacts.

With the contact force and other kinds of forces, the motion of every single
particle in the system is determined by Newton's second law, including

translational and rotational movement, as bellows:

dv.
mi d_l‘l = fci +fnci +ffpi +mig (21)
do,

i T, 2.2
=T, (2.2)

where m, , I,

1

, V;, ®, are the mass, moment of inertia, translational and

rotational velocities of particle i, respectively. f,, f,.;, ffpi, and T, are the contact

force, non-contact force, particle-fluid interaction force and torque acting on the
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particle. g is the gravitational acceleration. Typical forces and torques are shown
in Fig. 2.8. For particle i in that figure, the contact force is the force caused by
the impact with particle ;j, which can be devided into the normal component and
the tangential component. The non-contact force is the capillary force caused by

the liquid bridge between particle i and % .

\J
n
f i mg

Fig. 2.8. Forces and torques acting on particle i from particle j and k (Zhu et al.,
2007).

2.2.1.1 Forces calculation

1) Elastic contact force

Accurate calculation of forces acting on particles is important for DEM. A number
of models have been proposed to calculate these forces and torques. The

contact force can be decomposed into two components, the normal direction that
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is perpendicular to the contact plane and the tangential one that is parallel to the
contact plane. The most common and simplest model to calculate these two
forces is the linear spring-damping model, in which the spring and damping are
used for the elastic deformation and viscous dissipation, respectively (Cundall

and Strack, 1979):

f =-k0,-C,v (2.3)

cn n-'n

f,=-ko,-Cyv, (2.4)

where 8 and v are the displacement and relative velocity between particles,

respectively; n and t denote the normal and tangential direction, respectively.

Based on contact mechanics, Hertz (1882) proposed a more complex nonlinear
model, normally known as Hertzian model, to calculate the contact force in the

normal direction as:

Fo=dpRty (2.5)
3

Cn

where F, and o are the magnitude of the normal contact force and overlap,

respectively. E* and R* are the effective Young’'s modulus and radius, which are

defined as:
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1 _1—v12+1—V22 (2.6)
E* E E, '
«_ RR, 2.7)
R +R,

where E,, R, ,and v, are the Young’s modulus, radius, and Poisson’s ratio of the

particles i. With Hertzian model, the radius of the contact area « is given as:

a=vaR" (2.8)

Mindlin and Deresiewicz (1953) proposed a model for the calculation of contact

force in the tangential direction, in which the incremental tangential force AF,
arising from the incremental tangential displacement A5, depends on the

incremental normal force AF, and the loading history:

AF, =8G"aO,AS, +(-1) uAF, (1-6,) (2.9)

where 4 is the coefficient and friction and G’ is the effective shear modulus

defined as:

S W) (2.10)

in which G, is the shear modulus of particle ;.
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There is a no-slip solution that:

0, =1 when |AFC,

<UAF, (2.11)

Otherwise partial-slip solution that:

F., + JAF,

0, =3]1-—- ~ when k=0 (2.12)
k c

ekzz\/l_(‘l) Fo Lo JH210 e, hen =12 (2.13)
24iF,

k=0, 1, 2 represent loading, unloading and reloading paths, respectively. F. is

the historic tangential force at which loading or reloading commenced.

2) Adhesive forces

When the sizes of particles are small, normally less than 100 um, van der Waals
forces are comparable with the weight of particles and cannot be ignored as

shown in Fig. 2.9.
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Fig. 2.9. Comparison of forces on particles (Zhu et al., 2007a).

Based on Hertzian model, Johnson et al. (1971) proposed a model, namely JKR
model, to take the surface energy into account and calculate the normal force for
the so-called auto-adhesive particles. The radius of the contact area for the

contact with adhesion is then defined as:

4E

3RF,)
a= {—j (2.14)
Where £%,' is the effective Hertzian force and defined as:

F,'=F. +2F.+./AF, F.+4F.’ (2.15)

in which F, is the applied force and F_ is the pull-off force:
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F,. =%;er* (2.16)

where T is the thermodynamic work of adhesion. The relative approach of the

two contacting particles « is related to the contact area by:

a=—- 2 (2.17)

Besides JKR model, there is another common model proposed by (Derjaguin et
al. (1975), namely DMT model, to calculate the adhesive normal force. The
difference of these two models is that while there are two kinds of force in the
contact area: the compressive force in the inner circular and the tensile force in
the outer annulus that are infinite at the perimeter; the DMT model assumes that
the compressive force acts in the contact area and the tensile force act out of the

contact area and decreases with surface separation. Therefore, DMT model

proposes a pull-off force F.=24"R" other than Eq. (2.16) in JKR theory.

Thornton and Yin (1991) developed a model that combine the theory of Mindlin
and Deresiewicz (1953), Savkoor and Briggs (1977), and JKR theory and
implemented it into the DEM code. The JKR theory is adopted to calculate the

incremental normal force AF

Cn

that is related to the incremental relative approach

Aca in DEM as:
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AF, = 2E*a(3—MF_C JAa (2.18)
3JF, ~Fe

For the calculation of tangential force, Thornton and Yin (1991) proposed that a
peeling phenomenon occurs first, which causes a reduction of the contact area,
and during this stage the tangential interactions are modeled using the no-slip

solution of Mindlin and Deresiewicz (1953) as:

AF,, =8G aAs, (2.19)

with a updated contact area defined as:

* *

. 3R

F.’E
{Fm +2F. + \/4FCnFc +AF — (2.20)

*

4G

The peeling process continues until a critical value of tangential force FCtC is

reached. F,° is defined as:

FC= 4\/% (F,F.+F.2) (2.21)

When the peeling process is complete, the contact area is reduced to:

3R
a’= T (F, +2F.) (2.22)

p
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There is a smooth transition from peeling to sliding when the peeling process is
complete: 1) if the critical tangential force Fctc is smaller than the sliding force, a
subsequent slip annulus is assumed to spread radially inwards. The partial-slip
solution of Mindlin and Deresiewicz (1953), which is described in Egs. (2-12) and
(2-13), is used with F, replaced by F, +2F. until sliding occurs; 2) if the critical
tangential force ch is larger than the sliding force, the tangential force fall to the

sliding force immediately and post-peeling behavior is modeled by:

3/2
F, = ,chn'(l - %] when F, <-0.3F (2.23)
F,, =ulF,, +2F.) when F, >-0.3F, (2.24)

The Hamaker theory (Hamaker, 1937) is also applied by some researchers in
DEM to calculate the van der Waals force (Yang et al., 2008; Zhu et al., 2007a).

The van der Waals force is determined by:

oA (2.25)
Y24 '

in which 4 is the Hamaker constant, 4, the particle diameter, and # is the

separation between particles. Then the van der Waals force is directly added to
the right-hand side of Eq. (2.1) as a single term, other than incorporating the

concept surface energy, to take into account the adhesion.
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Besides the van der Waals force, electrostatic force and capillary force also play
important roles in particle adhesion as shown in Fig. 2.9. Pei et al. (2010)
developed a model to consider the electrostatic force between particles f, in
DEM. In this model, a cut-off distance is introduced to improve the computational
efficiency and the electrostatic force is considered only when the distance
between the particles is smaller than the cut-off distance; otherwise it is
neglected. Coulomb’s law (Seville et al., 1997) is employed to model the

electrostatic force between particles as follows:

1 99> i

2 21

a 471'808,, oY (226)

21

where f,, and t,, are the electrostatic force and unit vector from particle 2 to 1,
respectively. &, and ¢, are the permittivity of free space and the relative
permittivity of the medium in the vicinity of the particles. ¢, and ¢, are the

charges on the two particles, and r,, is the distance between the two particles.

The capillary force is mainly resulted from the surface tension at gas/liquid/solid
interfaces. The force due to the reduced hydrostatic pressure in the bridge itself

as shown in Fig. 2.8 can be defined as (Fisher, 1926):

F, = 2myRsin gsin(p + 0)+ 2R*Ap sin® ¢ (2.27)
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where y is the liquid surface tension, Ris the particle radius, ¢ is the half-filling

angle, and ¢ is the contact angle.

3) Particle-fluid interaction force

When the fluid is in presence, the fluid-particle interactions can make a
considerable effect on the particle behaviour. Anderson and Jackson (1967a)

proposed that the force exerted by the fluid on each particle can be written as:

f

=V, VE (2.28)

where v, is the volume of particle i, §, is the local average fluid stress tensor,
and f is the effective drag force in the direction of the relative velocity between

fluid and particle.

According to the assumption of Anderson and Jackson (1967a), &, and f(}w can

be expressed as:

g, =—pd+1, (2.29)

f

Jpi

= o, (2.30)
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where p is the fluid pressure, & is the identity tensor, 7, is the viscous stress
tensor in the fluid, ¢ is the local void fraction, and f, is the drag force obtained

from the experimentally based correlations. Therefore, Eq. (2.28) is rewritten as:

f,,=—v,Vp+v,Vr, +ef, (2.31)

The effect of fluid-particle interaction is considered by incorporating Eq. (2.31) to
Eq. (2.1). According to Newton’s third law, there is also a force acting to the fluid
by the particle. The motion of fluid in computation fluid dynamics (CFD) is

governed by the Navier-Stokes equation as:

0 )
1) L viep ) =0 (2.32)
ot -
o(ep ,u) 5
TJrV.(apfuu) =-V.p+Va,-F, +ep,g (2.33)

The particle-fluid interaction is considered for the fluid phase from the particle-
fluid interaction force per unit volume F,, which is defined as:

n.

25

F, = i:A]V_ (2.34)

c

where n, is the number of particles in a fluid cell of volume AV_. The DEM and

CFD are hence coupled in a two-way coupling scheme.
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2.2.1.2 DEM capacity

In order to increase its capacity, DEM has been advanced in a number of

aspects to enhance its application in many fields.

1) Irregular particles

Normally the shape of the particle in DEM is assumed spherical (or circular in
2D). This is for the convenience of contact detection and inter-particle force
calculation. However, the shape of particles in reality is rarely spherical. In
addition, the effect of particle shape on particle mechanical behaviour has been
demonstrated by many researchers (Latham and Munjiza, 2004; Shinohara et al.,

2000).

Therefore, particles with irregular shape should be applied in DEM simulations if
needed. This can be implemented by the so-called single-particle method or

multi-sphere method.

The particle is a single object but the shape is as complicated as required, such
as polyhedron (Latham and Munjiza, 2004), ellipsoid (Lin and Ng, 1997), and
superquadric (Hogue, 1998) in the single-particle method. The algorithm for
contact detection is based on the particle shape and therefore is much more

computationally expensive. Moreover, the force-displacement relationship for
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non-spherical particle is not fully developed as those for spherical particles

(Hoehner et al., 2011; Hogue, 1998).

In the multi-sphere method, the particle with irregular shape is consisted of a
cluster of primary spheres (Favier et al., 1999; Kodam et al., 2009). The required
shape can be approximated by arranging the position of primary spheres and the
multi-sphere is treated as a rigid body. Although there is a difference between
the shape of the constructed multi-sphere and the prescribed shape, other
advantages of the multi-sphere method, such as same contact detection
algorithm and contact force as those for spherical particles, make it popular in

DEM applications (Hoehner et al., 2011; Kodam et al., 2009).

2) Coupling with other modelling tools

In addition to CFD-DEM, many other numerical methods with different time and
length scales for fluid flow, such as Lattice-Boltzmann (LB) (Cook et al., 2004),
direct numerical simulation (DNS) (Hu, 1996; Pan et al., 2002), large eddy
simulation (LES) (Zhou et al., 2004a; Zhou et al., 2004b; Zhou et al., 2004c), and
pseudo-particle method (PPM) (Ge and Li, 2001; Ge and Li, 2003), were

coupled/combined with DEM to describe the particle-fluid flow.

These coupling/combinations enable DEM to be used in a wider range of areas
to setup more realistic models to provide insights into correlating the

macroscopic particulate behaviour with microscopic inter-particle interactions.
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These methods were not used in current study that focused on exploring the

fundamental micromechanics, but they could be helpful for the further research.

2.2.2. The applications of DEM in DPIs

Interactions between particles or a particle and a wall play a significant role in
controlling DPI performance. In addition to the improvement for computing power,
the advantage of DEM over the conventional experimental approach and other
modelling tools, such as providing the detailed information of particle behaviour
including trajectory and transient force at single particle level, make DEM widely
used in particle science and technology area, including the development and
optimisation of DPIs. This section will review the applications of DEM in DPlIs,
including the mixing/agglomeration process and dispersion/de-agglomeration

process.

Thornton et al. (1996) first used a two dimensional DEM to model the impact
between an agglomerate and a wall. The agglomerate was formed by 1000
monodisperse primary particles with a radius of 100 ym and a surface energy up
to 3.0 J/m? All primary particles were initially randomly generated within a
prescribed region and then a centripetal gravity field was imposed to bring the
particles together. Once the particles were satisfactorily packed together, the
surface energy was applied in very small increments until the desired level was
reached. Then the gravity field was gradually changed from the centripetal one to

the normal vertical one until a dense agglomerate was formed, as shown in Fig.
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2.10. Thereafter, the velocities of all primary particles were set to zero first and
then specified as the desired impact velocity to make the agglomerate impact the
wall. The authors proposed three regimes of behavior described as shattering,
semi-brittle fracture and elastic rebound, which depended on the magnitudes of
impact velocity and surface energy. This work first demonstrated the capability of
DEM to model the agglomeration and de-agglomeration process by providing the

consistent qualitative trends with experimental studies.

Fig. 2.10. A model agglomerate (Thornton et al., 1996).

An improved 3D model with a dense spherical agglomerate constituting a
random polydisperse system of autoadhesive particles impacting a wall was also
proposed by Thornton et al. (1999). They found higher impact velocities lead to
higher wall forces, local contact damage, number of broken bonds and amount of

debris produced, and proposed two major processes, corresponding to the
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loading and unloading stages, identified to contribute to the breakage. During the
loading process, a conical “damage zone”, in which most of the input energy
was dissipated, was formed due to the plastic deformation caused by the impact.
Several mechanisms in the zone were involved including irreversible deformation
of the microstructure, interparticle sliding and randomly distributed microcrack
formation. Meanwhile, other contacts were broken to form randomly distributed
microcracks along sets of half-meridian planes. During the unloading process,
while certain preconditioned half-meridian planes experienced further microcrack
formation and coalescence, leading to subsequent fracture along these planes;

the broken contacts along other half-meridian planes tended to close.

Following the above work, Kafui and Thornton (2000) performed another DEM
investigation on the micromechanics of impact of a spherical crystalline (face-
centred cubic) agglomerate with a target wall. It was reported that increasing
impact velocity led to a higher maximum value of wall force, a shorter impact
event and more broken bonds and increasing bond strength resulted in an
increasing maximum value of wall force, reducing broken bonds. They argued
that for any given bond strength there was a critical impact velocity producing a
complete set of fracture planes. While impacts at low velocities only produced
subsets of this fracture pattern, impacts with higher velocities did not produce
extra fracture planes but weakened the residual fragments due to internal bond
breakage and resulted in shattering. They also found that during the loading
process, a set of potential fracture planes were formed by shear-induced

weakening, whose pattern was dictated by the geometry of the interface and the
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orientation of the agglomerate. During the unloading process, further shear-

induced bond breakage occurred along the same set of planes.

The effects of impact velocity, solid fraction, contact density, and the local
arrangement of particles near the impact zone on the breakage of agglomerates
were further investigated by Mishra and Thornton (2001). It was found that
fracture occurred for densely-packed agglomerate above a critical impact
velocity whereas disintegration for loosely-packed one. For agglomerates with
intermediate packing densities, the mode of failure can change from
disintegration to fracture by either increasing the contact density or changing the
location on the agglomerate surface that is used as the impact site. This
emphasized the importance of the microstructure on the agglomerate breakage

behaviour.

Thornton and Liu (2004) summarized that fracture was the result of the manner
in which strong interparticle forces were transmitted into the agglomerate and the
consequent development of a heterogeneous distribution of primary particle
velocities. This heterogeneous velocity field produced strong velocity
discontinuities along which shear weakening occurs. Consequently, the strong

velocity discontinuities became the potential fracture planes.

Utilizing DEM to obtain the comprehensive information of particle positions,
velocities and forces acting on them, Thornton’s work provided an insight to the

agglomerate breakage at microscopic level.
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Ghadiri and co-workers applied DEM to carry out a series of studies on the
breakage process of loose agglomerates. They first formed an agglomerate
consisting 2000 primary particles representing large lactose crystals with
polydisperse size (Ning et al., 1997b). The agglomerate was loose since weak
interface forces due to surface energy hold the primary particles together and no
binder was used. It was proposed that the breakage performance was correlated
to the square of impact velocity. It was found that loading compliance and
dynamic feature of loose agglomerates differed significantly from those of solid
particles and strong strength agglomerates. While at lower impact velocities,
residual clusters remained, disintegration occurred at higher impact velocities.

These findings were further validated with experimental results.

The influence of agglomerate size and humidity on loose agglomerate breakage
and the mechanism of breakage were investigated (Boerefijn et al., 1998). It was
observed that smaller agglomerates were more likely to break. While
agglomerates stored at low humidity levels exhibited internal shear and large
overall deformation, with no appearance of a clear crack plane, those stored at

high humidity levels experienced a classical semi-brittle failure mode.

Oblique impacts between an isotropic (mass distribution and coordination
number) spherical agglomerate and a wall was examined by Moreno et al.
(2003). It was found that the normal component of the impact velocity was

dominant for the breakage performance. However, the breakage pattern was
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affected by the tangential component of the impact velocity. This work elucidated

the influence of impact angle on agglomerate breakage.

An model was proposed by Moreno-Atanasio and Ghadiri (2006), based on the
assumption that the work required for breaking contacts was proportional to the

incident kinetic energy, to predict the agglomerate breakage. The damage ratio
D, , defined as the ratio of broken contacts to the number of initial ones, was

correlated to a dimensionless group as:

D, oc Wel > (2.35)

where We is the Weber number and I, is the elastic adhesion index:

We= pDV* /T (2.36)

I =ED/T (2.37)

where p is the particle density, D the particle diameter, ¥ is the impact velocity,
E the elastic modulus, and " the work of adhesion. Results of DEM simulations
of four different agglomerates impacting with a wall for three different values of
the work of adhesion showed the new model could describe the breakage

behaviour better than the Weber number.
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They also investigated air flow induced dispersion of loose agglomerates. The
dispersion process of an agglomerate in a uniform fluid flow was modelled using
CFD-DEM (Calvert et al., 2011). It was found that increasing adhesion
decreased the extent of breakage and there was a critical air velocity beyond
which dispersion occurred quickly and asymptotically reached a stable state.
This indicated that, again as aforementioned, the dispersion process was a
competitive process balanced by the removal and adhesive potential. Therefore,
an index based on the ratio of the air drag force and the adhesive force was

proposed to describe the dispersion behaviour as:

Dagg

where D, and D are the diameters of agglomerate and particle, respectively.

The mechanism of the aerodynamic dispersion for agglomerates with different
sizes in a uniform air flow was further explored by Calvert et al. (2013). It was
found that the relative agglomerate size, defined as the ratio of agglomerate size
to primary particle size, had a significant influence on the dispersion behaviour:
while small agglomerate disintegrated, particles from the outer surface layer
were gradually peeled to disperse for larger agglomerates. It was also found that
the dispersion rate decreased as the agglomerate size increased. Furthermore,

for larger agglomerates particles at the surface dispersed more rapidly than
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internal particles; but dispersion occurred in the whole agglomerate for smaller

ones.

The work of Ghadiri and co-workers demonstrated again, that DEM is useful to

examine the micro-dynamics of agglomerate dispersion.

Yu and co-workers also conducted a series of work on the agglomeration and

de-agglomeration processes in DPIs using DEM or CFD-DEM.

They started from the DEM modelling of agglomeration of fine particles subjected
to centripetal compaction (Yang et al., 2008). 10000 spherical particles
representing the glass beads with a fix size of down to 1 ym were agglomerated
under an assumed centripetal force in addition to the van der Waals force
between particles. It was found that the coordination number and the packing
density exponentially decreased with increasing agglomerate size. The tensile

strength also decreased with the increase of particle size.

Using the method of agglomeration described above (Yang et al., 2008) to form
loose agglomerates of fine mannitol particles, they continued with the exploration
of the breakage process (Tong et al., 2009) caused by the impact between an
agglomerate and a wall. It was observed that the agglomerates on impact
experienced large plastic deformation and then disintegrated into small
fragments, which was consistent with Thornton’s previous both simulated and

experimental findings as shown in Fig. 2. 11 (Ning et al., 1997a; Thornton et al.,

48



CHAPTER 2 LITERATURE REVIEW

1999). They found that a higher impact velocity led to a better agglomerate
breakage performance. For a given impact velocity, a 45-degree impact angle
resulted in the maximum breakage compared to those with other impact angles.
They also suggested that impact energy including the normal and tangential

ones should be used to characterize the breakage performance.

. S sl &

Fig. 2.11. Comparison of the deformation process between simulated and
experimental results (Tong et al., 2009).
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Their research was further conducted to investigate the dispersion process of
agglomerates of different particle sizes and polydispersities in a cyclonic flow at
different flow velocities using a combined computational fluid dynamics and
discrete element method (CFD-DEM) approach (Tong et al., 2010). It was found
that the finer the constituting particles were, the agglomerates were more difficult
to disperse at low flow rates but more efficient at high flow rates. Decreasing the
particle size distribution range improved the dispersion performance. They also
proposed that since the air flow actually affected the particle—wall impact, the
dispersion was governed by two competitive interactions, particle—particle
cohesion and particle—wall impact. Therefore an index based on the ratio of
particle—wall impact energy and agglomerate cohesion energy was proposed to

predict the dispersion performance.

The effect of mechanical impact on the de-agglomeration process was also
examined by Tong et al. (2011). A coupled CFD-DEM approach was utilized to
simulate the de-agglomeration of mannitol agglomerates in impact throats
containing one or two angles at different flow rates as shown in Fig. 2.12. The
results showed that mechanical impact played a dominant role on the
agglomerate breakage and the air flow induced shear did not affect the breakage
much. It was also found that the two angles played different roles: the first one
for causing major damage and the second one for improving the dispersion
performance by further breaking the damaged clusters into fine particles. Similar
index based on energy ratio was again proposed to characterise the impact

induced dispersion performance, indicating that dispersion was a competitive
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process. However, it should be noted that the calculations of the impact energy
and cohesion energy in their work were based on the step-by-step information of
the contact force between the agglomerate and the wall calculated using DEM,

which caused difficulties for predicting of other cases or realistic process.
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Fig. 2.12. Schematics of impaction throats (Tong et al., 2011).

An improved model, which employed CFD-DEM to simulate the dispersion
process of agglomerates formed by polydisperse mannitol powders in
commercial dry powder inhaler Aerolizer® as shown in Fig. 2.13, was proposed
by Yu and co-workers (Tong et al., 2013). It was found that while impacts
between agglomerates and inhaler walls first break the agglomerates into large
pieces of fragments, sbusequent impacts between the fragments and the inhaler

grids played the role of disintegrating the fragments into fine particles to
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dramatically increase the FPF. The inhaler exhibited a better performance at
higher air flow rate, but further increasing the air flow rate decreased the FPF
due to the larger depositions. This work explored the collective effects in a
realistic commercial inhaler, other than mainly focusing on a single factor in the
previous works, demonstrated the strong capability of DEM coupled with other
modelling tools to provide the detailed information of particle-particle and
particle-wall interactions for better understanding the underlying mechanisms

and optimization of the realistic inhaler devices.
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Fig. 2.13. (a) Schematic view of the inhaler and (b) formation of agglomerates
(Tong et al., 2013).

The above work provided a comprehensive investigation on the agglomeration
and de-agglomeration processes in dry powder inhalers. However, they were
focused on the drug-only agglomerates. On the other hand, carrier-based
agglomerates were also widely used in DPIs but the agglomeration and de-
agglomeration mechanisms for carrier-based ones can be different from those of

drug-only ones due to the distinct difference between the microstructures.
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More recently, CFD-DEM was applied to investigate the influence of inhaler
device design on the dispersion performance of a carrier-based formulation
Foradile® in dry powder inhaler Aerolizer® by Zhou et al. (2013). It was shown
that reducing the inlet size significantly increased the FPF and increasing grid
voidage lead to a higher deposition in the induction port. The authors also
argued that for the carrier-based formulation, the dispersion mechanism was
drug particles sliding and/or rolling on the carrier surface to detach, but for the
drug-only formulation, agglomerates were broken up into smaller fragments and
primary drug particles for dispersion. Therefore, the mechanisms for
agglomeration and de-agglomeration of carrier-based formulations need to be

further investigated.

2.3. Summary

Dry powder inhalers as a promising approach for the therapy of respiratory and
lung diseases have drawn increasing attention since the complicated nature can
be affected by many factors. This chapter first provided an introduction to the
background and development of DPIs, and then reviewed the work on the three
main factors that govern the DPI performance: the formulation design, the device
design and the inspiratory manoeuvre of the patients. Furthermore, the effects of
air flow and particle-wall impact on the dispersion performance of DPls were

summarized.
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The discrete element method, a numerical approach that provides the positions
and velocities of particles and the transient force acting on them and correlate
the macroscopic behaviour with the microscopic interactions of particulate
systems, was applied to investigate particulate issues in many fields including
powder agglomeration and de-agglomeration. The theory and development of

DEM was reviewed followed by the summary of its applications in DPlIs.
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CHAPTER 3: VAN DER WAALS FORCE

INDUCED ADHESION

*Published as “Yang, J., Wu, C.Y., Adams, M. DEM analysis of particle adhesion
during powder mixing for dry powder inhaler formulation development. Granular

Matter, 2013, 15, (4) 417-426".
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Abstract

Understanding the adhesive interactions between active pharmaceutical
ingredient (API) particles and carrier particles in dry powder inhalers (DPIs) is
critical for the development of formulations and process design. In the current
study, a discrete element method (DEM), which accounts for particle adhesion, is
employed to investigate the attachment processes in DPIs. A critical velocity
criterion is proposed to determine the lowest impact velocity at which two elastic
auto-adhesive spherical particles will rebound from each other during impact.
Furthermore, the process of fine API particles adhering to a large carrier in a
vibrating container is investigated. It was found that there are optimal amplitude
and frequency for the vibration velocity that can maximise the number of
particles contacting with the carrier (i.e. the contact number). The impact number
and detachment number during the vibration process both increase with
increasing vibration amplitude and frequency while the sticking efficiency

decreases as the amplitude and frequency are increased.

Keywords: adhesion; discrete element method; attachment; mixing; granular

materials.
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3.1. Introduction

Dry powder inhalers (DPls) are widely used for treating pulmonary and
respiratory diseases, which can directly deliver micron-sized active
pharmaceutical ingredient (API) particles to the lungs and respiratory tracts
(Islam and Gladki, 2008; Newman and Busse, 2002; Smith and Parry-Billings,
2003). Since the API particles are generally very small (< 5 ym), they are
extremely cohesive and have poor flowability (Pritchard, 2001). To improve the
flowability and dispersion efficiency of DPI formulations, API particles are either
mixed with large carrier particles or aggregated into large agglomerates (Aulton
and Taylor, 2001). The attractive potential between API and carrier particles or
other API particles is mainly due to van der Waals forces, electrostatic forces
and capillary forces (Hinds, 1999). The effective forces have to be sufficiently
strong so that fine API particles can adhere with the carriers or form large
agglomerates to be transported, but weak enough so that they can be detached
or dispersed by a de-agglomeration process and thus allow the delivery of the
API particles into the respiratory tracts and lungs. Therefore, particle-particle
interactions play a significant role in controlling the performance of DPls and
hence many studies have been performed to explore the dependency of these
interactions on particle size (Guenette et al., 2009; Kaialy et al., 2012a), material
properties (Hassan and Lau, 2010; Steckel and Bolzen, 2004), particle
concentration (Steckel and Muller, 1997; Young et al, 2005), particle
morphology (Kaialy et al., 2011; Kaialy et al., 2012b), particle surface roughness

(Kaialy et al., 2012c; Young et al., 2008), storage conditions (Jashnani et al.,
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1995; Le et al., 2012), surface area (Cline and Dalby, 2002), density and porosity
(Kaialy and Nokhodchi, 2012), and crystal form (Shur et al., 2012). For example,
Kaialy et al. (2012a) experimentally examined the influence of the particle size of
lactose carrier on the DPI performance and demonstrated that the DPI
performance improved with decreasing carrier particle size. Young et al. (2005)
investigated the relationship between API dosage (drug/lactose ratio) and
aerosolisation performance of conventional carrier based formulations using the
twin stage impinger and found that the fine particle fraction (FPF) decreased with
increasing APl dosage when the API dosage was low (10-135 ug/50 mg), while
the FPF increased with increasing APl dosage at large values of the API dosage
(135-450 ug/50 mg). These results were attributed to the effect of "active sites”,
which were preferentially occupied by API particles due to large contact area,
high surface energy and simple geometric constrains. Therefore, there was a
critical APl dosage below which FPF decreased since API particles were
adhered to the active sites, and above which FPF increased since the active
sites were fully occupied with excessive API particles presenting in the
formulation. Kaialy et al. (2012c) also found that lactose particles with an
elongated shape, more irregular shapes and a rougher surface could deliver
more API particles to lower airway regions. Le et al. (2012) employed a twin
stage impinger to evaluate the dispersion performance at various humidity
conditions and found that the FPF decreased as the relative humidity is
increased. Cline and Dalby (2002) found that the FPF increased with the
increased surface area. Kaialy and Nokhodchi (2012) suggested that engineered

lactose with smaller bulk and tap density and higher porosity improved the
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homogeneity of drug content and the dry powder inhaler performance. Shur et al.
(2012) used seed crystals and supercritical carbon dioxide crystallization to
produce ipratropium bromide monohydrate and anhydrous crystals, respectively,
and found that these two crystals exhibited similar mechanical and interfacial

properties, which also resulted in the similar DPI performance.

As the first step in preparing DPI formulations, the attachment of API particles to
carrier particles is a critical stage for controlling the performance of DPIs. This is
generally realised through mixing APls with carriers in a blender, which
determines the formulation quality and efficiency (Jones and Price, 2006; Le et
al., 2012; Selvam et al., 2011; Zeng et al., 1999). Both mixing conditions (e.g.
mixing time, mixing speed) and mixing processes can influence the formulation
properties. For example, Selvam et al. (2011) explored the effect of mixing time
on the drug attachment process and found that the drug loading increased with
increasing mixing time. They argued that this was due to the formation of drug-
drug aggregates on the surface of the carrier particles as more drug particles
were adhered over time. However, Le et al. (2012) investigated the influence of
mixing conditions on the API content and demonstrated that the mean API
contents of the blends were poorly correlated with the mixing time. These
discrepancies might be caused by the different mixing times used (i.e. 1-30 min
by Selvam et al. (2011) and 60-180 min by Le et al. (2012)) and different
materials investigated (i.e. Selvam et al. (2011) used budesonide drug and
polyolefin medical packaging films, while Le et al. (2012) considered lactose

carrier and Fluticasone Propionate drug).
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The effect of mixing processes on formulation properties and DPI performance
has also been investigated (Dickhoff et al., 2003; Jones and Price, 2006; Saleem
et al., 2008; Zeng et al., 1999). Johns et al. (2006) showed that the addition of
fine excipient particles during the mixing process increased the pulmonary
delivery of the drug and there was an optimal concentration of added excipients .
Zeng et al. (1999) used a twin stage impinger to investigate the effect of different
sequences of addition on in vitro deposition. They found that the formulation
prepared by first blending micronized lactose with coarse lactose before mixing
with salbutamol sulphate produced a greater fine particle fraction and fine
particle dose of salbutamol sulphate than the same formulation prepared using a
different mixing order of the three components. Saleem et al. (2008) used two
lactose carrier systems (spray-dried and milled) and investigated the effects of
surface energy and the so-called ‘rate of blending’ on the aerosol dispersion
performance. They observed that the surface energy was inversely proportional
to the DPI performance while the blending rates positively correlated with the
performance. Dickhoff et al. (2003) explored the effect of carrier payload (0.4-6.0%
w/w of drug) on the dispersion performance of drug particles from adhesive
mixtures and demonstrated that the amount of the residual drug on the carrier
decreased with increasing carrier payload at a flow rate of 60 I/min. All these
studies demonstrated that mixing is crucial in controlling the formulation quality,
efficiency and performance of DPIs. Therefore, an improved understanding of
the mechanism of particle adhesion and the drug attachment process during
mixing is critical for enhancing not only the formulation quality, but also the

performance of DPIs.
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Although many efforts have been made to investigate the attachment process of
DPI formulations, the underlying mechanisms, especially at the microscopic level,
are still not well understood. Therefore, a Discrete Element Method (DEM)
analysis is reported in this paper in order to provide insights into the attachment
process during mixing. The impact between two spheres is first analysed to
establish a criterion for determining whether two particles will attach or rebound
during an impact. In addition, the adhesive interaction between API particles and
a large carrier particle in a vibrating container is analysed and the effects of

vibration conditions are examined.

3.2. DEM with adhesion

The DEM for adhesive particles developed by Thornton and Yin (1991) is used in
this study. The translational and rotational motions of a particle are governed by

the Newton’s second law:

where m, , I,

1

, V., o, are the mass, moment of inertia, translational and
rotational velocities of particle i, respectively. f, and T. are the contact force

and torque acting on the particle. g is the gravitational acceleration.
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Due to the particle sizes of APIs and carriers used in DPIs, adhesion becomes
important in governing the interaction between particles. Therefore, JKR theory
(Johnson et al., 1971) is applied to model the adhesion between particles, in
which the relationship between the normal contact force P (i.e. normal

component of f.) and relative normal displacement « is given as (Johnson,

1985):
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where o, and 7, are the displacement at which the two adhesive spheres are

1/3

separated and the "pull-off" force with which the two adhesive spheres can be

separated, and given as:
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in which T is the thermodynamic work of adhesion, and R and E are the

effective radius and Young’s modulus, R,, E, and v, are the radius, Young’s
modulus and Poisson’s ratio of the particles i. The meaning of + is: while +

indicates that the a/a, increases with increasing P/P., - indicates that the

a/a, decreases with increasing P/ P..

3.3. DEM models

Using DEM, impacts between two adhesive particles and mixing of API particles
with a carrier particle in a vibrating container are simulated. The corresponding

DEM models are presented in this section.

3.3.1. Impact between two spheres

Two identical particles with the properties given in Table 3.1 are created to

impact collinearly with each other in the presence of adhesion as shown in Fig.

3.1. The initial velocities of the two particles are V;, and V,, which have the same

magnitudes but are in opposite directions (i.e. V,=-F, ). Gravity is not

considered in this case.
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Vi Vv,
> €

Fig. 3.1. lllustration of the normal impact between two spheres.

Table 3.1. Physical properties of particles for the impact between two spheres.

Parameter Value
Diameter (um) 1-100
Density (kg/m?) 2650
Young’s modulus (GPa) 70
Poisson’s ratio 0.3
Coefficient of friction 0.3

Thermodynamic work of adhesion (J/m?) 0.044-4.4

3.3.2. Mixing of carrier and API particles in a vibrating container

Mixing of one carrier particle and N API particles in a vibrating cubic container is
modelled in 3D. The side length of the container is /. All the carrier and API
particles are spherical particles. The diameter of the carrier particle and mono-
sized API particles are 70 ym and 5 um, respectively. The carrier particle is
initially located at the centre of the container while the API particles are randomly
generated in the empty space in the container as shown in Fig. 3.2a. The carrier
and API particles are then allowed to settle to the bottom of the container under

gravity as shown in Fig. 3.2b. Once the kinetic energy of the system (carrier and
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API particles) becomes negligible, the container is set to vibrate vertically with a

velocity profile defined as:

V =V, sin(2afi) (3.8)

where 1 is the velocity of the container; V, is the amplitude; f is the frequency;

i is the time. The simulation parameters are given in Table 3.2. It is assumed that
the API particles and the carrier have the same material properties as a-lactose
monohydrate (Alderborn and Nystrom, 1996). The time step, determined by the
Rayleigh criterion using the properties of the API particle, is 45x10"% s. A

viscous damping is introduced to consider the energy dissipation in the system.

a) b)

Fig. 3.2. Model setup for vibrating container cases.

Table 3.2. Simulation parameters for mixing of the carrier with APIs in a vibrating

container.
Parameter Value
Density (kg/m®) 2650
Young’s modulus (GPa) 24
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Poisson’s ratio 0.3
Friction coefficient 0.3

Thermodynamic work of adhesion (J/m?) 0.006

v, (m/s) 0.02 - 0.06
/ (Hz) 30-120

[ (um) 105

N 200

3.4. Impact between two spheres with adhesion

3.4.1. Impact behaviour

Fig. 3.3 shows the evolution of the relative displacement, normal force and
relative velocity during the impact of two spheres at V, = -V, =0.0058 m/s. The
abscissa shows the time normalized by the duration from the beginning of the
contact until the time instant at which the relative displacement reduces to zero.
It can be seen that for auto-adhesive particles, the relative displacement initially
increases until a maximum value is reached, when the relative velocity reaches
zero. Thereafter the relative displacement reduces. However, due to the
adhesion, the two spheres cannot separate from each other when the relative
displacement reduces to zero, and they continue to move in opposite directions
until the relative displacement reduces to a certain value (i.e. a, as described in

Eq. (3-4)). Correspondingly, once the two spheres come into contact a finite
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normal force is suddenly induced due to auto-adhesion. Then the normal force
increases with increasing the relative displacement until the relative velocity of
the two spheres reaches zero, which corresponds to a maximum contact force.

The normal force then starts to reduce until it reaches — P. as described by Eq.

(3-5). Thereafter it reduces to zero at the moment of separation. The relative
velocity increases first due to the auto-adhesion and then decreases until a
minimum value is reached, where the force reduces to zero. Thereafter it
increases again until the two spheres separate from each other. On the other
hand, without auto-adhesion, both the relative displacement and the normal force
firstly increase from zero to maximum values at which the velocity reaches zero,

and then decrease to zero with time.
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Fig. 3.3. The evolution of the relative displacement, normal force and relative
velocity for the impact between two particles with initial velocities of £0.0058 m/s.

Fig. 3.4 shows the variation of the normalized contact force with the normalized
relative displacement. The force acts on the two particles only when they are in
contact with each other during the loading process, and the force increases with
increasing displacement until a maximum value is reached. Then the unloading
process starts and the force decreases as the displacement decreases. It is

worth noting that the two particles do not separate from each other when the
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displacement reduces to zero due to the adhesion and they will continue moving
in the opposite directions until the displacement reaches « ., at which point they

separate from each other and the impact process ends. In Fig. 3.4, the
theoretical prediction using JKR theory (i.e. Eq. (3-3)) is also superimposed. It is
clear that the numerical results are in excellent agreement with the theoretical
predictions, which implies that the model is correctly implemented and can be

used to model impact behaviour of particles in the presence of adhesion.

olloading'
A unloading

Fig. 3.4. The force-displacement relationship for impact between two particles
with initial velocities of £0.0058 m/s.

When the initial velocities of the two particles are reduced to £0.0050 m/s, the
corresponding results are shown in Fig. 3.5 and Fig. 3.6. It can be seen from Fig.
3.5 that the loading and unloading processes are similar to those shown in Fig.

3.3; however, the two spheres cannot separate from each other when the
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unloading process ends. As a result, cyclic loading and unloading take place,
and the relative displacement increases again, and the evolutions of normal
force and velocity also repeat the similar trends as those in the first loading
process. It is worth noting that the amplitudes of relative displacement, normal
force and velocity monotonically decrease in the subsequent impacts and
eventually the two spheres adhere to each other, since some kinetic energy is
dissipated due to the adhesion in each impact. Fig. 3.6 shows the normalized
impact force as a function of the normalized displacement. It can be seen that
the loading and unloading curves are similar to those shown in Fig. 3.4. However,
the two particles cannot separate from each other and will continue reloading

until they stick together.

From the impacts with different initial velocities, it is found that due to the effect
of the attractive force only the particles with sufficient initial kinetic energy (i.e.
initial velocity) can rebound, while particles without sufficient initial kinetic energy
will stick to each other. Therefore, there must be a critical initial velocity above
which particles will rebound. An accurate determination of this critical velocity is
crucial for the analysis of the attachment and detachment processes in DPIs and

will be discussed in the next subsection.
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Fig. 3.5. The evolution of relative displacement, normal force and relative velocity
for the impact between two particles with initial velocities of £0.0050 m/s.
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Fig. 3.6. The force-displacement relationship for the impact between two
particles with initial velocities of £0.0050 m/s.

3.4.2. Critical Velocity

As shown in Fig. 3.3, there is still a finite force acting on the spheres when the
relative displacement reduces to zero during the unloading process. Thereafter
the two spheres move in the opposite directions and the work done by the
adhesive force dissipates some kinetic energy and possibly all the kinetic energy,
which prevent the spheres separating. Therefore, only particles with sufficiently
high kinetic energy will be able to rebound by overcoming the adhesive work,

while others will stick to each other.

In order to accurately obtain the critical velocity, it is essential to calculate the

work done by the adhesive force. Thornton and Ning (1998) integrated the JKR
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force-displacement curve (described as Eq. (3-3)) in the region of —1<a/a, <0
and obtained the initial kinetic energy or the work to break the adhesive contact

/9

(3.9)

5.4 1/3
W, :7.09(r R ]

E2

Therefore, if energy loss due to elastic wave propagation is negligible, particles

will rebound only when

S = (3.10)

where m,, m, are the mass of the two particles and V,, V, are the impact

velocities of the two particles.
For the cases m, =m,, V, ==V, , Eq. (3.10) can be rewritten as

1

Em*Vz > W, (3.11)
where
* m,m,
1 2
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and the relative impact velocity, 1/, is defined as

V=7 (3:13)

Using Eq. (3.9), the critical velocity, /., can be obtained as

1/2 5.4 \1/6
ch(”'}g) (“f j (3.14)
m E

For the cases in which two different spheres rebound from each other, denoting
the rebound velocities of the two spheres as V,, and V,,, the following equation

should be satisfied:

1 1 1 2 1 2
Ele12+Em2V22_5m1V1r _Eszzr =W (3.15)

From Eq. (3.13) and Eq. (3.14), we have
—m'V; =W, (3.16)

Since in current cases, m, =m,, V,=-V, and V, =-V,,_, substituting Eq. (3.16)

into Eq. (3.15) yields:
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v.=@2-r?)" (3.17)

where the relative rebounding velocity V. is defined as

V.=l

r 1r

-7, (3.18)

In the current numerical analysis, a low impact velocity was initially set for the
two particles at which they will stick to each other after impact. The velocity was

then incrementally increased until the two particles separate from each other
after the impact. V' and V,, defined in Eq. (3.13) and Eq. (3.18) respectively, can

be obtained from the case in which two spheres rebound from each other, then

the critical velocity can be obtained using Eq. (3.17).

As the critical velocity is crucial for the understanding of the attachment and
detachment process in DPIls, different cases with different particle sizes and
work of adhesion are then simulated to investigate their effects on the critical
velocity. Fig. 3.7 shows that for the same material (i.e. the same work of
adhesion, I'=0.44 J/m?), the critical velocity decreases with increasing particle

radius. Fig. 3.8 illustrates the effect of the work of adhesion on the critical
velocity. For a given particle radius (i.e. R,=R,=100 pym), the critical velocity

increases with increasing work of adhesion. It can also be seen that the DEM
results are in excellent agreement with the theoretical values obtained from Eq.
(3.14), which indicates that the current model can accurately predict the critical

velocity for impacts in the presence of adhesion.

75



CHAPTER 3 VAN DER WAALS FORCE INDUCED ADHESION

10° —
Eqg. (14)|
R
SO N Rebounding
£10 <
Q <
% g
> Qtinlein iy |
O UUNTE Isd ‘\\ i
102 — N
10° 10° 10
Radius (m)
Fig. 3.7. The variation of the critical sticking velocity with particle radius (T =0.44
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Fig. 3.8. The variation of the critical sticking velocity with the work of adhesion
(R,=R,=100 pm).
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3.5. Mixing of carrier and API particles in a vibrating

container

In this section, the mixing process of one carrier particle and a number of API
particles in a vibrated container is analysed using DEM, and the effects of the

vibration amplitude and frequency on the mixing performance are discussed.

3.5.1. Vibration process

Fig. 3.9 shows snapshots at various time instants during the vibration process for
a typical case. It can be seen from Fig. 3.9a that a few API particles adhere to
the carrier when the container starts to vibrate. During the vibration process the
carrier and API particles oscillate in the vertical direction and an increasing
number of impacts occurs between the carrier and API particles as shown in Fig.
3.9b. An increasing number of API particles stick to the carrier as the vibration

continues until a stable status is reached (Fig. 3.9c).

a) t=0.0750 s b) t=0.1205s c) t=0.2251 s

Fig. 3.9. Snapshots at different time instances.
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Fig. 3.10 illustrates the corresponding evolution of the contact number (N, the

number of API particles contacting with the carrier). During the deposition
process, about 50 API particles adhere to the carrier and a steady state value of

N, is reached. Once the container starts to vibrate, the contact number

increases as the time is increased until it reaches a stable status. Fluctuations
are apparent during the vibration process due to the impact between the
container walls and the carrier particle. The results in the stable state (i.e. time
period in the rectangular box shown in Fig. 3.10) are further analysed to obtain
the mean and standard deviation of the contact number, which will be discussed

in the following sections.

200 — : K
deposition | vibration
— 150*
kS AW
:
9 100/ period for statistics|
E
~ 50
O | | i i
0 0.05 0.1 015 02 025

Time (s)

Fig. 3.10. The evolution of the contact number.
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3.5.2. Effect of vibration amplitude

The variation of the mean and standard deviation of the contact number with
vibration velocity amplitude, during the period indicated in the rectangular box in

Fig. 3.10, is shown in Fig. 3.11. The vibration amplitudes ¥, in these cases are

different while the vibration frequency is fixed at f =60 Hz. The contact number

first increases and then decreases with increasing vibration velocity amplitude.
As a result there is an optimal amplitude at which the contact number is a
maximum. Moreover there exists a threshold amplitude below which the
container cannot agitate API particles. On the other hand, the contact number
will decrease due to “over-vibration” when the amplitude is larger than the

optimal value.

150

——N
c

—a— AN
C

o 1007

contact number
after deposition

© N3
< 507 ) 8

, AN

0 002 004 006 008
Vibration Amplitude (m/s)

Fig. 3.11. The variations of contact number and incremental contact number with
the vibration velocity amplitude.
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The incremental contact number AN, during the whole vibration process is also

shown in Fig. 3.11. Impacts between the API particles and the carrier particle are

monitored during the process, then AN, can be obtained as:

AN, =N, =N, (3.19)

where N. is the total number of impacts between the carrier and API particles

1

during the process, 7, is the sticking efficiency that indicates the percentage of
API particle adhering to the carrier after an impact, and N, is the total

detachment number (the number of API particles which originally adhered to the
carrier but are detached due to impact between the carrier particle and container
wall or other removal forces). The variations of the impact number, sticking
efficiency and detachment number as a function of the vibration amplitude are
shown in Fig. 3.12. It can be seen that the impact number and detachment
number both increase with increasing vibration amplitude while the sticking
efficiency slightly decreases as the amplitude is increased. According to Eq. (3-
19), the incremental contact number first increases and then decreases with
increasing vibration amplitude. It is worth noting that the incremental contact
number is obtained for the whole vibration process while the contact number

gives the average value during the stable period highlighted in Fig. 3.10.
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Fig. 3.12. The variations of the impact number, sticking efficiency and
detachment number as a function of vibration amplitude.

3.5.3. Effect of vibration frequency

Fig. 3.13 indicates the effect of vibration frequency on the contact number for a

fixed vibration velocity amplitude 7;,=0.04 m/s. It shows that an optimal vibration

frequency can be obtained as the contact number first increases and then
decreases with an increase in the vibration frequency. Moreover, vibration with a
very low frequency (< 40 Hz) cannot agitate the particles efficiently as the
contact number hardly increases during the vibration process. It also can be
seen that the incremental contact number obtained by Eq. (3-19) presents a
similar trend. Fig. 3.14 shows the variations of the impact number, sticking

efficiency and detachment number as a function of the vibration frequency. The
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impact number and detachment number both increase with increasing vibration

frequency while the sticking efficiency slightly decreases as the frequency is

increased.
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Fig. 3.13. The variations of contact number and incremental contact number with
the vibration frequency.
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Fig. 3.14. The variations of impact number, sticking efficiency and detachment
number against vibration frequency

3.6. Discussion

3.6.1. Critical velocity during impact between two spheres

A knowledge of the critical sticking velocity is very important for understanding
the macroscopic behaviour of DPI formulations and provides science-based
guidance for DPI formulation design. It is clear from the DEM simulations and
predictions using Eq. (3-14) that increasing particle radius and decreasing work
of adhesion can decrease the critical velocity. This implies that, for impact-
dominant dispersion processes, the dispersion performance in DPIls can be

improved by using large particles with low work of adhesion, which will have a
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low critical sticking velocity so that particles can be dispersed more easily. It
should be noted that the present analysis focuses on collinear impacts. Further
analysis is needed for investigating the dispersion performance in processes

dominated by oblique impacts of particles.

3.6.2. Attachment process during mixing in a vibrating container

Generally, the contact number during the attachment process is determined by
the balance of the removal forces (i.e. impact force and gravitational force in the
current cases) and adhesive forces (i.e. caused by the effect of the
thermodynamic work of adhesion in the current cases) acting on the particles.
However, the overall performance of attachment can be affected by many factors
(e.g. vibration velocity amplitude and frequency). The current numerical analysis
shows that there are optimal vibration velocity amplitude and frequency that
maximise the contact number. API particles are oscillated in the vertical direction
within the vibrating container, which may impact with the carrier particle. Once
the impact velocity is lower than the critical sticking velocity, APl particles may
stick to the carrier. The optimal amplitude and frequency corresponding to the
maximum contact number should be sufficiently large to agitate API particles
from the bottom of the container but sufficiently small in order to avoid too many
particles that initially stick with the carrier but are detached during impacts when
the vibrating velocity and frequency are too high (i.e., over-vibration). As shown
in Fig. 3.12, the total impact number during the vibration process increases as

the vibration velocity is increased, which indicates that API particles have more
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opportunities to impact with the carrier. On the other hand, as the vibration
velocity is increased, the sticking efficiency decreases. This can be explained by
the increasing impact velocity between the carrier and API particles with the
increase of vibration velocity. As a result, many particles impact with the carrier
with an impact velocity that is greater than the critical sticking velocity and thus
rebound from the carrier. In addition, a higher vibration velocity causes more
originally sticking API particles to detach from the carrier due to impacts between
the carrier particle and the container walls. Therefore, there is an optimal

vibration condition that maximises the contact number.

3.7. Conclusions

A discrete element method taking into account the adhesion is employed to
investigate the attachment processes in DPls. The analysis of the impact
behaviour of two elastic spheres shows that spheres with different initial kinetic
energy can either stick or rebound. A critical sticking velocity from an energy
analysis is introduced to determine whether two elastic spheres rebound or stick
to each other during impact in the presence of adhesion. Moreover, it shows that
the critical sticking velocity increases with increasing work of adhesion and
decreasing particle radius. An excellent agreement between the numerical
results and the theoretical predictions for the two-sphere impact indicates that
DEM can be used to model impact behaviour of particles in the presence of
adhesion. The attachment process of API particles with a carrier particle in a

vibrating container is then investigated. It is shown that there are optimal
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vibration velocity amplitude and frequency to maximise the contact number. A
close examination of the mixing process reveals that the impact number and
detachment number during the vibration process both increase with increasing
vibration amplitude or frequency while the sticking efficiency decreases as the

amplitude or frequency is increased.
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CHAPTER 4: ELECTROSTATIC FORCE

INDUCED ADHESION

*Published as “Yang, J., Wu, C.Y., Adams, M. DEM analysis of the effect of
electrostatic interaction on particle mixing for carrier-based dry powder inhaler

formulations. Particuology. 2015. DOI: 10.1016/j.partic.2014.12.007".
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Abstract

Particle interactions play a significant role in controlling the performance of dry
powder inhalers (DPIs), which mainly arise through van der Waals potentials,
electrostatic interactions, and capillary forces. Our aim is to investigate the
influence of electrostatic charge on the performance of DPIs as a basis for
improving the formulation of the particle ingredients. The mixing preparation
process of carrier and active pharmaceutical ingredient (API) particles in a
vibrating container is investigated using a discrete element method (DEM). The
number of API particles attaching to the carrier particle (i.e., contact number)
increases with increasing charge and decreases with increasing container size.
The contact number decreases with increasing vibrational velocity amplitude and
frequency. Moreover, a mechanism governed by the electrostatic force is
proposed for the mixing process. This mechanism is different from that
previously proposed for the mixing process governed by van der Waals forces,
indicating that long-range and short-range adhesive forces can result in different

mixing behaviours.

Keywords: electrostatic; particle mixing; dry powder inhaler; discrete element

method.
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4.1. Introduction

Drug delivery using dry powder inhalers (DPIs) has been shown to be
increasingly efficient for treating pulmonary and respiratory diseases (Islam and
Gladki, 2008; Newman and Busse, 2002; Smith and Parry-Billings, 2003). In
order to be directly delivered to the lungs and respiratory tracts, the sizes of the
active pharmaceutical ingredient (API) particles in DPIs are generally small (< 5
pMm), resulting in strong cohesion and poor flowability (Pritchard, 2001). Hence,
API particles are normally mixed with large carrier particles to improve the
flowability and dispersion efficiency (Aulton and Taylor, 2001). The interactions
between carrier and API particles, such as van der Waals potentials, electrostatic
interactions, and capillary forces, are key factors that determine how the fine API
particles adhere to and detach from the carrier particle. Therefore particle
interactions are of significant importance in controlling the performance of DPIs

(Hinds, 1999).

Because electrostatic charge can be generated when two different materials are
brought into contact and then separated, it is common for particles to become
charged in DPIs owing to the frequent number of contacts between carrier and
API particles or particles and surfaces (Karner and Urbanetz, 2011). Recently
the electrification phenomenon during powder mixing processes has drawn much
attention (Karner and Urbanetz, 2012; Karner and Urbanetz, 2013; Zhu et al.,
2007b). It was shown that inhalation powders were charged because the

frequent contact and high impact velocities, and the net charge was influenced
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by factors such as the carrier particle size, the air flow rate, the API content, and

the addition of carrier fines (Karner and Urbanetz, 2013).

When particles become charged, attractive or repulsive electrostatic interactions
may change their dynamic behaviour. The effect of electrostatic charge on
powder behaviour has also been widely investigated (Adi et al., 2010; Nwose et
al., 2012; Pu et al., 2009). Previous experimental results showed that blending of
positively charged carrier particles and negatively charged API particles
improves particle uniformity because of strengthened inter-particle adhesion (Pu
et al., 2009). Nwose et al. (2012) investigated the effects of electrostatic charge
on the powder flow during die filing using DEM-CFD, and found that
electrostatic charge hindered powder flow and induced a loose packing structure
since the electrostatic attractive forces facilitate particle agglomeration. Adi et al.
(2010) initially charged mannitol powder to varying magnitudes by tumbling
inside containers of different materials and then examined the dispersion
performance. They found that the initial charge from tumbling did not significantly

affect the aerosolisation.

Mixing of carrier and API particles is a critical unit operation that controls DPI
performance. The influence of mixing time (Le et al., 2012; Selvam et al., 2011),
addition of fine excipient particles (Jones and Price, 2006; Zeng et al., 1999),
surface energy (Saleem et al., 2008; Yang et al., 2013b), and carrier and API
contents (Dickhoff et al., 2003; Yang et al., 2013a) on the mixing process have

been intensively investigated. However, the effects of the electrostatic charge on
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the preparation of carrier-based DPI formulations is still not fully understood and
needs further investigation, since electrostatic interactions have a considerable
effect on powder behaviour. Therefore, in this study, we aim to explore the
influence of the electrostatic forces on the mixing process of the carrier and API
particles in a vibrating container using DEM. Attempts are also made to explore

how different adhesive forces affect the mixing behaviour.

4.2. Model setup

4.2.1. DEM model

The translational and rotational motions of a particle are governed by Newton’s

second law:
dv,
—Lt=f_ +f. +m 4.1
ml dt Cl el mlg ( )
I do; _ T, (4.2)
dt

where m,, I,, v,, ®, are the mass, moment of inertia, and translational and
rotational velocities of particle i, respectively. f,, f,, and T, are the contact

force, electrostatic force, and torque acting on the particle, respectively. g is the

gravitational acceleration.
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For elastic spheres considered in this study, the contact force, f,, is modelled
using the theories of Hertz (1882) and of Mindlin and Deresiewicz (1953) for the
normal and tangential directions, respectively (Kafui et al., 2002). To account for
van der Waals interactions in some simulations, the model developed by
Thornton and Yin (1991) was employed to calculate the contact force, f,, in

which particle adhesion is modelled by JKR theory (Johnson et al., 1971) such

that the “pull-off” force, F, is defined as:

where 7 is the thermodynamic work of adhesion and R is the effective radius,

R =rr,/(r,+1,), where 7, are the radii of two particles, 1 and 2.

The model developed by Pei et al. (2010) is employed to model the electrostatic

force between particles, f,. In this model, a cut-off distance is introduced and the

electrostatic force is considered only when the distance between the particles is
smaller than the cut-off distance; otherwise it is neglected. Coulomb’s law
(Seville et al., 1997) is employed to model the electrostatic force between

particles as follows:

£, 9% (4.4)

92



CHAPTER 4 ELECTROSTATIC FORCE INDUCED ADHESION

where f, and &,, are the electrostatic force and unit vector from particle 2 to 1,
respectively. ¢, and ¢, are the permittivity of free space and the relative
permittivity of the medium in the vicinity of the particles, 4, and ¢4, are the

charges on the two particles, and 1, is the distance between the two particles.

4.2.2. Model formulation

Initially, a carrier particle with a radius of R is generated at the centre of a cubic
container with sides of length 1 while a number of API particles with a radius of r
are randomly generated in the empty space of the container. The carrier particle
is positively charged while the API particles are negatively charged. The charge

of the carrier particle is ¢, and the charge for each single API particle is —¢/N

(~ is the number of API particles), so that the whole system is neutral. It is
assumed that the charges on the particles cannot transfer so the charge of each
particle is fixed. The cut-off distance is set as 10R, which is large enough to
accurately account for the long-range interactions while allowing for relatively
efficient computation (Nwose et al., 2012). After generating the particles, they
are mixed by vibrating the container with a periodic velocity defined by the

following expression:

V =V, sin(27ft) (4.5)
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where 7, is the amplitude, f is frequency, and i is time. For the case in which ¥

= 0.04 m/s and f = 60 Hz, the displacement of the container in a vibration cycle

is 2.1 mm. Since the size of the API particle is very small, Brownian motion may
be in effect and air-particle interactions may affect the mixing behaviour. As a
first step to explore the effect of electrostatic force on particle mixing, no air-
particle interaction is considered in the present study. Further study using DEM
coupled with computational fluid dynamics (CFD) and the immersed boundary
method (Guo et al., 2013) could be performed to explore this effect in
applications with large particle size ratios. No electrostatic interaction between a
wall and a particle is considered. The time step is 4.5x107'° s. A viscous damping
is introduced to consider the energy dissipation in the system. The simulation
parameters are given in Table 1. It is assumed that the carrier and API particles
are of the same material in this study. The material property parameters, which
are also used in our previous work (Yang et al., 2013b), are identical to those
used in the work of Thornton and Yin (1991) while the Young’'s modulus of a-
lactose monohydrate (Alderborn and Nystrom, 1996) is used. It should also be
noted that only the adhesion between carrier and API particles is considered, but
the cohesion among API particles is ignored. It is believed that the interactions
between the carrier and API particles are dominated in current cases. In the
following section, the contact number, defined as the number of API particles

attaching to the carrier particle, is used to quantify the mixing behaviour.
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Table 4.1. Simulation parameters.

Parameter Value
Density (kg/m?) 2650
Young’s modulus (GPa) 24
Poisson’s ratio 0.3
Coefficient of friction 0.3

R (um) 35

7 (Mm) 2.5

I (um) 105

N 200

g (nC) 0.014-0.14
7y (m/s) 0.02-0.06
7 (Hz) 30-120
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4.3. Results and discussion

Fig. 4.1 shows typical snapshots of the mixing process. After generation of the
carrier particle and the API particles in the container (Fig. 4.1(a)), electrostatic
forces attract the API particles towards the carrier particle (Fig. 4.1(b)) during the
vibration process, and the number of API particles attached to the carrier particle
increases with time (Fig. 4.1(c)) until the displacement direction of the container
changes. When the container starts to move downward, the carrier particle
impacts the top wall. This impact initially causes API particles to detach from the
carrier particle (Fig. 4.1(d)). Then the API particles are again attracted to the
carrier particle under the influence of the electrostatic force. When the first
vibration cycle ends, impact between the carrier particle and the bottom wall
causes API particles to detach again (Fig. 4.1(e)). Thereafter, the second
vibration cycle starts and API particles form a layer on the carrier particle until

the carrier particle impacts with the top wall of the container again (Fig. 4.1(f)).
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() (k) M

Fig. 4.1. Typical snapshots of the mixing process for the transition ((a)—(f)) and
steady ((g) —(1)) states (¢ = 0.042 nC, /; =0.04 m/s, r =60 Hz).
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At the steady state, during one vibration cycle, the API particles start to attach to
the carrier particle when the container begins to move upward (Fig. 4.1(g)). The
number of API particles attaching to the carrier particle generally increases but
some fluctuations can also be found due to impacts between the carrier particle
and the lower wall of the container (Fig. 4.1(h) & 1(i)). These impacts are not
strong as both the container and the carrier particle move upward; therefore the
fluctuations are not significant. An increased number of API particles are in
contact with the carrier particle until the container starts to move downward (Fig.
4.1(j)). Since the carrier particle is still moving upward, a strong impact between
the container top wall and the carrier particle causes a large amount of API
particles to detach (Fig. 4.1(k)). Thereafter the carrier particle oscillates in the
container, which further causes more API particles to detach until the beginning

of the next vibration cycle (Fig. 4.1(1)).

The evolution of the contact number with time is shown in Fig. 4.2, which is
labelled with letters that correspond with the time of the snapshots shown in Fig.
4.1. The contact number initially increases and then oscillates periodically. This
periodicity arises from impacts between the carrier particle and the container
walls and the attractive electrostatic force between the carrier particle and the
API particles, such that the contact number increases and decreases in each
cycle. Results from the time period highlighted in the rectangular box shown in
Fig. 4.2 are further analysed to obtain the mean and standard deviation of the

contact number, which will be discussed in the following sections.
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Fig. 4.2. Evolution of the contact number with time (¢ = 0.042 nC, V;, = 0.04 m/s,
7 =60 Hz).

The mean contact number decreases with increasing amplitude of the vibrational
velocity, as shown in Fig. 4.3, because the increased impact energy causes
more particles to detach from the carrier particle. It is worth noting that vibrations
with large amplitudes also result in more API particles impacting the carrier
particle. However, whether the API particles attach to the carrier particle is
determined by the electrostatic attractive force, which acts even when there is no
direct contact. Therefore, changing the vibrational amplitude only affects

detachment of the API particles, but not the attachment itself.
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Fig. 4.3. Effect of the vibrational amplitude on the contact number during the
mixing process ( s = 60 Hz, electrostatic: ¢ = 0.042 nC, VDW: r = 0.006 Jim?).

As seen in Fig. 4.4, the mean contact number decreases with increasing
vibrational frequency. In addition to increasing the impact energy, increasing the
vibrational frequency also reduces the cycle period time, which is inversely
related to the vibrational frequency, and therefore reduces the time available for
the API particles to attach to the carrier. Correspondingly, the mean contact
number is smaller and impact with the container wall causes more API particles
to detach. Therefore, fluctuations during the process decrease with increasing
vibrational frequency. As mentioned previously, the electrostatic charge provides
an attractive potential even when there is no direct contact. Therefore, the mean
contact number is determined only by the removal force (caused by the impacts)
and the attractive force (electrostatic force) and, as a result, decreases with

increasing vibrational frequency.
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Fig. 4.4. Effect of the vibrational frequency on the contact number during the
mixing process (V;= 0.04 m/s, electrostatic: 4 = 0.042 nC, VDW: r = 0.006
Jim3).

In order to compare the influence of electrostatic forces on the mixing behaviour
with van der Waals forces (implemented using JKR theory), our recently
published results (Yang et al., 2013b) are also superimposed in Figs. 4.3 and 4.4.
It can be seen that in the case of the electrostatic forces, the mean contact
number decreases with increasing amplitude and frequency while for van der
Waals forces there exist an optimal amplitude and frequency corresponding to
the maximum contact number. When only van der Waals forces act, high
amplitudes and frequencies allow more opportunities for the API particles to
impact with and attach to the carrier particle; at the same time, the higher energy
of impact between the carrier particle and the container walls will cause more
API particles to detach. That is to say, in the van der Waals regime, it is a

competitive process. For the electrostatic case, the higher the amplitude and
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frequency, the higher the impact energy will be. However, vibration does not
affect the electrostatic force in the current case as the particles are pre-charged
with fixed charges. The adhesive forces acts only when two particles are in
contact (short range) for cases in which van der Waals forces are considered
through the model proposed by Thornton and Yin (1991), while for cases
incorporating the electrostatic force, adhesive force always exists (long range).
Therefore, there is an optimal amplitude and frequency for cases with van der
Waals forces, while the mean contact number decreases with both amplitude

and frequency for cases with electrostatic forces.

A mechanism for the mixing process governed by the short-range adhesive

forces was previously proposed as (Yang et al., 2013b):

ANc:]vins_Nd (46)

where AN, is the incremental contact number during the mixing process, V, is

the total impact number during the process, 7, is the sticking efficiency that
indicates the percentage of API particles adhering to the carrier particle after an
impact, and N, is the total detachment number (the number of API particles that

were originally adhered to the carrier particle but detached because of impact
between the carrier particle and container wall or other removal forces). It is clear
that the incremental contact number depends on the impact number.

Accordingly, a mechanism for the long-range adhesive force is also proposed as:
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AN,=N,n, - N, (4.7)

where Nf is the number of the API particles that are not in contact with the

carrier particle. The difference between the two mechanisms is that the
incremental contact number in the current case is not related to the impact
number and that all API particles that are not in contact with the carrier particle
have the potential to attach to the carrier particle because of long-range
electrostatic interactions. This is because long-range adhesive forces always act
between particles while short-range adhesive forces only act between particles

that are in contact.

As shown in Eq. (4.4), the charge on the particles and the distance between
them are two primary factors that determine the magnitude of the electrostatic

force and the sticking efficiency, » , in Eq. (4.7). Because the size of the

container can be related to the distance between particles, the influences of
container size and the charge of the carrier and API particles on the mixing

behaviour are also explored.

Fig. 4.5 illustrates the effects of container size and carrier particle charge on the
mixing behaviour. The container size is increased from a factor of three times the
radius of the carrier particle to a factor of six. The trends in the mean contact
number as a function of carrier charge for different container sizes are similar.
However, the magnitude of the mean contact number decreases with increasing

container size. This is because for a larger container, there is a larger volume
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within which the API particles reside, and the mean distance between the carrier
particle and API particles is larger, which results in smaller electrostatic adhesive

interactions and smaller contact numbers.
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Fig. 4.5. Effects of the container size (expressed in terms of carrier particle
radius R) and carrier particle charge on the contact number during the mixing

process (/;=0.04 m/s, r =60 Hz).

The mean contact number increases with increasing charge because the
attractive force between the carrier and the API particles scales directly with the
charge. Moreover, the fluctuation of the mean contact number during the process
first increases and then decreases with increasing particle charge. This is
because most of the API particles with a higher charge attach to the carrier
particle (i.e., high mean contact number) while those with a lower charge cannot
attach to the carrier particle (i.e., small mean contact number). API particles with

intermediate charge may attach to the carrier particle; however, the attractive
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forces between them are not sufficiently strong to maintain their contact after an
impact between the carrier particle and the container walls. Therefore, API
particles attach to and then detach from the carrier particle, resulting in larger

fluctuations in the mean contact number.

The effect of the charge distribution of the API particles on the mixing
performance is shown in Fig. 4.6. Two charge distributions are examined: (1) the
APl particles are pre-charged uniformly and (2) the particles have random

charges that follow a normal distribution:

where g, is the charge of the API particle, £=—¢/N, and 6=0.1x. 4 and v are

the charge of the carrier particle and the number of API particles, respectively, as
described in Section 4.2.2. It can be seen from Fig. 4.6 that the mixing
performance of the different charge distributions are the same. This is because
changing the charge on the API particle has little effect on the electrostatic
adhesive force between the carrier and API particles as the charge of the carrier
particle is about N times larger than that of the API particle. This indicates that
the charge of the carrier particle dominates the electrostatic interactions between

the carrier and API particles.
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Fig. 4.6. Effect of the API particle charge distribution on the contact number
during the mixing process (/;= 0.04 m/s, r =60 Hz).

The mixing homogeneity for cases considering van der Waals forces and
electrostatic forces is examined in Fig. 4.7. The surface of the carrier particle is
divided into 12 sub-regions with an equal polar angle of 30° in the spherical
coordinate system. The mean contact number for the period shown in the
rectangle in Fig. 4.2 is then assigned to each of the twelve sub-regions. The
mean contact number of each sub-region is normalized by the total mean contact
number of the carrier particle. The homogeneity of mixing is quantified by the
deviation of the normalized mean contact number of each sub-region. That is,
the greater the deviation, the less homogeneous is the mixing. It can be seen
from Fig. 4.7(a) that for electrostatic cases, the homogeneity value is stable
except for when the vibrational amplitude is small, which corresponds to a large

total mean contact number (Fig. 4.3). However, the homogeneity for cases with
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van der Waals forces generally decreases as vibrational amplitude increases.
This is a consequence of the container vibrating the API particles more strongly,
which leads to more API particles impacting the carrier particle in all directions,
which results in a more homogeneous mixing. A similar trend is also found in Fig.
4.7(b). Therefore, the mixing homogeneity in electrostatic cases is better than in
the van der Waals cases when the vibrational amplitude and frequency are small,
while the mixing homogeneity for the van der Waals cases are superior when the

vibrational amplitude and frequency are high.

0.08 ‘ ‘
yo] —4&— Electrostatic
& —=—VDW
g E 0.07c
o =

S

- €006
R
c ©
o e
© 8 0.05
S
)
O Y.

0.04 : ‘ ‘

0.02 0.03 0.04 0.05 0.06

Vibrational amplitude (m/s)

(@)

107



CHAPTER 4 ELECTROSTATIC FORCE INDUCED ADHESION

—A— Electrostatic
0.07. =—VDW

o O
o O
QO

contact number

—
o
=

Deviation of normalised

o
o
oy

40 60 80 100 120
Vibrational frequency (Hz)

(b)

Fig. 4.7. Comparison of mixing homogeneity for electrostatic and VDW cases (a)
7 =60 Hzand (b) ¥, =0.04 m/s (electrostatic: ¢ =0.042 nC,VDW: r = 0.006
Jim?).

4.4. Conclusions

The DEM is employed to investigate the effect of electrostatic force on a DPI
formulation preparation process in which a pre-charged carrier particle and API
particles are mixed in a vibrating container. It is shown that the mean contact
number increases with increasing carrier charge and decreases with increasing
vibrational velocity amplitude and frequency. The charge of the API particle plays
an insignificant role in the electrostatic interactions between carrier and API
particles. The contact number decreases with increasing container size.
Comparison of the influence of electrostatic forces and that of van der Waals

forces on the mixing process shows that the difference between these long- and
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short-range adhesive forces results in the different mixing mechanisms. A
mechanism is proposed for describing the mixing process governed by long-

range adhesive forces.
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CHAPTER 5: AIR FLOW INDUCED

DISPERSION

*Published as “Yang, J., Wu, C.Y., Adams, M. Three-dimensional DEM-CFD
analysis of air flow induced detachment of API particles from carrier particles in

dry powder inhalers. Acta Pharmaceutica Sinica B, 2014, 4, (1) 52-59”.
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Abstract

Air flow and particle-particle/wall impacts are considered as two primary
dispersion mechanisms for dry powder inhalers (DPIs). Hence, an understanding
of these mechanisms is critical for the development of DPIs. In this study, a
coupled DEM-CFD (Discrete Element Method-Computational Fluid Dynamics) is
employed to investigate the influence of air flow on the dispersion performance
of the carrier-based DPI formulations. A carrier-based agglomerate is initially
formed and then dispersed in a uniformed air flow. It is found that air flow can
drag API particles away from the carrier and those in the downstream air flow
regions are prone to be dispersed. Furthermore, the influence of the air velocity
and work of adhesion are also examined. It is shown that the dispersion number
(i.,e. the number of API particles detached from the carrier) increases with
increasing air velocity, and decreases with increasing the work of adhesion,
indicating that the DPI performance is controlled by the balance of the removal
and adhesive forces. It is also shown that the cumulative Weibull distribution
function can be used to describe the DPI performance, which is governed by the

ratio of the fluid drag force to the pull-off force.

Keywords: dry powder inhaler; dispersion; detachment; air flow; DEM-CFD.
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5.1. Introduction

Using dry powder inhalers (DPls), active pharmaceutical ingredient (API)
particles with diameters of ca. 5 ym can be directly delivered to the lung or
respiratory tracts (Islam and Gladki, 2008; Smith and Parry-Billings, 2003).
However, the flowability of fine API particles is poor due to strong particle
adhesion (Pritchard, 2001). Therefore, APl particles need to be either
agglomerated to large granules that are subsequently de-agglomerated, or
“carried” by other large particles then detached from the carrier particles, during
the inhalation process (Aulton and Taylor, 2001). Due to the complicated nature
of the process, the efficiency of current DPlIs is low (i.e. fine particle fraction (FPF)
is normally less than 30% (Smith and Parry-Billings, 2003)). Generally, DPI
performance is determined by the design of the device, the formulation, and the
patients’ respiration manoeuvre (Aulton and Taylor, 2001); a number of studies
have recently been performed to investigate the dependency of DPI performance
on these factors (Newman and Busse, 2002; Wong et al., 2012). Both numerical
and experimental approaches were employed to investigate the influence of air
flow (Coates et al., 2005a), grid structure (Coates et al., 2006), mouthpiece
length (Coates et al., 2006), mouthpiece geometry (Coates et al., 2007), and the
air inlet size (Coates et al., 2006). The influence of formulation properties on DPI
performance, such as particle size (Kaialy et al., 2012a), particle concentration
(Young et al., 2005), particle morphology (Kaialy et al., 2011), particle surface
roughness (Young et al., 2008), density and porosity (Kaialy and Nokhodchi,

2012) and crystal form (Shur et al., 2012), have also been explored. The DEM or

112



CHAPTER 5 AIR FLOW INDUCED DISPERSION

DEM-CFD approach was also applied to investigate the effects of impacts
among particles/agglomerates/walls (Ning et al., 1997a), fluid flow (Calvert et al.,
2009), particle adhesion (Yang et al., 2013b) and device design (Zhou et al.,

2013).

Despite the above work, inconsistent results still exist and the understanding of
the dispersion process and relative importance of the contributory factors is still
unclear. For example, it was reported that air flow can dominate the dispersion
performance (Calvert et al., 2011; De Boer et al., 2004; Voss and Finlay, 2002)
while particle-particle and particle-wall impacts were also found to play an
important role in dispersion process of DPIs (Tong et al., 2010; Wong et al., 2010;

Wong et al., 2011).

Voss and Finlay (2002) developed a powder de-agglomeration device, which
was designed to entrain a dose of powder into the air stream and expose the
powder to either a controllable level of turbulence or a mesh; the aim was to
explore the effects of turbulence and mechanical impaction on dry powder de-
aggregation. They found that the extent of de-aggregation increased as the level
of turbulence was increased. De Boer et al. (2004) investigated the rate at which
API particles are detached from carrier particles in adhesive mixtures in an air
classifier, and found that the rate increased with increasing flow rate and the
dispersion time. Aerodynamic dispersion of loose aggregates in a uniform fluid
flow was investigated using DEM-CFD by (Calvert et al., 2011). They found that

there was a threshold velocity above which dispersion occurred quickly and
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approached equilibrium asymptotically. These work explored the influence of air
flow on the DPI detachment process, however, they were generally concerning
the overall behaviour of the DPIs and the mechanical analysis of dispersion
behaviour of loose agglomerate (i.e. drug-only formulations). The investigation

for carrier-based DPIs at the micro-mechanical level was barely reported.

On the other hand, the effect of particle-particle and particle-wall impact on the
dispersion behaviour of DPIs was also explored. Wong et al. (2010) investigated
the influence of turbulence on the break-up and aerosol performance of DPI
formulations using a combination of computational fluid dynamics and
standardized entrainment tubes. They argued that there was no correlation
between the extent of the turbulence and aerosol performance and the impact
dominated agglomerate break-up in the system considered. The influence of
impact on DPI performance was further examined by Wong et al. (2011), who
found that particle-wall impacts resulted in initial agglomerate fragmentation
followed by re-entrainment in the airstream. Tong et al. (2010) applied a
combined CFD and DEM approach and investigated powder dispersion. In their
study, agglomerates of different particle sizes and poly-dispersities were
dispersed in a cyclonic flow at different flow velocities. It was shown that the

dispersion was governed by particle-wall impacts and particle-particle adhesion.

Nevertheless, it is still unclear whether the air flow plays a role in DPI dispersion
and the mechanism for the detachment process needs further investigation.

Therefore the objective of this study is to investigate the effects of air flow on the
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detachment process for carrier-based DPls. A coupled DEM-CFD is used to
explore both gas-particle interactions and particle-particle adhesion. The effects
of air velocity, work of adhesion, and initial positions of API particles are

examined and a mechanism governing the detachment performance is proposed.

5.2. Numerical model

5.2.1. DEM-CFD model

The coupled DEM-CFD model developed by Kafui et al. (2002) is used in this
study, in which particle adhesion is analysed using the JKR theory (Johnson et
al., 1971) that was implemented by Thornton and Yin (1991). The translational

and rotational motions of a particle are governed by the Newton’s second law:

dv,

m, E =f,+ fapi +mg (51 )
do.

L=, (5.2)
dt

where m, , I,

i

v,, ®, are the mass, moment of inertia, translational and

i

rotational velocities of particle i, respectively. f,, f

i @nd T, are the particle-

particle/wall contact force, air-particle interaction force and torque acting on the

particle. g is the gravitational acceleration.
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Since the sizes of API particles are small, particle adhesion becomes significant.
According to JKR theory, for the adhesion between particles, a “pull-off” force is

defined as:

F =>TzR (5.3)

where T is the thermodynamic work of adhesion, and R" is the effective radius,

which are defined as:

L=y +7,-7, (5.4)

R =rr (1, +1,) (5.5)

where 7, and y, are the surface energies of particles 1 and 2, y,, is the

interface energy, r, and r, are the radius of the two particles.

The air-particle interaction force, according to Anderson and Jackson (1967b),

can be obtained from:

f,=v,Vp+v,V-t+d, (5.6)

ap

where v, is the volume of particle i, and p, 1, ¢, and f,, are local air pressure,

viscous stress tensor, void fraction and drag force on particle i, respectively.
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According to Di Felice’s correlation (Di Felice, 1994), the drag force can be

obtained by:

2

d.
f, :%CDipa n4p’ eu-v,|u-v, )" (5.7)

where C,, and d,, are the fluid drag coefficient and the diameter of the particle i,
and p, and u are the density and the velocity of the air. The determination of

C,, and y can be found in reference (Di felice, 1994).

The continuity and momentum equations for the fluid phase are given as:

AP L (gp.u)=0 (5.8)
ot
%+V-(§0auu)=—Vp+V-‘r—Fap+(goag (5.9)

where F,, is the air-particle interaction force per unit volume and can be

obtained by:

F, =3 1,) a7, (5.10)

where n, is the total number of particles in a fluid cell and AV, is the volume of

the fluid cell.
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5.2.2. Model setup

Initially, a carrier particle with a radius R and 242 API particles with radii
randomly positioned around the carrier are generated (Fig. 5.1a). Then the API
particles are set to move towards the centre of the carrier at a specified velocity
until they attach to the carrier and reach a stable state (Fig. 5.1b). The work of
adhesion between the carrier particle and API particles is initially set to a
relatively high value during this attachment process. When all API particles are in
contact with the carrier, the work of adhesion is gradually decreased to the
required value that is used for the simulation at a very small decrement.
Thereafter, an air flow with a specific velocity V is introduced from the bottom
boundary. The gravity is also introduced. Consequently both the carrier particle
and the API particles move with the air flow until they reach the top boundary.
The fluid domain is 1260 um long, 1260 pm wide and 2100 um high. The lower
boundary is set as the gas inlet velocity, and the upper boundary is set as a
continuous outflow outlet while the other boundaries are set as non-slip
impermeable walls. The fluid cell size is twice as larger as the size of the carrier.
The particle and fluid properties used in the simulation are listed in Table 5.1. It
is assumed that the carrier and API particles have the same material properties
as that of a-lactose monohydrate (Alderborn and Nystrom, 1996). Due to the
relatively small air flow rate in current cases, small works of adhesion are chosen,
which are still comparable with the experimental results measured using AFM by

Louey et al. (2001).
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To quantify the detachment behaviour, a series of new parameters are

introduced, including the contact number, N_, dispersion number, N, , retention

ratio, ¢, and dispersion ratio, ® . The contact number N, is defined as the
number of API particles attaching to the carrier, while the dispersion number as
the number of API particles detached from the carrier. The retention ratio ¢ is

then defined as the ratio of the contact number, N_, to the initial number of API

particles, N :

¢=N./N (5.11)

The detachment ratio is defined as the ratio of the dispersion number, N, , to

the initial number of API particles, N :

®=N,/N (5.12)

(a) (b)

Fig. 5.1. The agglomeration process: a) initial setup and b) prepared carrier-API
agglomerate.
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Table 5.1. Particle and fluid properties.

Parameter Value
Radius of carrier (um) 26.25-52.5
Radius of APl (um) 2.5
Density (kg/m?®) 2650
Young’s modulus (GPa) 24
Poisson’s ratio 0.3
Coefficient of friction 0.3
Thermodynamic work of adhesion (mJ/m?)  0.1-0.6
Air velocity (m/s) 1.0-4.0
Air pressure (kPa) 101.325
Air density (kg/m?) 1.2

Air viscosity (kg/m.s) 1.8x107°

5.3. Results and discussion

Fig. 5.2 shows a typical detachment process at different time instants. In Fig.

5.1b, API particles are randomly attached to the carrier surface before air flow is

introduced. When the air flow is introduced, the API particles in the downstream

regions are removed directly (Fig. 5.2a). Meanwhile, the API particles in the

middle regions move (either slide or roll) around the carrier to the downstream

regions and then detach from the carrier (Fig. 5.2b & 2c). Thereafter, most API

particles are detached from the carrier while the API particles in the upstream

regions are not removed and still in contact with the carrier (Fig. 5.2d).
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a)t=4.55e-5s b)t=9.09e-5s c)t=1.36e-4s d)t=2.05e-04s

Fig. 5.2. The detachment process at various time instants.

The evolution of the contact number with time at different air velocities is shown
in Fig. 5.3, for which the carrier radius and the work of adhesion are set as 26.25
um and 0.2 mJ/m?, respectively. The time is normalized by the time of the
dispersion process, which is the time period from the moment that gas is
introduced to the moment that the agglomerate reaches the top boundary. It can
be seen from Fig. 5.3 that the contact number decreases initially and then
remains stable. It indicates that the air flow causes detachment of the API
particles from the carrier as soon as it is introduced. This is attributed to the rapid
acceleration of the agglomerate by the air flow. This dispersion mechanism was
also reported by Gotoh et al. (2006), who analysed the forces acting on the
agglomerate in a uniformed flow and suggested that rapid acceleration or

deceleration was the dispersion mechanism. It is also clear that the contact
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number decreases as the air velocity is increased, which suggests that an air

flow with a large velocity, which causes large accelerations, can detach more

particles from the carrier.
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Fig. 5.3. The time evolution of contact number at different air velocities ( R =26.25
um, I =0.0002 J/m?).
The effects of air velocity and work of adhesion on the dispersion ratio are shown
in Fig. 5.4. The dispersion ratio increases with increasing air velocity, and
decreases with increasing work of adhesion. This is consistent with the
experimental observation of De Boer et al. (2004) who reported that the amount
of API detached from the carrier increased with the flow rate. It is also found that
for a smaller work of adhesion, the dispersion ratio can reach a stable state at a
lower air velocity, while for a larger work of adhesion, there is a threshold air

velocity above which air flow can cause the detachment of the API particles from
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the carrier. This demonstrates that more API particles can be detached from the
carrier by air flow at a higher velocity due to the larger fluid drag force. On the
other hand, API particles with higher works of adhesion are more difficult to

remove due to the strong inter-particle adhesion.
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Fig. 5.4. The variation of the dispersion number with gas velocity for different
works of adhesion (R =26.25 ym).

The distribution of contact normal orientations for the carrier particle is presented

in Fig. 5.5, which shows the polar histogram (Zhang, 2003) of the proportion of

contact normal orientations falling within a series of adjacent orientation classes

that partition the full orientation space. The unit circle representing the 0—360"
full orientation space is partitioned into twelve bands in order to accommodate
the contact normal orientations for the contacts between the carrier and API

particles. Each contact is interrogated to identify its location in one of the twelve
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bands. If a contact is located in band i, the total contact number for this band is
increased by one. After all contacts have been scanned, the contact number of

band i when the dispersion process is completed, », , and the original contact

number of band i when the agglomerate is formed, N, can be obtained. The

7

radial coordinate of band i, r,, is then determined as:

(5.13)

_ni
’/;__
Ni

Referring to Eq. (5.11) , 7, is equal to the retention ratio for band i .

It can be seen from Fig. 5.5a that the retention ratio in each band is equal to 1,
indicating that no API particle detaches from the carrier when the air velocity is
small. With an increase of the air velocity (Fig. 5.5b and Fig. 5.5c), the retention
ratios in the downstream bands decrease, indicating that an increasing number
of API particles detach from these regions. When the air velocity is high (Fig.
5.5d), the retention ratios in the downstream bands are equal to 0, corresponding
to all the API particles in the downstream region being detached, and only the
API particles in the upstream regions being still attached. That is, as the air
velocity is increased, the retention ratios of the downstream regions decrease
sharply while those in the upstream regions are stable. This phenomenon
indicates that the API particles in the downstream regions are more likely to be

removed by air flow. It could be a useful guide for engineered formulations that
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would be based on locating the API particles in specific areas to improve of the

overall efficiency of the DPls.

(b) V=2mls

(c) V=3 mls (d)yV=4mls

Fig. 5.5. Polar histograms of the contact orientations distribution (r =26.25 pym,
'=0.0002 J/m?).

A comparison of initial positions and detachment positions for API particles is
shown in Fig. 5.6. The location of an API particle is quantified by the angle
between the normal contact orientation and the vertical direction. The initial
angle is that when the agglomerate is formed and the detachment angle is that
when the API particle detaches. The initial and detachment angles of the

detached particle are illustrated by hollow dots while those of attached particles
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are plotted with solid triangles. It is clearly shown that, for the API particles in the
downstream regions (i.e. regions with small initial angles), the initial and
detachment positions are same, which suggests that the API particles can be
directly removed by the air flow after it is introduced; for the API particles near
the equator, the detachment angles are smaller than the initial angles, which
suggests that the API particles first move around the carrier to the downstream
region and then detach from the carrier; the API particles in the upstream regions

cannot be removed.
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Fig. 5.6. The variation of detachment angle with initial angle (r =26.25 ym, T
=0.0002 J/m?, V =4.0 m/s).

The detachment process is governed by the removal force (e.g. fluid drag force)
and the adhesive force (e.g. inter-particle force), and the dispersion performance

is the result of the balance of these two forces. The variations of the dispersion

126



CHAPTER 5 AIR FLOW INDUCED DISPERSION

ratio, @, with the fluid drag force (eq. (5.7)) and the pull-off force (eq. (5.3)) are
shown in Fig. 5.7a and Fig. 5.7b, respectively. For each carrier size, cases with
four air velocities and four works of adhesion, as shown in Table 1, are
systematically simulated. It can be seen from Fig. 5.7a that for a specific fluid
drag force, the dispersion ratio varies as the works of adhesion are different,
indicating that the detachment process is not governed by the fluid drag force
only. In addition, the variation range of dispersion ratio increases with increasing
drag force, suggesting that API particles are more easily removed by high speed
flow. Similarly, it is clearly shown from Fig. 5.7b that for a specific pull-off force,
the dispersion ratio varies with different air velocities. The variation range of the
dispersion ratio decreases with increasing pull-off force, indicating that API
particles are more difficult to be removed with strong adhesion. However, for
either of the two figures, the data cannot superimpose into a master curve, which
indicates that there is no direct correlation between the dispersion ratio and the

removal force or the adhesive force.

127



CHAPTER 5 AIR FLOW INDUCED DISPERSION

1 : : : :
O R=525 um [+]
O R=43.75um 2]
Q 0.8" R=35um |p B |
b=t ¢ R=2625um|" e
a7
= 0.6 .
2
& 0
a 04 [ B 7
2 o
- 0.2 o 9 i
g
% K 2 3 4 5
Drag Force (N) x 107
(a)
1 L : L
0 R=525pum
8 O R=43.75um
) 9 0'8 i q g R=35 pm ’
= @ ¢ R=26.25um
~ 0.6
= 0.
.8
z )
.EQ{% a
0.2 o g
o
ﬁ—L@—r_QB—;e*B r
00 2 4 6

8
Pull-off Force (N) x 107
(b)

Fig. 5.7. The variation of the dispersion ratio with the fluid drag force and the
pull-off force for a range of carrier radii.
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Since the dispersion ratio, @, is a result of the balance of the removal and the
adhesive forces, it is plotted as a function of the ratio of these two forces,

n=F,/F,. as shown in Fig. 5.8. The data for all cases considered superimpose

into a single master curve that can be described using the cumulative Weibull

distribution function (Papoulis and Pillai, 2002):

- l_exp(_ﬂn;ﬂoj ja nz1, (5.14)

The location parameter 7, corresponds to the critical value above which API

particles can be removed from the carrier. The scale parameter 1 predicts the
range over which the dispersion ratio increases from 0 to 1. The shape
parameter x characterises the rate of increase of the dispersion ratio. The
values of these parameters are shown in Table 5.2. It can be seen from Fig. 5.8
that the dispersion ratio increases dramatically as soon as the force ratio is
larger than the critical value and then asymptotically reaches 1.0 as the force
ratio is further increased. Therefore, the dispersion performance can be
described using Eq. (5.14) in the whole range in which the dispersion ratio

changes between 0 and 1.
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Fig. 5.8. The variation of dispersion ratio with the ratio of the fluid drag force to
the pull-off force for carrier particles with a range of radii.

Table 5.2. Fitting parameters.

Parameter Value
1, 0.61
A 0.80
K 0.71

Fig. 5.9 illustrates the forces acting on the ith spherical API particle (eq. (5.1)),

in which £, ~and f,  are the normal and tangential components of the contact

force f,, respectively. Once the air flow is introduced, the air-particle interaction
force f,, drags the API particle to a positive y position, since the component in

the positive y direction of f, . is dominant. If the API particle is located in the
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upstream hemisphere of the spherical carrier particle (i.e. 90° <a <180"), the air-

particle interaction force f,, actually compresses the API particle to the carrier. If

the API particle is located in the downstream hemisphere (i.e. 0° <a <90°), the

air-particle interaction forces f, . actually pulls the API particle away from the
carrier. When the normal component of the air-particle interaction force f, . is

larger than the pull-off force F. (eq. (5.3)), the API particle can be removed from

the carrier. In addition, due to the effects of the tangential component of the air-

particle interaction force f,,. and the torque caused by the tangential component

of the contact force, f the API particles located in the upstream hemisphere

can move (either slide or roll) to the downstream hemisphere and then be
removed from the carrier. This process is also clearly shown in the snapshots in
Fig. 5.2. Therefore, the API particles in the downstream regions of the spherical

carrier particle are more likely to be removed by air flow.

Fig. 5.9. The forces acting on the API particle.
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It is worth noting that the air flow around the carrier and the air-particle

interaction forces f_. for API particles are not necessarily identical. The air-

api
particle interaction forces for API particles at different positions around the carrier
are determined by the local air velocities. However, since the ratio of the size of
carrier to that of APIs for carrier-based formulations is normally larger than 10,
even up to 20, it is challenging to determine the localised air flow at the API size
level using DEM-CFD, as the fluid cell size employed in DEM-CFD is relative
large (i.e. > the carrier size). In the current DEM-CFD simulations, the fluid cell is
twice greater than the size of the carrier. Therefore, the air velocity around the
carrier is resolved with relatively coarse fluid grids and the air-particle interaction

forces £, for all the API particles in the same fluid cell are almost identical. Even

though, the DEM-CFD with coarse fluid grids would offer a robust tool for
exploring the dispersion behaviour of DPIs with a large number of carrier based
agglomerates because of its high compute efficiency. Furthermore, a more

accurate determination of f . could be achieved by using the gradient

api
interpolations proposed by (Wu et al., 2006) to calculate the the Eulerian field
quantities (e.g. fluid velocity, pressure and void fraction) at the particle centre in
a fluid cell. Nevertheless, further investigation is needed to employ enhanced
DEM-CFD methods, such as that with immersed boundary methods (Guo et al.,
2013), which enable a detailed analysis of gas-particle interactions using fine
fluid cells, so that how significant the localised fluid flow on the dispersion

behaviour of carrier based DPI formulations can be evaluated.
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5.4. Conclusions

A coupled DEM-CFD with coarse fluid grids is applied to investigate the effect of
air flow on the dispersion performance of carrier-based DPI formulations. A
carrier-based agglomerate is initially formed and then dispersed in a uniformed
air field. It is shown that air flow can detach the spherical API particles from the
carrier after it is introduced. In addition, the particles in the downstream air flow

regions are prone to be removed by the air flow.

The influence of air velocity and work of adhesion, which relate to the removal
and adhesive forces, have also been examined. Since the dispersion ratio is
governed by the ratio of the fluid drag force to the pull-off force, the current work
suggests that DPI performance is the result of the balance of those two forces. It
is also found that the cumulative Weibull distribution function (Eq. (5.14)) can

well describe the dispersion performance of DPIs.
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CHAPTER 6: PARTICLE-WALL IMPACT

INDUCED DISPERSION

*Published as “Yang, J., Wu, C.Y., Adams, M. DEM analysis of the effect of
particle-wall impact on the dispersion performance in carrier-based dry powder

inhalers. International Journal of Pharmaceutics, 2015, 487, (1-2) 32-38".
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Abstract

The impact between particles or agglomerates and a device wall is considered
as an important mechanism controlling the dispersion of active pharmaceutical
ingredient (API) particles in dry powder inhalers (DPIs). In order to characterise
the influencing factors and better understand the impact induced dispersion
process for carrier-based DPIs, the impact behaviour between an agglomerate
and a wall is systematically investigated using the discrete element method. In
this study, a carrier-based agglomerate is initially formed and then allowed to
impact with a target wall. The effects of impact velocity, impact angle and work of
adhesion on the dispersion performance are analysed. It is shown that API
particles in the near-wall regions are more likely to be dispersed due to the
deceleration of the carrier particle resulted from the impact with the wall. It is also
revealed that the dispersion ratio increases with increasing impact velocity and
impact angle, indicating that the normal component of the impact velocity plays a
dominant role on the dispersion. Furthermore, the impact induced dispersion
performance for carrier-based DPI formulations can be well approximated using
a cumulative Weibull distribution function that is governed by the ratio of impact

energy and adhesion energy.

Keywords: impact; adhesion; dispersion; discrete element method; dry powder

inhalation.
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6.1. Introduction

Dry powder inhalers (DPls) have become increasingly popular for treating
pulmonary and respiratory diseases in recent years, due to their unique
advantages compared with other drug delivery approaches (e.g. injection and
oral administration), such as direct delivery of drugs to the target areas resulting
in a rapid onset of activity and smaller doses; providing more drug choices
especially for those poorly absorbed orally; and its environmentally friendly label
(Aulton and Taylor, 2001; Frijlink and De Boer, 2004; Islam and Gladki, 2008;
Newman and Busse, 2002). However, the dispersion efficiency of current DPlIs is
relatively low, i.e. normally fine particle fraction (FPF) < 30%, which requires
considerable improvements for the further development of efficient DPIs (Smith

and Parry-Billings, 2003).

DPI dispersion performance is mainly determined by three factors: device design,
patients’ inspiratory manoeuvre, and formulation design (Jones and Price, 2006).
The patients’ inspiratory manoeuvre is directly related to the air flow in the
inhaler. It can also affect the impact of particles with the device wall because a
high air velocity can result in a high impact velocity (Wong et al., 2011). Some
device designs, such as increasing the grid cross-sectional area, can increase
the intensity of impact between the particle and the device wall; while other
designs, such as decreasing the inlet size, can increase the air velocity and
subsequently affect the impact behaviour (Zhou et al., 2013). The characteristics

of formulations, such as carrier size and carrier shape, also affect the dispersion
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performance. It was reported that DPI performance improved with decreasing
carrier particle size and particles with an elongated shape, more irregular shapes
and rougher surfaces could deliver more API particles to lower airway regions

(Kaialy et al., 2012a; Kaialy et al., 2012c).

It is well recognized that the dispersion process in DPlIs is primarily governed by
two mechanisms: i) air flow and ii) mechanical impact (De Boer et al., 2003;
Donovan et al., 2012; Voss and Finlay, 2002). Voss and Finlay (2002) developed
a powder de-agglomeration rig and investigated the effect of air flow on dry
powder de-agglomeration and found that the rate of de-agglomeration was
increased with increasing intensity of the turbulence. On the other hand, impact
induced dispersion/de-agglomeration also drew much attention of researchers.
Thornton and Liu (2004) investigated the impact of a cuboidal agglomerate with
a wall and found that the fracture occurred as a result of strong force
transmission into the agglomerate creating a heterogeneous velocity distribution.
Ning et al. (1997a) simulated the particle/agglomerate-wall impact induced
breakage of lactose agglomerate that consisted of 2000 primary particles within
a diameter range of 9-11 ym. They found that the dynamic features and loading
compliance of loose agglomerates were distinctly different from solid particles
and strongly bonded agglomerates. More recently, Tong et al. (2009) used the
discrete element method (DEM) to model the impact between a loose
agglomerate of fine mannitol particles and a wall and found that agglomerate
breakage was promoted with increasing impact velocity and an optimal breakage

performance was obtained at an impact angle of 45°. These studies provided a
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better understanding of the underlying mechanism of impact induced
dispersion/de-agglomeration. However, they focused on the agglomerates made
of particles of similar sizes, i.e. API particles only, and the study on the impact

behaviour of carrier-based agglomerates is scarce.

Therefore, in this study, the impact of a carrier-based agglomerate with a wall at
various impact velocities and angles is modelled using DEM, in which inter-
particle adhesion is considered. The effects of work of adhesion, impact velocity
and impact angle are investigated. In addition, a mechanism is proposed for

predicting the impact induced dispersion performance of carrier-based DPIs.

6.2. Numerical model

6.2.1. DEM model

The DEM model is identical to the one used in the previous work (Yang et al.,
2013b) and summarised here. The translational and rotational motions of a

particle are governed by the Newton’s second law:
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where m, , I,

1

, Vv,, @, are the mass, moment of inertia, translational and
rotational velocities of particle i, respectively. f, and T, are the contact force and

torque acting on the particle. g is the gravitational acceleration.

As the sizes of API particles used in DPIs are very small, they are very adhesive.
Therefore, JKR theory (Johnson et al., 1971) is applied to model the adhesion
between particles and its implementation in DEM was detailed in (Thornton and

Yin, 1991). The "pull-off" force, F,, with which the two adhesive particles can be

separated is given by:

F =>TzR (6.3)

R =rr /1, +1) (6.4)

where T is the thermodynamic work of adhesion, and R" is the effective radius.

r, and r, are the radius of the particles 1 and 2, respectively.

6.2.2. Model setup

A carrier particle with a radius of r, is initially generated. Then N monosized API

particles with a radius of r,, are created around the carrier. The API particles

are set to move towards the centre of the carrier at a very low velocity until they
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are in contact with the carrier. The adhesion between the carrier and API particle
is initially set as a relatively high value and is then decreased to the prescribed
value. After the adhesion is changed to the required value, a number of
simulation cycles are sequentially executed until the sum of the kinetic energies
of carrier and API particles is smaller than a prescribed value to ensure that a
stable agglomerate is formed. After the agglomeration process is finished, the

carrier-based agglomerate impacts with a wall at a prescribed impact velocity V.

and an impact angle @ (Fig. 6.1). Six different velocities and four different angles
are considered to examine their influence on the dispersion process. The effect
of adhesion between the carrier and API particles is also investigated with
various values of the thermodynamic work of adhesion. Since the primary aim of
this study is to explore the influence of adhesive interactions between the carrier
and API particles on the dispersion process at the microscopic level, only
adhesion is considered. In the current DEM, particle-particle and particle-wall
interactions are modelled using theoretical contact mechanics, in which physical
properties such as Young’s modulus, Poisson’s ratio, particle density, coefficient
of friction are the input parameters and the thermodynamic work of adhesion is
chosen as a varying parameter for the sensitivity analysis. As a first
approximation, the carrier and API particles are assumed to be spherical and of
the same material, which is consistent with that used in our previous studies
(Yang et al., 2013b; Yang et al., 2014; Yang et al., 2015). Even so, it is believed
that the present study will enhance our understanding of the underlying
micromechanics of dispersion process in DPIs. The simulation parameters are

given in Table. 6.1.
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Fig. 6.1. An illustration of the impact of a carrier-based agglomerate with a wall.

Table 6.1. Simulation parameters.

Parameter Value
Radius of carrier (um) 43.75
Radius of API (um) 2.5
Number of API particles 242
Density (kg/m?) 2650
Young’s modulus (GPa) 24
Poisson’s ratio 0.3
Coefficient of friction 0.3

Thermodynamic work of adhesion (mJ/m?)  0.1-0.6

6.3. Results and discussion

Fig. 6.2 shows a typical dispersion process of API particles during the impact of
the carrier-based agglomerate and the wall. Once the agglomerate impacts with
the wall, API particles in the lower hemisphere detach from the carrier due to the

deceleration of the carrier (Fig. 6.2 a & b). During rebound, a few API particles in
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the upper hemisphere move around the carrier and detach from the lower region

of the carrier while others remain on the carrier (Fig. 6.2 ¢ & d).

(b)

(a) (c) (d)

Fig. 6.2. Snapshots of the impact process between the carrier-based
agglomerate and the wall (¥,=100 mm/s, 6=45°, T =0.1 mJ/ m?).

Fig 6.3 shows the variations of the contact number, i.e. the number of API
particle sticking to the carrier, and the velocity of carrier particle with time during
the impact. It can be seen that the contact number decreases drastically while

the velocity of carrier increases. A coefficient of restitution e is defined as:
e=V.1V, (6.5)

in which V, and ¥, are the impact velocity and rebounding velocity, respectively.

From Fig. 6.3, the coefficient of restitution of the carrier is 0.997. This implies that
very little kinetic energy of the carrier is dissipated during the impact process.
The evolution of force on the wall and force on the carrier particle is shown in Fig.
6.4. It should be noted that the line for the force on the wall is reversed for better
comparison. It can be seen that the force first increases and then decreases.

The force on the carrier particle is essentially identical to (only a little smaller
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than) that on the wall and the forces on the API particles can be ignored. This

indicates that the carrier plays a dominated role in the impact process.

The evolution of the dispersion ratio (i.e. the ratio of the number of API particles
detached from the carrier to the total number of API particles) with time is shown
in Fig. 6.5. The dispersion process can be divided into two stages: i) the
dispersion ratio drastically increases due to deceleration of the carrier particle
caused by the impact between the wall and the agglomerate; ii) the dispersion

ratio continues to increase but at a reduced rate during the rebound.
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Fig. 6.3. The variations of the contact number and the velocity of carrier with time
(V=75 mm/s, 6=90°, T=0.1 mJ/ m?).
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Fig. 6.4. The evolution of force on the wall and force on the carrier (¥,=75 mm/s,
0=90°, T=0.1 mJ/ m?).
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Fig. 6.5. The evolution of dispersion ratio with time (6=45°, ' =0.1 mJ/ m?).
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The effect of impact velocity on the dispersion ratio is shown in Fig. 6.6. For a
given work of adhesion, the dispersion ratio increases with increasing impact
velocity due to the higher impact energy; while for a given impact velocity, the
dispersion ratio decreases with increasing work of adhesion resulting from the
greater adhesion energy. This indicates that the dispersion ratio is the resultant
effect of these two kinds of energy. It is also found that there is a saturated
dispersion ratio, once it is reached, the effect of further increasing the impact
velocity or decreasing the work of adhesion becomes insignificant. This might be
because the API particles on the top of the carrier are difficult to disperse under

the effect of the deceleration only, resulting in the saturate value.
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Fig. 6.6. The effect of impact velocity on the dispersion ratio (8 =45°).
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The effect of impact angle on the dispersion ratio is shown in Fig. 6.7. For a
given impact velocity and work of adhesion, the dispersion ratio increases with
increasing impact angle. In other words, an impact at an impact angle of 90° can
maximize the dispersion performance. Similar to the results shown in Fig. 6.6,

the dispersion ratio decreases with increasing work of adhesion for a given

impact angle.
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Fig. 6.7. The effect of impact angle on the dispersion ratio (;=50 mm/s).

The relationship between the dispersion ratio and the Weber number that is
defined in Eq. (2.35) for cases with various impact velocity, impact angle and
work of adhesion, is shown in Fig. 6.8. It is found that the dispersion ratio
increases dramatically to a saturated value once the Weber number is larger

than a critical value. This is consistent with previous findings (Moreno-Atanasio
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and Ghadiri, 2006). However, the underlying mechanism behind this trend for
carrier-based agglomerates might be different from those for drug-only

agglomerates and it still needs further investigation.
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Fig. 6.8. Relationship between the dispersion ratio and Weber number.

The polar histograms (Zhang, 2003) for the contact orientation distribution are
used to illustrate the preferential location for the API particles to detach from the
carrier. The method to obtain the polar histograms can be found in our previous
work (Yang et al., 2014). The radius of each triangular band represents the
residual ratio of API particles on that carrier surface area, i.e. the fraction of API
particles still sticking on the carrier. The dashed circle line represents the
residual ratio of 1. It can be found from Fig. 6.9 that for various impact velocities

considered, all the API particles located on the lower hemisphere detach from
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the carrier after impact. When the impact velocity is small, most of the API
particles in the upper hemisphere remain on the surface of the carrier after
impact. With the increase of impact velocity, the residual ratios of those bands
near the equator decrease until all API particles in those areas detach. The polar
histograms of the contact orientation distribution for varying impact angles are
shown in Fig. 6.10. Similarly, with the increase of the impact angle, only the API
particles in the upper hemisphere still stick on the carrier. It indicates that API
particles in the near-wall regions are prone to be dispersed during the impact

induced dispersion process.

NI N

(a) (b)

(c) (d)
Fig. 6.9. Polar histograms of the contact orientation distribution for different
impact velocities (6=90°, I =0.2 mJ/ m?); a) V.=25 mm/s, b) V,=50 mm/s, c) V,
=75 mm/s, d) V,=100 mm/s.
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Y

(a) (b)

(c) (d)

Fig. 6.10. Polar histograms of the contact orientation distribution for different
impact angles (7,=50 mm/s, ' =0.4 mJ/ m?); a) =30°, b) #=45°, ¢) §=60°, d)
6 =90°.

As aforementioned, the dispersion performance is determined by the balance of

the impact energy and the adhesion energy. Therefore, an energy ratio 7 is

introduced as:

n=E,/E, (6.6)

~

(6.7)

E = EmAPI i
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(6.8)

%2

E, = 7.09(
E

1"5R4 }1/3
where E; and E, are the impact and adhesion energies of a single API particle,

respectively. The impact energy is defined as the kinetic energy of the API
particle; the adhesion energy is defined as the work to break the adhesive

contact between the API particle and the carrier and was described by (Thornton
and Ning, 1998). m , is the mass of the API particle. I is the thermodynamic
work of adhesion and R is the effective radius as described in Eq. (6.3) and Eq.

(6.4). E” is the effective Young’s modulus that is defined as:

- + (6.9)

in which v, and v, are the Poisson’s ratios of the particle 1 and 2, respectively.

The relationship between the dispersion ratio ® and the energy ratio 7 is plotted

in Fig. 6.11a. It can be found that the results of the dispersion ratio for all the
cases with various impact velocities, impact angles and work of adhesion follow
a similar trend. The dispersion ratio sharply increases with the energy ratio at the
initial stage and then gradually reaches the saturated state. However, it can be
also observed that there are some divergences among the cases with different
impact angles, indicating that the impact angle plays an important role in the

dispersion process as shown in Fig. 6.7.
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It has been found from Fig. 6.7 that the dispersion ratio increases with increasing
impact angle and an impact at an angle of 90° can maximize the dispersion
performance. Hence, it is believed that the normal component of impact velocity

plays the dominant role. Therefore, the impact velocity in the normal direction V, ,
i.e. the normal impact velocity, rather than the impact velocity V., is also used to

define the effective impact energy. The normal impact velocity is defined as:

V, =Vsnf (6.10)

where @ is the impact angle as shown in Fig. 6.1. Similar to Egs. (6-6) and (6-7),

we have:
n,=E,/E, (6.11)
1 2
E, :EmAPIVin (6.12)

With the normal impact velocity, the variation of dispersion ratio ® with energy
ratio n, is plotted in Fig. 6.11b. It can be seen that all the results superimpose
onto a master curve. This implies that the impact induced dispersion is
dominated by the normal impact velocity, which is consistent with previous

findings (Moreno et al., 2003; Samimi et al., 2004).
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The dispersion performance can also be approximated using the same

cumulative Weibull distribution function as proposed in the previous work for

airflow induced dispersion (Yang et al., 2014):

(6.13)

The location parameter 7,, scale parameter 1, and the shape parameter x are

given in Table 6.2, in which corresponding values for airflow induced dispersion

are also listed for comparison. It is supposed that these parameters could be

related to evaluate the effects of formulation and device design in the future

study.

Table 6.2. Fitting parameters of cumulative Weibull distribution function.

Parameters Eq. (6.13) Eq. (6.18) Airflow induced
o 5.4x10? 3.5x10° 0.61
P 1.2x10° 1.3%102 0.80
K 0.47 0.71
R? 0.99 0.99
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Fig. 6.11. The variation of dispersion ratio with the energy ratio. a) with impact
velocity; b) with normal impact velocity.
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The above energy analysis is based on a single API particle. If the carrier-based

agglomerate is considered as a whole, the normal impact energy is:

E, = %(mc Ny, W, (6.14)

mn

where m_ is the mass of the carrier particle and N is the number of API particles.

For an agglomerate, the adhesion energy can be defined by (Tong et al., 2010;

Yang et al., 2008):

M z;
Ea'=2n[2n,-j FJ (6.15)
i Jj=1
in which Az is the total number of particles in the agglomerate. r, is the radius of
particle i, and z, is the number of particle in contact with particle ;. n, and F,

are the unit vector connecting the centres of particle i and ; and the contact

force between particle i and ;. In this study, if it is assumed that the contact
force between two particles is the “pull-off” force F,, Eq. (6.15) can be rewritten

as:

E'=NF.(r.+7,,) (6.16)

Then the overall energy ratio is defined as:
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n'=E,'IE, (6.17)

The variation of dispersion ratio with the overall energy ratio is shown in Fig. 6.12.
It can be seen that all the results follow a general trend and the cumulative
Weibull distribution function can also be used to approximate the dispersion

performance as:

=1 ) :
D= l—eXP{_(Tj Ja M, = (6.18)

0 s nn'<770

The fitting parameters are also given in Table 6.2. It can be found from
comparing the parameters that, the values of shape parameter x for the two
methods are similar, indicating that the trends of the variation of dispersion ratio

with energy ratio are similar. However, the value of location parameter 7, in Eq.

(6.18) is very small (=0), which is much smaller than that in Eq. (6.13). It is

believed that from the perspective of an agglomerate, some of the API particles
could detach from the carrier once the agglomerate impacts with the wall, even if
the impact energy is small; while from the perspective of a single API particle, it
can detach from the carrier only when its kinetic energy is large enough to break
the contact with the carrier. From Thornton’s derivation (Thornton and Ning,
1998) it can be found that the “large enough kinetic energy” is in the normal
direction of the two contacting particles. In this study, the API particles stuck to
the carrier are moving with the carrier; therefore the velocity in the normal

direction of the contact is not high even if the impact velocity itself is sufficiently
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high. Furthermore, the size of the carrier is much larger than that of the API
particle and the kinetic energy of an agglomerate is much larger than that of a
API particle. Therefore the value of the overall energy ratio for an agglomerate
above which the dispersion ratio starts to increase is much smaller than that for a
single API particle. Similar to the location parameter, the scale parameter 2 in

Eq. (6.18) is also much smaller than that in Eq. (6.13).

This study provides an insight into the fundamental micromechanics of
dispersion processes for dry powder inhalers, which is a complicated problem
demanding further investigation. It is addressed using an advanced numerical
method, i.e. DEM, which is a methodology that has been developed over the last
35 years and has been widely used to analyse problems involving particles in
many fields, based upon similar assumptions such as spherical particles. DEM is
well recognized as a useful tool for exploring fundamental mechanisms since it
provides the detailed information of particles positions, velocities, and the
transient forces acting on particles, which correlates the macscopic behaviour
with microscopic interactions (Zhu et al., 2007a; Zhu et al., 2008). The DEM
code used has been validated for many applications (Guo et al., 2013; Thornton
and Yin, 1991) and it has also proved to be capable of modelling DPlIs, such as
the effects of van der Waals forces (Yang et al., 2013b), electrostatic forces
(Yang et al., 2015), and drag forces caused by air flow (Yang et al., 2014).
Nevertheless, further study with more realistic particle properties should be

performed in order to provide a more comprehensive understanding of dry
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powder inhalation. Moreover, rigorous experimental validation will also be worth

exploring further.

h 2
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Fig. 6.12. The variation of dispersion ratio with the energy ratio from the
perspective of the whole agglomerate.

6.4. Conclusions

The dispersion process during the impact of a carrier-based agglomerate and a
wall at various impact conditions is modelled using DEM. It is shown that the
dispersion process can be divided into two stages: i) a primary dispersion stage
in which the dispersion ratio sharply increases with time; ii) a secondary
dispersion where the dispersion ratio increases at a much slower rate. It is found

that the API particles in the near-wall regions are prone to be dispersed. The
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impact velocity, impact angle and work of adhesion all affect the dispersion
performance: the dispersion ratio increases with increasing impact velocity and
impact angle; while the dispersion ratio decreases with increasing work of
adhesion. It is revealed that the normal component of the impact velocity plays a
dominant role in the dispersion and the wall-particle impact induced dispersion
for carrier-based DPI formulations can be well approximated using the
cumulative Weibull distribution function governed by the ratio of the effective

impact energy and adhesion energy.
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CHAPTER 7: CONCLUSIONS AND FUTURE

WORK
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7.1 Conclusions

A discrete element method coupled with computational fluid mechanics (DEM-
CFD) is employed to investigate the micromechanics of mixing and dispersion in
carrier-based dry powder inhalers, including how the particles interact with each
other and how other factors, such as mixing conditions, air flow, affect the
interactions. Using DEM-CFD, this study explores the effects of van der Waals
forces and electrostatic forces on the mixing process, and those of air flow and
particle-wall impact on the dispersion process. The main findings are

summarised here.

In order to investigate the effect of the van der Waals forces, JKR theory
implemented into the DEM code is applied and a critical velocity criterion that
determines the lowest impact velocity at which two elastic auto-adhesive
spherical particles will rebound from each other during the impact is proposed
based on the conservation of energy. Moreover, mixing of a carrier particle and
API particles in a vibrating container is also explored. It is found that both the
vibrational amplitude and frequency affect the mixing performance and there is
an optimal vibration condition that maximise the mixing performance. A
mechanism governed by the impact number, sticking efficiency and detachment
number is proposed to describe this process and it is shown that the impact
number and detachment number both increase with increasing vibrational
amplitude and frequency while the sticking efficiency decreases with increasing

vibrational amplitude and frequency.
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The mixing process with electrostatic charges is further investigated. It is found
that the mixing performance increases with increasing charge and decreases
with increasing container size. The mixing performance also decreases with
increasing vibration velocity amplitude and frequency. Moreover, a mechanism is
proposed for the mixing process governed by the electrostatic force. However,
for cases with electrostatic forces, while sticking efficiency and detachment
number still affect the mixing performance, the impact number has no effect but
the free APl number, i.e. the number of API particles that are not in contact with
the carrier, determines the mixing performance. This implies that long range and

short range adhesive forces can result in different mixing behaviours.

The dispersion of API particles in DPIs is mainly affected by the air flow and
particle-wall impact. Investigation of the dispersion of an agglomerate in a
uniform flow showed that air flow can drag API particles away from the carrier
and those in the downstream air flow regions are prone to be dispersed. It is
found that the dispersion performance increases with increasing air velocity, and
decreases with increasing work of adhesion. This implies that the DPI
performance is controlled by the balance of the removal and adhesive forces and
therefore a mechanism governed by the ratio of the fluid drag force to the pull-off
force is proposed to describe the DPI performance using the cumulative Weibull

distribution function.

The impact induced dispersion process is also investigated by considering the

impact between an agglomerate and a wall. It is found that API particles in the

161



CHAPTER 7 CONCLUSIONS AND FUTURE WORK

near-wall regions are more easily dispersed. It is also revealed that while the
dispersion performance increases with increasing impact velocity and impact
angle, indicating that the normal component of the impact velocity plays a
dominant role in the dispersion, the dispersion performance decreases with
increasing particle adhesion. Therefore, based on the balance of the adhesive
and removal potentials, a mechanism that is governed by the ratio of the overall
impact energy and adhesion energy is also proposed to describe the impact
induced dispersion performance for carrier-based DPIs using the cumulative

Weibull distribution function.

In summary, the performance of DPIs, including both mixing and dispersion
behaviours, is determined by the balance of adhesive/cohesive and removal
attempts. This study provides new insights in classifying the balance in four
aspects, i.e. the effects of van der Waals forces, electrostatic forces, air flow and
particle-wall impact, which could enhance the understanding of the underlying

mechanism of DPIs.

7.2 Future work

Based on the improved understanding of the fundamental mechanics of the dry
powder inhalers from this study, future work still needs to be conducted to better

understand the mechanisms of the processes.
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A more realistic formulation could be employed. Particles with irregular
shapes (e.g. elongated carrier particle) and different materials (e.g. lactose
for carrier particle and budesonide for API particle) can be generated to
approximate the agglomerates. In addition, cohesion should also be
considered. In that case, the effects of particle shape, density and porosity
and surface roughness can be numerically investigated. The fragmentation

and disintegration process can also be modelled.

More complicated inhaler structures could be constructed. DPI performance
is collectively determined by many factors. Although we presented a few
models in this study, they were normally for single factor or two competing
factors. Constructing a more complicated inhaler allows us to explore the

combined effects of these factors.

Since the size ratio in the carrier-based formulations is large, multi-scale
models are needed to better characterise the interaction between carrier and

API particles, and the interaction between air flow and particles.

Based on the more realistic formulation and inhaler, numerical results could

be compared with and validated by experimental results.

Since the computational expenses for current cases are large, the expected
improvement on modelled formulation and inhaler device and the increase of

agglomerate number could considerably increase the computational expense.
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Therefore, more efficient simulations, such as using parallel computing, are

needed to enhance the usage of DEM.
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