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Abstract

Asthma and Chronic Obstructive Pulmonary Disease (COPD) are two well-known
chronic lung diseases. Pressurized Metered Dose Inhaler (pMDI) is a popular treatment
for asthma and COPD for its several advantages which include quick and easy to use, low
cost, and pocketable size. However, pMDI has some limitations including particle
deposition in the mouth and coordination between inhalation and pMDI actuation. These
limitations can be addressed by using Valved Holding Chamber (VHC). A study compared
the performance of eight VHCs, and the experimental result showed that PARI VORTEX®
has the best performance in drug delivery in comparison with the other seven VHC. This
thesis hypothesis is that the exceptional performance of PARI VORTEX® is related to its
special designs that benefit from a unique pMDI adaptor that has four blades and

secondary inlets.

Contributions of this thesis include the computational and experimental study of
the role of secondary inlets on the VHC drug delivery and flow inside the VHC. The
experimental and computational results indicated that the open secondary inlets increase
the total drug delivery and decrease the average particle size at the outlet. Moreover, the
blade’s geometry and its inlet were optimized to improve the spacer’s drug delivery. The
outcome of this thesis can be used for developing the ideal VHC. Ideal VHC is defined as
an add-on device that helps to minimize the drug deposition in the patient mouth and

maximize the drug delivery to the patient's lung.

Keywords: Pressurized Metered Dose Inhaler (pMDI), Valved Holding Chamber
(VHC), Asthma, Chronic Obstructive Pulmonary Disease (COPD),
Computational Fluid Dynamic (CFD), Optimization, ANSYS
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Chapter 1.

Introduction

1.1. Background of study

Asthma and chronic obstructive pulmonary disease (COPD) are two well-known
chronic lung diseases [1]. The inflamed and narrowed airways in asthma cause shortness
of breath, wheezy inhalation, and chest tightness. Coughing and shortness of breath are
common symptoms of COPD. COPD has been mainly diagnosed in tobacco smokers and

second-hand smokers. However, the reason for asthma has not been discovered yet.

The Canadian Chronic Disease Surveillance System (CCDSS) reported that 3.8
million Canadians older than one year suffered from asthma in 2011-2012 [2]. They also
stated 2 million 35 years, or older Canadians suffered from COPD during 2011-2012. The

asthmatic and COPD Canadian patients have been shown in Figure 1-1 and Figure 1-2,

respectively.
25
20 —&—1-9 years
&j’, —f—10-19 years
o 15
zZ 20-29 years
<
Z N /_____——-—)‘ 30-39 years
o
a : W —¥=40-49 years
—@—50-59 years
0
S Y S M R W S S I VIR ¥ 60-69 years
QO Q QRSN NN
0;»0 \/,’LQ %,mQ %ﬁ,Q NwQ (0;»0 (0;»0 /\,’\/Q OOﬁ,Q O);»Q Q,wQ N,’»° ——70-79 years
QO QSRRSO N
NI NS O O SN 80+
FISCAL YEAR

Figure 1-1 Prevalence of diagnosed asthma among Canadians aged one year and older,
by 10-year age group and year, Canada, 2000-2001 to 2011-2012. Reproduced [1]
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Figure 1-2 Prevalence of diagnosed COPD among Canadians aged 35 years and older,
by 10-year age group and year, Canada, 2000-2001 to 2011-2012. Reproduced [1]

Figure 1-1 and Figure 1-2 show asthma and COPD rates have been increased
between 2000-2012. Moreover, Figure 1-1 represents the line slope increased in group

age 10-19 which indicates the growth rate is higher in this age group.

Chronic lung diseases are not unique to Canada. Masoli et al.(2004)[2] studied
patients who suffer from asthma around the world. They gathered data from more than 84
countries and sorted countries based on the highest rate of asthma in the population to
the lowest rate. Scotland held 1st place where more than 18% of the Scottish population
were diagnosed with asthma. England, New Zealand, and Australia ranked as 5,6 and
7" respectively. Canada was ranked 10th on the list. Data indicated that more than 10%

of American, Canadian, and Australian populations suffer from Asthma (Figure 1-3).
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Figure 1-3 World Map of the Prevalence of Clinical Asthma. Reproduced [2]

Asthma and COPD treatment methods can be categorized into two groups: long-
term treatment and quick relief [3]. The long-term treatment focuses on controlling and
preventing the disease's symptoms. The treatment can be delivered to a patient through
inhalation devices, pills, injections, and syrups. On the other hand, quick treatment
focuses on symptom alleviation. Quick-term treatment medicines are delivered to the
patient’s lung using only inhalation devices. In fact, inhalation devices use airways to
deliver the drug to the patient’s respiratory system, and they can be used for both long-

term and quick-relief treatments.

There are several inhaled treatments for chronic lung diseases such as
Pressurized Metered Dose Inhaler (pMDI), Dried Powder Inhaler (DPI), soft mist inhalers,
and Nebulizer. pMDl is an inhalation device that releases the drug as a form of spray when
it is actuated [4]. While DPI is an inhalation device that requires deep inhalation flow to
release the drug. Soft mist is a new inhaler device generation that releases a cloud of a
drug instead of spraying form. The main difference between the spray form and the mist
form is the particle’s velocity, and the mist form consists of lower velocity particles than
the spray form. Similar to soft mist inhaler, Nebulizer delivers medicine to a patient’s
respiratory system by generating a mist of medication, but the mist contains a lesser

amount of medication in comparison with a soft mist inhaler [4].



Several studies have shown the advantages of pMDI over other inhalation devices
for the treatment of asthma and COPD [5]-[7]. Lavorini et. al., [5] compared the sale
quantity of three different inhalation devices including pMDI, DPI, and Nebulizer. The study
concluded that the sales of pMDI were highest in Europe in comparison with two other
devices due to its low cost and pocketable. Another study posited that pMDI is a desirable
choice for emergency treatment because it is quick in drug delivery and easy to use [6].
Furthermore, the device is designed to deliver a consistent dose of a drug to the patient’s
respiratory system from the first puff to the last puff [7]. Overall, the advantages of pMDI

make it popular for asthma treatment.

Although pMDI has several advantages over other inhalation devices, it has some
limitations. Coordination between inhalation and injecting a puff to the mouth is needed
[8]. If the patient fails to synchronize her/his inhalation with drug injection, the amount of
delivered drug to the lung will be changed. Therefore, the patient may not receive the
prescribed doses. Furthermore, elderlies or children can not properly coordinate spray
actuation with inhaling [9]. Another problem that pMDI users may face is the particles
deposition in the mouth [10]. This problem can be associated with side effects such as

reducing children’s growth rate [11].

These problems can be addressed by using a device which is called a spacer. The
spacer is an add-on medical device that has an inhaler adaptor on one side to place the
pMDI and a mouthpiece on the other side that patient places it into her/his mouth. The
patient sprays the drug into the spacer and then inhales through this add-on device. The
main advantage of the spacer is to reduce the drug deposition in the mouth. However, the
spacer has a limitation that does not prevent patient exhalation toward the inside of the
spacer. To address the issue, the spacers have been equipped with a one-way valve close
to the opening of the mouthpiece to prevent entering exhalation inside the spacer. Some
articles used “valved holding champers (VHC)” for these spacers to emphasize their
difference to spacers without valves [12]-[14]. Studies showed that the pMDI drug delivery
improves when it was used with spacer/VHC [15][16].

1.2. Research Objective

It has been shown that the different VHC and spacers have different drug delivery
[15][16]. It was claimed that the VHC geometry has a relationship with its output. Ricardo



et al. [17] compared several spacer/VHC efficacy and found that PARI VORTEX® has the
highest drug delivery among seven other VHCs. It is believed that the exceptional
performance of PARI VORTEX® is related to its special designs that benefit from a unique
pMDI adaptor cap. The VORTEX pMDI adaptor cap has four static blades which are
shown in Figure 1-4. Each of these static blades has a narrow inlet, through where air
pass toward the spacer. In this thesis, we investigate the role of secondary inlets on the
spacer drug delivery and flow inside the spacer. Later the blade’s geometry and its inlet
are optimized to improve the spacer’s drug delivery. The outcome of this work can be used
for developing the best VHC. Best VHC is defined as an add-on device that helps to
minimize the drug deposition in the patient mouth and maximize the drug delivery to the

patient's lung.

Figure 1-4 PARI VORTEX pMDI adaptor

1.3. Thesis Outline
The remainder of the thesis is structured as follows:
Chapter 2

First, the human respiratory system is succinctly explained. Then, summarized
descriptions of Asthma and COPD are explained. Next, several inhalation treatments are

discussed then their advantages and limitations are pointed out. The most recent research



related to computational simulation and experiment is explained in detail in chapters 3 and

4, respectively.
Chapter 3

To investigate the role of the static blade in PARI Vortex drug delivery, we simulate
the drug delivery of this spacer. The spacer is simulated in two modes: the static blades
inlets are open and closed. Then the numerical result of these two setups is compared

and the role of the static blades on drug particles is explained.
Chapter 4

To verify the numerical study, an experimental study is conducted. During this
study, the role of the static blades in PARI Vortex drug delivery is studied. Later in this

chapter, the experimental and numerical results are compared.
Chapter 5

The static blade geometry is optimized in this chapter. First, its geometry
parameters are defined, and objective functions are introduced. Then the optimization

result is compared with the original PARI Vortex design.



Chapter 2.
Literature Review

In this chapter, initially, the human respiratory system is explained, then it will be
followed by a succinct explanation of asthma and COPD which are the two common
respiratory diseases. Afterward, several inhalation treatments will be introduced and
compared. In the end, the methods that are used to study inhalation devices’ efficacy and

performance will be discussed.

2.1. Respiratory System

2.1.1. Introduction

The main role of the respiratory system is to provide oxygen to the bloodstream
and take carbon dioxide from the blood and release it into the air during exhalation. The
respiratory system in humans (Figure 2-1) consists of nasal passages, pharynx, trachea,
bronchus, bronchioles, alveolar duct, and alveolar [18]. The respiratory system can be
divided into two parts: The conducting zone and the respiratory zone [19]. The conducting
zone is composed of organs that are not directly engaged in oxygen delivery to blood.
They aim to provide a passage for air in and out of the respiratory system. The respiratory

zone includes organs that have the 0,-C0, gas exchange role.
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Figure 2-1 Major Respiratory Structures [20]
2.1.2. Respiratory Disease

Asthma

Asthma is a disease in which the airway becomes narrower and may difficult
breathing [19]. The trachea and bronchi of a person with asthma are inflamed all the time
which in the presence of triggers the inflation becomes worst. Figure 2-2 shows a
comparison between a healthy bronchial tube, asthmatic bronchial tube in normal
circumstances and under attack. As it is shown in Figure 2-1, the bronchial tube is a part
of conducting zone which provides a pathway for incoming and outgoing airflow. When
the airways become narrower under attack, the ventilation is disrupted which may lead to
an air trap in alveoli [21]. An asthma attack may be associated with wheezing, chest pain
and coughing, etc. Asthma attacks can be avoided by controlling the airway inflation or
restraining asthma triggers including but not limited to tobacco smoke, exercise, air

pollutants, and respiratory infections [22].

According to the Forum of International Respiratory Societies, nearly 180’000
persons die in the world because of asthma [23]. Asthma usually onset in early childhood
and only a small portion is adult-onset asthma [24]. Air pollution, genetic disorder, and

allergens are well-known risk factors that enhance the chance of developing asthma.
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Figure 2-2 Pathophysiology of asthma [25]

COPD

Chronic obstructive pulmonary disease (COPD) is a lung disease that is currently
incurable [26]. Studies characterized COPD by progressive airway obstruction that leads
to shortness of breath and frequent coughing (COPD common symptoms) [21]-[24].
Damaged bronchioles and/or alveoli are the main characteristic of COPD [21]. As it is
shown in Figure 2-3, the COPD bronchioles are inflamed and have extra mucus which
may cause frequent coughing. Moreover, deformed alveoli may partially or completely lose
their function which is exchanging O2 and CO2 [27]. healthy alveoli consist of several air
bags which share walls with their neighbor alveoli air bag [28]. COPD alveoli are
hyperinflated which destructs alveoli walls. The air exchange surface reduction declines
the alveoli air exchange capacity. Moreover, in a healthy lung, the pressure of collapsing
airway in exhalation is balanced with the lung elasticity pressure which helps the airways
to remain open [21]. The COPD’s lung may lose its elasticity which resulted in imbalances
between these two pressures. A comparison between healthy alveoli and COPD alveoli is
shown in Figure 2-3 and Figure 2-4. As it is shown the alveoli are hyperinflated and the
walls are destructed. Therefore, the respiratory zone may face poor ventilation.
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Figure 2-4 a) Healthy alveoli B) COPD alveoli (hyperinflated) [28]

COPD risk factors include genetic disorder, age, exposure to particles (tobacco
smoke, organic and inorganic dust, chemical fumes, and air pollution), asthma, and
respiratory infection [28]. There is no specific connection between age and COPD
however it may be related to the person's exposures to the other risk factor throughout
life. COPD symptoms can be controlled by avoiding COPD exacerbation which includes
bacteria, viruses, and pollutants [29].
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2.1.3. Drug Deposition

Inhalation medicine aims to deliver the drug directly to the desired locations.
Understanding particle deposition helps to increase the drug delivery efficacy to the
targeted area in the respiratory system. The drug delivery and particle deposition will be

discussed in this section.

The inhaled particles are absorbed in the oropharynx or respiratory zone. The
particle absorption may occur by the digestive system or respiratory system. The
deposited particles in the oral region are swallowed and move toward the gastrointestinal
tract. Gastrointestinal absorption occurs in this stage where the gastrointestinal tract
metabolizes the swallowed drug particles [30]. However, this process has a delay in
comparison with lung absorption [31]. It was observed that after 30 min of using the
inhaler, only 0.3% of the injected drug was metabolized in the gastrointestinal tract [31].

Therefore, this thesis devotes its major attention to drug delivery to the lung.

Studies on drug delivery to the lung categorized particle deposition into five groups
including inertial impaction, Brownian diffusion, gravitational sedimentation, electrostatic
deposition, and interception [32]. Figure 2-5 shows these five deposition mechanisms on

bronchial tube and alveoli regions.

Inertial
impactation

Gravitational

electrostatic sedimentation

deposition

Brownian
diffusion

Figure 2-5 Schematic diagram of particle deposition in respiratory system [32]

In order to study particle behavior and deposition, the aerodynamic diameter needs

to be defined first. Due to the non-spherical shape of aerosol particles, the aerodynamic

11



diameter parameter was defined to measure the irregular-shaped particle’s size [33]. The
aerodynamic diameter is the diameter of an imaginary spherical particle with a density of
1g/cm?® which has the same settling velocity ( settling velocity is the terminal velocity of a
particle in still fluid [34]) as the irregular particle [33]. Therefore, the aerodynamic diameter

equals:

Equation 2-1

Where d, p and p, represent the actual diameter, the actual density, and the unit

density (1g/cm?3) respectively.

Inertial Impaction

Inertial impaction occurs when the particle momentum is large enough to prevent
the particle from changing its pathway same as the air stream [35]. Therefore, the particle
doesn’t follow the air stream and may collide with the airway wall. The Stokes’ number is
a dimensionless parameter to define the characteristics of particle deposition. The high
Stokes’ number represents the higher chance of particle deposition by the inertial

impaction mechanism. The Stokes’ number (Stk) equation is shown as follow:

Equation 2-2

p.d?,.u

Stk = T80 R

Where d,, is particle aerodynamic diameter. u and n represent air mean velocity
and dynamic viscosity respectively and R is airway radius [32]. The Stokes’ number has
a direct relationship with the aerodynamic diameter squared (Equation 2-2), which shows

inertial impaction deposition chance is higher in larger particles.

Brownian Diffusion

The Browning diffusion (Brownian motion) is the random movements of a
sufficiently small particle and its impaction with other particles and molecules in the fluid

flow [32]. Stokes-Einstein equation defines the diffusion coefficient (Dif) as:

Equation 2-3
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k.T
3.m.n.dge

Dif =

Where k and T are Boltzmann’s constant and absolute temperature respectively.
Diffusion rate has a reverse relationship with the particle’s aerodynamic diameter and
fluid’s dynamic viscosity. The Brownian diffusion is the primary deposition mechanism for

the particle size smaller than 0.5um [35].

Gravitational Sedimentation

Sedimentation happens due to gravity force acting on the particle and mostly

occurs for particle size between 1-8 um [35]. Particle settling velocity (V;) :

Equation 2-4
_p die- g

S 18.n

Where g represents gravitational acceleration. Deposition fraction is the ratio of
deposited particles of a particular size to the total same size particles that entered the
respiratory system [36]. Deposition fraction due to sedimentation (f;) in a horizontal tube

with laminar flow is [35]:

Equation 2-5

2 2 1 2 1
fs=E 264]1— €3 — €3 1—83+arcsin(£3)

3Vl _ Pp-dae- 8-
4udg, 24.m.u

E =

Where [ represents the airway length. The sedimentation fraction has a nonlinear
relationship with & function. Particle settling velocity, aerodynamic diameter, and airway
length increase enhance sedimentation deposition fraction. [/u parameter indicates that

sedimentation is a time-dependent mechanism.

Electrostatic Deposition

Aerosol particles have an electrostatic charge that is generated by particle frication
impaction [35]. The Image Charges, which are usually induced on the small airways,
attract drug particles with the opposite charge and cause deposition on the airway wall.

Electrostatic deposition function (fz;) in a cylindrical tube with R radius is equal to:
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Equation 2-6

noRST

Jen = TRt

Bqg?l
T=—+—
4dmegR3u

Where n, is particles’ concentration in tube inlet, and ¢, is air permittivity. B and

q represent the particle mobility and charge respectively.

Interception

Interception deposition occurs if elongated particles are close enough to the airway
surface [35]. A particle is defined as elongated if its length ratio over the mean diameter
is over 1.8 [37]. It was observed that if the elongated particle distance from a surface is
less than a particle radius, it may be deposited on the wall [38]. Interception deposition
probability has a direct relationship with particle length [39]. The average velocity of the

deposited particle by interception mechanism is equal to:
Equation 2-7

d
Vin = ka(%)
P
Where k, is the angular distribution parameter, d,, represents the mean diameter

of the elongated particle.

Impaction, Brownian diffusion, and sedimentation have a relationship with particle
aerodynamic diameter. While electrostatic deposition has a relationship with particle
charge which depends on several factors including drug formulation and material used in
the devices [40].

2.2. Inhalation Devices

As it was discussed in chapter 1-1, Using inhalation treatment for respiratory
disease is commonly used since it delivers the drug directly into the respiratory system.

Several devices have been invented for drug delivery, such as a pMDI, Nebulizer, and
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DPI. The drug delivery methods, their properties, and the advantages and limitations of

these devices will be discussed.

2.2.1. Pressurized Metered-Dose Inhaler(pMDI)

George Maison invented pMDI in the 1950s, and this device was commercialized
in 1956 [41]. A pMDI (Figure 2-6) is made of a canister, actuator, formulation, metering
valve, and pMDI cap. The canister is filled with a formulation, which consists of the active
substance (drug), propellant system, and surfactant [42][43]. Surfactant is a substance
that reduces the surface tension between propellant and drug and increases spray
spreading. The pMDI delivers the drug to the lung in aerosol form. The aerosol is a
pressurized or liquidized gas containing solid or liquid microparticles (metal, glass,
plastic). When the formulation is injected into the air, the injected liquid is divided into
smaller droplets [43]. This adiabatic process is called primary breakup (flash breakup),
and the pressure difference between the canister (300-500kPa [44]) and atmosphere
(100kPa) is the main reason for the primary breakup. During the secondary break-up,
droplets are divided into even smaller sizes. Secondary breakup occurs in five modes

which are explained in page 28.

The particle distribution and size are influenced by several parameters[45]. The
parameters pertaining to the distribution of the particles comprise the internal coating of
the container, propellant pressure, the mixture type, the formulation (drug concentration
and particle size, ethanol percentage), metering valve design, the waiting time between
actuation and inhalation, nozzle diameter, spray velocity and the inhalation coordination
with actuation. Regarding particle size parameters, formulation of medicine, primary
atomization, and secondary particle break up are three factors that have a direct relation

with particle size [45].
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Figure 2-6 Schematic of pressurized metered-dose inhaler[46]

The earlier pMDI propellant was Chlorofluorocarbons (CFC). The CFC comprises
chlorine, fluorine, carbon, and possibly hydrogen [47]. On 26 August 1987, the Montreal
Protocol on Substances that Deplete the Ozone Layer was signed between countries to limit
the production the greenhouse gasses [47]. Accordingly, the CFC propellant was needed to
be replaced by other gasses. The hydrofluoroalkanes (HFA) and tetrafluoroethane (HFA 134a)
are the best candidates[47]. Some research compared the drug delivery and particle size of
HFA and CFC pMDI. The total drug deposition in the lung is similar for HFA 134a and CFC.
However, some changes were needed to be made in the pMDI design, since the HFA 134a
and CFC have different thermodynamic properties [48]-[49]. It was observed that higher
propellant proportion generates finer particles (1.1-4.7 micrometer) percentages[50], [51].
Although plume velocity is independent of propellant percentage, the effect of propellant

percentage on particle size is significant [52].

The key advantages of pMDI over other inhaler devices are cost-effectiveness,
pocketable size, and higher drug delivery rate [53]. On the other hand, patient inhalation
coordination is needed for maximizing drug delivery with pMDI. The breath-actuated pMDI
was invented to overcome this problem, but it is more expensive than regular pMDI [53].
Furthermore, the breath-actuated pMDI cannot resolve the particle deposition problem in
the patient’'s mouth. The spacer and VHC were invented to overcome breathing

coordination and drug deposition in the mouth.
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2.2.2. Spacer and Valved Holding Chamber (VHC)

VHCs and spacers are two types of add-on devices that improve the pMDI drug
delivery [54],[55]. They reduce the particle size by providing sufficient time for the
secondary break up, but this relation is not linear, since the particle sedimentation
increases over time. M.Nageland et al. investigated the effect of the delay on drug delivery
of VHCs [56]. The no-delay, 2-second delay, and 10-second delay were observed in this

study. Their result indicated that the delay decreases the VHCs drug delivery.

As explained earlier in 2.1.3 (Inertial Impaction), the high-momentum particles
may not follow the patient’s inhalation flow to the lung, and they may impact the patient’s
mouth [57]. Therefore, low-speed particles have a higher chance to deposit in the lung.
Therefore, the particle deposition in the mouth decreases by using spacer/VHC since it
helps to reduce particle velocity [58][59]. Moreover, Terzano et al. showed that the VHC
increases the number of delivered fine particles (1.1-4.7 micrometer) [60]. They claimed

that the secondary breakup may be the reason for this increase.

Another study investigated the effect of the electrostatic charge of the spacer’s
body in drug delivery [61]. They chose the Volumetric spacer, and they removed the
surface electron charge. They claimed that the drug delivery was highest when the surface
electrostatic charge was zero. Suggett et al. also compared the drug delivery of two non-
conducting VHC and two antistatic VHC [62]. The result of this experiment indicates that

employing anti-static VHC increases the amount of delivered fine particles.

Ricardo et al. simulated the volumetric spacer and studied the flow inside this VHC
in a CFD study [63]. Then, they designed a pear-shaped spacer and studied the flow inside
of it. The recirculation regions in the pear-shaped spacer were smaller than the simple
volumetric spacer. The recirculation region is a stationary vortex (the rotating region
around an axial) that has a reverse direction of the prevailing flow direction [64]. The
pressure difference between two points in a region causes backflow which generates a
recirculation zone [65]. Ricardo and his team claimed that the spacer shape and design
influence recirculation size near the wall [63]. Since, the recirculation area traps the fine
particle inside the spacer, reducing the vortex size increases the fine particle delivery.
Sarkar et al. [66] also claimed there is a direct relationship between the quantity of

recirculation area and drug deposition.
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In another study, the authors developed a new spacer design to enhance spacer
drug delivery [67]. They used Volumatic spacer as a starting point to design twelve valves
and eight spacers’ bodies shown in Figure 2-7. Their study can be divided into three
sections. First, they compared the flow streamlines inside eight spacers and chose the
best body among the eight designs. It was assumed that recirculation regions reduce the
spacer’s delivery. Therefore, the design with less recirculation area was chosen as the
best body design. Body number six showed minimum recirculation regions among other
spacers. Then, the authors simulated the airflow near all twelve-valve designs and
observed the recirculation near valves. The valve design number 9 produced less
recirculation region. In the last stage of the study, they combined the best valve design
(design number 9) with the best body geometry (design number 6). The study claimed that
this combination improved the drug delivery of the VHC since the recirculation area was

reduced.

The drug delivery of two market-available VHCs was investigated with the
experimental and numerical method to reveal the particle deposition pattern inside the
spacers [68]. Each spacer was divided into four regions: upper and lower front section,
upper and lower back section. The result indicated that the drug deposition in the lower
half of the spacer is greater than in other regions in both VHCs. The spray angle was
known as a reason for this asymmetric deposition. Moreover, the result illustrated that the
inhalation flow rate affected the location and amount of particle deposition on the spacer

wall. They suggested an asymmetric spacer design to improve the spacer drug delivery.
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Figure 2-7 Ricardo’s study a) twelve configurations of valve b) eight configurations of
body design [67]

In conclusion, studies showed that the spacer/VHC can improve the delivered dose
to the patient’s lung[54]-[55]. The drug delivery of spacers depends on electrostatic
charge[62], spacer design[69], valve design[67], breathing patterns, inhalation flow [60],
and spacer size [70]-{73], [74].

2.2.3. Nebulizer

Nebulizer is a device that continuously transfers the liquid into aerosol and the
patient’s inhalation delivers the generated aerosol to the lung directly [53]. In effect, the
inhalable particles pass through the mouthpiece and deliver to the lung while the coarse
particles (>10 um) stay in the nebulizer and return to the liquid reservoir then it will be re-
atomized later [75]. Nebulizers are categorized based on methods used for converting the

liquid into respirable particles. The methods are including pneumatic (jet and
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hydrodynamic), electric(ultrasonic)[18], and vibrating-mesh nebulizers[76]. Figure 2-8
shows three types of nebulizers. The particle size and drug delivery of nebulizers depend

on its type and properties of the fluid [77].

a)

-~ L

Figure 2-8 a) Jet Nebulizer b) Ultrasonic Nebulizer c¢) Vibrating-Mesh nebulizer

Jet nebulizer converts liquid to small droplets by passing high-velocity gas through
a narrow orifice [78]. Jet nebulizer has several types like breath enhance jet nebulizer or
breath-actuated jet nebulizers. The amount of delivered aerosol from the nebulized
mouthpiece increases during inhalation. Breath actuated jet nebulizer is activated by

patient inhalation [78].

Ultrasonic nebulizer uses ultrasonic energy to produces aerosol [75]. The
piezoelectric inside the nebulizer produces vibration (1-3 MHz) that passes through the
liquid medicine and produces the aerosol. The particle size has a direct relation with the
vibration frequency [78]. Ultrasonic nebulizer produces heat during producing an aerosol

that can break down drug protein[76].

Mesh nebulizer is a new generation of nebulizer that produces fine aerosol
particles in a silent operation [79]. In this device, the drug formulation (liquid) passes
through a mesh which is vibrated by piezoelectrics (Figure 2-9). The high-frequency
piezoelectric vibration (about 1.8kHz) pushes the liquid into the mesh plat that has
thousands of holes with 3um diameters [80]. As a result, the device generates the mist of
drug fine particles (1.1-4.7um) with minimum drug waste in comparison with other

nebulizers.
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Figure 2-9 Vibrating mesh nebulizer mechanism schematic[79].

Overall, The drug delivery of the mesh nebulizer is the highest than jet nebulizer
and ultrasonic nebulizer [49]. Moreover, the mesh nebulizer is pocket-size, has a short
treatment time, and has a high percentage of fine particles. However, complicated
cleaning techniques and high prices are two main drawbacks of the Vibrating-mesh
nebulizer [76]. On the other hand, an ultrasonic nebulizer and a jet nebulizer are spacious

with long treatment times that make them inconvenient for daily usage.

2.2.4. Dry Powder Inhaler

Dry powder inhaler (DPI) is a non-propellant base inhaler that delivers the drug to
the lung in a solid formulation [81]. The micronized drug particles (1-5um) attach on the
surface of coarse carrier particles which facilitate the drug flow to the lung [80]. The aim
of carrier particles is to deliver the drug particles to the lung and then the drug particles
detach from carrier particles surface during inhalation. However, sometimes inhalation
flow does not have sufficient energy to overcome the adhesion forces between the drug
and the carrier particle [82]. Therefore, the attached drug particles and the carrier which
have a large aerodynamic diameter (> 50um) deposit on patient mouth by impaction
mechanism [80]. It was observed that the carrier's physical-chemical properties have a
direct relationship with particle deposition patterns [80].
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DPI is categorized into two groups: passive and active [83]. In the active DPI,
electrical or mechanical energy is provided by the device to facilitate the particle break up.
However, in a passive dry powder inhaler, the flow produces by the patient is the only
source of energy for particle break up. Although active DPI generates a higher percentage
of fine particles than passive DPI, its cost is the main drawback that impedes widespread

usage [83].

2.3. Conclusion

By comparing the advantages and limitations of each inhalation device, it can be
concluded that that pMDI has key advantages over nebulizers and DPI. In terms of particle
breakup, pMDI dependency on inhalation flow rate is lower than DPI. In fact, passive DPI
relay only on patient flow for drug detachment from carrier particles, so the patient should
inhale deep with a high flow rate to receive the prescribed dosage [83]. Therefore, passive
DPI is not an appropriate treatment option for children, seniors, and adults who cannot
produce a high flow rate of breath. Moreover, DPI dependency on the patient causes
uninformed delivered dosage [84], while pMDI+ VHC delivers repeatable dosing in every
puff [42].

Although a nebulizer requires less inhalation coordination and delivers a higher
fraction of fine particles in comparison with pMDI [82], it is more expensive than the pMDI
and DPI. Furthermore, the large size of the jet nebulizer and ultrasonic nebulizer and their
dependency on external sources of energy make it inconvenient for daily use. On the other

hand, pMDI provides a shorter treatment time than nebulizers which makes it convenient.

However, pMDI has some limitations including requiring precise inhalation
coordination with pMDI actuation and depositing particles in the mouth. These can be
addressed by using a spacer/VHC. It was shown that pMDI drug delivery improves by
using a spacer/VHC [54], [55], [60], and drug deposition in a patient’'s mouth significantly
decreases[58][59]. However, it was observed that the spacer design has an effect on
delivered particles’ size and amount [67], [70]-[73]. Some claimed that the recirculation
zone is the reason for VHCs performance difference [63]-[67]. Therefore, this thesis
contributes to 1) identifying the effect of flow streamlines and recirculation zone in particle
delivery; 2) optimizing the spacer design for increasing delivered fine particles for higher

lung absorption.
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Chapter 3.

Numerical Study

3.1. Introduction

Computational Fluid Dynamics (CFD) solves fluid equations by employing the
discretization method in computer simulation [85]. R. Courant et.al solved the first two-
dimension CFD modeling in 1928 and then CFD was developed for three-dimension
modeling [86],[87]. Nowadays, CFD has a crucial role in aerospace, ship design, tool
design, automobile and engine applications, civil engineering, and environmental

engineering.

In this chapter, the role of secondary inlets and static blades are explored using a
CFD study. PARI VORTEX VHC was modeled, and the flow inside of the spacer was

simulated in two conditions including the secondary inlets were open or close.

3.2. Material and Method

To set up a CFD study for simulating the flow insider of the spacer, initially, the
PARI VORTEX geometry is modeled in ANSYS Space Claim. Then a mesh convergence
study is set out to examine that the simulation outcomes are not affected by the size of
the grids. Next, to model drug particles in ANSYS, it is required to define the particle
distribution model and secondary breakup method. Therefore, in this chapter, two different
distribution mathematical models and five secondary breakup models are explained.
Then, Navier-Stokes equations, which are a mathematical model to predict flow behavior,
are discussed, and three famous turbulence models are explained and compared. As a
result, this CFD study selects the turbulence model with the highest advantages. Later, to
simulate flow inside the spacer, the boundary conditions are defined. Finally, the CFD
result of open secondary inlets spacer (OSIS) and close secondary inlets spacer (CSIS)

are compared.
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3.2.1. Geometry and Mesh

The geometry of the VORTEX VHC and a partial pMDI are modeled in Space
Claim software (Figure 3-1). A calibrated Mitutoyo Caliper is employed to measure the
PARI VORTEX dimension at 20 centigrade room temperature. VORTEX's total length is
141.5mm with the largest diameter of 48mm. The total length of the valve is 21mm with
an assumption that the open valve has an ellipse cross-section at the end of
3.3mmX17.3mm. A pMDI injection location is modeled with a circle with 0.25mm diameter
[66]. PARI latest VORTEX design has a feature to avoid exhaling inside the VHC. This
part of the spacer is not modeled in Space Claim, since this CFD study focuses on the

flow behavior during inhalation.

a)

Static Blade's Inlet

Static Blade

Detail A

b)

Figure 3-1 a) VORTEX schematic and boundaries locations b) Coordination position in VORTEX

Grids are generated with ANSYS Meshing where some modifications are applied

to increase the mesh quality. Mesh quality is measured with the skewness factor in this
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thesis. The ideal mesh element’s edges are equal, and the skewness factor is calculated
based on the difference between grids’ shape with the ideal grid [88]. Mesh with average
skewness less than 0.33 and the maximum skewness smaller than 0.95 is acceptable for
the CFD study [88]. Even though the mesh quality is acceptable, a mesh convergence
study is needed for examining the CFD result is not affected by the number of grids.
Therefore, several grid sizes are chosen including 720’000, 2°170°0000, 5’000°000,
6’000°000, 7°000°000, and 9°000’000 grids for the mesh convergence study. Steady-state
simulation is established with a constant flow rate of 28.3L/min at the outlet and the 1000
particles of salbutamol injected into the VHC with 80m/s velocity for all these six grids’
sizes [89][90]. The spacer centerline velocity, the velocity along with y and z inlet axils are
compared in a mesh study [89][90]. The result has been shown in Figure 3-2. The
centerline velocity for all mesh numbers is thoroughly overlapped which represents grid
sizes do not affect the centerline velocity (Figure 3-2-a). By comparing Figure 3-2-b and
Figure 3-2-c, it can be concluded that the difference between 9°000°000 and 7°000°000 is
negligible. The gird sizes are not fine enough to capture the inlet Velocity along z-direction
(Figure 3-2-c) in 1720°000, 2’170°000, 5°000°000, and 6'000°000 as accurate as 7 million
and 9 million meshes. Therefore, 77000°000 mesh is used in the rest of the simulations. Its

average skewness is 0.26825 and 0.81 maximum skewness factor.
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Figure 3-2 Comparisons of flow velocity a) centerline velocity of the spacer b) velocity
along y-direction in inlet surface b) velocity along z-direction in inlet surface
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3.2.2. Particle Modeling

Particle Tracking Modeling

Lagrangian Particle Tracking is used to simulate dispersed multiphase[91]. In this
method, every single particle is tracked from the injection point to the outlet, and then the
average of the particle behavior is reported as the result [87][92][91]. The Lagrangian
particle tracking method provides complete information about particle behavior, and it uses

the force balance on a particle which can be written as [93]:
Equation 3-1

du
d_:ZFD+FG+FB

The right side of the equation represents drag force (Fp), gravity force (F;) ,
buoyancy force(F) on the particle. The u, is ambient flow velocity, u, is particle velocity,

pq is ambient flow density and the p,, is particle density. The drag force equals [80]:
Equation 3-2
Fp = ECDpaAalua — up|(uq — up)

Where the Cp is the drag coefficient and A, represents deformed particle cross-
section. The Reynolds number (Re) and the drag coefficient are defined in Equation 3-3

and Equation 3-4, respectively:

Equation 3-3
Re = PaDp|up — ua|
u
Equation 3-4
Cp=a;+ ;—Z + Ra—jz

In Equation 3-4, a;, a, and a; are constants.
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Gravity and buoyancy forces are [93]:

Equation 3-5:

(pp — pa)mdy
—y

FB+FG= 6

Where dj is particle diameter.

Particle Breakup

Particle atomization occurs in two stages including primary break up and
secondary break up. Primary breakup happens due to the pressure difference between
inhaler canister and ambient pressure. This process occurs very fast that the process is
considered as adiabatic since there is not enough time for heat transfer[94]. In this study,
drug particles are assumed solid [42], therefore the primary breakup is not modeled in this
CFD study [95]. The secondary break up which occurs due to rapid acceleration, high
shear stresses, and turbulent fluctuations [96] can occur in five modes in Newtonian fluid
[97] that are including Vibrational breakup, Bag breakup, Bag and Stamen breakup, sheet
striping, and Catastrophic breakup (Figure 3-3).
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Figure 3-3 Newtonian Particle Breakup Modes [97]

Bag and Stamen
Breakup

The first mode in a secondary breakup is vibrational breakup where Newtonian

particle natural frequency divides the droplet into smaller particles [97]. Bag breakup
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occurs when a particle is defragmented into a ring-shaped droplet and smaller droplets,
later that ring shaped particle also breakup into smaller particles. In Bag and Stamen
breakup first, the droplet is defragmented into a stamen, a ring-shaped droplet and smaller
droplets. Later, the ring-shaped droplets and the stamen, which is parallel to parallel to
particle velocity direction, break up into smaller size droplets. Another mode for secondary
particle breakup is Sheet Striping where the particle’s edge breakup happens before the
center of the particle [98]. Catastrophic breakup happens when the ambient fluid
defragments a particle to smaller droplets. All five Newtonian particle’s Breakup modes
have a relationship with a non-dimensional number which represents a ratio between the
ambient flow aerodynamic force to surface tension force. This non-dimensional parameter
is Weber number (We) (Equation 3-6), and it has a direct relationship with the particle

tendency to breakup [97];

Equation 3-6

2
_ paurdo
o

We

d, is drop initial spherical diameter, ¢ is interfacial surface tension, and u, is the
relative velocity between particle and ambient flow. However, the effect of particle viscosity

(1p) is not included in the Weber number which explains the demand for defining a new

parameter [99]. To address this issue, the Ohnesorge Number (Oh) includes the effect of

viscosity in particle breakup which are defined by Equation 3-7:

Equation 3-7
Hp

Vdoppo

Ohnesorge Number represents the ratio of the particle viscous force to surface

Oh =

tension force. If the Ohnesorge Number is small (Oh < 0.1), it can be neglected and only
the Weber number is considered as a factor to quantify particle breakup tendency[98]. The
relationship between Weber number and particle breakup modes for low Ohnesorge
Number (Oh < 0.1) is shown in Table 3-1.
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Table 3-1 Breakup mode and Weber number range relation for Oh<0.1 [99]

Break Up mode Weber number range
Vibrational breakup We <12

Bag breakup 12 <We <50
Bag-and-stamen breakup 50 <We <100

Sheet stripping 100 < We < 350
Catastrophic breakup 350 < We

ANSYS CFX provides five methods for modeling the secondary particle breakup
including Reitz & Diwakar, Taylor Analogy Breakup (TAB), Enhanced Taylor Analogy
Breakup (ETAB), Cascade Atomization Breakup (CAB), and Schmehl model. Reitz &
Diwakar only models Bag and Stripping breakup which makes it less realistic to model
pMDI particle breakup. TAB and ETAB are the two most common models for describing
the inhaler particle breakup [100] [101] that use a simple spring-mass system to model
force on particles. Droplet viscosity is assumed as a damping force and the surface tension
performs restoring force role in this spring-mass model [99]. The only difference between
TAB and ETAB is that ETAB uses a different relation to predict the particle breakup which
causes the different rate of deformations and generated droplets’ sizes [102]. CAB model
is the enhanced version of ETAB model; however, it uses different constant values in its
equation. Schmehl Breakup Model relies on experimental results to predict particle

breakup which is suitable for all Ohnesorge Number values [99].

The critical Weber number (We,,;;) from which the breakup starts is calculated by

Equation 3-8:

Equation 3-8

Weerir = 12(1 + 1.0770h19)
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Particle breakup only occurs if the Weber number is larger than the critical Weber
number. The relation between particle breakup mode and Weber number in Schmehl

Model is shown in Table 3-2 :

Table 3-2 Breakup regime for Schmehl Breakup Model [102]
Breakup  Weber number range Child droplet radius

Regime

Bag 12(1 4+ 1.0770h¥%) < We We

d32 = dp(150h02 (—16) )
Breakup < 20(1 + 1.20h"%) 1+ 1.0770h*
ELEELL B 20(1 + 1.20h1°) < We We —025

dsp = dp(150h? (1 rosre) )
stamen < 32(1+ 1.50h*%) 1+ 1.0770h*
breakup
Shear 32(1+ 1.50R™*) < We 4ds, (We]c;;tcr)
Breakup s roq = PrZsiip

’ 5 Wecrito- _ d32
PF szlip

In this simulation, the Schmehl Breakup model is chosen to predict inhaler droplets
in secondary atomization and generated particles' aerodynamic diameter, since it is based
on experimental findings, we found it more realistic to model pMDI particle breakup.
Particle Distribution

pMDI produces aerosol which consists of particles of different sizes[83]. The
aerosol distribution can be modeled by mathematical models, and the two most commonly
used mathematical distribution models are Log-Normal and Rosin Rammler [42].

Log-Normal

The Log-Normal distribution is defined as follow:
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Equation 3-9

Where u and o represent the natural logarithm of the mean particle diameter and
standard deviation, respectively. The standard deviation of the Log-Normal can be
calculated by using Equation 3-70 [103][42].

Equation 3-10

1
G2

o=|-—

d16

Where dy¢ is a diameter that is smaller than 16% of the particles, and dg, is a

diameter that is smaller than 84% of the particles.
Rosin Rammler
The Rosin Rammler is another popular mathematical model to describe aerosol

particle distribution[100]. The mass fraction(R) can be calculated by using Equation 3-717:

Equation 3-11
d k
R =exp [‘ (d—) ]

In Equation 3-11, d, and k are mean diameter and spread parameters,
respectively. d, and k are two variable parameters that help to fit the mathematical model
to experimental data. Reduction in the spread parameter causes a wider shape of the
distribution model, and the reduction in mean diameter moves the diagram to the left side

toward the smaller size particles [104].

Ricardo et al. compared three mathematical models with experimental data. They
concluded that the Rosin Rammler mathematical model showed a good agreement with
experimental findings. Furthermore, other studies used the Rosin Rammler model with
different parameters (Table 3-3) to simulate pMDI aerosol distribution [42], [66], [68].

Table 3-3 Rosin Rammler Parameters
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Ricardo[42] 16.54 1.86 1.22-49.5
Sarkar [66] 2.65 1.5 1-10
Ogrodnik [68] 12.2 1.44 -

Spray Simulation

This thesis uses Ventolin medication in pMDI for CFD simulation and experiment,
which is widely used to study pMDI and VHC performance in experimental and numerical
studies [16], [73], [105]. Ventolin HFA consists of salbutamol and HFA-134a propellant
[42]. Since the propellant particle evaporation occurs quickly [42], [66], [68], evaporation
is not considered in this simulation. Therefore, salbutamol particles are considered the
only particles fired into the spacer. In this thesis,1000 salbutamol particles are injected
with 100m/s velocity and 0.001[g/s] mass flow rate uniformly from the injection surface
boundary. The Rosin Rammler distribution with 1.315 Spread Parameter and 3.75 [um]
Mean diameter is chosen to model particles distribution. The drug characteristic is shown
in Table 3-4.

Table 3-4 Drug Characteristic

Properties Value
Density [Kg/m3] 1230
Actuation dose [ug] 100
Salbutamol mass flow rate 1.0e-6
[Kg/s]
Particle breakup Schmehl Breakup Model
Number of particles 1000
Particle Position Random Uniform injection
Particle Distribution Rosin Rammler

3.2.3. Flow Modeling and Boundary Condition

Navier-Stokes Equations and Turbulence Model

Navier—Stokes equations define the Newtonian flow behavior which use the
conservation of mass, the conservation of momentum (newton's second law), and the

conservation of energy laws (the first law of Thermodynamics) [106]:
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Equation 3-12: conservation of mass

ap -
FTRS (pV) =0

Equation 3-13: x-direction Momentum

Du 6P+ 62u+62u+62u+
Poe ™ " ox “[6x2 dy? 622] Ple

Equation 3-14: y-direction Momentum

Dv 6P+ 62v+62v+62v+
Pt~ " ox “[axz dy? 622] Ply

Equation 3-15: z-direction Momentum

Dw oP 2w 9*w 0w

Ppr = _aJ’“[axZ * dy? * 622] tpf

Equation 3-16: Energy Equation

0 +u2+v2+w2
ac|P\¢ 2

.0/ adT 0 ( dT 0 ( 0T\ O0owP) d(wP) a(wP)
R
dx\ dx/ dy\ 0dy/ 0z\ 0z dx dy dz
N 0(UTyy) N d(utyy) N 0(ut,y) N a(vrxy) N d(vtyy) N a(vrzy) N o0(Wty,)
d0x dy 0z d0x dy d0z d0x
o(wty,) d(wrtyy,) 5o
+ 3y + 57 + pf.V

Where u, v and w are the velocity of flow along the X, y, and z-axis, respectively.
fx » fy, and f, represent external force along x, y, and z-direction respectively. The
pressure of the flow and flow density are symbolized as P and p. 7 is viscous stresses
and k is thermal conductivity. g represents heat transfer rate. T and t are temperature and

time, respectively.

Solving Navier—Stokes equations is relatively complex for turbulent flow, therefore,
turbulence models are employed to calculate the effect of turbulence in flow [107].

Turbulence models include Reynolds Averaged Navier-Stokes equations (RANS), Large
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Eddy Viscosity (LES), and Direct Numerical Simulation (DNS). Since LES and DNS
computational costs are expensive [108], therefore three well-known RANS models are

discussed in this thesis.

Reynolds Averaged Navier-Stokes (RANS)

RANS models can be categorized by the number of additional equations that they
add to Navier-Stokes equations including zero-, one-, and two-equations [91]. Two-
Equations RANS turbulence models were used in different spacer and pMDI simulation
studies; therefore, this thesis focuses on popular Two-Equations RANS [63], [66], [100],
[109], [110]. k — ¢, k — w, and Shear stress transport (SST) are three popular two-
Equations RANS that were used to solve turbulent Navier-Stokes equation in pMDI
simulations [63], [66], [100], [109], [110].

RANS Two-Equations Models

k — ¢ is one of the well-known RANS two equations model, where k refers to
turbulent kinetic energy and ¢ represents turbulence eddy dissipation. Therefore, the

continuity equation and momentum equation are:

Equation 3-17

Where p’, u.rr, Sy are modified pressure, effective viscosity accounting for

turbulence, and the sum of body forces, respectively. The effective viscosity equation is

then:

Equation 3-18

Heff = K+ Ue
The turbulence viscosity is:

Equation 3-19
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The value of k and ¢ are calculated from below two-equations:

Equation 3-20

d(pk) ) o\ ok
S R TE T SN

d(pe) d I
24 5o ove) = o[ (1 E) S+ £ Cal = Caape + o)

Where C,, C;, Ce, op and o, are constants. P, represents the turbulence

production due to viscose forces, and it equals to[108]:

Equation 3-21

ou 617) ou 2 GW( ow )

Py =Ht(@+a 3 30z 3pe o+ pk

Although this model is a great option to calculate the recirculation area, it is not an

accurate model for complex flow with strong streamline curvature [111][112].

k —w is another popular two-equation RANS model where w represents the

turbulence frequency. k and w can be calculated from Equation 3-22 [108]

Equation 3-22

a(pk)+a( k) = a[( + ) ]+P kw+ P
ot dy pv dy Hu i« — B'pkw + Py
d(pw) 0 0 Ue\ Ow 1)
— =— — )= —P, — Z+p
ot oy e 6y[( +aw>6y]+ak k= Bpe”+ Pup

Where B’, a, B, o, and g, are constant. The buoyancy production, Py, for full
buoyancy model and Boussinesq buoyancy model are shown in Equation 3-23 and

Equation 3-24 respectively.

Equation 3-23
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Equation 3-24
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P, is:
Equation 3-25
w
wa = E((a + 1)C3 maX(Pkb,O) — Pkb)
k — w is a suitable model to predict the near-wall flow, but fine-mesh grids are

required in this method [91]. Moreover, this method may overpredict the eddy-viscosity,

and it might show some weakness in layer separation modeling [91].

Shear stress transport (SST) is a combination of the k — ¢ and k — w methods [91].
Therefore, the simulation obtains the advantages of the two methods while minimizing
errors. SST method uses the blending function to model the flow. SST two equations are
[113]:

Equation 3-26

ak+a(k)—a[( + )ak]+P 0.09)pkw + P
at ay v _ay v OVt ay k ( )p w kb
6a)+6( )_c’)[( N )aw]_l_yG 2 4201 F)awzakaw
ot dy ve T dy V¥ SVt ayl v, pow Y w ayay

- ou c’)u+6v
AT,

P, = min (G, 0.9kw)

Where, oy ,0,, B, v are constants and their value is a linear combination of the

corresponding coefficient:

Equation 3-27

CI) = qu)l + (1 - Fl)cl)z
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The value of ®, and ®, are shown in Table 3-5 which are used to calculate g’,

Ok 04, B, V.

Table 3-5 ®; and ®, value to calculate SST constants

Ok Oy B Y

0.075 0.5532

D, 0.85034 0.5

— 1.0 0.85616 0.082 0.4403

v and v; are Kinetic viscosity and turbulent kinetic viscosity respectively:

Equation 3-28

u
V=
p

a k

Ve = max(a,w, SF,)

F; = tanh(arg; 4)

, < (\/E 50011) 4pk >
arg, = min| max

B'wy’ y?w )’ CDjy042y?
CD,,, = (2 1 dkow 10x10-1°>
ko = I\ G away dy

F, = tanh(arg, 2)

Vi 500v>

arg, = max (m, yzw

Where y represents the distance from the wall. The blending function helps SST
to overcome eddy-viscosity overprediction. SST method models the flow near walls using
k — w and predict the far-field using k — ¢ [91]. The value of F; is equal to one near the

wall and zero in the far-field [113]. Therefore, SST method, which helps to have more
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accurate flow prediction near the wall and spacer core reigns, is employed to model

turbulence flow in this thesis.

Boundary Condition

The steady-state simulation is set in CFX ANSYS R1 [57], [105], [114]-[116]. The

airflow rate is 28 L/min at the outlet. Therefore, the mass flow rate is calculated:

Equation 3-29

L _om3
28— = 4.7167 x 10~*—
min s

4.7167 x 10-4'm—3 X 1.185K—°Z — 55893 x 1042
s m s

The air density at 25° centigrade equals 1.185 kg/m3. The inhaler inlet is set as
the opening region with 1 [atm] normal to boundary static pressure and 5% turbulence
intensity. The injection face speed is set as 100 m/s where 1000 particles are injected
uniformly from this surface. A non-slip wall condition is set, which means that the velocity
on all wall surfaces is zero [105]. In reality, the drug’s wet particles are trapped into the
wall when they impact the wall; therefore, the mass flow absorption is set to 1 for all spacer
walls [67]. The effect of particle impaction on airflow is negligible, and thus, the one-way
coupling is set for drug and air relations. Schiller Naumann is chosen for modeling the
drag force around the particles [117] which is suitable for spherical particles [99]. The

turbulence numeric and advection schemes were set to a high-resolution model.

3.3. Result and Discussion

In this section, the drug delivery and velocity of two OSIS and CSIS are compared.
The role of secondary inlets is examined by studying the total drug delivery, mean particle

diameter, and velocity contour of OSIS and CSIS.

3.3.1. Drug delivery

Figure 3-4 shows the drug deposition on the spacers as well as the delivered drug
at the spacers’ outlet. These drugs are categorized based on their aerodynamic dimeters

including Coarse Particles Percentage (CPP) (> 4.7 um), Fine Particles Percentage (FPP)
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(1.1 — 4.7um), and Extra-Fine Particle Percentage (EFPP) ((< 1.1 um). Figure 3-4 data is

calculated by:

Equation 3-30

Total drug mass flow rate at outlet

Spacer Deposition % = (1 ) x 100

~ total emitted dose mass flow rate at inlet

cpp Coarse Partcile mass flow rate at outlet

= X
total emitted dose mass flow rate at inlet

Fine Partcile mass flow rate at outlet
FPP = - , x 100
total emitted dose mass flow rate at inlet

Extra Fine Partcile mass flow rate at outlet
EFPP = ; - x 100
total emitted dose mass flow rate at inlet

As it is shown in Figure 3-4, 30.9% of the drug is trapped inside the OSIS; and
32.9% of the emitted dose is deposited in CSIS. The trapped drug includes the deposited
drug on walls and recirculation regions. In terms of CPP, OSIS delivers 0.9% less than
CSIS (12.6% and 13.5%, accordingly). Based on the simulation result, FPP at OSIS and
CSIS outlets equal 42% and 39.6%, respectively. Therefore, fine particle delivery is
improved by more than 6% in OSIS. Moreover, delivered extra-fine parties slightly
improved by using OSIS. Overall, OSIS shows better performance than CSIS by delivering
a higher percentage of fine particles and reducing CPP. As explained in chapter two,
coarse particles deposition on a patient mouth has side effects, and one of the motivations

for using spacer is to reduce particle deposition in the mouth.
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Figure 3-4 Numerical results for drug deposition in OSIS and CSIS

Table 3-6 shows CSIS and OSIS mass flow rates for six particle size groups. The
first group (<1.1 um) and the last group (4.7um<) represent extra-fine particles and coarse
particles, respectively. As explained in chapter 2, fine particles drug has highest chance

to be absorbed by the lung, therefore in

Table 3-6 fine particles are divided into four groups to demonstrate the effect of
secondary inlets in this group. Drug mass flow rates for fine particles and extra-fine

particles are improved in OSIS while the coarse particle mass flow is reduced.

Table 3-6 Salbutamol Mass Flow Rate in CSIS and OSIS

Particle Size

<1.1 um
1.1-2 um
2-3 um
3-4 um

4-4.7 um

4.7 um <

CSIS-Outlet (g/s)

1.36E-03
1.31E-03
1.14E-03
1.07E-03
3.80E-04
1.51E-03

OSIS -Outlet (g/s)

1.43 E-03
1.33E-03
1.26E-03
1.12E-03
4.10E-04
1.45E-03
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Inlet (g/s)

2.07E-03
1.89E-03
1.76E-03
1.54E-03
6.00E-04
2.14E-03



3.3.2. Velocity

The static blades change the flow streamlines which affects spacer output. One of
the aims of our CFD study is to compare the velocity streamlines and contour of two
spacers. Contour in ANSYS generates a plot that divides the domain into smaller regions
with the same value for a given variable [118]. This feature is used to display the velocity
of the domain in different locations. To capture the velocity contour in static blade inlets,
two planes are defined at pMDI adaptor regions which are perpendicular to the inhaler
inlet surface. Plane-1 passes through the edge of the top secondary inlet with a 24-degree

angle with XY Plane, and Plane 2 is perpendicular to Plane-1 (Figure 3-5).

Plane 2

Figure 3-5 Plane 1 and Plane 2 locations in the Spacers

Figure 3-6 demonstrates velocity contour along Plane-1 and Plane-2 for OSIS and
CSIS. By comparing Figure 3-6-b and Figure 3-6-d, it can be concluded that the CSIS
recirculation core speed is higher than OSIS. For instance, the highlighted recirculation
core speed in Figure 3-6-d is reduced in Figure 3-6-b. The comparison between Figure
3-6-d and Figure 3-6-c leads us to the conclusion, that the high-speed region area is larger

in the CSIS than the OSIS. To quantify the comparisons, several regions are defined in
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the spacers. Then the average speed in that region is calculated by using ANSYS CFD-

post. The user-defined plans are shown in
Table 3-7.

Table 3-7 indicates that the average velocity in the OSIS is less than the CSIS for

eight different regions of spacers.
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Figure 3-6 Velocity contour of a) OSIS in plane-1 b) CSIS in plane-1 ¢) OSIS in plane-2
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Table 3-7 Average Velocity on defined locations
Ave Velocity Difference  Plane

: _ size
Plane Location % Plane

(cm”2) | Location

X==60 x=100)|
0.2823 0.2992 5.98 320 Plane1
‘ x=60 x=100 |
‘ 0.2753 0.2934 6.57 320 Plane1
y=-8
- N
‘ s =10 | 0.3056 0.3131 2.45 320 Plane2
' X580 =109 0.3092 0.3191 3.20 320 Plane2
0.1721 01898  10.28 208 Plane1
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In Figure 3-7 the velocity streamlines of OSIS and CSIS are shown. Streamline
command in ANSYS generates the lines which are tangential to the local velocity vector
of a particle inside a domain or specified plane [118]. Figure 3-7-b, four recirculation
regions, that are located on the lower side and upper side of the spacer, are transfigured
in Figure 3-7-a. This change in shape is most likely caused by secondary inlets flow.
Although Ricardo claimed that recirculation zones trap small size particles and reduce
drug delivery[67], Sapsis and Haller mathematically proved the existence of regions,
called scatter regions, where particles can escape from the recirculation zones [119].
Moreover, Wang introduced a parameter that affects particle escape rate in scatter regions
[120]. The streamlines radius has a reverse relationship with particle escape rate. In other
words, particles moved out from the recirculation zone when the streamlines curvedness
increased. By comparing Figure 3-7-b and Figure 3-7-a, it can be observed in that the
streamlines curvedness of two recirculation regions in comparsion with Figure 3-7-a
where the secondary inlets are open. As a result, the scape rate of scatter regions are

increased in OSIS, therefore the particle deposition in spacer reduces.
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Figure 3-7 Velocity streamlines of a) OSIS in plane-1 b) CSIS in plane-1 ¢) OSIS in
plane-1 d) CSIS in plane-2
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Moreover, Figure 3-7 exhibits that recirculation regions' core speed reduces when
the secondary inlets are open. Fine particle escape rate has a reverse relationship with
recirculation region core speed [120]. Velocity streamlines in Figure 3-7-a reduce in
comparison with Figure 3-7-b streamlines velocity. Similarly, this pattern can be seen in
Figure 3-7-c and Figure 3-7-d. Therefore, the particle delivery in OSIS can be improved,

since the escape rate has increased by lowering recirculation core speed.

3.4. Conclusion

CFD result indicated that OSIS delivered higher FPP than CSIS, while CPP was
reduced when the secondary inlets were set to open. Moreover, drug deposition in spacer
was improved in OSIS in comparison with CSIS. Fine particles drug delivery was improved
6% in OSIS, and total drug delivery increased 6.47% when the secondary inlets were
open. As explained in chapter one, an ideal VHC is an add-on device used with pMDI to
increase drug delivery, reduce drug deposition in the patient mouth, and overcome
inhalation coordination with spray actuation shortcomings. Based on the ideal spacer
definition, OSIS is a better VHC than CSIS.

To investigate the effect of secondary inlets on spacer flow, streamlines and
contours of OSIS and CSIS were compared. The result indicated that the recirculation
area curvedness and size were changed. Moreover, recirculation’s core speed was
reduced when the secondary inlets were open. Our simulation showed that the OSIS had
less velocity in various regions than the CSB spacer. According to Wang et. al, if the
recirculation area velocity increase, the particles need higher velocity than the vortex
region to skip from it [120]. Therefore, the patient's inhalation flow rate may not be enough
to take the drug particles out of the recirculation area. Recirculation radius and core speed
velocity have a reverse relationship with particle escape rate from the recirculation region.
Therefore, it can be concluded that spacer drug delivery can be improved by changing the
flow inside the spacer. In other words, one can increase drug delivery by reducing the
curvature radius and core speed of the recirculation region, rather than completely

reducing the recirculation region's size.
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Chapter 4.

Experimental Study

4.1. Objective

To validate numerical simulation, this thesis conducted several experiments to
study the effect of static blades and secondary inlets on spacer drug delivery. In this
chapter, a cascade impactor device will be introduced which was utilized for conducting
the experiments. Moreover, the experiment procedure that is designed based on the
Canadian Standard [121] will be described. Later in this chapter, the Ultra Violate-Visible
Spectrometer's (UV-Vis) principle will be explained. Then, the drug collected by the
Cascade impactor is measured by the UV-Vis method, and the result will be reported at
the end.

4.2. Cascade Impactor

Cascade impactor is a device to measure the aerosol size distribution which was
invented in 1945 [122]. The device consists of three main components including an
induction tube, plates, and stages. The induction tube is a 90-degree bent tube that
connects a spacer or pMDI to a cascade impactor. The stage is housing for the plate, and
it has several orifices on its surface. The orifices are designed to only pass particles
smaller than a specific number (Figure 4-1), and particles larger than the designated range
deposit on the plate, and the rest of the aerosol pass through the orifices toward the next
stage. [123]. Cascade impactor stages vary between 3 to 8, and Anderson Cascade
impactor has eight stages. In Figure 4-1 the particle size range which is collected in each
stage is shown. The particles deposition in each plate depends on several factors
including[124]:

o the airstream velocities and the character of the jet airflow
o the orifice sizes

o the aerosol particle shape, size, and density
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e the air viscosity

o Distance between the orifice and collector plate and the length of the

orifice

Figure 4-1 Anderson cascade impactor

4.3. Experiment Setup and Procedure

VORTEX drug delivery was measured in two conditions includes the secondary
inlets are open and close. To examine the repeatability of data, OSIS and CSIS were
tested three times each. Adult PARI VORTEX® were used during the experiments and
were washed prior to the tests based on manufacturer instruction. They were left vertically
to drip dry at room temperature. To study the CSIS drug delivery, a pMDI adaptor was
designed to replace the VORTEX pMDI cap which has four secondary inlets. The adapter

was made of silicon by using the injection molding method (Figure 4-2).
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Figure 4-2 CSIS Designed pMDI adaptor
The experiment setup is shown in Figure 4-3. A vacuum pump was connected to

an Anderson cascade impactor, and it drew air with a constant flow of 28.7L/min. The
VORTEX was connected to the cascade impactor by the induction tube. Salbutamol
(Ventolin, HFA 100mg/puff) was employed in the experiments, which was connected to

the spacer by the pMDI adaptor.

The test procedure initiated with starting the pump and shaking the pMDI well
before the actuation. Three puffs were injected into waste before connecting it to the
spacer. A 30-second gap was needed between the first actuation to the spacer and
starting the pump. In the next step, pMDI was connected to the spacer and actuated 20
times with a gap of 5 seconds. The pump remained on for 30 seconds after the last puff.
This test procedure was the same for OSIS and CSIS. The test was repeated a total
number of six times with three Ventolin (HFA 100mg/puff). For each inhaler VORTEX was
tested once with the original pMDI adaptor and once with the silicon pMDI adaptor (Figure

4-2) to study open and close secondary inlets, respectively.

pMDI adaptor
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Figure 4-3 Experiment setup for the effect of stator blades in particles size

4.4. Drug Collection and Measurement

After each test, the experiment setup was disassembled, and we collected the
deposited drug on the cascade impactor, the inhaler body, and the spacer body by
washing parts with a solution. The solution consisted of %50 v/v methanol 50% v/v HPLC
water. Disposable pipettes were employed to wash parts. Every time a pipette touched a
part, it was disposed, and replaced with a new one (Figure 4-4-b). To collect deposited
particles on plates (Figure 4-4-a), they were placed into Petri dishes with 20ml of the
solution. Then Petri dishes were shaken with a shaking machine for 15 minutes at 100
rom while they were floated in solution. Each test had nine samples including Inhaler’s
body, Spacer, Induction tube, Stage 0-2, Stage 3, Stage 4, Stage 5, Stage6, and Stage 7.
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Figure 4-4 a) Deposited drug in cascade impactor plate b) washing cascade impactor
stage

4.4.1. Ultraviolet-Visible Spectrophotometer

To measure the particle presented in each sample, we employed Ultraviolet-Visible
(UV-Vis) Spectrophotometry method. The UV-Vis spectrometer passes a single (Figure
4-5) with the wavelength of 180nm to 1100nm, which includes the ultra violate wavelength
(170nm-380nm) and visible wavelength (380nm -780nm), through a sample [125]. When
the light passes through the sample, it may absorb some wavelengths (captivated wave)
and transfer the rest. The captivated wave depends on the nature of the material, since
absorbed wave energy is used to promote the excited electron to a higher-level energy
orbital [126]. The transmitted light passes through a dispersing element which divided the
light into different wavelengths. In the last stage, the spectrometer measures the intensity

of each wavelength.

= ]
3 F —— sample
! "-\___. e,
'k______
sourCE

manochromator detactor

Figure 4-5 lllustration UV-vis instrument [126].
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We used a single beam spectrometer Agilent Cary 60 UV-Vis (Figure 4-6-b) to
measure the drug particles in each collected sample. A reference sample was necessary
to generate the calibration to relate the measured absorbency to the concentration of
salbutamol. To generate such reference, a solution of 50% v/v methanol 50% v/v HPLC
water was prepared. In a single beam UV-Vis, the reference should be measured first,

then the drug concentration in a sample is measured.

Two cuvettes (Figure 4-6-a) were used in sampling measurement, and they were
washed with reference solution (50% v/v methanol 50% v/v HPLC) prior to the test. One
of them use to measure the reference solution, the other one was employed to measure
the drug concentration of nine samples. The second cuvette, which was used for sample
measurement, was washed between each sample measurement. It was washed three
times with HPLC water, then it is rinsed with reference solution (50% v/v methanol 50%
viv HPLC).

The measurement procedure initiated with the reference solution placement into
the machine (Figure 4-6-a). The absorbed wavelength was measured and set to zero.
Then the first sample was poured into the second cuvette and placed into the machine.
Each sample was measured three times with three wavelengths of 220nm, 226nm, and
276nm. Between each sample measurement, the reference solution was measured and

set as zero.

54



Figure 4-6 a) Placing a sample into UV-Vis b) Agilent Cary 60 UV-Vis

4.5. Result and Discussion

The data collected from experiments is shown in Figure 4-7. The bar chart
illustrates the average drug deposition percentage on each stage of cascade impactor for
CSIS and OSIS. The particle fraction was calculated by dividing the recovered drug in
each stage by the total recovered drug in each spacer. In terms of drug deposition in the
spacer, the combination of the salbutamol pMDI and the PARI VORTEX with the original
pMDI cap (OSIS) was higher in comparison with PARI VORTEX with silicon pMDI cap
(CSIS). The delivered dose fraction to the impactor was 42.87% for OSIS and 38.13% for
the CSIS. Moreover, the total drug deposited on the induction tube was reduced by 4.8%
when the secondary inlets are open. The substantial reduction in OSIS’s delivered coarse

particles in comparison with CSIS can be observed in drug deposition percentage of the
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induction tube, and stage 0-2. The coarse particles are particles larger than 4.7 um, and
has the greatest likelyhood to deposit in the patient mouth [32]. Therefore, reducing
delivered coarse particles is one of the advantages of OSIS over CSIS. Moreover, the
drug deposition in cascade impactor stages 3, 4, and 5 increased when the secondary
inlets were open. This indicates that OSIS showed a better performance in fine particles
(1.1-4.7 pum) drug delivery. In terms of Extra-Fine Particle (EFP) drug delivery,
experimental result indicated that there is not a meaningful difference between OSIS and
CSIS. It was observed that the EFP are generally exhaled, and are not obsorbed by the

lung [32]. Therefore, they don’t have a crucial rule in asthma treatment.
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Figure 4-7 Particle deposition fraction (recovered drug in each stage is divided by the
total recovered drug in each spacer) in OSIS and CSIS.

Figure 4-8 illustrates a comparison between OSIS and CSIS drug delivery in
experimental and computational studies. Particles are categorized into three groups
including Coarse Particle Percentage, Fine Particle Percentage, and Extra-Fine Particle
Percentage. Figure 4-8 indicated that secondary inlet improved the spacer total delivered
drug by 6.4% and 11.6% in CFD and experiment study, respectively. Moreover, the in-
vitro and CFD study showed that OSIS delivered a higher percentage of fine particles in
comparison with CSIS. The experimental and numerical results indicate that the CPP and
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drug deposition in spacer reduces in OSIS in comparison with CSIS. Furthermore, the
CFD and experiment result shows that FPP is higher in OSIS than CSIS. However, the

difference between the two results may be caused by experiment errors which include:
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Figure 4-8 Numerical and Experimental results for drug deposition in OSB and CSB

4.6. Conclusion

spacers

The experiments validated the simulation result, and both verified that the open

secondary inlets improve drug delivery. It was observed in chapter three that the

secondary inlet changes the flow rate inside the spacer which has an effect on the spacer’s

drug delivery. In this chapter, it was shown that the spacer’s drug delivery can be
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enhanced by having a secondary flow. It was shown that the open secondary inlets
increase the delivered fine particle percentage, and reduce delivered coarse particle

percentage. However, the secondary inlet does not affect delivered extra-fine particles.
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Chapter 5.
Design Optimization

5.1. Introduction

In chapters three and four, the role of the secondary inlet in spacer drug delivery
was discussed. It was shown that the open secondary inlets increase total drug delivery
and fine particle delivery. In this chapter, the spacer drug delivery, and the delivered
particle sizes will be optimized. Since the flow streamlines change near the blade and they
have a relationship with blade geometry [127], both secondary inlet geometry and static
blade’'s geometry parameters are set as variables in the optimization. To initiate the
optimization, first, the available optimization methods in ANSYS software will be reviewed.
Later, the secondary inlet and static blade's geometrical parameters will be defined for the
optimization process, and the optimization setup in ANSYS will be explained. In the last

stage, the optimization result will be discussed.

5.2. Optimization Method

ANSYS provides two methods for optimization including direct optimization and
response surface optimization (Appendix A). In this thesis, the direct optimization method
is used, since the response surface optimization methods available in ANSYS are not

suitable for this multi-objective optimization with manufacturable inputs [128].

5.2.1. Direct Optimization in ANSYS

ANSYS-directed optimization solves the simulation and calculates the optimum
point using the design points' objectives values [128]. This method is found suitable for
optimizing spacer since the number of blades is discrete value and some of the available
direct optimizations in ANSYS are suitable for discrete inputs. ANSYS provides three
direct methods for multi-objective optimization including Screening, Adaptive Multi-
Objective, and Multi-Objective Genetic Algorithm (MOGA). Screening method is
categorized as the fast optimization method in ANSYS, and it is typically used to generate

the primary set of points for a preliminary design. Adaptive multi-objective is categorized
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as moderate pace optimization methods in ANSYS, and it is suitable only for continuous
input parameters. Multi-Objective Genetic Algorithm (MOGA) is an optimization method to
find the global optimum by using the natural selection mechanism. MOGA is suitable for
all types of inputs, and it usually takes longer than the other two methods. MOGA has

several features includes [129]:
e Employing a set of design points instead of a single design point.

e Using the objective function value as a reference for optimization direction

instead of using first derivatives.

MOGA uses three operators for optimization including reproduction, crossover,
and mutation. Reproduction occurs when the design point moves to the next generation
without any changes [128]. The fitness function decides which points can move forward
to the next generation. The fittest point has a higher probability to move the next population
without any changes. Crossover selects two points as parents and by mixing their string
generates two children which will be used in next generations. Figure 5-1 shows crossover
types for discrete input. The crossover can occur in one point, two-point, and uniform
methods. In Figure 5-1 one-point crossover showed that the first two strings of the one
parent are exchanged with the first two strings of another parent. Therefore, two kids are
generated with different combinations with their parents. The same method applies to two
points crossover and uniform crossover. The crossover operation for continuous value is

defined in Equation 5-1.

Equation 5-1
child1l = a * parent1 + (1 — a) * parent?2
child2 = (1 — a) * parentl + a * parent?2

Where a is a random number on the interval [0,1]. By multiplying a to the first
parent and (1- a) to the second parent, the first child is generated. This method applies to

generate the second child as well.
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Figure 5-1 Genetic Algorithm crossover operation types for discrete parameters

Mutation operation changes one or two strings of a design point. Therefore,
completely new genomes are added to the population. This operation reduces the chance
of finding the local minimum instead of the global minimum. Mutation operation changes
the value of 1 or more strings of a parent and generates a new child for next population.
Figure 5-2 shows mutation operation for a discrete parameter, where the mutation

operator changed the third and fourth-strings values of the parent and generated the child.

Figure 5-2 Genetic Algorithm mutation operation for discrete parameters

The mutation operation for continuous values is defined in Equation 5-2.
Equation 5-2
Child = Parent + (UpperBound — LowerBound) * §

Where 6§ represents a small variation that is calculated from the polynomial

distribution.
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The evolutionary algorithm optimization continues creating new generations until
it reaches the maximum iteration or converges at the set value. The genetic algorithm

process is shown in Figure 5-3.
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Figure 5-3 Multi-Objectives Genetic Algorithm workflow [128]

Non-Dominated Sorting Genetic Algorithm-Il (NSGA-II)

K. Deb et al. for the first time introduced the Non-Dominated Sorting Genetic
Algorithm-II (NSGA-II) [130]. In this method, after the initial population (P;) and the second
population (P,) are generated, they will be combined in a group (Q). If the P, and P, size
is N, then Q size is 2N [131]. Then non-domination sorting will be performed on the Q
population. The solutions of the population of Q can be subcategorized into smaller groups
which are called Pareto fronts [132]. The non-dominated sorting uses Pareto concept to
rank fronts [133]. Pareto optimal is a set of solutions for a multi-objective optimization

where its objectives functions have conflicts. In multi-objective optimizations usually,
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objective functions conflict with each other. Therefore, these types of optimizations end
up with a set of solutions (Pareto Optimal) rather than a single answer [133]. If the
objective functions of a multi-objective optimization do not have contrast, therefore any
optimization methods which apply to single-objective functions can be employed. The first
Pareto front is consisting of solutions that are not dominated by any other solutions in
populations Q. Each solution in the front 1 + i is at least dominated by one solution from

the previous fronts. A Solution x dominate solution y if and only if [132]:

Equation 5-3
Vi €1,..,M: fi(x) < fi(y)
{aj €1L,..,M: fi(x) < fj(y)

Where M represents the number of conflicting objective functions. By using this

concept, the population Q can be divided into two subsets.

A & Rank 1
L. Rank 2
Rank 3
m | S
N
E
=
§ e
L J k
>
‘ - - -
Minimize

Figure 5-4 Non-dominated sorting for a multi-objective function [132]

Figure 5-4 shows a two-objective functions population which is sorted into three
ranks. None of the solutions that belong to a rank can dominate any solution from the

same rank.
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In NGSA-Il method after the non-dominated sorting, the non-dominated fronts will
move forward to the next populations (R). This process starts with the best non-dominated
fronts and then moves to the next best non-dominated solution. This process continues
until the R size is equal to N. Since, the size of the Q is 2N only half of the design points
are able to move forward. The remaining design point will be deleted. In the early iteration
of the optimization process, the NGSA-Il method does not make a huge difference in the
optimization process. However, in the last stages, the importance of the NSGA-II will be

observed more clearly. The NSCA-II workflow procedure is shown in Figure 5-5.

Non-Dominated Crowding Distance
Sorting Sorting
o1 F2 —— —— F2
F3 F3 F3 I:I R
Rejected
P2 F4
F5 _/

Figure 5-5 NSGA-Il workflow

As it was shown in Figure 5-5, there is not enough spot for the whole member of
group F3 to move to R. In this case, the Crowding Distance Sorting method helps to pick
the best member of that front. The crowding distance metric is used in NSGA-Il. The

distance procedure is:
Step 1: define d;=0 for each i.

Step 2: Sort the solutions for each objective function in the front.
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Step 3: Assign the boundary solutions crowding distance equal to infinity. then Calculate

the crowding distance for the other solutions by:

Equation 5-4

dl}n = d,}n +

m m
f Jj+1 f Jj-1
m m

f X = fa

Where m represents each objective function and [ is the number of the solution in

the front and j=1,2,.., L. f,;"“ —f,;"‘l is the difference between the value of two solution

points that are neighbors of /" solution point. d,]m is initially equal to zero for non-boundary

solutions. Figure 5-6 demonstrates the example of crowding distance calculation for two

objective functions of f2 and f1. The solution points with a higher cuboid distance move to

the R population (Figure 5-5).
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Figure 5-6 Crowding distance Calculation for two objective functions [134]

Figure 5-6 shows a Pareto front which consists of ten solutions of two objective

functions optimization. The solutions with the highest crowding distance value can move
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to the next generation [134]. As explained earlier boundary solutions crowding distances
are equal to infinity which placed them at the top of the list to move to the next generation.
In Figure 5-6, solution 7 has the smallest crowding distance amount other solution of the
front. There it will be deleted from the list and then crowding distance is calculated again
for the remaining 9 solutions. Then the crowding distance is calculated again, and this
time the solution number 3 has the smallest crowding distance among other solutions.
This process is repeated until the 5 points of 1, 2, 6, 9, and 10 are chosen as solutions
that can move to the next generation (R population-Figure 5-5). The number of solutions

that transfer to the R population depends on the number of available spots on R population.

In this study, the NSGA-II is chosen to calculate the optimum design for static
blades, since this method is suitable for multi-objective optimization. Moreover, the
crowding distance is an extra operation tool that is utilized besides mutations,

reproductions, and crossover.

5.3. Optimization Parameters

To maximize the drug delivery and minimize the delivered particle size, first, the
input variables are needed to be defined. The secondary inlet and the static blade’s
geometries are chosen as the input variable. The secondary inlet location, opening, and
corner angle are chosen to be studied. Therefore, secondary inlet height, angle, location,
and corner angle are set as input parameters. The number of inlets (number of static
blades) is another crucial input parameter that is defined, and it is named as the main
angle in Figure 5-7. The blade angle, which is defined as the angle between the x-axis

and blade edge, is also set as another input parameter.
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Figure 5-7 Optimization Input parameters

As explained earlier, the ideal spacer is an add-on device used with pMDI to
increase the drug delivery, reduce the delivered CPP, and enhances the delivered FPP.
Therefore, the main goal of this optimization is to find the spacer design with the highest
drug delivery and the lowest average particle size. To do so, the total delivered drug and

average particle size at the outlet are set as output parameters.

5.4. ANSYS Setup

To initiate the optimization, the simulation setup should be set as explained in
chapter three. However, a section of the spacer body is simulated to reduce computational
cost. The slice degree has the same value as the main angle input parameter which
represents the number of secondary inlets in a spacer. Since the valve only has two plane
symmetry, it is not considered in optimization geometry. The flow near the valve depends
on the shape of the valve and the mechanical properties of its material. Moreover, the
available valve in the market has various efficacy and comparison between their efficacy
is out of the scope of this thesis. Therefore, in this thesis, it was decided to optimize the
VHC body (without the valve). Next, the optimization setup should be defined. The
purpose of this study is to design an optimum spacer with the highest drug delivery and
minimum average particle size. Therefore, the average particle size at the outlet boundary

is set as an objective function. The next objective function measures the spacer drug
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delivery percentage which calculates the ratio of drug mass flow rate at the outlet to the
injection region. Since the standard optimization problem should be defined as minimizing
the objectives functions, the negative function of the total delivered drug is written in

Equation 5-5. The optimization formulation was shown in Equation 5-5.

Equation 5-5

minimize
f, = (salbutamol. Averaged Mean Particle Diameter)@Outlet

salbutamol. massFlow(Outlet) * 2 * pi x 100

f2=

~ salbutamol. massFlow(Injection) * SliceDegree
Subject to
g1 = main angle — (bladeinlet — 5[degree]) = main angle
g» = inlet height — 23[mm] — blade's inlet location > blade's inlet height
Where:
5[degree] < blade angle < 30[degree]
10[degree] < blade’s inlet angle < 40[degree]
O[degree] < blade’s inlet corner angle < 45[degree]
1[mm] < blade’s inlet height < 10[mm]
12[mm] < blade's inlet location < 21[mm]

main angle = x;[degree], x; = 90°,72°60°,45°,40° 36° 30°

Where, f; and f, represent the average particle size at outlet and total drug delivery
percentage respectively. Two constraint functions of g, and g, are defined to avoid
infeasible design. As it is shown in Equation 5-5 main angle is the only discrete input

parameter while the other five are all continuous parameters. The MOGA (NSGA-II)
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method is chosen with 11 maximum iterations. The convergence stability percentage is
set to 7%. The one-point method is selected for the type of discrete crossover, and the

number of design points in each population is set at 51.

5.5. Result and Discussion

After 9 iterations, the result was converged with 6.78% of convergence stability.
399 design points were generated in 9 populations. The optimization results and the
original PARI VORTEX design are compared in Table 5-1. As explained in Non-Dominated
Sorting Genetic Algorithm-I1 (NSGA-II) the optimization result consists of set of candidates
points, since NSGA-Il uses Pareto optimal concept for multi objective function
optimization. The value of particle delivery and mean particle diameters could be slightly
different from chapter three (<1%), and it does not impact the overall optimization result.
This difference might be the result of eliminating the valve from the spacer. In terms of the
number of secondary inlets, all three optimum points have four secondary inlets (main
angle 90°) which is the same as the original PARI VORTEX design. Based on Table 5-1
data, the average size of delivered particles was improved in comparison with the
VORTEX and the three candidate points. However, the total delivered drug of three

optimum designs was lower than the VORTEX.

Table 5-1 Optimization result
Candidate Candidate Candidate VORTEX
point 1 point 2 point 3 (OSIS)

Blade Angle [degree]

Inlet Corner Angle [degree]
Inlet Angle [degree]
Inlet Height [mm)]
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15.06 15.07 16.91 17.1

90 90 90 90
65.6 67.2 62 68.8
5.33 5.58 5.61 7.02

In the next step, the input parameters correlations with the output parameter were
studied. Having total delivered drug and mean size of the delivered drug as dependent
variables, we conducted a multivalent multiple regression test to find the significance of
relationships between variables. The results indicated that only the number of secondary
inlets have a significant relationship with the total delivered drug (R?= .03, F (6,348) =2.64,
p=.01). The correlational result on the average size of delivered particles showed that
four variables including secondary inlets height, corner angle, location, and number of
secondary inlets have a significant relationship with the averaged size of delivered drug
(R?= .49, F (6,348) = 59.41, p< .01). Figure 5-8-a and correlation test showed that the
number of secondary inlets and the drug average size in the outlet has a negative
significant correlation (r (348)= - .18, p <.001). Moreover, it was shown that this parameter
has a strong positive relationship with the average size of delivered particles (r(348)= .65,
p <.001).

70



[+]
—

®
=
]
5 7 °
o
" ' L ;
= - )
; 65 » L ] - s
=
2 ' I 3
= &
w e
k=]
w™ 55
=
2 .
5 L ]
4 5 6 7 8 9 10 11 12
number of secondaryinlets
b)
T 10 - !
285 (] )y .
= @ . *
& B85 - . . L ]
w8 . ] ] | .
& . ] ]
£ 75 ] H
5 7 ¥ 0
o ] H [ ]
5 65 H H
26 .
=
é 55 °
3 5
o
4 5 6 7 B 9 10 11 12

number of secondaryinlets

Figure 5-8 Spacer number of secondary inlets relation with a) total drug delivery at outlet
b) output particle average size

Figure 5-9-a and correlation test result indicate the secondary inlet height does not
have a relationship with the total delivered drug. Figure 5-9-b implies the static blade inlet
height has a negative significant correlation with the average particle size at the outlet
(r(348)=-.18, p <.001)
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Secondary inlet location relation with two optimum functions was shown in Figure
5-10. This parameter has a negative correlation with means particle size at the outlet (
r(348)=-.08, p <.001) and does not have a significant relationship with the total delivered
drug.
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The secondary inlet corner angle correlation with output functions was presented
in Figure 5-11. The correlation test result indicates that there is a significant positive
correlation between this parameter and the average particle size at the outlet (r(348)= .43,
p <.001).

5.6. Conclusion

The optimization result reported three design points which their average delivered
particles sizes are smaller than the original VORTEX. As explained earlier, the objective
functions conflict in most multi-objective optimization. Which was also observed in this
optimization. Simulation indicated that the original VORTEX design has higher total drug
delivery. Three optimization design points have smaller average particles size at the outlet
in comparison with the original VORTEX. The average particles sizes at the outlet of
candidate point 1 was improved by 24% in comparison with PARI VORTEX. However, the
drug delivery of candidate points 1 reduced 4.6% percentage. The improvement in

average particles sizes is more significant and larger than reduction in drug delivery.

We also conducted the correlational test on optimization variables and objective
functions. The test showed that the number of secondary inlets has a significant negative
correlation with the total delivered drug. The average size of the delivered drug has a
significant positive correlation with both secondary inlet corner angle and the number of
secondary inlets. Moreover, it has a significant negative correlation with secondary inlet

height and secondary inlet location.
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Chapter 6.

Summery and Future Work

6.1. Summery

PARI VORTEX showed exceptional performance among other VHC, which we
showed that it benefits from its unique pMDI adapter. VORTEX pMDI adaptor has four
static blades which are equally spaced, and they have four rectangular shape inlets. In
this study, first, the role of these secondary inlets was investigated in a computational
study. PARI VORTEX geometry was simulated in ANSYS, and the boundary conditions
were defined based on previous studies. The secondary inlets boundary was set as open
and closed in two separate simulations, to compare the role of the secondary inlets in
spacer performance. OSIS and CSIS streamlines were compared, and their drug delivery
was analyzed. The computational study showed that the total delivered drug and FPP
increase when the secondary inlets are open. Moreover, the comparison between the
OSIS and CSIS indicated that the recirculation region’s size, curvedness, and core speed
change when the secondary inlets are open. Previous studies showed that the
recirculation regions' curvedness and core velocity have a relationship with particle trap
rate in spacer. Therefore, it was concluded that the secondary inlets caused the
improvement in spacer drug delivery by modifying the recirculation regions’ properties.
Later, an experimental study was conducted to verify the CFD study result. The
experimental result indicated that the spacer performance is improved when the
secondary inlets are open. OSIS delivered less CPP and higher FPP than CSIS. In the
last stage of this thesis, VORTEX secondary inlets and static blades were optimized. All
three optimization candidates’ points have four secondary inlets which is same as original
PARI VOREX pMDI adaptor. It was shown that three optimization candidates average
particles sizes at outlet is smaller than the average particles sizes at PARI VORTEX. The
average particle size at outlet was reduced by 24% in one of the optimization candidate
points. However, the candidate point 1 drug delivery was reduced 4.6% in comparison
with PARI VORTEX. This was expected and understandable, since the objective functions

has conflict.
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6.2. Future Work

Designing a secondary inlet in other locations of the spacer with different designs
is highly notable for future study. The recommended location for the secondary inlets is
the spacer body where the recirculation regions occur. The CFD study showed that the

near the mouthpiece has recirculation regions.

Moreover, in the future, drug simulation can be improved which can help to reduce
simulation errors. In this thesis, the drug evaporation and heat transfer equations were not
considered. However, Gavtash[135] introduced a new method for simulation drug
evaporation. In the future, this method can be used in VHC simulation, and the result can

be compared with the current CFD result.

The improvement in the optimization method is another interesting topic for future
study. One can improve optimization by changing the objective function to be more
specified and targeting the fine particle delivery. In other words, instead of minimizing the
average particle size at the outlet, the fine particle percentage at the outlet can be
maximized. Furthermore, In the future, the spacer can be optimized with other methods
such as connecting MATLAB to ANSYS and using MATLAB as a tool for optimization and
ANSYS for simulation. We only used the ANSYS optimization tools for optimization which

are limited.

The spacer geometry parameters were considered constant in this study. One can
optimize the spacer by considering the spacer and secondary inlet parameters at the same
time. The result can be compared with the VORTEX spacer. This helps to understand the

effect of secondary inlets and spacer design on flow streamlines in the VHC.
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