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Abstract

Emphysema, is a destructive process that leads to the permanent en-
largement of air spaces within the parenchyma of the lung. Along with
chronic bronchitis, emphysema forms one of the two components of Chronic
Obstructive Pulmonary Disease (COPD), a serious condition that is respon-
sible for severe limitation of expiratory airflow in its victims. The early
stages of emphysema are charecterized by the destruction of tissue in the
pulmonary acinus - the part of the lung airway tree responsible of gas ex-
change with the bloodstream. Little is known how emphysema affects airflow
within the acinus especially in the early stages of the disease. In this the-
sis computational fluid dynamics simulations are performed of airflow in a
mathematically-derived model of a section of the pulmonary acinus. The
computational domain consists of two generations of the acinus with alve-
olar geometries approximated as closely-packed, fourteen-sided polygons.
Physiologically realistic flow rates and wall motions are used to capture the
acinar flow during the inspiratory and expiratory phases of the breathing
cycle. The effects of emphysema on the airway wall motion, flow rates, and
septal destruction are simulated at various stages of the disease’s progression
to identify the effect on the flow in the acinar region. Parametric studies are

presented to independently assess the relative influence of septal destruction
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Abstract

and the emphysematous degradation of airway motion and flow rates. The
results illustrate that septal destruction lowers the flow resistance through
the alveolar ducts but has little influence on the mass transport of oxygen
into the alveoli. Septal destruction has a net effect on the flow field by
favouring the development of recirculatory flow patterns in individual alve-
oli. The effects of the gradually advancing emphysema on the deposition of
micron-sized particles in the acinus are also studied. The simulations are
categorized according to particle size and the relative orientation of the grav-
itational vector to the incoming flow. Emphysematous destruction increases
the deposition of particles in affected ducts, with the greatest increase occur-
ring for the larger particle size when the gravity vector is oriented tangential

to the incoming flow.
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Chapter 1

Introduction

1.1 Motivation

This thesis studies the effects of early onset emphysema in human lungs
by means of numerical simulation of the airflow in diseased and healthy
portions of the lungs. Emphysema is one of the component conditions of
Chronic obstructive pulmonary disease (COPD), which is defined as “... a
persistent airflow limitation that is usually progressive and associated with
enhanced chronic inflammatory response within the lung to noxious particles
or gases” [12]. Thus COPD is an umbrella term for a host of conditions which
may produce the symptoms that are outlined in its definition.

COPD is projected to become the third leading cause of death worldwide
by 2020 [12]. In addition to direct economic costs associated with the treat-
ment of the disease (estimated to be $1.5 billion per year in Canada alone
[13]), COPD also has significant impacts on quality of life and productivity
in the workplace [12]. Clearly, a deeper understanding of the components

of this disease, its genesis, progression and its attendant effects is of the

essence.



1.2. Background

1.2 Background

1.2.1 Human lung anatomy and physiology

The human lungs are a pair of air-filled organs that are primarily respon-
sible for gas-exchange between the atmosphere and the bloodstream. Air is
transported into each lung through a network of dichotomously branching
airways which branch off from the trachea which is the primary airway and
these airways decrease in diameter with each distal generation. The airways
are divided into two distinct generations, the conducting and respiratory
airways. The former transports the air into the respiratory zone which is
responsible for the gas-exchange process. While the conducting airways are
smooth walled, the respiratory zone has airways whose walls are populated
with structures known as known as alveoli. These walls of these alveoli
are thin enough to permit diffusive exchange of gases between the lung air
and the blood-stream thereby supplying fresh oxygen while carrying away

carbon-dioxide.

1.2.2 Chronic obstructive pulmonary disease (COPD)

The chronic airflow limitation in COPD is caused by two specific syn-
dromes: emphysema and small airways disease (obstructive bronchiolitis)
[12]. Emphysema is the deterioration of pulmonary tissue, called parenchyma,
and it results in loss of respiratory airways for gas exchange and elastic re-
coil. Small Airways Disease affects airways of diameters less than 2 mm and
causes structural changes including remodelling and narrowing. Chronic

bronchitis is also frequently included as one of the component entities of
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Figure 1.1: The pulmonary airways. Adapted with permission from [1].

COPD [12, 14]. It is defined as “...the presence of cough and sputum pro-
duction for at least three months of two successive years” [12]. However,
chronic bronchitis may exist independently of the airflow limitation, consid-
ered to be the defining feature of COPD [15], and is thus not considered in
the present study. The extent of contribution of emphysema, small airways
disease and chronic bronchitis and indeed their presence is highly variable
within the population of COPD patients. Thus, in some cases, emphy-
sema accounts for a significant part of the airflow limitation, while in other
instances it might only play a secondary role. Additionally, COPD often
co-exists with other diseases, which may complicate its diagnosis [12].

The most well-known risk factor for COPD is inhaled cigarette smoke

with the amount of and duration of smoking contributing directly to the rela-
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tive severity of the disease [12]. However, there is evidence that non-smokers
may also develop chronic airflow limitation, and among people with the same
smoking history, not all will develop COPD [12]. Globally, COPD has also
been linked to sustained exposure to combustion products of biomass fuels
such as coal, wood and straw [16], and inhalation of organic and inorganic
dusts, chemical agents and fumes [17]. Additional factors, including genet-
ics, gender, age, lung growth, socio-economic status and childhood infections
have also been acknowledged as having a role in the progression of this dis-
ease [12, 16]. The most well established genetic risk factor is the deficiency
of alpha—1 antitrypsin. This serum acts as an inhibitor and is released
during lung inflammation in order to protect the body from harmful effects

of other enzymes [18].

1.2.3 Diagnosis of COPD

The three primary symptoms of COPD are chronic cough, breathless-
ness and sputum production. Tightness of the chest and wheezing sounds
may also be present [12]. A diagnosis of COPD is usually considered for any
patient that displays these three characteristic symptoms. However, clin-
ical diagnosis is only made after performing a Lung Function Test (LFT)
[12, 19]. This operation is carried out in two identical parts, before and
after administration of an inhaled bronchodilator. Specifically, the patient
is asked to take in a full breath and then exhale the air in a forced manner
until the lungs are emptied and with the aid of a recording device known as a
spirometer (Fig. 1.2), two parameters are measured. The Forced Expiratory

Volume in one second (F'EV;) is the volume of air exhaled in the first sec-
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ond, while the Forced Vital Capacity (FV C) is the total volume of air that
can be exhaled with no time constant. In both parts, the ((FEV;)/FV(C)
ratio is calculated and if this value is less than 0.7 after the inhalation of

the bronchodilator, then a diagnosis of COPD is usually considered [12].

. i |l

raLang dFiem
l paper pappty

—

tﬁ!

Figure 1.2: Spirometer

Studies have shown that early detection and treatment of COPD yields
substantially better results for patients [12, 20]. However, the early detec-
tion of COPD is problematic, since in a majority of the cases patients are
either asymptomatic or attribute the early symptoms of COPD, such as
increasing lack of breath, to advancing age [20]. Airway conditions in the
lower airways are also difficult to diagnose [21] with the standard lung func-
tion tests and spirometry. This results in many patients being diagnosed
only after considerable and irreversible damage has occurred to the lungs.

Additionally, commonly published spirometry data has significant discor-
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dance amongst various references [22] and the American Thoracic Society
has recommended against using spirometric parameters to diagnose lower
airway disease [23]. Therefore, there exists a gap in understanding within
the medical community of the effects of the progression of emphysematous
destruction in the earliest stages of COPD, which in turn hinders access to
possible routes towards early diagnosis. While it has been confirmed that
the earliest stages of emphysema are characterised by the destruction of air-
ways in the pulmonary acinus, the effects of their destruction on the airflow
and particle deposition in the alveolar spaces are unknown. In addition,
while this destruction has been correlated to the increase in resistance to
airflow, the effects of this decreased airflow and indeed the effects of the

progressive nature of the destruction have yet to be quantified.

1.2.4 Emphysema

The word emphysema originated from the Greek term “emphysan” |,
meaning “blow into” [24]. When applied to the lungs, it implies excessive
air within the parenchymal tissue of the lung [24]. The definition of emphy-
sema as it stands today originated in a 1984 workshop held by the Division
of Lung Disease at the National Heart and Blood Institute, which stated
that emphysema is “... a condition of the lung, characterized by abnor-
mal, permanent enlargement of air-spaces, distal to the terminal bronchiole,
accompanied by destruction of their walls and without obvious fibrosis”
[25, 26].

The emphysematous condition of the lung is characterized by loss of

alveolar walls, as depicted in Fig. 1.3, which in the case of closely packed
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Figure 1.3: Destruction of acinar parenchyma in emphysema. (Reproduced
with permission from [2], Copyright Massachusetts Medical Society)

lower generations of the acinus also forms the with subsequent destruction
of the capillary bed. The air-spaces are dilated and the small airways are
narrowed and have atrophied walls [5]. This implies that pulmonary airways
lose their connection with the inner surface of the lung, which hitherto had

been provided by the elastic parenchymal mesh.

1.3 Approach

Traditional experimental methods of direct observations on the effects
of this disease are not applicable for the study of early stage COPD. With

Computed Tomography (CT), airways are only visible for approximately 6
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or 7 generations, while the airways which form the pulmonary acinus are
usually below the resolution of conventional CT [27]. Magnetic Resonance
Imaging (MRI), which is also frequently used for pulmonary diagnostics is
hampered by a low signal return due to lack of tissue in the alveolar spaces.
This is further excarbated in emphysema due to loss of tissue [28]. As a
result, while excised lung tissue from deceased human subjects may later be
studied ez vivo under high resolution micro-CT studies, the same cannot
be said for living tissue under in vivo conditions. This shortcoming in the
experimental method is hereby overcome by the use of numerical simulation.

A simulation-based approach is also justified due to the ability to artifi-
cially control the conditions of the simulation by the modeller. This allows
for identifying the relative importance of various effects that cannot be inde-
pendently controlled in a laboratory setting. Not only does Computational
Fluid Dynamics (CFD) simulation allow observation of the effects of the dis-
ease on the airflow, but it also allows the progressive nature of the disease
to be modelled with a greater degree of control than can be obtained from
ex vivo samples. Additionally CFD simulation techniques allow real-time
values of variables such as particle deposition to be simulated under a vari-
ety of controlled conditions that would be extremely hard to replicate under
experimental conditions.

This thesis studies the effects of destruction of parenchymal tissue in the
acinar airways due to emphysema by building a model which incorporates
the effects of the disease on the airway wall motion and airflow in the pul-
monary acinus. Specifically, numerical simulations of the airflow are then

carried out in order to determine the effects of the disease, the severity of
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which is progressively increased over successive iterations. The results of
these simulations are then subsequently used to determine consequences of
the progressive nature of the disease on oxygen transport, pressure drop in

the alveolar ducts and particle deposition in the pulmonary acinus.

1.4 Overview of the thesis

The remainder of the thesis is divided into five parts. Chapter 2 includes
a detailed literature review covering COPD in general, emphysema in par-
ticular, and CFD approaches that have been employed to date in order to
simulate airflow in the human lungs. This is followed by a detailed explana-
tion of the scope and objectives of the thesis in Chapter 3. Chapter 4 details
the numerical methods that have been employed in the study, followed by
the results and their discussions in Chapter 5. A summary of the thesis, its

conclusions, and recommended future work is given in Chapter 6.



Chapter 2

Literature Review

2.1 Anatomy of the human lung

2.1.1 Airway structure

The root of the human airway tree is the trachea or windpipe. This
structure, which measures 1-2 cm in diameter in normal adult human lungs
[29], branches in the chest cavity with one daughter branch per lung. The
left and right bronchi subsequently undergo multiple dichotomous subdivi-
sions leading to daughter bronchioles and finally terminal bronchioles. This
dichotomous branching was detailed in Fig 1.1 and is repeated in Fig 2.1.

The detailed anatomical structure of airways was first characterised
through the study of preserved cadaver lung tissue [6, 30]. These studies
established the dichotomous nature of the airway branching. These airways
were later shown to span up to an average of 23 generations [31]. The air-
way generations are numbered from the trachea which is generation zero
and each subsequent branching increases the generation number by one as
seen in Fig 2.1. Also depicted in Fig. 2.1 is the functional classification of
the pulmonary airway system. The airways may be broadly divided into

two regions. The first region -the conducting airways- has the trachea as its

10
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Figure 2.1: The pulmonary airways. Adapted with permission from [1].

root and consists of smooth-walled airways whose sole function is to con-
duct the flow deeper into the lung [6]. This region spans approximately 14
generations of dichotomous branching. The final bronchioles of this gener-
ation are termed as the terminal bronchioles. The subsequent generations
-the respiratory airways- comprise the respiratory zone. From herein, as
the flow descends, the walls of the airways begin to be populated by indi-
vidual, isolated structures known as alveoli. These transitional bronchioles
with isolated alveoli form the beginning of the respiratory unit known as the
pulmonary acinus. The acinus represents the basic unit responsible for ex-
change of gases between the bloodstream and the lung. The alveoli continue
to increase in size among the more distal airways [32] until finally they cover

the entire surface of the airway with each alveolus having an opening into

11
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the common duct [33]. Fig. 2.2 depicts a single pulmonary acinus spanning
eight generations; the respiratory bronchioles showonly isolated alveoli while

alveolar ducts are completely covered with alveolar outgrowths.
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Figure 2.2: The pulmonary acinus. Adapted with permission from [3].

2.1.2 Mechanism of pulmonary ventilation

The physiological function of pulmonary ventilation — or what is more
commonly known as the act of breathing — is to ensure a gas exchange that
meets the requirements of tissue metabolism in the body, thereby ensuring
homeostasis [34]. This requires airflow through the pulmonary airways, to
the alveoli, which are the sites of gas exchange. The presence of such a
flow may be achieved by creating a pressure difference between the two ends
of the airways. Therefore, during inspiration, the pressure in the airways
must be lower than the ambient pressure at the mouth and vice versa during
expiration.

Inspiration is an active process, whereby the contraction of the diaphragm

and the external intercostal muscles expand the tissue matrix, inflating the
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Figure 2.3: Mechanical analogy of airways in human lung. Adapted with
permission from [4].

airways and generating the suction pressure required [34]. This is illustrated
in Fig. 2.3 where the springs attached to the tube representing the airway
mimic the action of the elastic tissue matrix during the breath cycle. As the
air flows into the lungs, the pressure equalises with the atmosphere, until
there is no more flow, which signals the end of inspiration. Normal or tidal
exhalation by contrast is a passive process. As the intercostal muscles relax,
the natural elasticity of the parenchymal tissue recoils the fibres attached to
the airways thereby compressing them. This phenomenon, known as elastic
recoil, is responsible for compressing the airways, increasing the pressure in

them, and driving the air out.
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2.1. Anatomy of the human lung

2.1.3 Effects of emphysema on mechanical behavior of lung

airways

The primary effect of emphysema on the mechanics of the lung is the
loss of elastic recoil. This in turn reduces the expiratory driving pressure
[35]. This translates to a reduced airflow during expiration in a condition
that is termed as Expiratory Flow Limitation (EFL). Under EFL conditions
the expiratory flow rate becomes independent of expiratory muscle effort.
Instead the flow rate is determined by the static lung recoil pressure and
resistance of the airways up-stream from the affected segments [36, 37]. The
EFL conditions also increase the time required for a complete expiration of
the air inhaled during the inspiratory phase. This fact coupled with the loss
of elastic recoil directly leads to an increase in the End-Expiratory-Lung
Volume (EELV)- the residual volume of the lung at the end of expiration
[35]. This is in turn quantified by the variable forced vital capacity (FVC).
FV(C is defined as the amount of air which can be forcibly exhaled from the
lungs after taking the deepest breath possible. This can be measured using
spirometric techniques discussed in Chapter 1 and as depicted in Fig 2.4
COPD also results in a decrease in F'VC. This is directly linked to the loss
of elastic recoil [5] and results in air-trapping in the lung. This adds to the
permanent enlargement of the air-spaces, parts of which had been previously
rendered void, by the loss of parenchymal tissue.

As aresult the expiratory flow is limited and significantly hampered. Ad-
ditionally, during inspiration the maximum flow rate is observed to decrease

in patients with emphysema. As a result, both during inspiration and expi-
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Figure 2.4: Effect of COPD on FEV; and FVC (Image reproduced with
permission from HSE Digital Communications)

ration the natural self-similar motion of the alveolar airways is truncated and
as a direct consequence the magnitude of airflow through them, decreases.
The classic description of how the flow rate of air in and out of the lungs
varies with volume is given in Fig. 2.5. During inspiration, the flow rate
dependence on volume is appreciably sinusoidal (COA). During expiration,
the flow rate rises with decreasing volume linearly (OB), until it reaches a

maximum expiratory flow rate (B). Thereafter it falls to zero linearly (BC),
signalling the end of complete expiration. The values of the corresponding

quantities for a patient suffering from COPD are shown in red on the same
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Figure 2.5: Variation of Flow Rate vs Volume for healthy and COPD af-
flicted lungs (adapted with permission from [5])
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2.1. Anatomy of the human lung

figure. As mentioned before the maximum flow rate during inspiration and
expiration for the diseased case (D and E respectively) is reduced, when
compared to the healthy case.

Although these values in Fig. 2.5 reflect the variation of the whole
lung volume and the flow rate measured at the mouth, it is assumed they
would reflect the volume flow rate relationship in an alveolar duct. It is also
important to note that the volume values plotted on the horizontal axis do
not represent the actual volume of the lung or alveolus itself, but rather,
the variation in volume from the resting position prior to inspiration as is

represented by points O and C in Fig 2.5.

2.1.4 The pulmonary acinus

The dichotomously branching airways of the pulmonary airway tree ter-
minate in structures that are termed as acini. The pulmonary acinus forms
the respiratory zone of the airway tree and is termed as such since it is the
principal location of gas exchange between the inhaled air and blood vessels.
This complexity of structures necessary to achieve efficient gas-exchange is
detailed in Fig 2.6. The velocity of airflow in these airways is much lower
than that of the higher conducting airways and this serves to promote the
diffusive exchange of gases.

The geometrical shape of the alveoli is a matter of some debate. The
seminal work by Weibel [6] mentions three distinct possibilities based on
surface-area and volumetric measurements. Two are trapezoids with the
third being a spherical cap as shown in Fig. 2.7. In recent years the model

of the spherical cap with parameters established by [32] has been popular
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2.1. Anatomy of the human lung

Figure 2.6: Detailed cutaway of pulmonary acinus (Shared under Creative
Commons Attribution 2.5 Generic license.)
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Figure 2.7: Alveolar shapes proposed by Weibel (Adapted with permission
from [6])

in studies relating to flow in the respiratory zone [9, 38, 39]. However,
this geometry has a number of shortcomings. In particular, it does not
represent the close packed nature of the alveoli that is usually observed in

the terminal regions of the respiratory zone (Fig. 2.8). In order to address

Figure 2.8: SEM image of terminal alveolar regions showing a close-packed
honeycomb-like structure (Adapted with permission from [3])

the shortcomings of the alveolar cap models, an alternative arrangement of
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2.2. Numerical simulations of alveolar airflows

alveoli in the acinar regions was proposed by Fung [7]. The proposed model
was envisaged on the basis of three assumptions; 1) all alveoli are equal
and space-filling before they are ventilated, 2) they are ventilated to ducts
as uniformly as possible, 3) the alveoli are reinforced at their mouths for
structural integrity. In this model the basic unit of the acinus is a truncated
14-hedron, henceforth termed as an order 1 polyhedron (Fig. 2.9a). A single
14-hedron, surrounded by identical polyhedra on each of its faces forms a
single solid unit in space (Fig. 2.9b), henceforth termed as an order 2, 14-
hedron. This forms a basic unit of the acinar-structure. A combination
of order-2 and order-1 polyhedra can then be assembled into a ductal tree
forming a space-filling structure (Fig. 2.9b.). The structures formed by
close-packing alveoli of this shape resemble honeycombs and have featured
in recent works which have tried to accurately depict the space-filling nature
of the alveoli [8, 11]. The fact that the geometrical structure of the alveoli
is significant enough to influence properties such as deposition of particles
[40, 41] requires that the choice of any geometry for a particular simulation

be accompanied by proper justification.

2.2 Numerical simulations of alveolar airflows

2.2.1 Overview

The airways of the lung present a complex environment in where low
velocity flow transports gases through both convective and diffusive means.
While the geometries may be approximated to some degree as cylindrical

structures, the dichotomous branching of the upper lung and the presence of
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2.2. Numerical simulations of alveolar airflows

Figure 2.9: Close packed acinar geometry developed by Fung (Adapted with
permission from [7])

alveolar openings in the respiratory zone make for a complex environment.
Consequently, computational fluid dynamics (CFD) simulations have been
used to gain additional insights into the flow structures during inhalation
and exhalation. This section reviews the mathematical background of CFD

simulations and focuses specifically on its use for simulating alveolar flow.

2.2.2 Governing equations

Respiratory air-flows are generally considered to be examples of Newto-
nian and incompressible flows[1, 42]. They are therefore, described by the

Navier-Stokes equations in a dimensionless form as given in [43].

5 o0u*

(Wo) o + Re(u* - V¥u* = —v*p* 4+ v*2u* (2.1)
where:
u p
V*ZDV, t*: t, *:7’ * =
YU =T P T u/p
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2.2. Numerical simulations of alveolar airflows

with u being the velocity field, p is the pressure, ¢ is the time, p is
the density, D is the airway diameter, p is the molecular viscosity, and
w = (27/T) is the angular frequency of the breathing time period 7.

Two particular dimensionless numbers are important in the context of

the given equations. The Reynolds number given by

_ pUD
1

Re

represents the relative influence of the inertial forces and viscous forces on
the fluid flow. In pulmonary airflows during quiet sedentary breathing, Re
is O(1) or smaller [43], therefore the inertial forces are generally negligible
and the flow in the acini is laminar. Due to the cyclic nature of the flow
in the pulmonary airways, a second dimensionless number is required to

characterize this unsteadiness. This is the Womersley number,

ﬁ)o-ks

Wo = D(
i

which compares unsteady acceleration to viscous effects. For typical acinar
flows, Wo is O(0.1) [43]. This implies the frequency of airflow cycles is
sufficiently low that a parabolic velocity profile has time to develop during
each cycle. The dichotomous branching nature of the airway tree lends itself
to a straightforward computation of the airflow rate in the z** generation of

the tree as

U(z) = 4Q/(2°7D(2)) (2.2)

where @ is the flow rate at the trachea (z = 0) and D(z) is the diameter of
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2.2. Numerical simulations of alveolar airflows

the airways in the 2" generation. However, it is important to note that this
relation is only valid for ideal cylindrical airways and identical diameters at
any given generation. In the conducting region, the diameters of the airways
conform to theoretical predictions [44], and thus the velocities conform to
Eqn. 2.2. In the acinus, however, the effective diameters are larger [32], and
velocities tend to decay more steeply. It should also be noted that Eqn. 2.2 is
only valid if the longitudinal paths to all airways in a particular generation
are assumed to be identical. Even though the transpulmonary pressure
across the airways may be assumed to be homogeneous throughout the lung,
the airways themselves may be of different longitudinal lengths. As a result,
for a constant pressure drop AP, an airway with a longer longitudinal path
to the terminal alveolar sacs will have higher viscous resistance, and thus
lead to an airway with a lower flow rate despite sharing the same diameter

as its neighbor of the same generation with a shorter longitudinal path [43].

2.2.3 The nature of alveolar flow

To the best of the author’s knowledge, the earliest numerical analysis
of flow in the acinus was an investigation of creeping flows by the method
of solving the bi-harmonic equation for the stream-function [45]. Studies
of flow in packed acini followed thereafter [46, 47]. Simulation of flows in
the alveolar domain has been primarily motivated by the need to study
how aerosols and other fine particles behave in this regime [40, 48, 49]. To
this end, investigations have shown that the orientation of the branching
alveolar ducts with respect to each other as well as to the gravity vector are

important in determining deposition sites of micro-particles [49, 50].
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2.2. Numerical simulations of alveolar airflows

The alveolar topology makes alveolar flows resemble a ductal shear layer
passing over a cavity formed by the opening of the alveolar mouth. This
is illustrated in Fig. 2.10. Such an arrangement can give rise to flow sepa-
ration and formation of a recirculation zone, depending on geometrical and
flow parameters. In the flow regime encountered in the acinar region, the
relative arrangement of the duct and cavity determines the occurrence and
nature of flow-separation, particularly the location of the separation surface
or ‘seperatrix’ [8, 51].

Incorporating wall-motion into the simulation mimics the distentions
of the lung parenchyma, and is crucial in capturing the three-dimensional

recirculating flow structures that are characteristic of acinar flows [39].
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Figure 2.10: ’Seperatrix’ in alveolar flow (Adapted with permission from [8])

Since alveolar flows are a result of pressure gradients arising from dis-
tension of the lung airways, the effect of airway motion on the flow is also
critical. While there is evidence that rigid walled alveolar models give rise
to recirculatory flows, [49, 52], wall motion kinematics into numerical sim-
ulations of acinar airflows result in flow patterns that are irreversible and
chaotic in nature [9]. This phenomena is termed as chaotic advection and

is frequently observed in 2D time dependent and 3D cavity flows [53, 54].
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2.2. Numerical simulations of alveolar airflows

This makes the alveolar flows inherently complex. Recirculating flows cre-

Figure 2.11: Recirculatory flow in the pulmonary alveolus (Adapted with
permission from [9])

ate stagnation points that result in irreversible paths of massless particles
[9, 38]. The first simulations to incorporate moving alveolar walls indicated
that in realistic alveolar geometries have the stagnation point form at the
proximal end of the alveolar cavity, as shown in in Fig. 2.11. Subsequent
simulations incorporating 14-hedron geometries showed that the position
and strength of the recirculatory centre is dependent on the location of the
alveolar generation. The proximal generations have a strong recirculation
centre develops at nearly the centre of the cavity. Distal generation show
a weakening of the centre accompanied by a shift to the proximal end of
the alveolus while the distal generation show no recirculation as shown in
Fig. 2.12. The velocities within the alveolar cavities are on average one or

two orders less in magnitude than in the duct [8, 39].
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2.2. Numerical simulations of alveolar airflows

Figure 2.12: Relative streamlines showing the flow- field differences in prox-
imal, medial and distal generations of the acinus (Adapted with permission
from [10])

Under healthy conditions the nature of flow within the alveolus is heavily
dependent on its location within the acinar generation. In the proximal
generations a strong recirculatory zone is observed with the vortex centre
close to the centre of the alveolus. In the medial generations the centre
moves to the proximal end of the alveoli while in the distal generations the

recirculatory centre disappears and is replaced by radial flows.[10]

2.2.4 Numerical simulations of particulate transport in
alveoli

Governing equations

The transport of particles in the pulmonary acinus is described by the

following equation [43]

m—:FD—i-Fg—i—F(t) (2.3)
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2.2. Numerical simulations of alveolar airflows

Where the particle acceleration on the left hand side is a result of the three
forces on the right. Fy is the gravitational force on the particle with Fy =
mg. Fp is the drag force on the particle, which in the instance of a low Re
flow, is given by the Stokes Law:

—3rdyu(u, —u
Fp = p:“é p— Uy)

(2.4)

The drag force is therefore dependent on the particle diameter d,,, the fluid
viscosity ;1 and the relative velocity of the particle u, with respect to the en-
training fluid uy. C. is the Cunningham slip factor [55]. The third term on
the right F'(t), is a stochastic force representing the Brownian motion due to
the collisions of the fluid molecules with the entrained particles. These three
forces are representative of the three competing mechanisms that determine
the fate of an inhaled particle in the acinus. Namely, convection, sedimen-
tation and diffusion. The extent to which each of these forces dominate the
particle dynamics in the pulmonary airways is a function of particle size and

will be discussed in the following section.

Micron sized particle dynamics in the pulmonary acinus

For micron sized particles, where d, > 0.5um, the diffusive force due
to the Brownian motion ceases to have a significant impact on the particle
dynamics [56]. Eqn. 2.3 may then be non-dimensionalized by some charac-

teristic velocity w and length L, as

*

du *
Sth—2 = —(up — ) + % (2.5)
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2.2. Numerical simulations of alveolar airflows

where

* up * ’Ll,f * lu * g
up U ) uf u ’ I3 ) g ’g|
d’>u
Stk = 2
18ulL

is the Stokes’ number representing the ratio of the inertial forces to the
viscous drag force,

ug _ ppd122|g|

u  18u|u|’

and compares the relative effects of gravity to the viscous drag force with the
terminal settling velocity given by uy,. While the inertial term is significantly
more important in the conducting airways, in the acinar airways, due to the
low values of Re, it is the gravity term that dominates.

It is important to note that the relative strength of the two mechanisms
is highly dependent on particle sizes. Sznitman et. al. [11] investigated the
particle dynamics of 1 um and 3 pm particles in two separate geometries;
namely, a simple isolated alveoli on an airway, consisting of one half-spherical
alveolus and a space filling geometry of the entire acinus derived from the
model developed by Fung [7].

It was observed, that while the larger 3 um particles (as shown in
Fig. 2.13) remained relatively insensitive to the flow and were governed
almost entirely by the orientation of the gravitational field, the smaller par-

ticles (1 pm) exhibited complex kinematics due to the coupling of the un-
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2.2. Numerical simulations of alveolar airflows

steady flow field, local convective effects due to the complex geometry of
the acinus and the sedimentation effects of the gravitational field. For both
particle sizes, the deposition patterns were largely non-uniform, determined
primary by orientation of the gravity vector relative to the duct. Particle en-
try into the alveoli itself was governed largely by the position of the alveolar
openings relative to the direction of sedimentation, which was the principal
determinant of the particle kinematics. This also implies that in spite of
the low flow velocities, under appropriate circumstances, particles may be

swept deep into the acinus.

Figure 2.13: Deposition patterns of 3um particle trajectories under gravity,
coloured by velocity magnitude (m/s) (Adapted with permission from [11])

The deposition patterns of the two particle sizes was studied using the
deposition efficiency, defined as the ratio of the particles inhaled to those
deposited over a specified time period. It was observed that while the heav-
ier particles (3 um) were deposited within a single breath cycle, the finer

particles (1 gm) would exhibit much longer residence times (3 times longer

29



2.2. Numerical simulations of alveolar airflows

than the heavier cases). As shown in Fig. 2.14, the heavier particles reach a
deposition efficiency of approximately 1, within halfway of the first breath
cycle (t/T = 0.5). In contrast the lighter particles in one case show a de-
position efficiency of approximately 0.9 at (t/T" = 1.5), while in the other
case the efficiency remains slightly above 0.8 even after /7" = 3. This fact
implies that the finer particles remain longer in suspension within the flow-
stream and concurs directly with their more complex coupled dynamics as

discussed earlier.
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Figure 2.14: Particle deposition efficiencies under differing gravitational ori-
entations (Adapted with permission from [11])
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2.3 CFD simulation of diseased acini

The majority of the numerical studies detailed to date have dealt with
undamaged alveolar geometries with flow and boundary conditions reflecting
healthy physiologies. The effect of emphysematous destruction associated
with COPD on the airflow patterns has not received as much attention.
Oakes et. al. [57] and Berg [58] have conducted experiments of airflow
in emphysematous alveolar models, identifying the influence of emphyse-
matous destruction on particulate deposition and flow patterns formed in
rat airways. However, the effect of emphysematous destruction on the close
packed geometry on the acinus was not considered in the geometrical model.
Recent work by Aghasafari et. al. [59] simulated the effects of emphysema
on the partial closing of the terminal alveolar sacs through CFD, but the
simulation neglected the influence of wall motion during the breath cycle.
However, this model differed markedly from the close packed geometry that
is being considered in this study. As such it only studied airflow in a cluster
of alveoli at the end of a duct, without any branching thereby overlook-
ing the variation in airflow caused in multi-generational geometries due to
emphysema. Also, the primary focus of this investigation was the collapse
and closure of the alveolar sacs due to emphysema and not the spetal de-
struction of the walls themselves. The most recent work to include a full
numerical simulation of emphysema with multi-lobular geometry involves a
study of aerosol deposition in healthy and emphysematous rat lungs [60].
In this study emphysema is simulated by the removal of inter-alveolar septa

as well as changes in the lung motion and airflow rate, drawn from experi-
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mental data. However, the conclusions drawn were based on the acinus as
a whole and not at the level of individual ducts. Furthermore, the effects
of emphysema on oxygen transport were not studied in detail and while
some conclusions were drawn regarding particle depositions in emphysema-
tous acini, they effects on particle-deposition patterns with progressively
increasing levels of emphysema were not quantified.

CFD modelling is therefore potentially a powerful tool for studying com-
plex phenomena such as emphysema, where multiple factors affect the air-
flow. CFD analysis not only allows the modeller to investigate the effects of
individual symptoms of the disease, but also allows the study of the effects
of the disease as it progresses in severity. This allows the investigation and
prediction of airflow characteristics in a controlled manner that is difficult

to replicate in experimental studies.

2.4 Summary

The human airway tree is a complex multi-scale structure which is pri-
marily responsible for the transport of air from the atmosphere to the blood-
stream. The smallest units of these airways are the pulmonary acini which
are composed of alveolar structures arranged in a honeycomb like fashion
around the terminal airways. The airways are surrounded by a complex
network of elastic tissues which are responsible for providing mechanical
support and the means for lung inflation.

Patients with emphysema have enlargement of their airspaces due to air-

trapping. The progress of emphysema in the lung is heralded by the loss
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of small airways in the distal ends of the pulmonary airway tree. The air-
ways also lose their natural elastic recoil which contributes to the difficulty
of the patient breathing out, resulting in the afore-mentioned air-trapping.
Emphysema also causes significant changes in breathing patterns and quan-
tifiable variables based on spirometry are currently used to diagnose COPD.
However such techniques are not sensitive enough to detect emphysema in
its earliest stages.

Computational Fluid Dynamics (CFD) is a powerful tool that has been
widely utilized for studying human pulmonary airflow, diffusive transport
of gases in the lungs and particle and aerosol transport and deposition in
the airways. While there has been some initial research in employing CFD
for the study of emphysematous alveoli, studies involving a complete model
utilizing the mathematically derived 14-hedron geometry of the acinus and
incorporating the effects of both parenchymal destruction and airway wall

motion is lacking in the literature.
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Chapter 3

Scope and Objectives

As explained in Chapter 2, the study of emphysema, especially in its
earliest stages is hampered by the lack of suitable methods of diagnosis
and the impossibility of performing in vivo study at the level of terminal
bronchioles. CFD analysis, which has already been used for the study of
healthy airways in the pulmonary acinus is uniquely suited to this task and
therefore, has been chosen as the principal method of investigation here.

Therefore, the objectives of the study are to analyze the effects of em-

physema on:
(a) The flow-field in the ducts and alveoli of the acinus.

(b) The transport of oxygen into the acinar airspaces during inspiration

under the competing influences of diffusion and convection.

(¢) The dynamics and deposition patterns of micron sized particles (d, =

1 pm, 3 pm) in the acinus.

To achieve these objectives, a computational analysis of airflow is per-
formed on a section representing the fourth and fifth generations of the pul-
monary acinus which was geometrically modelled using the close-packed 14

hedron acinar geometry detailed in Section 2.1.2. The effects of emphysema
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are incorporated into the overall computational model using a combina-
tion of three factors, (i) destruction of intra-alveolar septa, consistent with
damage observed in emphysematous patients; (ii) reduction in airway wall
motion, due to loss of parenchymal tissue matrix; (iii) reduction in airflow
rate during the breath cycle which is a result of the loss of elastic nature of
the airways. These conditions are meant to simulate the conditions in the

airways in the earliest stages of emphysema.
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Chapter 4

Methodology

4.1 Computational domain

To accurately capture the flow through the airways in a CFD study, phys-
iologically realistic geometries, boundary conditions and wall deformations
must be used. The closely packed alveolar structures in the acinar region
are modeled using a geometry composed of fourteen sided polyhedrons (14-
hedrons), following the work of Fung [7]. There are several examples of
this geometry being used for CFD studies of alveolar airflow in literature
[8, 10, 11, 41, 43]. The computational geometry for the present study is
shown in Fig. 4.1. It consists of two generations of alveolar ducts that func-
tionally correspond to the fourth and fifth generations of the pulmonary
acinus after the start of the respiratory zone which approximately corre-
sponds to the twenty-second and twenty-third generations from the trachea.
Each duct models the alveolar spaces shaped as a 14-hedron, with 33 of these
alveolar spaces in total. The collection of alveolar spaces that are ventilated
by a single airway are herein referred to as a duct. As seen in Fig. 4.1, the
domain consists of three ducts, one occurring proximal to the dichotomous
branching and associated with the fourth generation of the pulmonary ac-

inus (Duct 1), and two occurring distal to the dichotomous branching and
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Figure 4.1: Computational domain of section of pulmonary acinus for
present study. The blue and yellow arrows indicate the flow direction during
inspiration and expiration, respectively.

associated with the fifth generation of the pulmonary acinus (Ducts 2 and
3).

The destruction of the septal walls between the alveolar spaces due to
emphysematous progression is modelled in the present study by progres-
sively removing septa in the three ducts of the computational geometry. As
seen in Fig. 4.2, septal destruction progresses spherically from the centre
of the duct towards the alveoli. The septa in each duct were degraded to
the maximum extent possible without affecting the exterior of the geome-
try. This corresponds to the early stages of the disease in which large-scale
destruction of the alveolar spaces has not yet occurred. Four cases were sim-
ulated to represent various stages in the progression of emphysema: Healthy,

Stage I, Stage II, and Stage III. The healthy geometry has all of its septa
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Figure 4.2: Progressive destruction of alveolar septa in the computational
domain. (a) Healthy case (b) Case I (¢) Case II (d) Case III

intact, while Stages I, II and III have septal destruction in one, two, and

three ducts, respectively.

4.2 Boundary conditions and wall motion

Boundary conditions for the computational domain consist of no-slip
walls for all surfaces except the inflow and outflow boundaries. The bound-
aries defined at the entrances and exits to the ducts, labelled with arrows
in Fig. 4.1, are defined as either inlet or outlet boundaries depending on
the time of the simulation within the breath cycle. During the inspiratory
phase, one inlet is defined at the entrance to Duct 1 and two outlets are de-
fined for each of Ducts 2 and 3. During the expiratory phase, the situation

reverses; two inlets are defined for each of Ducts 2 and 3, and one outlet is
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defined for Duct 1.

To ensure accuracy of the present study, the boundary information de-
fined at the inlet and outlet boundaries must reflect the actual physiology
of the pulmonary acinus. Because in vivo measurements at this depth of
the lung are impossible, the volume/flow rate relationships measured at the
mouth must be used to infer flow rates in the pulmonary acinus. A typical
volume/flow rate relationship at the mouth was already presented in Fig. 2.5

and can be approximated as follows. The flow rate during inspiration is

Qin = Qin, maz sin(wpV) for 0<V < Ve (4.1)

and during expiration is

QQezp =9V for Vmax,ea:p <V < Viaz, (4-2)

Qexp = —ﬁV +k for O < V< Vmaa:,eazp (43)

where Qin, maes is the maximum inspiratory flow rate, Vinq. is the maxi-
mum volume excursion of the lung/alveolus, w), is the breathing frequency
(reciprocal of the breath period), Vinaz, exp is the volume corresponding to
maximum expiratory flow rate, and (3, v, and k are constants. The effect of
COPD on the volume/flow-rate relationship was also illustrated in Fig. 2.5.
Although, the effects of COPD on the lung volume/air-flow rate relationship
is not exclusively due to emphysema (Small Airways Disease (SAD) may also
be a component) - due to the lack of available in vivo data from patients

suffering exclusively from early stage emphysema, the boundary conditions
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4.2. Boundary conditions and wall motion

Table 4.1: Variation of parameters governing flow-rate and airflow motion
due to emphysema
Case (Lm/2) 8 K 5 Reinsy  Reeap
Healthy 0.0265 -0.3816 0.0202 1.362 0.20 0.34
Case 1 0.0236  -0.39672 0.0187 1.3032 0.18 0.30
Case I  0.0208 -0.41181 0.0171 1.2440 0.16 0.25
Case IIT  0.0179 -0.4269 0.0154 1.186 0.14 0.23

imposed on the simulation have been obtained from the interpolating the
values between healthy and COPD observations in Fig. 2.5. This assump-
tion might also justified due to the fact that SAD affects airways which are
present higher in the airway tree than the acinus. Thus inflow conditions
on the boundary of the diseased acinus should account for the combined
effects of all the components of COPD. The effects of emphysema on the
volume/airflow rate relationship may be summarised as follows. Emphyse-
matous degradation leads to the loss of elastic recoil of the lung parenchyma.
As a result, airways do not inflate as effectively and the maximum inspira-
tory flow rate and volume excursion at the end of inspiration is reduced.
Due to the decreased elastic recoil, the expiratory flow rate also reduced.
The reduction in flow rate can be modelled by altering the parameters 3 , s,
v, Vimaz and Qin mas in Eqns. 4.1-4.3 according to Table 4.1. The extent to
which the parameters are varied depends on the extent of emphysematous
progression. As is clearly shown in Table 4.1, the progression of the disease
is accompanied by a reduction in mesh motion and fall in the inlet Reynolds
number. As mentioned before the values are obtained by interpolating be-
tween the healthy and COPD observations from Fig. 2.5

The airway wall-motion which drives the airflow in the airways during
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4.2. Boundary conditions and wall motion

breathing may be approximated as self-similar [39], meaning that the tem-
poral variation of any length scale L(t) with respect to a reference length
Ly is given by
L L
L(t) = Lo |1+ = + Zsin (wﬁ—”)]. (4.4)

2 2

By defining a parameter A equal to the bracketed expression on the right

hand side of Eqn. 4.4, the above expression can be simplified as
L(t) = LoA.
The length scale L, in Eqn. 4.4 is defined as
1
L,=(C+1)3-1 (4.5)

where C'is defined as the ratio of tidal lung volume to the functional residual

capacity (FRC),
Vi

C= . 4.6
FRC (4.6)

The variation of the alveolar volume with time is therefore given by
V(t) = VoAd. (4.7)

The variation in the alveolar volume is implemented in the simulations
through a user-defined function (UDF), reproduced in Appendix A, which
expands and contracts the cells within the computational mesh in a manner

given by Eqn. 4.7. Figure 4.3(a) plots the resulting relative displacement of
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Figure 4.3: (a) Displacement of the airway wall from rest during inspiriation
and expiration for the healthy and diseased cases. (b) Temporal variation
of flow rate into the pulmonary acinus during inspiration and expiration for
the healthy and diseased cases.

the airway wall for the four simulated cases during inspiration and expira-
tion. It should be noted that the values on the y-axis represent the relative
change from the resting position of the lung. The values are obtained by
substituting the constants from Table 4.1 into Eqn. 4.7. The motion of the
alveolar walls affects the flow rates into and out of the computational do-
main derived in Eqns. 4.1-4.3. In order to capture this effect, Eqn. 4.7 needs

to be substituted into Eqn. 4.1-4.3. The resulting inspiratory flow rate is
Qin = Qin, maz sin (wpA?)  for 0 <t < tipngy (4.8)
and the expiratory flow rate is
Qeap = YN for  tingy <t < tewp, maz (4.9)

Qezp = — BN + K for  terp maz <t < tegp. (4.10)

These equations were imposed at the inlet boundaries of the computational

42



4.2. Boundary conditions and wall motion

domain as temporally-varying inflow velocity conditions. At the outlet
boundary, a zero gauge static pressure condition is defined. These flow
rate relationships are shown in Fig. 4.3(b) for the four simulated cases. The
values of the velocity at the inlet have been reported as scalars and it should
be noted that during expiration the air flows out of the domain. It is also
notable that the largest deviation from the healthy case occurs for Case 3,
as it has the largest degradation of the septa. The breath-cycle time period
7 for all simulations was chosen to be 3 seconds in accordance with similar
studies available in literature [11, 39]. This corresponded to a breathing-
cycle period of w, = 2.094. This value of breathing-period corresponds to
fairly quick breathing which corresponds to light exercise.

In healthy human lungs, the alveolar walls are richly supplied by blood
capillaries, and function as sites of gas exchange between the inspired air and
the bloodstream. A concentration gradient exists at the alveolar-capillary
interface which allows the exchange of oxygen and carbon-dioxide by dif-
fusion. Computationally, Sapoval et. al. demonstrated that this may be
thought of as a gradient dependent on oxygen and carbon dioxide concen-
tration close to the alveolar-capillary boundary [61]. This gradient when
imposed on the walls of computational domain,enhances the diffusive trans-
port of oxygen towards the walls during inspiration and carbon dioxide away
from the walls during expiration, which mimics the physiological process of
gas-exchange in actual lungs. Such an approach was used by Hofemeier
et. al. [62] in their latest work simulating airflow changes in acinar struc-
tures from infancy to adulthood where a constant gradient was assumed for

the wall-flux of oxygen. However, such an approach is imperfect, as this
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gradient is actually highly time-dependent and changes rapidly during the
breath-cycle [5]. Furthermore, the flow throughout the entirety of the acinus
is not diffusive but significant convective transport may occur in the more
proximal generations of the alveolus during inspiration. In fact, available
literature [63] suggests that the transition point during sedentary breathing
for convective and diffusive transport is the fourth and fifth generation of
the acinus. For heavier breathing, which is simulated in the present study,
this transition point may move deeper into the acinus. In the present study,
the computational domain was chosen to be the fourth and fifth generations
of the acinus. This fact coupled with a lower breathing time period means
that during a majority of the inspiratory cycle, the transport of the oxygen
throughout the domain is primarily carried out by convection rather than
diffusion. In addition to this the probe points for recording changes in oxy-
gen concentration are located near the alveolar entrances, well away from
the walls. These two factors justify the decision to not model the diffusive
transport of oxygen and carbon dioxide through the walls. Additionally,
the precise effects of emphysematous destruction on the alveolar-capillary
diffusion are not known and thus could not have been correctly modeled as

a factor in simulating progressive emphysema.

4.3 Spatial mesh

The geometry was meshed using ANSYS ® Meshing (Release 15.0) com-
mercial software and the resulting mesh is shown in Fig. 4.4. An unstruc-

tured meshing algorithm using tetrahedral elements was adopted. Care was

44



4.3. Spatial mesh

%
R

i
AR

et AR

sEd

v.
Rt
Evaip
A AT
AU T
D

1
]
0 TR
AL kLt
nibﬂm.!o..

s a0
R P v e
TEANR

&
AR
A

Computational mesh composed of tetrahedral elements. Note

refined areas at inlet and outlet

Figure 4.4

Table 4.2: Mesh independence study, with the observed variable being the

static pressure drop across Duct I
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700,000 elements. It was observed that the monitored quantity changed by

only 0.09 % thereby showing that the mesh with 700,000 elements achieves

suitable accuracy while ensuring reasonable solution times.
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4.4 Solution approach

4.4.1 Continuity and momentum equations

The determination of a flow field requires the solution of the continuity
(Eqn. 4.11) and momentum transport equations (Eqn. 4.12) along with the
solutions of the transport equations of any other quantity of interest. These

equations are

dp
dpu
T + V(puu) = —Vp+ V.7 + pg (4.12)

where 7T represents the stress tensor. In the present study the commercial
solver ANSYS ® Fluent (Release 15.0) was used to solve the above equations
using the finite volume method, which is described in detail in the subsequent

sections.
4.4.2 Finite volume method

Integral formulation

In the finite volume method the integral forms of the continuity and
momentum transport equations are applied over each control volume or

element that makes up the mesh of the computational domain.

]{V a(g;“) AV + fi (pu).dA = 0 (4.13)
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f{ 8(p“),dv+7{ (puw).dA = —7{ p.I.dA—l-j{ T.dA—i—j{ pg.dV, (4.14)

where the subscripts V' and A indicate integrals over the volume and surface

of the domain in question and I being the identity matrix.

Spatial discretization

The integral forms of the governing equations may then be discretized in
order to transform them into a system of linear equations. For the momen-
tum and continuity equations this leads to a total of 4 equations, one for
each component of the velocity (Eqns. 4.15a, 4.15b, 4.15¢) and the continuity

equation (Eqn. 4.16):

apu = Z AnpUnb + prA.% + Su (4.15a)
nb

apv = Z AnpUnb + prA.j' + S, (4.15b)
nb

apw = Z Ay Wnp + prA.l;: + Sw (4.15¢)
nb

> JpAp = (4.16)

The coeffcients a, and a,;, represent known values at the cell centre in ques-
tion and that of its immediate neigbours.
The nature of the discretization dictates that the pressure and mass

flux at the cell faces be known in order to solve the equations. ANSYS
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Fluent uses a co-located scheme where both the pressure and cell velocities
are both stored at the cell centres. However such a scheme is prone to
unphysical “checkerboarding” of pressure and velocities. This is overcome by
the method outlined by Rhie and Chow [64]. Therefore, in order to calculate
the face flux J; = pu, s where w, s is the normal velocity through the face f,

instead of using linear interpolation a momentum weighted average is used:

a/p,cOun,cO + a‘p701 un701

Jr = py +df((peo+ Vpeo-ro) — (Pe1 + Vper-r1)) (4.17)
Qp,co T Ap,cy

where ¢y, Un.c;» Peo, Pe1 are the pressures and normal velocities at the cell
centres on either side of the face and dy is a function of the average of the
two momentum coefficients ap ., and a,., (from Eqn. 4.15) on either side
of the face. The pressure values at the cell faces are interpolated in the

following manner:

Pco Pc1
_ ap.co ap.cl
Qap.co ap.cl

Pressure velocity coupling

While the discretization of the continuity and momentum equations pro-
vide four equations (Eqns. 4.15- 4.16), the continuity equation does not have
any pressure terms and thus the pressure field needs to be coupled to the
velocity field in order to solve for the pressure field. In the present case, the
semi-implicit method for pressure-linked equations (SIMPLE) scheme orig-
inally described by Patankar [65] is used for this. The SIMPLE algorithm
uses a relationship between velocity and pressure corrections to enforce mass

conservation and to obtain the pressure field. The momentum equation is
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4.4. Solution approach

first solved with a guessed pressure field p*, which results in a face-flux J}k
that does not satisfy the continuity equation. The corrected flux is then

obtained by adding a correction factor J} defined as
Jp=J;+Jy (4.19)

The SIMPLE algorithm then postulates that the correction factor J} be

expressed as

Ty = dg(pey — Puy) (4.20)

where pl is the cell pressure correction. When Eqns. 4.20 and 4.19 are
substituted into 4.16 we get a discretized equation for the pressure correction

terms as follows

app :Zanbpnb+ Z Jr Ay (4.21)
nb Nfaces

All the terms in Eqn 4.21 except for p  are known. Once the lone unknown

is determined the corrected pressure is determined as
p=7p"+ ozpp/ (4.22)

where o, is the under-relaxation factor. The corrected face flux which sat-

isfies the continuity equation is then obtained as

Jp = J} +dy(pey — Pe) (4.23)
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Temporal discretization

Temporal discretization involves the integration of every term in the
differential equations over a time step At. For any generic variable ¢ and a
first order time evolution given by

oo

= = F(9) (4.24)

The equation can be discretized in time to second order (as is used in

the current model) as follows

3¢n+1 _ 4¢n + q[)n—l B
2At B

F(9) (4.25)

where the superscripts n —1,n,n+ 1 denote the previous,current and future
time levels respectively. The simulation was integrated in time with a time
step size of At = 107* seconds, which satisfies the CFL condition for all
times within the breath period. At each time step, the algebraic system of
equations are solved iteratively until the root-mean-square residuals for con-
tinuity, momentum conservation, and species mass fraction converge to less
than 107, which is achieved in approximately 20 coefficient loop iterations
per timestep on average. The temporal algorithm for the entire solution is

best described by the means of the flowchart shown in Fig. 4.5

4.4.3 Scalar transport

A scalar transport equation was also solved in order to track the trans-

port of respiratory gases into and out of the computational domain. The
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passive transport of gas concentration is given by

O(i) N S
S+ V(00 = V-] (4.26)

where ¢; is the concentration for each species in the domain and J; is the
corresponding flux of the species given by Fick’s law as shown in Equation
4.27

Ji = —pD;VY; (4.27)

The diffusive coefficient of oxygen within air for this simulation (D;) has a
value of 0.213 cm?/s.
In order to determine the values of the scalar ¢ at the cell faces, a second

order upwinding (SOU) technique is used:

dfsou = ¢+ Vo.r (4.28)

where ¢ and V¢ are the values of the scalar and its gradient at the cell
upstream of it with »r is the displacement vector from the upstream cell
centroid to the face centroid.

The incoming air was assumed to be composed solely of nitrogen, oxygen,
carbon dioxide and water vapor with volumetric fractions of 0.78,0.21,0.0004
and 0.0096 respectively. The exhaled air had reduced oxygen and increased
carbon dioxide and water vapor with volumetric fractions of 0.15,0.04 and
0.03 respectively with the nitrogen fraction remaining unchanged. The ini-
tial conditions in the computational domain were assumed to be identical

to that of the expelled air.
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4.4.4 Particle transport

The particle dynamics in the computational domain are governed by a
balance of convective and gravitational forces given by Eqn. 2.5 in Section
2.1. These equations were integrated over time in order to determine the
trajectories of inhaled particles. Eqn. 2.5 may be restated in a simplified

form (for one velocity component) as follows:

dup,  (up —uy)
— P 7/ 4.2
7t - +a (4.29)

where 7 represents the drag force coefficients and a represents all other
external forces , which in this thesis consists of the gravitational force only
but in general may include other forces related to Brownian motion if the
particle is very small. The position of a particle is given by

dzp

i (4.30)

Equations 4.30 and 4.29 are therefore coupled and need to be simultaneously
integrated in order to determine the particle trajectories. An explicit Euler

temporal discretization is applied to Eqn 4.29 to yield

uy + At(a+u}/7)

o+l - 4.31
tp 1+ (At/7) (4.31)
while a trapezoidal discretization is applied to solve for x,
At(u? 4 un Tt
xZH = x; + (19217) (4.32)
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During the simulation, particles were introduced into the domain from
the inlet from 7 = 0 to 7 = 0.5, with 7 defined as the instantaneous time
normalised over one breath-period i.e. 7 =1/T.

Since the orientation of the gravity vector has been shown to have con-
siderable influence on the particle trajectories and hence deposition, simu-
lations were conducted for two cases where the gravity vector was oriented

normal and tangential to the entrance of the solution domain respectively.

4.4.5 Initial conditions

The solutions were initialized with a zero velocity field and at atmo-
spheric pressure mimicking conditions immediately preceding the start of
inspiration. The initial mass fraction of oxygen inside the alveolar ducts is
0.15, which corresponds to the oxygen-poor condition that exists at the com-
pletion of expiration. Each breath period was 3 seconds long corresponding

to a breathing frequency of 20 breaths per minute.

4.4.6 Solution hardware

This solution approach was computed in parallel using a message-passing
interface (MPI) using 6 virtual cores of an Intel Xeon CPU with a clock-
speed of 2.50 GHz such that the average simulation time for one complete

breath period was approximately 4.5 hours.
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Chapter 5

Results and Discussion

5.1 Overview

This chapter details the results obtained from the simulations described
in Chapter 4. The results and the discussions that accompany them have
been presented in a manner that meets the objectives detailed in Chapter 3.
They have been divided into two sections each of which discusses the nature
of the results obtained and then presents the effects of advancing emphysema
on those results. The first section discusses the oxygen transport and general
nature of the flow-field into the acinus, while the second details the nature
of particle deposition dynamics in the respiratory zone and the effects of

emphysema on the observed deposition parameters.

5.2 Flow field and oxygen transport

5.2.1 Oxygen transport

The mass fraction of oxygen inside the computational domain increases
during inspiration due to convective and diffusive transport of oxygen-rich
air from the inlet into the alveoli. To monitor the average oxygen concentra-

tion within the three ducts of the computational domain, twelve sampling
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5.2. Flow field and oxygen transport

points are arranged with four points within each duct. Each sampling point
is equidistant from the inlet of the domain and arranged in a radially sym-
metrical fashion along the axis of the flow. As a result, the average of the
readings from the four sample points within a duct for each time step rep-
resents a measure of oxygen transported to the alveolar spaces of that duct
up to that time step. From these sampling points, the percentage increase
of oxygen mass fraction averaged over the four sampling points within each

duct, denoted C, can be defined as

4
o1& /aa-C,
C- 4; <C> X 100% (5.1)

where Cy , is the mass-fraction of oxygen at time ¢ at sampling point n
and C, is the initial mass-fraction of oxygen in the domain at the start
of inspiration. The temporal variation of C' during inspiration for each
duct is plotted in Fig. 5.1. The trends obtained in Fig. 5.1 clearly show
that oxygen transport through all three ducts is severely reduced with the
progress of emphysematous destruction and the associated reduction in air-
way wall motion and flow rate. This provides a qualitative explanation of
ventilation-perfusion mismatch (conditions where there is an imbalance be-
tween the oxygen transported into the lung and blood circulated through
it) difficulties that are commonly reported in patients with emphysema [66].
Figure 5.1 also shows that there is a phse-shift in the time-signal of oxygen
mass fraction between the proximal and distal generations of the compu-
tational domain. The proximal generation (Duct 1) reaches a maximum

C value at t/T = 0.3 while the distal generation (Ducts 2 and 3) have an

56



5.2. Flow field and oxygen transport

increasing value of C' until the end of inspiration. This is explained by the
fact that Ducts 2 and 3 are distal to Duct 1 and thus receive oxygen later
in the inspiratory cycle.

In order to determine the individual effects of septal destruction and
the decrease in airway wall motion and accompanying loss in inlet air-flow
rate, parametric studies are performed in which these two effects are turned
on or off independently. Figure 5.2 plots the temporal variation of C for
simulations in which only septal degradation is present, and the airway wall
motion and inlet flow rates equal those in the healthy case. For, each duct,
very little difference in the transport of oxygen into the alveoli is noted
between the healthy and diseased cases despite the significant differences
in the degree of septal degradation between the four cases. Fig. 5.3 plots
the temporal variation of C for simulations in which no septal degradation
is present and only the emphysematous degradation of airway wall motion
and flow rates are included. The trends noted in Fig. 5.3 mirror those in
Fig. 5.1 for which all features of the disease are included. This suggests
that the factors primarily responsible for the decreasing oxygen transport
into emphysematous acini are the reduction in airway wall motion and flow
rate; as septal destruction has a negligible impact on the reduced oxygen

transport.

5.2.2 Hydraulic losses

In order to characterize the effect of emphysema on the flow-related
pressure drop, termed the hydraulic loss, the average drop in static pressure

through each alveolar duct is computed. While the total pressure is a more
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Figure 5.1: Temporal variation of the percentage increase in oxygen con-

centration within a duct (C) for cases with both septal destruction and

emphysematous wall motion/inlet flow rates.



5.2. Flow field and oxygen transport

12} ‘ ‘ i
Duct |
10+ .
8t |
O 6L ,
Healthy
4 == (Casel
2 1 Casell ||
mu - Case lll
80" 01 02 03 04 05

t/T

Duct Il

%.0 01 02 03 04 05
t/T

Duct Il

0001 02 03 04 05
t/T 59

Figure 5.2: Temporal variation of the percentage increase in oxygen con-

centration within a duct (C) for cases with only emphysematous septal de-
struction.
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centration within a duct (C') for cases with only emphysematous wall mo-

tion/inlet flow rates.



5.2. Flow field and oxygen transport

appropriate metric for assessing hydraulic loss, the extremely low velocities
within the pulmonary acini generate dynamic pressures that are smaller
than 1073 times the static pressure, and thus the static pressure is a very
close approximation of the total pressure. The average pressure drop for
each duct is computed as the difference in static pressure between the one
inlet and the average of the two outlets during inspiration, and the average
of the two inlets and one outlet during expiration. The pressure values are
obtained from probes located at the spatial center of the inlets and outlets
of each duct, which were shown in Fig. 4.1.

The temporal variation in the pressure drop across the three ducts during
inspiration is shown in Figs. 5.4-5.6. As in Figs. 5.1-5.3, Fig. 5.4 plots the
results for simulations in which both septal degradation and emphysematous
wall motion and inlet flow rates are present, and Figs. 5.5 and 5.6 plot the
results for simulations with only septal destruction and only emphysematous
degradation in wall motion and flow rates, respectively. Figure 5.4 shows
that the pressure drop through all ducts varies almost sinusoidally during
inspiration with a maximum at the point of maximum inspiratory flow rate
and approaching zero at the start and end of inspiration. This is consistent
with losses varying directly with the flow rate, i.e. velocity-squared losses.
Comparing Duct 1 and Ducts 2 and 3 in Fig. 5.4, the lower pressure drop
through Ducts 2 and 3 is because the flow rate reduces past the dichotomous
branching. It is notable that the pressure drops through Ducts 2 and 3
are equal for the Healthy, Case I, and Case III cases, but for Case II, a
larger pressure drop occurs across Duct 2 than Duct 3. Because Case II has

septal destruction in Duct 2 but not in Duct 3, the flow resistance through
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Figure 5.4: Temporal variation in the static pressure drop across the alve-
olar ducts for cases with both septal destruction and emphysematous wall
motion/inlet flow rates.
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Figure 5.5: Temporal variation in the static pressure drop across the alveolar
ducts for cases with only emphysematous septal destruction.
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Figure 5.6: Temporal variation in the static pressure drop across the alveolar

ducts for cases with only emphysematous wall motion/inlet flow rates.
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Duct 2 is lower than through Duct 3, resulting in the flow preferentially
tending towards Duct 2. The increased velocity through Duct 2 results in
the observed increased static pressure drop relative to Duct 3. The velocities
through the ducts are discussed in more detail in section 5.1.4.

Further insight into the mechanism behind hydraulic losses through the
pulmonary acini is found by considering the independent effects of septal
destruction and emphysematous wall motion and flow rates. In Fig. 5.5, only
septal destruction is considered; the wall motion and flow rates equal those in
the healthy case. Comparing the healthy and diseased cases in Duct 1 shows
that the removal of septa reduces the static pressure drop through the duct.
This result is somewhat counter intuitive, as emphysema is associated with
increased difficulty in breathing. It indicates that destruction of the intra-
alveolar septa makes the duct less resistive to the flow and thus produces
lower hydraulic loss through the duct. In Ducts 2 and 3, there is no septal
destruction for Case I, hence it exactly follows the healthy case, while the
difference between Duct 2 and 3 in Case II is caused by the asymmetry
in the flow resistance and velocity between the ducts, noted earlier. In
contrast, when only the emphysematous wall motion and inlet flow rates are
considered (Fig. 5.6), the pressure drop through the alveolar ducts is much
higher than in the cases where only septal destruction occurs. Within each
duct, a steady reduction in the pressure drop is noted between the healthy
and diseased cases, consistent with the reduction in inlet flow rates for each
case. This suggests that hydraulic losses through the emphysematous acini
are influenced primarily by the loss of intra-alveolar septa. The loss in septa

reduces the hydraulic losses through the alveolar ducts, and the reduced
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flow rates and wall motion due to emphysema has a secondary importance
on the hydraulic loss. Similar results were also obtained for the expiratory

breathing phase.

5.2.3 Flow field visualization

The complexity of the spatial geometry and the temporally-varying na-
ture of the wall motion and inlet flow rates makes the complete charac-
terization of the flow field through the acinus very challenging. Therefore,
attention is given primarily to the patterns that develop in the ducts and
alveolar spaces at peak inspiration and expiration.

Figures 5.7 and 5.8 plots streamlines coloured by the velocity magnitude
(U) in planes that bisect the computational domain at peak inspiration and
expiration, respectively.

It may be noted that in Case II (Figs. 5.7(c) and 5.8(c)), the velocities in
Duct 2 with emphysematous destruction are much higher than Duct 3 with
healthy septa. This is because the removal of the septa decreases overall
resistance to the flow, which in turn causes the higher velocities in Duct
2. It should not be concluded that emphysematous destruction leads to an
increase in flow rate through the acinus. As previously described, the in-
spiratory and expiratory flow-rates are coupled to the negative and positive
pleural pressures generated in the acini during breathing by the parenchy-
mal mesh that surrounds the acinus. The degeneration of the parenchyma in
emphysema results in reduced pleural pressures and correspondingly lower
flow rates. As a result, emphysema reduces flow resistance through the air-

way via septal destruction while also simultaneously reducing the overall
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Figure 5.7: Velocity contours at peak inspiration (a) Healthy case (b) Case I
(c) Case II (d) Case III. Arrows indicate general flow direction in the acinus.



5.2. Flow field and oxygen transport

U (m/s)
5.000e-02
0.0375
|0 025
00125
-0.000e+00

68

Figure 5.8: Velocity contours at peak expiration (a) Healthy case (b) Case I
(c) Case Il (d) Case III. Arrows indicate general flow direction in the acinus.
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Figure 5.9: Streamlines in an individual alveolus from Duct 1 near the end
of inspiration for the healthy and diseased cases. Streamlines are coloured
according to velocity magnitude.

flow rates via degeneration of the elastic parenchymal tissue. From Figs. 5.7
and 5.8 it is apparent that velocities within the cavities are on average one
or two orders lower in magnitude than the main flow in the duct, which
also accords well with previously published results [8, 39]. As such, due to
their low inertia, the flow patterns in the alveolus are highly susceptible to
change based on the conditions in the duct. This is illustrated in Fig. 5.9
for the alveolus labelled in Fig. 5.7, by plotting the streamlines near the end
of inspiration coloured by the velocity magnitude. This particular alveolus
is highlighted because it is oriented such that the air flows tangentially. A

recirculatory centre occurs in the diseased cases but is absent in the healthy
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5.2. Flow field and oxygen transport

case. As recirculating flows possess stagnation points that result in irre-
versible paths of massless particles [9, 38|, the onset of recirculatory flow
has a significant influence on the transport into the alveoli. In literature,
the onset of recirculatory flow in the alveoli is determined based on the ra-
tio of the flow rate into the alveolus (Q,) and the flow rate through the
duct (Qq). (Qq) is termed the shear flow [9, 43]. Quasi-steady recirculatory
centres like those noted in the diseased cases in Fig. 5.9 occur for relatively
small Q,/Qq ratios, which typically occur in the more proximal and medial
generations of the acinar tree [10]. In the more distal generations, this ratio
increases and the flow patterns gradually become more radial, resembling
the healthy case in Fig. 5.9. In addition, literature has found that includ-
ing wall motion into the numerical simulations increases the relative radial
velocity component, resulting in more radial flow patterns [9].

From the above considerations, the following deductions can be made
regarding Fig. 5.9. In the healthy case, the radial flow magnitude is relatively
strong due to the presence of the relatively larger airway wall motion and
thus recirculation is not observed. In the diseased cases, two simultaneous
effects are present. The removal of alveolar septa results in a decrease in
flow resistance within the duct and a concomitant increase in the shear flow
component within the alveolus. Additionally, the weakening of wall motion
causes a reduction in radial airflow into the alveoli. The combination of
these two effects results in the noted formation of recirculatory centres in
the alveolus of the diseased cases. The acinar flow field is an important
factor in describing the transport of aerosols and fine particulate matter.

Therefore, these changes in the flow-field will have a considerable impact on
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the fates of particles inhaled into diseased lungs, considered in the following

section.

5.3 Particle transport

5.3.1 Simulation conditions and boundary conditions

In order to characterize the deposition of particles in healthy and em-
physematous geometries, the deposition fraction (f) quantity is defined as

follows

(total number of particles deposited)

f= (5:2)

(total number of particles released into the duct)

In the context of this thesis a particle is assumed to have been deposited
when its path intersects the wall of the computational domain. In order
to characterize the spatial variation of particle deposition within the duct,
the deposition fraction is computed separately for each duct. The resulting
values are plotted against the normalised breath cycle 7 for the cases of
advancing emphysema, described in the previous section. The simulations
are conducted for two particle sizes with diameters of 1 and 3 ym. These
sizes represent the diameter range where particles in acinar flows are affected
by a combination of the flow-field and gravity. Particles smaller than 1 ym
are primarily affected by diffusive forces within the flow (e.g. Brownian
motion) while particles larger than 3 pm in the acinus have their fates wholly
determined by the orientation of the gravitational vector [11].

The simulations are also conducted for two separate orientations of the
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Table 5.1: Simulation matrix for particle deposition study

1 pm 3 pm 1 pm 3 pm
Healthy Normal Normal Tangential | Tangential
Case 1 Normal Normal Tangential | Tangential
Case 11 Normal Normal Tangential | Tangential
Case II1 Normal Normal Tangential | Tangential

gravitational vector relative to the incoming airflow into the computational
domain. This is done to study the relative importance of the orientation
of gravitational vector versus the airflow on the particle trajectories. One
orientation is normally directed co-axially with the inflow boundary of Duct
1, while the second is directed tangentially to the same space. The parti-
cle transport simulations are conducted for the four cases (Healthy, Case I,
Case II and Case III) presented in earlier chapters. For presentation pur-
poses, the results are grouped into four categories according to particle size
and orientation of the gravity vector: 1 pm Normal, 3 pm Normal, 1 pm
Tangential and 3 pm Tangential. This is shown in a graphical format in
Table 5.1 as a simulation matrix. The simulations are conducted for five
successive breath cycles while the particle trajectories and the deposition

fractions were monitored at the end of each cycle.

5.3.2 Temporal variation of deposition fraction

Figures 5.11-5.14 plot the deposition fraction for Ducts 1, 2 and 3 against
the normalised respiratory breath period 7. In general, these plots of f vs
7 follow a similar pattern in which the majority of the deposition occurs
in the first few breath-cycles, after which f achieves a steady state value.

Beyond this point, most of the particles in the domain have deposited, and
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Tangential

Figure 5.10: Orientation of the gravity vector with respect to the computa-
tional geometry for the normal and tangential cases respectively

the balance having been convected out of the computational domain.

From Figures 5.11-5.14 it is observed that for all cases, the greatest val-
ues of f were in Duct I, indicating that a majority of particles deposit in
proximal generations of the acinus. These values of f in Duct I increase
with advancing emphysema across all particle sizes and gravity vector ori-
entations. Although Identical values of f are observed in Ducts II and III
in a majority of the cases, a notable exception to this exists in scenar-
ios which have emphysematous destruction corresponding to Case II. This
Case is unique in that it is the only arrangement where the geometry is non-
symmetrical about the principal axis of the model. Thus, while Duct IT and
IIT are in the same generation, only Duct II has emphysematous destruction
while Duct III does not. It is observed that for all scenarios, at the Case 11
level, the values of f are consistently greater in Duct II than in Duct III.

As expected, particle size plays an important role in determining de-
position patterns. By comparing Fig. 5.11 and 5.12 it is clear that the 3
pm particles deposit completely within one breath cycle, while 1 pm parti-

cles remain in suspension longer with their f values stabilizing around 2-2.5
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Figure 5.11: Deposition fraction of 1 um particles, with the gravity vector
oriented in the normal direction
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oriented in the normal direction

75



5.3. Particle transport

@@ Healthy Duct |
| @@ Casel
@@ Casell

o
[

|| @@ Case lll

o
o

©
~

Deposition Fraction

o
N

" Duct Il

Deposition Fraction

| Ductlli

Deposition Fraction

Figure 5.13: Deposition fraction of 1 um particles, with the gravity vector
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Figure 5.14: Deposition fraction of 3 um particles, with the gravity vector
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Figure 5.15: Particle deposition efficiencies under differing gravitational ori-
entations (Adapted with permission from [11])

breath cycles. Cases with 3 pum particles are also observed to have a higher
steady-state f value than their corresponding 1 pm particle cases.

The role of the orientation of the gravity vector is also significant. The
cases with the gravitational vector oriented normally to the incoming flow
(Figs. 5.11 and 5.12) show a greater value of f in Ducts 2 and 3 than for
the corresponding tangential cases (Figs. 5.13 and 5.14).

Figures 5.11 - 5.14 also conform closely to previous simulations conducted
by Sznitman et. al. [11] which have been reproduced here in Fig 5.15. While
the deposition fractions for both particle sizes obtained by Sznitman et. al.
are much higher, this can be explained bue to differences in geometry and

boundary conditions. The Sznitman et. al. simulations tracked the deposi-
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tion fraction in the third generation of the acinus and with a higher initial
velocity in the boundary conditions. In the presently conducted simulation
the deposition fraction was tracked in ducts lower in the acinar generational

tree with differing geometry and boundary conditions.

5.3.3 Variation of steady state deposition fraction

Plots showing the variation in steady-state deposition fraction in the
three ducts, for all of the simulated cases are shown in Figs. 5.16-5.19. These
plots may be interpreted by keeping in mind the two competing forces of
convective flow and gravity as given by Equation 2.3. The convective force
and gravity reinforce each other when they are aligned as in the normal
cases. In the tangential cases the gravity vector is perpendicular to the
bulk incoming flow, thus directing part of it towards the acinar walls. This
effect is magnified in the emphysematous cases where the convective flow is

reduced.

1 pm Normal

From Fig 5.16, it is immediately apparent that for the 1 pm particles
with a normal gravity vector the steady-state deposition fraction in Duct I
increases with increasing levels of emphysema. While the normal case shows
a [ value of only 0.15, this increases in Case III to 0.32. The deposition
fraction values also increase uniformly in Ducts II and III for the healthy,
Case I and Case III simulations. In Case II it is observed that Duct II has a
higher steady state deposition fraction (0.1) than Duct IIT (0.05). Since in

Case II, Duct II has septal degradation while Duct III does not, this leads
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Figure 5.16: Plot of final deposition fraction after five breath cycles for 1
pm particles, gravity vector in normal direction. The filled circles indicate
healthy acinar duct while empty circles indicate emphysematous destruction.
The labels indicate the duct number.

to the conclusion that septal degradation preferentially enhances particulate

deposition between two ducts of the same generation.

3 wm Normal

Fig 5.17 shows steady state deposition fraction values for 3 um particles
with the gravity vector oriented in the normal direction. While the steady
state f in Duct I increase with advancing emphysema as with the 1 um
particle cases, it should be noted that they are much higher than the cor-
responding cases. The Healthy case has a steady state deposition fraction
value of 0.3 while the corresponding value for Case III is 0.6. This may be
attributed to the greater effect of gravity on the larger and hence heavier
particles. It should also be noted that a greater proportion of particles de-

posit in Duct I than Ducts II and III for the diseased cases, than for the
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corresponding simulations with 1 pm particles. In fact, the deposition in
the proximal duct is so greatly enhanced, that the more distal Ducts II and
III have lower deposition fraction values than the ones corresponding to the
Healthy case under identical simulation conditions. It should also be noted
that the increase in deposition fraction for Duct I is not uniform as in the
1 pum case. In particular Case I and Case II have very similar steady state
values of f for Duct I (0.51 and 0.52 respectively). This may be attributed
to the fact that in Case II. while the deposition is increased due to emphy-
sematous degradation, the normal direction of the gravity vector -collinear
to the incoming flow- and its increased effects due to the larger particle size
direct it away from the walls and eventually deeper into the acinus. Thus
lowering the deposition fraction in Duct I making it almost comparable to
Case 1. Case III does show an increase in deposition fraction for Duct I as
compared to Case I and II. This may be attributed to a further lowering
of the flow rate, which prevents the particles from being convected into the
more distal generations and deposits them at the branching point between
Ducts I, II and III. It should also be noted that Duct II for Case II shows
greater deposition than Duct III for the same case as was observed in the

previous subsection.
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Figure 5.17: Plot of final deposition fraction after five breath cycles for 3
pm particles, gravity vector in normal direction. The filled circles indicate
healthy acinar duct while empty circles indicate emphysematous destruction.
labels indicate the duct number.

1 pm Tangential

Fig. 5.18 shows the steady state f values for 1 um particles with the
gravity vector oriented in the tangential direction. On comparing with the
simulations with an identical particle size but a normal gravity vector, it is
seen that the deposition fraction values in Duct I are consistently greater for
the present cases. This is explained by the fact that the tangential gravity
vector directs the particles towards the walls of the acinus instead of along
the bulk flow, thereby enhancing the effects of emphysematous destruction.
This also leads to a decrease in deposition fraction in the more distal ducts
as compared to the healthy case. The pattern of increased deposition in

Duct IT as compared to Duct III in Case II is also observed here.
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Figure 5.18: Plot of final deposition fraction after five breath cycles for 1 pm
particles, gravity vector in tangential direction. The filled circles indicate
healthy acinar duct while empty circles indicate emphysematous destruction.
labels indicate the duct number.

3 pm Tangential

Fig. 5.19 shows the steady state f values for 3 um particles with the
gravity vector oriented in the tangential direction. These cases show the
highest deposition fraction of all the cases due to the twin effects of a large
particle size increasing the effect of the gravitational vector and the tan-
gential direction of the vector that enhances deposition on the walls away
from the bulk flow. There’s a marked increase in deposition faction values
between the Healthy case and Case IIT (0.5 and 0.75 respectively). However
there is very little increase in deposition fraction values for Cases I, IT and
IIT. This is because the gravitational effects completely overwhelm the con-
vective effects and since the geometrical conditions in Duct I are the same

for Case I, IT and III, they have identical deposition fraction values. The
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Figure 5.19: Plot of final deposition fraction after five breath cycles for 3 pm
particles, gravity vector in tangential direction. The filled circles indicate
healthy acinar duct while empty circles indicate emphysematous destruction.
labels indicate the duct number.

pattern of increased deposition in Duct II as compared to Duct III in Case
IT is also observed here.

The results presented in this section particularly with reference to the
increased deposition of particles within the emphysematous ducts follow
closely with the results presented by Oakes et. al. [67]. However, there is
considerable debate on this point as a more recent study [60] shows that
the deposition in emphysematous geometries in enhanced in the healthy
portions of a diseased model. This difference between experimental and
numerical simulations requires further investigation and it is proposed that
larger models of the complete acinus incorporating the progressive nature of
emphysema as has been presented here might help to discover the mecha-
nism responsible for enhancement or diminishment of particle deposition in

emphysematous models.
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Chapter 6

Summary and Conclusions

6.1 Model development

A CFD model has been developed, to simulate the effects of COPD,
specifically early-stage emphysema in the airways of the pulmonary acinus.
The airway structure was based on a mathematical model developed by Fung
[7], using a 14-hedrons geometry to provide a close packed alveoli structure
surrounding a central duct was achieved by the arrangement of 14-hedrons.
The computational geometry consisted of two generations - the fourth and
fifth- of the acinus. The fourth generation consisted of a single duct (Duct
1) which branched into two identical ducts (Ducts 2 and 3) that formed the
fifth generation. During inspiration, the incoming air entered via a single
entryway into Duct 1 and exited through Ducts 2 and 3 each of which had
two exits. During expiration this process was reversed. The computational
domain underwent a self-similar time-dependent sinusoidal motion of ex-
pansion and contraction, which was implemented in order to simulate the
real-world motion of airways that provides the pressure differential that is
responsible for the inspiratory and expiratory airflow. The boundary con-
ditions in the model were adjusted so as to mimic the appropriate air-flow

rates. The effects of emphysema were incorporated by two methods. The
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emphysematous destruction of parenchymal tissue was modelled as septal
degradation in the ducts. The progressive nature of the disease was also
incorporated with the inclusion of successive cases where the septal destruc-
tion was present in one, two and three of the ducts in the domain. The
loss of the parenchymal mesh that normally provides the elastic recoil nec-
essary for the proper functioning of the airways was also incorporated into
the disease model by changing the amplitude of sinusoidal motion of the
airway domain. This measure is also complemented by a corresponding loss

in flow-rate that is observed under actual physiological conditions.

6.2 Oxygen transport and flow-field

The oxygen transport through the computational domain was tracked by
solving a scalar transport diffusion equation. A parameter C was defined in
order to quantify the change in concentration of oxygen over a single inhala-
tion. Tracking this parameter over the different, progressive cases of emphy-
sema, it was observed that increasing levels of emphysema corresponded to
a decrease in the parameter across all three ducts. It was further observed
that this behavior was mainly caused by a decrease in airway wall motion
and the corresponding loss in flow rate rather than the septal degradation.
This is readily explained by the fact that while the majority of the gaseous
transport occurs by diffusion rather than advection, the loss in airflow rate
due to disease is sufficient enough to decrease the oxygen levels by almost 5
% in the most extreme cases.

The effect of the disease on the flow-field was quantified through the
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static pressure-drop across each of the ducts for the different cases. It was
observed that both the septal destruction and the decrease in airway wall
motion and its attendant loss in flow-rate both led to an overall static pres-
sure drop. However, the airflow was preferentially increased through those
regions which had septal destruction. While this may seem to indicate that
acinar generations with septal destruction might be better ventilated than
their healthy counterparts, it should be remembered that septal destruction
is usually accompanied by a loss in static pressure recoil which decreases the
available pressure driving the breath-cycle resulting in an overall decrease
in flow-rate and consequently poorer ventilation.

The diseased conditions were also observed to have a direct impact on
the temporal dynamics of the flow-field over a single breath cycle. While
re-circulatory flow motions are usually observed in acinar generations prox-
imal to those included in this simulation (up to the 3rd generation of the
acinus), it was noted that with the inclusion of the effects of emphysema,
a recirculatory centre developed at the proximal end of the alveolus during
inspiration, which increased in intensity in proportion to the extent of the

disease.

6.3 Particle transport

In order to study the effects of the disease on particle transport into the
lung, simulations were conducted using two different particle sizes (1 pum
and 3 pm). At these sizes the principal forces affecting the particles are

convective forces due to the flow and gravitational force. As a result, two
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sets of simulations were conducted with the gravity vector being oriented in
a direction normal and tangential to the flow at the domain entrance respec-
tively. Particle deposition was quantified by the particle deposition fraction
which was the number of particles deposited divided by the total number
introduced into the domain during the initial inspiration. The particle de-
position fraction was tracked in the computational domain for a total of five
consecutive breath cycles.

The results show that the deposition fraction was increased in emphyse-
matous ducts due to both a decrease in airway wall motion, and emphyse-
matous destruction, thereby indicating that the earliest stages of the disease
enhanced depositions in the ducts. This results in in an increased risk for dis-
ease propagation. The increase in deposition fraction in ducts distal to the
first emphysematous ducts depended on the particle size and orientation of
the gravitational vector. Smaller particles and a gravitational vector aligned
with the the flow tend to penetrate and deposit deeper into the acinus, while
the larger particles and a tangential gravitational vector tended to promote
the deposition of particles in the proximal ducts of the acinus. It was also
observed that for two ducts in the same generation, particles would pref-
erentially deposit in the one with emphysematous destruction as compared
to one without. Thus, while emphysema notably enhanced the deposition
in the first duct encountered by particles, the deposition patterns in the
subsequent ducts depended on particle size, gravitational vector orientation

and the presence of emphysematous destruction in the distal airways.
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6.4 Summary of conclusions

e The onset of emphysema causes a significant drop in oxygen transport

within the acinus.

e This loss of oxygen transported to the acinus during inhalation is pri-
marily due to the loss in elastic recoil which causes a related drop in

incoming airflow rate.

e Emphysema causes a drop in hydraulic losses within the acinus with
the flow resistance dropping appreciably in ducts affected by septal

destruction.

e The effects of emphysema changes the flow field within the alveolar
cavity with the appearance of a recirculatory centre with the alveoli
in the diseased cases indicating an increase in shear flow and decrease

in flow into the alveolar cavity.

e While particle size and the orientation of the gravitational vector play
an important part in deposition within the acinus, emphysematous
destruction increases the particle deposition in any duct across all
particle sizes and orientations. This is due to both the decrease in

airway wall motion and emphysematous septal destruction.

e For two ducts in the same alveolar generation, the duct with septal
destruction shows greater deposition regardless of particle size or grav-

itational vector orientation.
e Smaller particles with a gravity vector oriented coaxially to the incom-
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ing flow allow particles to penetrate and deposit deep in the acinus,
while larger particles with other gravitational orientations tend to de-

posit in more proximal generations

6.5 Future work

While this study was successful in implementing a model of emphysema
and applying to an isolated section of the pulmonary acinus, it should be
noted that the complete structure of the airway tree is extremely heteroge-
neous. As a result, reliable predictions of the effects of emphysema on the
factors investigated in this study over multiple airway generations will re-
quire the development of a larger computational domain spanning the entire
pulmonary acinus or even perhaps multiple acini. Incorporation of realistic
patient data to set appropriate flow rate boundary conditions for varying
stages of emphysema is also an additional refinement that should be con-
sidered. In short, therefore, future works along these lines must incorporate
multiple airway generations and a larger number of cases with varying lev-
els of emphysema, in order to make accurate predictions of the effects of a
disease that affects the extremely heterogeneous human pulmonary airway

system.
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Fluent Mesh Motion UDF

The mesh motion that simulates the rhythmic movement of pulmonary
airways is implemented in Fluent by the use of a User Defined Function
(UDF). The function is written in a heavily templatted version of C++ and

implements Eqtn. 4.4 over all points in the computational domain.

#include "udf.h"

#include "unsteady.h"

#include "mem.h"

FILE *xfout;

/* L&&&&E &G LG L L L LG LG &L L LG L&k &L & LLE &L, */
DEFINE_ON_DEMAND (save_original_grid_to_nodes)

{

#if !RP_HOST

save_original_grid_to_nodes_func();

MessageO("\n\n Done! \n You can check this through plotting the
contours of user defined node memory (e.g. print on
walls)\n");

#endif /*!RP_HOST */
}

void save_original_grid_to_nodes_func()
{
Domain *domain;
cell_t c;
Thread *t;
Node *v;
int n;
domain=Get_Domain(1);
/*Store the mesh node coordinates in user-defined node memory,
this data is used in the dynamic mesh*/
thread_loop_c (t,domain)
{
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begin_c_loop (c,t)
{
c_node_loop (c,t,n)
{
v = C_NODE(c,t,n);
N_UDMI(v,0) = NODE_X(v);
N_UDMI(v,1) = NODE_Y(v);
N_UDMI(v,2) = NODE_Z(v);

}
}
end_c_loop (c,t)
}

}
DEFINE_GRID_MOTION (Parenchymal,domain,dt,time,dtime)
{
#if 'RP_HOST
Thread *tf= DT_THREAD(dt) ;
face_t f;
Node *v;
real NV_VEC(A);
real NV_VEC(dx);
real previous_time;
int n;
int vi;
int 1i;
float beta;
/* calculate displacement vector at the node normal to the surface

*/

i=0;

begin_f_loop(f,tf)

{
previous_time=PREVIQUS_TIME;
F_AREA(A,f,tf);

beta = 0.0416;
amplitude=beta/2;

dx [0]=amplitudex* (A[0]/NV_MAG(A)*waveform) ;

dx[1]=amplitudex* (A[1]/NV_MAG(A)*waveform) ;

dx [2]=amplitudex* (A[2] /NV_MAG(A)*waveform) ;

f_node_loop(f,tf,n)

{

v = F_NODE(f,tf,n);

/* update node if the current node has not been previously */
/* visited when looping through previous faces */
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if ( NODE_POS_NEED_UPDATE (v))

{

/* indicate that node position has been update */
/*so that it’s not updated more than once */
NODE_POS_UPDATED(v) ;

NODE_COORD(v) [0]=N_UDMI(v,0)*(1.0+ amplitude +
amplitude*sin(1.62885*CURRENT_TIME - (3.141/2)));

NODE_COORD(v) [1]=N_UDMI(v,1)*(1.0+ amplitude+
amplitude*sin(1.62885*%CURRENT_TIME - (3.141/2)));

NODE_COORD(v) [2]1=N_UDMI(v,2)*(1.0+ amplitude +
amplitude*sin(1.62885*CURRENT_TIME - (3.141/2)));

i=i+1;

¥

¥

}

end_f_loop(f,tf);

#endif /*!RP_HOST*/

}

/¥ &&8&8bbbb&& &b &b & sl s sbbb & &b &b & & &S sbb& & & &l */
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