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Kurzfassung

Das Ziel ist die Mechanismen der Luftstrémung und des Partikeltransports durch die
extrathorakalen Atemwege zu analysieren. Ein genaueres Verstandnis dieser Attribute hilft
nicht nur bei der Behandlung von Erkrankungen der Atemwege, sondern zielt auch darauf,
die Anzahl der Tierversuche zu reduzieren. Fur die Einschatzung wurden Computational
Fluid Dynamics (CFD)-Simulation verwendet.

ANSYS wurde als flihrende Software verwendet, um eine Simulation verschiedener
inspiratorischer Flussraten durchzufihren. An dieser Arbeit ist Large Eddy Simulation
aufgrund seiner Leistung in der realen Welt beteiligt. Die Geometrie der oberen Atemwege
wird aus CT-Scans erhalten, um die topologischen Daten der oberen Atemwege zu
bewahren. Weiterhin wurde die Ablagerung von eingeatmeten Partikeln mit
unterschiedlichen Durchmessern von 1-10 pm untersucht, was uns dabei hilft, die
therapeutische Wirkung eingeatmeter Partikel besser zu verstehen. Es wurden zwei Sorten
von Inhalationssimulationen durchgefiihrt. Zuerst Inhalation durch die Nase, die die
Inhalation mit Vernebler mit Luftstromraten von 15 |/ min und 30 | / min simuliert. Zweitens,
durch den Mund simulierende Inhalation mit einem Trockenpulverinhalator mit einer
Flussrate von 90 | / min.

Simulierte Ergebnisse zeigen, dass sich die meisten Partikel am Eingang der Nasen- oder
Mundhéhle ablagern. Wenn Durchflussraten von 15 und 30 I/min verglichen wurden, ist zu
sehen, dass die Partikel mit groRem Durchmesser (6-10 um) bei hdherer
Anfangsgeschwindigkeit in der Nasenhdhle stecken bleiben und nicht im Kehlkopfbereich
erscheinen. Bei niedriger Geschwindigkeit kénnten wir mehr Partikel von 6-10 ym in diesem
Bereich zu finden. Die maximale Anzahl von Partikeln, die die Trachea verlassen, wurde bei
einer Flussrate von 15 I/min beobachtet, was 26 % entspricht. Im Gegensatz zu 90 I/min, wo
nur 13 % die oberen Atemwege verlieBen. Auch in Druckkonturen, die den Kehlkopfbereich
beschreiben, kann ein typischer Druckabfall beobachtet werden. Dies war am
signifikantesten fur eine Flussrate von 90 I/min, wo der Druck vom Oropharynx zur Subglottis
um 490 Pa abfiel.

Schlagwérter: Obere Atemwege, Partikelablagerung, Aerosol-Inhalation, Computational
Fluid Dynamics (CFD)



Abstract

The objectives are to analyze the mechanisms of airflow and particle transport in the extra-
thoracic airways. Understanding these features in greater detail not only helps in the
treatment of diseases related to the respiratory tract but also aims to reduce the amount of
animal testing. For the evaluation, computational fluid dynamic (CFD) simulations were
utilized.

ANSYS was used as a leading software to perform a simulation of different inspiratory flow
rates. In this work, Large Eddy Simulations (LES) is engaged due to its real-world
performance. The geometry of the upper airways is obtained from CT scans, to preserve the
topological data of the upper airways. Furthermore, the deposition of inhaled particles of
varying diameters 1-10 um was examined, helping us better understand the therapeutic
effects of inhaled particles. Two types of inhalations simulations were carried out. First,
inhalation through the nose, simulating the inhalation with a nebulizer with airflow rates of 15
I/min and 30 I/min. Second, through mouth simulating inhalation with a dry-powder inhaler
with a flow rate of 90 I/min.

Simulated results show that most of the particles deposit at the entrance of the nasal or oral
cavity. When flow rates of 15 and 30 I/min were compared, it can be seen the higher initial
velocity is, the particles of large diameter (6-10 um) are stuck in the nasal cavity and do not
appear in the laryngeal region, whereas with low velocity the more particles of 6-10 ym can
be found in this region. The maximum number of particles leaving the trachea was observed
with a flow rate of 15 I/min, accounting for 26 %. As opposed to 90 I/min where only 13 % left
the upper respiratory tract. Also, typical pressure drop can be observed in pressure contours
describing the larynx region. This was most significant for a flow rate of 90 I/min where the
pressure from the oropharynx to subglottis dropped by 490 Pa.

Keywords: Upper Respiratory Tract (URT), Particle Deposition, Aerosol Inhalation,

Computational Fluid Dynamics (CFD) Simulation p
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1 Introduction

This thesis is dealing with the computational fluid dynamics (CFD) simulations of airflow in
the upper respiratory tract (URT). The aim is to understand the natural phenomenon of the
flow field of the inhaled air in the URT, and to investigate the particle deposition efficiency
under different conditions. The results should contribute in developing an in-vitro URT model
that could be utilized in respiratory disease treatment, and more profound investigation of the
human respiratory tract.

Respiratory diseases represent a significant burden to society. Chronic respiratory diseases
are the third leading global illness with the highest mortality, after cardiovascular diseases
and cancer. Global mortality reaches 7 % every year [1].

Chronic obstructive pulmonary disease (COPD) and asthma were the two largest
contributors to global respiratory disease burden [2]. With the COVID-19 breakout, we are
now struggling even with coronavirus cases. To estimate the prevalence of chronic
respiratory diseases in the population, a study was conducted in 2017, where it was found
that the number has globally increased by 39,8% since 1990 [3].

New treatments that are being developed, require clinical testing before they can be used on
humans, and before being introduced to mass sales. Animal testing was widely used in the
past. Nowadays scientists are aiming to reduce in vivo testing on animals following the 3R
principles — Replacement, Reduction, and Refinement [4]. It is unnecessary to cause animals
suffering if it can be avoided. The goal is to replace animal experiments whenever possible.

This leads to exploring new alternatives to animal testing. These alternatives besides
reducing animal testing also strive to improve and accelerate development of new
technologies e.g., mechanical ventilators, dry powder inhalers, nebulizers [4], [5]. Alternative
models can also bring an advantage over animal models because of different parameters
and anatomy of the animal models — for example lung size, structure, and physiology values,
which could eventually distort the results [6]. One of these alternatives can be considered
upper respiratory tract model obtained from human CT or MRI scans used with an xPULM™
mechanical ventilator [7].

The objective of this work is to evaluate the airflow characteristics and particle deposition in
the upper respiratory tract. The model used for CFD simulations was obtained from the CT
scans of 20-year-old male. ANSYS software is used to perform simulations under varying
flow rates which represent inhalation of medicaments with Dry powder inhalers and
Nebulizers. This work helps to develop basic URT model, which can be further used for
simulating conditions dealing with breathing problems and thus facilitating treatment of
breathing deceases.



2 Human Respiratory System

2.1 Anatomy and Physiology of URT

Upper respiratory tract (URT) consists of nasal cavity, oral cavity, pharynx, larynx, and
trachea. These structures can be seen in detail in Figure 1.
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Figure 1: Anatomy of the upper respiratory tract [8].

2.1.1 Nose

The nose has external and internal part. The external part is situated in midface and consists
of two nasal bones and many nasal cartilages. Inferiorly are the nares, that are openings to
the nasal cavity. Further nose continues internally as nasal cavity. This part is divided by the
nasal septum into left and right nostril and continues up to the nasopharynx. Nares are
circled with paranasal sinuses. We distinguish sphenoid, frontal, maxillary, and ethmoidal
sinuses. Typical for them is that the placement and shape differ throughout the population.
The nasal cavity is separated from the oral cavity by a palate. We recognize hard palate that
placed anteriorly, and soft palate that is placed posteriorly. Different routes of nasal cavity
gradually join together and continues into nasopharynx. The nose plays significant role in
creating ideal condition of inhaled air - approximately 37.8 °C and 100 % relative humidity.
These features are required for vital functions. For example, if the air doesn’t have 100 %
relative humidity it will start to dry lung tissue which will in the end lead to necrosis. It also
has key role in local immune defense and filtering out dangerous patrticles [9], [10].



2.1.2 Oral Cavity

Oral cavity consists of mouth, teeth, tongue, hard and soft palate. Oral cavity plays significant
role in mechanical grinding of food using the teeth and tongue and thus further proper food
digestion in stomach and intestine. Also serves as second entrance for air. The inhalation is
much faster but the air is much less humidified and heated. [10] Oral cavity continues to the
oropharynx where meets with nasopharynx [9].

2.1.3 Pharynx

The pharynx is about 13 cm long starting from the base of the sphenoid bone and going
down to the level of C6. Pharynx is connecting the nasal and oral cavities to the esophagus
and larynx. Part of the pharynx is common for the respiratory and digestive tract. The main
task of pharynx is to channel air into the windpipe and further to the lungs and food into
esophagus further to the stomach. Pharynx is divided into three major parts: superior part is
nasopharynx, middle part is oropharynx and anterior part is laryngopharynx [9], [10], [11].

The Nasopharynx connects to nasal cavity at the superior part, where nasopharynx is
attached to the base of the skull. The bottom connects to oropharynx, where can be found
pharyngeal isthmus. Nasopharynx involves several important structures. One of them is soft
palate that closes the entrance to nasal cavity to prevent food inhalation. Another is
Eustachian tube that equalizes ear pressure. Nasopharyngeal tonsils play significant role in
immune system. Oropharynx is connected to oral cavity through oropharyngeal isthmus.
Tonsils are located in oropharynx to enhance the immune response [9], [10].

The laryngopharynx forms the last structure that leads air as well as food. After
laryngopharynx the pipe is divided into larynx and esophagus. Crucial role in the channeling
plays esophagus. The major landmark that can be seen in laryngopharynx is piriform fossa
leaving little depression on either side of laryngopharynx and is a common site for impaction
of swallowed sharp foreign subjects [9], [10].

2.1.4 Larynx

The larynx is located inferior to the pharynx and anterior to trachea between 3rd to 6th
cervical vertebrae. Larynx consist of cartilages, muscles, and ligaments. These components
performs various functions, including airway protection and phonation [9], [10].

Inferior to the pharynx is located eight rigid hyaline cartilages and one elastic cartilage. The
largest of the hyaline cartilages is the thyroid cartilage, which is visible on men neck and is
commonly called Adam’s apple. The elastic cartilage is called epiglottis, it closes the
entrance to the larynx to prevent food entering wrong pipe. Part of the mucous membrane of
the larynx forms a vocal cord which are located amid of thyroid cartilage. The space between
the vocal cords is called glottis. We distinguish supraglottis that is superior to glottis and
subglottis that is inferior. The vocal cords can be easily recognized because of absence of
blood vessels [11].



2.1.5 Trachea

The trachea is windpipe about 10-12 cm long. Trachea goes down to the level of the fifth
thoracic vertebra. The trachea is rigid. Its walls are reinforced by C-shaped hyalin cartilage
rings [9].

2.2 Mechanics of Breathing

The major pressures that affect pulmonary ventilation are: 1. atmospheric pressure, 2.
alveolar pressure, 3. intrapleural pressure, and 4. transpulmonary pressure. Graphical
representation of these pressures can be seen in Figure 2. The basic principle of breathing is
that when intercostal muscles and diaphragm contract, it leads to volume changes in the
lungs. And volume changes lead simultaneously to pressure changes, which lead to the flow
of air to equalize the pressure [12], [13].

Atmospheric pressure is the pressure within the atmosphere on Earth. Atmospheric pressure
measured at sea level is equal to 101,325 Pa or also 760 mm Hg. At an increasing altitude,
the atmospheric pressure decreases. Furthermore, we define negative pressure, which
refers to a pressure that is lower than atmospheric pressure, and positive pressure, which is
greater than atmospheric pressure [12], [13].

Alveolar pressure is the air pressure within the alveoli, also known as the intrapulmonary
pressure. Alveolar pressure fluctuates during inhalation and exhalation between
approximately -1 mmHg and +1 mmHg [12], [13].

Intrapleural pressure is the pressure exerted by the air within the pleural cavity. The pleural
cavity consists of visceral pleurae and parietal pleurae. Although it fluctuates during
inspiration and expiration, intrapleural pressure remains approximately -4 mm Hg during
calm breathing and is always slightly negative to atmospheric pressure — this characteristic
keeps the lungs expanded (this can be broken during pneumothorax, which causes the lung
to collapse). Intrapleural pressure becomes more negative with forced inspiration and more
positive with forced expiration-but it remains in negative values [12], [13].

Transpulmonary pressure represents the difference in pressures between Alveolar pressure
and Intrapleural pressure [12].

To take a breath in, the diaphragm moves down. This expands the lungs, increasing lung
capacity. At the same time, this creates negative pressure within the lungs, and so air rushes
into the lungs to equalize the pressure. Expiration happens mainly due to the natural
elasticity of the lungs but also with the help of intercostal muscles and the diaphragm.[12],
[13]. The typical breathing volume 500 mL and the frequency of breathing is 12 breaths per
minute [12].
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Figure 2: Changes in lung volume, alveolar pressure, pleural pressure and transpulmonary pressure
during normal breathing [14].

2.3 Flow Rate Values

During the day, flow rate can change according to physical activity. We can measure 12
L/min during sleep [15]. 60 L/min during normal breathing with averages ranging from
approximately 40 L/min at rest, to 286 L/min during heavy exercise. Some subjected
generated maximum flow rates reaching 374 L/min [16]. Values during inhalation of
medicaments with dry powder inhaler are usually around 90 I/min, and the inhalation last 1 s.
Nebulizers on the other hand, works with flow rate of 15 - 30 I/min, with the duration of 2 - 2,5
s [17].

3 Aerosols

Aerosols are formed by solid or liquid particles dispersed in the air. They can be carriers of
medical substances, dust, and dangerous viruses. Aerosols play a significant role in the
treatment of many pulmonary diseases such as asthma or COPD. The basic parameter that
influences the behavior of a particle is its size. The dispersed particles have a size of 10 nm
to 100 um [18]. Aerosols can be classified into types based on many factors. They can be
classified based on the size of the particles (coarse or fine). The aerosol can be
monodisperse. l.e., composed of particles of a very small size range. Or polydisperse,
containing a broad spectrum of size ranges. They can also be categorized as primary
(delivered into the atmosphere directly) or secondary (formed through condensation,
oxidation, etc.). The five most basic classifications of aerosols are dust, fume, mist, smoke,
and fog [18].
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3.1 Medical Devices for Generating Aerosol

Dry powder inhalers (DPI), Metered dose inhalers (MDI) and Nebulizers are mostly used in
medicine for inhalation therapy. Each of these devices has strengths and weaknesses that a
doctor must consider when prescribing aerosol treatment. The success of inhalation therapy
depends on several factors. First, an appropriate medication must be used. Second, the
medication needs to reach the required position. And lastly, to which extent the deposition
happens in this position. The last two are highly affected by the diameter of the used
particles in medicine, but also how properly the inhalation was performed by the user. For
this, it is necessary to train users, so they use the devices correctly. Lack of information can
cause ineffective treatment [19].

There are several requirements that ideal inhaling device should meet. Firstly, the
medicament that is supposed to be delivered, should be safe and effective, meaning that it
should not cause any side effects to the patient, and it should help locally where the
treatment is needed and avoid systematic effect. Secondly, the inhaling device needs to be
easy to use and user friendly. Additionally, the inhaling device should not harm the
environment. Lastly, there is high need for high quality aerosol in terms of aerosol size [20].

3.1.1 Nebulizers

Nebulizers are electrically powered machines that turn medicine from liquid form into a fine
mist. The mist is propelled with compressed air through a plastic tube up to the mouthpiece
or facemask, which is attached to the face. Nebulizers are easy and intuitive to use They can
be used for patients of every age and for any disease severity. In some cases, it is possible
to mix more than one medication in a nebulizer and deliver them simultaneously. This can
reduce the time needed for treatment with more than one drug. One of the benefits of
nebulizers is the ability to use very high drug doses [21].

All that is needed for functioning is to put on a facemask and breathe normally, compared to
inhalers where the breathing must be perfectly timed. With the development of nebulizers,
patients do not need to visit a doctor to perform the treatment. They can also afford a home
nebulizer or even portable nebulizer that runs on batteries and can fit into a briefcase [20].

There are three types of nebulizers, divided according to how the mist is generated:

1. Jet — using compressed air to disperse the liquid

2. Ultrasonic — aerosol is made through high frequency vibrations in liquid container.
This creates the largest particle of all the three types

3. Mesh - liquid is pushed through a fine mesh. This type creates the smallest particles

Nebulizers have no propellants that might harm the environment and require no training to
use. Nebulizers are more time-consuming. One treatment session takes up to 5-10 minutes.
Furthermore, nebulizers need cleaning and servicing [22].
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3.1.2 Dry Powder Inhalers

The medicine is delivered in powder form. The dry powder inhaler (DPI) doesn’t have a
propeller, so the patient must inhale the powder quickly and deeply with his own muscle
power. When a patient breathes in, it disintegrates the powder into smaller particles. The DPI
has a counter integrated into the mechanism, so the patient knows when the medication is
about to run out. DPIs are quick to use and easily portable. Downside of the device is a
requirement for higher inspiratory flow, approx. about 90 I/min. If the patient cannot exert
such power, the device is not recommended [23].

DPIs are most suitable for adult patients with asthma and COPD. The most common errors
when using DPI are exhaling into the inhaler or not enough long breath hold after inhalation.
This inhaler is breath-activated, so there is no need for coordination. This is different than a
metered dose inhalers that propel medication into the lungs [20].

3.1.3 Metered Dose Inhalers

Unlike the DPI, metered dose inhaler (MDI) contains a propellant that on actuation delivers a
specific amount of medication to the lungs. The medication is typically stored in a solution in
a pressurized canister. Actuation and inhalation must be coordinated. A common error when
using MDI is that the patient launches the propeller, but he doesn’t breathe in sufficiently, so
the drugs stay mostly in the mouth. MDIs do not contain dose counters, so it is difficult to tell
how much drug remains [21].

MDI can be used with a spacer. The spacer enables to breath in all the dose of medicine into
the lungs. It is attached to the inhaler, and when the person breathes in, the medicine is slow
down and is held in this chamber, so the person can breathe normally without any changing
of breathing pattern, and the medicine is not lost. On the other hand, the efficiency is
decreased when using a spacer compared to proper inhalation without a spacer. Firstly,
because the patient doesn’t breathe in with sufficient speed, the particles don’t reach
required position. Secondly, the particles can attach to the inner wall of the chamber, which
decreases lung delivery [20].

MDIs cannot be used by people with sensitivity or cardiotoxicity to propellants. There is also
higher probability compared to DPI that user will develop bad inhalation technique. MDI are
harder to use because of the requirement for coordination [22].

3.2 Mechanism of Particle Deposition

Aerosols are after inhalation deposited in respiratory tract under five different factors:
gravitational sedimentation, inertial impaction, diffusion, electrostatic force, and interception.
These deposition mechanisms are shown in Figure 3. Particle size is the most important
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factor determining in which area the particle may deposit. The dependency of particle
diameter on the type of deposition is depicted in Figure 4. For microscopic particles, majority
of deposition is caused by impaction due to inertia and gravitational settling. If the particle
size is in nanoscale, then Brownian diffusion is another significant factor of particle
deposition. Since URT inside wall is covered with mucus, the particles are very likely to get
stuck when they touch the wall [24], [25].
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Figure 3: Different mechanisms of particle deposition [26].
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Figure 4: Particle deposition in lungs with three different types [27].
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3.2.1 Inertial Impaction

It primarily affects particles larger than 5 ym in size. These particles are not able to follow
sudden changes in airflow direction. With this deposition, particles are stuck after touching
the obstacle that is in the way of flowing air. Inertial impaction is the most dominant way of
particle deposition in URT. It's because URT is very complex and contains many folds and
rapid changes in geometry, and the velocities are very high [24], [25].

3.2.2 Gravitational Sedimentation

Occurs due to the gravity force and prevails mainly in small airways and alveolar region.
Possibility of gravitational sedimentation increases if the size of particles is large but drag
force generated by inspiratory airflow is weak. If drag force is not powerful enough to carry
particle, then such particles are likely deposited due to gravitational settling. Another factor
that increase this kind of sedimentation is, if the distance between particle and wall is low
[24], [25].

3.2.3 Interception

Occurs by the physical contact of the particle with the surface wall of respiratory tract. This
type of sedimentation happens, when the particle is traveling near to the surface and when
one edge touches the URT wall the particle becomes stuck. The main difference with inertial
impaction is that in case of interception there is no need for the obstacle in the way [24], [25].

3.2.4 Electrostatic Force

Some particles carry their own electrical charge. This charged particle is then attracted to the
opposite charge located on the wall of the URT. This is the main principle of particle
deposition by electrostatic force. Deposition by electrostatic force occurs most in the
bronchial and alveolar region where inertia force is weak and also the diameter of the tubes
is getting smaller [24], [25].

3.2.5 Brownian Diffusion

Brownian diffusion affects mainly particles with sizes around 0.5 ym and less. These particles
collide with other moving gas molecules. After collision, the particles bounce back, and this is
what creates the irregular movement. Brownian diffusion represents the main particle
deposition mechanism in alveolar region. These tiny particles are following the air stream
while they are still in random motion, and so they deposit mostly by chance on the walls of
URT. Very fine particles (0,01 ym), deposit in the upper parts of URT because the smaller
the size of particle is the more vigorous the movement is [24], [25].
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3.3 Particle Deposition in URT

Inertial impaction is the main cause of aerosol deposition in the upper airways. High
velocities and rapid changes in flow direction make it difficult for particles to follow the main
stream. After the particles hit the walls of the airways, they become trapped.

The larger the particle, the higher the likelihood that it will be deposited by the impaction. If
the particles are very large (>10 ym) the main area of deposition becomes the beginning of
nasal or oral cavity [28]. The type of particle deposition and the amount of deposited particles
is highly dependent on the particle characteristics such as particle size, overall size
distribution in injection, shape, composition, surface characteristics of the wall, and charge
[29]. Large particles (>10 um) tend to deposit in the URT particularly in the oral or nasal
cavity. This means, this diameter of particles is not recommended to use in lung treatment.
Small particles in the size range from 3 to 6 ym deposit mainly in the oropharynx region and
in tracheal region (see Figure 5). Bronchial region on the other side is not much affected with
the particle deposition. Whereas in alveolar region treatment, particles around 1 um plays
significant role [30], [31].
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Figure 5: Lung deposition distribution for various particle sizes [32]

Particle deposition can be predicted with help of Stokes number. The Stokes number helps
us determine the behavior of particles dispersed in a fluid flow. If Stokes number is less than
1 then the particles follow the streamline of the flow. If Stokes number is greater than 1,
particles detach from the streamline and follow their own path, and thus the particles are very
likely to be deposited [33]. Reynolds number, on the other hand, helps us predict whether the
flow is laminar or turbulent. The flow in upper airways is mostly turbulent [33].
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4 Computational Fluid Dynamics

Fluid dynamics (FD) is focused on describing flow of the fluids — liquid and gases. FD can be
used to describe any situation where the fluids are involved — naturally, this involves every
aspect of human life. FD can determine velocity and pressure, and thus the behavior of a
fluid at any point in the model [34], [35].

The foundation for FD is Navier-Stokes equations. These equations date from the 19th
century when Navier and Stokes came up with them independently. Most of the problems
couldn't be solved back then, because in too complex geometry, the Navier—-Stokes
equations become difficult to solve. That is why computational-FD (CFD) takes upturn in
recent years with the development of computer computational capability [34], [35].

CFD is one of the most basic methods for evaluating fluid dynamics and is classified as a
numerical solution. The second is analytical, where the solution involves the calculation of an
exact solution with generalized equations. This approach is very laborious and not feasible
with too complex model. The third way is experimental, where the observed results are very
accurate but require a specialized facility, and compared to the other two ways, is the most
expensive one. Although, the results of mathematical models is sometimes necessary to
verify and compare with experimental data, to evaluate if the model is representing the real
world performance correctly [34], [35].

CFD is giving us a lot of flexibility of analytical method and accuracy of experimental method.
With CFD simulations, researchers can evaluate the real-world performance of any model.
This approach helps to reduce time and expenses spent on the development of the real-
world model and allows researchers to optimize their design efficiently [34], [35].

CFD is also able to predict the particle movement in the fluid domain and particle deposition
on the walls with the adoption of Discrete phase model which will be further described in
chapter 5.2.4. CFD helps us better understand how airflow effect particles and what influence
the particle deposition. As a result, we can for example see that 1 uym particles has very high
probability to travel up to lungs with the low deposition alongside the URT. On the other way
most of 10 um particles are deposited with high probability at the entrances of nasal or oral
cavities.

The basic principle of CFD is to divide the geometry into many small cells during a process
called meshing, with each cell interacting with its neighbor. This procedure is necessary
because we are not able to compute the Navier—Stokes equations in the whole geometry but
only within the small and known structure. For this, spatial discretization is needed. CFD
finds a numerical solution, which means that the computer is making guesses and the
solution is found when convergence criteria is met. The finite element method (FEM), finite
difference method (FDM), and finite volume method (FVM) are the three basic numerical
modeling methods used for discretization [34], [35].
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ANSYS implemented FVM. It is a numerical technique that transforms the partial differential
Navier—Stokes equations over differential volumes into discrete algebraic equations over
finite volumes (basic elements or cells in a mesh). These elements are also called control
volume. Typically, they have a point at a center where the variables are stored. When
computing the algebraic equations in the control volume, the interpolation function is applied
to capture the differences between neighboring elements [34], [35].

Several steps are crucial in CFD computing:

Remove from the model overlapping regions and non-manifold geometry

Define inlets and outlets and walls

Extract the flow domain from the geometry

Create the elements (generate the mesh) — the geometry is discretized according to
the mesh settings in the ANSYS software where fine, medium and coarse mesh can
be selected

Establish initial conditions

Set the boundary condition along the edges of the mesh

Choose the viscous model (turbulence model)

ANSYS automatically transforms the partial differential equations into algebraic
equations with use of FVM

9. Computer through many iterations compute the solution along all the elements until
convergence criteria is met

S

© N O

4.1 Viscous Models

Most respiratory flows typically involve three flow types - laminar, turbulent, and transitional.
In the extra-thoracic regions, Reynolds numbers range from a few hundred to values
exceeding five thousand during heavy breathing [36].

The fast changes in flow regimes are difficult to calculate. The turbulence is creating vortices
which can be represented in 2D like scales. With an increasing Reynolds number, the scales
are getting smaller. The mixing of small and big scales is not easy to calculate. For this
reason, viscous models were developed. It helps us better simulate the flow through the
model. There are various viscous models available for CFD to characterize fast transitions
between the laminar-transitional-turbulent flows. The Reynolds-averaged Navier—Stokes
equations (RANS), large eddy simulation (LES), and direct numerical simulation (DNS). Each
has its advantages and disadvantages, which have to be considered before starting the
simulation [37].
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4.1.1 Direct Numerical Simulation

Direct numerical simulation (DNS) is the most precise method, but extremely computationally
demanding and thus, in most cases, cannot be used [37]. It is a method in which the Navier—
Stokes equations are numerically solved directly using a very fine mesh (the cell number can
reach up to one billion). The basic principle of DNS is to capture all the scales that are
present in a particular flow. DNS can be currently applied only to very simple geometries and
for low Reynolds number issues (to 1000 Re). In our case, DNS cannot be used, partly
because ANSYS doesn’t support this viscous model. But mainly it's because the URT model
is too complex and it is not possible to find a solution [38].

4.1.2 Reynolds Averaged Navier Stokes

The Reynolds averaged Navier Stokes RANS was the most frequently used group of viscous
models thanks to their capability to describe the changing flows between laminar,
transitional, and turbulent flow while using little computational resources. However, today,
with computer technology development, RANS is slowly pushed away with Large eddy
simulation (LES) viscous model. The basic principle of RANS is time averaging i.e., velocity
through all the time periods. The big differences between large and small scales are
smoothed out. Obviously, lot of details is lost with this approach.

There are many subtypes of RANS on the market. One of them is SST k-w (Shear stress
transport). In this model, in addition to the conservation of mass and momentum equations,
further solved turbulent kinetic energy (k) and specific dissipation rate (w) which helps to
better predict flow characteristics. However, this model is not very efficient with unsteady flow
structures. [37] It has been observed that SST k-w model was better in computing the flow
characteristics in the trachea when the breathing rate was small, meaning that the flow
reached only low Reynolds number. When the flow rate increased, the SST-Transition model
was the best choice for the flow characteristics calculation [39].

4.1.3 Large Eddy Simulation

Currently, LES is becoming more popular method to model the airflow in the respiratory
airways since it has higher capability to predict the quickly changing flows between laminar-
transitional and turbulent flow. Moreover, it reveals more detailed flow structures of the
mechanism of particle dispersion. The drawback of this method is its higher computational
complexity compared with RANS viscous models. [37]

In DNS, all the scales are solved. In RANS, the average is made between the scales. LES is
using another approach. Only the large scales are calculated, and for the small ones, a
special model is implemented. Often, a low-pass filter is applied. This reduces computational
complexity a lot when small scales are present, while keeping most of the information
chapter. This method is used to simulate airflow and particle deposition in this thesis and will
be further described in detail in 5.2.
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4.2 State of the Art in Modeling Airflow Characteristics in
URT with CFD

Many studies have been conducted on CFD simulation of airflow in the respiratory system
throughout the past years. Either focusing on the extrathoracic airways or the whole
respiration system. Earlier, many of these studies were conducted only with simplified
geometry that was created in the CAD program and thus are just approximations of the real
URT. Many of these studies also didn’t take into consideration the nasal cavity and used only
oral inlet. However, even small geometric variations have a profound effect on the results.
Also, it needs to be taken into consideration that there is a large difference in geometry of
URT in the human population, especially with respect to age. Nowadays, we can notice an
increasing number of studies using realistic geometry that is extracted from CT or MRI
scans. Only studies that use realistic geometry will be further examined since it provides
better comparison for case used in this thesis.

Naseri et al. (2014) worked with URT model to simulate particle deposition of various
particle sizes (2, 5, 10, 20, 30, 50 um) under different flowrates (7, 10, 15 I/min). The model
is subdivided to smaller fraction according to anatomical significance (Figure 6). In their study
the key observation is that the particle deposition significantly varies as size of particles is
changed, and majority of particles greater than 20 um are not able to pass the larynx and are
highly deposited in nasal cavity. Particles with diameter 50 ym are mostly deposited in
vestibule of nasal cavity [40]. Deposition patters can be seen in Figure 7.

MAIN AIRWAY

NASALVALVE
AREA

NASOPHARYNX
VESTIBULE

OROPHARYNX

LARYNX

TRACHEA

Figure 6: realistic extra-thoracic region developed by Naseri et al. (2014) [40].
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Figure 7: deposition pattern variation by particle size with flow rate of 7 I/min [40].

To verify findings in particle deposition research along with flow rate characteristics Liu et al.
(2022) applied LES method to inspect the inhalation process through nasal cavity with flow
rates of 15 I/min and 30 I/min. Particle diameter of 1 um, 10 ym and 20 ym are used to
evaluate particle deposition. [41] They achieved very similar results as Naseri et al. (2014).
Chosen cross sections are depicted in Figure 8. Velocity contours in these cross sections in
Figure 9. Results from the particle deposition investigation re depicted in Figure 10 and
Figure 11.

a) transverse section b) longitudinal section

Figure 8: Realistic model of URT with cross sections by Liu et al. (2022) [41].
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Figure 9: Velocity distribution in different cross-sections by Liu et al. (2022) [41].
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a) Front view b) Back view ¢) Left view d) Right view

1pum—Blue; 3um—~Green; Spum—Pink; 10pm—Red

Figure 10: Distribution map of different particle sizes by Liu et al. (2022) [41].

100%

[ Qi =I15L/min, lpm+ 10pm

T [ Q) =I15L/min, lpm +20um

80% W 0 Q,=30L/min, lpm+ 10pm

’ 7] 1 ©Q,=30L/min, lpm+20pum
[
o0
S

5 60%1
o
=
)
o
g
2 40% A
=
<
o
20% |—|7
0% p—— S

Nasal Phall'ynx Lar'ynx Escape

Figure 11: Particle distribution for different sizes by Liu et al. (2022) [41].

To evaluate URT during sneezing Rahiminejad and his team (2016) have used realistic
URT model consisting of oral and nasal cavity to simulate airflow and pressure field under
various sneezing conditions. The k-omega turbulence model is adopted under different
conditions (case of nose blockage, sneezing while mouth closed). Their main observations
are pressure and velocity where maximum velocity reached in URT is up to 123 m/s found in
cross section in nasopharynx. Fluid velocity is accelerated at position where narrowing
occurs [42].
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Figure 12: Schematic of geometry utilized by Rahiminejad and his team (2016) [42].
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Figure 13: 2D velocity magnitude contours for the flow rate of 470 I/min [42].

Xu and his team (2020) contributed to the research of URT with viscous models exploration.
They focused on the trachea region to better understand the glottal jet phenomenon.
Different viscous models were compared to understand which one provides the most real-
world performance results during inhalation and exhalation. In the contours can be seen how
big significance has the viscous model selection on the results. CFD simulation with flow
rates of 36 L/min, 64 L/min and 90 L/min. The results form CFD simulations are validated and
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compared with the real-world experimental measurement. The RNG k-w model and SST k-
w model were recommended to simulate the flow field in the respiratory tract [39].

Song et al. (2019) give example of CFD utilization in medicine where patients with
obstructive sleep apnea hypopnea syndrome (OSAHS) were treated. The patients were
scanned with CT before and after application of oral appliances, to evaluate the results of the
research. The area 3 (glottis) from Figure 14 was examined if the cross-section became
wider. In this study RNG k-¢ turbulence model was utilized with flow rate of 12 I/min. The
results show significant improvement of flow rate in the glottis area [15].

2
b /‘ 5

Figure 14: Model preview and Selected sections of the CFD model by Song et al. (2019) [15].

5 Methods

5.1 Model Description

The model was segmented from CT scans in previous work with semi-automatic
segmentation combining thresholding and growing seed algorithms. The geometry is based
on the CT scans of a 20-year-old male. The selected dataset contained 280 images with a
slice thickness of 0.75 mm and was exported in a Digital Imaging and Communications in
Medicine (DICOM) format for further processing. The outcomes of the semiautomatic
segmentation were inspected on a slide-by-slide basis, and the segmentation parameters
were adapted to obtain a precise segmentation of the upper airways. The resulting 3D model
was exported as a Standard Triangle Language (STL) [7]. The geometry used for final CFD
investigation is shown in Figure 15. The model contains topological data of realistic URT. It
has 2 nasal inlets, mouth inlet and trachea outlet.
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a) Right view b) Left view

c) Front view d) Back view

Figure 15: Model preview from four different sides.



5.2 LES Governing Equations

Currently LES is the most viable and promising numerical tool for simulating realistic laminar-
transitional-turbulent flows. In LES the large-scale motions (large eddies) of turbulent flow
are computed directly and small-scale motions are modelled. In our case we are using low-
pass filer, resulting in a significant reduction in computational cost compared to DNS [38].

In LES only large eddies (large scale fluctuations) are calculated. Low-pass filter is applied to
the motion of fluid which in the turbulent flow creates smaller and smaller vortices (also
called scales). This simplification significantly reduces the computational complexity with
preserving enough essential information. This is called explicit filtering. In Figure 16
notice the difference between the filtered velocity #, and the instantaneous velocity ux [38].

-
X

Figure 16: Difference between the filtered velocity i, and the instantaneous velocity uy [38].

Fluent solves four sets of equations. The momentum equations and the continuity equation
govern the mean flow quantities; turbulence modeling equations govern the flow turbulence;
and the Discrete Phase Model (DPM) solves for the particle motion. To develop a
mathematical model of fluid motion, it is first necessary to start with the Lagrangian form of
the equations (differential), which are the basic formulation of physical laws. However, they
are not convenient for the formulation of CFD governing equations. Therefore, these
equations are transformed into Eulerian form (algebraic) with the help of the Reynolds
Transport Theorem [43].
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5.2.1 Conservation of Mass

Also known as continuity equation states that mass cannot either be created or destroyed.
This means that liquid that enters the system will also come out of the system. Note that for
the compressible fluids it is possible to increase or decrease the mass in a fixed volume
system. But we consider fluid to be incompressible [34], [43] according to

= dtﬂ pd2 =0 (1)

where Mis mass, tis time, £ is volume of fluid parcel, p is density.

With use of Reynolds Transport Theorem, we transform the equation into Eulerian form

9
fffa—l;dﬂ+#p?-ﬁd/1=0 (2)
n A

i is normal vector, A is surface area of fluid parcel [34], [43].

Then we apply the divergence theorem to substitute the surface integral into volume integral

fff —+V-: pv d.Q—O (3)

Since the integral is satisfied for arbitrary volume, the expression can be written as

dp

- Cp¥ = 4
ot V-pt=0 (4)
Which is the commonly used continuity equation for the compressible flow of a fluid with
density p and velocity v [34], [43].

This equation can be expressed in Cartesian form if we substitute the divergence term, we
get expression for 3D

ap 0 0 0
o9 . (pu) 4 (pv) 4 (pw)
ot 0x dy 0z

=0 (5)

Or expression for 2D after removing the component in z direction

ap 0 0
o9 , (pu) 4 (pv)
ot 0x dy

=0 (6)

For incompressible fluids where volume doesn’t change, the density is assumed to be
constant which will simplify the continuity equation to following form (telling us that
divergence of velocity is equal to zero) [34], [43]
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In Cartesian notation is as follows

6u+6v+6w_0
ox dy 0z

5.2.2 Conservation of Momentum

This equation is based on the Newton’s second law.

dM3) d o
( ”:Efffpadn:FH Fb 9)
0

dt

This expression states that the rate of change of momentum of fluid particle equals to the
sum of forces acting on the particle. Time derivative represents the time rate of change of the

fluid momentum. Surface forces Fs (pressure and friction) and body forces Fb (gravity) acting
on the fluid [34], [43].

We can use Reynolds Transport Theorem, to transform the equation into Eulerian form

(o7 .
ff (’a’:) o + #F’(p?-ﬁ)dA=Fs+ Fb (10)
n A

Then with divergence theorem we can substitute the surface integral into volume integral

fff(a(gf)ﬁ\%(p?))dn:mrﬁ; (1)
0

The Fs term on the right side of the equation refers to surface forces acting on the fluid
particle due to pressure and viscous stress [34], [43].

Fs=Fp+ Fv (12)

where these forces can be further written as

ﬁé:—#pmm (13)
A

ﬁ:#
A

where T is viscous stress tensor [34], [43].

- dA (14)

Ll
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With divergence theorem we can transform these two equations into volume integral form

and we obtain
ﬁ:—ffprdQ (15)
n

Fv = fffv-?dfz (16)
0

Fb refers to the gravitational force
7= |[[ o a0 (17)
0

If we substitute these expressions, we just derived to the volume equation we obtain

gf(é(g:_) +F’\7-(p§’)>d[2=gf(_\7p+\7.;+p§)dﬂ (18)

If we assume the control volume is arbitrary hence the integrals are equal to zero to satisfy
the conversation equation [34], [43]. The equation is then reduced to its differential form

o - -

where p is density of the fluid, aalt represents velocity change in time, v’ - Vv’ is speed and

direction of the fluid, Vp is pressure gradient, V - T is internal forces of viscosity, pg is
external forces of gravity

T is viscous stress tensor, 3 by 3 matrix which gives us nine unknowns. In this case we would
need nine additional equations to close the problem. To reduce complexity and
computational time we can utilize approach introduced by Navier, which was then refined by
Stokes, and express the viscous stress tensor in terms of flow variables which will leave us
with one equation [34], [43].

- 1

where p is the dynamic viscosity, € is the strain rate tensor, ¢ is referred to as Kronecker
delta [34], [43].

29



To obtain equation (20), these fundamental assumptions must be complied: 1. No viscous
stresses are generated by pure translation and body rotation. 2. The fluid must be isotropic —
the properties are same in every direction. 3. And the fluid has to be Newtonian. 4.The last
assumption is, that the stress force should act only tangentially [34], [43].

After substitution to conservation of momentum equation we get

o’ 1
p<ﬁ+?'\7§>>=—\7p+u\72?+§u‘7(‘7'?)+p§ (21)

This equation is typically referred as convective form of momentum equation.

This equation can be written in Cartesian coordinates after which this equation will further
expand into 3 equations in x, y and z direction. Conservative form for conservation of
momentum equation is

ot ox ox 3 *
d(pv) _ dp ov’ 2
. - __r Jd= S ETeY) 2
m +V-(pvv) ay+\7 ay+\7v 3p(\7 V)j |+ Fpy (23)
a(pw) . . Op o 2 e

And is generally applied for CFD modeling [34], [43].

So far, we have 4 unknowns (u, v, w, p) and 4 equations (momentum-x, momentum-y,
momentum-z, and continuity equation) so we can resolve the mathematical model. If we
were dealing with compressible fluid, we would need to add conversation of energy equation.

5.2.3 Conversation Energy

Conversation energy is based on the first law of thermodynamics. For this case where
compressibility and heat transfer are not considered the fluid is assumed isothermal and thus
the equation is not required.
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5.2.4 Discrete Phase Model for Particle Deposition

Discrete phase model (DPM) determines particle deposition by tracking individual particles
as they move through the flow field using a Lagrangian approach. Particles tracked by this
equation are inert and exert no influence over the flow solution. Conditions must exist at each
boundary to apply this equation.

Unsteady particle tracking is enabled — each particle is advanced by a specified number of
particle time steps, unlike steady particle tracking, we are interested in progression of the
particle in time. Unsteady tracking is used to see particle deposition in time. Steady shows
the results where the solution reaches its final convergence.

Particles are considered to by spherical. One-way coupling between the flow and the
particles is assumed, which means that the flow affects the particles, but the effect of
particles on the flow is negligible [44]. Particles are also assumed to be dilute in the
continuous phase and do not interact.

Particle trajectory is predicted by integrating the force balance on the particle, written in
Lagrangian reference frame [45].

du 9:(pp — P)
P _ z\Pp
W—FD(u—up)+T+Fx (25)
where u, is initial particle velocity, u is fluid phase velocity, p, is the density of particle, p is
the fluid density, g, is the gravitational force in z direction. F, is additional acceleration term,

Fj, represents drag force according to

18u CpRe

F,=— 26
P ppd2 24 (26)

Where p is molecular viscosity of the fluid, d,, is particle diameter, Re is Reynolds number
which is defined as

Re — M:_’d (27)

31



5.3 Meshing

The primary and critical step in numerical modelling is the computational domain
discretization. This step is called meshing. Generally, the geometry used for simulations is
too complex and we can’t compute the Navier—Stokes equation for this problem. We need to
divide the model into smaller parts called elements or cells, where the equations can be
solved. In 3D, these elements have usually tetrahedron, hexahedron or polyhedron shape.
The more cells the mesh has, the better the simulation is. But we must keep in mind that the
finer the mesh is, the more computationally demanding the solution is.

To generate mesh, ANSYS (2020) — Fluent with meshing, was utilized. Unstructured mesh
was generated. Hexahedral and polyhedral elements were used to create mesh.
Combination of these two meshing elements is called poly-hexcore. This mesh starts with
polyhedron cells and the mesh in core is hexahedral. To obtain efficient results for the near-
wall effects, three inflation layers were implemented in the flow region adjacent to the solid
body. Solid body is meshed with just polyhedron elements (see Figure 17).

To achieve very accurate results in CFD, it is recommended to divide the flow domain into
hexahedral elements [46]. Hexahedral elements are characterized with accurate results.
However, this element type is not always applicable for more complex geometry. In these
domains, the polyhedral elements are preferable for use. The major benefit of polyhedral
elements is that each individual cell has many neighbors, so gradients can be much better
approximated in comparison to tetrahedron elements [46].

Grid sensitivity study was performed to assess the grid independency of the computed
results. The mesh, consisting of 3 426 832 cells, that is used for the simulations, showed
mild discrepancy in the flow pattern in some regions, but produced almost the same results
as a finer mesh consisting of 6 325 963 cells. A coarser mesh consisting of 1 563 896 cells
was not able to reproduce the results because it did not have the required resolution.
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Figure 17: 3D mesh model of the upper airways with poly-hexcore unstructured mesh.
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5.4 Boundary Conditions and Initialization

Prior to the computational process, boundary conditions and initial conditions need to be
specified. Boundary conditions designate what happens at the edges of the flow domain and
thus are necessary for solving the flow field. The boundaries for this problem include the
mouth and nose inlet, the trachea outlet, and the wall. An initial condition represents the fluid
state before the first step.

Fluent setting that was used for the CFD simulation in this thesis, is described in Table 1.

Air within the human respiratory tract is considered homogeneous, Newtonian, and
incompressible. The outlet boundaries were defined to be pressure outlets of zero-gauge
pressure. Double precision solver was selected at the initial launching window of Fluent.
Second order upwind schemes were used for momentum and turbulent kinetic energy and
specific dissipation rate. The convergence criteria were set to be 103, Pressure based solver
is chosen.

In DPM settings, the escape boundary condition type is applied to both inlet and outlet. A
user-defined function is applied to wall to obtain a graphical visualization of particle
deposition in the model. This user-defined function simulates a trap condition, meaning any
particle that touches the wall is considered to be trapped at that location. Assuming the walls
of the respiratory tract are coated in mucous and saliva, which is sticky, thus particles
colliding with the wall will not be able to detach.

Initial velocity of particles is set to be the same as inlet flow rate. Several different sizes of
particles are adopted, to observe the deposition rate effect in terms of particle size. Specific
number of particles are injected through the inlet in normal direction from the inlet surface.
During nasal inhalation, there was 14 860 particles. During oral inhalation, 4 560 particles.
Only inhalation is simulated in this work.

The calculation time depends mainly on the time steps selected at the beginning of the
Fluent settings. If big time step is selected, the calculation takes shorter time, but we don’t
see the particle movement in time. Furthermore, for the sake of precision it is recommended
to select shorter time step. The compromise needs to be found.

The duration of nasal inhalation is two seconds, and during the oral inhalation, one second.
The time step selected in this work is 0,02 seconds and is performed a hundred times. This
makes the total of two seconds in nasal inhalation. During oral inhalation, the time step is
0,02 seconds and is calculated fifty times.
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Table 1: Fluent setting used during computation

General:
Type Pressure-based
Velocity formulation Absolute
Time setting Transient
Gravity g =-9.81in Z-direction
Models:
Viscous LES Smagorinsky-Lilly
Disabled Interaction with continuous phase (valid only for 2-way
coupling)
DPM setup Unsteady Particle Tracking
Max Number of steps: 50,000
Step length factor: 5
Material: Calcium Carbonate with density of 1425 kg/m3
Particle type: inert
Injection type: surface —inlet
L Velocity: in face normal direction, same as flow rate
Injection

Diameter distribution: Rosin-Rammler
Diameter: 1-10um

Total flow rate: 1e-10 kg/s

Time: 0-0s

Initial and boundary conditions

Inlet: velocity inlet, 2,01m/s 4,1m/s 27,1m/s DPM — escape
Turbulence intensity 5%, Turbulent viscosity ratio of 10
Outlet: pressure outlet, gauge pressure 0, DPM-escape
Wall: No-slip, Material — PLA, DPM — UDF

Solution = methods:

Scheme SIMPLE

Gradient Least Squares Cell Based
Pressure Second-Order

Momentum Bounded Central Differencing

Transient Formulation

Bounded Second Order Implicit

Monitors —Residuals

Absolute criteria 1073

Initialization

Hybrid

Run calculation

Number of time steps — 100
Max iteration/time step — 400
Time step size —0.02
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6 Results

Airflow contours, like velocity and pressure, are displayed in this chapter along with particle
deposition under various flow rates. In this work flow rates of 15 I/min, 30 I/min and 90 I/min
are used. The results should help us understand the flow phenomena and deposition of
medicaments in URT. Two different types of inhalations are simulated. First, inhalation
through nose simulating the inhalation with nebulizer with airflow rates of 15 I/min and 30
I/min. Second, through mouth simulating inhalation with dry-powder inhaler with flow rate of
90 I/min.

Following cross sections displayed in Figure 18 were used to better understand what is
happening inside the model, and to display the results.

Nasal cavity

Vocal cords
Gl

Trachea Trachea

Trachea

outlet

Figure 18: Cross sections in transverse and longitudinal direction
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6.1.1 Velocity Contours

Figure 19 shows the series of velocity contours in cross sections displayed in Figure 18.
Inhaled air divides naturally between the right and left nostrils. We can see rapid increase in
velocity (6,3 m/s) in right nostril in A-A’ section due to narrowing of the pathway. Due to
differences in the structure of the left and right nasal passages, the velocities are different. It
is a common phenomenon that one nostril has a higher velocity than the other. It is due to
the different blood supply in the nasal cavity. The velocities in the left and right nostril can
change throughout life. The air then gradually flows into the paranasal sinuses.

/ b 8 ‘ K‘Ayo
{ 1
vl

Velocity Magnitude ( m/s )

0.00e+00 6.68e-01 1.34e+00 2.00e+00 2.67e+00 3.34e+00 4.01e+00 4.68e+00 5.35e+00 6.01e+00 6.68e+00

B e & B

Figure 19: Velocity contours with flow rate of 15 I/min.

When the air flows to the nasal cavity outlet (section C), the confluence of the flow from
paranasal sinuses causes uneven velocity distribution in this area. This is manifested in the
vortices in the whole section. In the I-I' cross section, we can observe a gradual decrease in
velocity from the nostrils up to the oropharynx and significant increases in the narrowing near
to epiglottis and vocal cords. Followed again by the drop in velocity. In the pharynx and
larynx, the maximum airflow velocity appears near the back wall surface. While near the exit,
the larger airflow velocity appears near the front wall surface. During inspiration, the velocity
increases from near 3,14 m/s at the nostrils to the maximum value of 6,68 m/s in the nasal
cavity due to its narrowing. Distribution of velocity in each cross section is not homogeneous
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due to high Reynolds number and turbulent vortices. This results in velocity fluctuations. This
is due to the complex structure of the nasal cavity and the disturbances arising from the
convergence of airflows. Flow in the supraglottic region is dominated by the so-called
laryngeal jet, issuing from the constrictions through the epiglottis and the back of the tongue.
Here, we can observe an increase in velocity from section F all the way up to G. Behind the
epiglottis, the velocity decreases again.

In Figure 20 when the inspiratory flow increases to 30 I/min, the change of maximum air
velocity is obvious in the whole URT. We can notice that maximum velocity in the URT has
risen from 6,68 m/s to 13,5 m/s. Though, when compared with Figure 19, the contours are
not very different from each other. Again, its maximum can be found in the section A-A’.
Generally, the same structure of the flow can be observed for both flow rates (15 I/min and
30 I/min). The main difference is in the strength of the flow that is visible in the longitudinal
cross section I-I'. The increased inspiratory flow results also in a more unevenly distributed
velocity. The turbulent vortices are more obvious.

Velocity Magnitude ( m/s )
0.00e+00 1.35e+00 269e+00 4.04e+00 538e+00 6.73e+00 8.07e+00 9.42e+00 1.08e+01 121e+01 1.35e+01

B 00 s

Figure 20: Velocity contours with flow rate of 30 I/min.
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Figure 21 represents oral inhalation (with Dry powder inhaler). The flow rate through mount is
90 I/min and flow rate at the beginning of nasal cavity is set to 30 I/min.

During the main inspiration through mouth with flow rate 90 I/min we can see the highest
velocity is at the entrance of the oral cavity. The velocity is rapidly decreased in the oral
section C-C’ where the flow collides with the soft palate. Gradual increase in velocity can be
seen again in section F up to G (epiglottis — vocal cords).

Near the walls we can see typical velocity stagnation. This phenomenon occurred in all
inspiratory flow rates but is less significant with higher flow rates in regions where high
turbulent kinetic energy is present.

Velocity Magnitude ( nvs )

0.00e+00 3.11e+00 6.23e+00 9.34e+00 125e+01 156e+01 1.87e+01 2.18e+01 2.49e+01 280e+01 3.11e+01

Figure 21: Velocity contours with flow rate of 90 I/min.
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6.1.2 Pressure Contours

During nasal inspiration with flow rate of 15 I/min (Figure 22), pressure falls rapidly from the
nares as it goes deeper into upper respiratory tract. We can notice the scale ranges from
101 319 Pa to 101 390 Pa. There is almost 70 Pa difference from the start of the nose and in
the end of trachea.

Absolute Pressure ( pascal )

101 319.2 101 328.06 101 336.92 101 345.79 101354.65 101 363.51 101 372.38 101 381.24 101 390.1

T
=

Figure 22: Pressure contours with flow rate of 15 I/min.

The pressure in the oropharynx and laryngopharynx is relatively constant, followed by a
further pressure drop as flow accelerates in the epiglottis area and further stays low in the
trachea region. A pressure minimum occurs in the narrowest region of the epiglottis and
vocal cords. This is because when velocity rapidly expands, the pressure on the other hand
rapidly drops. The absolute pressure then stays decreased up to end of the trachea.

We can notice vortices in the C section. This is due to the complex structure of the nasal
cavity and the disturbances arising from the convergence of airflows.

The laryngeal jet is the most important flow feature occurring in the throat during rapid
inhalation. This phenomenon determines mean and fluctuating behavior of the flow
downstream in the tracheobronchial airways.
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Absolute Pressure ( pascal )

101 293.5 101 326.69 101 359.88 101 393.09 101426.3 101 459.48 101 492.65 101 525.83 101 559

Figure 23: Pressure contours with flow rate of 30 I/min.

Figure 23 is representing inhalation through nose with flow rate of 30 I/min. At first glance we
can see contours hasn’t change much. Though more stream vortices can be clearly seen in
the I-I’ longitudinal cross section. Also, the overall absolute pressure has changed with the
range of 101 293 Pa minimum to maximum of 101 559 Pa which makes the difference of 266
Pa.

Again, there is different pressure between the left and right nostril. Which is due to different
anatomical and physiological structure. And we can also notice homogeneous in distribution
of pressure in nasal cavity without any fluctuations.
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Figure 24: Pressure contours with flow rate of 90 I/min.

With oral inhalation with flow rate of 90 I/min (Figure 24) typical laryngeal jet can be observed
in the cross-section G. This phenomenon happens due to the quick change in velocity in
vocal cords because of narrowing if this anatomical structure. After cross section G pressure
slowly increases in the trachea region.

The highest pressure can be seen in cross section C in the oral cavity, where the air first hits
the soft palate. The difference between minimum and maximum pressure is 766 Pa. The
pressure from the oropharynx to the subglottis dropped almost by 490 Pa

With a higher flow rate, the laryngeal jet has two phases in comparison with the previous flow
rates. The first pressure drop can be clearly seen in the epiglottis, followed by the flow
vortices, and then another significant pressure drop happens in the glottis region (G), where
the minimum pressure can be found.

We can notice the higher flow rate, the higher pressure maximum appears in the
extrathoracic airway. Also, the difference between pressure minimum and maximum is
growing significantly.
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6.1.3 Particle Deposition

14 860 particles of sizes 1 — 10 ym are injected into both nasal inlets using DPM in a
Lagrangian frame with stochastic particle tracking. For oral inhalation, 4530 particles are
injected into the mouth opening. The number of deposited particles on the wall and the
number of escaped particles at the outlet are used to reflect the deposition rate of inhaled
particles. The blue dots represent 1 um particles, the red dots represent 10 um
particles (see Figure 25).

For each inhalation type, 3 computations were performed to evaluate whether particle
deposition changes between calculation processes. It was found that the standard deviation
accounts for around 8 - 10 %.

In Figure 25, Figure 26 and Figure 27 is obvious that with increasing flow rate, the increase
of velocity of particles causes more particles to be deposited in the upper respiratory tract,
especially in the beginning of nasal cavity, and fewer particles to escape from the outlet. It is
evident that most particles deposit in the nasal or oral cavity and a small percentage of
particles deposit in the pharynx or tracheal area.

The proportion of the particles deposited in each area is ranked as follows: nasal
cavity>larynx>pharynx. The increase in inspiratory flow also increases the particle deposition
number in the nasal cavity but decreases the amount in the pharynx and larynx.

We can also notice that the smaller the particle size is (1 um and 3 pm), the more are
particles dispersed across the entire URT. On the other hand, particles with larger diameter
(5 ym and 10 um) are comparatively more concentrated in mouth or nasal cavitied in front of
oropharynx area. Particles of 1 ym and 3 upm deposit more at the upper part of the
pharyngeal area. The particles of 5 ym, on the other hand, are rarely deposited in these
areas, and the particles of 10 um are almost never deposited.

When we compare different flow rates during nasal inhalation (Figure 25 and Figure 26), we
can notice that even big particles appear in the laryngeal section with flowrate 15 I/min
whereas with flowrate 30 I/min these particles tend to deposit rather in the nasal cavities.
This is also evident in Figure 28. The proportion of particles deposited in the nasal cavity is
higher with flow rate of 30 I/min, accounting for 40 — 47 % in the first section and total of 70 —
74 % in the whole nasal cavity as opposed to the flow rate of 15 I/min, where in the first
section A deposited 33 — 40 % of particles and 56 -61 % in the whole nasal cavity.
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a) Right vi b) Left view

c) Frontview

Particle Diameter (m )

1.00e-06 1.90e-06 2.80e-06 3.70e-06 4.60e-06 5.50e-06 6.40e-06 7.30e-06 8.20e-06 9.10e-06 1.00e-05

Figure 25: Particle deposition after nasal inhalation with 15 I/min.
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a) Right view b) Left view

d) Back view

Particle Diameter (m )

1.00e-06 1.90e-06 2.80e-06 3.70e-06 4.60e-06 5.50e-06 6.40e-06 7.30e-06 8.20e-06 9.10e-06 1.00e-05

Figure 26: Particle deposition after nasal inhalation with 30 I/min.
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a) Right view b) Left view
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c) Frontview

Particle Diameter (m )
1.00e-06 1.90e-06 2.80e-06 3.70e-06 4.60e-06 5.50e-06 6.40e-06 7.30e-06 8.20e-06 9.10e-06 1.00e-05

Figure 27: Particle deposition after oral inhalation with 90 I/min.
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In Figure 28 it is evident that with flow rate of 15 I/min, there is high number of particles that
escaped the URT (26 — 31 %). On the other hand, with flow rate 30 I/min, only 19 — 23 % of
particles with the maximum diameter of 7 ym escaped (see Figure 29). The higher the initial
velocity is, the more particles are captured in the nasal cavity. When we compare Figure 25
and Figure 26 we can notice with high initial velocity large particles with diameter (6-10 pm)
are stuck in the nasal cavity and do not appear in laryngeal region, whereas with low velocity
the more particles of 6-10 um can be found in this region.

With oral inhalation (see Figure 27) the largest deposition of particles happened in C section,
where deposited almost 35 % of total number of particles (see Figure 28). After this region,
deposited particles significantly decreased in the following regions. We can notice in Figure
29 strange particle distribution during oral inhalation where there are no deposited particles
in certain areas (2, 4, 6, 7, 9, 10 — in Figure 29). However, this pattern was observed in all 3
measurements. In the Figure 28 we can see that with oral inhalation the least particles (13
%) managed to escape from the URT, as opposed to nasal inhalation with flow rate 15I/min,
where we measured the highest percentage (28 %)

60
50
40

30

20
0 I i sl s ..

Oral/Nasal Oral/Nasal Oral/Nasal Oropharinx  Epiglotis Vocal cords  Trachea Escape
cavity A cavity B cavity C

Particle percentage [%]

o

m Oral inhalation (90 I/min) M Nasal inhalation (30 I/min) M Nasal inhalation (15 |/min)

Figure 28: Particle percentage in different areas under various flow rates.

47



1400
1200

1000

800

600

40

[ 6 ll o)

0 iii-i-i--
1 2 3 4 5 6 7 8 9

10

Number of particles

o

o

M Oral inhalation (90 |/min) M Nasal inhalation (30 I/min) M Nasal inhalation (15 I/min)

Figure 29: Comparison of outlet diameter distribution with various flow rates.

7 Discussion

Computational fluid dynamics has been recognized as a useful tool for understanding airflow
characteristics in URT. The results can therefore advise us which particle distribution is the
best choice for the treatment of certain diseases or can help us evaluate the therapy results
when dealing with Sleep apnea-hypopnea syndrome.

In this study, a model of 20-year-old male model was used to simulate airflow values such as
velocity, pressure, and particle deposition. The model represents the realistic geometry of the
upper respiratory tract that was reconstructed from the CT scans to preserve all anatomical
structures. It is known that even a small change in anatomy has a profound effect on the
results. For example, first the model was examined with a connector for the air pump that
was attached to the mouth, and the results were completely different as with the model that
has a natural opening with the skin, as can be seen in the chapter 5.1.

Ansys 2020 was used as a leading program to evaluate the model. Ansys represents a
package of SpaceClaim used for geometry modifications, and Fluent that is used for meshing
and final computation. First Ansys 2021 student version was used. However, this version has
big limitation where fluent can work with only 500 000 meshing elements whereas for proper
meshing at least 3 000 000 was needed.

In the first place, such complex geometry needed to be adjusted because the model

contained non-manifold geometry and overlapping regions. The model with these defects
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cannot be meshed and in Fluent the error appears. Thus, SpaceClaim played a significant
role in this work. At the beginning of the work, many simple models needed to be created in
SpaceClaim to reveal how to solve these issues. After successful geometry adjustments,
meshing can be initiated.

Meshing is used as a spatial discretization of the model and is a necessary step in CFD.
Navier—Stokes equations are calculated for each element formed during meshing. The
smaller the elements are, the more precise the solution is. But the computational complexity
also increases. The best solution is to find a compromise between these two aspects. For
this, we use the mesh independency test. This test helps us determine how many cells or
elements will be sufficient for accurate results while keeping the computational complexity
low. A mesh independency test was performed and eventually a mesh with 3 426 832 cells
was used for further calculation.

An unstructured mesh was generated in Fluent, where hexahedral and polyhedral elements
were used to create the mesh. Mesh contains polyhedral elements near the wall where it is
not possible to create hexahedral. Hexahedral elements are on the other hand, formed in the
middle of the fluid region. This type of mesh is called poly-hexcore. Another type of mesh
that could be used with a similar quality is polyhedral. To create polyhedral elements fluent
usually takes twice as much time (30 minutes) as creating poly-hexcore (15 minutes).
However, poly-hexcore is sometimes difficult to create if the geometry is too complex or with
some defects. In this case, fluent after meshing process, which can take 15 minutes, shows
an error, indicating that he was not successful in generating the mesh. After this, it is
necessary to start the meshing process again with a little change in element size.

LES method was used to calculate the solution when dealing with laminar-turbulent flows.
Although it is very computationally demanding, it provides very accurate results. Calculation
of one solution took approximately 60 hours. However, calculation duration is highly
dependent on the time steps selected at the beginning of the calculation in the fluent
settings. If we select a large time step, the calculation takes less time, but we don'’t see the
time development of particle distribution in animation. Furthermore, for the sake of precision,
it is recommended to select a shorter time step. Also, other viscous models like SST
transition and SST k-omega were examined. With these models, computation is much faster
than with LES, yet the results are not that precise.

When we compare the results with Liu et al. (2022) mentioned in 4.2, which is nowadays the
latest article made on URT exploration, we can notice very similar velocity contours in nasal
inhalation with a flow rate of 15 and 30 I/min. There are some similarities, such as a higher
velocity in one nostril. Also, there is a gradual increase in velocity from the oropharynx up to
the vocal cords. However, there are some differences. In contours by Liu et al. (2022), the
velocity doesn’'t decrease after the subglottis region, whereas the contour in this thesis
shows a significant fall in velocity magnitude. When we look at the maximum velocity, we can
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notice another dissimilarity because in contours by Liu et al. (2022), the maximum velocity is
twice as high as in this thesis. This can be caused by greater narrowing of the nostrils.

When we focus more on the pressure contours, the most significant feature is the pressure
drop in the laryngeal region. Not many studies were conducted on the pressure investigation
of URT. Although there are studies on the tracheobronchial region and how the pressure
changes in bifurcations. However, it was discovered that pressure drop occurs as a result of

a rapid change in velocity. A change in velocity occurs due to a sudden narrowing in
geometry.

With closer look to particle deposition, we can see consistent results with the study
conducted by Naseri et al. (2014) and Liu et al. (2022), closer described in in chapter 4.2.
The particles of a diameter 1-5 ym are most likely to escape from URT. The particles of a
diameter 6-10 ym are mostly stuck in the nasal or oral cavity during medicament inhalation. It
is observed that the particle deposition is highly dependent on the flow rate. In Figure 30 we
can notice that Liu et al. observed higher particle deposition in nasal cavity in both flowrates
than in this thesis. Fewer particles escape from URT in Liu et al. study. Particle deposition in
Pharynx and Larynx are comparable.
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90 M 30!/min (Liu et al. 2022)
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Figure 30: Comparison of particle deposition with Liu et al. (2022) during nasal inhalation.
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Naseri et al. (2014) in his research used flow rate of 7 I/min and even 10 pym particles were
evenly distributed in the whole URT which wasn’t observed in this thesis because minimum
flow rate was 15 I/min.

A proposal for future work could be to extend the URT also to the lower respiratory tract.
Another extension could be to use exhalation/ inhalation breathing pattern to better predict
behavior of particles during inhalation therapy.

8 Conclusion

The flow characteristics and particle deposition in the upper respiratory tract of 20-year-old
male were successfully simulated using ANSYS software. All the results can be found in
chapter 6. Starting from velocity and pressure contours and ending with particle deposition in
different cross sections. Flow patterns and particle depositions in this work are comparable
with other research conducted on profound understanding of the respiratory tract. Velocity
contours are in accordance with Liu et al. (2022) depicted in Figure 9. And particle
distribution of different flow rates is also very similar with Figure 11.

It was observed that particle deposition in URT is highly dependent on particle diameter
distribution and the flow rate used for inhalation. CFD simulations can advise us what
parameters to use for the treatment of particular iliness. In this work it was found that the
most suitable particle diameter ranges between 1-10 um. When the particles are larger, they
tend to be stuck at the beginning of URT and thus are not suitable for deeper inhalation
therapy.

The setup process and methods used in this thesis may be applicable for further research on
URT under different conditions, which can include anatomical changes in various diseases
like asthma or other forms of obstructions.
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Appendix A: Variability in Particle Deposition

Table 2: Particle percentage in different areas of URT with nasal inhalation (15 I/min).

NeTsaI Na.sal Na.sal Oropharynx | Epiglottis Vocal Trachea | Escape

cavity A | cavity B | cavity C %] [%] cords %] (%]

[%] [%] [%] ’ ’ [%] ’ ’

1 36 10 9 10 4 2 1 28
measurement

2. 36 9 10 9 5 2 1 28
measurement

3. 40 12 9 8 3 2 1 25
measurement

Table 3: Particle percentage in different areas of URT with nasal inhalation (30 I/min).

Nasal Nasal Nasal Vocal
eTsa a.sa a.sa Oropharynx | Epiglottis oca Trachea | Escape

cavity A | cavity B | cavity C %] [%] cords %] (%]

[%] [%] [%] ’ ’ [%] ’ ’

1 44 13 13 5 2 2 1 20
measurement

2. 48 15 11 4 1 1 1 19
measurement

3. 40 15 15 3 1 2 1 23
measurement

Table 4: Particle percentage in different areas of URT with oral inhalation (90 I/min).

Nasal Nasal Nasal Vocal
eTsa a.sa a.sa Oropharynx | Epiglottis oca Trachea | Escape

cavity A | cavity B | cavity C %] [%] cords %] (%]

[%] [%] [%] ’ ’ [%] ’ ’

1 21 13 35 12 3 1 2 13
measurement

2. 18 14 39 10 2 2 1 14
measurement

3. 22 15 38 10 2 1 1 11
measurement
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Appendix B: Turbulent Kinetic Energy Contours

Subgrid Turbulent Viscosity (kg/m-s)
1.29e-10 2.28e-05 4.56e-05 6.84e-05 9.12e-05 1.14e-04 1.37e-04 1.60e-04 1.82e-04 2.05e-04 2.28e-04

B 02000 |

Figure 31: Turbulent kinetic energy during the oral inhalation (90 I/min). Turbulent kinetic energy is in
LES method represented by Subgrid turbulent viscosity.
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Subgrid Turbulent Viscosity (kg/m-s)
2.77e-12 9.25e-06 1.85e-05 2.77e-05 3.70e-05 4.62e-05 5.55e-05 6.47e-05 7.40e-05 8.32e-05 9.25e-05

Figure 32: Turbulent kinetic energy during the nasal inhalation (30 I/min). Turbulent kinetic energy is in
LES method represented by Subgrid turbulent viscosity.

Subgrid Turbulent Viscosity (kg/m-s)
2.54e-14 4.46e-06 8.92e-06 1.34e-05 1.78e-05 2.23e-05 2.68e-05 3.12e-05 3.57e-05 4.01e-05 4.46e-05

Figure 33: Turbulent kinetic energy during the nasal inhalation (15 I/min). Turbulent kinetic energy is in
LES method represented by Subgrid turbulent viscosity.
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Appendix C: Wall Sheer Stress

a) Right view b) Left view

c) Frontview l ‘ d) Back view

Wall Shear Stress ( pascal )

1.07e-06 3.94e+00 7.89e+00 1.18e+01 1.58e+01 1.97e+01 2.37e+01 2.76e+01 3.16e+01 3.55e+01 3.94e+01

-
&

Figure 34: Wall sheer stress during the oral inhalation (90 I/min)

63



a) Right view b) Left view

c) Frontview l

Wall Shear Stress ( pascal )

) Back view

1.89e-08 1.86e+00 3.71e+00 557e+00 7.42e+00 9.28e+00 1.11e+01 1.30e+01 1.48e+01 1.67e+01 1.86e+01

Figure 35: Wall sheer stress during the nasal inhalation (30 I/min).
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a) Right view b) Left view

c) Frontview d) Back view

Wall Shear Stress ( pascal )

1.94e-11 7.08e-01 1.42e+00 2.12e+00 2.83e+00 3.54e+00 4.25e+00 4.96e+00 5.67e+00 6.37e+00 7.08e+00

- i _

Figure 36: Wall sheer stress during the nasal inhalation (15 I/min).
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