Model for Pharmaceutical aerosol transport through stenosis airway
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Chapter Abstract

Air pollution is the leading cause of different respiratory diseases such as asthma and chronic
obstructive pulmonary disease (COPD) that commonly affect the respiratory health.
Computational Fluid Dynamics (CFD) has been used to predict the airflow pattern and particle
transport within human lungs under the disease conditions like obstructive airways.
Nevertheless, the combination of the obstructive airways, as well as the aging impact on these
diseases under the various flow rates and particle diameters, have not considered in the previous
studies. This chapter provides a clear understanding of airflow characteristics and particle
transport through obstructions and smaller airways due to aging based on an asymmetric lung
model generating from the trachea to the fourth generation. Eight different lung models were
used for the numerical simulation. The ANSYS Fluent 19.2 was employed to solve the
problems under the finite volume discretization technique. Appropriate grid refinement has
been performed for all cases. The results indicate that airflow pattern always changes at the
stenosis area. The velocity significantly increases at stenosis area for the first two generations
and the smallest diameter size. The maximum pressure drop was located at stenosis area for
the first generation of right-lung and the fourth generation for the smallest diameter case,
whereas the highest pressure was found in the trachea for both conditions. Stenosis areas at
first two generations significantly affect higher turbulence intensity while smaller diameters
generate lower turbulent fluctuation. The deposition efficiency and deposition fraction were
based on the airway volume, particle size, and flow rate. The results of this study enhance the
knowledge of airflow characteristics and particle deposition within asymmetric human lungs

with stenosis area and smaller diameters.



8.1 Introduction

Air pollution is one of the critical factors that have threatened human health for a long time. In
the early twentieth century, people worldwide were aware of the health effects that were caused
by air pollution. Especially in London in 1952, the “killer fog” was the cause of death over
12,000 people (Davis et al. 2002). According to the World Health Organization (2020), over 7
million deaths were caused by air pollution effects in terms of both ambient and household air
pollutions. The effects of this pollution can cause many diseases, particularly in respiratory
diseases. In Australia, coal mining is one of the main air pollutants that directly affect
respiratory disease, comparing to other works (Hendryx et al. 2020).

Although the respiratory system has many defense mechanisms to protect internal
organs from foreign substances, air pollutants can still pass through those mechanisms. By the
main factors, that cause the penetrative processes, are the size and chemical nature of the air
pollutants (D’Amato et al., 2010). Several recent articles (Guan et al. 2016; Schiavoni,
D’Amato & Afferni 2017; Hu, Zhong & Ran 2015; Kurt, Zhang & Pinkerton 2016; Yao &
Rahman 2011; Kim et al. 2018) have examined the effect of air pollution to the risk of
respiratory diseases such as asthma, respiratory infections and chronic obstructive pulmonary
disease (COPD). They point out that this pollution can increase the risk of respiratory diseases
for both adults and children. Chronic asthma and COPD are two of the respiratory diseases that
have significantly affected human health worldwide since 1990. Based on the reports from the
Australian Institute of Health and Welfare 2019, the majority of deaths were caused by COPD.
From the statistics of deaths in 2017, over 7,500 deaths were caused by COPD from among
aged over 55 years, whereas 400 deaths were led by asthma from among aged 5 years to 34
years. For worldwide deaths from diseases, both asthma and COPD are the leading cause of
death and injury in clinical treatment (Vicente et al., 2010). The evidence from the clinical
treatment of Ahmed & Athar (2015), report that the mortality and morbidity from these diseases
often occur because of over having intrinsic positive end-expiratory pressure (PEEPi) and
dynamic hyperinflation (DH). By this point, it can create overwork of breathing (WOB).

In some cases, mechanical ventilation is used for the patients who cannot breathe by
themselves because of the problems from the exhaustion of respiratory muscles (Vicente et al.,
2010; Ahmed & Athar 2015). Some recent articles (Dominici et al. 2006; Gauderman et al.
2004; Moss & Oldman 2006; Ma & Lutchen 2009) have studied the characteristics of airborne
particulate matter with causes respiratory diseases. They have found that having accurate data

on the estimation of aerosol deposition within the human respiratory system is significant to



investigate and treat the disease’s symptoms. Furthermore, it is also essential to estimate drug
delivery in the case of mechanical ventilation patients (Dhand 2008; Dhand 2017; Dugernier
et al. 2017). However, there are some difficult situations in terms of the ways of using
mechanical ventilation because of having different airway characteristics. Normally, the
respiratory system can completely grow and develop within 18-20 years of age (Mauderly &
Hahn 1982; Polgar & Weng 1979). In contrast, the ability of the respiratory system will
decrease among the elderly population. In this case, the lung structure will be changed with
aging, which generates the alveolar dead space in the lung airways (Sharma & Goodwin 2006).
The thickness of tissue within the lung airways tends to be based on aging. The diameter of the
lung airways for the elderly between 50 to 80 years of age has been found to be smaller than
other ages approximately 7% of reduction (Lai-Fook & Hyatt 2000). In terms of other ages,
the diameter of the lung airways will decrease around 1% per year with the 30 years of age and
later (Lai-Fook & Hyatt 2000; Faria et al. 2009). With this smaller diameter condition, the lung
will need more pressure in order to change the volume in the lung. Therefore, the patient will
have more difficulty in breathing (Kim et al. 2017).

Computational Fluid Dynamics (CFD) has been immensely used in Biomedical Science
and Engineering, preferentially in the pharmaceutical industries. The reasons, that make CFD
being widely used in this field, are the simulation abilities which provides the predictability
and optimization in terms of inhaled therapies. It is also used to simulate the drug delivery
process, which includes particulate, aerosol and gaseous drug types by starting from the entire
process through lung airways (Tu, Yeoh & Liu 2012).

Previous studies in the last two decades have analyzed the airflow and particle
deposition based on symmetric and asymmetric lung bifurcations from both realistic and non-
realistic models. Most realistic models have generated from CT scans, whereas non-realistic
models have created and developed from Weibel’s model. Balashazy & Hoffman (1995) have
examined the deposition of aerosols in both symmetric and asymmetric bifurcations and have
found that the aerosols are mostly deposited firmly at the wall of a bifurcation. Nowak et al.
(2002), have simulated the airflow and aerosol deposition by comparing between non-
realistically lung model from Weibel (1963) and realistically lung model from CT scan. For
this simulation, the lung model from GO to G3 has been considered under the steady-state
conditions for inhalation and exhalation. They state that the deposition fractions at bifurcations
are totally the same for both models. Lee & Lee (2002), have generated the lung model based
on Weibel’s 1963 model with first four generations to study the aerosol dispersion whereas Liu

et al. (2003), have studied the airflow characteristic of the asymmetric lung airway at the G5



to G11 of Weibel’s 1963 model. The results of their studies indicate that the airways which
having the different sizes, cannot affect the human breathing because of having the same
airflow rate for both medial braches and their mother branches. At the same year, Kleinstreuer
& Zhang (2003), have analyzed the target of aerosol deposition of the drug delivery within the
symmetrically bifurcating at G3 to G6 under different hemispherical tumor conditions based
on Weibel’s 1963 model. The results of this study showed that the airflow pattern is based on
the tumor size and inlet flow rate, whereas the particle deposition is based on the tumor size
and upstream flow.

In some cases, the nanoparticle deposition has been considered based on Weibel’s lung
model. It has been focused on the mouth to the trachea through G3 to G5 and specific lung
regions with a magnetic method (Shi et al. 2004; Zhang & Kleinstreuer 2004; Ghosh, Islam &
Saha 2020). The authors concluded that the deposition efficiency is influenced by the
nanoparticle size and inlet Reynolds numbers. Nanoparticle usually deposits at the bifurcation
and inside the wall around the bifurcation. Moreover, nanoparticle deposition has an
insignificant effect on turbulent fluctuations of upper airways. Cebral & Summers (2004) have
studied the airflow through stenosis areas by using the realistic lung models and only
considering at upper airways. The results from this study indicate that the pressure would
decrease, whereas the shear stress would increase in the stenosis area. van Ertbruggen et al.
(2004), have evaluated the gas flow and particle deposition by using a realistic model that starts
from the trachea to G7 (the segmental bronchi). The authors summarized that an increase of
inspiratory flow causes an increase of particle inertia that leads to greater deposition
percentage. The main factors of deposition percentage also depend on the length, angles,
diameters of branches. The literature survey on aerosol deposition from Borgstrom et al.
(2006), have reported that the deposition at the throat region is a significant factor for lung
deposition. Gemci et al. (2007), have studied the airflow in a 17-generation from a realistic
model. The results demonstrate that the airflow characteristics within asymmetric airways are
depended on the branching conduits. Ma & Lutchen (2009), have simulated the aerosol
deposition in the upper airways based on a realistic model of the healthy lung. The different
particle sizes from 1 to 30 um have been used for this simulation. The results have shown that
the deposition efficiency could be affected by particle sizes rather than the flow rate. They also
point out that the turbulent flow will be generated only from the upper airway. Therefore, the
model without the upper airway could not provide a realistic airflow within the lung. In
contrast, there are some studies that consider focusing on the model starting at trachea region.

In terms of drug delivery for the treatment of respiratory diseases, drug delivery efficiency can



be improved by an increase the dosage of the drug that transports to the disease area (Hess et
al. 2005; Vestbo et al. 2013). To improve this efficiency, the trachea region is an important
area where it should be prioritized to be a first step for the drug injection (Tsua, Henry & Butler
2011; Zhang & Kleinstresuer 2001).

The articles in this last decade examined the airflow and deposition patterns of the
aerosol particles under various conditions such as particle sizes, velocity, and the airway’s
characteristics (Islam et al. 2017¢; Islam et al. 2018a; Gu et al. 2019; Islam et al. 2019b; Saha
et al. 2019; Rahman et al. 2019; Rahman et al 2020). Over than that, some authors have
analyzed airflow and particle deposition based on the combination between helium and oxygen
as known as heliox (Islam et al. 2018b; Islam et al. 2020a; Saha & Islam 2021). Saber &
Heydari (2012), have analyzed the flow patterns and deposition fraction of particles between
0.1 um to 10 um at the upper airways from trachea to the third generations based on the healthy
lung airway from the lung model of Weibel (1963). They reported that the number of deposition
fraction is significantly based on the Stokes and Reynolds numbers. Srivastav et al. (2013)
found the significant impact of the cartilaginous rings on airflow and particle transport through
human airways. Srivastav et al. (2014) on another study, investigated the effects of particle
deposition in a glomous tumour obstructed diseased human airways. They concluded from both
the studies that the magnitude and location of maximum wall shear stress is an indication of
probable wall injury.

Sul et al. (2014), have used the CFD to study the airflow characteristics in normal and
obstructive airways. They only consider the lower airways between G8 to G14 for both
symmetric and asymmetric models. The results from this study provide the clear understanding
of shear stresses that are independent on the respiratory rate, but the shear stresses are
dependent on the distribution of the obstructive areas within the lung. Augusto et al. (2015),
have studied the aerosols deposition under three respiratory conditions that are inhalation,
exhalation and breath-holding. In this case, four generations (G3 to G6 of Weibel’s model) and
three bifurcations model with 5 um of particle sizes are considered to investigate the particle
transport. The result shows that the number of aerosols deposition on the wall is higher for the
breath-holding. The articles from Islam et al. (2017a) and Islam et al. (2017b), have examined
the particle transport and particle deposition in a large scale 17" generation based on the
realistic lung model. It has found that the majority of smaller particles could escape from the
17" generation and seem to continue flowing to the 23" generation. Zhang et al. (2018), have
analyzed the particle deposition in realistic lung airways form CT scan. This article used the

specific lung model for the COPD patient to compare with the healthy lung model. For the



stenosis location of COPD models, the results from this study indicated that the deposition
efficiency and deposition fraction are affected by the stenosis areas. The deposition efficiency
will increase in the same region of stenosis location, whereas the deposition fraction from the
upper and lower lobes will decrease as a result of stenosis at the main bronchus.

Islam et al. (2019a), have studied and evaluated the particle transport and deposition in
the lung airways from tracheal to 3™ generation of human airways. They have used three
different lung models to compare the particle characteristics between the realistic and non-
realistic lung models. For the non-realistic models, the first model is based on a symmetric lung
model from Weibel’s model, while the second model is developed to become an asymmetric
lung model. The results showed that the airflow rate distribution of the realistic model is higher
than the non-realistic models. Larger particle sizes have an essential effect on the turbulence
deposition. Farghadan et al. (2019), have analyzed the particle transport in human lung airways
in order to predict the particle source and destination for both inhalation and exhalation. They
used a realistic lung model with defining the trachea region to be an injection area for 1 um
diameter. The result of their simulations indicates that the number of particles at the airway
wall has a greater number than other regions. Islam et al. (2020b), have reviewed the airflow
characteristics and particle deposition from the respiratory anatomical development. The
results have found that both turbulence dispersion and flow rates, which are lower than 25
L/min, could not have a significant effect on deposition patterns of nanoparticle. Singh et al.
(2020), have studied the airflow and particle transport through stenosis airways by employing
the realistic model from CT scan based on the healthy human lung. The models have been
reconstructed and created the random stenosis areas from 1% generation to 37 generation. They
have compared the stenosis area with the different cases that are stenosis at the left and right
side of the main lung. Two main variables that are particle sizes and initial velocity, have been
applied to evaluate the airflow and particle patterns. The authors report the results that stenosis
airway could generate a complex-velocity. The deposition efficiency could increase, which is
influenced by the flow rate and particle size.

The study from Koullapis et al. (2016), has examined the effect of the inlet velocity
profile, inhalation flowrate and electrostatic charge for the particle deposition in the respiratory
tract. The realistic model, which involves the upper airways through the lower airways from
1t generation to the 7" generation has been considered in this study. The authors state that the
initial velocities have a significant effect on the particle deposition for the large sizes at the
tongue, whereas the small particle sizes are often diffusible in the same area. The case study of

Lalas et al. (2017), has particular analyzed the airflow and inhaled particles through the



comparison between three different lung airways that start from oral to 5" generation. By three
different cases involves the normal lung airway, the abnormal lung airway with narrows in
random areas, and the asymmetric lung model with narrows areas at the right side. In this case,
the particle diameters from 1 to 30 um are considered with only one flowrate of inlet velocity
that is 12.6 L/min. For the results, the authors point out that the particles are often deposited in
the opposite lung side from the inflammation areas. In terms of deposition fraction, the number
of particle deposition is based on the particle sizes and particle densities.

From the recent articles, most of them mainly focus on the realistic model with having
stenosis area at different generations, while the non-realistic model with stenosis areas are
minority considered. In cases of non-realistic model, these articles only consider at the non-
realistically symmetric model. There are only minority articles that focus on asymmetric
model. Based on the recent studies, that using the realistic model, from Lalas et al. (2017),
although this case study is useful for the medication, it does not consider the narrow airway at
the 1% generation and only consider at one inlet velocity that is appropriate enough to transport
the particle sizes from 1 to 10 um. In contrast, Koullapis et al. (2016), state that the initial
velocities have an essential effect on the particle deposition for both larger and smaller sizes.
In order to enhance the understanding of the respiratory tract, the objective of this study aims
to analyze the airflow and mainly considering particle transport of asymmetric lung model with
stenosis sections at different generations from 1% generation to4™ generation. Moreover, two
main variables, which are initial velocity and particle diameter, will be applied to evaluate the
effect that influences the airflow and particle transport. In terms of the breathing condition, an
inhaled breathing condition will be considered in this chapter.

In case of the effects of aging on human lung airways, Phalen & Oldham (2001) and
Isaacs & Martonen (2005) have studied the particle deposition within the lung under the
function of age as children toward young adult between the age of 2 to 18 based on the particle
sizes as 0.1 pm to 10 um. There are few studies that have investigated these effects by
comparing the normal lung to the emphysematous lungs as known as the senile lung in order
to analyze the flow characteristic and the shear stress (Verbeken et al. 1992; Xia et al. 2010).
Kim et al. (2017), have studied the characteristic of some mechanical properties based on the
comparison between 50 and 80 years of age cases. The maximum pressure drop and shear stress
were found from 80 years’ cases. The authors report that one of the key aspects that could
influence the change of mechanic properties is having different lung diameters. However, these
studies only focus on the analysis as a group of age and do not consider the effect of flow rates.

Therefore, this chapter will focus on the understanding in terms of aging involving adult’s lung



and elderly’s lung conditions that affect the airflow patterns and particle transport. Two
different lungs which have different diameter will be analyzed based on the comparison

between the normal asymmetric lung and the lungs that having smaller diameters.

8.2 Numerical Method

The conservation of mass and momentum assumptions were used to solve the fluid flow and

particle transport:
L+V-(p?) =Sy (8.1)
Where, §,,, is the mass source, and
2 (D) + V- (p3) = ~Vp + V- (u| (V5 + V") — 2V 51| ) +pg + F  (82)
Where p is fluid static pressure
pgis a body force of gravity

Fisa body force of external force (particle — fluid interaction)
In terms of flow characteristic, turbulent flow, which based on k — € model, was considered

in this study. For the calculation of turbulent kinetic energy:

9pk) , d(pkui) _ 0 | K Ok B —
at + ax; - 0x; [ak 6xj] + z‘utEUEU p (83)
And for dissipation rate of an inertial frame:
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Where, u;is the velocity component in the corresponding direction
E;;is the component of the rate of deformation

u,is eddy viscosity

Based on Singh et al. (2020), there are some constants that were collected during
numerous iterations of appropriated data for the turbulent flows:
C, = 0.09, oy = 1.00, o, = 1.30, C;, = 1.44, C,, = 1.92

There are two variables of fluid flow within the lung airway. The main component is
air which has the density at 1.225 kg/m3 and viscosity at 1.7893 X 10° kg/ms. The
secondary component is aerosol which has the density at 1100 kg/m3under the discrete phase
model. In terms of the method, particles were injected through the inlet surface at trachea under

the surface injection method. The particle transport was calculated by:

2

SCo =22 p(Fpi — V)|, — V| (8.5)

5
FD,i =

Where, Cp, is drag coef ficient



d, is particle diameter
v, is the particle velocity
The second law of Newton is employed for a single-particle motion i:

0V,
p,i
mprl ot

=Fp+m,;d (8.6)

The various particle sizes which include 1 pm, 2.5 um, 5 um, and 10 pm were used to
be an injection at three different flow rates that involve 7.5 lpm, 15 lpm, and 30 lpm. The
boundary conditions in this report were taken as the inlet velocity at trachea and outlet outflow
at the end of fourth generation. In terms of wall conditions, stationary walls and no slip walls
were used, while the boundary of wall conditions were based on the discrete phase model and
a heat flux thermal. Under the discrete phase model, the wall was set to be used as a trap by the

particle will be trapped when clashes the wall. See the summarize of properties as following

(Table 8.1, 8.2).

Table 8.1: Air properties

Main component: It is considered as continuous phase
Density (kg/m?) 1.225
Viscosity (kg/ms) 1.7893%10°

Table 8.2: Aerosol properties

Secondary component: It is considered as discrete phrase

Density (kg/m?) 1100
Particle size (um) 1,2.5,5,10
Inlet flow rate (Ipm) 7.5, 15,30

8.3 Geometrical Development

To enhance the understanding of the airflow and particle patterns of asymmetrical lung model,
this study considers two different cases of asymmetric lung airways. In this section, all of the
3D models were created based on the smooth surface condition by using SolidWorks 2019
These models have been reconstructed from an asymmetric lung model from Islam et al.
(2019a) which was based on a symmetric lung model from Weibel’s lung model. The normal
asymmetric lung model will be the basis of other lungs that have different airway’s conditions.
The diameter of branches at the right side were smaller than the left side around 25%.

The first case is the asymmetric lung model with having aging effects that cause a



smaller diameter for the whole lung model. The diameter for this case was reduced by 10% and
20% from normal asymmetric lung model. Seeing more information as Table 8.3toTable 8.5.

Table 8.3: The dimension of human lung airways for normal asymmetric lung

Diameter
Number of Location Left Total cross- Right Total cross- Length Number
generations Lung sectional area Lung sectional area (cm)
(cm) (cm?) (cm) (cm?)

0 Trachea 1.80cm 2.54 cm? 12.0 1

1 Bronchi 1.22 1.17 0.92 0.66 4.8 2

2 Bronchi 0.83 0.54 0.62 0.30 1.9 4

3 Bronchi 0.56 0.24 0.42 0.14 0.8 8

4 Bronchioles 0.45 0.16 0.34 0.09 1.3 16

Table 8.4: The dimension of human lung airways for asymmetric lung case with aging
effects: with the reduction of 10%
Diameter
Number of Location Left Total cross- Right Total cross- Length Number
generations Lung sectional area Lung sectional area (cm)
(cm) (cm?) (cm) (cm?)

0 Trachea 1.62 cm 2.06 cm? 12.0 1

1 Bronchi 1.09 0.93 0.83 0.54 4.8 2

2 Bronchi 0.75 0.44 0.56 0.25 1.9 4

3 Bronchi 0.50 0.19 0.38 0.11 0.8 8

4 Bronchioles 0.41 0.13 0.31 0.08 1.3 16

Table 8.5: The dimension of human lung airways for asymmetric lung case with aging

effects: with the reduction of 20%

Diameter
Number of Location Left Total cross- Right Total cross- Length Number
generations Lung sectional area Lung sectional area (cm)
(cm) (em?) (cm) (em?)

0 Trachea 1.44 cm 1.63 cm? 12.0 1

1 Bronchi 0.98 0.75 0.74 0.43 4.8 2

2 Bronchi 0.66 0.34 0.49 0.19 1.9 4

3 Bronchi 0.45 0.16 0.34 0.09 0.8 8

4 Bronchioles 0.36 0.10 0.27 0.06 1.3 16

The second condition is asymmetric lung model with stenosis area. There were five different



cases that were generated with the stenosis region in the different generation. All of these
models used the same dimension except at the obstructive areas. The diameter in this area was
reduced by 50% from the normal diameter of the normal airways. Moreover, the narrow
airways were located in the random positions which start from 1% generation to 4"generation.
See more detail as following (Table 8.6):

Table 8.6: The dimension of human lung airways for asymmetric lung case with stenosis

arcas
Diameter
Number of Leneth Diameter of
umbero Location Left Total cross- Right Total cross- eng Number stenosis
generations . . (cm)
Lung sectional Lung sectional area (cm)
(cm) area (cm?) (cm) area (cm?)
0 Trachea 1.80cm 2.54 cm? 12.0 1 -
1 Bronchi 1.22 1.17 0.92 0.66 4.8 2 0.46
2 Bronchi 0.83 0.54 0.62 0.30 1.9 4 0.31
3 Bronchi 0.56 0.24 0.42 0.14 0.8 8 0.21
4 Bronchioles  0.45 0.16 0.34 0.09 1.3 16 0.17

Figure 8.1a represents asymmetric lung airways without stenosis area. Figure 8.1b represents
the stenosis section on the right side of the 1% generation. Figure 8.1c and 8.1d indicate the
stenosis regions at the left and right sides of 2" generation while Figure 8.1e and Figure 8.1

show the stenosis areas at the right side of 3™ generation and 4" generation respectively.

(a) (b) (©)

Stenosis section

Stenosis section



Stenosis section

Stenosis section Stenosis section

~

Figure 8.1 Reconstructed models of asymmetric lung airways: (a) normal asymmetric
lung, (b) stenosis-right at 1% generation, (c) stenosis-left at 2"¢ generation, (d) stenosis-right
at 2" generation, (€) stenosis-right at 3™ generation, and (f) stenosis-right at 4" generation.

8.4 Grid Generation and Validation

Grid generation is an essential feature to bring the model to obtain the accurate result for CFD
simulation. In order to get an appropriate grid refinement, considering at the mesh quality is
the first aspect that should be prioritized. The ANSY'S mesh module was used to generate the
mesh for the whole geometry by using adapted sizing. However, there were some features that
need to be used to control the flow characteristics inside the domain. Therefore, the inflation
layer would be used to be a boundary to control the change of velocity and the particle
movement inside the domain. In this study, the mesh generation for all of the models was
generated based on the unstructured elements (Figure 8.2a). Figure 8.2b shows a boundary of
inflation layer for the inside of the model. Figure 8.2c and 8.2d present the mesh at the entry
trachea and outlet mesh of 3™ generation. Figure 8.2¢ and 8.2f represent the mesh at the stenosis

area and mesh at a bifurcating branch, respectively.



Figure 8.2 Unstructured mesh for the model: (a) the complete computational model, (b)
inflation layer mesh near to the wall, (c) inlet mesh, (d) outlet mesh of 3™ generation, (¢)
mesh at stenosis area, and (f) mesh at a bifurcating branch

Grid refinement was generated based on flow condition and appropriate y+ value is selected as
outlined in Sivastav et al. (2019). An orthogonal quality was applied to be the criteria to
determine the mesh quality. The patch conforming method was also applied for the whole
geometry. The model with the different number of elements was recalculated several times to
obtain the maximum velocity for each time. After recalculation, the maximum velocities
became stable when the number of elements could reach around 1.4 million (Figure 8.3a) with
an average of minimum orthogonal quality around 0.13. Figure 8.3 presents the result for grid-

independence test.
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Figure 8.3 (a) Grid-independent for the maximum velocity: under the inlet condition at 30
Ipm and (b) Deposition fraction comparison with published literatures (Chan & Lippmann
1980; Heyder et al. 1986; Lippmann 1977; Yu & Diu 1982).



The numerical results were compared with the available benchmark experimental and
computational measurements (Chan & Lippmann 1980; Heyder et al. 1986; Lippmann 1977,
Yu & Diu 1982). A mouth-throat model was used for the validation purpose as no similar
stenosis model was found in the literature. Figure 8.3b showed the deposition fraction
comparison at mouth-throat section for different flow rates. The numerical results were in the
range of the experimental measurement and showed a good agreement with the published

literature.

8.5 Results and Discussion

All models with both aging effect and stenosis cases were used to study the airflow patterns
and particle transport based on two variable conditions that are inlet velocities and particle
sizes. In terms of initial velocities, this report will focus on three different inlet velocities that
are 0.4915 m/s, 0.9829 m/s, and 1.9658 m/s as flow rate 7.5 Ipm, 15 lpm, and 30 Ipm
respectively. In terms of particles sizes, this report will employ four different sizes that are 1
pm, 2.5 um, 5 um, and 10 pm.

8.5.1 Effects of Aging Cases

8.5.1.1 Airflow Analysis

Velocity Profiles

The velocity profiles will be located at seven different cross-sections on three different
asymmetric lung models under the particle size of 10 um. The comparison will be based on
three different flow rates that are 7.5 lpm, 15 Ipm, and 30 Ipm. Figure 8.4 shows the velocity
profiles for normal asymmetric lung whereas Figure 8.5 and 8.6 are the representative of the
velocity profiles for the reduction of diameter by 10% and 20% respectively.

- Velocity Profiles for asymmetric lung model
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Figure 8.4 Selected line for velocity profiles of asymmetric lung model: (a) Selected location
(b) Line 1, (c¢) Line 2, (d) Line 3, (e) Line 4, (f) Line 5, (g) Line 6, and (h) Line 7

Overall, in Figure 8.4, the velocities are continually increasing from the inlet and continually

decreasing after through the airway at 3" generation. The maximum velocity magnitude is at

Line 4 where it is the airway from the left-lung.

- Velocity Profiles for asymmetric lung model with diameter reduction of 10%
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Figure 8.5 Selected line for velocity profiles of asymmetric lung model with diameter reduction of
10%: (a) Selected location (b) Line 1, (c) Line 2, (d) Line 3, (e) Line 4, (f) Line 5, (g) Line 6, and
(h) Line 7

From above Figure 8.5, the velocities tend to continually increase from the inlet at trachea area
to 2" generation of the lung airways. However, after through 2" generation, the velocities tend
to decrease then becomes to increase again at 3™ and 4" generations, respectively. The
maximum velocity magnitude is found at the airway from the left lung (Line 4) where it has a
larger lung scale.

- Velocity Profiles for asymmetric lung model with a diameter reduction of 20%
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Figure 8.6 Selected line for velocity profiles of asymmetric lung model with diameter reduction of
10%: (a) Selected location (b) Line 1, (c) Line 2, (d) Line 3, (e) Line 4, (f) Line 5, (g) Line 6, and
(h) Line 7

From Figure 8.6, the velocities tend to continually increase beginning from the inlet at trachea
through 1% and 2™ generations. After that, the velocities seem to decrease at 3" generation and
return to increase at 4" generation. The maximum velocity magnitude is seen at the left-lung
(Line 4) that has a larger diameter.

Overall, of velocity profiles from three different cases that have various lung volumes



(Figure 8.4 to Figure 8.6), the diameter of the whole lung airway could have a significant effect
on the velocity patterns. The velocity tends to continually increase from the inlet at trachea to
2" generation. After that, velocity decreases at 3™ generation and becomes increasingly again
at 4™ generation. In addition, the higher velocity usually occurs at the left-lung where it has a
larger diameter. Based on the studies from Islam et al. (2017b); Singh et al. (2020), due to the
airflow resistance of smaller airways, it can flow the air to the opposite lung side. In order to
support this theory, the velocity magnitude from the reducing diameter cases have higher
values as compared to normal lung case. By the diameter reduction of 20% has a maximum
velocity magnitude and the diameter reduction of 10% has a second maximum velocity value.
Velocity Contours

There are two types of velocity contours that will be presented in this report. The first type is
velocity contour for the whole domain on the XY plane whereas the second type is the contours
at the cross-section planes. Figure 8.7 is the velocity contours for the asymmetric lung with
having different diameters. Figure 8.7a is for normal asymmetric lung whereas Figure 8.7b, ¢

is for the reduction of diameter by 10% and 20% respectively.
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Figure 8.7 Velocity Contours at XY Plane for three lung models: (a) normal asymmetric
lung, (b) reduction of diameter for 10%, (c) reduction of diameter for 20%.

Similar to the comparison from velocity profiles, the airflow velocity continually increases
from the inlet at the trachea area. From Figure 8.7, all three cases have similar velocity patterns
that have a higher velocity magnitude at the left-lung, where it is bigger than the right-lung.
However, the maximum velocity magnitude tends to be found in the case that has 20% of the
diameter reduction (Figure 8.7c) whereas the normal lung case (Figure 8.7a) has the lowest

value



The selected planes are located at the random position which begins at trachea (0 generation)
to 4" generation based on cross-sectional contours. The objective of these contours is to
compare the level of velocity between the normal asymmetric lung and the lung that having
smaller diameter with 10% and 20% of the diameter reduction. Figure 8.8 shows the location

of selected planes at different generations. Figure 8.9 is the velocity contours for all three cases

at different locations.
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Figure 8.8 Selected planes for different positions of asymmetric lung models
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Figure 8.9 Velocity contours at different positions of asymmetric lung models at 30 lpm:
(a) normal asymmetric lung, (b) reduction of diameter for 10%, (c) reduction of diameter
for 20%.

From Figure 8.9, the velocity contours at trachea area (Plane 1) are found to be similar for all
three cases. Similarly, the velocity contours at 1% generation (Plane 2 and 3) and other

generations (Plane 4 to Plane 9) also tend to be similar for all three cases. However, the higher



and highest levels are usually found at the left-lung airways that having larger diameter (Plane
4, 6, 8). According to Singh et al. (2020), the velocity pattern of velocity contour can be
changed by the shape of airways conditions. Therefore, the maximum velocity magnitude for

each plane belongs to the smallest airway (Figure 8.9c¢).

8.5.1.2 Pressure Drop

The pressure drop and pressure contours are presented in this section.

Pressure Drop

The randomly selected planes are firstly located in the middle of the trachea through the whole
lung to 4™ generation. The calculation for pressure drop is based on 10 um of particle size and
three different flow rates that are 7.5 lpm, 15 Ipm, and 30 Ipm. Figure 8.10 presents the pressure

drop at nine selected planes for three cases.

=@ Asymmetric Lung

) =@ Asymmetric Lung 5
Asymmetric Lung: 10% of diameter reduction Asymmetric Lung: 10% of diameter reductiot
Asymmetric Lung: 20% of diameter reduction 4 Asymmetric Lung: 20% of diameter reductior
= 1.5 =
& & 3
e 1 >
2 5 2
7 Z -
5 0s g 7N\
£ 0 S o
e N\ A~ \-\/ N
-0 = |
0 0
0 2 4 6 8 10 0 2 4 6 8 10
Planes Planes
(a) (b)
14 —@— Asymmetric Lung
12 Asymmetric Lung: 10% of diameter reduction
Asymmetric Lung: 20% of diameter reduction
= 10
&
o 8
=
2 6 /\
g —
A~ 4 \
0 9
0 2 4 6 8 10
Planes
(c)

Figure 8.10 Pressure drop at different plane positions for asymmetric lung with different
diameters: (a) 7.5 lpm, (b) 15 Ipm, and (c) 30 lpm.

The results from Figure 8.10 indicate that the pressure continually decreases from the inlet



because of the air direction that always flows from the higher-pressure area to the lower-
pressure area. The maximum pressure drop is found at the lowest branch at 4" generation
(Plane 9) for the highest flow rate at 30 lpm (Figure 8.10c). In terms of maximum pressure, the
case, which has the smallest diameter, usually has maximum pressure at the inlet as compared
to another two cases.

To summarize, the level of pressure drop tends to be based on the flow rate. A higher flow rate
can cause higher pressure and a higher pressure drop. In terms of the effect of the diameters for
the whole lung, the case, which has a diameter reduction of 10%, has a similar pressure level
to the normal lung case. On the other hand, 20% of diameter reduction case has a higher
pressure level than another two cases.

Pressure Contours

The overall of pressure for the whole lung model is provided based on the XY Plane of the
contours feature. Highest flow rates (30 Ipm) and largest particle size (10 pm) were used for

the simulation. Figure 8.11 indicates the pressure contour at XY Plane for three different

diameters.
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Figure 8.11 Pressure Contours at XY Plane for three lung models: (a) normal asymmetric
lung, (b) reduction of diameter for 10%, (c) reduction of diameter for 20%.

From Figure 8.11, all three cases have similar patterns in terms of the level of the pressure. The
pressure tends to continually decrease from the inlet at trachea to other generations. However,
a higher pressure always occurs at the bifurcation for all generations. Furthermore, the highest
pressure is generally located at the bifurcation of the 1% generation for all three cases. It can be
noticed that the case that has the smallest diameter has the highest range of pressure (Figure

8.11c). Referring to Nowak et al. (2002), lung volume can lead to different pressure levels in



bifurcation. It can be summarized that a smaller diameter will lead to a higher pressure level.

8.5.1.3 Wall Shear
The shear stress at the wall is obtained based on the calculation with the flow rate of 30 lpm
and particle diameter of 10 um. Figure 8.12 shows the shear stress at the wall for normal

asymmetric lung and two of diameter reductions.
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Figure 8.12 Wall shear for three lung models at 30 lpm: (a) normal asymmetric lung, (b)
reduction of diameter for 10%, (c) reduction of diameter for 20%.
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Figure 8.12 indicates that the shear stress at the wall is higher at the inlet area for all three
cases. Then, it decreases and begins to increase again after passing 1% generation of the airway.
The higher shear stress is always found in the bifurcation area for all cases. However, the
highest shear stress is found at the case which has 10% reduction of diameter (Figure 8.12b),
whereas the secondary highest shear stress belongs to the normal lung case (Figure 8.12a).
Consequently, the level of shear stress at the wall is slightly influenced by the airway volume

and has a greater influence from the bifurcation area.

8.5.1.4 Turbulent Intensity
In this section, the comparison of the level of turbulent intensity for three different cases is
provided based on the 30 lpm of the flow rate and 10 pm of the particle size. Figure 8.13

presents the turbulent contour for the whole lung with three different cases.
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Figure 8.13 Turbulence intensity contour for three lung models at 30 Ipm: (a) normal

asymmetric lung, (b) reduction of diameter for 10%, (c¢) reduction of diameter for 20%.
From Figure 8.13, turbulent flow is observed at the inlet region and at the bifurcation

area for each generation. It can be seen that turbulence intensity occurs at the same location for
both normal lung case and the 20% reduction of diameter case (Figure 8.13a, ¢), whereas the
second case (Figure 8.13b) has differently turbulent occurring. This case only has turbulence
intensity at 4" bifurcation of left-lung. To compare three cases that have different diameters,
the highest turbulence intensity is located in the first case (Figure 8.13a) that has a normal
diameter. However, there is only a slight variation of turbulence intensity from all three cases.
Therefore, it can be summarized that the diameter could have an insignificant effect on the
level of turbulence intensity.

Turbulent intensity at a different position is calculated based on nine selected planes
which involve 0 generation to 4™ generation. The flow rate at 30 Ipm is used for the calculation

of three different lung models, as shown in Figure 8.14.
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Figure 8.14 Turbulence intensity at different plane positions for three lung models at 30
Ipm

From the graph of Figure 8.14, it can be seen that the normal lung airway has a greater amount
of turbulence intensity. The highest turbulence fluctuation also occurs at Plane 6 where it is
located at 3" generation. Both cases that have the diameter reducing conditions have totally
the same trends. However, the airflow becomes to be stable at the 4™ generation and tends to

be continually stable for all lower generations.

8.5.1.5 Particle Transport

Deposition Efficiency

The comparison of particle deposition efficiency for asymmetric lung model with having
different sizes is presented based on the three different flow rates that are 7.5 Ipm, 15 lpm, and

30 lpm (showing at Figure 8.15).
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Figure 8.15 Deposition Efficiency in different regions of asymmetric lung for three different
diameters: (a) 7.5 lpm, (b) 15 Ipm, and (c) 30 lpm.

From Figure 8.15, it is clear that the airway volume can significantly affect deposition
efficiency. Smallest lung airways have a greater amount of particle deposition for all flow rates
whereas another two lungs, that have bigger diameters, have similar levels. One of the key
factors that could influence the level of particle efficiency is the flow rate. If compared to all
flow rates from above figure, the highest flow rate that is 30 Ipm (Figure 8.15¢) has the highest
deposition efficiency which reaches around 48% in terms of 10 um of particle size whereas the
flow rates at 7.5 Ipm and 15 Ipm (Figure 8.15a, b) could reach around 6% and 17% respectively.
It can be summarized that a higher particle inertia, which is caused by larger particle size and
higher flow rate, could increase the deposition efficiency (van Ertbruggen et al. 2004; Ma &
Lutchen 2009; Singh et al. 2020). In addition, the diameter of the lung airways also affected
the deposition efficiency rate especially for the case of having a 20% diameter reduction.

Deposition Fraction

The calculation of deposition fraction for different particle diameters is shown at Figure 8.16.
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Figure 8.16 Deposition Fraction of different-diameter particles in asymmetric lung for three different
diameters: (a) 1 um diameter, (b) 2.5 pm diameter, and (c) 5 um diameter, and (d) 10 pm diameter.

From Figure 8.16, the particle sizes as 1 ym and 2.5 pum (Figure 8.16a, b) have similar
deposition fraction rates that are around 2% to 5% for all three flow rates, while the particle
size as 5 um (Figure 8.16¢) has the range between 2% to 8% for all three flow rates. However,
the largest particle size as 10 um (Figure 8.16d) has the highest range between 6% to 48%. By
the highest deposition fraction is found at the highest flow rate at 30 Ipm. For the overall
deposition fraction in case of having three different diameters of the lung airways, it can be
seen that the smallest lung airway with 20% of diameter reduction usually has a higher
deposition rate for all particle sizes whereas another two lung airways have slightly different
deposition rates.

To summarize, the deposition fraction is generally based on the particle size, flow rate,
and including density (Islam et al. 2015; Lalas et al. 2017; Singh et al. 2020). Larger particle
size and higher flow rates can increase the deposition fraction. The airway volume can also

influence the deposition fraction. However, it is only for the case of a 20% diameter reduction



while the case of a 10% diameter reduction has similar ranges to normal airways case.
Four different particle sizes are used to be the injection from the inlet at trachea area
under the different diameter of three asymmetric lungs with the flow rate at 30 Ipm. Figure

8.17 is the scenario of the particle deposition with three lung conditions.

Figure 8.17 Particle deposition scenario at 30 Ipm for three lung models: (a) normal
asymmetric lung, (b) reduction of diameter for 10%, (c) reduction of diameter for 20%.

The overall of three cases, particles are usually trapped at the left-lung rather than right-lung
because of having a higher lung volume. Most particles are trapped at the wall of a bifurcation
for all generations (Balashazy& Hoffman 1995; Farghadan et al. 2019). It can be seen that after
through the 1% generation, the particles as 10 um seem to be deposited greater than other
particle sizes. If compared to the deposition for all generations, particle size as 10 pm is likely
trapped at the bifurcation of the 2" generation whereas other particle sizes are slightly trapped
at this generation. It can be summarized that the majority of particle sizes (10 um) can be

trapped in the lung airways from the 1% to 4" generations.



8.5.2 Stenosis Cases

8.5.2.1 Airflow Analysis
In order to understand the airflow characteristic, this report will provide a clear understanding

of airflow patterns by considering two features that are velocity profiles and velocity contours.

Velocity Profiles

Velocity profiles, it can be classified as the variation in velocity on a line at the right angles to
the original flow's direction. It could be the representative of the velocity magnitude and change
of the flow direction caused by the various shapes within the domain. In other words, velocity
profiles can represent flow's behavior during transportation through the domain.

In this section, the velocity profiles will be plotted at seven different cross-sections on the
five different cases in asymmetric model with stenosis sections with 10 pm for the particle size.
Figure 8.18 will be for the lung with stenosis area at 1 generation. Figure 8.19 and 8.20 will
be for the airways with stenosis areas at 2" generation in left and right lungs. Figure 8.21 and
8.22 will be for the geometry with stenosis areas at 3™ and 4" generations. In details, it can be
easily described that Line Iwill be the representative of the inlet, Line 2 will be the middle of
the trachea, Line 3 will be for the right lung at 1% generation, and Line 4 and 5 will be for the
left-lung and right-lung at 2" generation. In contrast, Line 6 and 7 will be for the right-lung at
37 and 4" generation respectively.

- Velocity Profiles for asymmetric lung model with right-stenosis area at I°' generation
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Figure 8.18 Selected line for velocity profiles of asymmetric lung model with stenosis area at Ist
generation: (a) Selected location (b) Line 1, (c) Line 2, (d) Line 3 at stenosis area, (¢) Line 4, (f)
Line 5, (g) Line 6, and (h) Line 7

Overall, in Figure 8.18, the velocities are continually increasing from the inlet and becoming
lower after through the stenosis region at 1% generation. The lowest velocity magnitude occurs
inLine 7 where it is located in the 4™ generation. The maximum velocity magnitude is at Line
3, which is the stenosis area.

- Velocity Profiles for asymmetric lung model with left-stenosis area at 2"generation
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Figure 8.19 Selected line for velocity profiles of asymmetric lung model with left-stenosis area at
2nd generation: (a) Selected location (b) Line 1, (c) Line 2, (d) Line 3, (e) Line 4 at stenosis area,
() Line 5, (g) Line 6, and (h) Line 7

Overall, in Figure 8.19, the velocities are continually increasing from the inlet and continually
decreasing after through the airway at 3™ generation. The maximum velocity magnitude, in this
case, occurs in the stenosis area (Line 4). It can be summarized that the velocity at the left-lung
is higher than the right-lung.

- Velocity Profiles for asymmetric lung model with right-stenosis area at 2"generation
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Figure 8.20 Selected line for velocity profiles of asymmetric lung model with right-stenosis area
at 2nd generation: (a) Selected location (b) Line 1, (c) Line 2, (d) Line 3, () Line 4, (f) Line 5 at

stenosis area, (g) Line 6, and (h) Line 7

Overall, in Figure 8.20, the velocities are continually increasing from the inlet and becoming

decreasing from 3™ generation. The maximum velocity magnitude occurs in the stenosis area (Line

5), where it is in the 2" generation.

- Velocity Profiles for asymmetric lung model with right-stenosis area at 3’ generation
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Figure 8.21 Selected line for velocity profiles of asymmetric lung model with right-stenosis area
at 3rd generation: (a) Selected location (b) Line 1, (c) Line 2, (d) Line 3, (e) Line 4, (f) Line 5, (g)
Line 6 at stenosis area, and (h) Line 7

In Figure 8.21, the velocities are continually increasing from the inlet and becoming lower
again after through the stenosis region at 3™ generation (Line 6). The maximum velocity can
be found in the stenosis area (Line 6).

- Velocity Profiles for asymmetric lung model with right-stenosis area at4” generation
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Figure 8.22 Selected line for velocity profiles of asymmetric lung model with right-stenosis area
at 4th generation: (a) Selected location (b) Line 1, (¢) Line 2, (d) Line 3, (e) Line 4, (f) Line 5, (g)
Line 6, and (h) Line 7 at stenosis area

In Figure 8.22, the velocities are continually increasing from the inlet and becoming stable
from the 2" generation. The maximum velocity magnitude for this case is at the left-lung (Line
4).

The results of velocity profiles from five cases (Figure 8.18 to Figure 8.22) and from

normal asymmetric lung case (Figure 8.4) could significantly indicate the relationship of the



stenosis region, the dimension of the airway, and velocity. The airflow velocity is repetitively
increasing from the inlet for all flow rates. If compared to all cases, the velocity profiles at the
inlet and the middle of the trachea have a similar velocity magnitude. The maximum velocity
always occurs at the stenosis area, and after that, velocity continually decreases. A higher
velocity always occurs at the left-lung, where it has a bigger diameter than the right-lung. In
contrast, a lower velocity always initiates at the 4™ generation if compared with the velocity at
15t to 3™ generations. Besides, the stenosis region at the 4™ generation could have only a few
effects to the velocity because it is lower than the velocity at the left-lung, which having a
larger diameter. According to Islam et al. (2017b); Singh et al. (2020), higher airflow velocity
at smaller airways or stenosis areas can be caused by airflow distribution within the lungs. With
these conditions, air will flow to the opposite side because of the airflow resistance in these
areas. To be concluded, the results in this report could support these authors because the
maximum velocity for asymmetric lung without any narrow could be found at the left-lung
(Figure 8.4d) where is larger than right-lung. If compared to other stenosis cases, the velocity

at the left-lung (Line 4) will be lower than the velocity at stenosis areas.

Velocity Contours

Velocity contours represent fluid flow which discharges at the velocity point that is considered.
It can be converted and represented as the average cross-sectional for the flow velocity at a
selected point.

This report will provide two types of velocity contours with 30 Ipm for the flow rates.
The first type is velocity contour for the whole domain that will be generated at the XY plane.
Another type is velocity contour at nine selected planes. Figure 8.23 shows the velocity contour
at XY plane in different lung conditions. Figure 8.23a is for normal asymmetric lung, while
Figure 8.23b is for asymmetric lung with stenosis area at generation 1. Figure 8.23c, d is the
geometry for the stenosis area at 2" generation of left and right lungs, respectively. Figure

8.23e, f is the representative at stenosis areas at 3™ and 4" generations.
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Figure 8.23 Velocity Contours at XY Plane for six lung models: (a) normal asymmetric lung, (b)
stenosis-right at 1st generation, (c) stenosis-left at 2nd generation, (d) stenosis-right at 2nd
generation, (e) stenosis-right at 3rd generation, and (f) stenosis-right at 4th generation.

The results from this section are similar to the results from the velocity profiles section. The
airflow velocity is continuing to increase from the inlet for all cases. For normal asymmetric
lung (Figure 8.23a), velocity is significantly increasing at the left-lung that has bigger airways,
especially at the second branch. For the stenosis cases (Figure 8.23b, ¢, d, and ¢), maximum
airflow velocity occurs at stenosis areas, but it is only for the cases that have stenosis areas at
15t and 3™ generation. For the stenosis area at 4™ generation (Figure 8.23f), it does not have a
considerable effect on airflow velocity. However, it can be seen that the bifurcation after the
stenosis region has a lower airflow velocity if compared with normal asymmetric lung.

The randomly selected plans are generated at the various location from trachea (0
generation) to 4™ generation by considering the comparison between the normal asymmetric

lung and asymmetric lung with obstructive regions. Figure 8.24 shows the location of selected



planes from six different cases. Figure 8.24a is for an asymmetrical case without any narrow.
Figure 8.24b is for the case that has narrow at 1% generation, while Figure 8.24c, d is for the
cases that have narrows at 2™ generation in the left and right lungs. Figure 8.24e, f is for the
models that have narrows at 3™ and 4" generations. Figure 8.24 is the representative of the

comparison of velocity contour between six different lung airways.
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Figure 8.24 Selected planes for different positions of asymmetric lung model and asymmetric
lung model with stenosis areas: (a) normal asymmetric lung, (b) stenosis-right at 1st generation,
(c) stenosis-left at 2nd generation, (d) stenosis-right at 2nd generation, (e) stenosis-right at 3rd
generation, and (f) stenosis-right at 4th generation.

Figure 8.25 indicates that the airflow velocity in the middle of the trachea (Plane 1) for all
cases has a similar pattern. For the 15'generation (Planes 2 and 3), the flow patterns are still
similar except for the flow pattern at the stenosis region (Figure 8.25b). Similarly, the flow
patterns at the 2"'generation (Planes 4 and 5) are also similar except at stenosis areas (Figure

8.25c, d) that are located in different lung sides. Moreover, the area, that is under the stenosis



area, also has a different flow pattern (Figure 8.25b of Plane 5). Plane 6 and 7are generated to
see the airflow patterns at 3" generation. It can be seen that the airflow pattern in the stenosis
area (Figure 8.25¢ of Plane 7) does not differ from other areas. However, it is obvious that the
areas that connect to the stenosis area have different airflow patterns. For deep details of
changed airflow patterns, Plane 6 of Figure 8.25¢ and Plane 7 of Figure 8.25b vary from others
because of the connection between stenosis areas for generation 1 and 2 respectively. In terms
of the airflow pattern at 4™ generation (Planes 8 and9), it is also similar to 3™ generations that
stenosis area does not make a change in airflow patterns (Plane 9 of Figure 8.25f for stenosis
area at 4" generation). Furthermore, only Plane 9 of Figure 8.25b has a different pattern
because of directly connecting to the stenosis area from 15'generation.

Overall, it can be summarized that the airflow pattern can change due to the obstructive
areas. And then, other flow patterns, which are under obstructive airways, usually have
different airflow patterns if compared with other cases without obstruction. Based on the study
from Singh et al. (2020), the airflow velocity is significantly affected by several factors such
as turbulence fluctuation at narrow section, the shape of airways in different conditions and the
force that is from pressure driven. However, obstructions at 37 and 4™ generations could not

have significant effects on airflow patterns.

Velocity [m s*-1]

DB SIS, X378 75 2% G55 Co
(a) (b) (c) (d) (e) ®
g
~
~
'
~




000000
000000
g OO
000000
000000
000000

Figure 8.25 Velocity contours at different positions of asymmetric and stenosis airways at 30
Ipm: (a) normal asymmetric lung, (b) stenosis-right at 1st generation, (c) stenosis-left at 2nd
generation, (d) stenosis-right at 2nd generation, (e) stenosis-right at 3rd generation, and (f)
stenosis-right at 4th generation.



8.5.2.2 Pressure Drop

Pressure drop is significantly related to the airways resistance. Airways resistance is defined as
the thing that resists flowing, which is caused by the friction forces. By the degree of the
resistance to flow within the airways usually depends on the flow characteristics that are
laminar or turbulent, the viscosity of the gas, and the dimensions of the airways (Esther et al.
1973). This section contains two main parts that are related to airway pressure. The first one is
the pressure drop, and the second one is pressure contours.

Pressure Drop

The randomly selected planes are generated from the middle of the trachea to 4generation for
various asymmetric lung models. The pressure drop is calculated based on 10 pum for the
particle size. Three different flow rates are considered in this part in order to evaluate the
changes in pressure drop. Figure 8.26 represents the pressure drop at different selected planes
for all six cases by Figure 8.26a is for flow rate at 7.5 Ipm, Figure 8.26b is for 15 lpm, and
Figure 8.26¢ is for 30 lpm.
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Figure 8.26 Pressure drop at different plane positions for asymmetric lung and asymmetric lung
with stenosis airways: (a) 7.5 lpm, (b) 15 Ipm, and (c) 30 lpm.

According to Singh et al. (2020), atmospheric pressure must be higher than the airway pressure
because of the direction of the air, which always flows from the higher pressure zone to the
lower pressure zone. From the results of Figure 8.26, it is obvious that other selected planes
from all six cases with three different flow rates have a lower pressure than the initial pressure
on Plane 1. Moreover, the highest pressure drop always occurs in an area that has an
obstruction. For the lowest flow rate at 7.5 lpm (Figure 8.26a), the maximum pressure drop is
located in the stenosis area at the right-lung of generation 2 (Plane 5). However, both flow
rates at 15 Ipm and 30 Ipm (Figure 8.26b, ¢) have the highest pressure drop at the stenosis area
of the right-lung at generation 1 (Plane 3). In contrast, the highest pressure is also located at
Plane I of stenosis-left at the 2" generation, which has 30 Ipm for the flow rate (Figure 8.26¢).
For normal asymmetric lung without having any stenosis section, initial pressure in this case is
lower than other cases that consist of stenosis areas. More details for stenosis cases, it can be
seen that after throughout stenosis area, under branch, which directly connects to the stenosis
branch, still has a higher pressure drop.

To summarize, it can be noticed that the flow rate can influence the level of pressure
drop. If compared to all three flow rates, the highest pressure drop at the stenosis area is located
at the highest flow rate that is 30 Ipm. In addition, stenosis condition also has an essential effect
on pressure drop. Referred to Singh et al. (2020), airway pressure could influence human
breathing. A higher pressure drop in the stenosis region could increase airway resistance. As a
result, it causes difficulty in inhaled conditions.

Pressure Contours

Pressure contours present the pressure variation within the domain. It could be changed based
on the fluid flows during the domain. XY Plane is created at the center of all six cases with 30
Ipm of flow rate and 10 um for particle size. Figure 8.27 is representative of pressure contours
at XY Plane for different lung conditions. Figure 8.27a is for an asymmetrical lung model,
whereas Figure 8.27b involves the stenosis area at 1% generation. Figure 8.27¢, d is for left and
right stenosis cases at 2" generation. Figure 8.27¢, f is for stenosis conditions at 3 and 4%

generations, respectively.
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Figure 8.27 Pressure Contours at XY Plane for six lung models: (a) normal asymmetric lung,
(b) stenosis-right at 1st generation, (c) stenosis-left at 2nd generation, (d) stenosis-right at 2nd
generation, (e) stenosis-right at 3rd generation, and (f) stenosis-right at 4th generation.

To compare all six cases, the highest pressure is found at the first bifurcation, and then the
pressure continually decreases along the airways. However, the pressure becomes an increase
again in the region, where it is nearly the bifurcation and has a significant increase in the area
before the obstruction. In contrast, the areas before stenosis regions at 3™ and 4™ generations
do not have any higher pressure due to the length and dimension of the airways. Moreover, the
lowest pressure is usually found at the center of the obstructive area. After that, it is increasing
again. For asymmetric lung without stenosis condition (Figure 8.27a), the overall pressure in
this case is similar to other cases except for the branches that are related to the stenosis regions.

Consequently, there are higher pressure at a bifurcation and the nearly obstructive

region. The lowest pressure is always found at the center of the obstructive region. Based on



the study of Nowak et al. (2002), pressure in bifurcating airways will be different based on the
airway resistance, which is caused by the lung volume as the dimension of the airway and
overall flow rate. The pressure in all six cases can vary because of various dimensions. The

overall pressure at right-lung is higher than left-lung because of smaller dimension.

8.5.2.3 Wall Shear
Shear stress is classified as one of six types of stresses. However, wall shear stress is normally
known as the shear stress of fluid which is always occurring in the layer next to the wall of a
domain. It has been considered for the clinical field because of the fluid characteristic. In
normally, fluid has a fastest-flowing at the center of the domain and slowest flowing close to
the wall. Moreover, wall shear stress can be generated based on the flow friction that is related
to velocity magnitude.

In this section, all six lung airway models are simulated with 30 lpm for flow rate and
10 um for the particle size. Figure 8.28 is the representative of the wall shear contour for six
different cases. Figure 8.28a is for normal asymmetric lung airway, whereas Figure 8.28b is
for asymmetric lung with stenosis area at 1% generation. Figure 8.28c, d is for the lung with
stenosis areas at the left and right lungs at 2"¢ generation. Figure 8.28¢, f is for the lung with

stenosis areas at 3" and 4" generation, respectively.
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Figure 8.28 Wall shear for six lung models at 30 Ipm: (a) normal asymmetric lung, (b)
stenosis-right at 1st generation, (c) stenosis-left at 2nd generation, (d) stenosis-right at 2nd
generation, (e) stenosis-right at 3rd generation, and (f) stenosis-right at 4th generation.

From these figures, wall shear stress is higher at the initial airway, becomes more stable, and
starts to be higher again at the first bifurcation area. It can be seen that most of the bifurcations
have a higher wall shear stress excepting the branch, which directly connects to the stenosis
area. In terms of the stenosis area, it can be found that the stenosis area has an essential effect
on wall shear stress. Most stenosis areas have a higher wall shear stress in the middle of itself,
and lower branches will have a lower wall shear stress.

The results in this report are similar to the study of Cebral & Summers (2004). The
pressure and shear stress are always opposite to each other. From the previous discussion on
pressure contours, the pressure is found lower in the stenosis area, whereas shear stress is higher
in this area. Furthermore, wall shear stress at the left lung has a higher magnitude if compared
with the right lung. In a nutshell, airway dimension and bifurcation can influence to the wall

shear stress.

8.5.2.4 Turbulence Intensity

Turbulence intensity is representative of the level of turbulence, which uses for the intensity
measurement of the flow fluctuations. The level of the turbulence intensity is generated by the
contour of the whole domain. The flow rate at 30 lpm and particle size at 10 pm are used to be
an input data for all lung models. Figure 8.29 shows the turbulence intensity contour for six
different airway conditions. Figure 8.29a is asymmetric airway without any narrow, whereas

Figure 8.29b and others are the airways with stenosis areas at different generations, which are



from 1% to 4" generations.
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Figure 8.29 Turbulence intensity contour for six lung models at 30 Ipm: (a) normal
asymmetric lung, (b) stenosis-right at 1st generation, (c) stenosis-left at 2nd generation, (d)
stenosis-right at 2nd generation, (e) stenosis-right at 3rd generation, and (f) stenosis-right at
4th generation.

From Figure 8.29, turbulence intensity often occurs in the inlet region and most of the
bifurcations. It can be seen that the level of turbulence intensity from normal asymmetric lung
(Figure 8.29a) is quite different from other lungs that have stenosis areas (Figure 8.29b to
Figure 8.29f). The lobes, which are under stenosis airway, obviously have a higher turbulence
intensity if compared to the normal case (Figure 8.29a). From Figure 8.29b and Figure 8.29c,
the lung, which is opposite stenosis-lung, also has lower turbulence intensity if compared to
normal airways (Figure 8.29a). However, stenosis areas at 3" and 4"generations (Figure 8.29¢,
f) can have few effects on the turbulence flow. Referred to Ma & Lutchen (2009), the authors

claimed that only from the upper airway that can generate turbulent flow. In contrast, the result



from this chapter and Singh et al. (2020) have similar points that stenosis area could influence
the flow pattern, which can increase turbulence intensity.

There are nine selected planes that are created to calculate the turbulence intensity
values in order to make the comparisons between six models. By this calculation is based on
the flow rate at 30 lpm. Figure 8.30 shows the turbulence intensity values at randomly selected
plans with different airway conditions.
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Figure 8.30 Turbulence intensity at different plane positions for six lung models at 30 Ipm

From the above figure, the airway with the stenosis area at 1% generation case has the highest
turbulence fluctuation at Plane 5, which is under of the stenosis branch. The secondary highest
turbulence values are found from two cases at Pane 6 which are the cases that have stenosis
area at left lung at 2" generation and the case that have no stenosis area. However, all six cases
have similar lowest turbulence values at Plane 9 where it locates in 4" generation. It can be
summarized that having a stenosis area can increase the turbulence fluctuation, especially at 1%
generation. On the other hand, having a stenosis area at 4™ generation could have an
insignificant effect on turbulence values.

To conclude, overall turbulence intensity from both contours and plotting graph,
turbulence intensity can be influenced by the stenosis area but only for 1% generation and 2"
generation. Stenosis areas at 3™ and 4™ generations could have a minor effect on flow patterns

and turbulence intensity.



8.5.2.5 Particle Transport

Particle transport in lung airways plays a vital role in drug delivery. At the same time, it can
also induce respiratory diseases because of inhaled harmful substances such as dust and
gaseous pollutants. There are various types of these substances in the environment that are
classified based on shapes and sizes ranging from smaller sizes to larger sizes (Asgharian et al.
2014; Farghadan et al. 2019).

In order to enhance the understanding of the particle transport within asymmetric lung airways
with stenosis area at different generations of the lung, this report will investigate and analyze
the particle deposition under various conditions. Then, this report will provide a comparison
based on two variables from deposition efficiency and deposition fraction.

Deposition Efficiency

Deposition efficiency is known as the ratio of the number of particles that having various sizes
and the amount of each particle size that is deposited at a given area. The particle deposition
efficiency for six lung conditions is calculated based on three different flow rates and provided

as Figure 8.31.

== Asymmetric Lung

h P . . == Asymmetric lung model
With Stenosis-Right at First Generation

> I ! ) > 20 With Stenosis-Right at First Generation
8 6 W?th Stenos¥s-L§ft at Second Generathn g With Stenosis-Left at Second Generation
5y Wﬁh Stenos1s-R¥ght at Se(':ond Gener{itlon 5 With Stenosis-Right at Second Generation
'S —C— W¥th Stenos1s-R¥ght at Third Generatl(?n B3 15 ==@= With Stenosis-Right at Third Generation
E === With Stenosis-Right at Fourth Generatio; E === With Stenosis-Right at Fourth Generation
Do 4 )
g = xX 10
o ~ o N
. p— o p—
©n ©n
o} e o}
o (o8
(&) (&)
A 0 A 0
1 2.5 5 10 1 2.5 5 10
Particle Diameter (um) Particle Diameter (um)
(a) (b)

50 == Asymmetric lung model
With Stenosis-Right at First Generation
40 With Stenosis-Left at Second Generation
With Stenosis-Right at Second Generation
=@ With Stenosis-Right at Third Generation
30 === With Stenosis-Right at Fourth Generation

Deposition Efficiency (%)

20
10
— S
" 1 2.5 5 10
© Particle Diameter (pum)

Figure 8.31 Deposition Efficiency in different region of asymmetric lung and asymmetric lung
with stenosis areas: (a) 7.5 Ipm, (b) 15 lpm, and (c) 30 Ipm.



Obstruction has an extreme effect on deposition efficiency. From the three flow rates (Figure
8.31), it is obvious that the stenosis area at 2" generation has the highest deposition efficiency.
Moreover, the stenosis area at 1% generation has second-highest deposition efficiency if
compared to the asymmetric lung without any stenosis area. Another important thing is that the
flow rate could influence the deposition efficiency. Flow rate at 30 lpm (Figure 8.31c¢), could
cause the highest deposition or trapped as 49% in the case of 10 um for particle size. In contrast,
other flow rates at 7.5 lpm and 15 lpm have deposition rates as 6% and 20%, respectively.

At higher flow rate, especially with larger particle size, can increase the deposition
efficiency rate because of having greater particle inertia (van Ertbruggen et al. 2004; Ma
&Lutchen 2009; Singh et al. 2020). It can be concluded that the flow rate and particle size
could influence deposition efficiency. However, based on the above discussion, the stenosis
area could increase greater deposition efficiency, especially the stenosis area at 1% and 2"

generations.

Deposition Fraction

Deposition fraction is referred as the number of particles that focusing only one size and the
amount of that particle size deposited at a given area. Figure 8.32 shows the deposition fraction

of different-diameter particles in six different cases.
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Figure 8.32 Deposition Fraction of different-diameter particles in asymmetric lung and
asymmetric lung with stenosis airways: (a) 1 um diameter, (b) 2.5 pm diameter, and (c) 5 um
diameter, and (d) 10 um diameter

From Figure 8.32, it can be seen that the particle sizes as 1 um and 2.5 pm (Figure 8.32a, b)
have a similar deposition fraction approximately 5% at 30 lpm, while the flow rate at 7.5 lpm
has deposition fraction around 2%. In case of particle size as 5 um (Figure 8.32c¢), stenosis case
at second generation has a higher deposition fraction around 10% if compared to other stenosis
cases which have deposition fraction around 4% to 7%. In terms of the particle size as 10 pm
(Figure 32d), a higher deposition fraction is around 49% at 30 lpm of the flow rate. This case
is still the case of the stenosis area in the second generation. Furthermore, it is also the highest
value if compared to other conditions.

In conclusion, the number of particle deposition of deposition fraction is usually based
on the particle diameter, flow rate, and density (Islam et al. 2015; Lalas et al. 2017; Singh et
al. 2020). For example, greater particle diameter will have a higher particle deposition rate. In
the same way, a higher flow rate will have a higher particle deposition rate. In terms of
obstructive cases, the smaller airway volume can increase the number of particle deposition
(Singh et al. 2020). From this chapter, obstructive areas in the first and second generations have
a particular effect on increasing the deposition fraction rate.

The various particle sizes have been used to be an inlet injection into all six lungs under
stenosis conditions in different areas with 30 lpm of flow rate. Figure 8.33 shows the particle

deposition scenario with different six lung conditions.



Figure 8.33 Particle deposition scenario at 30 Ipm for six lung models: (a) normal asymmetric
lung, (b) stenosis-right at 1st generation, (c¢) stenosis-left at 2nd generation, (d) stenosis-right
at 2nd generation, (e) stenosis-right at 3rd generation, and (f) stenosis-right at 4th generation.

Overall, in six cases, the majority of particles are trapped at the airway, which is opposite the
stenosis area, especially for the largest particle size as 10 um. All of these particles are trapped
at the wall of bifurcation for each generation. The lobe of second-generation has more particle

deposition if compared to other areas. In cases of asymmetric lung model without stenosis area



(Figure 8.33a), the left lung has higher particle deposition than the right lung because of having
a larger diameter.

To summarize, the majority of particles are usually trapped at the wall of a bifurcation
(Balashazy & Hoffman 1995; Farghadan et al. 2019). The results of this repert study can
support this idea. An increase in velocity at the stenosis area could influence the particle
pattern, which is significantly deposited at the bifurcation area (Singh et al. 2020). In addition,
it can be summarized that the largest particle size at 10 um is usually trapped in the bifurcation

of second generation.

8.6 Limitation of the Study

This chapter has used zero-gauge pressure as the outlet boundary for all lung airway models.
but in real life, some unknown pressures should be inside the lung in the third and fourth
generations. In terms of wall condition, it has been considered as stationary wall condition
which has no dynamic wall motion. Moreover, this report only considers the inhaled breathing
for both airflow and particle transport. This report focuses on the abnormal lung having

asymmetric condition with stenosis area, not considering for airway inflammation cases.

8.7 Conclusions
In this chapter, the airflow and particle transport has been investigated under an asymmetric
lung airways condition. A normal asymmetric lung has been compared to another two
asymmetric lungs with having aging effects that result in having smaller diameters. Moreover,
this study also compares a normal asymmetric lung to other asymmetric lungs with stenosis
sections in the different generations beginning from the first generation to the fourth
generation. Calculations have been performed based on two variables that are flow rates and
particle sizes. The following information will be the conclusion for the overall of this study:
- The airflow velocity
For effects of aging cases: The airflow velocity magnitude is influenced by the volume in the
lung airways. A smaller diameter could generate higher velocity magnitude especially for the
left-lung airways

For stenosis cases: The airflow velocity could be influenced by the stenosis section.
The velocity in this area is higher than in other areas if compared to the normal asymmetric
lung. However, it seems that the airflow velocity can be increased by stenosis conditions at
first generation to the second generation, while the stenosis areas at third and fourth generations

could not have much effect on velocity magnitude.



- Pressure

For effects of aging cases: The airway volume and the flow rate can affect to pressure levels.
A smaller airway could lead pressure to be a higher level. Among the three cases, the maximum
pressure is located at the trachea for all cases while the minimum pressure has been found at
the fourth generation.

For stenosis cases: The level of the pressure is depended on the airway volume and the
flow rate. The overall pressure at right-lung is higher than left-lung because of having a smaller
dimension. The maximum pressure has been found in the trachea region, while the lowest
pressure has located at the stenosis area where it is at the right-lung of the first generation.

- Wall shear

For effects of aging cases: The bifurcation can have a greater effect on wall shear stress,
whereas the volume of the lung airways can have a minor effect on shear stress at the wall.
For stenosis cases: Airway dimension and bifurcation can have a significant effect on the wall
shear stress. Wall shear is found to be higher at the bifurcation and in the middle of the stenosis
area.

- Turbulence intensity

For effects of aging cases: Normal asymmetric lung can generate more turbulence intensity
while smaller airways have a lower turbulence intensity and also have similar levels. The
airflow begins to be stable from the fourth generation of the airways, and it tends to be
continually stable for all lower generations.

For stenosis cases: Overall turbulence intensity of the whole lung is similar for all six
cases. Local turbulence intensity has been found to be higher at the bifurcation and the stenosis
area where it is only for first and second generations. On the other hand, stenosis areas at the
third and fourth generations could not have a significant effect on turbulence intensity.

- Particle deposition

For effects of aging cases: Both deposition efficiency and deposition fraction are based on the
particle size, flow rate, and airway volume. A smaller diameter of a 20% reduction usually has
higher deposition efficiency and deposition fraction in different flow rates and particle sizes.
The bifurcation for all generations can deposit more particles, especially for 10 um size.

For stenosis cases: The trend of deposition efficiency and deposition fraction is based
on the stenosis area, particle size, and flow rate. The deposition efficiency and deposition
fraction for stenosis areas at first and second generations tend to be higher than the stenosis
area at other generations. The particles are usually trapped at the wall of a bifurcation for each

generation. The majority of particle size as 10 pm is deposited in the bifurcation of second-



generation.

This study has presented the numerical simulation of the airflow and particle transport
in asymmetric human lungs with stenosis and the effects of aging conditions. Eight different
lung models have been used to analyze the velocity profiles, pressure drop, wall shear stress,
turbulence intensity, and particle deposition. The model has been developed based on
symmetric lung from Weibel’s model by reducing the diameter 25% for the whole right-lung
and 50% for stenosis areas. In terms of the effects of aging cases, the diameter for the whole
model of the asymmetric lung has been reduced by 10% and 20% sizes and remaining the same
lengths for the whole model. This study enhances the understanding of the effects of the
obstruction and the aging on the airflow patterns and particle movements within abnormal
human lungs. The understanding of pressure analysis could be useful for clinical treatment,
especially with the severe cases coming with the usage of mechanical ventilation. The
knowledge of particle transport could improve the understanding of the drug-aerosol delivery
passing stenosis regions. Respiratory diseases, such as asthma and COPD may have variant
stenosis conditions as well as the effect of aging on the respiratory system. The comprehensive
study of the asymmetric lung with stenosis areas and the aging’s effects should be examined in

more variables. In a further study, specific lung disease should be considered.
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