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ABSTRACT

Dry Powders inhalers (DPIs) are an increasingly popular method of treatment
for the symptoms of Asthma and Chronic Pulmonary Disease (COPD). However
due to the nature of DPIs complicated drug delivery system, research into the
development and improvement provides a significant challenge. While there are
many different devices available on the market, none of these provide consistent
delivery for varying inhalation profiles. This variability is determined by the drug
formulation, the design of the device and the patient’s inhalation profile. This pa-
per focuses on the proof of concept and early results of research into a systematic
study of the influence of the physicochemical properties of the carrier particles,
and the nature of the fluid flow, on powder fragmentation and transport. This
thesis paper will be particularly nuseful for the researchers furthering this study
and the industry partner DFE Pharma. The research was conducted through
a controlled flow that was fed into a unique rig, with measurements taken from
a laser photodiode setup. The results found that the majority of data that be
achieved is located around the far end of the pocket in respective to the flow and

follows known correlations between size and evacuation times.
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Chapter 1

Introduction

Asthma affects 10.8% [9] of the Australian population, while Chronic Obstructive Pul-
monary Disease (COPD) affects 14% [10] of australians over 40 (COPD is mainly diag-
nosed for patients over 40 years of age [10]). While Asthma and COPD are at their base
different, they share common symptoms and treatments which come in the form of injec-
tions, tablets, nebulizers and inhalers. Inhalers come in two distinet categories, Metered
Dose Inhalers (MDIs) and Dry Powder Inhalers (DPIs). DPIs have become increasingly
popular devices due to their user friendly nature. This is due to DPIs working off the
patient’s own inhalation profile at their own pace, unlike MDIs where there is a need to
syne breathing with the release of chemicals evacuating from the chamber. This however
creates complications as the effectiveness of the device is significantly impacted upon by
each patient’s inhalation profile, making them a poor choice for those with low inhalation
flows such as children, the elderly and those with restricted breath as a result of suffering
an attack.

To contend with these problems, research institutes and pharmaceutical companies
such as DFE Pharma have been researching into the current designs of the devices, physic-
ochemical properties of the formulations, the effect of the airflow inside the devices and
new innovative designs to improve current knowledge. This will hopefully enable the
design of a more efficient device as well as the ability to create DPIs that can cater to
different inhalation profiles.

This project looks into the proof of concept and analyses initial stages of results for
a project that will be continued on after this. The project requires the redesign of a
previous experiment to obtain repeatable tests procedures, acquisition of required parts
and assembly of these into a functioning experiment. Initial experiments will be used
as a base for further experimentation to work upon, by supplying validation and basic
understandings and results of what will happen.

It is currently known that turbulence can increase the aerosolisation of particles and
help with the deagglomeration. [11,12], However it is not known to what degree and
at what rafes of turbulence can actively increase the overall performance. The project
focuses on a systematic study of the effect of Reynolds numbers on the particle flow in
simple geometries where the boundary conditions are well defined. This also allows for the
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development of data sets that can be used for validation in computational fluid dynamic
models. In combination with the use of advanced laser diagnostic techniques that have
seldom been applied to such a problem, the discoveries made in this project are expected
to have a significant impact on the current understanding of dry powder inhaler flows.

This will done by investigating how different sized particles are affected by different
local velocity conditions, through a systematic control of the Reynolds number. The use
of laser diagnostic equipment will allow for non-invasive measurements for shear forces,
natural forces and evacuation times of designated areas. The aim is to advance the current
knowledge of particle flow in order to allow both research institutes and pharmaceutical
companies to be able to farget powder properties and inhaler designs to different inhalation
profiles, minimizing drug wastage and cost.

1.1 Objectives

The main objectives of this project were to redesign, acquire, assemble and provide initial
tests of a unique rig to prove and find problems with the concept. These will be achieved
through

e A write up of theoretical results for expected velocities and volume flow rate for
different Reynolds rates the redesign of a previously established experiment

To locate and obtain parts to address redesign

Assemble the redesigned Rig

Test performance of the rig

Test produced velocity readings

Take initial laser readings

Obtain results where possible

1.2 Limitations

1.2.1 Time

Due to the time constraints of a semester, limitations were put on the parts used, the
amount of time available for testing and the different types of testing. This meant that
Parts that may have been a more suitable for this project were overlooked for parts that
were readily available. While the limit on Time meant testing with the HeNe laser was
shortened due to the need for a supervisor and that the normal section was never finished
and no tests were taken for it.
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1.2.2 Cost

Costs also placed a limitation the parts available, as there was a grant of roughly 3600,
limiting the spending of parts, such as the ball rotameter.

1.2.3 Materials

The powders used had an expiry date where, once reached they no longer have the same
properties that they are generally attributed. This was seen to happen with SV 004 where
it was no longer available to work with as it had become clumpy duse to an increase in
moisture content.

1.3 Project plan

Ssep Oct Nov

Task 4
Task 5
Task 6
Task 7
Task 8
Task 9
Task 10

Figure 1.1: Timeline of Project

1. Obtaining Permissions and training for use of labs
2. Design changes to original plans

3. Perform Calculations

4. Obtaining required parts

5. Assembly of equipment

6. Testing of equipment

7. Hot wire testing

8. Assembly of laser pointer
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9. Laser pointer measurements

10. Write up

1.4 Risk Assesment

A risk assesment was conducted and can be seen in Figure A.0




Chapter 2

Background and Related Work

2.1 Introduction

With the increase in interest of DPIs, there has been a significant shift in research to-
wards making a more efficient inhaler. Research is headed primarily towards improving
the design of the device and the developing physicochemical properties of the formulation.
Research is also being done for expanding the use of inhalers in applications outside of
Asthma and COPD. This has driven the investigation into targeting different inhalation
profiles, targeting specific parts of the lungs and catering to patients preference. These
advancements will allow for inhalers to be used in other areas such as a pulmonary vaccina-
tion and the decrease of fine particle fraction (FPF) variations between patients. Through
improved targeting of the aggravated areas, DPIs will provide faster and superior relief
and also minimize drug wastage. These advancements along with the continual improve-
ment of computational fluid dynamics (CFD) in conjunction with the discrete element
method (DEM) and advanced technologies show a bright future for DPlIs.

2.1.1 Importance

Inhalers have become an important aspect in many people’s lives as they can provide
quick relief and prevention to pulmonary tract infections such as asthma and COPD.
This can be seen in the Australian Health Survey: First Results from 2014-15 that found
in Australia alone it was reported that 10.8% [9] of the population have been recorded
with asthma while COPD is the third leading canse of death worldwide in 2010. [13].
This is further backed up by a study from the Australian Institute of Health and
Welfare where it was found that there were 12,553,247 prescriptions for respiratory med-
ication in 2013, which does not even include over the counter products [14]. MDIs have
been the most commonly used inhalers for roughly the last fifty years, however as ex-
plained by Newman [15], there are limitations such as the patient’s inhalation technique,
the risk of inducing bronchospasm and the production of extensive oropharyngeal depo-
sition. But more noticeably, the banning of use of Chlorofluorocarbons as a propellant,
due to its damaging properties to the ozone layer. This has led to different propellants to

5
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50 40 283 20 13 10 =
Inhalation Sow (L/imin)

Figure 2.1: Effect of Inhaltation flow on %FPF on an example combination of DPI and
Formula [1]

be used such as hvdrofluoroalkanes which are also known to be detrimental to the envi-
ronment [15, 16]. DPIs have thus become an interesting alternative as they are relatively
easy to use in comparison to MDIs and require no propellants, relving on the patient’s
own air flow instead. While this is one of its most useful properties, it also is one of its
most limiting factors, due to the large differences in inhalation profiles, leading to varying
degrees of FPF that are actually delivered to the lungs seen in Figure 2.1 and in Cleary
et al. [1,2,11,16-19].

There has also been an increase in research for the use of DPIs in areas other than
Asthma and COPD. Telko and Hickey [18] discuss the new avenues of research, such as the
use of antibiotics against infectious diseases originating from the lungs like cystic fibrosis,
systemically acting drugs such as insulin for diabetes and as vaccination programmes
against viral disease like influenza. This expansion in applications of DPIs is also expressed
by Hoppentocht et al. [16] discussing the use as a pulmonary vaccination.

2.1.2 Chronic Airway Disease

Asthma and COPD are the main contributors to Chronic Airways Disease. While Asthma
and COPD have separate sources, they impart similar symptoms that can be treated in
the same way. These symptoms for Asthma and COPD include wheezing, coughing,
difficulty breathing, tightness in the chest and shortness of breath.

Asthma is a long term lung condition that is not fully understood but is believed to be
caused by a combination of environmental and genetic factors. Asthmatics have sensitive
airways in their lungs that are prone to triggers resulting in flare ups that constricts
the muscles, thus squeezing the airways tight. The airways then swell becoming narrow
and producing more mucus making breathing difficult [20]. These triggers can be due to
allergens, irritants in air, extreme changes in weather and exercise or illness.
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Asthma has three major components to it being Inflammation, Airway hyperrespon-
siveness and Bronchoconstriction.

e Inflammation causes swollen airways and excess mucus which causes a reduction of
seize in the airways. This can be consistently present, not just during an attack.

e Airway Hyperresponsiveness alludes to the airways of asthmatics being extremely
sensitive to certain changes.

e Bronchoconstriction is where the muscles lining the airways constrict squeezing the
airway and narrowing the passage for air flow when triggered [21].

COPD however is a progressive condition that mainly affects older people and is
distinguished by airflow limitation that is not completely reversible . The main cause being
smoking or exposure to smoking [10]. COPD covers a variety of lung diseases including
emphysema, chronic bronchitis and chronic asthma. Similar to Asthma the symptoms
include losing breath easily, a new or persistent cough and a buildup of phlegm. These
svmptoms however are a result of damage to the air passages in the lungs. The Bronchial
tubes become narrower, lungs are larger than normal, so the breathing muscles around
the outside of the lungs become stretched and have to work harder, making breathing
harder and causing smaller breaths.

Treatment

Treatment of these disease come in the form of injections, tablets, nebulizers and inhalers.
These treatments can be categorised as

e Short Acting Bronchodilators (beta agonists (SABA) or anticholinergics/ muscarinic
antagonist(SAMA))
Are used as relievers as they provide quick relief, in opening the airways to make
breathing easier. Used in inhalers or liquid form to be used in nebulizers

o Long acting bronchodilators (beta agonists (LABA) anticholinergics/musearinic an-
tagonist (LAMA))
Are used as preventers that combat the symptoms over time, needing daily use to
provide less contracted airways and desensitization to triggers

o Corticosteroids (ICS inhaled corticosteroids)
Used to reduce inflammation in the body (sufferers can have inflamed airways). It
can be used as both preventer as an inhaler or liquid or used in emergencies as a
pill, liquid or as a shot, depending on the type.

e Phosphodiesterase-4 inhibitors
Helps relieve inflammation as a reliever alongside bronchodilators as a pill
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e Methylxanthines
For cases with severe COPD this is prescribed as a pill or liquid to be used in
conjunction with bronchodilators as an anti inflammatory

2.2 Dry Powder Inhalers

Dry Powder Inhalers are devices that deliver medication to the lungs through the use
of the users own inhalation in the form of a dry powder. DPls go through four main
stages entrainment (otherwise known as aerosolisation or fluidisation), deagglomeration
of the active drug particle, transportation of the drug aerosols through the airways and
deposition [2,11,16,17,19]. This can be seen in Figure 2.2.

Flaidisation Deaggregation

Powder Source

Figure 2.2: Representation of DPI's Stages [2]

When the DPI is actuated, the formulation is released from its container and is then
entrained, which is the process of lifting the powders into the air flow. The next stage is
deagglomeration, being the act of breaking apart the clumps of powder that has agglomer-
ated (clumping into balls) to adequate sized particles through fluid and or impact forces.
These fluid forces incorporate fluid shear forces, sudden accelerations from drag forces, as
the flow has varying velocities. The impact forces can occur from impaction upon other
particles, or purposely built geometries. At this stage, for powders using carrier parti-
cles, the Active Pharmaceutical Ingredients (API) are detached from the carriers and are
dispersed, where the carriers should remain in the upper airways while the FPF travel
through the mouth and are deposited into the alveolar region of the lungs. [2,11,16,17,19]

DPIs have many variations in form which is one of the reasons why it is impossible
to create overarching predictions of how well they work. One such category involves the
dosing system which can includes a single dose unit using a capsule that is disposable,
a multi dose unit, that has a pre metered unit with replaceable set and a multiple dose
reservoir. [11] For further knowledge on different categories nsed and dry powders avail-
able Kou and Cao provide a brief summary of current devices and highlight some new
developments [23]




2.2 Dry Powder Inhalers 9

2.2.1 Entrainment

Entrainment is the act of sweeping up the powder through use of the air being inhaled.
This is achieved separately for each unique device but can be simplified by thinking of
a particle that is attached fo a plane wall through adhesion. As a flow comes through,
the fluid exerts a vertical force on the particle overcoming the adhesive force and weight
of the particle. This is most common method used in DPIs being shear Huidisation,
called this due to the strong shear force that oceurs near the boundary layer due to its
thin nature. Other entrainment mechanisms include gas-assist, capillary, mechanical and
saltation. (2,12

FEntrainment is the act of sweeping up the powder through use of the air being
inhaled. This is achieved separately for each unique device but can be simplified by
thinking of a particle that is attached to a plane wall through adhesion. As a flow comes
through, the fluid exerts a vertical force on the particle overcoming the adhesive force and
weight of the particle. This is most common method used in DPIs being shear fluidisation,
called this due to the strong shear force that oceurs near the boundary layer due to its
thin nature. Other entrainment mechanisms include gas-assist, capillary, mechanical and
saltation. [12,24]

2.2.2 Carriers

Carriers are an important part of DPIs formulation as they are known to increase the
efficiency. Carriers are implemented as bonds made between the carriers and APIs are
significantly weaker than those formed between APls making the force needed for deag-
glomeration and dispersion significantly lower. Carriers are also known to make entrain-
ment easier as their larger size exposes them fo significantly higher lift forces exerted upon
them [11,12].

The majority of carriers are Lactose based due to their versatility. Lactose normally
used in DPIs include sieved lactose, milled lactose, spray dried lactose, granulated lactose
and anhydrous lactose [25]. It should be noted that milled lactose has a higher accuracy
of targeted particle size than sieved [25]. However there has been research into the use
of alternative sugars such as sorbitol, mannitol, glucose, maltitol, xylitol and trehalose to
name a few [11]. This can be seen in Minee et al. studies the influence of formulation
carriers of physical characteristics of inhalation and in Teckel and Bolzen search of alter-
native sugars as a potential that found mannitol as a potential drug carrier over more
hygroscopic sugars that had poor dispersibility.

2.2.3 Particle Size

Particle size is mainly discussed as particle size distributions known as D values. The
D values are D10, D50 and D90 which represent the ranges of particle sizes of a given
sample. Traditionally done by creating an S-curve of cumulative mass retained against
a sieve and calculating the intercepts for 10%, 50% and 90% mass. This is seen in
Figure 2.3 [3].Particle Sizes are extremely important as knowing dimensions of particles
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Figure 2.3: Sample Version of How D values are Calculated [3]

can help to predict the Hows and is a determining factor in how the particle will react in
different environments. For example FPFs are designated to be less than 5 p [16,26, 27]
and is used as a basis for the size of particles that will reach deep into the lungs.

2.3 Current Research Techniques

Research is currently improving through the use of CFD and DEM which is discussed and
used in [2,11,16,18,26,28-32]. These tools are extremely useful as they can simulate the
particle flow however are dependant on experimental correlations and the user’s input.
This results in the need for them to be used in conjunction with real world experimental
testing to validate the models. These can include

[2,11,16,18,27,28]. The majority of research has been done by designing and creating
unique equipment setups involving these techniques. CFD and DEM analysis are widely
used in conjunction with the techniques seen in Table 2.1 to validate the analysis provided
from the Computation analysis. [11,27,28, 33]

2.4 Current Research

Islam & Cleary [11], Islam & Gladki [17], Dunber et al. [2], Newman & Busse [34],
Hoppentocht et al. [16] and Dal [19] all provide a review of current DPIs technology and
the direction that it is expected to take. In each study there is a concurrence that while
DPIs have great potential, they state there are still major limitations that need to be
overcome such as the efficiency of the DPIs and the inter and intra-patient variability of
the FPF that reach deep into the lungs. It is also agreed that advancements in designs
of the device go along with the physicochemical properties being dependant on each
other. [2,11,16,26,31, 34,35]
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Technique Purpose
CFD Used to Simulate Fluid Flow
DEM Used to simulate the motion of large

Annular Shear Testing
Scanning Electron Microscopy

Atomic Force Microscopy

Inverse Gas Chromatography
X-ray Diffraction

High Speed Photography

High Speed Photography with Laser Diffraction

Particle Image Velocimetry
Laser Doppler Velocimetry (LDV)
Multi Stage Liquid Impingers

Cascade Impactors

numbers of particles

Visualisation of formulation and ag-
glomeration geometry

Determines the single contact point
adhesive forces between individual
particles

Determines surface energy charac-
teristics of bulk formulations
Determines crystal structure and
formulation composition

Direct Visualisation

Allows for particle size distribution
in real time while entrained
Determines air velocity and related
quantities

Determines air velocity and related
quantities

Determines particle sizes, particu-
larly when determining FPFs
Determines particle size

Table 2.1: Current Techniques Used for Research on DPIs and their Purpose
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2.4.1 Design of Device

One avenue of research that is being undertaken to improve the reliability of DPIs is the
design of the device. Reviews on the designs of devices can be found in [2,11,16,17, 19,
23, 34, 36].

Dal [19] states that an ideal device needs to be:

e Effective
Is able to deposit the a suficient amount of the drug to desired location, independant
of the users inhalation profile

e Reproducible
This is repeatable

e Precise
Able to know the amount of drug/doses remaining and if the procedure was per-
formed correctly

e Stable
Able to protect the formulation from environmental changes

e Comfortable
Easy to understand and use, particularly in dire conditions

e Versatile
Able to use other drug formulations

e Environmentally compatible
Does not use or contain chemical contaminants that may harm the environment

e Affordable
Has an acceptable cost with the possibility of being able to recharge the dose/s.

While current DPIs are a long way off these ideal standards, through continued re-
search they are improving at a significant rate. However majority of research on the device
of the design is in improving the efficiency of DPIs.

Coates et al. [20]studied the effect of modifying the design of a DPI (Aerolizer® in
this case), by varving the inhaler grid and mouthpiece length. This is done through the
use of CFD and validated through LDV and a multistage liquid impinger using mannitol
powder at 60 1/min . The results showed that with increased grid voidage, device reten-
tion increased which lead to a decrease in FPF, however the length of the mouthpiece had
no significant effect on the flowfield. This is an important study as it found that simple
design changes can affect the performance of the DPIs.

Continuing on from Coates et al. [20], Coates et al. [30] studies the effect of the change
in air inlet size, specifically the flowfield generated in the device and the resistance from
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the device and subsequent effect on deagglomeration. This is again done through the use
of CFD and validated with a multi-stage liquid impinger with a mannitol powder based
on an Aerolizer®™. The tests used three different inlet sizes resulting in 30, 45 and GO
I/min Aows. These results found that at low flow rates reducing air inlet size increased
dispersion performance while at higher flow rates it lowered it. This is interesting as it
portrayed that maximum inhaler dispersion performances can be predicted if the devices
flowfield is known and the effect of changing the inlet size and therefore volume rate affects
the overall performance of the DPI.

A later study by Coates et al. [26] continues to take an indepth look at the devices
specifically into how the geometry of the mouthpiece affects throat deposition, device re-
tention and the performance of the delivery rate of FPF. This Research paper uses CFD
analysis on the flowfield that is generated in an Aerolizer® and validates it with experi-
mental dispersions of a mannitol powder for modified mouthpieces including cylindrical,
conical and oval designs. The results found that it had no effect on the overall performance
and device retention but had a significant effect on throat deposition. This research is
important as it seeks to understand the effects of mouthpieces and how it can be applied
to improve the efficiency of DPIs. This is because the reduction of throat deposition is
linked to the total amount of FPF reaching the lungs, while decreasing device retention
reduces the amount of drug wasted inside the device, and thus entering the user.

Srichana et al. [35] looks into the effect of resistance of devices and the influence of
powder formulation on the deposition of the carrier. This was done by measuring the
pressure drop across the devices and measuring the FPF of multiple devices with vary-
ing formulas over different flow rates. The research performed tests on the Ingelheim®,
cyclohaler®, Rotahaler®, Spinhaler® and Diskhaler®. Its findings show that with higher
resistance devices there was greater FPF, however this changes when the use of the for-
mulations that is created in combination with the device is used. This is important as it
shows that the combination of device and formula is currently needed to create an efficient
DPIL.

Donovan et al. [31] investigates the influence different DPI designs have on the effec-
tiveness of carrier particles. CFD is used in conjunction with a through a cascade impactor
at 601/min, on the Aerolizer® and Handihaler® with lactose ranging up to 300pm. The
results found that an increase in carrier sizes increased carrier deposition in the aerolizer,
while they were found to be less frequent in the handihaler and mostly independent of the
particle size. This is an important step as it shows that the behaviour of carrier particles
is not only influenced through the physicochemical makeup but the devices design.

These articles show the increasing prevalence of research to not only focus on the
design of the device but a combination of the design and physicochemical properties.

2.4.2 Physicochemical Properties and Morphology

Physicochemical properties are another significant avenue of research along with device
design. Reviews on the designs of devices can be found in [2, 11, 16,17, 34, 36]. Telko
and hickey [18], expanding upon the the challenges and areas involved with the physic-
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ochemical properties. This includes how the powders act differently when in different
states l.e. static powders behave as solids, when flowing like liquids and when dispersed
in air conforms to its carrier gas. This poses a problem for accurate predictions as the
equations used rely on empirical and/or assumptions of approximates due to differences
in each particle.

Research into the physicochemical properties and morphology of can be seen in Kawashima

et al. [37], Telko & Hickey [18] and Le et al. [38].

Kawashima et al. [37] investigates the effect of surface morphology of carrier lactose
on the properties of the SABA/SAMA Pranlukast Hydrate. This is completed by mixing
it with pharmatose 325M, 200M, DCL-11, DCL-21, spray dried amorphous, spray dried
crystallized lactoses and fluidised bed granulated lactose with various surface morpholo-
gies. This is then put through a Spinhaler® and evaluated by a twin impinger. As a result
it was established that carriers with large surface areas with microscopically increased sur-
face roughness was aso able to improve efficiency thus portraying how the separation of
the API from the carrier is an important step to improve the efficiency of DPls.

Telko and Hickeys [36] research is based on the variables of the formulation of aerody-
namic and electrostatic properties. This was done using Albuterol and Budesonide with
a combinations of different carriers, concentrations, doses, metering system and flow con-
ditions. To evaluate the results the samples were collected in an electrical low-pressure
impactor and eight stage cascade impactor allowing for the calculation of the approximate
aerodynamic particle size distribution and particle charge levels per particle. The results
found that charge levels were considerably higher than previously estimated by orders of
magnitude higher than predicted by the Boltzmann charge distribution. Further proving
the challenge that is undertaken when trying to predict particles.

Le et al. [38] studies the parameters of carriers and APIs in adhesive mixtures used
in DPI and their effect on dispersion. This is carried out by mixing Fluticasone Propi-
onate with Lactohale 200, with variations of operating conditions being speed, mixing
time, resting steps during mixing, the size of the carrier and storage conditions. The
adhesion characteristics were evaluated through sieving while the FPF was done throngh
a twin stage impinger. The results show that for a good dispersion the speed and powder
blending have to be sufficient without going on for too long to prevent the appearance of
static electricity while there is an increase of FPF was found when the carrier size was
decreased and there was lower humidity. This is an important step as it provides a basis
of understanding in the manufacturing of the formulations.

The research on physicochemical properties and morphology shows that it is an ex-
tremely interesting but challenging area, where sound hypothesis may not work out as
expected.
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2.4.3 Effect of Air Flow

Coates et al. [32] and Behara et al. [39] both study the effect of air low within a DPI but
for different purposes.

Coates et al. [32] investigates influence of airflow on the overall performance of DPIs
and initial quantification of turbulence levels and particle impaction velocities the max-
imised performance. This was accomplished by using CFD in conjunction with a mul-
tistage liquid impinger using a mannitol powder based on an Aerolizer® over different
flow rates. This found that both powder dispersion and throat dispersion increased with
air flow while capsule retention lowered and device retention first increased and then
decreased. These multiple variables lead to an optimal performance at 65 1/min and cor-
relations between the flow rate, throat deposition and capsule emptying times. This is
particularly important for this project as it has similar themes however unlike Coates et
al. [32] which has a targeted view on the Aerolizer®, this project will be aiming to cover
simple geometries that will be able to be used in many different areas.

Behara et al. [39] studied the effect of three commercial DPIs and their sensitivity to
air flow rate changes and air flow resistances. This project was based on the three devices,
Rotahaler®, Monodose Inhaler® and Hanihaler® with Salbutamol Sulphate and LH300
as the formulation. The aerosolisation was assessed using the laser diffraction method
between flow rates of 30 to 180 1/min. The findings portrayed that the relative deag-
glomeration between devices was substantially different. This reinforces prior research
that different devices behave contrastingly with the same formulation and how a new
approach can lead to discoveries.

The investigation into the airflow is an extremely important aspect of DPIs but as seen
in this section that it is a very narrowed focus on pre existing DPIs with minor changes.

2.4.4 Patient Training

Patient training is considered to have a significant effect on the efficiency. This is seen
in Lavorini et al. [40] study where depending on which inhaler was used 4of patients are
using their inhaler incorrectly leading to a drop in efficiency. This is seen in Chrystyn et
al. [41] which tested patients ability to adapt to using a new DPI. The need for patient
training and device designs that are practical and easy to use, is also discussed in Islam
and Cleary [11] where the variability between patients is a major issue.

2.4.5 New Novel Devices

Islam & Gladeki [17] show an in depth approach to whether optimising existing devices
(such as the Rotohaler®, Turbuhaler®, Easyhaler® and Spiu]m]er@} is more important
than research into new novel devices. By doing this they are weighing the consequences
of stability of known working products and innovation. Their finding proved that both
optimising and innovation of new devices is equally needed.

One new Device is a High Dose DPI based on a fluidised bed which was designed
by Farkas et al. [42]. This device implements a similar concept to fluidised beds for
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aerosolisation using small mixing balls, along with larger hollow dosing spheres filled
with powder and was compared to other capsule based DPIs through emitted dose and
aerosolisation efficiency. It was found that it was improved with the removal of the mixing
balls while still maintaining its efficiency.

Other improvements are seen through active DPIs that are power driven helping with
the airflow such as having a bolus of compressed air that releases with the powder when
breathed in [2,11,17]. These active devices that are power assisted (whether it is pnen-
matic, impact force or vibratory), are not subject to the same limitations as the normal
passive inhalers, and have been suggested if shear and turbulence could be standardised
through a dispersion mechanism independent of a user’s breath could create an efficient
DPI that is not restricted to the users inhalation profile [18].

2.5 Conclusion

DPIs are a source of substantial potential to many suffers of Asthma and COPD due to
their relative ease of use and lack of propellant that can damage the environment. There
are still significant limitations that need to be overcome to allow DPls to meet standards
such as the efficiency levels of FPF reaching deep into the lungs and the variations oc-
curring per patient. This however is being addressed through the research combining
advanced technological techniques, CFD and DEM, into the design of the devices, the
physicochemical properties of the particles, correct training of patients and new innova-
tions.




Chapter 3

Approach and Testing

3.1 Introduction

The original experiment was designed by a previous Master’s student but was abandoned
and picked up as an undergraduate thesis. Due to the change in researchers and circum-
stances, the approach has been remodeled to further suit the objectives that have been
set, this will be explained further into this paper.Theoretical results will be obtained to
get an understanding of the expected velocities and flow rates needed to get a range of
laminar to turbulent Hows

The rig will use air supplied from the laboratory taps that will be constrained to a set
pressure and volume flow, which will then be held by a solenoid valve for precise control,
to flow into the rig where the air will interact with the powder through shear forces.
The use of a hot wire will be used to validate the expected velocities going through the
rig, while a non-invasive measurement involving a laser and a photodiode will be used to
gather data. Seen Figure 3.1

Once tesfing commenced it will be done using the previously mentioned powders in
Table 3.4, Ideally the pressure used would have centered around 100-200 kPa and covered
a range between 50-400 kPa, this would have then been further changed in accordance to
the revnolds number of the flow over 1000-10000 and thus covering laminar to turbulent
flow. However due to size of the pocket, aerosolisation only occurs at 70 1/m and above.
This posed a problem as he solenoid valve only goes up to 60 1/m for pressures at 100
kPa, thus tests have been done at 300 kPa and 80 1/m to ensure decent aerosolisation
occurs. Once the new powder test region is created it will slip into where the original
piece was and will continue to act in a similar manner, however access to the interior will
be through the top that can be screwed down.

17
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Laboratory Air Préssire Pressure Salenoid
i
Tap | Regulator Galige Ball Rotameter altid
FC Photodiode
‘Catchment B -
—— Testing Section i
System L DPI Rig
Laser

Figure 3.1: Box Diagram of the DPI rig setup

3.1.1 Theoretical Calculations

Equations used for Table 3.1 are shown below in Equation 3.1, Equation 3.2 and Equa-
tion 3.3

_ Repipe x v

u (3.1)

(ih

u = Velocity, Re = Reynolds Number in Pipe Flow, v = Kinematic Viscosity, d;, =
Hydraulic Diameter

Q=uxA (3.2)

@ = Volume Flow Rate, u = Velocity, A = Area

U,o*xx

1

(3.3)

Repound =

Repouna=Reynolds Number in Boundary Laver, U, = Free Stream Velocity, x =
Development Length, v = Kinematic Viscosity

Reynolds number for pipe How enters the transitonal phase at 4000 and is truly tubulent at
7000, while the Reynolds number for Boundary layer is laminar for <10% and tubulent for
=10% Values used in Equation 3.1, Equation 3.2 and Equation 3.3 are found in Table B.1

Table 3.1 shows the theoretical calculations to have a range of fully laminar to fully
turbulent for both How in a pipe and boundary layer. The calculations show that there
will be expected velocties between 1-10 m/s needed that is driven by a flow rate of 13.6
I/m to 136 1/m.
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Reynolds Number Pipe Flow | Velocity Volume Flow | Reynolds
(m/s) (1/m) Number

Boundary
Layer

1000 1.007 13.599 14000

2000 2.015 27.198 28000

3000 3.022 40.797 42000

4000 4.029 54.396 56000

5000 5.037 67.995 70000

G000 6.044 81.594 84000

7000 7.051 95.193 98000

8000 8.059 108.792 112000

9000 9.066 122.391 126000

10000 10.073 135.99 140000

Table 3.1: Theoretical Calculations for Velocity, Volume Flow and Reynolds Number

for Boundary Flow For a Given Reynolds Number Pipe Flow

Further Calculations were done for those interested on the kolmogorov scales signifying

the smallest eddy length,velocities and times. Seen in Table B.2
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3.2 Parts

Equipment will reside at Macquarie University in EGA lab 218. Equipment that will be
organised by the supervisor and university includes.
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Figure 3.2: Engineering Sketches of New Testing Section
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Part

Specification

THOR Honeycomb Optical Breadboard
Pole Stands

Boss Head Clamps
Three Prong lab clamp
Optical Base Plates
Optical Posts

Optical Railing
Electrical Breadboard
Air Taps

Pressure Gauge

Dry Powder Inhaler Rig

Photodiode SD 112-42-11-221
Data Acquisition Board (DAQ board)
National Instruments NI ¢DAQ-9174

(DAQ board) attachments NI 9223
(DAQ board) attachments NI 9401

PC with Labview and

national Instruments drivers installed
Hot-wire DT-8880

Hose clamps

Screws, Nuts and Bolts
Hydraulic Fitting T Section
Hydraulic Hosetail /Male-BSP
Electrical Breadboard

DC Power supply

Teflon Tape

Electrical Wires

2N3773 Transistor

Resistor

Red Helinm-Neon laser R-30990
Hand held Vacuum Cleaner

M6 holes spaced 25mm apart
MG threaded

M6

Secale in mm

Supplies compressed air between 700-800kPa
Reads between 0-400 kPa

made in mets seen in Figure A.0, however
changes have been made to the base plate
with five extra holes drilled into it seen in
Figure A.1(a)

seen in Figure A.2

four slot USB chassis, supports analog, dig-
ital, inputs and outputs up to 1 MHz, for
more see [43]

four channels, range £ 10V, sample rate of
1 Million Samples/s for more see [44]

eight channels, update rate is 100 ns for more
see [45]

see Figure A.3

see in Figure A4

Able to clamp over a 15 mm dia
M6 NPT

1/4" BSP

3/8", 1/4" BSP

0-20V
See Figure A.5

100 Ohms

seen in Figure A.G

Table 3.2: Equipment that will be organised by the supervisor and university
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Part

Specification

SMC ARZ20-02-B Pressure regulator
Flowmeter, MR3A18BLBN
Two Red Laser Diode Pointer

Hose Air Application Tube

2x Hex Nipple

2x Hosetail/Male-NPT

BACOENG DCI12V electric Solenoid valve

RS Pro, male BNC to Crocodile Clip
New Powder Test Section

Catchment System

Seen in Figure A.7 $52.95

Seen in Figure A.8 $130.61

Battery powered, 630-680nm, Output
<1mW, §15 ea

dia 12mm, length 20m, $49

1/4” BSP $2.18 ea

3/8",1/8" NPT $3.30

1/4" BSP, DC12V, Normally
closed, Suitable for water,oil or air,
Working pressure: -1 Mpa, $47.87

lm, 50 Ohms impedance, $11.27
Designed and made in METS, seen in
Figure 3.2

Small catchment device built

Brass,

Table 3.3: Equipment that has been organised by the author include
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3.2.1 Materials

Part Specification
Powder Respitose SV004 Coarse Sieved D10 within 5-10 m is 6 m
Powder Respitose SVOL0 Coarse Sieved D10 within 35-65 m is 51 m

Powder Lactohale(LH) 200 | Milled D10 within 5-15 m
Powder Lactohale(LH) 206 | Milled D10 is 38 m

Table 3.4: Powders and their Specfications

3.2.2 Reason for Selection

Seen in Table 77

3.3 Assembling of Equipment

This investigation had five major components that combine together to produce the re-
sults. The components being the remodelling and acquisition of parts, acquiring and
control of the airflow coming into the the DPI Rig, The DPI rig itself, the testing com-
ponents and the Data analysis. All connections were either clamped or covered in teflon
tape to ensure that there were no leaks within the system and used BSP fittings unless
mentioned otherwise.

3.3.1 Remodeled Sections

Problems occurred with original design featuring the connection of the base plate to the
optical breadboard, the testing section and the swivel based loading system. The bracing
of the support plates holes were not designed to match up with the optical breadboard
and required four outer holes 25mm in in each corner to allow for it to be compatible with
the optical breadboard and an extra hole underneath the testing section to allow for a
holt to be screwed to the base allowing it to be moved up and down to ensure the pocket
is flush against the section This is seen in Figure A.1. The testing section that was made
and seen in Figure A.1(j) had incorrect dimensions as it is 2 mm longer than the pocket,
thus leaving a major leak that was rectified by breaking off one of the lower bracings and
re gluing it into place to ensure airtightness, this however was only a quick fix and a new
testing section was designed and implemented to ensure there was no leaks and problems
seen in Figure 3.2.

The swivel loading system was attempted however it was ultimately scrapped as it
produced to many problems and was not a viable option. This was due to the swivel
not being able fo spin freely due to supports being in the way and the pocket not fitting
into the testing section without sliding it in. This was rectified by separating one of the
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Part

Reason

Fittings & Screws

Pressure Gauge

Photodiode

DAQ board

Hot wire
Pressure Regulator

Flowmeter

Red Laser Diode Pointer

Hose Air Application Tube

Solenoid Valve

New Powder Test Section

Red Helium Neon Laser

Catchment System

Powders

Nuts and bolts are all M6 unless expressed otherwise,this
is to be compatible with optical breadboard, Hydraulic
fitting are all BSP unless mentioned otherwise due to
the original design

Measures the gange pressure. Chosen as it covers (-400
kPa which is within the needed range of 50-400 kPa and
conforms to 1/4” BSP

Used to detect light which then sends a voltage signal
dependant on the intensity of light. Has a moderate sen-
sitivity to red light but has a higher sensitivity for infrared
which will be used in further research

Has four channels that can be run simultaneously up to
INHz

chosen as its range covers the calculated range in Table 3.1
Reduces the pressure to user defined. Chosen as the Pro-
posed range is 50-400 kPa and it covers 0-400kPa
Rotameter measure volume flow by running air through a
tube with a float that is calibrated to certain values.Due
to price and time constrictions, It is the closest rotame-
ter calibrated for air, to the proposed flow rates seen in
Table 3.1

Best available laser within time constraints that can be
used without training

Chosen as it is able to withstand pressures larger than
800 kPa and long enough to reach from the wall to the
rig

Valve controlled through electrical pulses. Chosen Due
to the ease of use of DC, low power requirements of 12V,
max pressure of IMPa, 1/4” BSP fitting

Designed to fit in with the rig, while ensuring that it is
airtight and allows for the laser to pass through the pocket
Brought in for other projects but used due to its higher
power, stability of the lasers output and powered from
socket, so that there is no voltage drop over time due to
battery power loss

Used to catch the powders as they leave the rig. Created
to catch the powder without affected the How from inside
the rig

Supplied from DFE Pharma in coordination with Dr Ger-
ald Hebbink

Table 3.5: Parts and the reasonings for the obtainment
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pockets from the swivel and using it in conjunction with Figure A.1{b) screw upwards to
ensure air tightness until the new testing section was implemented.

3.3.2 Acquiring and Controlling the Air Flow

This component deals with sourcing the air and then constricting to the properties that
is desired. The air was acquired through the use of laboratory air taps that provides
compressed air at between 700-800kPa. This is transported from the taps through a hose
to the pressure regulator and connected by a hosetail /Male BSP fitting. This is directly
connected to a T intersection by a hex nipple where the gauge is attached allowing for
the flow to continue while showing gauge pressure. From the T intersection a long piece
of hose is attached to a hosetail/Male BSP fitting connecting to the flow meter using
a hose tail/Male NPT fitting. A long pipe is required here due to a burr in the T
intersection creating resonance that needs to be smoothed out before reaching the rig.
For the Flowmeter to work correctly it has been clamped to optical posts in an upright
position. The Howmeter is then connected to the solenoid valve through hose and hose
tail/Male NPT and BSP fittings respectively.

The setup of the solenoid involves attaching it to the DAQ board attachment 9401
and power supply through a transistor. This is because the voltage sent out by the DAQ)
board is not high enough for the valve to register and open, so it needs to be boosted
from a power supply through a transistor. The transistor was mounted on the electrical
breadboard and wired as seen in Figure A.5(b) with wires being directly put into the
NI9401.
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(a) Assembled Rig 1

(b} Assembled Rig 2

Figure 3.3: Assembled Rig

3.3.3 DPI Rig

From the Solenoid valve it enters into the DPI rig. The base plate was attached to optical
posts that are connected to rails allowing for motion in one direction seen in Figure 3.3
The DPI rig was bolted together with 2 centimetres above the base plate, with the testing
section and tunnel slotting into the grooves and then bolted down with teflon tape around
to ensure there are no leaks portrayed in Figure 3.4.

Once this was done air was run through the device at different pressures and flow rates
with liquid soap sprayed onto fittings to find if there are any air leaks. (bubbles will appear
where there a leaks due to the liquid soap). After Leaks were found, the connections were
undone and reapplied with more teflon tape and put back together tightly and checked
once again.

Once the leaks were fixed, trial runs with SV004 were used with the addition of a
catchment syvstem to the end of the rig. Powders were poured into the pocket and levelled
off ensuring a flat initial powder positioning without compression. It should be noted,
powders were not compressed into the pocket as this would change the initial variables
by creating larger agglomerates and making a greater force to entrain the particles. The
pocket was then inserted and pushed up against the testing section to ensure it was

-

completely sealed as seen in Figure 3.5. The solenoid valve was then released for differing
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(a) Disassembled DPI Rig 1

Figure 3.4:

(b) Disassembled DPI Rig 2

Disassembled DPI Rig
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Figure 3.5: Initial Testing Section Assembled

amount of times ensuring entrainment, occurred.
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(b) Hotwire 2

Figure 3.6: Assembled Hotwire

3.3.4 Testing Components

For the first component of testing, the hot wire was attached to a three prong clamp to a
pole stand that was attached to the optical breadboard with the testing section set in the
middle of the tunnel Seen Figure 3.6. Once Testing had been completed it was dismantled
and packed away.
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(a) Laser Diode Pointer 1

G-
(b) Laser Diode Pointer 2

Figure 3.7: Assembled Laser Diode Pointer

The second component is the laser testing. For initial Tests the diode laser pen was
used and mounted so that it shined through the testing area as seen in Figure 3.3. The
Photodiode was mounted on the electrical breadboard and connected to the DAQ board
attachment 9223 through a BNC to crocodile clips wires. The positive wire from the DAQ
board is connected to pin 4, while the negative wire is connected to pin 1. (it is possible
to boost voltage but was not used for this experiment). The breadboard is then mounted
so that the laser light shines upon the photodiode as seen in Figure 3.7. For the Second
component the laser pointer is taken out and the HeNe Laser is mounted using its specific
supports and shined through the testing section like before. seen in Figure 3.8

3.3.5 Software Programs and Data Analysis

This component involves the taking of measurements and analysing the data. The hotwire
comes with the program meter which when used with the hotwire, tracks the readings
from the hotwire and graphs its results in real time. This can then be saved into a csv.
file which can be used to interact with programs such as Excel and MATLAB.

To use the photodiode and the Solenoid Valve requires the installation of software
from National Instruments to co-ordinate with their devices and software that can be
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(a) HeNe Laser 1

(b) HeNe 2

Figure 3.8: Assembled HeNe Laser
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Raw vs Filtered Data
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Figure 3.9: Raw Data vs Filtered Data

programined to control these devices such as labVIEW, which is used in this project. To
use labView a Virtual Instrument (VI) is created and programmed to do a set task. The
VI for the gathering of data from the photodiode and opening the solenoid valve is seen
in Figure A.3. This Vi allows the user to set the range of voltage acquired, determine the
sample rate per second, the number of samples and has a trigger setting for the acquisition
of data used in the photodiode. It also permits the user to control the solenoid valve by
selecting the Frequency of pulses, the duty cyele and the number of pulses it sends.

Once the Data had been acquired it was found to be extremely noisy and was therefore
passed through a filter in MatLab to show cleaner and clearer results. The code seen in
Figure A.9. This uses the design digital filter function to use a butterworth second-order
section filter. It calls a response type that was chosen to be an infinite impulse response
lowpass filter, the filter order to be 5, the half power frequency which is a cutoff definition
defined by taking halfway from the peak of the maximums at 0.001 using a second order
butterworth band filter. This method was used as the filter was found to portray the
most refined while still being accurate. This is seen in Figure 3.9.

3.4 Testing
3.4.1 Hot Wire Testing

Through the use of an invasive testing known as a hot wire, the velocities exiting the DPI
rig will be found by averaging the results over roughly a 100 samples. Through this we
will be able to verify the expected velocities that are coming through from calculations.
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To ensure accuracy the hot wire was attached to the optical board through a three prong
clamp, bosshead clamp and post.

Initial testing was done using Figure A.1(n) at 100 kPa for a full range of the flowmeters
readings between 20-100 1/m in 20 1/m increments. This was done to show the closest
correlation to the theoretical caleulation seen in Table 3.1 and the expected velocities
when the pocket was full of powder.

The next set of testing included the modified testing section taking readings over 100,
200 and 300 kPa readings for a full range of flow meter readings between 20-100 1/m in
20 1/m increments. To find if pressure had any input on the volume readings, and the
velocity discovered with actual testing area in place.

The next test involved the complete assembly using the solenoid valve, to see if there
was any effect with its implementation over 100, 200 and 300 kPa readings for a 20, 40
and 60 1/m. This was due to the restriction once the solenoid was applied of not exceeding
60 1/m at 100 kPa.

The last hot wire test involved the final setup with the new testing section at 300 kPa
for 20, 40, 60 and 80 1/m. The majority of tests used 300 kPa at 80 1/m as it was at these
conditions that entrainment readily oceurred.

These tests will be used to validate the theoretical results seen inTable 3.1 and to
understand the real velocities that oceur in the rig.

3.4.2 Laser Setup and Measurements

This involves a non-invasive testing that has been seldom seen for such problems, con-
sisting of a laser and photodiode. The laser will shine through the testing section into a
photodiode which sends a voltage to the DAQ board which feeds into LABVIEW to show
the results. The basic concept is shown in Figure 3.10

Using the initial remodeled section, control tests were taken with the laser diode
pointer first, to examine the qualify and consistency of data. This moved into looking
into the differences in sample rates and Time, using SV004, at 2mm above the origin, for
2000, 4000 and 10000 Samples/sec for 5 and 10 seconds.

Further tests were done at heights of 5, 7 and 10 mm starting from the origin and
moving towards the flow in increments of 2 mm until 12 mm in for 7 seconds. And 5
seconds at 10mm. This is also done for 5mm and 10mm up going away from the flow at
2mm increments up to 8 mm away from the origin for 5 seconds. This is done to portray
the areas where data can be obtained.

Using the new section allowed for the laser to be shone into the pocket to measure the
evacuation times as the pocket was also made of perspex. Using the laser diode pointer
at 2.50mm below the origin at 2mm and 12mm towards the flow measurements were taken
for 5 seconds using SV004.

The HeNe testing could only be used with supervisor Agisilaos Kourmatzis thus there
was a strict time limit in its use. Control tests were taken to examine the quality and
consistency of the data and compare with the previous laser diode laser. SV004 was
planned to be used in further tests however the powder had become clumpy and was no
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longer flowing as it should. Therefore SV 0010 was used at 2.5mm below origin and 15mm
towards the flow and repeated four fimes to ensure consistent results.

Pocket

Photodiode - Laser

1 1

{a) Laser Setup 1

Pocket

Photodiode | ! | Laser

-

(b) Laser Setup 2

Figure 3.10: Basic Diagram of How The Laser is Affected by Particles

Air Flow

<= << p—

Origin Point

Figure 3.11: Where origin is
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Results

4.1 hotwire

Flow Rate (1/m) | 100kPa (m/s) | 200kPa (m/s) | 300kPa (m/s)
20 2.028 1.908 1.953
40 3.51 3.566 3.589
GO 4.992 5.157 5.188
80 G.83 7.186 7.190
100 8.818 9.084 8.835

Table 4.1: Averaged Values for Hotwire Testing With The Pocket Attached

Flow Rate (1/m) | 100kPa (m/s) | 200kPa (m/s) | 300kPa (m/s) | 300kPa New Poc
20 2.000 1.983 1.923 1.991
40 4.115 4.18 3.924 3.731
60 7.153 6.571 6.987 6.45
80 N/A N/A N/A 12.066

Table 4.2: Averaged Values for Hotwire Testing With Solenoid Attatched
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Figure 4.1: Volume Flow Rate vs Velocity of Averaged Values for Varying Pressures

from Table 4.1

Flow Rate | Single With With With Theoretical
(1/m) Tunnel Pocket Pocket Solenoid (m/s)
(m/s) (test 1) | (test 2) | (m/s)
(m/s) (m/s)

20 1.659 2.028 2177 2 1.481

40 3.283 3.51 4.06 4.115 2.963

60 4.942 4.992 5.62 7.153 4.444

30 6.237 6.83 7.22 N/A 5.9206

100 7.618 3.818 9.002 N/A 7.407

Table 4.3: Averaged Values for Hotwire Testing at 100kPa

Test Largest ST.DEV
Tunnel 0.1468
With Pocket Test 1 0.1389
With Pocket Test 2 0.0497
Solenoid Test 1 0.0416
Solenoid Test 2 0.0234

Table 4.4: Largest ST.DEV of each Test
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Volume Flow Rate vs Velocity Over Varying Pressures
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Figure 4.2: Volume Flow Rate vs Velocity of Averaged Values for Varying Pressures
from Table 4.2
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Figure 4.3: Volume Flow Rate vs Velocity of Averaged Values at 100kPa from Table 4.3




38 Chapter 4. Results

4.2 Laser Tests

4.2.1 Control

First Contraol Test
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Figure 4.4: control tests between diode and HeNe laser
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Control Data shows the data obtained by the photodiode with nothing going on.
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4.2.2 Sample Rates and Time Flowing

Different Sample Rates
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Figure 4.5: Comparison of Different Sample Rates and Time

Notable drops occur for all Sample Rates with the Voltage stabilizing usually by three
to four seconds. Original Data and filtered vs Raw Data graphs can be seen in Figure A.10
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4.2.3 Locating Detectable Data
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Data was most strongly found around the origin, raw data and examples of filtered
data vs raw data can be seen in Figure??, Figure 7?7 and Figure 77
Portrays at Lower heights data is obtainable even as you go further away, raw data

and examples of filtered data vs raw data can be seen in 77 and Figure A.15.
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4.2.4 Laser Directed Through The Pocket

Comparison of Powders
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Figure 4.7: Tests af pocket 2mm towards

Portrays evacuation times and provide comparisons between the powders, raw data
and examples of filtered data vs raw data can be seen in Figure A.16 and Figure A.17
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Powder Time taken | Time  With | Voltage Dif- | Gradient of
Untill evac- | Signifcant ference of | Voltage/Time
uation from | Change (s) signficant
Point (s) change (V)

SV 004 4.25 3.25-4.25 .015-0.22 0.205

SV 010 3.8 2.8-3.8 0.14-0.29 0.15

LH 200 N/JA | N/JA N/A N/A N/A

LH 206 4.55 3.4-4.55 0.125-0.28 0.135

Table 4.5: Comparison of powders from Figure 4.7(a)

Powder Time taken | Time  With | Voltage Dif- | Gradient of
Untill evac- | Signifcant ference of | Voltage/Time
uation from | Change (s) signficant
Point (s) change (V)

SV 004 4.8 3.49-4.8 0116-0.24 0.095

SV 010 3.75 2-3.75 0.12-0.27 0.086

LH 200 N/A | N/A N/A N/A N/A

LH 206 4.8 2.59-4.8 0.125-0.28 0.07

Table 4.6: Comparison of powders from Figure 4.7(b)

Consistency Test with SWI10

=]
w

Voliage (V)
=
ba
L]
fa
i

] ]
0 0.5 1 15 2 23 ! 35 4 45 5
Time (2]

Figure 4.8: SV010 through pocket 2.5mm down adn 15mm towards How
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Shows the consistency of evacuation times for SV010, it has to be noted problems
occured with fests 2 and 3 as the pressure had dropped and enfrainment was not as
energetic as seen in tests 1 and 4. raw data and examples of filtered data vs raw data can
be seen in Figure A.18

Test | Time taken | Time With Sig- | Voltage Differ- | Gradient of
Untill evacua- | nifcant Change | ence of sign- | Voltage/Time
tion from Point | (s) ficant change
(s) (v)

Test 1 | 4.25 0.85-4.25 018-0.365 0.102

Test 2 | 4.75 1.75-4.75 0.18-0.325 0.102

Test 3 | 4.6 1.6-4.6 0.18-0.3 0.04

Test 4 | 4.6 1-4.6 0.17-0.37 0.056

Table 4.7: Consistency tests using SV010 2.5mm down and 15 mm fowards flow from

origin




Chapter 5

Discussion

This Project’s key aims involve the redesign ,creation, testing of a unique rig and initial
findings to provide a basis for further research. This was achieved with varied results but
does provide a solid basis to work upon for further projects. This due is to the production
of an assembled rig, understanding of positives and negatives of the design and basic
results use to develop and understanding of the flow.

5.1 Rig Analysis

This study shows that the assembled rig is able to produce quantifiable data as seen in
chapter 4. This means that it will be able to be of use in further research applications in
the same format. While quantifiable data was obtained there are improvements that are
needed to continue a fully systematic research.

5.1.1 Remodeled Sections

The remodelling of the initial design was able to correct mistakes and support the overall
functions of this rig. The major problems occurred through misalignment of the base
plate with the optics board, swivel pocket system and the initial testing section.

The misalignment was rectified through the addition of extra holes allowing for the
base plate to be bolted onto optical posts that connected to a rail system. This not
only created a stable base for the DPI rig but also allowed for a precise measurement of
movement in one direction making the testing more accurate and allowing for the laser
and photodiode to remain stationary after alignment.

The initial testing section was changed slightly to be able to make an airtight fit,
which while working, was not consistently leak free due to incorrect dimensions resulting
in a small gap. This was mitigated by having this piece on the opposite side from the
incoming flow, thus not affecting the powder bed. Although it did not produce leaks, a
small change in the flow would most likely occur as a result of this.

The swivel section that was designed to spin around with four pockets and enter
the testing section creating a flush fit and was ultimately scrapped due to the constant
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problems that kept occurring. These problems included the swivel not being able to spin
due to supports as well as the pocket would only enter the festing section with a sliding
motion which was not ideal. This was addressed by separating a pocket from the swivel
and using that in tandem with a bolt that was placed underneath that could be used to
push up against the pocket to ensure a tight fit.

This was however made redundant when the testing section was changed to the new
version. While the new piece created a harder time refilling the powder properly, it was
completely airtight and had a clear pocket allowing for evacuation times from areas of
the pocket to be able to be acquired. However due to the increased thickness and surface
finish, the diffusion of the laser was significant, no longer being a thin beam and thus
enlarging the area where light shines upon decreasing the effect of the smaller particles.
While the areas where the screws are located do not allow data to be gathered.

5.1.2 Acquiring and Controlling the Air Flow

The acquisition and control of flow worked as expected, with the unexpected finding
that the flowmeter was a direct reading which negated the need to calibrate the reading
for different pressure. However problems did occur with drops of pressure due too only
occasional use. This was easily rectified by checking the pressure gauge before every use.
Another source of pressure drop was the occurrence of a burr in the T intersection which
was addressed through using a long bit of tube to smooth out the low again. There is a
major problem that will need to be improved in later projects which is the restriction of
flow rates due to the addition of the solenoid valve. It was found that for pressures at 100
kPa and 300 kPa it was limited to 60 1/min and 80 1/min respectively. This restriction
was due to the size of the valve which was not large enough to allow the volume of air
flowing past at such a rate and in turn increases the velocity in an exponential manner
due to valve acting as a nozzle and compressing the flow. This can be seen in 77, This can
be easily mitigated for future projects through the use of a larger solenoid valve, ensuring
that it can comfortably allow flows of up to 100 1/min.

Other than the remodelling of parts that is mentioned before, the DPI rig worked
well, with consistent results with no major problems. Despite the success of the rig, due
to the pockets size entrainment only occurred at flow rates of above 70 1/min. This in
conjunction with the constricted How due to the solenoid valve meant that testing was
done at 300 kPa with a flow rate of 80 1/min so as to ensure decent entrainment. Because
of these restrictions and change in velocity gradient, the flow velocity no longer increases
linearly and restricts the range of possible tests. Results may have also been slightly
skewed due to minor misalignments of the DPI parts in conjunction with the base plate
and varying heights of support.

5.1.3 Testing Components

The testing components were able to perform their purpose and deliver quantifiable results
thus validating the system’s effectiveness. The hotwire produced expected results however
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its sampling rate was too low to be able to measure the time it takes to go from 0 to
the desired flow rate when the valve is opened. This is an important factor as the time
taken to inhale dictates real powder evacuation times. While the laser and photodiode
are able to pick up results of particle flow, there were unforeseen problems that oceurred.
Some amount of diffusion was expected however with the new part there was significant
diffusion, such that the beam diffuses out and covers more than the photodiode itself.
This creates problems as the range widens, the accuracy for particles that are this small
decreases. One other problem that occurred is the level of noise present that continued
to spike significantly both in the positive and negative directions and thus not allowing
for conclusive evidence of smaller powders passing through. This is most likely due to
environmental light coupled with instabilities in the laser as seen in the wild variations of
the laser diode in comparison with the HeNe laser in Figure 4.4. Another problem that
occurred was the varying voltages in each test, which comes down to having to re-align
the laser diode pointer affer each stretch of use and the loss of intensity in the laser due
to the loss of battery power. These problems however do not occur with the HeNe laser
but access was limited to this equipment

5.1.4 Software Programs and Data Analysis

The VIs that were implemented worked extremely well and no problems occurred. Im-
provements however will need to be made to automatically store, analyse and save data
for large amounts of experiments as the exporting process used for this paper was tedious
and only suitable for small sets of data. As mentioned before the data was unexpectedly
extremely noisy which lead to the need of a filter. The butterworth filter was able to
create an accurate following of the data as seen in autoref but for further tests a proper
band pass filter should be used.

5.2 Results

5.2.1 Velocity Results

It was found that with the single channel, the velocities correlate very closely being out
only by 0.5 m/s. This is due to the assumptions used in the theoretical calculations
being closely followed, unlike when the pocket is added with an extra area is added that
is not accounted for, with an extra piece attached increasing the chances of changes in
the flow. This change may be due to backflow generated by the flow impacting upon the
pocket and circulating. This may explain the variation difference seen from the theoretical
caleulations getting up to 1.3 m/s difference but still following the linear increase with
flow.

This shows that although there is some difference that is increasing the velocity it is
consistent across the different flow rates. The variation from the solenoid valve however
comes due to the constriction of flow that occurs within the valve. The initial velocities
follow the trend with the pocket attached however at 60 1/m and above it turns into
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an exponential increase as there is a need for higher pressure to increase the flow rate
through the small valve area. These resulis were unexpected as the specs for the solenoid
bought had no mention of a maximum flow rate and therefore reduced the range of tests
that could occur. Using the theoretical calculations Equation 3.1 the estimated reynolds
number at 300 kPa and 80 1/min is found to be 11878 which is notable turbulent flow.

Errors occur in the velocity due to changes in velocity from turbulence, differ from
theoretical due to additions of extra area (the pocket) and the constriction of the solenoid
valve.

5.2.2 Laser Results

Control tests that were taken to portray the much more stable intensity of the HeNe laser
as it has much less variation as talked about previously. It should be noted that the
laser diode pointer has a higher voltage, this could be due to alignment differences and/or
the sensitivity differences of wavelength as the laser diode measures between 630-G80 nm
while the HeNe produces 633 nm. The Test for different sample rates for different times
showed that they all roughly had a dip between 1-3 seconds where powders had flown
past. However the dips were more pronounced for both the 2000 S/s and 500S /s without
much difference. It should be noted noise increased as the sample rate was increased. At
this point it can be seen that there was no need to go past 5 seconds as the detectable
data has heen exceeded.

The next set of tests found that at 5 mm up going towards the flow data was found
at the end (origin) between 3.5-5.5 (s), 2 mm in between 4.5-5.5 (s) and a slight drop in 4
mm away between 3.5-6 (). At Tmm up the end and 2mm with drops over 4.5-6 (s) and
5-6.8 (s) respectively. There are also a significant drop between 0 to 0.5 (s) for 6 and 12
mm in which may be due to environmental influences.

At bmm going away from the flow, unusually the the end point (origin) does not show
any significant drop however 2, 4 6 and 8 mm all show signs of agglomerates passing
between 2-3.5 (s), 1.5-3(s) for both 4 and 6, with 1.5-2.5 seconds for 8.

These two tests have shown the general locations where data is available. It has also
discovered that the majority of powder pass through these points in roughly a second and
that this setup is only able to determine when the majority of particles pass through.

With the new pocket allowing for the laser to be put through the pocket evacuation
times were found for 2.5mm into the pocket at 2 and 12 mm. The evacuation times for the
area, the time during the evacuation, the voltage and the gradient of voltage over time.
Seen in 7?7 for the sieved powders the smaller SV004 takes between 0.4 -1 second longer
as expected as the larger particles are subjected to more lift. Another interesting finding
is at 2 mm in it takes roughly 1 second for them all to evacuate while at 12mm they
each take between 1.2-1.4 seconds. This may be because the flow is impacting against
the end of the pocket and creating a counterflow thus increasing the lift forces exhibited
on the particles. Another interesting find is that the gradient at 10 mm in is half that of
at 2mm. Which may be due to the before mentioned. Unfortunately LH200 was unable
to be tested due to its composition, which was not aerosolising at an increased rate at 80
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1/m due to its small size and increased adhesion forces that resist against the shear flow
within the 5 seconds of flowing,.

The HeNe laser results at 15mm in also show evacuation times to be around 4.25-4.75
seconds however due to the increase in power at 5-10 mW | Light reaches the photodiode
before the pocket is actually completely evacuated in this area. This could be a very
useful procedure, especially in conjunction with research into finding the voltage readings
from a photodiode on varying thickness’ of powder, allowing the knowledge of exactly how
much powder is leaving at what time. It is also interesting to note that there is always a
linear increase of powders being entrained from the data gathered with the laser shining
at the pocket.

Errors occur with the laser, photodiode testing due to the diffusion which is mentioned
before, the change of alignments of the laser, loss of power in the laser due to batteries
dying and enviromental light.

It should also be noted that during the flow shear force no longer becomes the only
component once the top layer has been aeorolised with back flow oceuring as the powder
leaves and air impacts into the pocket.

as the powder leaves increased area for the air fo reach changing its reynolds number
slightly (seen in velocity readings how single tunnel and with pocket change the veloci-
ties)but in eombination with the previous point can change the flow significantly.

5.2.3 Consistency

The tests run were found fo be extremely consist due to the precise control that the
solenoid valve offers and the unchanging nature of the rig. This can be seen in Figure 5.1
which shows both the initial section and the new section powder bed after five seconds.
The results found in 77 also show the consistent nature despite test 2 and three having a
noticeable pressure drop and thus effect upon the entrainment of the powder.
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(a) Pocket after 5 seconds in Inital Pocket

(b} Pocket after 5 seconds in New Pocket

Figure 5.1: Powders left in Pocket after 5 seconds




Chapter 6

Conclusions and Future Work

6.1 Conclusions

This paper has demonstrated the achievement of the the aims of remodelling and assem-
bling a unique rig that is able to perform a systematic study of the effect of reynolds
number on different sized particles in simple geometries where the boundary conditions
are well defined and the obtainment of early results. This has shown that the rig is able
to produce consistent test results and early stage data of the evacuation forces. As a
proof of concept it was also able to find problems that oceur with this particular design.
These include the need for a larger solenoid valve, thinner panes and clearer finishes on
the testing section to reduce the diffusion that oceurs and the large velocities need to
aeorlise the the testing pockets size. Despite these problems, there is a bright future for
the continuation of this project and projects like this.

6.2 Future Work

This project is expected to be continued upon and further remodeled to produce significant
results.

6.2.1 Improvements to Air Flow and Rig
Further work on the airflow involves

e The acquisition of a solenoid valve that will handle flows of up to 100 1/m easily
without increasing the velocity due to area restriction.

e Finding the the time it takes for the flow to reach its maximum velocity once the
alve has opened as the hotwires sample rate is to slow to respond the sudden
increase.

e Finding times taken to exhale amount of varying lung capacity and then correlating
that with the rig.
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Future work on the actual DPI rig involves the design and creation of multiple
testing sections that narrow i size, allowing for higher velocities and thus higher

reynolds numbers while retaining the same volume flow.

Another improvement is adding the baseplate on v scale so it can move in the x and
v directions, allowing for the alignment of the laser and photodiode to not change
after alignment and a higher degree of control of placement.

A major part of the project that was not investigated involves investigating the
normal forces involved, using the same flow but in a different section. This will
also need new cases to once again narrow the flow and have a clear pocket to find
evacuation times.

The catchment system used for this project was adequate for small amounts of flow,
but for further research with longer run times, a better catchment system that will
take the flow and redirect it indefinitely is needed.

One possibility of reducing errors is the inclusion of the tunnel in the testing section
instead of separate parts. This will increase parts cost significantly but will stop
any chance of leaks or change in flows due to improper connection.

6.2.2 Improvements to Testing Section

There is a noticeable amount of improvement that can be done to ensure more accurate
and indepth testing.

This includes the use of two lasers being used one after the other with little space
in between allowing to compare the data of particles going past both lasers, thus
being able to find the velocity of the particles travelling through. This would involve
mirrors that redirect the beam to photodiodes as ideally the lasers would be to close
for separate photodiodes to get accurate independant results.

The addition of beam splitters before the laser goes into the testing section, would
allow for the correlation between an uninterrupted laser and the other going through
the test section. By doing this any variations can be compared to detect if it was a
fluctuation from the laser or the particles interrupting the beam.

By soldering wires onto the photodiode, it would expand the movement of its place-
ment, allowing it be closer to the testing section.

If the noise is determined to be due to inteference of the wires, aluminium wrapping
can be used to shield them, to ensure an untampered signal.

Black material beneath the laser ligth and a black cloth covering the rig would allow
for cleaner readings, completely blocking out natural light and the reflective surface
of the base plate and optical board.
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o The use of the Firefly PIV imaging laser in conjunction with the high speed camera
can be used to visualize the flow, determine particle seizings and spray patterns.

6.2.3 Improvements to Analysis and Software
e Repitivness of tests to ensure accurate data

o Advancing Labview VI to take data and correlate it in MatLab automatically
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Abbreviations

MDI
DPI
FPF
CFD
COPD
DEM
API
SABA
SAMA
LABA
LAMA
ICS

VI

Metered-Dose Inhalers

Dry Powder Inhalers

Fine Particle Fractions
Compnutational Fluid Dynamics
Chronic Obstructive Pulmonary Disease
Discrete Element Method

Active Pharmaceutical Ingredients
Short Acting Beta Agonist

Short Acting Muscarinic Agonist
Long Acting Beta Agonist

Long Acting Muscarinic Agonist
Inhaled Corticosteroids

Virtual Instrument
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Appendix B
Tables

B.1

Equations used for Table B.2 are shown below in Equation C.1, Equation C.2, Equa-
tion C.3, Equation C.4.

Property Value Source
Kinematic Viscosity at 20 degrees | 1.511E-5 (%) [47]
hydraulic Diameter 0.015 (m) cite the sketches
Area 2.25E-4 (m?) cite sketches
Development Length 0.21 (m) cite sketches

Table B.1: Properties Used in Theoretical Calculations

83
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Reynolds Number | Velocity (m/s) € Length Scale | Time Scale | Velocity Scale
1000 1.007 4.867437 0.000163 0.001761903 0.092606
2000 2.015 38.93949 9.70E-05 0.000622927 0.155745
3000 3.022 131.4208 7.16E-05 0.000339078 0.211097
4000 4.029 311.516 5.7TE-05 0.000220238 0.261931
5000 5.037 G08.4296 4.88E-05 0.000157589 0.309648
6000 6.044 1051.366 4.26E-05 0.000119882 0.355021
7000 7.051 1669.531 3.79E-05 9.51E-05 0.398533
8000 8.059 2492.128 3.43E-05 T.79E-05 0.440513
9000 9.066 3548.361 3.14E-05 6.53E-05 0.481197
10000 10.073 4867.437 2.90E-05 5.57E-05 0.520764

Table B.2: Kolmogrov's Length, Time and Velocity Scale




Appendix C

Equations

€ — (C.1)

¢ = Average Rate of Dissipation of Turbulence Kinetic Energy per Unit Mass, u =
Velocity, L = Development Length

B

n=— (C.2)

[

1 = Kolmogorov Length Scale, v = Kinematic Viscosity, e = Average Rate of
Dissipation of Turbulence Kinetic Energy per Unit Mass

(C.3)

B

Ty = —

I‘f (

7, =Kolomogorov Time Scale, v = Kinematic Viscosity, ¢ = Average Rate of Dissipation
of Turbulence Kinetic Energy per Unit Mass

py = (v%€)i (C.4)

ity = Kolomogorov Velocity Seale, v = Kinematic Viscosity, e = Average Rate of
Dissipation of Turbulence Kinetic Energy per Unit Mass
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