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Abstract

Air taking particles into the human body through breathing has two ways of affecting
human health. On one hand, there are significant toxic particles in the environment. When
they enter into the human body, they may cause different kinds of diseases such as heart
disease and respiratory diseases; even death can be caused, in particular by the particles
smaller than 2.5 pm. On other hand, particle deposition in the human respiratory system
also has positive effects on human health, with controlled particles inhaled into the human
body. Aerosol drug therapy, which delivers the drug mainly through nasal or oral airway
to the lung or some other location of the respiratory tract, has become a popular way to
treat different diseases such as asthma and chronic obstructive pulmonary disease, due to
the advantage of smaller dosages, minimal systemic adverse effects and rapid response. In
this case, it is desired that the drug penetrates deep into the lung, that is where the disease
occurs. The typical size of these particles ranges from 1 to 5 um. It is expected that such
drugs can be controlled to reach special locations such as the position of tumor so that the
drug is efficiently positioned and side effects are minimized. An improved understanding of
the process includes the knowledge of properties of the airflow field and particle deposition,

and how the gas field influences particle transport.

In the present work, which studies the airflow field and particle dispersion and deposi-
tion in the human upper respiratory system, four different geometries have been adopted
including the constricted tube, the mouth-throat based on cast, the mouth-throat based on
computed tomography (CT) scans and the nasal cavity based on CT scans. NeuRa2 is used
to build the surface grid, and Ansys ICEM-CFD 11.0 is used to generate volume grids. One-
way and two-way coupling have been used in the present work considering different particle
volume fraction. Three-dimensional incompressible Navier-Stokes (N-S) equations are used
to depict the airflow field. Large eddy simulation (LES) is used to treat turbulence, and
the Smagorinsky sub-grid scale (SGS) model as well as the dynamical Smagorinksy sub-grid
model are adopted. Assuming a large particle-to-air density ratio, negligible particle rotation,
no inter-particle collision, and drag force as the dominant point force, Lagrangian equations
are used to describe particle motion. In the case of sub-micron particles, the Brownian force
is also adopted. To solve these equations, the software platform of OpenFOAM 1.5 is used,
and new solvers, which can solve the airflow field with LES and particle motion using a
Lagrangian formulation, are reconstructed. Depending on the volume fraction, one way or
two-way coupling is adopted without or with considering the particle momentum to the gas
phase.

First, the velocity at the centerline and velocity profiles at different cross sections down-
stream the glottis in the constricted tube are compared with numerical results and exper-
imental data, in particular with Reynolds Averaged Navier-Stokes equations (RANS)/low
Reynolds number (LRN) & — w model. It is demonstrated that the present methodology can
predict the laminar-transitional-turbulent airflow in the constricted tube and improve the

prediction of transitional airflow, which sets the basis for further studies of the airflow field
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in the cast-based mouth throat model, CT-based mouth-throat and CT-based nasal cavity.

The airflow fields at three different inspiration flow rates in the cast-based mouth-throat
are simulated for the steady inspiration airflow rate. The numerical results show that the
unsteady airflow field is quite different from the mean airflow field, in particular the vortices
distribution. Mono-disperse particles are tracked in the cast-based mouth throat at first.
Numerical simulation shows that particle deposition is related to the particle size, particle
release position and inspiration airflow rate as well as geometrical properties. The turbulence
and recirculation zone has great influence on the particle transport. In addition, the poly-
disperse particles, which are measured from dry power inhaler (DPI), are simulated. Two-
way coupling is adopted when the injection drug dose from the inhaler, which is closer to
reality, is adopted, otherwise one-way coupling is used. Poly-disperse particle deposition
shows different properties compared to the mono-disperse particle. Thus, it is necessary to
adopt poly-disperse particle distribution and two-way coupling when the injection dose used
in the clinical treatment is adopted.

To study the airflow field under an unsteady inspiration flow rate, a numerical simulation
is conducted in the cast-based mouth-throat considering the inspiration flow phase and ne-
glecting the expiration phase. The investigation shows that the airflow field has a significant
correlation with the inspiration flow rate and the stage that the inspiration locates at the ac-
celerating phase or decelerating phase. For the same inspiration flow rate, at the accelerating
phase, the airflow displays closer to the laminar. In contrast, the airflow at the decelerating
phase displays closer to turbulence.

To analyze the influence of geometrical properties on particle deposition, numerical sim-
ulations are implemented for the airflow field and particle motion in the CT-based mouth-
throat. It is found that the airflow field in the CT-based mouth throat is very different from
the airflow field in the cast-based mouth-throat. For instance, the maximum velocity appears
at the tip of the soft palate and no laryngeal jet is observed in the CT-based mouth-throat.
Although the velocity contour is similar in both mean and instant airflow fields, the airflow
field has a very complex vortex field with high spacial and temporal dynamics. 2 um particles
can go through the pharynx, deposit in the trachea, or go further into the pulmonary region.

To investigate the properties of airflow in the nasal cavity, a geometrical model of nasal
cavity based on CT scans has been constructed and the airflow field is simulated. The
numerical results show that the air pass through the nasal cavity mainly via the main nasal

passage and little air can reach the tips of meatuses and olfactory region.

Keywords: human upper respiratory system, large eddy simulation, airflow, particle disper-

sion and deposition
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Zusammenfassung

Das Einatmen von Partikeln in den menschlichen Korper hat zwei verschiedene Aspekte
im Hinblick auf die Gesundheit des Menschen. Einerseits existieren schadliche Partikel wie
beispielsweise Feinstaub in der Umwelt, der nach Eintreten in den menschlichen Koérper
Krankheiten wie Herzerkrankungen und Erkrankungen der Atemwege auslosen kann, und
der sogar zum Tod fithren kann. Hier sind insbesondere Partikel, die kleiner als 2,5 pwm sind,
relevant. Andererseits ist es in der medizinischen Therapie einiger Atemwegerkrankungen
wiinschenswert, gezielt Partikel den Atemwegen zuzufiihren. Die medikamenttse Aerosol-
Therapie, bei der das Medikament durch den nasalen oder oralen Atemweg in die Lunge oder
einen anderen Ort des Atemtrakts gebracht wird, wird gern verwendet, um Krankheiten wie
z.B. Asthma oder chronisch obstruktive Lungenerkrankungen zu behandeln. Diese Therapie
hat den Vorteil der kleinen Dosierung, der minimalen systemischen Nebenwirkungen und der
schnellen Wirkung. Das Medikament soll hier tief in die Lunge, in der die Krankheit auftritt,
eindringen. Die typische Grofle dieser Partikel liegt im Bereich von 1 bis 5 um. Fokus ist die
gezielte Steuerung des Medikaments in spezielle Regionen wie beispielsweise zu einer Tumor-
position, sodass Nebenwirkungen durch Ablagerung in anderen Regionen vermieden werden.
Ein verbessertes Verstdndnis des Gesamtprozesses beinhaltet die Kenntnis der charakteris-

tischen Luftstromung und des Partikeltransports sowie deren gegenseitige Beeinflussung.

In der vorliegenden Arbeit, in der die Luftstromung sowie die Partikelverteilung und
-ablagerung in den menschlichen oberen Atemwegen untersucht werden, werden vier ver-
schiedene Geometrien verwendet: die verengte Luftrohre, das auf einem Gussstiick basierende
Mund-Rachen-Modell, das auf Computertomographie (CT) basierende Mund-Rachen-Modell
und das auf CT-Skans basierende Nasenhohlen-Modell. Die Software NeuRa2 wird zur Ge-
nerierung des numerischen Oberflachengitters verwendet und ANSYS ICEM CFD-11.0, um
Volumengitter zu erzeugen. Ein-Weg- und Zwei-Wege-Kopplung zwischen der Gasphase und
den Partikeln werden in der Arbeit in Abhéngigkeit verschiedener Partikelvolumenanteile
angewendet. Dreidimensionale inkompressible Navier-Stokes (N-S) Gleichungen werden zur
Beschreibung der Luftstromung verwendet. Large Eddy Simulation (LES) wird zur Mo-
dellierung der turbulenten Stromung herangezogen, und das Smagorinsky Feinskalen-Modell
sowie das dynamische Smagorinsky Modell dienen der Beschreibung der kleinen turbulen-
ten Skalen. Unter der Annahme eines grofien Partikel-Luft Dichteverhéltnisses, der Ver-
nachléssigbarkeit der Partikelrotation und der Kollision zwischen den Partikeln sowie der An-
nahme, dass die Tragheitskraft die Partikelbewegung dominiert, werde Lagrange-Gleichungen
herangezogen, um die Bewegung der Partikel zu modellieren. Im Falle von Partikeln, die
kleiner als ein Mikrometer sind, wird die Brownsche Kraft zusatzlich beriicksichtigt. Zur
Losung der Gleichungen wird die Software-Plattform OpenFOAM 1.5 benutzt, fiir die neue
Solver entwickelt werden, die die Luftstromung mit LES und die Teilchenbewegung mit Hilfe
einer Lagrange-Formulierung 16sen kénnen. Abhéngig von der Partikelbeladung wird Ein-
Weg- oder Zwei-Wege-Kopplung mit oder ohne Beriicksichtigung des Einflusses des Partikel-

impulses auf die Gasphase verwendet.
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Zunéachst wird die Luftgeschwindigkeit an der Mittellinie und in unterschiedlichen Quer-
schnitten stromabwarts der Glottis in der verengten Luftréhre mit numerischen Ergebnissen
und experimentellen Daten aus der Literatur verglichen, hier wird ein Modell der Reynolds-
gemittelten Navier-Stokes-Gleichungen (RANS) bei niedriger Reynolds-Zahl, das k& — w
Modell, verwendet. Die hier verwendete Methode verbessert die vorliegenden Literatur-
ergebnisse, sodass sie die Basis fiir weitere Berechnungen in den verbleibenden Geometrien
bildet.

Die Luftstromung wird im Gussstiick-basierten Mund-Rachen-Modell fiir drei verschiedene
Inhalationsgeschwindigkeiten simuliert. Die numerischen Ergebnisse zeigen, dass das Ge-
schwindigkeitsfeld der instationadren Luftstromung sehr stark vom mittleren Geschwindig-
keitsfeld abweicht, dies gilt insbesondere fiir das Auftreten von Wirbeln. Die numerische Si-
mulation zeigt, dass die Partikelablagerung von der Partikelgrofe, ihrer Ausgangsposition, der
Inhalationsgeschwindigkeit sowie von der Geometrie abhéngt. Turbulenz und Existenz von
Rezirkulationszonen haben ebenfalls groflen Einfluss auf den Partikeltransport. Eine polydis-
perse Partikelverteilung, die aus Messungen an einem Trockenpulver-Inhalator zur Verfiigung
steht, wird ebenfalls zur Simulation herangezogen. In diesem Fall wird Zwei-Wege-Kopplung
verwendet. Polydisperse Partikelablagerung zeigt im Vergleich zur monodispersen Partikel-
ablagerung stark unterschiedliche Charakteristika. Deshalb ist es notwendig, polydisperse
Partikelverteilung und Zwei-Wege-Kopplung zu verwenden, wenn die reale medikamentose
Dosis eines Hubs berticksichtigt wird, die bei der klinischen Behandlung Anwendung findet.

Um das Stromungsfeld bei einer realistischeren zeitabhéngigen Inhalation zu untersuchen,
wird eine numerische Simulation fiir das Gussstiick-basierte Mund-Rachen-Modell unter den
gleichen Bedingungen durchgefiithrt. Die Untersuchung zeigt, dass das Stromungsfeld sig-
nifikant verschieden ist in der beschleunigenden und der verlangsamenden Phase der Inhala-
tion: In der Beschleunigungsphase ist die Luftstromung laminar wéhrend sie in der ver-
langsamenden Phase eher turbulent ist.

Zur Untersuchung des Einflusses geometrischer Eigenschaften auf die Partikelablagerung
werden numerische Simulationen fiir das CT-basierte Mund-Rachen-Modell durchgefiihrt.
Im Ergebnis ist das Stromungsfeld im CT-basierten Mund-Rachen-Modell sehr verschieden
von dem im Gussstiick-basierten Mund-Rachen-Modell. Obwohl das Geschwindigkeitsfeld
sowohl im mittleren als auch im zeitabhéngigen Fall dhnlich ist, hat das Stromungsfeld ein
sehr kompliziertes Wirbelfeld mit hoher raumlicher und zeitlicher Dynamik. Partikel der
Grofle 2 pm kénnen den Pharynx passieren, sich in der Luftrohre ablagern oder weiter in die
Lungenregion vordringen.

Um die Eigenschaften des Geschwindigkeitsfelds in der Nasenhohle zu untersuchen, wurde
ein geometrisches Modell der Nasenhohle aus CT-Skans konstruiert. Die numerischen Ergeb-
nisse zeigen, dass die Luft durch die Hauptluft-Passage der Nasenhdhle flieit und nur wenig

Luft die Spitzen der Nasengénge und der olfaktorischen Region erreicht.

Schliisselworter: Menschliche obere Atemwege, Large Eddy Simulation, Luftstrom, Par-

tikeldispersion und -ablagerung
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1. Introduction

1.1 Motivation

It is common for people to observe particles in the air and feel air entering into human bodies
through breathing. But it is possible that few people notice that air takes particle into human
body through breathing. As common events, the particle entering into human body with air
has two ways to influence human health. On one hand, the toxic particles in the environment,
going into human body definitely influences the health negatively. It may induce different
kinds of diseases such as heart disease and respiratory disease, even death [1]. As it was
reported, the particulate matter pollution was estimated to cause 200,000 deaths per year in
Europe [1]. In particular, particles in the size range less than 2.5 wm [2] can reach the lung
and enter into the circulation of blood via the lung. The study of the toxic particle transport
and deposition in the human respiratory system will benefit human health, in particular, for

the person exposed to the toxic particles in the work location or live environment [3].

As mentioned above, there is also another aspect which can benefit human health by
controlling particles that enter human body. Aerosol drug therapy, which mainly delivers
the drug through nasal airway or oral airway to the lung or other location of the respiratory
tract [4], has become a popular way to treat different diseases such as asthma and chronic
obstructive pulmonary disease (COPD) due to the advantage of smaller dose, minimal sys-
temic adverse effects and rapid response [5]. In this case, in contrast, people prefer that the
drug can go deep inside of the lung where the diseases occur. The diameter of the particle
usually ranges from 1 to 5 um [6]. It is expected that more drugs may be controlled to reach
specific location such as the position of tumor so that it can save the drug and decrease the
side effect significantly [4, 7]. One important issue in the aerosol drug therapy is that particle
size influences the particle deposition [6]. Aerosol drug with larger size than, i.e. 5 pum is
harder to reach the deep region of the lung. In fact, only 10 — 20% of aerosol drug can
go into the deep location of the lung [6]. Other drugs deposit on the device, mouth-cavity
or oropharynx depending on the device and drug formation [6]. It is of great importance to

enhance the efficiency of aerosol drug to save dose and decrease the side-effects.

Hence, it is very important to study the particle transport and deposition in the human
respiratory system concerning the environment and aerosol drug delivery. More understand-
ing of the influence of the respiratory flow rate, particle size and geometric properties on the
particle transport and deposition will definitely improve the development of the aerosol drug

therapy, and prevention and cure of toxic particles in the environment.



2 1. Introduction

1.2 Human Respiratory System

In this section, the human respiratory system is explained in order to set basis of understand-
ing the influence of toxic particles in the environment on the human health and the aerosol
drug therapy in the beginning.

It is known that air is the necessary material for human beings to sustain human life
and it enters into human body through human respiratory system by breathing. Human
respiratory system is an essential system to keep normal human metabolic processes through
exchanging air between body and environment [8]. In this section, the structure and the

breathing mechanism will be presented.

1.2.1 Geometrical Structures

The respiratory system mainly consists of two parts from the view of function. It can be
divided into the respiratory zone and conducting zone, seen in Fig. 1.1 [7]. The conducting
zone consists of 0 generation to 16 generation (G), and the respiratory zone consists of
generations 17 to 23. The Oz - CO2 gas exchange takes place in the generation 13 [7]. From
the view point of numerical modeling [9], it can be divided into the extra-thoracic region,
tracheo-bronchial region (TB), and the alveolar region [10]. The TB and alveolar region can
be attributed to intrathoracic region [11]. The extrathoracic region [10], the human upper
respiratory system, consists of nasal cavity, oral cavity, pharynx, larynx and trachea seen
in Fig. 1.2. It is the main component of the respiratory tract and it is the first barrier for
the particle entering into human body [12]. Most of aerosol drugs cannot go into the deep
location because of its filtering function [6].

On the surface of the respiratory airways, there is a mucus layer overlayed by fine hairs,
cilia, and the oscillatory movement of the cilia propelling the muscle layer may capture inhaled
particles [9]. In reality, the surface of trachea is not even as in the configuration model used
for numerical simulation. There are cartilaginous rings in the trachea and upper bronchi to
stabilize the airway, which produces the uneven surface [9]. These properties of respiratory
tract may influence properties of the air flow and particle deposition [13, 14] in the respiratory

tract.

1.2.2 Breathing Mechanism

Between human body and environment, the gas exchange process is called respiration [15].
It is necessary activity for body metabolism to take in O from the atmosphere, and expel
out CO2 which is produced by body metabolism [15]. Breathing is an involuntary process
and is carried out unconsciously, which is controlled by the nervous system, the respiratory
center of the brain and respiratory muscles [16]. The respiratory center is divided further into
two parts namely, the inspiration and the expiratory centers, which involve two movements
namely, inspiration and expiration following one after the other [17]. In addition to the

respiratory center, there is another center called pneumotaxic center in the medulla oblongata,
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Fig. 1.1: Schematics of human respiratory system [7].

which ensures rhythmic breathing. In the process of inspiration, the pneumotaxic center
received impulses from the inspiratory center and it responds to it by sending impulses to the
expiratory center. Then, it restrains further inspiration and starts the process of expiration.
Thus, the respiratory center together with the pneumotaxic center make the respiration a
rhythmic process [17].

In the process of respiration, pressure plays an important role in the mechanism of breath-
ing [8]. Three pressures are particularly important in breathing, which are atmospheric, in-
trapleural, and intrapulmonic pressure. Atmospheric pressure is the pressure of the external
environment out of human body [8]. The intrapulmonic pressure is the pressure within the
lung, which cause the lung to inflate during inhalation and deflate during exhalation. In the
process of inspiration, the respiratory muscles contract and expand the chest cavity, reduc-
ing the intrapulmonic pressure and drawing atmospheric air in. In contrast, in the process
of expiration, the respiratory muscles relax and the intrapulmonic pressure increases above
atmospheric pressure. The intrapleural pressure is the pressure within the potential pleural
space between the parietal and visceral pleura (the membranes surrounding the lung). It is
called a potential space because there should be no real space between the membranes. Usu-
ally, the intrapleural pressure is slightly below atmospheric pressure, referred to as negative

pressure [8].

Under the function of pressure, breathing is conducted through nose and/or mouth. Air
passes through nasal passages/mouth cavity, pharynx, larynx, trachea, main bronchi, smaller
bronchial tubules, bronchioles, and finally into alveolus [19]. The alveoli are surrounded by
the extensive network of blood vessels called capillaries. The exchange of oxygen in air with

carbon dioxide in the blood occurs across the walls of alveolus of lung [19]. Afterwards, this
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Fig. 1.2: Schematic representation of the extra-thoracic (upper) airway [10, 18].

oxygen enriched blood flows out through capillaries and feeds oxygen to the cells through
circulatory system. Cells in the tissues of body require oxygen for cellular respiration and
need to expel out the carbon dioxide, so the blood is carried throughout the body to exchange
oxygen and carbon dioxide with the body’s tissues [19]. The whole respiration procedure is
also the process of particle entering into human body. It is also found that the inspiration

and expiration process influence the aerosol drug efficiency [13, 20, 21].

1.3 Respiratory Particles

Particles entering into human body may come from different sources such as the exhaust
of vehicles, volcano, smoking and aerosol drug [22]. Some of them are large enough for
us to observe and others are so small that they can only be detected through an electron
microscope [22]. Anthropogenic aerosols, which are made by human activities, have been
accounted for about 10% of the total amount of aerosols in the atmosphere [23]. The particle
transport and deposition in the human respiratory can take both of the negative and positive
effects. The physical properties, in particular the particle size, are important factors to
influence particle transport and deposition in respiratory tract [7]. So, in this section, the

particle size categories and the influence of huamn heath of the inhaled particles are presented.

1.3.1 Inhaled Particle Size Categories

Before it discusses the influence of the inhaled particles on health for both of the toxic particles
and aerosol drug therapy, it is better to introduce the particle classification based on size so

that there is an overview of the particles which are introduced later.
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The categorization with respect to size is the most common way to classify particles,
referred to as fractions [22]. There are a lot of definitions of particle size due to the fact that
particles are often non-spherical shape. Among them, the aerodynamic diameter is used most
widely. In reality, the particle is non-sphere. The aerodynamic diameter is an expression of a
particle’s aerodynamic behavior as if it were a perfect sphere with unit-density and diameter
equal to the aerodynamic diameter. For instance, a particle with an aerodynamic diameter
of 10 pm means that it moves in the gas like a sphere of unit density (kg/m?) with 10 pm.
The diameter of particulate matter can range from less than 10 nm to more than 10 um.
The aerodynamic diameter of particles, which is less than 10 pwm, is denoted PM;jg; and
which is less than 2.5 pum, is denoted by PMy 5 [24]. Particles under 1 um called sub-micron
particles are denoted as PM;. All of particles whose sizes are below 10 nm, down to the size
of individual molecules are categorized as ultrafine particles [2].

These definitions are the formal way to characterize particles. Up to the context, it
is possible to adopt alternative definitions. In some specialized settings, each fraction may
exclude the fractions of lesser scale, so that PMjg excludes particles in a smaller size range, e.g.
PMs 5, usually reported separately in the same work. Such a case is sometimes emphasized
with the different notation, e.g. PMjp - PMy 5 [2]. The small particles, which are less than
10 pm in diameter pose the greatest problems, because they can go deep into your lung, and
some may even get into the blood stream, in particular, the finer particles with diameter
less than 2.5 pm (PMs 5). These particles can enter indoors and travel large distance in the
air. They are small enough to go through the defensive of the nose hairs and deposit on the
different sites of respiratory tract such as throat and penetrate deep into the lung. Moreover,
they do not stop in this region. They can pass from the lung into the blood supply and then
be carried out throughout human body [3]. In contrast, in the aerosol drug therapy, people
hope that more drug can go into the deep of lung so that the diameter of aerosol drug is
usually between 1 to 5 um [6]. More details on the health effects of particles are discussed in

the next section.

1.3.2 Health Effects of Inhaled Particles

As aforementioned, the particle transport and deposition in the human breathing system, has
two ways to influence on the human health. First, the increasing amount of fine particles in
the air are related to health hazards such as lung cancer [7, 25, 26]. In contrast, the aerosol
drug therapy has become a popular way to treat different kinds of lung diseases, and then
benefit human health. The investigations have been implemented significantly on the particle
transport and deposition in the regard of toxic particle in the environment and aerosol drug
delivery [3, 7, 27].

1.3.2.1 Toxic Particles in the Air

As mentioned, the toxic particles broadly range from micrometer to nanometer. Particulate

matter comes from many sources. Generally, any activity which involves burning of materials
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or any dust generating activities are sources of particulate matter [3]. Some sources are nat-
ural, such as volcanoes and water mist. In contrast, human’s activities create huge quantities
of particulate matter in the regulated way, such as smoke stacks at factories, power plants
and auto paint shops, and unregulated way such as burning coal in the winter and exhaust
from cars. Toxic particulate matter in the air involve oxides of nitrogen, carbon monoxide,
sulfur dioxide, ozone and many hazardous hydrocarbons and metal compounds [3]. These
toxic particles cause illness leading to increasing use of medication, hospitalization and even
premature death [3]. It was first reported in the 1970’s that the large number of deaths and
other health problems were demonstrated to be associated with particulate pollution [28]
and has been reproduced many times since then. Particulate matter pollution is estimated
to cause 200,000 deaths per year in Europe [1]. In the epidemiological studies conducted over
the past ten years, a very consistent quantitative picture has emerged between the levels of
air pollution and increase in morbidity and mortality [29].

As mentioned in last section, fine particles’ pollution especially particles less than 2.5 pm
pose the greatest risk to health because it can suspend in the air up to days and they
can deposit deep into the lung, with increased respiratory symptoms, such as irritation of
the airways, coughing, difficulty in breathing, decreased lung function, aggravation of lung
disease, causing asthma attacks and acute bronchitis, an irregular heartbeat, nonfatal heart
attacks and premature death in people with pre-existing heart or lung diseases [30]. In
contrast to other pollutant particles, the health impact of these particles is so significant that
they alone are usually considered as a surrogate for health effect [3]. Moreover, the older
adults, individuals with heart or lung diseases, and children are more likely to be affected by

micrometer particles exposure due to their particular body conditions [31].

1.3.2.2 Aerosol Drug Therapy

The lung has served as a route of drug administration for thousands of years. The origin
of inhaled therapies can be dated back 4,000 years ago to India [29]. But, the aerosol drug
therapy has been playing an important role in the medical treatment since 1950’s [32]. Aerosol
drug therapy is a kind of topical treatment with the aerosol drugs via air delivered by a
suitable device, which is inhaled and absorbed by patient through lung [33].

Aerosol drugs are applied broadly in circumstances, which require rapid absorption and
local effects of drug. It is most commonly used in asthmatic conditions or specific lung
conditions that cause difficulty in breathing [4]. Generally, aerosol drug therapy is a safe
approach, as long as the health care provider or client is well educated to use it. It is
constrained in the condition that the airway is completely blocked [4]. Successful aerosol
drug therapy depends on the systematical work of patient condition, drug device and drug

formation [33].

Aerosol Drug Devices Today, the devices applying clinical treatment can be commonly
classified in three types: metered dose inhaler (MDI), dry powder inhaler (DPI), and nebu-

lizer. The nebulizers consist of two types, namely, jet nebulizer and ultrasonic nebulizer [34].
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Metered dose inhaler is one of the most commonly used medical devices in the clinical appli-
cation. The micronised form of the drug is put in a propellant under pressure with surfactant.
As the device is actuated, the propellant becomes exposed to atmospheric pressure leading
to aerosolization of the drug. The fraction of drug to the deep site of the lung only ranges
from 5% to 15% usually [35]. To overcome the major problem related to the coordination,
a valved holding chamber may be used as supporting device to the MDI. In addition, it is
also helpful for the patients unable to hold breathing. With the help of spacer devices using
MDI, the inhaled aerosol particle size are reduced because larger particles incline to deposit
on the chamber walls/valves. At the same time, it also decreases the particle velocity, which
leads to smaller particle inertia, an then it produces less upper airway deposition. DPI is
the second kind of inhalers which includes pharmacologically active powder as an aggregate
of fine mironised particles in one inhalation chamber. The aggregates are transferred into
aerosol particles by inspiration air flow generated by the patients themselves through the in-
haler, which excludes the problem of coordination between the drug delivery and inspiration
initiation. But, at the same time, it limits the application in the treatment of patients unable
to produce high inspiration flow rates. Compared with MDI, the advantage of DPI is lack of
the requirement of propellant and there are usually 9% to 30% drug delivered to the site of
action by using DPIs, which varies among different commercial products [36]. Two types of
nebulisers, mentioned above have different functions, but significant common features. Same
as DPI, the nebulisers have no propellant either. So, it does not require patient coordination
and has the ability to transport high doses of a particular drug during a short time such as
acute exacerbations of obstructive airway diseases in emergency [34]. More details on the
drug delivery device can be found in [6, 29, 34]. The characteristics and comparison of the
inhalers are conducted in [29, 34], and they are shown in Tab. 1.1. Through the comparison,
it is easy to find that MDI and DPI delivery systems should be the first clinical choices due
to their convenience and less cost for patients with obstructive airway disease. If the patient

is not able to demonstrate acceptable hand breath coordination and whenever pharyngeal

Tab. 1.1: Characteristics of aerosol generators [34].

Nebuliser

Technique of generation of aerosol Bernoulli’s principle

Particle size

Drug deposition
Oropharygeal deposition
Patient coordination
Breath hold

Patient generation of flow
Amount of drug
Contamination

Use for chronic therapy
Use for emergency management
Use for intubated patients
Cost

MDI DPI

Propellant based Patient driven flow
1-10 pm 1-10 pm

5-10% 9 - 30%

Significant Variable

Required Not applicable
Required Not required

Not required
Small doses only
No

Yes

No

Preferred

Cheap

Required

Small doses only
No

Yes

No

No

Cheap

Variable
2-10%
Insignificant
Not required
Not required
Not required
Large doses possible
Possible
Rarely

Yes

Second choice

Expensive
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deposition is a concern, a valved holding chamber should be adopted together with the MDI.
In the situation of a high drug dose or large volume requirement, the nebulizer may be one
suitable candidate. A nebulizer may also be considered on condition that only the drug in
solution formulation is available or MDI/DPI does not work effectively. In addition, the pa-
tient preference should also be considered when an aerosol delivery device is chosen. In fact,
there is a guideline from the 1997 National Asthma Education and Prevention Program [37]
to recommend age limits to ensure effective clinical application. Anyway, when the inhaler
is used in the treatment, the application needs to be evaluated properly in order to choose

optimal technique, and assure that patient is able to use the device correctly [6].

Host Factors Host factors play critical roles in the aerosol drug delivery. The host factors
include the conditions related to the ventilatory and the airway status of the patients [34].
Four sides of ventilatory factors have been shown to be important, i.e. inspired volume, inspi-
ratory time, breath-hold duration, and timing of aerosol delivery during inspiration. Inspira-
tion volume is very important in the process of aerosol drug delivery. Increasing inhalation
volume has more ability to carry particles further into lung. So, patients are suggested to
take a deep breathing under the actuation of aerosol drug devices. At the same time, they
are also advised to exhale to functional residual capacity before initial inspiration. However,
it is not recommended to force exhalation to residual volume before inhalation since this may
let some airways collapse temporarily, and then reduce drug delivery efficiency. In addition,
holding breath is very important to maximize the aerosol drug delivery efficiency including
increasing the penetration and particle deposition in the lung. However, the duration which
the breath should be held has been debated. It was reported by Newman, et al. [38] that a
four-second holding is extremely helpful in the improvement of aerosol drug delivery while a
longer duration may not be helpful. But, the mechanism of increased penetration of aerosol
particles is not fully understood. Among the airway factors, the status of the airways and the
lung pathology has no influence on the total amount of drug to the airways but it definitely
influences the fraction of dose arriving at the desired site. Investigations have also shown that
increasing airway resistance, which is seen in patients with obstructive airway disease, make
the aerosol particles predominantly deposit in the proximal locations [39, 40]. However, these
problems have been overcome with certain techniques of improving aerosol drug delivery to
the circumferential locations within the airways. The patient inspiration rates, the timing of
inhalation, and the breath-holding duration can be suitably changed to increase the aerosol

fraction going into the lung at the ideal locations [34].

Aerosol Drug Formation Nowadays, most of the aerosol drugs applied in medical treat-
ment is to cure obstructive airway diseases. In Tab. 1.2, different kinds of drugs related to
dosages and the type of aerosol devices available for each kind of drug [34] are listed. In
addition, there are some antibiotics and mucolytic agents available in the aerosol therapy as
well [34]. Although there are different commercial products available, the lung deposition is

usually 10 - 20% for most aerosol drug devices [41-43]. The rest of the aerosol drug deposits in
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Tab. 1.2: Properties of aerosol drug formation [29].

Drug Type of aerosol generator Dose
Salbutamol MDI 100 - 200 pg, 4 - 6 times/day
Salbutamol Sulphate DPI 200 - 400 pg, qid

Salbutamol Sulphate Solution for nebuliser 2.5 -5 mg

Terbutaline Sulphate MDI 250 - 500 pg, qid
Terbutaline Sulphate Solution for nebuliser 10 - 20 mg

Smalmetrol Xinafoate MDI 50 pg, bid

Smalmetrol Xinafoate DPI 50 ug, bid

Formoterol Fumarate MDI 12 - 24 pg, bid

Formoterol Fumarate DPI 12 - 24 pg, bid

Ipratropium Bromide MDI 20 - 40 pg, qid

Ipratropium Bromide DPI 20 - 40 pg, qid

Ipratropium Bromide Solution for nebuliser 100 - 500 pg

Tiotropium DPI 18 pg/day

Sodium Cromoglycate MDI 5 mg, qid

Sodium Cromoglycate DPI 20 mg, qid

Sodium Cromoglycate Solution for nebuliser 20 mg, qid

Beclomethasone Dipropionate MDI 100 - 400 pg, 2 - 4 times/day
Beclomethasone Dipropionate DPI 200 - 400 pg, 2 - 4 times/day
Budesonide MDI 100 - 400 pg, bid
Budesonide DPI 200 - 400 pg, bid
Fluticasone propionate MDI 100 - 1000 pg, bid
Fluticasone propionate DPI 100 - 1000 pg, bid

the oropharynx, the device, the exhaled breath, and the environment [6]. It is very important
to emphasize that different types of aerosol devices do not have the same total dose injection
such as a nebulizer and an MDI. Taking an example of using albuterol, a typical MDI total
dose is about 200 pg, whereas a typical nebulizer total dose is 2.5 mg [34]. More drugs reach
the lung in condition of same delivery efficiency using a MDI than a nebulizer. Although in
the clinical application, it is recognized that nebulizer is more effective, several studies show
that MDI can be as effective as nebulizer when the number of actuation is increased with a
MDT [44].

Aerosol drug formation size plays an important role in lung deposition, along with particle
velocity and settling time [45]. As particle size exceeds above 3 pm, there is a shift in aerosol
deposition from the periphery to the conducting airways. Oropharyngeal deposition also
increases as particle sizes increase above 6 um. Exhaled loss is high with very small particles
of 1 um or less. These data support the view that particle sizes of 1 - 5 um are best for reaching
the lung periphery, while 5 - 10 pm particles deposit preferentially in the conducting airways.
Aerosol devices in clinical use produce poly-disperse particle size, meaning that there are
variations in sizes of the aerosol. A measure that can be useful in describing a poly-disperse
aerosol is the mass median diameter (MMD) defined as the particle size, which is in the range
of the micrometer, above and below which 50% of the mass of the particles is contained. This
is the particle size that evenly divides the mass, or amount of the drug in the particle size
distribution. This is usually given as the mass median aerodynamic diameter, or MMAD,

due to the way that particle sizes are measured [6].
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1.4 Research Objectives

From the introduction, it can be recognized that the topic is really interesting and it will
benefit human health with its development. All of the applications in this field cannot go
ahead unless the characteristics of the gas field, and particle transport and deposition are un-
derstood, and how the gas field influences particle transport. Although, a lot of contribution
has been made by other researchers [7, 9] and there is a significant literature [7, 9] available
on the flow field in the oral airway and on the physics of particle deposition through numer-
ical simulations and experimental measurements, some questions still need to be answered,
such as the unsteady flow field in the respiratory tract. For instance,it is known that the
turbulence increases the particle deposition in the trachea, but few explanations are given
to the phenomena. In addition, although the secondary flow, which is the flow in the plan
vertical to the main flow direction, has been seen, the unsteady dynamics of the flow field
is not investigated. Recently, researchers have started to notice the CT-based mouth-throat
model, which is more close to the realistic anatomic structure, influence on the drug depo-
sition [21, 46], but most studies still assume mono-disperse particles and little research has
been developed on the poly-disperse particles except Longest’s group [47]. In addition, little
numerical modeling considers the realistic drug dose at one actuation.

In the thesis, computational fluid dynamics (CFD) method is adopted since it has the
advantages of noninvasive, high-resolution, cost-effective, and safe modeling of air flow pat-
terns, particle transport, particle deposition, and particle mass penetration into the lung
tissue [9]. In the present work, large eddy simulation (LES) together with Lagrangian equa-
tions is used to analyze the particle transport in the human upper respiratory. LES predicts
large-scale vortex directly and model the small vortices with sub-grid scale model. It has
been acknowledged as a powerful method to capture the turbulent structure and simulate
the laminar-transitional-turbulent flow [46]. Lagrangian method tracks the particle trajectory
separately and it is suitable to track the micron particles in the dilute two-phase flows [9].
More attention is paid to the study of unsteady flow characteristics in a cast-based and CT-
based mouth-throat. The particle transport in the turbulent flow region has been studied
using one-way coupling. In addition, the realistic drug injection is adopted as well with two-
way coupling. The thesis is organized as follows: In chapter 2, the state of the art is presented
to give the overview of the research status. Afterwards, the governing equations and physical
models are described in the chapter 3 to set the physical understanding of the topic. The
numerical methods for solving the gas phase and particle motion, and the solvers construction
are addressed in the chapter 4. In chapter 5, the numerical results will be presented, which
includes the flow field in a constricted tube, flow field and particle transport in a cast-based
mouth-throat, flow field and particle transport in a CT-based mouth-throat, the flow field
in the cast-based mouth-throat under unsteady inspiration flow rate and the flow field in a

CT-based nasal cavity. In the last chapter, conclusions and perspectives are presented.
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Concerning the influence of particle transport in the respiratory system on human health,
there is significant literature developed by fluid researchers through three approaches com-
monly, i.e. experimental methods [48-51], numerical methods [13, 20, 52-59] and empirical
formula based on experimental data [60-64]. The properties of the airflow field, and particle
transport and deposition, in particular the efficiency of particle deposition are investigated
broadly to improve the drug delivery efficiency and validity. As the pages limit, it is impos-
sible to give an entire literature review including all of the research issues in this area during
past decades. More attentions will be paid to the research related to numerical simulations
in the upper airway region because present thesis focuses on this field.

In this chapter, the geometry models used in the numerical simulation and some in exper-
imental investigations, numerical methods for the two-phase flows in the respiratory system,
the recent achievements related to airflow field, particle transport and deposition in the

extra-thoracic region, and intra-thoracic region are presented.

2.1 Geometrical Models

A suitable configuration is the first step towards experimental or numerical study of the air
flow and particle transport. In this section, geometry models of extra-thoracic region and
intra-thoracic region (tracheobronchial region and alveolar region) including the idealized
models and image-based models, which are closer to the realistic anatomical structures, are
described.

2.1.1 Geometry Construction Method

In the early studies, most of the work is conducted on the simplified geometry model of the
respiratory system [65-71], which is based on the cast, literature, observation or medical
images. Even today, there are still a lot of studies based on these geometrical models [72, 73].
Although it is known that the speciality of airway geometry has a major influence on the
local airflow structures and the particle deposition pattern, the simplified geometry models
can adequately fulfill the requirement for the estimation of global deposition values [7]. The
simplified models keep the common properties of the configurations of respiratory system,
which have the advantages of studying common properties in theory. But at the same time,
it cannot reflect the individual character of patients. So, it is not suitable to provide precise

information for the clinical treatment.
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From the view of clinical treatment, it is very important to study the airflow field and
particle deposition and dispersion in the more realistic models, namely patient-specific model.
It is expected that one day the patient-specific modeling will be applied into relevant prob-
lems in the biomedical engineering. It would gain quantitative results and valuable physical
insight in finding optimal medical treatment [7]. There is one modern way to construct the
configuration from the medical images, i.e. computed tomography (CT) and magnetic res-
onance imaging (MRI) scans [46, 55, 74]. The configuration built on this way is closer to

configuration of the realistic respiratory system.

CT scans are able to outline bone inside the body accurately and they are suitable for
lung and chest imaging, and cancer detection [9]. In contrast, MRI scans can highlight
different tissues through changing the contrast of the image. Thus, it may have advantage of
estimating wall thickness [9]. However, the cost of CT scans are less than MRI scans and it is
more used in the examination of lung and CT scans are more used in the lung examination.

Therefore, many geometrical models are constructed based on CT scans [9].

There is a generic procedure to generate the configuration based on CT or MRI scans. At
first, the CT or MRI images of interested portion of human body with the file format of “Di-
Com”, are obtained from a radiologist or surgeon. Then, the medical scans are imported into
image processing software such as Amira [75], Mimics [76], Simpleware [77] and NeuRA2 [78].
These images may be undergone the process of preparation, segmentation, surface mesh gen-
eration and optimization [46, 55, 74, 79-82]. With this methodology, the complex geometrical
models of entire lung and pulmonary branches can be generated, as shown in Figs. 2.1 and
2.2. The geometrical models are exported with “.stl” file and imported into the volume mesh
generation software. The volume mesh will be generated and exported into the CFD software

to simulate the two-phase flows.

Although the 3D geometry model close to the realistic anatomical structures based on

medical images has been applied in the numerical studies, the construction of 3D geometrical

Fig. 2.1: Entire respiratory airways from the  Fig. 2.2: Pulmonary branches with 17 gener-
mouth to lung using NeuRA2 [78]. ations including 1453 bronchi [83].
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model for whole respiratory tract based on medical images, and its application in numerical
simulations, are still impractical due to the following obstacles [9]:

(a) At present, the resolution of CT/MRI is not high enough after the 6" or 8" generation
of the branches.

(b) There are 23 generations in the lung and 223 airways in total, together with millions
of alveoli.

(c) The geometry of the respiratory tract depends on the time, in particular, the alveoli.

(d) The lung morphology is different among all of the patients.

(e) The cost of exact patient-specific modeling is still too high.

In the above paragraphs, the geometrical models used in the numerical simulation are
discussed. As experimental investigation of the airflow and particle transport in the human
respiratory system is not the concentration of the present work, only the modern technique to
generate the experimental model is introduced because it is much close to the modern tech-
nique to create the numerical geometrical models. With the appearance of rapid prototyper,
it is possible to create experimental model based on CT scans, computer aided design (CAD)
technique and manufacturing technique of prototyper [9]. For instance, seven geometries
based on MRI scans, which are chosen from 80 sets of patients scans, have been created by
Grgic et al. [50] to study the inter-subject and intra-subject particle deposition; a replica of
nasal airway based on CT scans using rapid prototyping is created by Kim et al. [82] to study
the airflow with PIV method. The nasal airway includes nasal cavities, larynx, trachea, and
2 generations of bronchi.

In summary, the modern technique to construct the numerical and experimental respira-
tory airway models based on medical images using image-processing, CAD and manufacturing
technique of prototyper (experimental model) has become a popular way. It will be more and
more applied in the numerical and experimental investigations of airflow and particle trans-
port in the human respiratory system. Thus, a CT-based mouth-throat model is constructed
in present work and it is used for the numerical simulation of airflow and particle transport

in the human upper respiratory system.

2.1.2 Extra-Thoracic Region

As it is introduced, the extra-thoracic region is the first barrier for particle entering into hu-
man body. Aerosol drug deposition in this region has important implications in drug delivery
efficiency. In the research, it can generally be classified in oral airway and nasal airway. It
also includes some generations of bronchial branches after the trachea frequently [59, 84, 85].
This kind of geometries are also presented together with the oral and nasal airways in this
section.

One challenge in studying particle transport in this portion of respiratory tract is the
geometry complexity. The complexity of the extra-thoracic airway includes the bends, sudden
cross-sectional area change [10, 86], which induce turbulence and aerosol drug deposition. Due

to the complexity, there are several simplified geometric models of mouth-throat used in the
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literature [20, 48, 49, 67, 69, 71, 87, 88|.

Among them, Cheng et al. [48] produced a human airway cast including oral cavity
pharynx, larynx, trachea, and 3 generations of bronchi to study the particle deposition in the
oral airway in 1999. Of the cast, the oral portion was modeled from the dental impression of
a human volunteer, whereas the other portions of the cast were made from a cadaver. The
cast is produced using the production of silicone rubber and filling wax [48].

To study the filtering function of oral airway and to avoid large error produced by over-
simplified geometry model [48, 65|, a simplified mouth-throat with variable circular cross-
sections is produced by Kleinstreuer and his colleagues [89]. It is based on the dimensions
of the cast provided by Cheng et al. [48], which includes the position of cross sections and
hydraulic diameters. The region from mouth-cavity to the larynx is modeled as a curved
tube close to 180° as suggested by Cheng et al. [48]. There are also some other variations to
the cast including addition of mouth-inlet tube of 2 cm diameter and a modification of soft
palate [89]. A series of research work [20, 59, 84, 86, 89-96] have been done on this geometry
model by the group. The results related to the geometry are cast-based mouth-throat model
in the section 2.3.1.

Another very popular ideal mouth-throat is built by Stapleton et al. [71] to study particle
deposition in the human upper airway. It has been adopted widely in the experimental
and numerical studies [14, 50, 57, 82, 85, 97-101] since its creation. It is constructed on
the information from literature [102-105], CT scans of patients, MRI scans [71], and direct
observation of living subjects [71], as shown in Fig. 2.3 [97]. The obvious differences between
this configuration and the one built by Kleinstreuer et al. [89] is that the cross-section of the
geometry is not circular and it is closer to the realistic upper airway because it includes more
information of anatomical structure. In addition, the pharynx is an elliptical cylinder [71].

Jayaraju et al. [46] also built a simplified geometrical model of human upper airway
based on the CT scans in the study of evaluating turbulent modeling methods [88] and the
airflow field in the upper airway with the tracheal stenosis [106]. The main simplification of
the geometrical model is that the left and right sides of configuration are planes, which is
not realistic profile. To identify the influence of geometrical model on the airflow field and
particle transport, four different geometrical modes of upper airway are adopted by Xi et
al. [74]. One of the geometrical model is closer to the realistic anatomical structure, which
is built based on CT scans in the portion of trachea and based on cast [48] in the portion
of oral cavity. Other three geometrical models are simplified models, which are gained by
using elliptic cross section, circular cross-section with the hydraulic diameter based on cast
and circular cross-sections with equal diameters correspondingly.

In addition to the image-based geometrical model created by Xi et al. [74], there are other
image-based geometrical models in the research [21, 46, 50, 53, 82, 107, 108]. As mentioned
in the last section, the geometrical model built on CT or MRI scans is much closer to the
realistic anatomical geometry of respiratory tract in aspects of the profile and topology. But
most of the models have some simplification in the portion before tongue. For example, in

the geometrical model of human upper airway built by Xi et al. [74] based on CT scans, the
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olfactory region

superior meatus

nasophyrynx

inferior meatus

Fig. 2.3: Three-dimensional view of an idealized oral airway model [97] (left) and a nasal

airway [79] (right) based on CT scans.

oral inlet is simplified with a circular tube. Takano et al. [21] built an oral airway based on
MRI scans, which kept the properties of rough surface of the upper airway, but it does not
demonstrate profile of the oral cavity before the portion of the tongue. In the extra-thoracic
airway built by Jayaraju et al. [46], the portion of tongue and lips have been considered, but
it seems that the angle of lips is not in accordance with the realistic situation. To study the
laryngeal jet and intra-thoracic air flow, one geometry model of human upper system was
created by Lin et al. [53]. This geometrical model includes the oral airway and 5 generations

of bronchial branches. A circular tube is put at the mouth piece with a circular tube as well.

In addition to investigations of the oral airway, recently more researchers started to pay
attention on the investigation in the nasal airway due to its ability to deliver systematical
drug. The nasal cavity is very complex, which includes three different meatuses in the main
airway region seen in Fig. 2.3 [79]. In addition, there are many passages to connect the nasal
cavity and sinuses. As the author’s best knowledge, there is no simplified geometrical model
of nasal airway and most of them are built based on medical images [82, 109-115]. Some of
them do not consider the nasopharynx or assume the nasopharynx as a tube. For instance,
Shi et al. [79, 114, 116] created a nasal cavity on CT scans. Two tubes are added to nostril
and one tube is used to model the nasopharynx.

In this project, a simplified mouth-throat model is constructed based on the dimensions
of cast [48, 89], a more realistic mouth-throat model based on CT scans, and a nasal cavity

based on CT scans as well. These geometries will be addressed in detail in Chapter 5.

2.1.3 Intrathoracic Region

During the past decades, a series of models of pulmonary branches have been adopted by

researchers to study the respiratory airflow and particle transport. These studies either
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assumed the respiratory airways as symmetric bifurcation airways [117-125] or considered
them as asymmetric airways [13, 55, 126-131]. Most of these geometrical models are based
on Weibel Type A model [132]. The Weibel model has 23 generations with the assumption
that each parent generation of lung branches is divided into two identical daughter generations
symmetrically [9, 55]. However, this assumption does not match with the reality, even the
equivalent diameters and length of individual tubes [18]. Moreover, the configuration is
for normal adult lungs so that child and adult patients with asthma or other pulmonary
diseases may have different features with the different geometrical models. Thus, various
improvements and extensions [18, 133-136] are proposed for the geometrical model. Recently,
following the Weibel Type A model, Kleinstreuer et al. [137] constructed a tracheobronchial
model to study the air particle flow. The computational results are evaluated to be consistent
with the experimental data.

However, the actual anatomical human bronchial airways display irregular features, and
thus these regular airway models may not reflect the realistic properties of the human lung
and then influence the precise prediction of the airflow field and particle motion in the lung.
More realistic geometrical models [138-146] have been reported. Nowak et al. [147] and Ce-
bral et al. [148] characterize one bronchial airway from generation 0 to generation 4 (GO - G4)
with CT scans. Van Ertbruggen et al. [149] created a geometry model for seven generations
based on the morphometrical data created by Horsfield et al. in 1971 [134]. A 17 gener-
ations of human respiratory tract, which is the abstracted topological graphical data from
anatomical model by Schmidt et al. [144], was adopted by Gemci et al. [83] to study the
airflow in the human respiratory system. It includes a maximum 17 generations of the total
26 generations of the human tracheobronchial airways with 1453 bronchi [83]. Nonetheless,
as long as restrictions on computer (and laboratory) resources prevail, simplified modeling
approaches are necessary [9].

The alveolar sac appears from G20 of the bronchial trees at the end of alveolate duct in
the Weibel’s model [133]. At present, several kinds of idealized models have been applied
in the investigations of acinar flow. These geometric models consist of a two dimensional
(2D) long central channels surrounded by circular alveoli [150-152], a 2D multi-generation
alveolate bifurcations [153, 154], a three-dimenisonal (3D) straight tube with hemispherical
alveoli [155-157], 3D alveolate bends [158] and 3D alveolate bifurcations [159]. In these
geometry models, the alveolar sacs are different. The circular alveolar sac is adopted by

Tsuda et al. [160], and the sharp-edged polygon-cell was used by Darquenne et al. [26, 154].

2.2 Mathematical Methods

It is well known that the toxic particle motion and aerosol drug delivery in the human respi-
ratory system are the phenomena of two-phase flows that involve micron and nanoparticles.
In this section, the mathematical methods are discussed considering the methods to solve the
two phase flows in the human respiratory system including both of the particle phase and

gas phase.
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2.2.1 Particle Phase

At present, there are basically two different approaches in the analysis of the phenomenon of
particles dispersed in the air flow in the respiratory system such as Euler-Lagrange method [7]
and Euler-Euler method [21]. In the Euler-Lagrange method, a particle trajectory is calcu-
lated by solving equations of the motion for each particle in the Lagrangian approach [21,
46, 73, 86, 161]. On the other hand, in the Euler-Euler approach, a particle concentration
distribution of the carrier fluid is calculated [162-164].

In this research field, the Euler-Lagrange method is adopted mainly to solve the micro-
particle and sub-micron particles and usually only drag force is adopted although there are
different drag models [20, 46, 67]. Researchers also start to consider the influence of Brownian
force on the sub-micron particle trajectories [67, 165]. There are different ways to couple the
gas phase and particle phase. The commonly used and simplest way is one-way coupling,
which only considers the influence of gas phase on the particle phase through the gas ve-
locity [166]. The second one is the two-way coupling. In this way, the gas phase modifies
the behavior of particle phase, which in return modifies the gas behavior of the airflow field
because the micron turbulence is created in the interaction process. If particle volume density
is large enough, the two-way coupling should be considered. Furthermore, if the particle vol-
ume density is so large that collisions among particles happen, the four-way coupling should
be adopted.

Nowadays, most of numerical simulations adopt the one-way coupling and neglect the
influence of the particle on the airflow field and interactions between particles due to low
particle-loading. In this coupling way, it doesn’t consider the injection mass from the inhaler
in the clinical treatment. For instance, in this kind of coupling way, the properties of injected
particles are particle diameter d, = 5 pm, particle density p, = 1000 kg/ m? and particle
number N, = 10,000 [86]. Then the total injection mass is 0.65 pg. But in fact, in medical
treatment, one actuation from inhaler, i.e. DPI, is usually 200 pg [6, 34]. Thus, the particle-
loading is large enough for particles to influence the airflow. To consider the drug dose from
the inhaler in the clinical treatment, it is necessary to apply the two-way coupling. In this
case, the particle number can reach 10!, therefore it is impossible to track each particle and
it is necessary to adopt parcel method [166]. The parcel method assumes that there are more
particles in one parcel with the same physical properties such as diameter and velocity [166].
If there are more particles, the volume fraction will become large, then it may be necessary
to consider the influence of particle momentum on the airflow field at least, which means that
two-way coupling should be adopted [166, 167]. At present one-way and two-way coupling

are taken into account due to the low-loading particles in the air.

The Euler-Euler method is usually adopted to solve the nanoparticle diffusion in the gas
flow in the respiratory system. Neglecting particle coagulation, surface growth, nucleation,
and external forces, the standard convection-diffusion equation can be used to depict the
transport of quasi-spherical nanoparticles under the Brownian force [7, 168]. More details on

the method can be referenced in [7, 9, 168] since it is not main work of the thesis.
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2.2.2 Gas Phase

One challenge in the numerical simulation of airflow field in the respiratory system is that
the flow ranges from laminar, transitional and turbulent within the respiratory system, which
requires the method not only to capture laminar flows, but also transitional and turbulent
flow structures [9, 86, 88]. Nowadays, there are several approaches available in analysis
of the laminar-transitional-turbulent flow in the human respiratory system such as direct
numerical simulation (DNS) [53], large eddy simulation (LES) [55, 85, 88], Reynolds-averaged
equations [46, 57, 70, 71, 161}, detached eddy simulation (DES) [88] and Lattice Boltzmann
method (LBM) [169]. Presently, little work has been developed with DNS because it requires
huge amount of grid nodes, which can be estimated as Ref [10], which takes huge time and

computer memory to conduct the computation.

RANS solves the averaged flow variables directly and model the turbulent effects through
Reynolds averaged stress tensor [170]. There are two different ways to model the Reynolds
stress, i.e. eddy viscosity model and Reynolds stress model [170]. Eddy viscosity models are
based on the assumption that turbulent mixing, analogous to molecular mixing, is governed
by an effective viscosity, the eddy viscosity [170, 171]. The turbulent effects are lumped to
the eddy viscosity and Reynolds stress are expressed with it. In Reynolds stress model, the
eddy viscosity is discarded and the Reynolds stresses are directly computed [170, 171]. The
exact Reynolds stress transport equation is used account for the directional effects of the
Reynolds stress [170]. Among plenty of turbulence models Two-equation models are popular,
because it accounts for history effects like convection and diffusion of turbulent energy with

the transport equations of turbulence variables [170, 171].

Two-equation models include two extra transport equations to describe the turbulent
properties of the flow such as the transport equations of kinetic turbulent energy k and
dissipation € or specific turbulent dissipation w [172]. k& — € model includes transport
equations of kinetic turbulent energy, k, and turbulent dissipation, €. k determines the
energy in the turbulence and e determines the turbulence scale [171]. It is suitable for
simulating the flow with small pressure gradient [171], while it cannot accurately predict the
flow containing large adverse pressure gradient [171]. The RNG k — ¢ model is developed
using re-normalization group (RNG) methods by Yakhot et al. [173] to re-normalize the
Navier-Stokes equations, which is to account for the effects of smaller scales of motion. In
the contrast to the standard £ — € model, the RNG k — ¢ model uses the RNG approach
to derive a turbulence model with a modified form of the € equation aiming to account for
the different scales of motion through changes to the production term. The k — w model
is another kind of the most commonly used two-equation turbulence models including the
transport equations of kinetic turbulent energy k and specific turbulent dissipation w [172].
Usually, & — € model is good at simulating the free stream region and £ — w is robust in
the near wall region [174]. Menter k£ —w model [174] has combined the original k& — w model
and k£ — € model and keep both of the advantages of them. Shear stress transport (SST)

k — w model is improved based on the Menter £ —w model with the ability to account for the
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transport of the principal turbulent shear stress in the adverse pressure gradient boundary
layers. In addition, low Reynolds number (LRN) turbulence models are created based on the
k — €eor k — w models such as the LRN & — ¢ model by Radmehr et al. [175, 176] and
LRN k& — w model by [170] to simulate the viscous sub-layers.

Most of the previous work in this field use the RANS method to simulate the flow field,
e.g. [20, 46, 50, 54, 71, 86, 90, 161, 165, 168]. Among these work, in 2001, Stapleton et al. [71]
adopted the £ — ¢ model to simulate the flow field using a Lagrangian tracking method
coupled with the eddy interaction model to simulate the fluid-particle in a simplified mouth-
throat model. It is observed that the model failed to predict the flow field in the relatively
high flow rate and it is not suitable for the accurate prediction of particle deposition [71].
Four different turbulent models such as low Reynolds number (LRN) k& — € model [176],
renormalization group (RNG) k& — ¢ model [177], Menter k& — w model [178] and LRN
k — w [170], are used by Zhang et al. [90] to simulate the internal flow field in two different
test conduits with local constrictions. The LRN k — w model is identified to be more suitable
to simulate the laminar-transitional-turbulent flow in the constricted tube [90]. The LRN
k — w model is widely used in numerical simulations of the flow field in the respiratory
system [54, 84, 86, 161]. In addition, shear-stress transport (SST) k — w model [46, 179] is
proved to predict the transitional flow accurately [46]. The RANS model is suitable for fully
developed turbulence, but it may be inappropriate for particle transport in the region with

complex flow such as upper respiratory tract [88].

Recently, the prediction of particle deposition has been implemented more and more with
large eddy simulation (LES). LES predicts the large scale flow structures by solving the
filtered Navier-Stokes equations and modeling unresolved vortices with subgrid scale model.
Thus, it is expected to have more accuracies than RANS method [180]. Luo et al. [56] used
LES to simulate the flow in a single asymmetric bifurcation model and a constricted tube.
It was demonstrated that LES predicts the transitional flow in the constricted tube better
than the LRN & — € model. Jin et al. [85] simulated the flow and micro-particle deposition
in a three-dimensional geometric model of human upper respiratory tract. It is found that
turbulent dispersion plays an important role in the particle deposition for the particles with
small Stokes number. It is observed that particles with the diameter of 1 wm not only deposit
on the opposite wall but also on the side wall. Jayaraju et al. [88] simulated the fluid flow
in a human mouth-throat model under normal breathing condition (30 L/min) alternatively
using RANS & — w (without near-wall corrections), detached eddy simulation (DES), and
LES methods. DES is a method based on RANS and LES, which is switched from a RANS
model to a subgrid scale model in regions of grid fine enough for LES calculations [181].
Through comparison with existing experimental data in situations below 5 um and larger
particles, it is found [88] that for the medication aerosols inhaled at a steady flow rate of
30 L/min, LES and DES provide more accurate results than the RANS £ — w model in
predicting particle deposition. Also, both the LRN k& — w and shear-stress transport (SST)
k —w model have been evaluated for the flow field in the constricted tube through comparison

with experimental data and other RANS models, and these models are frequently used in
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the numerical simulation of particles transport and deposition in the respiratory system as
mentioned above. However, no comparison has been made for the numerical results using
LRN k — w, SST k — w and LES [9] in the constricted tube. In present work, LES is adopted
and the validation of the methodology with LES is performed through the comparison of flow
field in the constricted tube with RANS/LRN k£ — w model and RANS/SST k — w model.

Until now, the governing equations have been solved with commercial software such as
KIVA [182], FLUENT [168, 183] and CFX [20, 183]. Sometimes, it is accompanied with
the user-defined program in C or FORTRAN. Little work has been done through in-house
program, such as finite volume method (FVM) [21]. In the present work, the open source
program platform of OpenFOAM 1.5 [184] is adopted due to its powerful ability to compute
flow field and its possibility to adopt models defined by user. More details about OpenFOAM
will be introduced in the Chapter 4.

2.3 Airflow and Particle Transport in the Human
Respiratory System

Understanding of airflow structures in the human respiratory system underlines the basis
for analyzing particle transport and deposition. The flow structure in the respiratory has
been reviewed in the literature [7, 9, 118]. Historically, the research of aerosol dynamics in
the lung were mainly related to toxic particulate matter deposition and its implications of
negative health influence. The rapidly growing interest in aerosol drug therapy caused a shift
in the application [7, 27]. Depending on interpretation of computational and experimental
inhalation investigations, toxic particle deposition results can appear as therapeutic drug-
aerosol targeting outcome due to the relationship between them [185]. So, the scientific

investigation will benefit them [7].

2.3.1 Airflow and Particle Transport in the Extra-Thoracic Region

In this section, investigations on the flow field and particle transport in the extra-thoracic
region are explained. Special attention is paid to the micro-particle transport and deposition
in the oral airway. A simplified overview is given to the issues related to nanoparticle motion
in the oral airway and particle transport in the nasal airway since it is not main part of the

thesis.

2.3.1.1 Properties of the Airflow

The flow field in the respiratory system has been investigated significantly through exper-
imental and numerical methods. The main features of the time-averaged flow field in a
simplified oral airway based on cast have been identified by Zhang et al. [86]. They included
the recirculation zones after the mouth cavity, the soft palate and glottis, and the laryngeal
jet. The flow structure shows very different properties with different geometrical topology.

In the numerical results of Zhang et al. [86], no turbulence is found at an inspiration flow
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rate of 15 L/min, but there is turbulence observed in the numerical simulation of Jayaraju
et al. [46] at the same flow rate. It was argued that the geometry used by Zhang et al. [86] is
simplified, whereas Jayaraju et al. [46] presented and discussed a more realistic extra-thoracic
airway based on CT scans. It is also interesting that the turbulence onset was observed in
the experimental study referenced by Stapleton et al. [71] in the tracheal cast when the flow
rate is more than 3 L/min.

Due to glottal contribution, a laryngeal jet is generated after the glottis in the trachea
and the geometrical influence can also be observed in the larynx. As emphasized by Xi
et al. [186], the orientation between the larynx and the trachea in a simplified laryngeal-
tracheobronchial model has great influence on the laryngeal jet within the trachea so that
the laryngeal jet has different profiles. For instance, a laryngeal jet located in the center of
the trachea without impinging on the wall is studied in the numerical simulation of Zhang
et al. [86]. They investigated a circular idealized mouth-throat, which includes the circular
larynx and straight trachea [86]. However, several other studies are in contrast to these
findings. The study of Jayaraju et al. [88] shows the laryngeal jet to impinge on the front
side of the trachea in a simplified mouth-throat model with forward-sloped larynx and straight
trachea configuration. Xi et al. [186] found that the laryngeal jet is skewed towards the right
side of the trachea. They used an approximate model of the upper tracheobronchial airways
with a forward-sloped larynx and rearward-sloped trachea. The result is in agreement with
the in vitro experiments of Corcoran and Chigier [187]. Recently, Lin et al. [53] found a
laryngeal jet to approach the back of the trachea in a patient-specific airway model with
rearward-sloped larynx and a straight trachea. In fact, not only the orientation of the larynx
and trachea influences the entrance of the laryngeal jet, but also the shape of glottal aperture
affects the laryngeal jet and reverse flow pattern. Brouns et al. [188] studied the influence of
the shape and cross-section area on the flow structure with circular, triangular, and elliptical
glottal aperture in an idealized mouth-throat model. It was found that the triangular glottal
aperture shifted the laryngeal jet in the direction of posterior wall, and there were two pairs
of counter-rotating secondary vortices corresponding to one pair in the cases of circular and
elliptical apertures.

Researchers found that the laryngeal jet also influences the flow field in the tracheo-
bronchial (TB) region. Xi et al. [186] found that the secondary motion in the daugh-
ter branches were stronger when computed with the standard TB model compared to the
laryngeal-TB model. Moreover, a laryngeal jet is predicted using the laryngeal-TB model
which includes the larynx. Lin et al. [53] found that the turbulence induced by the laryngeal
jet can significantly affect the flow patterns as well as tracheal wall stress. They also found,
neglecting the oropharynx, the larynx generated different flow structures including velocity
parabola in the trachea, and turbulence was negligible.

In addition to concentrating on the laryngeal jet, researchers recently started to pay more
attentions to other flow structures in this region. Secondary flows, which is the flow at the
plan vertical to the main flow direction, in the form of multi-vortex structures behavior in

the context of double bifurcation model were studied by Leong et al. [189] through numerical
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simulation and experimental visualization. It was found that secondary vorticity is amplified
through the vortex line stretching due to the secondary flow within the daughter tube. Ball et
al. [190] used the RANS &k — w model to conduct high-resolution turbulence modeling of air-
flow in an idealized human extra-thoracic airway, and the flow structure was analyzed through
iso-surface plots of the negative second eigenvalue of symmetry square of velocity gradient
tensor [191]. It was observed that the recirculation bubble formed anterior to the epiglottis.
The laryngeal jet impinging on the anterior wall of the trachea causes circumferential flow
resulting in repeating secondary vortices. Lin et al. [53] applied a proper orthogonal decom-
position [192] technique to study the vortices in an upper human airway based on CT scans.
The analysis revealed Taylor-Gortler-like [53, 193] vortical structures, which is the secondary
flow that appears in the boundary of concave wall [193], residing in the supra-glottis and the
sub-glottis, and counter-rotating vortices appear in the main-stem bronchi. Moreover, these
vortical structures are related to the regions of local maximum coherent turbulence. Even
though the laryngeal jet and secondary vortices have been studied extensively as discussed

above, few investigations concern the time-dependent motion of the flow structure.

In addition to the study of flow field in the oral airways, the flow field has been investigated
in the nasal airway as well. Keyhani et al. [194] and Subramaniam et al. [195] modeled
a steady laminar airflow pattern in the nasal cavity and compared their results with the
experimental data by Hahn et al. [196] and the streamlines of the airflow were given in
numerical investigation of Horschler et al. [197]. Recently, more details on the local airflow
structures was presented in the narrow and complex flow by Shi et al. [114] and [164]. The
typical nasal flow has been introduced by Kleinstreuer et al. [9]. The main feature of flow

field in the nasal cavity include:

1) the majority of flow going through the middle-to-low portion of the main passage way

between the middle and inferior meatuses;
2) two high speed regions locating under the middle and inferior meatuses [114];

3) small amount of flow reaching the narrow olfactory region and the upper part of the

middle and inferior regions;

4) strong secondary flow existing in the middle part of the nasal cavities due to local

geometric complexity and the change of flow direction in the vestibule.

Moreover, it was found that the flow in the nasal cavity is influenced by other factors
including inflow conditions [114], airway geometry and the size, and orientation of the internal
nasal valve [198], which decides the gas velocity direction at the inlet plane. The influence of
nasal airway can be revealed from the different geometries available in the literature. However,
the CFD techniques used including geometry generation, grid generation, and physical models
and numerical methods to solve governing equations are different as well and therefore it is
more difficult to identify the geometry influence. Until now, there is no specific investigation

on nasal geometric influences reported [9].
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2.3.1.2 Properties of the Particle Transport and Deposition

As mentioned above, the micro-particle and nanoparticle transport are two different physical
processes. So, there are different regulations governing the particle-deposition. Usually, there
are three main mechanisms of micro-particle deposition in the respiratory system: inertial
impaction, gravitational sedimentation and diffusion [6, 7]. And nanoparticle deposition
is mainly regulated by Brownian diffusion [95] and inertial effect can not be neglected for
ultrafine particles [54].

Inertial impaction has dominant effect on larger and fast-moving particles, which is con-
trolled by impaction parameter. The inertial impaction of particle is decided by the air
inspiration flow rate (), particle diameter d,,, and particle density p, and it can be expressed

with the impaction parameter (IP) [7]:

IP = p,Qd;. (2.1)

Thus, the larger of IP means the larger of particle inertial impaction [7]. Gravitational
settling is a function of particle size, particle density and time, with the rate of settling
proportional to particle size and particle density [199]. Diffusion takes main action for the
ultrafine particles in high concentration gradient region [200]. These mechanisms take effect
as aerosol particles are inhaled orally or through the nose. Particles larger than 10 pm are
filtered in the nose and/or oropharynx, most likely by inertial impaction; particles of 5 -
10 um generally reach the proximal generations of the lower respiratory tract, and particles
of 1 - 5 pm reach the lung periphery, seen in Fig. 2.4 [45].

The particle deposition can be identified with terms of deposition fraction (DF'), deposition

Nose: > 10 um removed
Mouth: > 15 um removed

| 5-10 um
(First 6 generations)

|15 um
(Last 5-6 generations)

Fig. 2.4: A simplified view of the particle deposition location related to the size [45].
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efficiency (DE) and deposition enhance factor (DEF) in a specific respiratory region such as
oral airway, nasal cavity and different tracheobronchial branches defined in [59]. DE is defined
as ratio of the particle deposition number to the total injected particle number. DF is ratio
of the particle deposition number to particle entering into this region. DEF is a parameter
to depict the local particle deposition pattern. It is is defined as the ratio of local to average
deposition densities. The deposition densities are computed as the number of deposited
particles in a surface area divided by the size of that surface area [59]In the past decades,
micro-particle transport and deposition have been extensively studied by a lot of researchers
in the oral airways [48-50, 58, 59, 64, 70, 71, 86, 89, 200-204]. The main features of micro-
particle deposition efficiency is that the particle deposition increases with particle size since
the particle inertia increases with particle size. The increasing inspiration flow rates will also
enhance the particle deposition due to the impaction parameter increase and large turbulent
dispersion.

Besides the total deposition fraction, the regional deposition fraction is another parameter
to evaluate the particle deposition. It is well-known that the micron particle deposition during
inhalation in the oral airways mainly results from impaction, secondary flow convection, and
turbulent dispersion [59]. Hence, they mainly deposit in the stagnation points and sudden
geometry change region of cross-sectional area or surface profile [59, 86]. But the results are
very different between idealized mouth-throat based on cast and image-based upper airway.
For example, in the image-based geometrical model of upper airway [21, 46], it is found that
most particles deposit in the mouth-larynx region and few particles can reach the larynx and
trachea, but there is higher particle deposition in the trachea in the simplified mouth-throat
based on cast [59, 86]. These differences mainly come from the geometric complexity. More
realistic model based on medical scans is more complex and it produces more barriers leading
to the particle impacting on the wall of the oral-pharynx region.

Other than total and regional particle deposition, local particle deposition pattern is
another important parameter for the assessment of particle deposition influence on the
health [59, 205, 206]. As particles mainly deposit at stagnation points, more particles may
concentrate on the tongue portion, the outer bend of the pharynx/larynx, and the regions
close to glottis. Particle can also dwell on the tracheal tube due to the turbulent dispersion
and secondary flows. Hence, maximum DEF may appear in this region. Zhang et al. [59]
studied the DEF of particles ranging from 1 pum to 10 wm under the inspiration flow rate of
15 L/min, 30 L/min and 60 L/min in the oral airway. Two obvious peaks of DEF can be
observed in the condition of @, = 30 L/ min, d, = 7 um and Q;, = 15 L/ min, d, = 10 pm.
It is also found that the maximum DEF at the higher inspiration rate of 60 L/min is lower
than those at the lower flow rates of 30 L/min and 15 L/min. They attributed it to the
strong turbulent dispersion and broader distribution of deposited particles under the higher
inspiration flow rate [59].

The particle trajectories have been discussed in the work [86] as well to demonstrate the
effects of airflow and Stokes numbers. Different particle trajectories were observed in their

work and some particles are seen to be entrained by the recirculation flow. Particles at close



2.3. Airflow and Particle Transport in the Human Respiratory System 25

initial positions were observed to have different properties, such as exiting the mouth-throat
model or depositing on the surface. They attributed it to two factors of inhomogeneity of flow
field and randomness of turbulence. The same particle in the same initial injection position
displays different trajectories in different Stokes number. In the summary, the turbulence has
minor effect on the particle trajectory at high Stokes number, and in contrast, has high effect
on particle trajectories at smaller Stokes number, which is observed by experiment [207] and
other numerical simulations [73, 165] as well.

To target aerosol drug at special site of the human lung, the released locations were
studied by Zhang et al. [208] in an oral airway connected with a symmetric triple-bifurcation
model. Particle distribution in two different released points at the inlet plane was simulated
under the inspiration flow rate of 8 L /min and spherical particle of 7 pum. It is found that the
profile of particle distributions at one cross section in trachea fit well with the experimental
results [7, 208]. The targeted drug delivery can be implemented by specifying inlet positions
of aerosols that deposit on different targeted sites. The specific initial particle deposition
are determined via backtracking, which is decided by the relationship between the final and
initial positions [7]. Thus, most aerosols will deposit in the desired lung regions, which can
be seen from the second cases with four circles located in an orbital path [7, 208].

Most of the investigations have adopted mono-disperse particles in the oral airway, but re-
cently Longest et al. [47, 165] adopted poly-disperse particles. In their studies, they adopted
the poly-disperse particle distribution from the laser fraction for the ambient particles. Par-
ticles are injected with the same particle number for each class and the final mass deposition
results were scaled to reflect the experimentally determined initial poly-disperse size distri-
bution [47]. The poly-disperse particle deposition efficiency from the numerical simulation is
fit with the experimental measurement [47].

In comparison with the investigation of micro-particle transport and deposition, there
are relatively few investigations of nanoparticle deposition in human respiratory system,
mainly due to the difficulty to generate nanoparticles for the experimental measurements
and accurate prediction with numerical methods [7, 9]. The regional deposition fraction to

evaluate nanoparticle deposition can be determined according to Fick’s law [84] as:

n
DFegion = ; [_Ai <D + ;/gi) |i:| /(QinYin), (2.2)
where DF.cg4ion is particle deposition fraction; Y is the mass fraction; oy is the turbulent
Schmidt number; A; is the area of the local wall cell, i; n is the cell number of wall in one
certain region of the airway and D is diffusion coefficient of nanoparticles. In a series of
publications, Cheng et al. [51, 209-212] measured ultrafine particles ranging from 3.6 nm
to 150 nm transferred and deposited in the upper airways, among others. It is also studied
by the numerical simulations in the work [59, 84, 164, 213]. With these experimental and
numerical data, it is probable to build empirical equations to predict particle depositions
summarized in [61]. Contrary to micro-particle deposition, with the particle size increasing,

the particle deposition decreases for nanoparticles because the diffusive capacity is reduced.
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The nanoparticle deposition pattern on the wall becomes more uniform with the increasing
particle diameter, which can be attributed to significantly decreasing diffusivity and more
uniformly distributed concentration field in the tubes for larger nanoparticles [84]. Similar to
the particle size, the higher the inhalation flow rate is, the lower the deposition of nanopar-
ticles would be. But in comparison with particle size, the inspiration flow rate has a minor

effect on nanoparticle deposition [59].

With the development of nasal drug delivery [12, 214-217] including the targeted position
of nasal cavity and deep site of lung through nasal airway, investigations have been made in
the nasal airways [79, 114, 116, 198, 218, 219] including the micron particles and nanoparticles.
Similar to oral airway, micro-particle deposition in nasal airway during inhalation are mainly
regulated by inertial impaction, secondary flow convection, and turbulent dispersion. Under
combined functions of these factors forementioned, the hot spots may appear in the nasal
airways. Shi et al. [116] found there were three major hot spots (high DEF location mentioned
above) in the nasal airways, i.e. the first one in the nasal valve, the second one on the top
of meatus wall or middle turbinate, and the last one near the nasopharynx. Moreover, since
the cross-sectional area of the passages of nasal cavity is narrow and the Reynolds number
is low resprestively, the wall roughness of replica and nasal hairs may significantly affect the
in vitro and in vivo of large micro-particles deposition in nasal cavities [116]. Different from
micro-particles in the oral airway, the inertial deposition in the nasal cavity may be simply a
function of only Stokes number [9, 61] and without Reynolds number. This may result from
the fact the Reynolds number in the nasal cavity is much lower than in the mouth-throat.
Earlier research have found that the axial flow can indicate the particle concentration for
micro-particles with a low impact parameter, whereas secondary flow may help particles to
move into the meatus regions. Although the particles with higher inertia can be driven out
more from the flow streamlines, the flow region with larger velocity still carries more particles,

in particular, in the main passage way beneath the middle meatus.

Similar to nanoparticle deposition in the oral airway, the nanoparticle deposition in the
nasal cavity is governed by diffusion as well and therefore the particle deposition efficiency
decreases with the particle size increasing. Local nanoparticle deposition pattern in the nasal
airways was studied by Shi et al. [114] and Xi et al. [220]. It was observed by them that the
majority of particle deposition happens in the anterior part of the nasal cavity due to the
high diffusivity, in particular, for particle with the diameter of 1 nm. In contrast, smaller
deposition flux occurs in meatus regions because most particles can not reach the deeper
regions of the meatuses. High DEF values can be seen around the nasal valve region due
to the locally narrowing airway. Most of the 1 nm particles pass through the middle-to-low
main passageway under the convection of the main air flow portion. Specially, a high particle
concentration is seen in the main passage way below the middle meatus. Some nanoparticles
may enter the meatuses due to both diffusion and secondary flow effects. Furthermore, a
larger portion of particles can go through the olfactory when the flow rate increases. For
larger particle with size of 5 nm, the distribution of particle deposition fluxes are a bit more

uniform because the particle concentrations are distributed somehow more evenly in the
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airways. Even so, hot spots are basically located in the same region and thus the nasal valve
region and middle-meatus zones experience the highest DEF values. In addition, it was also
found that the modeling methodologies and solvers may influence the prediction of particle

deposition [114] produced the different prediction of flow fields.

2.3.2 Airflow and Particle Transport in the Intrathoracic Region

The property of airflow in the intrathoracic region is very important for understanding the
aerosol drug particle pattern and toxic particle dispersion. In this section, the flow field and
micron and nano particle motion in the tracheobronchial airways and alveolar region will be

presented.

2.3.2.1 Properties of the Airflow

Research has been developed from the first generation to more generations of tracheobronchial
airways since the flow field in the first generation largely influence the subsequent flow in the
subsequent bifurcations [123, 221]. Turbulence intensity [137, 222], secondary flow [20, 223]
and reversed flow [157] are considered in these research during inspiration and expiration
phases [9, 20].

Turbulence level was found to decay in the trachea. But the severe geometric transi-
tion from parent branch to daughter branch may induce new unsteadiness in the daughter
tubes [137]. It was extensively reported that turbulence intensity is enhanced around the flow
dividers due to the contraction of the top and bottom surface in the carinal ridges [9] because
the contraction may increase the Reynolds number. These enhancements of flow instabilities
may help turbulence occur in trachea to propagate to a few generations, i.e. G6 [137, 222].

Secondary flows appear in the bronchial airways because of the upstream flow properties
and the pressure gradient induced by centrifugal force [9]. The magnitudes and structures
of the secondary flow are determined by several factors including the flow direction, Dean
number , Reynolds number, geometric features, axial location with respect to the carinal
ridge and Womersley number for oscillatory flows [9, 20, 122, 223, 224]. The Dean number
is a dimensionless number in study of flow in curved pipes and channels, which is used to

evaluate the secondary flows. For flow in a pipe or tube, Dean number, De, is defined as [225]:

pVD <D )1/2

where, p is the density of the fluid; u is the dynamic viscosity; V is the axial velocity scale;
D is the diameter, R is the radius of curvature of the path of the channel. The Womersley

number, «, can be defined as [226]:

a=R (’;:")é (2.4)

where, R is an appropriate length scale; w is the angular frequency of the oscillations; and

p and p are density and dynamic viscosity of the fluid respectively. The Womersley number
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results from the solution of the linearized Navier-Stokes equations for oscillatory flow in a
tube [226]. It expresses the ratio of the transient or oscillatory inertia force to the shear force.
The intensity of secondary flows, which can be expressed as the ratio of the mean secondary
velocity, the velocity on the plane vertical to the main flow direction, to the amplitude of the
mean axial velocity, may not be larger than 20% in the conducting act [20, 223]. In general,
secondary flow still exists in the generations from G10 - G13 [163, 223] and the flow may
fully develop after generation G12 with decreased Reynolds number. Double or quadruple
secondary vortices [122, 123, 149] can appear in different generations of branches. The four-
vortex secondary flows appearance was recognized to vortex line extension upstream from
the second bifurcation in the work of Leong et al. [189]. The quadruple vortices were also
observed to merge into two vortices in the subsequent branches [123]. In addition, secondary
vortices have not been observed in some short bronchi in the CT-based lung model due to

the length limitation of flow development [55].

The air flows in the bifurcations have very different properties between inspiration and
expiration phase [9, 20]. Different from flow splitting at flow dividers in the inspiratory flow,
two flow streams meet in parent tube and it may produce M-shape velocity profiles near flow
dividers [9] in the expiratory flow. The flow merging may influence the secondary vortices
in the parent tube. Two pairs of helical vortices can be generated by the converging flow
streams from parent tubes [20, 118, 223]. During expiratory phase, the secondary flow pattern
is much more important due to its influence on particle transport. In contrast to inspiration

flow, the inlet flow rate has less influence on the flow pattern in the expiratory flow [223].

The Reynolds number is much smaller in the alveolar region, which is less than 1 [9]. Even
in this low Reynolds number, the flow field is still very complex due to the complex geometry
features and the rhythmic contraction and expansion of the alveoli [9]. The flow in the
alveoli is typically depicted by Poiseuille-like profiles in the lumenal flow accompanying with
recirculation flow [116]. The recirculation zones are observed in each alveoli by experimental
or numerical methods [146, 158, 221] as well. The patterns of flow streamlines are sensitive
to the ratio of the alveolar flow to the ductal flow [151] and profiles of the alveoli and the
ratio of cavity volume to duct volume. Karl et al. [157] found one or two recirculation regions
appearing in the cavity depending on the different ratios of cavity volume to duct volume
and the depth to the width of the cavity through numerical simulation and experimental
observation of the flow field via particle image velocimetry (PIV). In addition, the flow in the

alveoli shows chaotic behavior as well [155, 156] and it produces convective mixing.

Nonetheless, most of these findings are based on the rigid model. However, the alveolar
flow patterns exhibit different features under rhythmic lung expansion and contraction motion
in contrast to the case of a rigid alveoli [227]. It is found that the wall expansion induces
radial flow in the proximal corner of alveoli and it wraps around the recirculation region,
which largely influences the features of the flow patterns in the alveolus. Generally, it is
still a great challenge to understand the properties of flow in realistic alveoli considering the

physiologically fluid structure interactions.
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2.3.2.2 Properties of Particle Transport and Deposition

Particle deposition in the TB airways has been found to be contributed to the occurrence
of asthma attacks [228] and bronchogenic carcinomas [229, 230]. Aerosol drug deposition in
the TB region can reduce drug delivered into pulmonary region [18, 231]. In contrast, some
aerosol drug are targeted to TB region, such as bronchodilator and corticosteroids, to treat
TB airway asthma [232, 233]. A series of research has been developed to study the particle
transport and deposition in the lung with experimental and numerical methods from one to
several bifurcations of the TB trees [13, 14, 20, 54, 66, 67, 87, 122, 124, 127, 128, 147, 149,
162, 206, 215, 234-247].

These studies have emphasized the significant influence of upstream flow [70, 248], car-
tilaginous rings [14, 249], heterogeneous outflow [250], the use of triple bifurcation mod-
els [123], transient flow [20], asymmetric branching [128, 232] and models with obstruction
or asthma [232, 251-253]. All of these factors affect actual particle deposition in the lung.

The investigations have confirmed that the location of bifurcation airways and airway
geometry features, i.e. asymmetry, non-planar, obstruction may influence particle deposition
in the bronchial airways [20, 26, 72, 125, 131, 147]. It is also found that micron particles
tend to accumulate around the carinal ridges and to form “hot spots” (high DEF) because
of the impaction and secondary flows, which is observed in the experimental [229, 254] and
numerical modeling [20, 59, 206, 235, 255]. These “hot spots” increase the possibility of local
pathological changes in the lung such as the formation of lung tumors [206].

Recently, the micro-particle transport has been studied in a 16"

generation by Zhang
et al. It is found that the micron particle deposition is still mainly controlled by particle
inertia [72] in the large airways. The micron particle deposition caused by impaction in the
small airways may decease with the reduction of flow rates, but the deposition caused by
sedimentation probably increase with more residence time [72]. In the large airways such as
G1 - G3 of bifurcations, micro-particles mainly deposit in the location around the carinal
ridges. In contrast, at medium or small airways, i.e. G7 - G9 and G13 - G15, particle
deposition pattern changes to some extent due to the effect of sedimentation. Some particles
can be diverted to other places than carinal ridges, which leads to decline in the maximum
DEF values. Moreover, in addition to the “hot spots” in the carinal ridges, the airway surface

perpendicular to the gravity direction can become high-deposition region.

In the alveolar region, particle deposition in respiratory zones has also been investigated
in the past decades based on simplified alveolar ducts, alveolar sacs, and single alveoli [9,
146, 150, 154, 155, 159, 256, 257]. It is found that micro-particle deposition is regulated
primarily by gravitational sedimentation in the alveolar regions [9, 258]. Thus, the micron
particle deposition pattern is non-uniform on the alveolar walls. In addition, the particle
deposition in the alveolar region is also affected significantly by the orientation and presence
of bifurcation zones [9, 146]. It is also found that it may influence the particle deposition
efficiency and site when the alveolar wall expands and contracts rhythmically [256]. Hence,

fluid-structure interaction analysis is important for micro-particle transport in deformable
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alveolus, considering that tissue forces also influence the movement of the wall [150].

Up to now, as author’s best knowledge, there are few studies developed for numerical
investigations considering vapor or ultrafine particles transport and deposition in the alve-
olar region. But, in the reality, large amount of inhaled vapors may appear in the alveolar
region [9]. Moreover, the low surface tension, which is generated by the surfactant membrane
in the alveolar region, increases the possibilities of these nanoparticles transferring through
the liquid wall layer [259]. Thus the vapor and ultrafine particles deposition in the alveolar

region are enhanced in line with therapeutic or toxic effects [9].



3. Governing Equations and Models

In this chapter, the equations and models used in the Euler-Lagrangian method with one-way
and two-way coupling are presented.

Since the gas velocity in the human upper airway is very low relative to the sound ve-
locity in the ambient environment, it assumes that the airflow is incompressible and three-
dimensional incompressible equations are adopted. As it is discussed in the section 2.2.2
that one of the challenge in this field is to predict the laminar-transitional-turbulent flow in
the complex respiratory tract. It has shown in the section 2.2.2 that LES and RANS/SST
k — w are suitable for the numerical simulation of the gas phase in the human upper airway.
Therefore they are adopted in the present work and introduced in this section.

For the particle phase, it is assumed that the particle are solid ball and they donot interact
with each other. One-way or two-way coupling is adopted depending on whether the drug
dose from inhaler in the clinical treatment is considered. Only the drag force and Brownian
force are adopted because the ratio of particle density to gas density is quite large. More

details on the exerted force model are discussed in sections 3.5 and 3.6.

3.1 3D Instantaneous Navier-Stokes Equations

In the present work, two different coupling ways are adopted to couple the gas phase and
dispersed particle phase. The first is simplest one-way coupling, which considers the par-
ticles traveling in the gas field without influencing the gas phase [166]. In this case, three
dimensional incompressible Navier-Stokes (N-S) equations are used [85] without any addi-
tional terms. Another method is the two-way coupling method, which not only considers the
influence of gas phase on the particle phase, but also considers the influence of particle phase
on the gas phase through momentum source [260]. The governing equations of gas phase are
shown as follows [260]:

Continuity Equation
o(Uj)

I 1
Momentum Equation
o(U) 0 J |p ) oU; AU,
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The source term S, is generated by the particle-fluid interactions. Its value is defined related
to the coupling way. S, is equal to 0 when one-way coupling is adopted or only the gas

phase is studied. In the two-way coupling, it is equal to the amount of the force exerted by
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a particle on a unit volume of fluid VV', which is given as the change in particle momentum
during the period of particle interaction with fluid. The expression of S, [260] is given as
follows:

0 : — li
S, = { one — way coupling (3.3)

N (U vi) ou 7(U vi) in
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a—1 two — way coupling.
After calculating the particle movement during an Eulerian time step, the source term gen-
erated by the particles is evaluated with the Eq. 3.3 and the fluid velocity is updated with

gas phase governing equations.

3.2 Reynolds Averaged Navier-Stokes Equations

When the flow is turbulent, a physical variable can be divided in two components, a mean

(time-averaged) component and a fluctuating component [10], such as

U, = UZ —l—ul, (3.4)
pi = Ditp, (3.5)
the symbol of bar, -, represents the time-averaged part and the prime, /, represents the

fluctuating part. Above manipulation is referred to Reynolds decomposition. By taking
these decompositions into the instantaneous equations and average the instantaneous gas

equations, the Reynolds Averaged Navier-Stokes equations [10] are generated as follows:

oU;) _

o, (3.6)
o) _ 0 a9 [p], 9 ou; _OUN\] 9
ot &T]‘ [UZU] ox; [p] + 6xj I:V <8q;] T ox; axj (uzuj) (3.7)

A new term Tu; is produced in the Eq. 3.13 and it is called as Reynolds stress tensor.
Reynolds stress tensor represents the correlation between fluctuating velocities and all of
effects of the turbulent fluid motion on the mean flow are lumped into the single term via
the averaging manipulation [10] as presented in the section 2.2.2. The RANS equations are
not closed because of Reynolds stress tensor [171]. There are two different ways to close the
RANS equations and they are eddy viscosity models and Reynolds stress models [171, 261].
In the present work, the eddy viscosity model of £k — w is adopted and it will be presented

in detail in section 3.4.1.

3.3 Large Eddy Simulation

As mentioned, LES is used to model the turbulence due to its capability to capture the
properties of laminar-transitional-turbulent flow. Both of the Smargorinsky subgrid scale
model [262] and dynamic Smagorinsky subgrid scale model are adopted. In the present work,
Smagorinsky model is used in modeling both of gas phase and particle phase, whereas the

dynamic Smagorinsky subgrid scale model is only used in modeling the gas phase.
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If filtered variance is depicted [85] as:

. 1 :er%Ax y+%Ay z+%Az
¢(x,y,2) = A:cAyAz/ /y /Z (&, m, @, t)dEdndep. (3.8)

mf%Ax 7%Ay f%Az

After the filtering operation, the volume-averaged three-dimensional N-S equations will be:

oU;) _
o0y 0 -~ 0[5, 0 [ (o0 ol _
o T%[UZU]] Ow; [P dx; Y Ox; " 0x; L)+ S (3.10)
where
~ 0 : one — way couplin
pi = { N mp (ﬁp,i)iout_(ﬁp,i)tm ' . © (3'11)
Yol o Ja @ two— way coupling.

Here, T;; is sub-grid scale tensor and its expression is as follows:

—~— ~ o~

T;; = U;U; — U;U;. (3.12)

3.4 Eddy viscosity Models

From the RANS equations and filtered N-S equations, it be can seen that the unsolved
turbulent terms of Reynolds stress tensor and subgrid stress tensor are produced. These
terms are required to be modeled. In present work, eddy viscosity models are adopted for
both of the RANS and LES. Eddy viscosity models are based on an artificial eddy viscosity
approach, where the effects of turbulence are lumped into a turbulent viscosity. The main
difference of the eddy viscosity approach in RANS and LES is the former to model the
Reynold stress tensor and the latter to model the subgrid scale stress tensor [171]. Shear
stress transport (SST) & — w model [174, 178] for RANS equations and Smagorinsky subgird
scale model [262] and dynamic Smagorinsky subgrid scale model [263, 264] for LES are

presented in the sub-sections.

3.4.1 Shear Stress Transport £ — w Model

In 1887, Boussinesq first proposed relating the turbulence stresses to the mean flow to close
the system of equations. With the Boussinesq assumption [10, 265], the Reynolds stress

tensor can be written as:

—— oU;  oU; 2
wu; = — v <8x; + &UZ) + 30k, (3.13)
where k£ = %u;u; is the turbulent kinetic energy.

There are different kinds of eddy viscosity models depending on the way to close the eddy

viscosity. Among them, two equation eddy models are popularly used since they can predict
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the turbulent flow without any prior knowledge of turbulent structures. The shear-stress-
transport (SST) k — w model, which is created by Menter [174], is a blend of a k — w model
and £k — e¢ model. K — w model is used simulate the flow near wall, and £ — ¢ is used
in regions far from the wall. The shear-stress-transport (SST) k& — w model is quite robust
and it can predict the flow near the boundary and the recirculation flow accurately, which is
suitable for the present work.

In the SST £ — w model, the eddy viscosity [174, 178, 261, 265] are defined by the
expression of k£ and w, as: .

a
= max(a;w, SFy)’ (3:.14)

where k is the turbulence kinetic energy; w is dissipation per unit turbulence kinetic energy;
aj is a constant; S is the shear-strain tensor and Fj is the blending function [174]. The
definitions of S and F» are addressed later. In the SST £ — w model [174],

Turbulence kinetic energy equation is:

Ok Ok . 9 ok

Specific dissipation rate equation is:

ow Oow 1 0k Ow

0 Ow
2 2
— — = - — wlr)=— | +2(1 — F1)ope———. 1
5 +U]8x]~ aS” — fw” + oz, [(I/—i-a VT)@xj] +2( 1)0. 2, 9z 0, (3.16)
The production term of Eq. 3.15 is:
oU;
P, = min (Tij({)ac-’ 105*kw> : (3.17)
j
The cross-diffusion term of Eq. 3.16 is:
1 0k O
CDy, = max <2paw2wam a:- : 1010> . (3.18)

The blending equation in Eq. 3.16 is:

F; = tanh {min !max(z\/z 500”) d0uok

Brwy’ y?w |7 CDyyy?

The blending equation in Eq. 3.14 is:

4
} . (3.19)
2
F», = tanh [max <§$,5;£j>] . (3.20)

The shear-stress strain in Eq. 3.14 is:

ou

In these equations and expressions, y is the distance to the wall and v is the dynamic viscosity

and p is gas density and 7;; is Reynolds stress tensor [174].
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Tab. 3.1: Constants of the shear-stress transport (SST) k& — w model [174].
o | az [ Pi| B | BT | okl | Ok2 | Owl | Ouw2
0.44 | & 10.0828 | 95 [ 0.85 | 1 | 0.5 | 0.856

Nellex

The constants (o, §, etc.) in these equations are defined as [174]:

¢ = ¢1F1+ ¢2(1 — F1), (3.22)

where ¢, represents constant with the subscript 1 and ¢2 represents constant with the sub-

script 2. Then, the constant ¢ can be computed with the constants in the Tab. 3.1.

3.4.2 Smargorinsky Subgrid Scale Model

In the Smargorinsky sub-grid scale model [262], the eddy-viscosity assumption, namely

Boussinesq’s hypothesis is adopted to model the sub-grid tensor as in section 3.4.1 as:

Tij = 2ut%+%Tkk5ij, ik = 1,2,3,. (3.23)
Si; = ;(gz + ggﬁ i o= 1,2,3, (3.24)
v = L29], (3.25)

Ly = C,A, (3.26)

S| = (28812, (3.27)

A = (AzAyAz)'/3, (3.28)

S;j is the strain rate tensor; STJ is the filtered strain rate tensor; 14 is eddy viscosity; L is
the subgrid length scale; the Smagorinsky constant Cy is 0.167; A is filtered scale, Az, Ay
and Az is the length of computational cell in z, y and z directions.

Finally, the 3-D equations can be written in following format:

continuity Equation

ou;)
momentum Equation
o0) _ 0 - 0 [F. 0 A
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It should be noted that the length scale for sub-grid scale stress tensor in Eq. 3.26 is not
correct when the flow is close to the wall because it will lead to a non-zero eddy viscosity
at the wall [10], which is contrary to the fact that the eddy viscosity should be zero where
there is no turbulence. In order to fix this situation, Moin et al. [266] adopted a Van Driest

damping function to specify the length scale as:

(5
Ly = CyA [1—e\AT ] , (3.31)
where y* = “%d is the non-dimensional distance to the wall and u, is the wall shear stress
velocity, d is the distance to the nearest wall and At = 25 is the Van Driest constant [10].

3.4.3 Dynamic Smagorinsky Subgrid Scale Model

The dynamic Smagorinsky sub-grid model is adapted based on Smagorinsky model by Ger-
mano et al. [263, 264]. The dynamic model allows the Smagorinsky constant Cy to vary in
space and time [267]. Cs is computed locally at each time step based on two filtering of the
flow variables, which are denoted by superscript r and superscript ¢t. These filters are the
grid filter and the test filter, respectively, and the test filter width, is assumed to be larger
than the grid filter width because it is filtered again on the airflow field.

After, the Navier-Stokes equations are filtered in LES, the sub-grid stress is given by

T; = (U;U;) — UIUL. (3.32)

Filtering again with the test filter results in a similar set of equations, but with a different

subgrid-scale stress term as [263]:
m; = (UU;)" = U, (3.33)

where the superscript rt¢ indicates grid filtering followed by test filtering. The two sub-grid
scale stress terms are related by the Germano identity [263, 264]:

Lij = 7 =T}, (3.34)

where

Lij = (UUD' = UjtU;? (3.35)

is the resolved turbulent stress [263]. The Germano identity is used to calculate dynamic local
values for Cs by applying the Smagorinsky model to both 7;; and Tj;. [263]. The anisotropic
part of L;; is represented as [263, 264]:

Lij = 6ij Lk /3 = —2Cs My, (3.36)
where
rt| Qr \r r riar\t
Mi; = (A"?[S™|SE)™ — (A")? (|S"]S%)" (3.37)
Cs can be calculated as: Ig
1 '
c? = MOkt (3.38)

s 2 My ST
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3.5 Lagrangian Equations for Particle Phase

In this section, the governing equations of particle phase are discussed as well as the forces
exerted on the particle [268].

The Lagrangian equations are adopted to depict the particle movement. One particle P
can be presented by the position of its center X,,, its diameter d,, velocity U, and density

pp- The mass of one particle can be calculated as:

1
my = éppﬂ'dg. (3.39)

In the Lagrangian method, the positon of each particle X,, is calculated from the equation

X,
— = U,. A

To determine the particle trajectory, the velocity of particle should be evaluated. The motion

of particle is controlled by Newton’s equation as follows:

du,
— = > F, (3.41)

where Y F is the force exerted on the particle per unit mass, and it usually consists of
drag force, gravitational force, Magnus force, Saffman force, Basst force, virtual force and
Brownian force [268]. Drag force is produced by the particle inertia; Magnus force is produced
by whirlpool of fluid around the spinning object, which is a force perpendicular to the line of
motion; Staffman force is produced by the shear layer; Basset force term and virtual force are
generated by the acceleration of the particle to the fluid and Brownian force is generated by
the Brownian motion of the particles [268]. In the assumption of particle rotation being small
enough in comparison with particle translation, the Magnus force is neglected; the Saffman
force is ignored since the velocity gradient is not very big; the Basset force and virtual-mass
force are excluded due to large ratio of particle density to flow density. In addition, Brownian
force is ignored in the case of micro-particles because of low diffusion, but there is enough
diffusion to influence the trajectory of sub-micron particles so that it is considered in the case
of sub-micron particle. As analyzed above, the force can be reduced to two terms of drag
force Fp and gravity force g in the case of micro-particle and three terms of drag force Fp,

gravitational force g and Brownian force F g in the case of sub-micron particle as follows:

(3.42)

F — Fp+g : micron particle
Fp+g+Fp. : sub— micron particle.

3.6 Laws of Exerted Forces

Depending on which drag model is used, the formulations of Fp and Fp are different. In

present work [46],
18M C DRep

Fr =
P2 24

(U-U,). (3.43)
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Here, U is velocity of the gas phase, U, is the velocity of particle, p is the dynamic
viscosity of the air, p is the density of air flow, p, is the density of the particle, d, is the
particle diameter and T, is the particle temperature. Re, is the relative Reynolds number
and it is defined as [46]:

dp,|U —-U
Re, = M_ (3.44)
7
The factor Cp depends on the relative Reynolds number Re,, [67]:
R%p : Rep, <0.5
Cp = 24 (3.45)
B (1 +0.179vRe, + 0.013Rep) : 0.5 < Rep, <6000
P
For the sub-micron particles, the drag force [67] is defined as
18u
Fp = U-U,), 3.46
D ppdgcc( p) ( )
Where Cunningham correction factor C. [67]is calculated using the expression:
2\ d
Co = 1+ (1257 + 0.4e(~112X)) (3.47)

P
and A is the mean free path of the air molecule. The Brownian force is given as:

So
Fy, = G/ ”At . (3.48)

(; are generated by zero-mean, unit-variance-independent Gaussian random function and the

Brownian force should be calculated at each time step [67]:

So = 216vkpT , (3.49)

m2pd3 (%p) ’ C.

where T is the absolute temperature of the air flow, v is the kinematic viscosity of gas, and

kp is the Boltzmann constant.
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In this chapter, the numerical methods to solve the governing equations of gas phase and
particle phase are explained. As the thesis adopts the OpenFOAM as a platform, at first,
the numerical methods to solve N-S equations are introduced. Afterwards, the numerical
methods for solving the particle motion are presented. Based on the numerical methods, the
solvers used to solve the 3D N-S equations and Lagrangian equations have been constructed
on the basis of solvers in OpenFOAM 1.5 of “oodles” [184] and “icoLagrangianFoam” [269].

4.1 Solving N-S Equations in OpenFOAM

To solve these equations, the open source software platform of OpenFOAM 1.5 [184] is
adopted. It is a free and open source software of the commercial company OpenCFD Ltd [184].
It is very popular among CFD researchers because it is powerful to solve complex flow field
with finite volume method involving turbulence, chemical reactions and heat transfer and is
convenient to extend since its source code is available. It is built with a set of efficient C++
modules. Based on these modules, libraries, solvers and utilities are constructed. Libraries
is mainly used to create tool boxes accessible to the solvers and utilities; solvers are used to
solve engineering mechanics; utilities are used to conduct pre-processing and post-processing.
It ranges from mesh conversion to simple data manipulation and visualization. More infor-
mation on the programming and case setting up can be referred from the “User Guide” and
“Programmer Guide” of OpenFOAM 1.5 [184].

The standard solver of “oodles” in OpenFOAM 1.5 is adopted as the basis of the new
solver, which will be introduced in detail in the section 4.3, therefore the numerical methods
to solve the 3D N-S in the thesis are the same as the methods in “oodles”. In the solver, the
pressure-implicit split-operator (PISO) is used to solve equations for velocity and pressure due
to its ability to solve transient problems. The user must specify the number of correctors in the
PISO dictionary by the “nCorrectors” keyword. Different numerical schemes for interpolating
the spatial and temporal terms such as gradient term, divergence term, Laplacian terms, flux
terms and the first time derivative term are available in the OpenFOAM, which should be set
up in the file of “fvSchmemes” [184]. More information on setting up the numerical schemes
and the mathematical expression can be found in the “User Guide” and “Programmer Guide”
of OpenFOAM 1.5 [184]. In addition, the solver of “turbFoam” in openFOAM 1.5 is also
adopted to solve the RANS SST k£ — w model. More details on the solver can be found
in [184].
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4.2 Modeling Particle Motion

As discussed by Ge [166] that the implicit scheme is very robust and accurate to track
the particle motion. In this thesis, the particle motion is also carried out with implicit
method [184].

These equations are solved using the implicit method as follows: In the case of micro-

particles [260]:
Ur + UL 4+ gAt
p

+1 _
U, = AT (4.1)
Tp
In the case of sub-micron particles:
n At
Ut — Uy +UT + (g +Fp)At (4.2)
p 1+ At ’
Tp
where 7, is particle relaxation time and it is defined as:
4 Ppdp
o= = 4.3
P 3 pC D ‘Up - U’ ( )
and the particle position is carried out using the following equation:
+1 _
X, = X, +UjAt. (4.4)

4.3 Solvers

In the scope of the governing equations and physical models, the “icoLagrangianFoam” and
“oodles” are adopted. The solver of “icoLagrangianFoam” is designed to solve the solid
particle in the laminar flow. It has basic injection models to inject particles in the flow
field and basic functions to solve the Lagrangian equations. These functions can be taken
as the basic frame of the required solver in the present problem. However, it is far enough
to fulfill the requirement of the project in the injection model, in the drag model and in the
boundary conditions for particles. There are also errors during output of the particle data
and paralleled computation. At the same time, the module to simulate the turbulence is
also missing. But, the oodles solver can manipulate turbulence with LES. So, these solvers
were chosen as a basis to construct new solvers named oodLFoam, oodLFoamct, oodLFoamp
and oodLFoampct, which are used to solve different kinds of problems. Other Utilities are
built on the solvers which make sure that the post-processing program is compatible with
the results.

At first, the code of “oodles” is copied to the folder of /OpenFOAM /usr-1.5/applications/
with the new name of “oodLFoam”. The file of “oodles.C” is given a new name of “oodLa-
grangianFoam.C” and all the files in the folder of “icoLagrangianFoam” other than the files
in the sub-folder of “Make” and “icoLangrangianFoam.C” are moved into the new folder.
The name of new solver is defined in the file of “files” in the sub-folder of “Make”. The
necessary “lib” related to particles has to be added in the file of “Options” in the folder of
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“Make” as well. The link to other libs related to particle mption should be included in the
file of “oodles.C” and the sentence to call the member function of particle motion. Two new
variables are induced to decide computing gas phase or particle phase such as “computeFlow-
field” and “computeParticle”. After these manipulations, the solver can be compiled using
the command of “wmake”, which is used in OpenFOAM to compile new lib and solvers.
After these manipulations, a new solver is built, which can solve the gas phase with LES and
evolve particles with Lagrangian method. It should be mentioned that the injection method
in the “oodLFoam” is particular for the current geometry and it only solves micro-particles
without considering particle interactions and the influence of particle on the gas phase.
Other solvers are constructed based on “oodLFoam”. “oodLFoamp” is built for the poly-
dispersed particles. The diameter of particles ranges from sub-micron meter to hundred
micrometer. There are mainly two different revisions including the injection method and
update method of particle properties. In this solver, the particles are injected one by one
class, which has the same diameter. And as the case in the “oodLFoam”, the particle injection
position is randomly distributed at the inlet plane and the particle velocity is the same. In
addition, the drag model of sub-micron particles and Brownian force is considered. To study
the particle motion in the geometry of CT scans, two solvers named “oodLFoamct” and
“oodLFoampct” are constructed. The main difference between them is that the injection
method is different since the inlet plane of the mouth-throat model based on CT scans is not

vertical anymore.

4.4 Flow Chart of Numerical Scheme

In this section, it presents the numerical procedure from the generation of geometrical models
to the post-process of numerical results, which may make it easy to understand the present
work because many softwares are adopted and they are related to many file formats.

As show in Fig. 4.1, the geometrical models are constructed at first. There are two different
ways to produce the geometrical models for two kinds of configurations. The first one is
the simplified geometrical models such as constricted tube and the cast-based mouth-throat
model, which are generated with the surface module of the Ansys ICEM-CFD 11.0 [183].
In the case of constricted tube, it is depicted by a cosine function (c.f. section 5.1.1), the
coordinates of points to depict the configuration can be generated by the surface module of
Ansys ICEM-CFED 11.0 directly Ansys ICEM-CFD 11.0 [183]. In contrast, in the case of the
cast-based mouth-throat, the configuration is more complicated. The coordinates of cross
section-sectional positions and radius value of cross sections of the cast-based mouth-throat
models are picked out from the figures from the literature [89] with the format of “.png”
and saved in a text file of “.dat” as shown in Fig. 4.1. These points are manually imported
in Ansys ICEM-CFD 11.0 [183] and then the surface of the cast-based mouth-throat model
with the format of “.tin” is generated in the Ansys ICEM-CFD 11.0 [183].

Another kind of the geometrical models based on CT scans, i.e. CT-based mouth-throat

and CT-based nasal cavity, are very complex, thus it has to adopt the specific software to
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Fig. 4.1: Schematic of the work chart of the numerical procedure.

generate the surface grid.In this case, the CT scans from the surgeon with the format of
“Dicom” is imported into ImageJ [270] at first seen in Fig. 4.1, and they are transferred
to a image file with file format of “.tiff”, which includes all of the CT scans. Then, the
“tiff” is imported into NeuRA2 seen in Fig. 4.1. The image undergoes process of reparation
to delete the artifact, closure of the focused structure (e.g. mouth-throat and nasal cavity),
segmentation to separate the focused structure, mesh generation to produce the surface grid
and mesh optimization to smooth the surface. The surface mesh with the format of “.obj” is
exported and the surface has to be further smoothed in the meshLab [271] seen in Fig. 4.1.
Finally, the geometrical models based on CT scans are exported out from meshLab [271] with
the format of “.st]” and imported into Ansys ICEM-CFD 11.0 [183].

The volume grids are generated using Ansys ICEM-CFD 11.0 [183]. Hexagonal grids are
adopted for the constricted tube and cast-based mouth-throat, and the tetrahedral grids are
used for the CT-based mouth-throat and CT-based mouth-throat. The volume grids with
the format of “.msh” are exported out and imported into the OpenFOAM 1.5 [184] seen in
Fig. 4.1. Airflow in the constricted tube, and airflow and mono-disperse and poly-disperse
particle transport in the cast-based mouth-throat, the airflow in the cast-based mouth-throat
considering the unsteady inspiration flow rate, airflow and particle transport in the CT-based
mouth-throat, and airflow in the CT-based nasal cavity are simulated using the user-defined
solvers based on OpenFOAM 1.5 [184], which are presented in section 4.3, as shown in Fig. 4.1.
The numerical results are transferred to the file format of Tecplot [272] using the utilities of
OpenFOAM 1.5 [184] seen in Fig. 4.1. The contour plots of the airflow fields and the particle

deposition and transport are exported from Tecplot [272].
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In this chapter, the numerical results are presented. At first, the airflow in the constricted
tube is discussed to evaluate the methodology. Then, the airflow field in the mouth-throat
based on cast are presented including steady and unsteady flow fields, as well as the micro-
particle transport and deposition. In addition, the poly-disperse particles are simulated as
well in the cast-based mouth-throat using one-way and two-way coupling methods. Moreover,
the unsteady inspiration flow rate has been implemented in simulating the airflow field in
the cast-based mouth-throat to discuss the influence of unsteady inspiration pattern on the
properties of airflow field. To investigate the influence of geometrical models of the upper
airway on the airflow field and particle transport and deposition, a more realistic mouth-
throat based on CT scans has been constructed, and the airflow field and particle deposition
have been simulated in the CT-based mouth-throat model and results are compared with the
case of the cast-based mouth-throat model. At the same time, the airflow field in a nasal

cavity based on CT scans is addressed as well to set the initial basis for the further study.

5.1 Airflow Field in the Constricted Tube

In the year of 1983, Ahmed et al. [273] studied the transitional flow field in an axi-symmetric
constricted tube with 75% reduction through experimental method, and then the case was
studied through numerical simulations by several researchers [46, 86]. These numerical simu-
lations are mainly to evaluate the physical models through comparison of numerical flow field
with the experimental results because the flow field in mouth-throat also transits from the
laminar to turbulent as the flow field in the constricted tube and the geometry is rather sim-
ple with a simple boundary, which qualifies this setting for evaluation of the present method.
In this section, the transitional flow field in the constricted tube is simulated with LES. The
results have been discussed and compared with the experimental [273] and numerical [46, 86]

data to evaluate the present methodology.

5.1.1 Configuration and Grid Generation

An axi-symmetric constricted tube with an area reduction of 75% is depicted by a cosine

function [86] as follows:

R Tz .
. R—f%cos(%) : |2/<D (5.1)
R : |zl > D.

Where, r is the radial coordinate; z is the axial coordinate; R is radius of the inlet plane; and
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Fig. 5.1: Grid on the peripheral surface (left) and grid on the inlet surface (right) of the

constricted tube.

D is the diameter of the inlet plane. The diameter D adopted in the simulation is 2 inches and
the distance in axial direction is from -2 D to 12 D, which is expected to reduce the influence of
boundary conditions. The geometry is generated using software Ansys ICEM-CFD 11.0 [183]
as shown in Fig. 5.1. At first, the points are generated manually and functional method
in the geometry generation module of Ansys ICEM-CFD 11.0. Afterwards, the curves are
generated with these points and the surface is generated with the curves. More details can
be found in the user manual of Ansys ICEM-CFD 11.0 [183].The grids are generated with
Ansys ICEM-CFD 11.0 as well and hexagonal grids are used. In the center of the constricted
tube, H-Grid seen in Fig. 5.1 is adopted and in the outer part, the O-grid is adopted to prove
good grid qualities.

5.1.2 Computational Conditions

The Reynolds number at the inlet plane is 2,000 and the dynamic viscosity is 1.2 1074, The

boundary conditions is set as follows:

(1) Inlet:
opP
Vo =0473 £ 2% (4%) m/s; Re = 2,000; 5 = 0; (5.2)
(2) Outlet:
A% . .
I = 0; P = 0 Pa (relative to the ambient pressure); (5.3)
(3) Wall
oP
V =0 ; — = 0. 5.4
m/s O (5.4

To evaluate the influence of the turbulent fluctuation on the flow field, 2 and 4% velocity
fluctuations have been adopted and are compared later. It assumes that the air in the
configuration is static in the beginning. Thus, the velocity is 0 m/s and pressure is 0 Pa

relative to the environmental pressure.

5.1.3 Grid Evaluation

Five different sets of grids with 292,581, 580,545, 1,043,955, 2,032,800 and 2,731,820 grid

nodes are used to evaluate the grid node number. The grid evaluation aims to make sure
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Fig. 5.2: Axial velocity profile at the centerline corresponding to different grid nodes.

that the physical result from numerical simulation is independent of the number of grid nodes.
The velocity profile along the centerline for different gird nodes are shown in Fig. 5.2. It is
seen that the results from the four sets of grids with the 292,581, 580,545, 1,043,955, 2,032,800
and 2,731,820 grid nodes oscillate in the two sides of the result from the final grid with the
2,731,820 grid nodes in the transitional flow region and have minor discrepancy. Thus, the
gas field is independent of the number of grid nodes when last set grid is adopted. The final
grid with the 2,731,820 grid nodes is suitable for numerical simulation of the flow field in the

constricted tube.

5.1.4 Velocity Profiles

The normalized axial velocity at the centerline and at different cross sections are shown in
Figs. 5.3 and 5.4, respectively. In these figures, the velocity is normalized by the mean velocity
at the inlet plane, U,,eqn, and the distance in the axial direction is normalized by the tube
diameter, D, and in the radial direction with the radius, R, of the tube.

From Fig. 5.3, it can be seen that the present result fits well with the experimental result
as well as the numerical result. Moreover, it shows that a variation of the initial velocity
fluctuation hardly affects the computed results, which can be seen from the figure. Thus, 2%
velocity fluctuation will be adopted in the present work. From experimental data [273], it is
known that the axial flow velocity increases due to area reduction, and it does not change
significantly until the location around z = 2 D.

After this relatively steady period, the velocity deceases quickly because the flow transits
from laminar to turbulent coupled with large-scale lateral momentum transfer. In addition, it
is described that the flow transition occurs in the region 1 < z/D < 4 [273]. The comparison
of the velocity at the centerline shown in Fig. 5.3 displays that the present result fits well with

the experimental [273] and numerical [86] results; in particular, in the transitional regime,
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it performs better than the RANS k — w model of Zhang et al. [86]. Detailed comparison
of the velocity profile has been performed at different cross-sections. From the Fig. 5.4,
it can be seen that the numerical simulations can resolve the evolution of shear layer and
recirculation zone. However, the present numerical simulations clearly predict the tendency
and the results are much closer to the experimental data [273]. It is seen that the present
numerical simulations improve the prediction of the velocity profile in the shear layer region
at z = D in Fig. 5.4 (top left), and near the center at z = 2.5 D (top right). At positions
z =4 D in Fig. 5.4 (bottom left) and at z = 5 D (bottom right), the general performance
of all models is lower than before, the present result is closest to the experimental result and
the principal shape is captured. At position z = 5 D, the velocity profile becomes more blunt
and the present result is close to and slightly better than the numerical results of Zhang et
al. [86] and of Jayaraju et al. [46]. It should be emphasized that the discrepancies between
experimental and numerical results may also be due to the experimental uncertainty in the

region where the velocity varies quickly [56].

5.1.5 Summary

A constricted tube is constructed using the geometry module in the Ansys ICEM-CFD 11.0 [183]
and the grids are generated with the commercial software as well. The velocity at the cen-
terline and the velocity profiles at different cross sections have been compared with the ex-
perimental and numerical data from literature [46, 86, 90, 273]. The comparison shows that
the present numerical method improves the description of the flow field in the constricted
tube, in particular, in the transition regime. Moreover, the comparison of numerical results
from different numerical models and experimental results show that the present methodology
adequately predicts the flow field transiting from laminar to turbulent. This work sets the
basis for the further simulation of the flow field in the idealized mouth-throat model based
on cast, the realistic mouth-throat model based on CT scans, and the nasal cavity based on
the CT scans.
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5.2 Airflow Field and Particle Transport in the Cast-Based
Mouth-Throat

As it is introduced in the chapter 2 that many investigations have been conducted on the flow
field in the upper airways, some questions still need to be answered such as the properties
of secondary flows, recirculated flow zone and laryngeal jet in the steady and unsteady gas
fields; and the properties of particle transport and deposition, in particular the interaction
between the unsteady flow structure and the particle dispersion and transport.

In this section, the work on the airflow and micro-particle motion is presented in detail.
In the beginning, the geometry construction of mouth-throat model in sub-section as well
as the grid generation are introduced. Afterwards, the computational conditions will be
introduced to develop the numerical simulations. The numerical results of airflow field at
different inspiration flow rates as well as the mono-disperse micro-particle deposition and
transport are presented. Moreover, the numerical results from the poly-disperse particle size

distribution are discussed as well in this section.

5.2.1 Geometry Construction and Grid Generation

As discussed in the chapter 2 that Cheng et al. [48] first reported a mouth-throat model in
1999, which is based on cast. Based on this Cheng’s model, a circular simplified oral airway
is constructed by Zhang et al. [86] to study the filtering function of mouth-throat. The
geometrical model shown in Fig. 5.5 [20] is built based on the key diameter and length scale
values of the oral cavity, pharynx, larynx, and trachea of the geometrical model reported by

Cheng et al. [48]. More details of these two geometrical models can be found in section 2.1.2.

Cross-sectional mesh
R=3.394cm

0,=52°
9,=90°
0,=45°

Fig. 5.5: Simplified model of mouth-throat Fig. 5.6: The profile of the centerline of
built by Zhang et al. [86]. mouth-throat [89].



50 5. Numerical Results and Discussion

3.0
- Soft Palate

_—

Ez.o

S

T

g

8 1.0

(=] !
Qb

0 10 20
Distance from the mouth inlet (cm)

Fig. 5.7: Variations of cross-sectional diameter along the centerline [89].

Although other simplified mouth-throat models mentioned in the Chapter 2 are reported
by other researchers as well, there are more detailed dimension information on the geometry
such as the diameter of different cross sections and the profile of the centerline. So, this

mouth-throat model is chosen as the basis.

The coordinates of points at the centerline shown in Fig. 5.6 and the diameter variation
along the oral airway from mouth to trachea shown in Fig. 5.7 are taken from [89]. Together
with the cross section is circular, the information is enough to construct the idealized mouth-
throat. The data file of the points coordinate is taken from the figures by WinDig [274]. The
circles at different cross sections and surfaces are generated based on these points using the
geometry module of Ansys ICEM-CFD 11.0. From the comparison of Figs. 5.5 and 5.8 (left),
it is easy to find that there are minor difference between the mouth-throat model built by

Zhang et al. [86] and the present geometircal model in the location of soft palate and glottis.

soft palate mouth

pharynx

larynx
-~

glottis

trachea

Fig. 5.8: Configuration (left), grid on the wall (center) and at the inlet plane (right) of the

present mouth-throat.
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The change of surface curvature is much more sudden in the present mouth-throat model
than mouth-throat model built by Zhang et al. [86] due to the surface sensitivity to the error
of data and different ways to generate the lines and surface.

In the same way that is used in the constricted tube, the grids of mouth-throat based on
cast are generated with Ansys ICEM-CFD 11.0 as well and hexagonal grids are used. In the
center of the geometry, H-Grid is adopted and in the outer part, the O-grid is adopted as
shown in Fig. 5.8 (center and right).

5.2.2 Computational Conditions

The gas transport in the geometry is assumed to be the air at the room temperature. Then,

the physical conditions of the gas are as follows:
pg = 1.21kg/m? Ty = 293.15K; v = 14.9 107% m?/s. (5.5)

Although the respiratory pattern is transitional in the realistic situation including inspiratory
and expiratory phase, at present, most of the investigations concentrate on the inspiration
phase and assume that the inspiration flow rate is steady. There are three different inspiration
flow rates of 15, 30 and 60 L/min corresponding to breathing at rest, normal breathing
and intensive breathing in exercise adopted in the present work. The boundary condition

corresponding to inspiration flow rate of 30 L/min is as follows:

(1) Inlet:
oP
Vi = 1502 £ 2% m/s; Re = 2,120; 5 = 0; (5.6)
(2) Outlet:
ov . .
i 0; P = 0 Pa (relative to the ambient pressure); (5.7)
n
(3) Wall
oP
V=20 ; — = 0. 5.8
mfs; o (.9

It is assumed that the air in the configuration is static in the beginning. Thus, the velocity
is 0 m/s and pressure is 0 Pa relative to the environmental pressure. The boundary conditions
in the other two cases can be given according to this case.

The computations are carried out in the cluster of bwGrid Cluster at Heidelberg Univer-
sity. A simulation takes around 2 weeks with 56 processors for the flow field in the case of

flow inspiration rate of 30 L /min for 1,276,500 grid nodes.

5.2.3 Grid Evaluation

To make the physical result from the numerical simulation independent of the number of grid
nodes, the velocity profile at the centerline from different gird nodes are compared, which are
shown in Figs. 5.9. The number of grid nodes has been evaluated at the inspiration flow rates
of 30 L/min and 60 L/min. 101,443, 453,132, 932,052, 1,276,500, and 1,864,500 grid nodes

are adopted to evaluate the influence of grid nodes on the numerical results at the inspiration
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Fig. 5.9: The time-averaged velocity profile along the centerline of the cast-based mouth-
throat corresponding to different sets of grids at the inspiration flow rate of 30 L/min
(left) and 60 L/min (right).

flow rate of 30 L/min, and 101,443, 453,132, 932,052, 1,385,204 and 1,864,500 grid nodes are
used at 60 L/min.

From the Fig. 5.9, it can be seen that with the number of grid nodes increasing, the
discrepancy among different computations has decreased and there are minor differences
between the computations from last two sets of grid nodes. From the comparison for different
sets of grid nodes, it can be seen that the final grid is suitable enough for the numerical
modeling and the results do not change for the grid nodes of 1,276,500 at inspiration flow
rate of 30 L/min and for the grid nodes of 1,385,204 at inspiration rate of 60 L/min. Hence,
the flow fields are given on the grid nodes of 1,276,500 at inspiration flow rate of 15 L/min
and 30 L/min and grid nodes of 1,385,204 at inspiration rate of 60 L/min. Micro-particle

transport is simulated on these two sets of grids as well.

5.2.4 Properties of Airflow Fields

In this section, the mean velocity fields includes the flow structures at different cross sections
of mouth-throat, the vortex structures and the laryngeal jet in the three-dimensional space,

and the unsteady flow field at different cross sections of the mouth-throat are presented.

5.2.4.1 Mean Velocity Fields

In this sub-section, the mean airflow fields in the simplified mouth-throat are presented and
discussed in detail to uncover the properties of the steady flow field. They are gained by
averaging the entire gas field in the time direction during enough time-length. The flow
fields are simulated using LES/Smagorinsky sub-grid scale model, LES/Smagrorinsky sub-
grid scale and dynamic Smagrorinsky sub-grid scale [262] model and RANS/SST &k — w.
The mean velocity fields are shown in Figs. 5.10 and 5.11.

It displays in Fig. 5.10 that the averaged velocity contour and streamline (left-hand side
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of Fig. 5.10) and the axial velocity contour and secondary velocity streamlines at differ-
ent cross sections (right-hand side of Fig. 5.10) at inspiration flow rate of 30 L/min using
LES/Smagorinsky sub-grid model. These cross sections include positions corresponding to
the location of oral cavity, pharynx, glottis, as well as one, three and six diameters of the
trachea downstream the glottis in Fig. 5.10. Positions A - F denote the posterior side, and
A’ - F’ the anterior side. It should remind readers that the velocity contours and streamlines
will be shown at the cross sections in all other cases at same positions because the positions
of the cross-sections will not be mentioned in the later sections to avoid the unnecessary
repetition.

From the velocity streamline at the mid-plane, it can be seen that the numerical simulation
captures the main properties of flow field in the oral airway, including the skewed velocity
profile in the oral cavity and pharynx due to centrifugal forces, and flow separation in the
lower portion of mouth, in the pharynx region after the soft palate, and downstream of glottis.
The asymmetric laryngeal jet extends from the glottis. There is a small recirculation zone
in the posterior side of pharynx and the laryngeal jet is impinging on the anterior wall of
trachea, and in contrast to the numerical simulation of Zhang et al. [86] in a similar geometry,
it is not impinging on the wall. This is probably due to the different geometrical shape in

the glottal region.

Secondary vortices are interesting as well to researchers since these may have an effect on

the particle deposition [86]. There is a pair of counter vortices at the section of A - A’, which
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Fig. 5.10: Time-averaged velocity contour and streamlines at the mid-plane (left), and time-

averaged axial velocity and secondary streamlines at different cross-sections (right)

at inspiration flow rate of 30 L/min with LES/Smagorinsky model.
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averaged axial velocity and secondary streamlines at different cross-sections (right)
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at the inspiration flow rate of 30 L/min using LES/dynamic Smagorinksy model.
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is produced because of the pressure gradient. At section B - B’, the flow field becomes more
complex coupled with the appearance of a recirculation zone. Moreover, there are two large
counter-rotating vortices and another pair of smaller vortices residing at this section. In the
glottis at section C - C’, where the laryngeal jet has appeared, the axial velocity becomes
prominent and distributes evenly, which induces weak secondary vortices. In addition, at
this section, the secondary vortices turn to the anterior side. At section D - D’ | where the
recirculation zone has appeared and which is at the downstream of laryngeal jet, the highest
axial velocity is close to the wall and the vortices appear in the interface of the laryngeal
jet and the separation zone. At the section E - E’ | which is in the tail of laryngeal jet, the
laryngeal jet becomes weak and the axial velocity profile distribution becomes even. The
length scale of vortices has increased, and it is located at the interface of recirculation zone
and laryngeal jet. From the axial velocity and secondary vortices distribution, it can be
summarized that the flow field is very sensitive to the geometrical change, in particular, in
locations with large curvature. The secondary vortices are related with the laryngeal jet and
they tend to appear in the boundary of recirculation zone and laryngeal jet. When the flow
goes into F - F’ section, the laryngeal jet disappears. Two large vortices locate near the wall

and one pair of smaller vortices distributes in the center of the geometry.

To identify the influence of the turbulence model on the properties, the flow field at
30 L/min is simulated as well used the RANS/SST k& — w model and LES /dynamic Smagorin-
sky model. The averaged velocity contour and streamline (left-hand side) and the axial ve-
locity contour and secondary velocity streamlines at different cross sections (right-hand side)
are shown in Figs. 5.11 and 5.12 respectively. The properties of the flow fields using two
methods are similar to the result from LES/Smagorinsky model. For instance, the recircula-
tion flow zone, the profile of laryngeal jet and the secondary vortices can be seen in the same
position using these methods. The main difference is the distribution of secondary vortices.
In particular, secondary vortices resulting from RANS/SST k — w model display distinct
different properties with other two cases, which can be seen from the vortices at B - B’,
D-D’, E-FE and F - F’ cross sections in Fig. 5.11 such as the length-scale and profile of the
vortices. In particular, at D - D’ and E - E’ cross sections, the length-scales of the vortices
from RANS/SST k — w model are much larger than other two cases. In addition, there is
only one pair of secondary vortices at E - E’ cross section from RANS/SST k£ — w model,
whereas there are two pairs of the secondary vortices at this cross section from Smagorinsky
model and dynamic Smagorinsky model. At the same time, the small secondary vortices at
F - F’ cross section display different features from these different turbulent models since the
turbulence is much complex at this cross section. From these comparison, it is found that
LES/Smagorinsky model is more suitable for simulating the flow field in the mouth-throat
model rather than RANS/SST k — w model. Therefore, all of simulations of the flow fields

are conducted using LES/Smagorinsky model in other cases.
In the case of inspiration flow rate of 15 L/min, the Reynolds number decreases and it is
only 1,060 at the inlet plane. Correspondingly, the Dean number decreases from the definition

of Dean number (c.f. Eq. 2.3). The flow in the mouth-throat model has the similar changing
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Fig. 5.13: Time-averaged velocity contour and streamlines at the mid-plane (left), and time-
averaged axial velocity and secondary streamlines at different cross-sections (right)

at the inspiration flow rate of 15 L/min.
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tendency such as the velocity skews, the recirculation zone in the mouth cavity, pharynx and
trachea, and laryngeal jet. The velocity magnitude in this case is smaller than in the case of

30 L/min and it is almost half of the value at inspiration rate of the 30 L/min.

The main difference between the two cases of 15 and 30 L/min is the distribution of
secondary vortices and the profile of laryngeal jet. At the A - A’ cross section, the scale of
secondary vortices is smaller, and positions of the vortices are lower. At B - B’ cross section,
there are three pairs of counter-rotating vortices. One pair is in the main flow zone and
another two pairs are in the recirculation zone. The lower Reynolds number means that low
turbulence appears in the recirculation zone, which helps the vortices to develop. There is no
distinct difference for secondary vortices at the location of glottis. The distinct differences
for the secondary vortices and axial velocity contour are seen again in the trachea seen at
D - D’ cross section. The reversed flow region is much larger in this case. The secondary
vortices locate in the reversed flow region. It is the same situation at the E - E’ cross section.
Moreover, the laryngeal jet in this region is more concave than in the case of 30 L/min,
and the laryngeal jet is narrower. At the F - F’ cross section, in comparison of the case
at 30 L/min, the length scale of the secondary vortices are almost same. Due to smaller
turbulent intensity, the secondary vortices in the central part of the geometry have more

chance to develop.

As the same situation in the cases of 15 and 30 L /min, the inspiration flow rate of 60 L /min
has similar basic flow structure such as the recirculation zone, laryngeal jet and secondary
vortices. But, at A - A’ cross section, the secondary vortices are larger and the positions are
upper than the case of 30 L/min. At B - B’ cross section, the recirculation zone is smaller and
only one pair of vortices are seen in comparison with two pairs seen in the case of 30 L /min
and three pairs of vortices seen in the case of 15 L/min. The fewer vortices in the case
of 60 L /min may result from the high turbulent intensity, which allows more mixing between
the main flow zone and recirculation zone and thus suppresses the recirculation zone. In
addition, from E - E’ cross section, it can be seen that the recirculation zone is much smaller
than the cases of 30 L/min and 15 L/min. At the same time, the mixing zone is much larger
in this location. The larger mixing zone may come from the high interaction between the
recirculation zone and laryngeal jet under the high turbulence. At the cross section F - F’,
one pair of larger vortices is seen in the boundary layer since high turbulence appears in this
region and the turbulence also eliminates the pressure so that no vortices are seen in the

center of the geometry anymore.

In summary, the flow field in mouth-throat model based on cast is very complex including
the recirculation zone and laryngeal jet. The flow structures are similar for the three different
inspiration flow rates. And the main differences are the distribution of secondary vortices
distribution, laryngeal jets and recirculation zones. To further investigate the flow structure,
laryngeal jet and the vortex field in the three-dimensional 3D space other than at cross-

sections are discussed.
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5.2.4.2 Airflow Structures in the 3D Space

To observe the laryngeal jets in detail, the iso-surfaces of velocity at 15, 30 and 60 L/min
are shown in Fig. 5.15. It can be seen that the laryngeal jet is larger and more concave at
the inspiration of 15 L/min than the laryngeal jet in other two cases, and the laryngeal jet is
shortest at the inspiration flow rate of 60 L/min. The length of the laryngeal jets at the 15,
30 and 60 L/min is 9.72, 9.52 and 8.85 cm. At the larger inspiration rate, the pressure drop
between two sides of the glottis is larger. Thus, impingement of the laryngeal jet is higher
and more concentrated.

Although, in last section, only the secondary vortices are discussed to identify the prop-
erties of the vortex field, in fact, the vortices are quite three-dimensional dynamics. It is
necessary to discuss the vortex field in three dimensional space. Two ways have been adopted
to depict the vortex. One way is to use the utility “Q”, which is called @Q-criteria [275, 276]
in the OpenFOAM 1.5 [184] to capture the vortex. @ can be defined as follows [275, 276]:

Q=9 s (59)
S— %[vv + (V)T (5.10)
Q- %[vv —(¥V)7] (5.11)

vV = ggj (5.12)

29

Fig. 5.15: Laryngeal jet at the inspiration flow rate of 15 (left), 30 (center) and 60 L/min
(right) with velocity iso-surface of 230, 450 and 900 m/s respectively.
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Fig. 5.16: Three dimensional vortices in the cast-based mouth-throat in the mean flow field at
the inspiration flow rate of 15 L/min with @Q-criteria [275] (left) and Tecplot [277]

(right) from different angles of observation.

Where, VV is the velocity gradient; (vV)? is the transposition of the velocity gradient; S
is the rate-of-strain tensor of velocity gradient, €2 is the vorticity tensor of velocity gradient
and @ is the second invariant of the velocity gradient tensor, VV. when () > 0, it indicates
vortex. Another way is to use the function of the “vortex core” in the Tecplot [272, 277]
to capture the vortex core [277]. More detailed information on these vortex identification
methods can be found in [184, 276, 277]. It is found that any one of these methods cannot
demonstrate the vortex completely. The feature “vortex core” in Tecplot can capture the
vortices totally, but at the same time, it also includes the shear layer near the wall boundary,
the shear layer between the recirculation zone and main zone, the shear layer between recir-
culation zone and laryngeal jet. On one hand, these shear layers make the vortices not so
prominent and make the vortices not easy to be seen. The second way can capture the core
of vortices precisely, but it cannot provide suitable depict of the vortices structures. Thus,
it is suitable to adopt these methods to demonstrate the vortex structure with help of the
comparison of the vortex structure.

In this section, the three-dimensional vortex structures are addressed. It can be seen that
the stream-wise vortex structures exist in the oral airway, pharynx, larynx and trachea as
shown in Fig. 5.16 to 5.18. For instance, at inspiration flow rate of 15 L/min, a hairpin vortex
appears in the oral cavity. It appears in the tip of the tongue and extends to the soft palate,
seen in Fig. 5.16. The hairpin like vortices also appear in other two inspiration flow rates of
30 and 60 L/min seen in Figs. 5.17 - 5.18. The main difference among the hairpin vortices in
these cases is the distance between the legs. It is much further at low inspiration flow rate
than the high inspiration flow rate. And at higher inspiration rate, the legs of the vortex

can extend to the larynx. In addition, stream-wise counter-rotating vortices are seen in the
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Fig. 5.17: Three dimensional vortices in the cast-based mouth-throat in the mean flow field at
the inspiration flow rate of 30 L/min with @Q-criteria [275] (left) and Tecplot [277]

(right) from different angles of observation.
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Fig. 5.18: Three dimensional vortices in the cast-based mouth-throat in the mean flow field at
the inspiration flow rate of 60 L/min with Q-criteria [275] (left) and Tecplot [277]

(right) from different angles of observation.

upper portion of the oral cavity, seen in Fig. 5.16 (left), 5.17 (left) and 5.18 (left).

When airflow enters into pharynx, another pair of counter-rotating vortices appear in the
main flow zone seen in Fig. 5.16 (left), 5.17 (left) and 5.18 (left) and extend to the glottis.
Moreover, two pairs of counter-rotating vortices are seen in the Fig. 5.16 (right) at 15 L /min

in the recirculation flow zone of pharynx and one pair at 30 and 60 L/min in Fig. 5.17 (right)
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and 5.18 (right). The vortices after the glottis are much more complex than other locations.
The hairpin like vortices can be seen from Fig. 5.16 (right), 5.17 (right) and 5.18 (right).
Moreover, counter-rotating vortices can be seen as well from these figures. It also can be seen
that with the increase of the inspiration flow rate, the length scale of vortices in the trachea
decrease.

In summary, the counter-rotating vortices stream-wisely distribute in different regions
of the flow fields. The hairpin vortices mainly appear in the mouth cavity and trachea.
The length of the vortices is related to the inspiration flow rate. With the increase of the

inspiration rate, the length of vortices decreases in the trachea.

5.2.4.3 Unsteady Airflow Fields

To further understand the properties of the flow field in the simplified geometry, the unsteady
velocity field is discussed in this section. For the flow field at the inspiration flow rate of
30 L/min, a typical instantaneous velocity contour at the mid-plane (left-hand side) and the
axial velocity contour and secondary velocity streamlines (right-hand side) at the same cross-
sections as Fig. 5.10 are shown in Fig. 5.19 at time ¢ = 0.471 s, which includes the trypical
flow strucures of the unsteady airflow field.

The unsteady flow field is significantly different from the mean flow field show in Fig. 5.10.
From the typical instantaneous velocity field at the mid-plane in Fig. 5.19, it is found that
the instantaneous velocity field maintains almost the same profile in the mouth cavity as the
time-averaged flow field. A close look at cross-section A - A’ in Fig. 5.19, it shows that the
instantaneous axial velocity profile and secondary streamlines remain almost the same as the
averaged flow field. These observations indicate that the flow field in the mouth cavity is
mainly laminar.

When the flow field enters into the pharynx, unsteadiness occurs at the boundary of
recirculation zone and main flow zone as shown in Fig. 5.19 (left-hand side). Compared with
the average flow field, no counter-rotating vortices are seen in the instantaneous flow field
at B - B’ cross-section. Moreover, there are no counter-rotating secondary vortices in flow
field at all sections other than cross-section A - A’ due to the unsteadiness of the flow field.
However, there are large length-scale vortices in the main flow zone at B - B’ cross-section
as shown in Fig. 5.19, near the location of counter-rotating vortices in the mean flow field
displayed at B - B’ cross-section in Fig. 5.10. Apart from these large-scale vortices in the
main flow zone, there are secondary vortices at different length scales. They reside in the
main flow region, in the mixing zone, and in the recirculation region. At section C - C’,
the laryngeal jet dominates, and the geometry is constricted at the glottis causing the axial
velocity to increase, c.f. C - C’ section in Fig. 5.19 and 5.10. In contrast to the vortices at
the B - B’ section shown in Fig. 5.19, not many secondary vortices are seen at section C - C’
in Fig. 5.19 . When the airflow enters into section D - D’ (Fig. 5.19), the laryngeal jet still
dominates the flow and a recirculation zone has developed. There are smaller length-scale

vortices in the main flow region, in the recirculation flow zone and in the wall shear layer of
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Fig. 5.19: Instantaneous velocity contour at mid-plane (left), and axial velocity contour and
secondary streams at cross-sections (right) at time 0.471 s in the cast-based mouth-

throat at inspiration flow rate of 30 L/min.

the laryngeal jet as well as in the separation zone. When the airflow enters into section E - E’,
which is located at the tail of laryngeal jet (c.f. Figs. 5.10 and 5.19), the recirculation zone
does not directly touch the laryngeal jet, and the interface between the recirculation zone and
the laryngeal jet becomes concave. Moreover, secondary vortices of different length-scales are
seen to reside in the recirculation zone, the mixing zone, and in the wall shear layer. It is very
interesting to find that there are more relatively smaller vortices in this section, particularly
in the wall shear layer, since they may greatly affect particle transport in this region, which
is discussed in section 5.2.5. In the F - F’ section, the axial velocity contour profile becomes

irregular and the secondary vortices distributes all over the cross-section.

In comparison with the flow field at inspiration flow rate of 30 L/min, instantaneous flow
field at inspiration flow rate of the 15 L/min displays laminar features in more regions of
the cast-based mouth-throat model due to the lower Reynolds number and it also shows
significant different properties as compared to the time-averaged flow field seen in Fig. 5.13.
From the typical instantaneous velocity field at the mid-plane in Fig. 5.20, it is found that
the instantaneous velocity field maintains almost the same profile in the mouth cavity as the
time-averaged flow field as well in the case of 15 L/min. A close look at cross-section A - A’ in
Fig. 5.20, it can be seen that the instantaneous axial velocity profile and secondary streamlines
keep almost the same as the averaged flow field seen in Fig. 5.13. These observations indicate

that the flow field in the mouth cavity is mainly laminar as well.

As the air goes further into the pharynx, unsteadiness occurs at the boundary of recir-
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Fig. 5.20: Instantaneous velocity contour at mid-plane (left), and axial velocity contour and
secondary streams at cross-sections (right) at time 1.018 10~* s in the cast-based

mouth-throat at inspiration flow rate of 15 L/min.

culation zone and main flow zone as shown in Fig. 5.20 (left-hand side). Compared with
the average flow field, a pair of counter-rotating vortices can still be seen in the main flow
zone in the instantaneous flow field seen at B - B’ cross-section. Although, the unsteadiness
damages the counter-rotating vortices in the recirculation zone, it can be still seen that the
vortices with the large length-scale in the corresponding position of counter-rotating vortices
in the mean flow field. These properties show that the laminar flow at B - B’ cross section
is still prominent, which means that laminar flow occurs not only in the mouth cavity but
also in larynx cavity. At the same time, the vortices at B - B’ cross section for 15 L/min
are not as many as for 30 L/min seen in Fig. 5.19, which means that the unsteadiness in the
interface of the recirculation zone and main flow zone is not large enough to produce new
vortices at this time. At section C - C’; the laryngeal jet dominates as in the time-averaged
flow field. Although, two vortices are seen in this time step in corresponding position where
two counter-rotating secondary vortices are shown in the averaged flow field, they are much
deformed. Moreover, another smaller secondary vortex is seen. When the airflow enters into
section D - D’ (Fig. 5.20), the laryngeal jet still dominates the flow and a recirculation zone
has developed as in the time-averaged flow field. Different scale vortices are seen in the recir-
culation flow zone and in the boundary of laryngeal jet. When the airflow enters into section
E - E’, the laryngeal jet still dominates the flow field, but the mixing in the laryngeal jet and
the recirculation enhancement is seen from the laryngeal jet boundary shown in the Fig. 5.20.

Moreover, secondary vortices are seen in the jet flow region, the interface of the laryngeal
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Fig. 5.21: Instantaneous velocity contour at mid-plane (left), and axial velocity contour and
secondary streams at cross-sections (right) at time 1.97 10~ s in the cast-based

mouth-throat at inspiration flow rate of 60 L/min.

jet and recirculation zone, the recirculation flow zone and the boundary layer of the wall.
After the E - E’ section, the laryngeal jet deforms and breaks up. When flow goes further
to the F - F’ section, the turbulence has developed totally and axial velocity contour profile
becomes irregular and the secondary vortices distribute all over the cross-section as same as
the situation at inspiration flow rate of 30 L/min. And smaller scale secondary vortices have

been seen in the boundary layer of the wall.

In comparison with the inspiration flow rate of 30 L/min and 15 L/min, flow field at
inspiration flow rate of the 60 L/min are more turbulent due to the higher Reynolds number.
The instantaneous flow field is shown in the Fig. 5.21 at the same cross sections as the way in
other two cases. Different from other two cases, the unsteadiness appears in the mouth cavity
seen in the left-hand of Fig. 5.21. Taking a close look at the velocity contour plot and the
secondary streamlines, the axial velocity profile is different from the mean flow field shown
in Fig. 5.14. Although there are still counter-rotating vortices, the position and profile of the
vortex at right side is distinctly different from vortices in the time-averaged flow field. This
unsteadiness induces the turbulent flow evolving in the downstream. The axial velocity and
secondary vortices distribution at the other cross sections are similar to the case of inspiration
flow rate of the 30 L/min. But, more vortices are seen in the higher Reynolds number at the

inspiration rate of 60 L/min.
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5.2.5 Monodisperse and Polydipserse Particle Deposition and Dispersion

The particle deposition and dispersion are discussed in this section. The attention is paid
to the total particle deposition efficiency, local particle deposition efficiency and the particle
deposition pattern on the wall of the geometry as well as the relationship between the release
particle positions and the particle trajectories. Moreover, the particle dispersion and trans-
port will be discussed. In addition, the poly-disperse particle distribution, which is measured
from dry power inhaler (DPI), and the injection mass of particles, which considers drug dose

at per actuation of DPI in the clinical treatment, are adopted along with the parcel method.

5.2.5.1 Mono-Disperse Particle Motion

The mono-disperse micro-particle deposition and transport are studied in the idealized mouth-
throat at first. The particles are injected simultaneously with the air randomly at the inlet
plane, which have the same velocity as the air flow. The particle position is controlled by the
Gauss uniform distribution. The injected particle number was evaluated by Zhang et al. [20]
from 1,000 to 10,000. The deposition efficiency does not change with the particle number for
10,000. So, in present work, the injected particle number is set to 10,000. It is assumed that
the particle deposition occurs if the distance of the particle center to the wall is less than half
of the particle diameter in all cases. The particle density is 1,000 kg/m3. Three diameters
d, = 2, 5, and 10 pm are studied at three different steady inspiration flow rates with 15, 30,

and 60 L/min respectively, therefore 9 cases are computed totally.
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Fig. 5.22: Comparison of total particle deposition in the cast-based mouth-throat with exper-
imental (the open symbols) [48, 248, 278-283] and numerical (solid symbols) [86]
data.
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Fig. 5.23: Regional particle deposition efficiency in mouth cavity, pharynx, larynx and trachea
of the cast-based mouth-throat for particles of 2, 5 and 10 um at inspiration flow
rate of 15 (top), 30(middle) and 60 (bottom) L/min.
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Particle Deposition Efficiency A comparison of the present particle deposition efficiency
with vivo measurements and other numerical results is a way to evaluate the idealized mouth-
throat model [86]. The comparison of the particle deposition efficiency as a function of
impaction parameter, prdIQ), for the present numerical simulations on the final grid with
other numerical and experimental results is shown in Fig. 5.22 [48, 86, 248, 278-283]. For
the particle inertia, impaction is the main mechanism for the micro-size particle deposition
in the oral airway and the particle deposition efficiency increases with increasing impaction
parameter. It can be seen that the present results are close to the numerical results from the
literature [86]. Moreover, they fit well with the medium trend of the experimental data [48,
248, 278-280, 282, 283], and thus the numerical results are representative values of particle
deposition in the human oral airway. Thus, the methodology including the idealized mouth-
throat model is suitable to be implemented in the study of particle deposition in the human
oral airway.

To identify the particle deposition pattern in different regions and to study the particle
size influence on different inspiration flow rates, the particles with 2 pm, 5 pm and 10 um
under different inspiration flow rates corresponding to 15, 30 and 60 L/min are shown in
Figs. 5.23 (top, middle and bottom) respectively. At inspiration flow rate of @ = 15 L/min,
the particles have lower impaction parameter, in particular, for the particle with the size 2
and 5 pm. There is no particle deposition in the trachea at this inspiration flow rate for
particles with 2 and 5 pm. And particle deposition mainly occurs in the mouth cavity and
larynx for particle size of 2 and 5 um. At particles with 10 um, particle deposition occurs
in the tracheal region. Moreover, the particles depositing in the region of pharynx are more
in number than the particles depositing in the region of larynx. Due to the particle size
increasing significantly, the particle inertia increases largely, so that more particles impact
on the laryngeal wall. And the particle deposition in the trachea may be resulted from the
increase of the particle inertia, the recirculated flow and the turbulent dispersion. When the
inspiration flow rate increases to 30 L/min, for the particle with 2 pum is still low, but particle
deposition occurs in tracheal region for the particles with 5 and 10 pm. It is also found that
at this inspiration flow rate, more particles deposit in the larynx than in the mouth cavity
since higher inspiration flow rate makes particle stay in the mouth cavity shorter and it
also increases particle inertia so that particle is easier to deposit in the larynx. And at this
inspiration flow rate, the largest particle deposition efficiency appears in the larynx. When
the flow increases to 60 L/min, the particle with 2 um deposits in the trachea as well. For
the particles of 5 um, the particle deposition efficiency is almost same in the region of mouth
cavity, pharynx, larynx and trachea as in the case of 30 L /min. For the particles of 10 pum, the
largest ratio of particle deposition efficiency happens in the region of pharynx. In comparison
with the particles of 5 um, the particles with 10 pm deposition in trachea is lower since most

of the particles have deposited in the mouth to larynx so that few particle go into trachea.

Particle Deposition Pattern on the Wall To investigate the particle deposition pattern

on the wall of the geometry, the particle deposition positions are shown in Figs. 5.24 - 5.26.
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At inspiration flow rate of 15 L/min, particles of 2 um seen in Fig. 5.24 (left) mainly deposit
on the bottom portion of the mouth cavity, the anterior side of the pharynx and the glottis.
For particles of 5 um seen in Fig. 5.24 (center), more particles deposit at the bottom of
mouth cavity, posterior side of the soft palate and the upper portion of the glottis. For the
particles of 10 um seen in Fig. 5.24 (right), the particles have great inertia, and more particles
deposit in the geometry. The increase of particle deposition in the mouth cavity is mainly at
the bottom portion of the mouth cavity, the increase in the pharynx mainly appears in the
recirculation flow zone and the posterior side of the upper portion of the glottis and in the
recirculation flow zone of trachea. These deposition patterns indicate that the recirculation
zone has great influence on the particle deposition and the particles mainly impact on the
wall of the larynx.

At inspiration flow rate of 30 L /min, for the particles of 2 pm seen in Fig. 5.25 (left), they
mainly deposit at the bottom portion of the mouth cavity, the anterior side of the pharynx
and the glottis. But in this case, the particle distribution on the bottom portion of mouth
cavity and the upper portion of the glottis is much more dispersed. For particles of 5 um
seen in Fig. 5.25 (center), more particles deposit in the mouth cavity and anterior side of the
soft palate, but it is much dispersed as well as on the lateral sides of the upper portion of
the glottis. The particles are also seen to deposit on the lateral sides of the trachea, which
donnot dwell in the recirculation flow zone and the impinging side of the laryngeal jet. For
the particles of 10 um seen in Fig. 5.25 (right), the particles have great inertia and more
particles deposit in the geometry. The increase of particle deposition in the mouth cavity is
mainly at the bottom portion of the mouth cavity and also in the portion of soft palate; the
increase in the pharynx mainly appears in the recirculation flow zone and the posterior side
of the upper portion of the glottis; the increase in the larynx mainly occurs in the glottis
and the increase in the trachea mainly appear in the anterior and the lateral sides of the
trachea, which means that the laryngeal jet and the recirculation flow influences the particle

deposition for larger particles at this inspiration flow rate significantly.
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Fig. 5.24: Particle deposition pattern on the wall of cast-based mouth-throat at inspiration
flow rate of 15 L/min for particle of 2 (left), 5 (center), and 10 (right) pm.
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Fig. 5.25: Particle deposition pattern on the wall of cast-based mouth-throat at inspiration
flow rate of 30 L/min for particle of 2 (left), 5 (center), and 10 (right) pum.
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Fig. 5.26: Particle deposition pattern on the wall of cast-based mouth-throat at inspiration
flow rate of 60 L/min for particle of 2 (left), 5 (center), and 10 (right) pum.

At inspiration flow rate of 60 L /min, for the particles of 2 um seen in Fig. 5.26 (left), the
particle deposition is more influenced by the turbulence. In addition, few particles deposit in
the frontier part of the mouth cavity because of the larger flow velocity, and more particles
deposit at the end of the soft palate due to the particle impaction. More particles deposit
in the posterior part of the larynx because of the particle impaction. Particle deposition
in the larynx mainly appears in the anterior part under the portion of the glottis. Particle
deposition distributes uniformly in the trachea because of the recirculation zone and the
turbulence influence. For particles of 5 pm seen in Fig. 5.26 (center), more particles deposit
in the geometry. More particle deposition in the mouth cavity appears in front portion of
the mouth cavity. More particle deposition appears in the recirculation zone of the pharynx.
The particle deposition in the upper portion of the glottis and anterior side of the glottis.
The particle deposition in the trachea increases significantly and the increase may result from

the increase in the combined function of impaction and the turbulence. For the particles of
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10 wm seen in Fig. 5.26 (right), the particles have great inertia, and most of the particles
cannot go through the mouth-throat model. The increase of particle deposition in the mouth
cavity is not only resulted from the position of soft palate but also the frontier part of the
bottom portion of the mouth cavity.

The particle deposition in the pharynx mainly increases due to the particle impaction on
the posterior side of the pharynx. The particle deposition in the larynx mainly increases from
the particle impaction on the anterior side. The particle deposition in the trachea mainly
dwell in the anterior side, which means that the laryngeal jet increases the possibility of the
larger particle deposition in the trachea. Although turbulence has low influence on so large

particle’s deposition, some particles can be still seen on the posterior side of the trachea.

Initial Particle Position In this section, the particle initial positions are identified to
build the relationship between the particle transport, dispersion and deposition, and initial
particle position. In Figs. 5.27 - 5.35, the release particle positions at the inlet plane for the
particle deposition in different regions of the mouth-throat model and particle going through
the mouth-throat model are displayed. In these figures, the green solid circles present the
release positions of particles which pass through the mouth-throat model and go into deep
site of the lung and the red solid circles indicate the release positions of particles depositing
on the wall of mouth cavity; the blue solid circles indicate the release positions of particles
depositing on the wall of the pharynx, and the cyan solid circles indicate the release positions
of particles depositing on the wall of larynx, and the black solid circles indicate the release
positions of particles depositing on the wall of trachea.

From these figures, it can be seen that the particle deposition on the wall mainly concen-
trates in the region close to the wall and the vortex regions in the top portion of the geometry,
where the vortices appear at inlet plane seen in Fig. 5.16. Depending on the particle size,
inspiration flow rate and the initial position, these particles may deposit on the wall and
go through the mouth-throat model. For instance, at inspiration flow rate of 15 L/min, the
particles with 2 um have lower particle deposition in the geometry. The particles depositing
in the mouth cavity are mainly released in the boundary of the inlet plane, where most of
them are released at the bottom of the inlet plane and some of them are released at the upper
and lateral portions of the inlet plane seen in Fig. 5.27. From the figure, it can also be seen
that the particles depositing in the pharynx are released at the bottom and lateral portion
of the mouth-throat model. It is very interesting to know that the particles depositing in the
larynx are released in the positions close to the vortex as seen in the Fig. 5.16. When the
particle size increases to 5 um seen in Fig. 5.28, the particle deposition in different regions
of mouth cavity, pharynx, larynx and trachea increases respectively. The particle deposition
in the mouth cavity mainly increases due to the particles released at the bottom portion of
the mouth-throat model. The particle deposition in the pharynx mainly results from the
particles released in the lateral portions. The particle deposition in the larynx mainly in-
creases from the particle released in the vortex region. When the particle size increases to

10 um seen in Fig. 5.29, the particles also deposit in the region of trachea. In this case, most
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of the depositing particles are released at the upper portion of the inlet plane. In addition,
more particles released in the vortex region of the inlet plane have the most contribution to
the increase of particle deposition in the pharynx and larynx. The increase in the particle
deposition on the wall of the mouth cavity is mainly resulted from the bottom portion of the

inlet plane.

When inspiration flow rate is increased to 30 L/min, there are still few particles of size
2 um depositing in the mouth-throat model. The majority of particles depositing in the mouth
cavity are released at the boundary of the inlet plane, where most of them are released at the
bottom of the inlet plane and some of them are released at the upper and lateral portions of
the inlet plane seen in Fig. 5.30. In comparison with the case of 2 wm particles at inspiration
flow rate of 15 L/min, released positions of these particles are further away from the wall.
From the figure, it also can be seen that the particles depositing in the pharynx and larynx
are mainly released in the vortex region, where the vortices appear at inlet plane seen in
Fig. 5.17. When the particle size is increased to 5 um seen in Fig. 5.31, the particle deposition
in different regions of oral cavity, pharynx, larynx and trachea increases respectively. The
particle deposition in the mouth cavity mainly increases due to the particles released at the
bottom portion of the geometry. The increase of particle deposition in the pharynx mainly
results from the particles released in the vortex region. The increase of particle deposition
in the larynx is mainly due to the particle released in the vortex region as in the case of the
inspiration flow rate 15 L/min and particle size of 5 um. Particle deposition also happens in
the trachea. It looks like that the particles are randomly distributed at the inlet plane, but
few of these depositing particles are released in the location close to the middle plane. When
the particle size increases to 10 wm seen in Fig. 5.32, increase of particle deposition in the
mouth cavity is mainly from the bottom portion and lateral portion of inlet plane close to the
wall. More particles deposit in the pharynx and larynx. These particles are mainly released
in the extension of the vortex region. Majority of the particles depositing in the trachea are
released at the lateral portions of the inlet plane. Few particles close to the middle line in the
vertical direction deposit in the geometry and most of them can go through the mouth-throat

model.

When inspiration flow rate is increased to 60 L/min, the particles of 2 pm depositing in
the mouth cavity mainly are released in the boundary of the inlet plane as well. Most of
them are released at the lateral portion of the inlet plane while some of them are at bottom
portion of the inlet plane, and few particles are in the upper portion and other regions as
seen in Fig. 5.33, contrary to the case of 2 um particles at inspiration flow rate of 15 and
30 L/min, where most of depositing particles are released at the bottom portion of the inlet
plane. From Fig. 5.33, it also can be seen that the majority of particles depositing in the
pharynx are released in the vortex region, where the vortices appear at inlet plane seen in
Fig. 5.18, as in the case of inspiration flow rate of 30 L/min. In comparison with the case
of 15 L/min and 30 L/min, the particles depositing in the larynx randomly distribute at the
inlet plane. At this inspiration flow rate, the 2 um particles have enough inertia to deposit

in the trachea and these particles randomly distribute at the inlet plane. When the particle
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© No deposition

© Mouth cavity

® Pharynx
Larynx

© No deposition
© Mouth cavity

Fig. 5.27: Release positions of 2 pm particles  Fig. 5.28: Release positions of 5 um particles
exiting and depositing the mouth- exiting and depositing the mouth-
throat model for 15 L/min. throat model for 15 L/min.

© No deposition

© Mouth cavity

® Pharynx
Larynx

® Trachea
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Fig. 5.29: Release positions of 10 um particles  Fig. 5.30: Release positions of 2 um particles
exiting and depositing the mouth- exiting and depositing the mouth-
throat model for 15 L/min. throat model for 30 L/min.

size is increased to 5 pum, the particle deposition in different regions increases significantly
seen in Fig. 5.34. The particle deposition in the mouth cavity mainly increases due to the
particles released at the bottom portion of the mouth-throat model. The increase of particles
deposition in the pharynx mainly results from the particles released in the vortex region
and the region close to the wall. But the initial positions of particles, which deposit in the
pharynx, are much dispersed. Although the released positions of particles depositing in the
pharynx still concentrate in the vortex region, these particles dwell in other regions broadly.
Particles depositing in the trachea distribute at the whole inlet plane. When the particle
size is increased to 10 pum, increase of particle deposition in the mouth cavity is mainly from
the lateral portions and bottom portion of the inlet plane close to the wall, in particular,
the upper side of the lateral portions seen in Fig. 5.35. The released positions of particles
depositing in the pharynx take over the remaining region of the inlet plane. The particle
deposition in the larynx and trachea mainly occurs in the upper portion and the region close

to the middle line in the vertical direction.
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Fig. 5.31: Release positions of 5 um particles  Fig. 5.32: Release positions of 10 um particles
exiting and depositing the mouth- exiting and depositing the mouth-
throat model for 30 L/min. throat model for 30 L/min.
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Fig. 5.33: Release positions of 2 um particles  Fig. 5.34: Release positions of 5 um particles
exiting and depositing the mouth- exiting and depositing the mouth-
throat model for 60 L/min. throat model for 60 L/min.
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® Pharynx
Bl Larynx

¢ © Trachea

Fig. 5.35: Release positions of 10 um particles exiting and depositing the mouth-throat model
for 60 L/min.

Particle Trajectories To visualize trajectories of individual particles is one way to demon-

strate the particle transport, and the influence of particle size and air flow on the particle
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dispersion and deposition. In the present work, particles at five different positions have been
selected for each case. The coordinate of these positions are position 0 at (0.0, 0.0, 0.0) m;
position 1 at (0,0.008,0) m; position 2 at (0.0,0.0,-0.008) m; position 3 at (0.0,0.008,0.0) m
and position 4 at (0.0,-0.008,0.0) m. At each position, 4 different particles are located in a
small circle centered at each position with a radius of 1.0 10~% m. Figs. 5.46 - 5.80 show all
of the selected particle trajectories for inspiration flow rates of 15, 30 and 60 L/min and 2,
5 and 10 um particles respectively. In these figures, particle No. 1 is indicated with the red
line; No. 2 with the green line; No. 3 with the blue line and No. 4 with the cyan line.

At the inspiration flow rate of 15 L/min, for the 2 pm particles at location of position 0
(c.f. 5.36), all of the particles go through the mouth-throat model. All of these particles
mainly follow the laminar flow in the mouth cavity. The particle dispersion appears in the
middle of pharynx. The dispersion of these particles enlarges at the bottom of pharynx. After
the particle dispersion appears, these particles have different fates. At position 1, the particles
disperse in the pharynx as well seen in Fig. 5.37. The second particle (green line) disperses
largely and has very different trajectory from other particles, and the first and second particle
are entrained by the vortex in the trachea significantly. At position 2, all of particles go
through the mouth-throat model as well. These particles conduct approximate linear motion,
which donot conduct any oscillated motion seen in Fig. 5.38. The dominant difference is that
the first and fourth particle disperses significantly in the trachea. At position 3, the particle
dispersion mainly appears in the trachea as well seen in Fig. 5.39. At position 4, the particle
dispersed as much as at position 3 in the trachea as shown in Fig. 5.40. Moreover, it can also

be seen that the first particle conducts helix motion with small amplitude. From Figs. 5.36 -

Position 0
-

Fig. 5.36: Trajectories of 2 um particles at po-  Fig. 5.37: Trajectories of 2 um particles at po-
sition 0 at the inspiration flow rate sition 1 at the inspiration flow rate
of 15 L/min. of 15 L /min.
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Fig. 5.38: Trajectories of 2 um particles at po-  Fig. 5.39: Trajectories of 2 um particles at po-
sition 2 at the inspiration flow rate sition 3 at the inspiration flow rate
of 15 L /min. of 15 L/min.

Position 0
-

Fig. 5.40: Trajectories of 2 um particles at po-  Fig. 5.41: Trajectories of 5 pm particles at po-
sition 4 at the inspiration flow rate sition 0 at the inspiration flow rate
of 15 L /min. of 15 L/min.
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Fig. 5.42: Trajectories of 5 um particles at po-  Fig. 5.43: Trajectories of 5 pm particles at po-
sition 1 at the inspiration flow rate sition 2 at the inspiration flow rate
of 15 L /min. of 15 L /min.

v Downstream
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Fig. 5.44: Trajectories of 5 um particles at po-  Fig. 5.45: Trajectories of 5 pm particles at po-
sition 3 at the inspiration flow rate sition 4 at the inspiration flow rate
of 15 L /min. of 15 L/min.
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Position 0
-

Fig. 5.46: Trajectories of 10 um particles at  Fig. 5.47: Trajectories of 10 um particles at
position 0 at the inspiration flow position 1 at the inspiration flow
rate of 15 L /min. rate of 15 L/min.

Fig. 5.48: Trajectories of 10 um particles at Fig. 5.49: Trajectories of 10 wm particles at
position 2 at the inspiration flow position 3 at the inspiration flow
rate of 15 L /min. rate of 15 L/min.
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Position 4 Position 0
[ ] -

Fig. 5.50: Trajectories of 10 um particles at  Fig. 5.51: Trajectories of 2 um particles at po-

position 4 at the inspiration flow sition 0 at the inspiration flow rate
rate of 15 L /min. of 30 L/min.

Fig. 5.52: Trajectories of 2 um particles at po-  Fig. 5.53: Trajectories of 2 pm particles at po-
sition 1 at the inspiration flow rate sition 2 at the inspiration flow rate
of 30 L/min. of 30 L/min.
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Position 4
[ ]

Fig. 5.54: Trajectories of 2 um particles at po-  Fig. 5.55: Trajectories of 2 um particles at po-
sition 3 at the inspiration flow rate sition 4 at the inspiration flow rate

of 30 L/min. of 30 L/min.

Position 0
L]

Fig. 5.56: Trajectories of 5 um particles at po-  Fig. 5.57: Trajectories of 5 pm particles at po-
sition 0 at the inspiration flow rate sition 1 at the inspiration flow rate
of 30 L/min. of 30 L/min.
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Fig. 5.58: Trajectories of 5 um particles at po-  Fig. 5.59: Trajectories of 5 pm particles at po-
sition 2 at the inspiration flow rate sition 3 at the inspiration flow rate

of 30 L/min. of 30 L/min.

Position 4 Position 0
[ ] -

Fig. 5.60: Trajectories of 5 um particles at po-  Fig. 5.61: Trajectories of 10 pm particles at
sition 4 at the inspiration flow rate position 0 at the inspiration flow
of 30 L/min. rate of 30 L/min.
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Fig. 5.62: Trajectories of 10 um particles at  Fig. 5.63: Trajectories of 10 um particles at
position 1 at the inspiration flow position 2 at the inspiration flow
rate of 30 L/min. rate of 30 L/min.

Position 4
[ ]

Fig. 5.64: Trajectories of 10 um particles at Fig. 5.65: Trajectories of 10 wm particles at
position 3 at the inspiration flow position 4 at the inspiration flow
rate of 30 L/min. rate of 30 L/min.
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Position 0
-

Fig. 5.66: Trajectories of 2 um particles at po-  Fig. 5.67: Trajectories of 2 um particles at po-
sition 0 at the inspiration flow rate sition 1 at the inspiration flow rate

of 60 L /min. of 60 L /min.
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Fig. 5.68: Trajectories of 2 um particles at po-  Fig. 5.69: Trajectories of 2 pm particles at po-
sition 2 at the inspiration flow rate sition 3 at the inspiration flow rate
of 60 L /min. of 60 L/min.
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5.40, it can be found that although the initial positions of particles are very close, they can
exhibit different trajectories due to the inhomogeneity, the randomness of the turbulence and
the effects of large flow structure.

At the inspiration flow rate of 15 L/min, the 5 um particles have more inertia in com-
parison with the 2 pm particles and they may exhibit less dispersion. The particles at these
five different positions disperse less in the pharynx than the case of the inspiration flow rate
of 15 L/min and particles of 2 um, which display explicitly at the bottom of pharynx. In
the trachea, the particles at position 0, 1 and 2 exhibit distinct dispersion at the end of the
laryngeal jet seen in Figs. 5.41 - 5.43. At position 3, the second particle (the green line)
cannot go through the mouth-throat model and stays on the wall. The particle follows the
flow and impacts the tracheal wall which is taken by the laryngeal jet. The first particle (red
line) shows complex trajectory in the recirculation zone of the trachea as seen in Fig. 5.44.
This kind of the complex motion makes the particle dwell more in the geometry, which will
increase the chance of the particle deposition on the wall of the trachea. At position 4, the
second particle (the green line) also has recirculated motion in the recirculation zone in the
trachea as shown in Fig. 5.45. In addition to the complex recirculated motion, the first and
third particle are seen to undergo helix motion with different amplitudes and frequencies in
the trachea as well.

At the inspiration flow rate of 15 L/min, for particles of 10 um, particles at positions 0 and
2 have no particular dispersion as seen in Figs. 5.46 and 5.48. The second particle (green line)
at position 1 conducts very distinct transverse motion in the trachea (c.f. Fig. 5.47), which
is entrained by the vortex. In addition, the second, the third and the fourth particle is much
less dispersed in the pharynx due to larger inertia. The first particle (red line) at position 3
conducts much more recirculated flow in the recirculation zone as shown in Fig. 5.49. At
position 4, the fourth particle conducts the complex curve motion in the trachea which can
be seen from the amplitude and frequency seen in Fig. 5.50.

At the inspiration flow rate of 30 L/min, for the 2 um particles, the particle dispersion
at each position mainly appears in the trachea because the flow is faster. The particles at
position 0 carry out a short transverse motion in the trachea and they have totally different
trajectories after the motion as seen in Fig. 5.51. The particles do not undergo complex
motions at position 1 after dispersion as shown in Fig. 5.52. The first, second and third
particles at position 2 conduct the transverse motion in the pharynx, which may be induced
by the vortex in the recirculation zone of pharynx as shown in Fig. 5.52. The fist particle (red
line) at position 3 is also seen to conduct transverse motion seen in Fig. 5.54. At position 4,
the first particle (red line) conducts transverse motion in the trachea seen in Fig. 5.55.

At the inspiration flow rate of 30 L/min, for the 5 um particles, the particles perform
less recirculated motion at position 0, 1, 3 and 4 seen in Figs. 5.56, 5.57, 5.59 and 5.60. The
particles at position 2 seen in Fig. 5.58 are entrained by the vortex in the pharynx.

At the inspiration flow rate of 30 L /min, for the 10 wm particles, there are more particles
depositing on the wall. The first particle at position 0 conducts curve motion in the trachea

seen in Fig. 5.61. The third particle at position 0 impacts on the wall of trachea seen in
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Position 0
-

(

Fig. 5.70: Trajectories of 2 um particles at po-  Fig. 5.71: Trajectories of 5 pm particles at po-
sition 4 at the inspiration flow rate sition 0 at the inspiration flow rate

of 60 L /min. of 60 L /min.
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Fig. 5.72: Trajectories of 5 um particles at po-  Fig. 5.73: Trajectories of 5 pm particles at po-
sition 1 at the inspiration flow rate sition 2 at the inspiration flow rate
of 60 L /min. of 60 L/min.
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P osition 4
.

Fig. 5.74: Trajectories of 5 um particles at po-  Fig. 5.75: Trajectories of 5 um particles at po-
sition 3 at the inspiration flow rate sition 4 at the inspiration flow rate

of 60 L /min. of 60 L/min.

Position 0
-

Fig. 5.76: Trajectories of 10 um particles at Fig. 5.77: Trajectories of 10 wm particles at
position 0 at the inspiration flow position 1 at the inspiration flow
rate of 60 L/min. rate of 60 L/min.
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Fig. 5.78: Trajectories of 10 um particles at  Fig. 5.79: Trajectories of 10 um particles at
position 2 at the inspiration flow position 3 at the inspiration flow
rate of 60 L/min. rate of 60 L/min.

Fig. 5.80: Trajectories of 10 wm particles at position 4 at the inspiration flow rate of 60 L /min.
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Fig. 5.61. Particles at position 1 seen in Fig. 5.62 go into the trachea following the laryngeal
jet and they are not distinctly entrained by the vortex. There are more particles depositing
in the geometry for particles at position 2 seen in Fig. 5.63. The first particle (red line) at
this position deposits on the tracheal wall. The second particle at this position (green line)
conducts very complex motion in the trachea and it deposits on the wall. The third particle
at this position (blue line) deposits in the larynx region. The first particle (red line) at
position 3 seen in Fig. 5.64 is entrained by the turbulence in the trachea explicitly. The first
(red line) and third particle (blue line) at position 4 have similar trajectories from pharynx
seen in Fig. 5.65. The second (green line) and fourth particle (cyan line) at this position has
similar trajectories, but the second particle cannot go through the mouth-throat model and
deposits on the wall of larynx. At the same time. The particles with larger diameter perform
helix motion with smaller amplitude, which can be seen from the first particle at positions 0
and 3 as shown in Figs. 5.61 and 5.64.

At the inspiration flow rate of 60 L/min, for the 2 um particles, at position 0, all particles
keep almost the same trajectories in the mouth cavity and pharynx. The second particle
(green line) is entrained by the vortex explicitly in the trachea seen in Fig. 5.66. The particles
at position 1 keep almost the same trajectories until they go into the trachea and there are
no distinct phenomena entrained by turbulence seen in Fig. 5.67. The particles at position 2
conduct very complex motions seen in Fig. 5.68, because the intensity of the turbulence is
very high. For example, all of the particles conduct very complex motion in the recirculation
zone of pharynx and the first particle (red line) conduct curve motion in the recirculation
zone of trachea as well. Particles at position 3 disperse in the pharynx seen in Fig. 5.69.
All of the particles at position 4 are entrained by the vortex in the pharynx and then they
disperse (c.f. Fig. 5.70).

At the inspiration flow rate of 60 L/min, for the 5 um particles, at position 0, the second
particle (green line) and the third particle (blue line) are entrained by the vortices in the
trachea seen in Fig. 5.66. The fourth particle conducts complex motion in the recirculated
zone. At position 1, not all of the particles can go out of the geometry seen in Fig. 5.72.
The first particle (read line) at this position deposits on the wall of trachea. The second
particle deposits in the larynx. The third particle (blue line) at this position is entrained
by the turbulence. The fourth particle conducts complex motion in the recirculation zone of
the trachea. At position 2, particles disperse in the pharynx, which are entrained by vortex
which can be seen from the curved motion in the pharynx in Fig. 5.73. The particles at
position 3 have distinct entrained motion in the pharynx and trachea as shown in Fig. 5.74.
The particles at position 4 are entrained in the pharynx by the vortex in the pharynx seen
in Fig. 5.75.

At the inspiration flow rate of 60 L/min, for the 10 um particles, most of the particles
deposit on the wall and they have no chance to be influenced by the turbulence and recircu-
lation zone. The particles at position 0, 1, 2 and 4 impact on the wall in the pharynx directly
seen in Figs. 5.76, 5.77, 5.78 and 5.80. At position 3, the first particle (red line) deposits on

the wall of larynx and the fourth particle (cyan line) deposits on the wall of trachea as shown
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in Fig. 5.79. Other two particles can go out of the geometry.

In summary, the trajectories of the particles are related to the particle’s release position,
particle size and inspiration flow rate. The vortex dynamics in the recirculation zones in the
pharynx and trachea can entrain the particle dispersion. The particles conduct different tra-
jectories after the dispersion. The particles can conduct different kinds of complex motions
such as the helix motion, recirculated motion and curved motion with different amplitudes.
The particles released at the lateral portions of the inlet plane are inclined to carry out com-
plex motions such as the recirculated motion. In addition, particles are easier to be entrained

by the airflow at high inspiration rate and the particles with smaller particle diameter.

5.2.5.2 Polydisperse Particle Deposition

In reality, the particle size distribution from the aerosol drug device is poly-disperse distri-
bution, but most of the research assume the particle is mono-disperse. In this section, the
influence of poly-disperse particle distribution on the particle deposition in the cast-based
mouth throat is discussed.

The poly-disperse particle distribution is examined by the group of Prof. Urbanetz (Re-
search Center Pharmaceutical Engineering GmbH, Graz, Austria) from dry power inhaler
(DPI). The relationship of the particle mass fraction and particle diameter is shown in
Fig. 5.81 [284]. The particle diameter ranges from 0.35 to 23.5 pum. The mass median diam-
eter is 1.79 um and Sauter mean diameter is 1.38 um. The particle density is 1,000 kg/m?
and the particle velocity is set to be same as the inspiration flow velocity of 1.592 m/s in the

present work.
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Fig. 5.81: Relationship between the initial poly-disperse particle diameter distribution and
mass fraction.
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Tab. 5.1: Particle deposition in the cast-based mouth-throat at different modeling conditions.

Particle distribution mono-disperse mono-disperse mono-disperse poly-disperse poly-disperse
Particle size 1.38 pm 1.79 pm 1.38 pm Fig. 5.81 Fig. 5.81
Injection drug dose 200 pg 200 pg 200 pg
Coupling method one-way one-way two-way one-way two-way
Particle/parcel number 10,000 10,000 10,000 24,000 10,000
Particle deposition 0.45% 0.49% 0.51% 7.6% 6.37%

There are two different ways to compute the particle motion for the poly-disperse particle
at the present work. The first method is one-way coupling. In this method, 1,000 particles
of each class are injected simultaneously with the air randomly at the inlet plane and 24,000
particles are injected totally. The particle deposition efficiency is computed by multiplying
the mass fraction and the ratio of depositing particle to the injected particle at each class.

Another way is the two-way coupling. In this method, the injection for one actuation
injection is considered in the present work, which is 200 pg for the drug of “salbutamolsulfat”
from MDI (metered dose inhaler) [29]. 10,000 parcels are injected at the same time at the
inlet plane. Each parcel has the same mass and the parcel number distribution for each class
is proportional to the mass fraction. The velocity is same as the inspiration flow velocity and
they distribute randomly and uniformly at the inlet plane. The particle position is controlled
by Gauss uniform distribution. The particle density is 1,000 kg/m3.

The injection process can be written as following equations:

Min

Mparcel = N (513)
p
N — — N, (5.14)
pi ™y pli

Where IV, is the total parcel number, IV,,; is parcel number corresponding to the ith class |
My, is the injection mass at one one actuation, m,, is the mass of one parcel, f; is mass fraction
corresponding to the i class. In the computation, the injection mass is set to mj, = 200 pg
and injection parcel number is set to N, = 10, 000.

In addition to poly-disperse particles, mono-disperse particles with Sauter diameter of
1.38 um are used as well together with the realistic injection drug dose of 200 ug. The two-
way coupling is adopted as well. The injection method is same as mentioned above. The
main difference is that the particles have the same diameter.

The particle deposition efficiencies at different modeling conditions considering different
particle distribution pattern, particle size, coupling ways and injection doses are shown in
Tab. 5.1. The total particle deposition efficiency is 7.6% using the one-way coupling consid-
ering realistic poly-disperse particle distribution, whereas it is 6.37% using two-way coupling
considering realistic poly-disperse particle distribution. Both of these results are much higher

than the particle deposition efficiency from the mass medium diameter, Sauter mean diameter
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and realistic injection dose with two-coupling way seen in Tab. 5.1. It can be seen that the
particle deposition from poly-disperse particle deposition is much higher than the particle
deposition in other cases, which indicates that the particle distribution is very important
in the particle deposition. The Sauter mean diameter and mass medium diameter are not
suitable in the numerical simulation for particle deposition. For the more realistic simulation,

it is important to use the poly-disperse particle distribution initially.

The poly-disperse particle deposition on the surface is shown in Fig. 5.82 using one-way
coupling. From the figure, it can be seen that the large particles deposit in the mouth cavity,
in the posterior side of the pharynx and in the glottis. The smaller particles are seen to
deposit in the mouth cavity, the anterior side of the pharynx and the trachea. The particle
deposition efficiencies in different regions are shown in Fig. 5.83. From the figure, it can be
seen that the particles dominantly deposit in the pharynx, but particle deposition in other
region has the equal level. To identify the contribution of each particle class to the particle
deposition in the geometry and in different regions, the relationship between the particle
deposition efficiency and particle diameter in the mouth cavity, pharynx, larynx and trachea
is shown in Fig. 5.84.

It is found that particles in the initial size range of 1 - 5 um have little contribution to the
particle deposition displayed in Fig. 5.84, although the major part of injected mass consists
of these particles, c.f. Fig. 5.81. The total mass fractions of particles in the size ranges 0.35 -
1 wm, 1 -5 pm, and 5 - 23.5 um are 26.3%, 63.5%, and 10.2% respectively, whereas the
corresponding particle deposition efficiencies are 3.1%, 0.4%, and 4.1%. It is found that the
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Fig. 5.82: Poly-disperse particle deposition on the surface of the cast-based mouth-throat using

one-way coupling.
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Fig. 5.83: Poly-disperse particle deposition deposition in different regions of the cast-based

mouth-throat using one-way coupling.

particles larger than 5 um mainly deposit in the pharynx and larynx, whereas the particles

less than 1 wm may deposit in different regions of the mouth throat other than the pharynx.

The total particle deposition efficiency is 6.37% using two-way coupling together with
the parcel method in comparison with 7.6% using one-way coupling. The comparison of the
results from these two different methods is shown in Fig. 5.85. From the figure, it can be seen
that the main difference for two different methods results from in the size range of sub-micron
particles. The sub-micron particle deposition is much lower for using two-way coupling than
using one-way coupling. In addition, for the particles ranging from 1 to 5 um, deposition is

higher using one-way coupling than two-way coupling method. For instance, contribution of
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Fig. 5.84: Contribution of each class to particle deposition in different regions of the cast-based

mouth-throat using one-way coupling.
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Fig. 5.85: The comparison of contribution of each class on the total particle deposition effi-

ciency in the cast-based mouth-throat using two different coupling ways.
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Fig. 5.86: Poly-disperse particle deposition deposition in different regions of the cast-based

mouth-throat using two-way coupling.
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Fig. 5.87: Contribution of each class to particle deposition in different regions of the cast-based

mouth-throat using two-way coupling.

particles in the range of 0.35 -1 um, 1 - 5 um, and 5 - 23.5 pm are 1.79%, 0.59%, and 3.99%
correspondingly. Moreover, the particle deposition in different regions of the mouth-throat is

higher using one-way coupling than two-way coupling from the comparison of Figs. 5.83 and
5.86.

At the same time, the contribution of particle size to the particle deposition in different
regions of the mouth-throat is different as well. This contribution to the particle deposition in
different regions of the mouth-throat using two-way coupling is shown in Fig. 5.87. From the
figure, it can be seen that few particles of size less than 1 um deposit in the larynx as compared
to particles depositing in the mouth cavity, pharynx and trachea. But, more particles ranging
from 1 to 5 um deposit in the larynx and pharynx. No particles in this range deposit in the
trachea. When the particle diameter is larger than 5 um, the particles are filtered gradually
from the mouth cavity. For instance, the maximum particle deposition appears in the mouth
cavity and pharynx for particle size larger than 15 pm and no particles deposit in the larynx
and trachea, when the particle diameter is larger than 15 um. The particle deposition in
the larynx and trachea is mainly contributed by the particles ranging from 5 to 15 um.
From Fig. 5.84, it can also be seen that particle sizes of maximum contribution to particle
deposition in the mouth cavity, pharynx, larynx and trachea are 13.75, 11.5, 9.75 and 8.2 um

respectively.

In summary, the particle size distribution greatly influences particle deposition in the
human upper airway and it is very important to use the poly-disperse particle pattern in
the numerical study. From the comparison of the one-way and two-way coupling, it can be
seen that the difference is mainly induced by the sub-micron particles. It is necessary to
use two-way coupling for the numeral modeling of poly-disperse particle distribution, which

considers the realistic drug dose. It is also suggested to make the particle distribution in the
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range of 1 to 5 pm for the drug formation as much as possible since the particles in other
size ranges can contribute greatly to the particle deposition in the oral airway even they take

less ratio of the mass fractions.

5.2.6 Summary

In this work, an idealized mouth-throat model was constructed based on the cast from liter-
ature [48, 89] using Ansys ICEM-CFD 11.0. The flow field in the mouth-throat model was
simulated considering three different inspiration flow rates of 15, 30 and 60 L/min. The mean
and unsteady flow field were simulated and compared. The main flow features were seen in
the mean flow field in the idealized mouth-throat including a skewed velocity profile, flow
separation after the sudden geometric change at the soft palate and glottis, and the laryngeal
jet. In addition, a small recirculation zone is seen in the posterior side of the pharynx and the
laryngeal jet is impinging on the anterior side of trachea, which indicates that the flow field is
very sensitive to the geometric profile, in particular, in locations with large curvatures. The
laryngeal jet profile influences the axial velocity profile, and it changes with the location of
laryngeal jet.

Other than the mean flow field, the unsteady flow fields have been studied in this project
as well. It is found that secondary vortices at very different length scales exist in the flow field.
It is found that after the flow has entered into the pharynx, it becomes unsteady and involves
turbulent structures. In contrast to the averaged flow field, no counter-rotating vortices
are seen in the instantaneous flow fields at the same location in the pharynx at inspiration
flow rate of 30 L/min, but large-scale secondary vortices exist in the main flow zone in the
pharynx. Behind the pharynx, no counter-rotating vortices are seen in all instantaneous flow
fields. Depending upon the axial location, secondary vortices occur in the separation zone,
the mixing zone, the main flow zone, and the wall shear layer of the separation zone and
the laryngeal jet. Vortices appearing in the wall shear layer have small scales, whereas those
in the mixing zone tend to be at larger scales. The laryngeal jet is highly unsteady and it
breaks up at the tail. The break up may cause the momentum to redistribute and enhance
the turbulence intensity further downstream. The highly unsteady recirculation zone resides
at the posterior side downstream the glottis, and it strongly affects the flow structure towards
the laryngeal jet. The mixing pattern changes with the profile of the laryngeal jet, and its
interface becomes concave at the tail. It can be seen that the separation zone, the laryngeal
jet, and the secondary vortices are closely interrelated.

It is found that the flow structures have relationship with the inspiration flow rates.
For example, in the mean flow field, the laryngeal jets becomes more concentrated with the
increasing inspiration flow rate. The recirculation zone after glottis reduces as the inspira-
tion flow rate increases. Moreover, there are three pairs of vortices in the pharynx at the
inspiration flow rate of 15 L/min, two pairs of the vortices at the inspiration flow rate of
30 L/min, and one pair of vortices at the inspiration flow rate of 60 L /min. The length scale

of the vortices in trachea becomes smaller as the inspiration flow rate increases. Similarly, the
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length-scale of vortices in the three-dimensional space also becomes smaller as the inspiration
flow rate increases.

For the unsteady flow field, the flow field becomes more turbulent because of the increas-
ing Reynolds number induced by increasing the inspiration flow. It can be seen that the
unsteadiness appears further from the inlet for the lower inspiration flow rate. For instance,
the counter-rotating vortices still can be seen in the pharynx which means that the laminar
flow is still prevalent in the pharynx, but no counter-rotating vortices are seen at other two
inspiration rates. At high inspiration flow rate of 60 L/min, the unsteadiness appears even
in the mouth cavity. Moreover, few secondary vortices are seen at the low inspiration flow
rate.

In addition to the flow field, the mono-disperse particles have been tracked as well in this
section. Three sizes of particles have been tracked at three different inspiration flow rates.
Thus, 9 cases are studied. The total particle deposition efficiencies in the cast-based mouth-
throat are compared with the experimental and numerical data from the literature. It is found
that the present results are close to the numerical results from the literature. Moreover, they
fit well with the medium trend of the experimental data. Thus, the methodology including
the idealized mouth-throat model is suitable to be implemented in the study of particle
deposition in the human oral airway. Moreover, the particle deposition efficiency in different
regions, the particle deposition pattern on the surface, the particle fates are related to the
initial particle distribution at the inlet plane and the particle trajectories has been studied.

The investigations show that regional particle deposition, the particle deposition pattern
and the particle fates depend on initial particle distribution at the inlet plane, the particle
size and inspiration flow rate. The turbulence and recirculation flow are found to have great
influence on the particle trajectories. Therefore, they may affect the particle deposition.
Desponding on the particle size and the inspiration flow rate, the particles tend to deposit
on the bottom of the mouth cavity, the tip of soft palate, the recirculation zone and the
posterior side of the pharynx, the glottis and the lateral as well as anterior sides of trachea.
The particles near the vertical symmetrical line about the inlet plane have more chances to go
through the mouth-throat model. The particles close to the upper portion of the inlet plane
tend to deposit in the mouth cavity and the particles in the vortex region tend to deposit in the
pharynx and larynx region. In addition, the investigation of the particles’ trajectories shows
that the particles are entrained by the recirculation zone and the turbulence. The particles
are seen to conduct the curve motion and recirculated motion. Moreover, the particles in very
close initial positions may have different fates such as going through the geometry, depositing
on the surface or undergoing complex motions.

In addition to simulating the mono-disperse particle motion, the poly-disperse particles
are simulated as well to study the influence of particle size distribution on the particle depo-
sition. One-way and two-way coupling have been implemented without or with considering
the realistic injection drug dose. It is found that poly-disperse particle distribution has great
influence on the particle deposition efficiency and it is more reasonable to adopt the poly-

disperse particle distribution in the numerical simulations. The particle deposition efficiency
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is higher using one-way coupling method and it is mainly in the size range of less than 1 um
since the sub-micron particles have more relationship with the gas diffusion. It is suggested
to adopt the two-way coupling in the numerical simulations. It is also found that the particles

less than 1 um and larger than 5 pm have main contributions to the particle deposition.



5.3 Airflow Field in the Cast-Based Mouth-Throat Under
Unsteady Inspiration Flow Rate

One of the main factors to influence the particle deposition in the human respiratory system
is the inspiration flow rate. Commonly, the flow rate at the inlet plane is set to uniform and
set to the value corresponding to the light, normal and heavy breathing. But the realistic
inspiration pattern is periodic, so that it is necessary to study the unsteady inspiration flow
rate pattern influences on the flow field.

In this section, the flow field considering the inspiration flow rate under an unsteady
respiratory flow rate of normal breathing for light activity will be simulated in the cast-based

mouth-throat.

5.3.1 Computational Conditions

In this work, a typical inspiration flow pattern, which is considered to represent the normal
breathing for light activity is shown in Fig. 5.88 [84] and the properties of the inspiration
flow at the mouth inlet plane is listed in Table 5.2. Due to focus on the inspiration phase, the
expiratory phase between inspiratory cycles is replaced with an intermittent zero-flow period
as it has been handled in the work of Zhang et al. [84]. The flow field has been simulated
for five periods with the solver of “oodLFoam” and the flow fields at five different time steps
will be discussed. Two time steps are chosen at the accelerating phase, one at the peek and
other two at the decelerating phase as shown in Fig. 5.88.

As in the section 5.2, the gas transport in the mouth-throat model is assumed to be air

at the room temperature. Then, the physical conditions of the gas are as follows:

pg = 121 kg/m*; T, = 273.15K; v = 14.9 107° m?/s. (5.15)
24r
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Fig. 5.88: The inspiration flow velocity wave and the five time steps.
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Tab. 5.2: Physical properties of the representative inhalation wave form [84].

Physical Tidal volume Time ratio of Breathing Peak Reynolds
parameters (ml) inspiratory frequency number at

phase (tin/ttotal) (cycle/min) inlet plane
Light activity 907 0.46 15.5 8,920

The boundary conditions are as follows:

(1) Inlet:
oP
— = 0 5.16
on ’ (5-16)
(2) Outlet:
ov . .
Frl 0; P = 0 Pa (relative to the ambient pressure); (5.17)
(3) Wall:
oP
V =0 5; — = 0. 5.18
mfs; O (5.18)

It should be mentioned that the velocity at the inlet is not set to be uniform anymore,
but adopted the data shown in Fig. 5.88. It assumes that the air in the configuration is static
in the beginning so that the velocity is 0 m/s and pressure is 0 Pa relative to the ambient

pressure initially. The numerical simulation is carried out in grid of 1,276,500 grid nodes.

5.3.2 The properties of Airflow Fields

As mentioned above, the airflow field at five different time steps are shown in Figs. 5.89 - 5.93.
These flow fields include all of the typical flow features during the cycle which benefits the
discussion.

At the time ¢t = Tq, the velocity is at the increasing phase. The flow at this time
level displays more laminar seen in Fig. 5.89. At this time level, the velocity magnitude is
low relative to the airflow field at other times. As the numerical results from this mouth-
throat model under steady inspiration flow rate, the flow recirculation zones are observed in
the mouth cavity near the tongue, in the pharynx cavity and in the trachea after the vocal
folder, which may be produced from the strong change of cross-sectional areas. A laryngeal
jet is observed as well in the trachea. The most obvious different features are observed for
the secondary flow patterns.

At A - A’ cross section, the flow field displays very obvious laminar properties and there
are no counter-rotating vortices seen at this cross section due to insufficient pressure gradient.
In contrast, the counter-rotating vortices are observed at other time steps at this cross section.
When the flow goes further into the pharynx seen from the section B - B’, two pairs of vortices
are seen in the recirculation zone and no counter-rotating flow structures are seen in the

main flow zone. In the position of glottis seen in C - C’ cross section, the laryngeal jet takes



5.3. Airflow Field in the Cast-Based Mouth-Throat Under Unsteady Inspiration Flow Rate 99

dominant effect; the axial velocity distribution becomes uniform and a pair of smaller counter-
rotating vortices appear in the front side of the cross-section. When the flow goes further
downstream, a pair of larger counter-rotating vortices are observed in the recirculation zone
and a pair of smaller vortices seen in the interface of the laryngeal jet and the recirculation
zone seen at the D - D’ cross section. Three pairs of secondary vortices are seen at E - E’
cross section. In addition, the interaction between the recirculation zone and the laryngeal
jet becomes intensive seen from the interface between these two flow zones. At the same
time, two secondary vortices located in the mixing zone and the length scale of secondary
vortices in the recirculation zone becomes smaller. After E - E’ cross section, the laryngeal
jet becomes unsteady and the interaction between the recirculation zone and the laryngeal
jet increases as it can be observed from the velocity contour at the mid-plane of Fig. 5.89.
When the flow reaches F - F’ section, the maximum axial velocity has shifted to the left side
due to the breakage of the laryngeal jet, but three pairs of secondary vortices can still be
observed at this section. Although the unsteady motion as well as the interaction between the
recirculation zone and the laryngeal jet at this time level of ¢ = Ty, the flow field still shows

laminar properties since the counter-rotating vortices are observed at different cross-sections.

At the time level t = T, the inlet flow velocity increases as displayed in the Fig. 5.90 and
the Reynolds number in the mouth-throat increases as well, so that the flow may transit from
laminar to turbulent and it leads to different profile of the flow field. The difference between
the time level t = T7 and t = T5 is that flow field at this time level is more turbulent. In
the mouth cavity, a pair of counter-rotating vortices are observed at A - A’ section seen in
Fig. 5.90 at this time level, since there is enough centrifugal pressure gradient. At the B - B’
cross section, large vortices appear in the main flow zone and more interaction occurs between
the main flow zone and the recirculation zone, the smaller vortices appear in the mixing flow
zone and recirculation zone. But no counter-rotating vortices appear in this section, which
means turbulence has started. After the pharynx, there is no counter-rotating secondary
vortices seen in the mouth-throat at this time level. At the glottis, vortices with different
length-scale are observed at this cross section and they mainly distribute on the anterior
side of the mouth-throat model. At D - D’ cross section, the profile of the axial velocity
contour is irregular, which means that the laryngeal jet profile is irregular. And smaller
secondary vortices are observed in the laryngeal jet zone and the laryngeal jet boundary. At
E-FE and F - F’ cross sections, the turbulence has significantly developed and the secondary
vortices with different length scale distribute everywhere in the mouth-throat at this time
level. Moreover, after E - E’ cross section, the laryngeal jet becomes more unsteady compared

with the case at time t = Ty.

At time t = Tg, the inspiration flow rate has reached the peak value of inspiration curve
and the Reynolds number also reaches the maximum value, and the velocity magnitude in
mouth-throat becomes maximum as well seen in Fig. 5.91. The flow field in the mouth cavity
is still laminar as other times. The flow field in the pharynx displays turbulent properties
coupled with irregular secondary vortices distribution. The main different property is that

the main flow zone becomes larger as well as the mixing zone due to higher interaction. At the
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Fig. 5.89: Instantaneous velocity contour at mid-plane (left), and axial velocity contour and
secondary streamlines at cross-sections (right) in the cast-based mouth-throat at

timet = T;.
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Fig. 5.90: Instantaneous velocity contour at mid-plane (left), and axial velocity contour and
secondary streamlines at cross-sections (right) in the cast-based mouth-throat at
timet = Ts.
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Fig. 5.91: Instantaneous velocity contour at mid-plane (left), and axial velocity contour and

secondary streamlines at cross-sections (right) in the cast-based mouth-throat at

time t = Ts.
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Fig. 5.93: Instantaneous velocity contour at mid-plane (left), and axial velocity contour and
secondary streamlines at cross-sections (right) in the cast-based mouth-throat at

timet = Ts.

same time, recirculation zone in the pharynx and trachea is much more turbulent as reflected
in the velocity contour in the trachea. The recirculation zone in the trachea becomes smaller
seen from E - E’ cross section and mixing zone becomes larger as well. The laryngeal jet is
more unsteady from the profile of the laryngeal jet at E - E’ cross section. At F - F’ cross
section, more secondary vortices with smaller size are observed at all over the cross section

which implies more turbulence in the trachea than other times.

After the inlet inspiration flow velocity has reached the peak, it enters into the decreasing
phase. At the time t = T4, the flow has the same Reynolds number with the time t = Ts.
But, at this time level, the flow field is in the phase of transiting from turbulent to laminar.
With decreasing turbulence, the large counter-rotating vortices are gradually produced in the
pharynx seen at the B - B’ cross section seen in Fig. 5.92. The axial velocity distribution at
the glottis seen from C - C’ cross section becomes more uniform as well as the appearance
of larger secondary vortices. But in the trachea, the turbulence still domains the flow field,
which can be seen from the secondary vortices distribution at the cross sections of D - D’,
E-FE and F - F’.

At time t = Tj5, the inspiration velocity deceases to the first time level as well as
Reynolds number. But, different from the flow field at time ¢ = T, the flow field at this
time level displays more turbulence shown in Fig. 5.93. A pair of counter-rotating secondary
vortices are observed in the mouth cavity due to the flow postponing. But there are no other

counter-rotating secondary vortices in other regions of the mouth-throat model as at time
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t = T, displayed in Fig. 5.89. The flow field at this time level is much closer to the flow field
at time ¢ = T4. A pair of large vortices are observed at B - B’ cross section as at time level
t = Ty. At the same time, the recirculation zone becomes larger. Other than the quantity of
vortices at the cross section C - C’, the quantity of secondary vortices at other cross sections
decreases as well, in particular the secondary vortices distribution at the F - F’cross section,
which means the turbulence decreases. But, in comparison with the flow field at t = Ty,
the flow field at this time level is much more turbulence. At the same time, the recirculation

has become larger.

5.3.3 Summary

The airflow field in the cast-based mouth-throat model has been simulated considering the
unsteady inspiration flow mode and neglecting the expiration flow phase. Flow fields at five
different times have been discussed including two times at the accelerating phase, one at
the peek point and two at the decelerating phase. It exhibits a extinct process that the flow
transits from laminar to turbulent and the flow transits from turbulent to laminar flow. At the
low inspiration flow rate, the laminar flow is prevalent in the mouth-throat model. Even in the
trachea where the turbulence takes a predominant level usually, the counter-rotating vortices
can be observed. Few secondary vortices are observed in the mouth-throat model. With the
inspiration flow rate increasing, the Reynolds number increases and the unsteadiness appear
after flow goes into the pharynx. The counter-rotating vortices disappear and the unsteady
vortices appear in the main flow zone, recirculation zone after the soft palate and the glottis,
the mixing zone, boundary of the laryngeal jet, boundary of wall and the laryngeal jet region
depending on the time and location. After the peek, the inspiration flow rate decreases as
well as the Reynolds number, which leads to the flow transiting from turbulent to laminar
gradually. The large vortices re-appear in the main flow zone in the pharynx. When the
inspiration flow rate decreases to the value at the first time. Although the flow rate is not so
turbulent as the last two times of Ts and Ty , the flow still keeps obvious properties of the
turbulence, which can be seen from the secondary vortices because of the lingering effect of
the flow.
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5.4 Airflow Field and Particle Transport in the CT-Based
Mouth-Throat

As discussed in the chapter 2, investigations have shown that the geometric features have
great influence on the features of airflow and the particle deposition and dispersion, and
numerical modeling of flow field and particle motion in the more realistic geometry based on
CT scans has been developed recently [9, 46, 53]. In this section, a new mouth-throat model
is constructed based on CT scans. The flow field and mono-disperse particles are simulated
with the solver “oodLFoamct”. The properties of the airflow field and the particle deposition

are discussed.

5.4.1 Model Preparation and Grid Generation

Four different sets of CT scans are provided by Medical School in the University of Heidelberg.
Among them, one is chosen with few artifact, mouth open and glottis open seen in Figs. 5.94
and 5.95. As aforementioned in the section 4.4, these CT scans are imported into ImageJ
and they are converted from the file format of “Dicom” to format of “.tiff” as presented in
section 4.4 because NeuRA2 [78] can only operate this kind of file format.

After that, the image should be repaired because some of them still have artifact and
the geometry has to be closed manually seen in the Fig. 5.96 to separate the structure of
mouth-throat out. In addition, for the same purpose, the operation of “cut plane” is used
to create a close zone which is required for segmentation. After the reparation, this focused
structure is segmented and the interesting part is taken out seen in Fig. 5.97. As the same
process presented in section 4.4 to generate the geometrical model based on CT scans, the
surface grid is generated with the format of “.stil”.

Two points should be mentioned here. One is that it is very important to choose right
scale parameter when the surface grid or configuration is exported from NeuRA2. Second is
that it is better to set the direction in meshLab [271] to make the configuration in front view,

which will take convenience in the post-process of airflow fields.

Fig. 5.94: A sample of CT scans on the right Fig. 5.95: The second sample of CT scans on

view. the top view.
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Fig. 5.96: The second sample of CT scans on  Fig. 5.97: The second sample of CT scans on

the top view after respiration. the top view after segmentation.
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Fig. 5.98: The grid on the surface (left) and the zoom out of the pharynx part (right) of

mouth-throat based on CT scans.

The inlet plane of the configuration has the same angle with the lips, and the outlet plane
is normal to the trachea seen in Fig. 5.98 (left), which is much more consistent with the
realistic situation. From the zoom out part (Fig. 5.98 (right)), it can be seen that the angle
of the triangle on the surface is not sharp which is helpful to generate volume mesh with high
quality. Moreover, the triangle distribution is related to the contour of the configuration.
More grid nodes distribute on the region where the profile changes acutely, which can make
sure that the reconstructed geometrical model is more close to the realistic situation. The
computational grid is generated with Ansys ICEM-CFD 11.0 as well. The tetrahedral grid is
used and 21,452 grid nodes are adopted in the present study.

5.4.2 Computational Conditions

The gas transported in the geometry is assumed to be the air at the room temperature. Then,

the physical condition of the gas is as follows:

pg =121 kg/m*; Ty, = 273.15k; v = 14.9107° m?/s (5.19)
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As the same way in the mouth-throat model based on cast, in this section, steady inspiration
flow rate is adopted. The inspiration flow rate at normal breathing rate of 30 L/min is

adopted. The boundary condition corresponding to inspiration flow rate of 30 L/min is as

follows:
(1) Inlet:
opP
Vi = 7423 £2% m/s; Re = 5,01L; - = 0; (5.20)
(2) Outlet:
ov . .
Frl 0; P = 0 Pa (relative to the ambient pressure); (5.21)
(3) Wall:
opP
V = ; — = 0. 22
0 m/s; o 0 (5.22)

It assumes that the air in the configuration is static in the beginning, then the velocity
is 0 m/s and pressure is 0 Pa. The boundary conditions in another two cases can be given
according to this case.

In addition to flow field, the micron particles deposition and transport are studied in the
mouth-throat based on cast. The particles are injected simultaneously with the air randomly
at the inlet plane, which has the same velocity as the air flow. The particle position is
controlled by the uniform Gauss distribution. As it is conducted in the idealized mouth-
throat, the injected particle number is set to 10,000 here. It is assumed that the particle
deposition occurs if the distance of the particle center to the wall is less than half the particle
diameter as well. The particle density is 1,000 kg/m3. Three diameters d, = 2, 5, and 10 pm

are studied at the steady inspiration flow rates of 30 L/min.

Central pl,

Fig. 5.99: The positions of each cut planes at the CT-based mouth-throat.



108 5. Numerical Results and Discussion

5.4.3 Properties of Airflow Field

To study the properties of the flow field in the mouth-throat model based on CT scans, the
velocity contour and streamlines at three different cut planes are presented including the
mean and instant flow field. The positions of these cut plans are shown in Fig. 5.99. The
central plane A is the cut plane at the middle of the geometry and the distance among these
positions is 1 mm.

The mean velocity contour and streamlines at the central plane of the configuration are
shown in Fig. 5.100. After the flow entering into the mouth-throat, the air flow velocity
decreases at first due to the enlargement of the cross section. The velocity in the end of soft
palate is enhanced significantly due to the configuration constriction and maximum velocity
appears in this region, which is different with the case of simplified geometry in which the
maximum velocity occurs in the location of glottis. The flow field cannot develop sufficiently
due to the narrow passage to the pharynx and the structure of the pharynx cavity. The flow
field is blocked in the pharynx cavity and a high velocity region is shaped, which leads to
few flow going further into larynx and trachea. At the same time, a reversed flow region
appears in the upper side of the pharynx and a vortex is created in the lower portion of the
pharynx. In the glottis, the velocity increases again due to the configuration constriction,
but the velocity is not as large as the region in the upper portion of the pharynx. Moreover,
there is no laryngeal jet and reversed flow after glottis in present simulation, which was seen
in the simplified geometry and in the numerical simulation in a CT scans model by Jayaraju
et al. [46].

The velocity at plane B seen in Fig. 5.101 has almost similar properties of the velocity

U [cm/s]

mean

U [cmis]

mean

2000 2000
1800 1800
1600 1600
1400 1400
1200 1200
1000 1000
800 800
600 600
400 400
200 200
0 0

Fig. 5.100: The time-averaged velocity con- Fig. 5.101: The time-averaged velocity con-
tour and streamlines at the central tour and streamlines at the cut
plane A of the CT-based mouth- plane B of the CT-based mouth-
throat. throat.
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Fig. 5.102: The time-averaged velocity con- ) . .
. Fig. 5.103: The instant velocity contour and
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plane C of the CT-based mouth-
throat.

streamlines at the central plane A
at time of 1.92228 s.

Fig. 5.104: The instant velocity contour and  Fig. 5.105: The instant velocity contour and

streamlines at the cut plane B streamlines at the cut plane C
of the CT-based mouth-throat at of the CT-based mouth-throat at
time of 1.92228 s. time of 1.92228 s.

development as the flow at central plane A. The main difference is that there are another
two vortices seen in the region near epiglottis. Moreover, the length scale of the vortex in the
pharynx cavity is larger at cut plane B than central plane A. At the same time, the vortex is
even larger at plane C seen in Fig. 5.102. At the same time, the vortices near the epiglottis

seen at the cut plane B is not seen in the cut plane C. Although the constriction at the end
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of the soft palate limits the flow development, the complexity of the geometry still creates
complex vortices in three-dimensional space.

To further understand the properties of flow field in the more realistic mouth-throat
based on CT scans, a typical instantaneous flow field at 1.9228 s is shown as well at the
central plane A seen in Fig. 5.103, at cut plane B seen in Fig. 5.104 and cut plane C seen in
Fig. 5.105. From these figures, it can be observed that the flow has similar features as in the
time-averaged flow field at all of these cut planes. The main difference is that a vortex is seen
in the trachea in the instant flow field at central plane A shown in Fig. 5.103 in contrast that
a vortex appears in pharynx in the time-averaged flow field. Different with the flow field at
central plane A, there is no vortex seen in trachea and there is still one vortex observed in
the pharynx at cut plane B shown in Fig. 5.104. In comparison with the time-averaged flow
field at B cut plane, only one vortex around epiglottis is observed. At cut plane C shown in
Fig. 5.105, only one vortex is observed as the case in the time-averaged flow field. It is not
hard to see that the main differences between the time-averaged and instantaneous flow field
are the vortex distribution and they mainly appear in the region of epiglottis and trachea.
In particular, the dynamical motion of the vortex in the trachea may influence the particle
deposition for smaller particle in this region.

In summary, the present numerical method improves the understanding the flow field in
the upper respiratory system. It shows that the flow field can be very different with the
flow field in the simplified geometry due to the different geometrical feature. It may also be
different with the flow field in another realistic geometry model since the configurations are
still very different. The flow field is very unsteady, in particular, for the vortex in the region

of epiglottis and trachea.

5.4.4 Particle Deposition and Dispersion

Particle deposition efficiency is an important parameter to evaluate the particle deposition.
In the present simulation, for the particle size of 2 um, the particle deposition efficiency is
85.05%, for the particle size of 5 pum, it is 99.64% and for the particle size of 10 um, it is 100%.
It can be seen that few particle going through the geometry when the particle diameter is no
less than 5 wm, which is different with the result in the simplified model. It mainly comes
from the geometrical difference. The particle deposition patterns for particles diameter of
10, 5 and 2 pm are shown in Figs. 5.107, 5.108, and 5.109 respectively. From Fig. 5.107, it
can be seen that no particles with 10 wm can go through the pharynx, and most of them
deposit before the soft palate, others deposit in the location of the end of soft palate and
few deposit in the pharynx cavity. In the case of particle diameter equal to 5 pm, there are
more particles to go through the mouth cavity, but they deposit in the pharynx cavity in
Fig. 5.108. When the particle size decreases to 2 um, there are more particles going through
the pharynx and reaching the trachea. There are more particles depositing on the wall of
pharynx and trachea. The particles not only deposit on the impact side of wall, they also

deposit on the sidewall. It may be caused by the vortex in the trachea.
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Fig. 5.106: The right view of particle ini- Fig. 5.107: The 10 pm particle deposition on

tial distribution pattern at the in- the surface of the mouth-throat
let plane of the CT-based mouth- model of the CT-based mouth-
throat. throat.

Fig. 5.108: The 5 pum particle deposition on  Fig. 5.109: The 2 pm particle deposition on
the surface of the mouth-throat the surface of the mouth-throat
model of the CT-based mouth- model of the CT-based mouth-
throat. throat.
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In summary, the particle deposition efficiency increases with the particle size due to the
increasing particle inertia. The constriction after the soft palate builds the first block for
particles going into the deep lung, and the bottom of the pharynx consists of the second

barrier for particle motion. And most of particles deposit before they reach the trachea.

5.4.5 Summary

A mouth-throat model has been constructed based on CT scans. The flow field and micro-
particle motion were simulated with LES and Lagrangian method, which has been evaluated
in a constricted tube and the cast-based mouth-throat model. It has been found that the
flow field in the present geometry is very different with the flow field in the simplified mouth-
throat such that the maximum velocity appears in the region of the soft palate tip and no
laryngeal jet is observed at present simulation.

The velocity is enhanced significantly at the top portion of the pharynx coupled with the
recirculation flow in the mean flow field. The vortices have been observed in the pharynx
cavity and in the region of epiglottis in the mean flow field and there is a vortex in the trachea
as well in the instant flow field. Although the velocity contour is similar in both mean flow
field and instant flow field, the flow field has very complex vortex field with high spacial and
temporal dynamics.

Particles with 2, 5, 10 wm are tracked separately at the normal inspiration flow rate
of 30 L/min. It is found that the few particles with 10 pm go through the mouth-cavity,
few particles with 5 um can reach the trachea. Most of the particles with 10 and 5 um
deposit in the mouth-cavity and pharynx cavity. When the particle size decreases to 2 um,
more particles go through the pharynx and deposit in the trachea, or go further into the
pulmonary region. Moreover, the vortex in the trachea may increases the particle deposition

in this region.



5.5 Airflow Field in the Nasal Cavity

In the section, it discusses the construction of the nasal cavity based on CT scans, and the
numerical simulation in the CT-based nasal cavity. In this section, the airflow field in the
nasal cavity model is analyzed and it sets the basis of investigating aerosol drug delivery

through nasal cavity.

5.5.1 Geometry Construction and Grid Generation

The method to construct the nasal cavity based on CT scans is almost same as to construct
the mouth-throat model based on CT scans using NeuRA2 [78]. But there is much more work
to repair the CT scans, which intends to delete the artifact, and to identify the focused part
because the anatomical structure of nasal cavity is very complex. The nasal cavity includes
three meatuses seen in the Fig. 5.110. In addition, there are so many passages between the
sinus and the nasal passage seen in Figs. 5.111 and 5.112 which adds many difficulties to the
geometry construction because it takes effort to sperate the nasal cavity from the sinuses. It
is very important to make comparison from different observation angles such as the front,

left and top side view during the process of the geometry construction.

A nasal airway is constructed shown in Fig. 5.113, which is built from a different set of
CT scans from the set used to construct the mouth-throat model because this set of CT
scans has high quality in the part of nasal cavity. This geometry of nasal cavity with “.stl”
format is imported into Ansys ICEM-CFD 11.0 to generate the grid. Two tubes are added
to the nostrils and a tube is added to the nasopharynx shown in Fig. 5.114 to decrease the
influence of inlet and outlet boundary conditions. The tetrahedral grid is adopted due to the

complexity of the geometry.

Nasopharynx

V.
Superior meatus f 3
‘,f'

Olfactory region ‘ ;;

Middle meatus

Inferior meatus

Notril

Fig. 5.110: The anatomical view of the nasal cavity.
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Fig. 5.111: A sample CT scan of the nasal cav-  Fig. 5.112: A sample CT scan of the nasal cav-

ity from the left view. ity from the top view.

Fig. 5.113: The 3D view of reconstructed Fig. 5.114: The final geometry of nasal cavity

nasal cavity based on CT scans. used to generate the grid.

5.5.2 Computational Conditions

The gas transport in the geometry is assumed to be air at room temperature. Then, the

physical condition of the gas is as follows:
pg = 1.21kg/m* Ty = 293.15K; v = 14.9 107° m?/s. (5.23)

At present, only one case is simulated and the inspiration flow rate at the rest breathing
of 7.5 L/min is considered. The boundary conditions corresponding to inspiration flow rate

of 7.5 L/min are as follows:

(1) Inlet:
opP
Vo, = 1448 + 2% m/s; Re = 897; Pl 0; (5.24)
(2) Outlet:
ov : .
— = 0; P = 0 Pa (relative to the ambient pressure); (5.25)

on
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(3) Wall:
oP
V =0 — = 0. 5.26
o (5.26)
It assumes that the air in the configuration is static in the beginning so that the velocity is
0 m/s and pressure is 0 Pa relative to the ambient pressure initially. The numerical simulation

is carried out in grid of 207,180 grid nodes.

5.5.3 Properties of Mean Airflow Field

In this section, the time-averaged flow field in the nasal cavity is presented. The pressure on
the surface is shown in Fig. 5.115. The pressure on the surface of the nostril is maximum
because the air has a impinging effect at this position. After the position, the pressure
decreases gradually to the nasopharynx region. The velocity field at successive cross sections
are shown in Fig. 5.116. From the Fig. 5.116, it can be seen that the velocity field in the

nasal cavity is non-uniform. The maximum velocity appears in the nasal valve region and
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surface of the nasal cavity. sections with A = 1 cm.

U,.... [cm/s]

[em/s
160

Umean

Fig. 5.117: Velocity contour at the cross- Fig. 5.118: Velocity contour at the cross-

section 1 of the nasal cavity. section 2 of the nasal cavity.
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little air reaches the olfactory region and tips of the meatuses, which is reported to protect
the smelling cell [26].

To further study the properties of the velocity field, the velocity contours at different cross
sections located at different positions are shown in Figs. 5.117 - 5.124. The airflow field at
the cross section 1 and 2 seen in Figs. 5.117 and 5.118 are very concentrated. The majority
of air goes through the upper portion of cross section 1 and 2. The maximum velocity region
appears at cross section 1 seen in Fig. 5.117. The flow mainly goes through the nasal passage
in the inferior region at cross section 3 seen in Fig. 5.119. Little air can reach the narrow
region of the nasal passage (the upper region of the right passage). But the flow still can go
further through the wide passage in this region (the upper region of the left passage). From
the position of cross section 4 seen in Fig. 5.120, the flow gradually goes into the meatus
region. The flow mainly goes through the region in middle passage seen in Figs. 5.120 -
5.123. Little airflow can get the tip of inferior meatus at cross sections 5 - 7 as shown in
Figs. 5.120 - 5.123. The middle meatus is important passage for air to go through as reflected
in Figs. 5.122 and 5.123, but it is still hard for air to reach the tip of the narrow region of the
middle meatus seen in Fig. 5.122. In the comparison of middle meatus, little air can enter
into superior meatus and the olfactory region. At the position of cross section 8, the flow
has begun to go out of the nasal cavity seen in Fig. 5.124 and the maximum velocity region
locates at the bottom of the cross section. The secondary streamlines at this cross section
show the air flowing into the outlet as well seen in Fig. 5.124. Two vortices are observed in
the lateral sides of the nasopharynx region which are entrained by the small cavities in the

lateral sides.

5.5.4 Summary

In this section, a nasal cavity is built based on the CT scans. The airflow field is simulated in
the nasal cavity model, which paves way to study the air flow field and particle dispersion and
deposition in the nasal cavity towards the investigation of aerosol drug delivery through nasal
airway. At first, a nasal cavity model is constructed based on the CT scans using NeuRA2.
The method of constructing the geometry is almost same as the way of constructing the
mouth-throat based on CT scans. The main difference is that much effort is needed in this
case to segment the nasal cavity. The flow field is simulated using “oodLFoam” in the nasal
cavity at rest condition. The time-averaged velocity field has been discussed in different cross
sections. It is observed that few air can reach the tips of meatuses and the olfactory region.
The flow goes through the nasal cavity mainly through the main air passage. In addition,

the vortices are observed in the nasopharynx region.
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6. Conclusions and Perspectives

In this thesis, the airflow field and particle motion have been simulated in the human upper
respiratory system with LES and Lagrangian equations. The numerical simulations have been
carried out in four different geometrical models. The geometry models are built based on
human cast from literature [89] and the CT scans using NeuRA2 [78]. The grids are generated
with Ansys ICEM-CFD 11.0 [183]. The airflow field is simulated with LES coupling with
Smagorinsky sub-grid scale model [262]. The particle is simulated with Lagrangian tracking
model in the scope of one-way and two-way coupling. User-defined solvers are created based
on the platform of OpenFOAM 1.5 [184] which can solve the airflow field using LES and solve
the mono-disperse or the poly-disperse particle motion using Lagrangian equations with one-

way /two-way coupling. The numerical simulations have been performed with these solvers.

First, the airflow field in the constricted tube has been simulated to study the laminar-
transitional-turbulent flow and to evaluate the capability of the present methodology on
simulating the laminar-transitional-turbulent flow which is prevalent in the human upper
respiratory system. In comparison of the velocity at the center line of the constricted tube and
the velocity profile on different cross sections with the experimental result and the numerical
results from RANS/LRN k& — w model [86] and RANS/SST k — w model [46], it is
demonstrated that the present methodology has the capability to predict the transitional
flow in the constricted tube and it even improves the prediction of the transitional region of
the airflow field. Thus, it sets the basis for further studies of the airflow field in the human

upper respiratory system.

A mouth-throat model is constructed based on the human cast from the literature [48, 86].
The grids are generated using Ansys ICEM-CFD 11.0. The airflow field and particle motion
have been simulated in the cast-based mouth-throat model. The gas fields are simulated at
three different inspiration flow rates of 15, 30 and 60 L/min. The time-averaged and unsteady
airflow fields have been investigated. The numerical simulation has captured the main flow
features including a skewed velocity profile, flow separation after the sudden geometric change
at the soft palate and glottis, and the laryngeal jet. Both the length scale and location of
secondary vortices change with the location of laryngeal jet, and it trends to distribute at the
interface of separation zone and laryngeal jet. In addition, the secondary vortices distribution
and laryngeal jet have relationship with the inspiration flow rate as well. For instance, the
secondary vortices distribute in the pharynx and the trachea and the laryngeal jet becomes
more concentrate with the inspiration flow rate increasing. Three dimensional vortices are
observed in the cast-based mouth-throat model. The observation of the unsteady flow field

shows that after the airflow has entered into the pharynx, the airflow field becomes unsteady
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and involves turbulent structures at 30 and 60 L/min. In contrast to the averaged airflow
field, no counter-rotating vortices are seen in instantaneous airflow fields. Depending upon
the axial location and time, secondary vortices occur in the separation zone, the mixing zone,
the main flow zone and the wall shear layer of the separation zone and the laryngeal jet.
Vortices appearing in the wall shear layer have small scales, whereas those in the mixing zone
tend to be at larger scales. The laryngeal jet is highly unsteady and it breaks up at the tail.

The mono-disperse particle motion has been simulated in the mouth-throat based on cast
as well. The investigation has been developed considering three different size of particles
including 2, 5 and 10 pum at three different inspiration flow rates of 15, 30 and 60 L /min. The
particle deposition efficiency, the particle deposition pattern on the surface, the relationship
between the final particle positions and released particle positions at the inlet palate, and
the particle trajectories have been studied. The particle deposition efficiency has been com-
pared with the experimental and numerical results. It shows the present methodology has
sufficient capability to predict the particle motion in the mouth-throat. The investigation
of the regional particle deposition, the final paritcle positions related to the release particle
positions, the particle deposition pattern on the wall of the cast-based mouth-throat and
particle trajectories has related to the particle size, inspiration flow rate and initial particle
position. The turbulence and recirculated flow have been found to have great influence on
the particle trajectories and then it may affect the particle deposition.

In addition to the mono-disperse particle, the poly-disperse particles have been adopted
as well in the present thesis. One-way and two-way coupling have been adopted and they have
very close results. The numerical simulations show that the poly-disperse particle distribution
have great influence on the particle deposition efficiency and it should be considered in the
numerical simulation of particle motion. It is found that the particles larger than 5 um and
less than 1 pm contribute most to the particle deposition efficiency and the large particles are
filtered gradually in the cast-based mouth-throat model and the sub-micron particles mainly
deposit in the mouth cavity and the trachea.

The investigation is also conducted to study the airflow field in the mouth-throat based
on cast under the unsteady inspiration flow rate. The properties of the airflow field show
great unsteadiness and they are related to the inspiration flow rate and the accelerating or
decelerating phase which they dwell in. At the decelerating phase, for the same inspiration
flow rate, it shows more turbulent properties than accelerating phase. In addition, airflow
field in the mouth cavity keeps laminar in most regions of the inspiration phase.

Another mouth-throat model, which is more close to the realistic anatomical structures
of oral airway, has been constructed based on CT scans in the present work. The airflow field
and micron particle motion are studied. The numerical simulation shows that the geometric
properties have great influence on the airflow field and particle motion and it is significantly
different from the case of the simplified mouth-throat model based on cast. For instance, the
maximum flow velocity appears in the entrance of the pharynx and the vortex distribution in
the geometry. The airflow field in this case shows great unsteady dynamics such as the vortex

distribution. The large particles cannot even pass through the pharynx. Particles with 2 um
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can pass through the pharynx. However, they cannot go into the deep site totally due to the
filtering function of trachea.

To pave the way for further research, the airflow field in the nasal cavity has been carried
out as well. The nasal cavity is constructed based on the CT scans using NeuRA2 [78] as
well. The airflow field is simulated in the rest condition of 7.5 L/min. It is observed that
little air can reach the tips of meatuses and the olfactory region. The airflow go through
the nasal cavity mainly through the main air passage. The vortices are also observed in the
nasopharynx region.

Moreover, one of challenge in this field is to build a suitable methodology to simulate the
airflow and track the particle motion in the complex human upper airway, which involves the
knowledge and techniques from many subjects such as medicine, image-processing, compu-
tational fluid dynamics and computer science. It involves the operation of different kinds of
softwares such as ImageJ [270], NeuRA2 [78], Ansys ICEM-CFD 11.0 [183], OpenFOAM [184]
and Tecplot [272], and different file formats such as “Dicom”, “.tiff”, “.stl” .etc. The patient-
specific anatomical structures of the respiratory tract also take the difficulty to gain a stan-
dard geometrical model and universal conclusion for all human beings. Thus, the project
requires synthesized and systematic capacity to deal with the interdisciplinary problem. One
of the main contributions of this thesis is that a new methodology has been found, which
can be performed in the bio-mechanical investigations. The methodology includes geometry
construction based on medical images such as CT and MRI scans, the numerical simulation
of the airflow field and particle motion in the oral airway. The methodology has been proved
to be suitable to investigate the aerosol drug delivery in the human respiratory system in
the thesis and it can be extended to other fields such as blood flow in the vessel and brain
aneurysm.

Although, the project has focused on issues of the airflow field and particle motion in the
human upper respiratory system, other investigations can be developed based on the present
work in the future. The particle motion may be simulated further in the mouth-throat model
under the unsteady inspiration flow rate as well as the particle motion in the nasal cavity.
The airflow field in the nasal cavity should be conducted at other inspiration flow rates.
In addition, the spray droplets should be considered for some drugs which require a new
kind of solver because the present solver only considers the incompressible flow field and the
compressible flow field should be used in the case of spray droplet coupled with the droplet
evaporation. More research fields such as the transport in the respiratory tract including the
extra-thoracic and intrathoracic regions, and blood flows in the vessel, heart and aneurysm

can be explored based on the present methodology as well.



122 6. Conclusions and Perspectives




Appendix






A. Abbreviations

Abbreviation Elaboration

2D Two dimensional

3D Three-dimensional

CAD Computer aided design

CFD Computational fluid dynamics
COPD Chronic obstructive pulmonary disease
CT Computed tomography

DE Deposition efficiency

DES Detached eddy simulation

DEF Deposition enhance factor

DF Deposition fraction

DNS Direct numerical simulation

DPI Dry powder inhaler

G Generation(s)

LBM Lattice Boltzmann method

LES Large eddy simulation

LRN Low Reynolds number

TB Tracheo-bronchial

1P Impaction parameter

MDI Metereddose inhaler

MMD Mass median diameter

MMAD Mass median aerodynamic diameter
MRI Magnetic resonance imaging

MT Mouth—-throat

N-S Navier—Stokes

PISO Pressure-implicit split-operator
PIV particle image velocimetry

RANS Reynolds averaged Navier—Stokes equations
RNG Renormalization group

SGS Subgrid-grid scale

SST Shear stress transport
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B. Nomenclature

Symbol  Unit Description

A; m? Area of local cell (i)

AT Van Direst constant

C. Conningham correction factor
Chb Drag coefficient

Cs Smagorinsky constant

D m Diameter of constricted tube
d m Distance to the wall

dp m Particle diameter

D, Dean number

DFyegion Regional nano-particle deposition fraction
F m/s?>  Exerted force on particle

F Blending function

Fy Blending function

Fp m/s?  Brownian force on particle
Fp m/s?  Drag force on particle

fi Mass fraction

k m?/s?  kinetic turbulent energy

Min kg Injection particle mass

my kg Particle mass

Mparcel kg Parcel mass

Np Parcel number

N, Particle number

Ly m Turbulent length scalar

Ly m Subgrid length

Lj m?/s?>  Resolved turbulent stress

P Pa Pressure

P Pa Pressure

Qin L/min Inspiration flow rate

Q L/min Inspiration flow rate

Q 1/s? Second invariant of velocity gradient tensor
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R m Radius of constricted tube
Re Reynolds number
Re, Particle Reynolds number
S 1/s Vorticity tensor of velocity gradient
T K Gas temperature
T, K Gas emperature
7, K Particle temperature
T;; 2/s%  Sub-grid scale tensor
t S Time
tout S Droplet-eddy interaction time scalar
tin S Time scalar for drag force
U m/s Gas Velocity (vector)
U, m/s Velocity
Ui m/s Velocity
U, m/s Particle velocity (vector)
Vo m/s Gas velocity in the normal direction
V. m/s Axial velocity
V. m/s Velocity (vector)
X m Coordinate
X, m/s Particle position
Y m Coordinate
Y; Mass fraction
Z m Coordinate
x m Coordinate
Y m Coordinate, the distance to the wall
z m Coordinate
w 1/s Specific turbulent dissipation
w 1/s Angular frequency
Q 1/s Rate-of-strain tensor of velocity gradient
v m /s> Kinetic viscosity coefficient
vy m/s? Turbulent kinetic viscosity coeflicient
p kg/m3  Gas mass density
pg  kg/m3  Gas mass density
pp  kg/m3  Particle mass density
A m Mean free path of air molecule

g/(ms)

dynamic viscosity coefficient

Gaussian random number
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m? /s?

m2/s3

Particle relaxation time
Reynolds stress tensor
Turbulent Schmidt number
kinetic turbulent dissipation rate
Womersley number

Constant of SST k£ — w model
Constant of & — € model
Constant of & — w model
Filtering length

Cell volume

Cell length

Cell length

Cell length

Time step

Velocity gradient

Diffusion coefficient
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Subscripts and Superscripts
Symbol  Quantity

Brownian force
Drag force

Gas phase

~. LQ u m

index
index
index

index

~ 3 ==

index
Particle
Grid filter
Test filter

— Averaged variable

- =3 3

Filtering variable

Physical Constants
Symbol Quantity

kg = 1.38065 x 10% m? - kg -s~2-K Boltzmann constant
R = 8.31451 J/(mol-K) Universal gas constant

g=9.8m/s? Gravitational acceleration
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