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Abstract: Understanding the transportation and deposition (TD) of inhaled aerosol particles in
human lung airways is important for health risk assessment and therapeutic efficiency
of targeted drug delivery. The particle TD into a human lung depends on lung anatomy,
breathing pattern, as well as particle properties. The breathing capacity and lung
airway diameters can be reduced by about 10% every 10 years after the age of 50.
However, the age-specific particle TD in human lungs, particularly in the aged, has not
been well understood in literature. This study investigates the particle TD in the lungs
of people aged 50-70 years, using computational fluid dynamics (CFD). A new cutting
method that splits the lung model into different sections has been developed as a
feasible CFD method to simulate the particle TD in GO to G14 lung airways. The
inhalation of micron scale particles with three diameters (5 ym, 10 ym and 20 pm) and
a constant air flow rate in inhalation is considered. It is found that different sized
particles are deposited in different generation airways. Nearly 100% of 20 ym particles
are deposited in the upper lung airways (G0-G5) and no particles pass through G7.
Particles can go into deeper airways as their diameter decreases. When the particle
size is decreased to 5 pm, over 48% of particles can pass through G14 and enter the
deeper lung airways. An increase in age causes more particles to deposit in the upper
airway and fewer particles to enter the deeper airways.
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Highlights (for review)

Particle transportation and deposition (TD) in human lungs of people aged 50-70
simulated.

A new cutting method developed to simulate particle TD in GO to G14 lung airways.
20 um particles are mostly deposited in GO-G5 but do not pass through G7.

Over 48% of 5 um particles can pass through G14 and enter the deeper lung airways.
Escaping rate in each generation decreases with the increase of age.

The total deposition efficiency increases with the increase of age.



Manuscript Click here to view linked References %

Aging effects on airflow distribution and micron-particle transport and deposition in a

1
g human lung using CFD-DPM approach
4 . .
5 Md. M Rahman ! 2, Ming Zhao *, Mohammad S Islam 3, Kejun Dong*, and Suvash C Saha?
6
g ! School of Computing, Engineering, and Mathematics, Western Sydney University, Penrith, NSW, 2751, Australia ;
9 19615253@student.westernsydney.edu.au
10
11 2Department of Mathematics, Faculty of Science, Islamic University, Kushtia-7300, Bangladesh
1% 3School of Mechanical and Mechatronic Engineering, University of Technology Sydney, Ultimo, NSW 2007, Australia ;
14 mohammadsaidul.islam@uts.edu.au (M.S. 1); suvash.saha@uts.edu.au (S.C.S);
15
16 4 Center for Infrastructure Engineering, Western Sydney University, 2751 Penrith, NSW, Australia; kejun.dong@westernsydney.edu.au
1; *Correspondence: M.Zhao@westernsydney.edu.au ; Tel.: + 61(02) 47360 085
19
20
21
22 Abstract
23

24 Understanding the transportation and deposition (TD) of inhaled aerosol particles in human lung
27 airways is important for health risk assessment and therapeutic efficiency of targeted drug delivery.
29 The particle TD into a human lung depends on lung anatomy,-breathing pattern, as well as particle
properties. The breathing capacity and lung airway diameters can be reduced by about 10% every 10
34 years after the age of 50. However, the age-specific particle TD in human lungs, particularly in the
aged, has not been well understood in literature. This study investigates the particle TD in the lungs of
39 people aged 50-70 years, using computational fluid dynamics (CFD). A new cutting method that splits
41 the lung model into different sections has been developed as a feasible CFD method to simulate the
44 particle TD in GO to G14 lung airways. The inhalation of micron scale particles with three diameters
46 (5 um, 10 um and 20 um) and a constant air flow rate in inhalation is considered. It is found that
49 different sized particles are deposited in different generation airways. Nearly 100% of 20 um particles
51 are deposited in the upper lung airways (G0-G5) and no particles pass through G7. Particles can go
into deeper airways as their diameter decreases. When the particle size is decreased to 5 um, over 48%
56 of particles can pass through G14 and enter the deeper lung airways. An increase in age causes more

o8 particles to deposit in the upper airway and fewer particles to enter the deeper airways.


mailto:19615253@student.westernsydney.edu.au
mailto:mohammadsaidul.islam@uts.edu.au
mailto:suvash.saha@uts.edu.au
mailto:kejun.dong@westernsydney.edu.au
mailto:M.Zhao@westernsydney.edu.au
https://www.editorialmanager.com/advpt/viewRCResults.aspx?pdf=1&docID=33895&rev=1&fileID=551569&msid=9bccf046-2866-422a-8ff2-19f821f7fa44
https://www.editorialmanager.com/advpt/viewRCResults.aspx?pdf=1&docID=33895&rev=1&fileID=551569&msid=9bccf046-2866-422a-8ff2-19f821f7fa44

©CO~NOOOTA~AWNPE

Keywords: Aging effect, Airflow, Aerosol particle transport and deposition (TD), Lung, Inhalation,

Drug delivery, Cutting method.

1. Introduction:

Aerosol particle inhalation is commonly used as a drug delivery method to treat human lung
diseases [1, 2]. Hence, the study of particle transportation and deposition (TD) in human lung airways
IS important, to ensure the effectiveness of drugs delivered through aerosol particle inhalation [3-5]. It
is also important for reducing the effects of inhaled pollutant in the air on human health [6, 7].

Particle TD into non-realistic tracheobronchial lung airways has been studied extensively to
analyse the airflow dynamics and particle TD in lung airways [8, 9]. Comer, et al. [10] developed a
double bifurcation lung geometry based on Weibel's model [11], simulated airflow and TD in G3-G5
of this model numerically, and made a comprehensive comparison of their results with other numerical
studies. Kleinstreuer et al. (2008) investigated airflow characteristics and particle TD of microparticles
in a symmetric, triple bifurcation model of generations G0-G3. The results showed that the
microparticles are mostly deposited at the carinal angles due to their strong inertial impaction
mechanism. Zhang, et al. [12] studied the micro- and nano-size particle TD in a non-realistic, triple
bifurcation model of generations GO-G3 using the Low-Reynolds-number (LRN) k—® model. The
nanoparticles were found to be more uniformly deposited in the airways than microparticles.
Moreover, Islam, et al. [13] simulated aerosol particle transport in lung models using Large Eddy
Simulations (LES) for up to 17 generations. The study shows that the majority of particles are
deposited in the upper airways through an inertial impaction mechanism. However, they only discussed
the total deposition efficiency of particles of all the 17 generations but not the deposition efficiency of
each individual generation. Ahookhosh, et al. [14] conducted a detailed analysis of the evolution of
various views of respiratory airway modelling throughout the years. This review study is helpful in

understanding the limitations of lung anatomy and drug distribution in the lungs. CFD has proved to
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be an efficient and accurate method for predicting the local particles deposition efficiency in the lung
airways [15-20]. Deposition efficiency is defined as the percentage of aerosol particles absorbed in the
human lung airways.

Some research on particle TD in realistic lung models has been conducted but mainly for small
number of generations. Pourmehran, et al. [21] conducted CFD simulations of a realistic lung model
of generations GO to G6. The microparticles were found to be mostly deposited in the upper
tracheobronchial lung airways. Recently, Asgari, et al. [22] studied the aerosol particles deposition in
a realistic lung model of generations mouth to six (G6) based on the temperature and humidity
conditions. The results showed that at very short timescales, aerosol evolution occurs mostly in the
upper airway segments.

The earliest lung geometries created for simulating airflow in human lungs are mainly for adults
[23]. The aerosol particle TD varies with age significantly, especially during the childhood/teenage
stage and shrinks in older age. Xu and Yu [24] conducted a theoretical calculation of the PD of aerosol
particles with diameters in the range between 0.01um and 10 pum in the respiratory tracts of ages
ranging from newborn babies to adults. It was found that the deposition efficiency in the mouth-throat
section of children is higher than the adults. However, in the pulmonary and alveolar section, the
opposite results were found [25]. Patterson, et al. [26]) studied nanoparticle deposition in the
respiratory tract of school-aged subjects (8- to 18-year-olds). The results proved that the total particle
deposition efficiency in the pulmonary section of children is higher than that of older people. The
airborne particles deposit more easily for the school-aged people than adults because their lungs are
smaller in size [27, 28]. Moreover, Deng, et al. [29] studied the age-specific (7-month old infant, 4-
year old child and 20-year old adult) particle deposition in generation G3-G6 and G9-G12 lung airways
through CFD simulations. The results further proved that the deposition efficiency of microparticles
for children is higher than for adults in the tracheobronchial section. Compared to those conducted for

younger people, few studies have investigated the airflow dynamics and particle TD in lung models
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for the aged. The lung volume and breathing capacity of old people reduce with increased age [30].
Kim, et al. [31] analysed the airflow dynamics in the lungs of aged people and found that the pressure
drop in the lung airways of 80-year-olds decreases by 38% compared to 50-year-olds. However, they
did not study the particle TD in the lungs of aged people.

Because most people suffering from lung diseases are older, and the drug was usually prescribed
for older people, it is important to improve the understanding of particle TD in their lungs. In addition,
most studies of airflow and particle TD in the lungs considered a limited number (three or four) of
generations. Airflow and particle TD in a whole lung using CFD has never been studied, due to

consuming and unaffordable computing time.

In this paper, we employed an efficient cutting method to enable the CFD simulations to simulate
airflow and particle TD in generations GO to G14. This study does not investigate generations after
G14 because the airway flow rate is very low after G14, and as a result, the inertial impaction
deposition mechanism does not work properly [32]. The cutting method divides generations GO to G14
into five sections, and each section includes three generations. The continuity of the airflow mass and
the particle numbers is ensured at the boundaries of these sections. The details of the cutting method
will be presented in section 3. The aim of this study is to understand the effects of particle size and age
on the airflow and TD of particles in micrometer scales in human lungs. We consider the same inhaled

air flow rate for all the ages, but varying airway diameters with age.

2. Lung model

Three-dimensional (3D) lung models with symmetric and planner lung airways from generation
GO to G14 are constructed based on the geometry proposed by Xu and Yu [24]. We used simplified
lung models because geometries of realistic lung models with all the generations from GO to G14 are
not available and simulating complicated GO0-G14 generation realistic lung model requires

unaffordable computational time. To understand fundamental mechanisms of particle TD in a lung
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model with many generations with affordable time, we used an efficient cutting method and simplified
lung model. The solution of the present study will provide good understanding how particle TD is
affected by the particle size and age, though quantitatively have difference from the realistic lung.
Many researchers have studied human lungs in people aged up to 30 years [25, 33]. The lung
geometries for older people are not straightforwardly available but can be generated based on the
conclusions made in previous studies. The lung airway diameters of adults change little between those
aged 30 and 50 years [34]. Therefore, we have assumed that a 50-year-old lung is the same as a 30-
year-old lung. The 3D bifurcation symmetric lung airways of a 50-year old of up to generation G14
are generated by SolidWorks using the geometric parameters given by Xu and Yu [24] and presented
in Fig. 1. The triple-bifurcation lung geometries of 60-year and 70-year old lungs (G0-G3, G3-G6, G6-
G9, G9-G12, G12-G15) are generated by reducing airway diameter of each generation by 10% after
every 10-year age [30, 31]. Furthermore, the size of the alveolar sacs grows with age [35]. Because
tissue parameter and lung morphology of the human lung have changed due to the ageing. Between
the ages of 50 and 80, lung tissue becomes around 7% stiffer [36]. Lung compliance is a volumetric
number that is dependent on lung size and represents the lung's elastic property. Compliance is
described as the ability of the lung tissue to absorb the same applied force, which is usually caused by
a change in pressure. In general, as people get older, they become more compliant[37]. Lung
compliance is an extrinsic parameter that rises as the size of the alveolar sacs grows. Low-compliance
lungs are stiff lungs that require a lot more pressure to obtain the same capacity. To affect the capacity
of the lungs, a stiff lung would require a larger than typical shift in pleural pressure, making breathing
more difficult. As a result, we looked at lung compliance in order to determine elastic characteristics

as people age. The details of the geometric parameters of the lung airways are listed in Table 1.
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Table 1 Geometric parameters of lung airways generated use the method by Xu and Yu [24]

Generation (G)

Diameter (cm)

Length (cm)

50 year old 60 year old 70 year old 50-70 years
0 1.665 1.499 1.332 12.286
1 1.220 1.098 0.976 4.284
2 0.830 0.747 0.664 1.896
3 0.560 0.504 0.448 0.759
4 0.450 0.405 0.360 1.268
5 0.350 0.315 0.280 1.071
6 0.280 0.252 0.224 0.901
7 0.230 0.207 0.184 0.759
8 0.186 0.167 0.149 0.639
9 0.154 0.139 0.123 0.538
10 0.130 0.117 0.104 0.460
11 0.109 0.098 0.087 0.390
12 0.095 0.086 0.076 0.330
13 0.082 0.074 0.066 0.271
14 0.074 0.067 0.059 0.231
15 0.066 0.059 0.053 0.202
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As shown in Fig. 1, generation GO has one bifurcation and the number of bifurcations of the n-th
generation is 2". Simulating the airflow of all the generations from GO to G14 using CFD without any
simplification would mean unaffordable computing time. To enable CFD to simulate airflow in all the
generations in affordable time, we cut the lung model into five sections: G0-G3, G3-G6, G6-G9, G9-
G12, G12-G15, and their geometries are shown in Fig. 1. The airflow and particle of each section is
simulated separately, considering the continuity of air mass and particle mass at the interfaces between

generations.

%
- _
(a) Generations GO-G3 (b) Generations G3-G6 (c) Generations G6-G9
} Go G12
' G13
| —L G14

(d) Generations G9-G12 (e) Generations G12-G15

Fig. 1. Tracheobronchial triple bifurcation lung airways model (G0-G14) for the 50-year-old lung

3. Numerical method
3.1. Airflow model
The airflow in lung airways is solved using software ANSYS FLUENT. The governing equations

for airflow are the Reynolds-averaged Navier-Stokes (RANS) equations:

a a —
3¢ T 55 (PU) =0 (1)
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where u is the fluid velocity, u is the molecular viscosity, p is the fluid density, p is the air pressure.

The term puju; is the Reynolds stresses related to the turbulence model. The turbulence is simulated
by the realisable k-¢ turbulence model, which was proved to perform better than the standard k-& model
in various flow conditions including: rotating homogeneous shear flows; boundary-free shear flows;
channel and flat boundary layer flows with and without pressure gradients; and backward facing step
flows [38]. The realisable k- model was proved to be able to accurately predict the mean flow rate of
complex lung geometries [39-42].

The second-order upwind and the pressure-velocity coupling scheme are used to solve the RANS
equations. The velocity inlet and the pressure outlet boundary conditions have been given in the triple
bifurcation symmetric lung airway model. In the simulation of each section in Fig. 1, the velocity at
the inlet boundary is given and zero gauged pressure condition is considered at the exits [43-45]. The
effects of unsteady inhalation profile in unsteady flow on particle TD were studied in some studies
[46, 47]. However, a constant velocity is given at the inlet boundary of each section instead of an
unsteady inhalation profile in order to testify the effectiveness of the current cutting method without
the influence of the velocity variation. The airway wall was considered stationary, and the wall surfaces
of airways was treated as no-slip walls [48-50].

If the inhaled air flow rate is considered to be evenly distributed among all the 2™ bifurcations of
generation G-n, the inlet air flow rate of each bifurcation of G-n is Q2 = Q/2™, where Q is the inlet
flow rate at GO. Therefore, the inlet velocity of each section starting from G-n is calculated by:

u=Q¢/An ©)

where A,, is the cross-sectional area of the inlet.

3.2. Particle transport and deposition model
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The current model is a one-way coupling model that consider the particle transportation in air flow
without considering the effect of the particles on the airflow. When the volume concentration of the
particles is greater than 15%, two-way models that considers particle—particle interaction are required.
However, the volume concentration is much less than 15% in all the drug delivery applications [51].
To simulate transportation of dilute, suspended particles in the human lung, collision-free condition
can be implemented, or particle—particle interaction can be ignored [52]. mMost of the published
literature did not consider particle-particle interaction because direct particle-particle interactions can
be ignored if the particle suspension entering the tracheobronchial airway is dilute [51]. In this paper,
the interaction of the continuous and discrete phases has been accomplished by the Discrete Phase

Model (DPM) model.

The Lagrangian approach is applied to determine the particle TD in human lung airways. The

force balance equation of each individual particle is represented as:

au

d_::FD(ﬁ_ﬁp)+g_p(pp_p) (4)

where 1 and i, are the fluid and particle velocities, respectively, g’ is the gravitational acceleration,
pp is the particle density, which is 1100 kg/m?® [53, 54]. F, (ﬁ’ — ﬁp) is the drag force per unit particle

mass, and the coefficient Fj, is calculated by:

18u Rep
Fp = Cp— 5
D dezzy D 24 ( )

where Cj, is the drag coefficient calculated by [55] :

_ a as
Cp=a; + R + Rep? (6)

The particle Reynolds number ( Rep ) is defined as:

Rep = pdplﬁp - ﬁl/[,l (7)

and az, az, as are functions of the Reynolds number Rep given by:
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al, az, a3 =

The maximum Reynolds numbers based on the airway diameter at GO are 5480, 6052 and 6855 for 50-
,60- and 70-year ages, respectively. For particle deposition purposes, a trap condition is considered on
the lung airways wall and an escape condition is considered at all outlets [56, 57]. Specifically, if a

particle collides with the inner wall of an airway, it will be trapped by the wall surface (i.e. the

(0, 24, 0 0<R,<01
3.690, 22.73, 0.0903 01<R.,<1

1.222, 29.17, 3.89 1<R, <10
0.617,46.50,—116.67 10 < R, <100
0.364,98.33,— 2778 100 < R, < 1000

0.357,148.62,—47500 1000 < R, < 5000
0.46,—490.546,578700 5000 < R, < 10000

\0.519, —1662.5, 5416700 R, > 10000

coefficient of restitution is zero).

3.3 Deposition Efficiency calculation

The local deposition efficiency of the n-th generation is defined as the percentages of the particles
absorbed (trapped) in this generation of airways out of the particles released at the inlet boundary of
each section, and it is represented by 7, ,,, where the subscript n stands for n-th generation. In the
simulations, 79800 spherical particles with a uniform diameter were injected randomly from the inlet

surface at one time at the inlet of each section. The deposited particle numbers are then converted by

the local deposition efficiency using Eqg. (8).

Number of particles are trapped in a lung airways

n

In a lung, GO-G14 are divided into five sections, and the number of particles at the inlet boundary
of each section is smaller than the previous section because of the absorption of particles in the previous

section. As a result, the global deposition efficiency (n,,) of the n-th section is calculated by:

Ln  Total number of particles released at the inlet of this section

M= X (1= X5 1)
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where K stands for the number of generations in all the previous sections. The percentage of particles
that escape from all the outlets of each generation and enter the deeper lung is defined as particle

escaping rate. The formula for calculating the particle escaping rate of generation n (a;,) is:

=1 — Xiz1 M (10)

3.4. Grid dependency study and model validation
3.4.1. Grid dependency test

The grid dependency test is performed by conducting numerical simulations of G3-G6 atd,, =
10 pwm using six meshes with the same mesh structure but different mesh densities. The smallest grid
sizes next to the wall of Mesh 1 and Mesh 6 are 0.8 mm and 0.235 mm, respectively. The node numbers
of Meshes 1 to 6 range from 172726 to 865461. Fig. 2 (b) shows the mesh near one bifurcation of
generation G4. Ten-layers of smooth inflation are implemented near the wall to accurately predict the
wall boundary flow inside the lung airway, as seen in Fig. 2 (a). The mesh structure of all other

generations is similar to that shown in Fig. 2.

Fig. 2. Computational mesh for the section of G4 (a) Refined inflation mesh near the airway wall (b)

The mesh resolution on the airway wall.
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Fig. 3. Velocity distributions along the two lines indicated in Fig. (b) from six meshes for G3-G6 model,

50-year of age, particle diameter of d,, = 10 um and inlet flow rate of 60 [/min. (a) Line-1 (b) Line-2.

The velocity distributions along two lines indicated in Fig. 1 (b) calculated from the six meshes are

shown in Fig. 3. The velocity distribution of all the meshes follow the same trend and very small

differences can be observed between different meshes. Particularly, the maximum velocity difference

between Mesh 5 and Mesh 6 is 0.0174%.

T, (%0)

32 7

28

24

20

16

12 4

== Generation G3

=8—Generation G4
—4—Generation G5

0

200000

400000 600000 800000 1000000

Number of Elements

Fig. 4. Comparison of local deposition efficiency as functions of the grid number for G3-G6 of

the 50-year age model, particle diameter of d,, = 10 um and inlet flow rate of 60 [/min.
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The variations of the local deposition efficiency with the element numbers of the mesh are
presented in Fig. 4. The local deposition efficiencies nearly remain unchanged as the mesh density is
higher than Mesh-4 with about 0.56 million elements. In the rest of the paper, we used the density of

Mesh-5 with 0.68 million elements to do all the numerical simulations.

3.4.2 Model validation

The present CFD method is validated against available published data of airflow and particle TD
in G3-G5 at Re=1000 and 2000 [58-60]. The inhalation flow rates 3.87 [/min (Re = 1000) and
7.78 l/min (Re = 2000)are calculated based on the inlet diameter of G3. Simulations are conducted
for particle diameters of dp=1pm, 3um, 5um, 6um, 7um, 8um and 10um. Fig. 5 (a) and (b) shows the
comparison of the total deposition efficiency of G3 and G4 against the Stokes number, respectively.

The Stokes number is defined as:

_ ppdpu
18uD

St
where D represents the hydraulic diameter, which is the same as the inlet diameter of G3; u is the flow
velocity at the inlet of G3. The one-way and two-way coupling models result in similar results in Fig.
5, because the concentration of particles in the air in drug delivery is so small that the airflow is not
affected by the particle motion. It can be found that the deposition efficiency increases with the increase
of the Stokes number. The variation trend of the deposition efficiency with the Stokes number is in
good agreement with other numerical results and the experimental data, demonstrating that the present
model is accurate to calculate the particle TD in the tracheobronchial airways of a lung. In Fig. 5, the

deposition efficiencies of Re=1000 and 2000 do not differ from each other, indicating the deposition

efficiency is mainly controlled by St.
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Fig. 5: Comparison between present simulation results of deposition efficiency of G3-G5 and results

from literature [58-60]: (a) Generation G3; (b) Generation G4.

4. Results and discussion

In the present study, the inhalation flow airflow rate of Q = 60 1/min at GO [61, 62] is considered

for different ages and the inlet velocities of the five sections and three ages are listed in Table 2.

However, the inhalation velocity profile affects the calculation of particle deposition in human lung

airways. Kadota, et al. [46] studied the constant and inhalation flow pattern to calculate particles

deposition in a realistic human airway. The results showed that vortex generation employing an

inhalation flow pattern aided particle deposition in the airways. Ahookhosh, et al. [47] investigated an

experimental for particles deposition in a realistic lung model of generations mouth to four (G4)

considering three constant flow rates. The results showed that the deposition density increased with an

increased flow rate. The inhalation route ( mouth and nasal) has influence particle deposition in upper

and tracheobronchial lung airways [63]. However, the results showed that the inhaling route had no

effect on the distribution of deposited particles downstream of the trachea.
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Hence, the inlet velocity changes with changes in the lung geometry for different ages of people.
Aging has been associated with progressive decline in lung function and depends on the breathing
parameters such as tidal volume and breathing frequency. The breathing frequency for 50-year, 60-
year, and 70-year are 13.65(mint), 13.19(min), and 12.92 (min) respectively. Moreover, the tidal

volumes are 500 ml, 403 ml and 179 ml for 50-year, 60-year, and 70-year respectively [34].

Table 2. Inlet airflow velocities for the five sets of models

Generations 50-Years 60-Years 70-Years
G0-G3 4.591 5.667 7.173
G3-G6 5.079 6.271 7.937
G6-G9 2.536 3.131 3.963
G9-G12 1.048 1.295 1.639
G12-G15 0.344 0.425 0.538

4.1. Airflow Characteristics

The air density and viscosity are 1.225 kg/m?® and 1.79x10° kg/m-s respectively. Simulations are
conducted for three particle diameters of dy=5 um, 10 pum and 20 um and three ages in Table 2. Fig. 6
shows the airflow velocity contours on the symmetric plane within the lung generations G3-G6 of the
three ages. The variation of velocity inside other sections are qualitatively similar to that of section
G3-G6. The velocity decreases as air goes into the deep lung because the total cross-sectional area
increases. For a constant flow rate, the 70-year-old lung model in Fig. 6 has the maximum velocity
because it has the smallest lung diameter. The velocity varies significantly in each bifurcation area in
the lung airways. After the air passes through the splitting point of each bifurcation, the velocity
increases locally as the result of the streamline contraction. The local increase of the velocity and the
sudden change of the velocity direction at the bifurcation point enhances the potential of particle

deposition due to impaction mechanism.
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Fig. 6. Airflow velocity contours for generation G3-G6 at a flow rate of 60 1/min. (a) 50-years-

old (b) 60-years-old, and (c) 70-years-old model.
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Fig. 7. Wall shear stress for generations G3-G6. (a) 50-years-old (b) 60-years-old, and (c) 70-years-old

models.

Fig. 7 shows the distributions of airflow-induced wall shear stress along the inner wall of G3-G6
lung airways for the three ages. The localised velocity increase at the splitting point of each generation
shown in Fig. 6 leads to the local increase in the wall shear. The motion of the fluid and particles near the
wall can be understood by observing the wall shear stress, which is proportional to the velocity in the
boundary layer flow next to the wall. The wall shear stress changes significantly in each lung airway

generation because the flow resistance happens at complex lung geometry. At each sharp edge, the wall
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shear stress is increased significantly because of the flow contraction. The maximum wall shear stress
occurs in the splitting point of each bifurcation. Fig. 8 quantitatively shows the maximum area-weighted
average wall shear stress on five sectional planes indicated in Fig. 1(b). With a contact inhaled air flow

rate, the wall shear stress increases with the increase in age, as shown in Fig. 8.
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Fig. 8: Area-weighted average wall shear stress at different planes of the three ages’ lung models

for generation G3-G6 at a flow rate of 60 [/min; see Fig. 1(b) for plane numbers.

The maximum area-weighted average static pressures at different positions in the section G3-G6
lung airways are shown in Fig. 9. The maximum pressure is observed at plane-1 (Fig.-1b) for all ages.
In addition to the decrease in velocity as shown in Fig. 6, the pressure also decreases gradually when
the airflow goes into the deep lung. The flow energy reduces as the airflow goes into deep lung because
of the friction from the inner wall of the airways. The high velocity at 70-year-old lung shown in Fig.
6 requires high pressure at the inlet to drive the flow. Fig. 9 shows a 72.38% pressure increase for 70-
year-old people compared to the 50-year-old in the lung airways. Therefore, breathing air into the

lung for a 70-year-old is more complicated than for a 50-year-old. A significant pressure at Plane 5 is
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decreased compared with that at plane 1, mainly because of the volume flow rate decrease. Hence, the

decrease in velocity led to the low pressure drop in plane 5.
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Fig. 9: Pressure at different planes of 50-70-year-old ages’ model for generations G3-G6 at a

flow rate of 60 [/min; see Fig. 1(b) for plane numbers.

4.2 Particle Deposition

Fig. 10 shows the visualisation of local particle distribution of different sized particles at
generation G3-G6 of 50-year age. The calculated local total particle deposition efficiencies of G3-G6
are 90.83%, 62.93% and 10.45% for of 20 um, of 10 um and 5 pm particles, respectively. The 5-um
particles have much smaller deposition efficiency than 20 um particles at Generation G3-G6, because
the impaction mechanism becomes weak as particle diameter decreases. Moreover, the 5-um particles
are more evenly distributed in each bifurcation lung area compared to the larger particles. When
particle size is small, the inertia mechanism becomes weak. When the flow direction changes, small
particles can change direction and follow the flow easily and as a result, they can spread, and deposition
occurs at different areas. When the particle size is large, the inertia effect makes particles hit the wall

at the first and second bifurcations. Even if the flow direction bends, large particles change their
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direction slowly and do not follow the flow direction easily. This reduces the chance of large particle

deposition in other places.
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Fig. 10. Local Particle Deposition for the 50 years age for generation G3-G6 (a) 5 um particles, (b)

10 um particles, and (c) 20 um particles at flow rate of 60 [/min

Fig. 11 shows the effects of the age on the global particle deposition efficiency in lung airway
generations G0-G14. When the particle size is 5 um, more particles can go deeper into the lung and
the deposition efficiency in upper lung airways reduces significantly, compared with 10 um and 20
pm. Around 0.61%, 0.28% and 0.11% of 5 um particles are deposited at the generation G14 for 70-
years, 60-years and 50-years of age, respectively (Fig. 11a). The maximum deposition efficiency of
10 pum particles is found at generation G4, G2 and G2 for the 50-, 60- and 70-year ages, respectively.
With a constant inhaled flow rate, the decrease in the diameter of the GO lung airway (as the result of
aging) causes an increase in the velocity and higher Stokes number. It has been reported that the higher
Stokes number causes higher deposition efficiency in the upper generations, as shown in Fig. 5. As
the age increases, the increase of the flow velocity causes large deposition efficiency at early

generations. In a younger age, the deposition efficiencies of early generations are small, allowing more



©CO~NOOOTA~AWNPE

particles to pass upper generations and deposit in the deeper lung. Unlike 20 pum particles that are all
trapped before G8, very small amount of 10 um particles (0.09% for a 50-year-old) can reach G14.
The position of the maximum deposition efficiency is found to move towards the deep lung as the
particle diameter decreases. The maximum deposition rate of 20 um particles occurs at GO and the
majority of the 20 um particles are deposited in the upper lung airways up to G4 because of the strong
impaction mechanism at large particles. No 20 um particles can pass through G8, resulting in zero
deposition efficiency in all the generations after G8, as shown in Fig. 11 (c). More 20 pum particles are
deposited at GO than all other generations for all the three ages in Fig. 11 (c). The deposition efficiency
of 20 um particles in GO for 70-years, 60-years, and 50-years of age people, are 50.83%, 38.62%, and
29.69%, respectively. The deposition efficiency increases in upper generations and decreases in lower
generations with the increase in age. All the 20 um particles are deposited between GO to G8
generations for those of 50-70 years old, leaving no deposition after G9 (Fig. 11c). The deposition
efficiency in the deeper lung airways for a 5 um particle is better than 10 um and 20 um. Hence, the
results suggest that the capacity for particle absorption in the deep lung airway generation (G14) for

50-year-olds is better than 70-year-olds.

The escaping rate from generations G0-G14 for 50-, 60- and 70-year ages are represented in Fig.
12. The escape rate at G14 are the percentage of particles that can pass G14 and enter generations after
G15. The effects of the age and particle size on the escaping rate is opposite to their effects on the
deposition rate. An increase in the deposition rate makes the escaping rate decrease with the increase
in age (Fig. 12a). The escaping rates at G14 of 20-um particles are zero for all the ages. Only 0.64%,
0.09% of 20-um particles pass G6 and go into the deeper lung for 50-years, 60-years age lung models,
respectively. The 20-um particles cannot pass G5 of a 70-years age lung because all particles are

deposited in the upper lung airways.

The escaping rates of 5-um particles at every generation is significantly increased compared with

20-um. Percentages of 66.65%, 53.51%, and 39.59% of 5-um particles can pass G14 and go into the



deeper lung airways for 50-year, 60-year, and 70-year-olds, respectively (Fig. 12(a)). The escaping
rates of 10-um particles at G14 of all the three ages are not zero but much smaller than those of 5-um

particles (Fig. 12b); 3.12% of 10-um particles pass G14 and enter G15 for the 50-year age, while only
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0.12% of particles can enter G15 for the 70-year age.
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Fig. 11. Effects of age on the global particle deposition efficiency in airway lung generation

GO0-G14 for: (a) 5 um particles, (b) 10 pum particles, and (c) 20 pum particles
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Fig. 12 Particle escaping through rate (a» ) for ages 50-70 years at a flow rate of 60 [/min: (a)

5 um particles, (b) 10 um particles, and (c) 20 pum particles

5. Conclusions
The microparticles TD in the Tracheobronchial lung airway generations G0-G14 for 50-, 60- and
70-year-old lung models are investigated numerically. We have developed a cutting method to enable

the airflow and particle TD in generations from GO to G14 of a lung to be simulated using
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computational fluid dynamics. The effects of age and particle diameter on the airflow and particle TD

are discussed in detail and the conclusions are summarised as follows.

e The airflow velocity in the airways increased with increase of age due to the reduction of airway
diameters. The local increase in wall shear stress is observed in each bifurcation lung airway
because the flow resistance happens in that area. If the gauged pressure is zero at the exit at G15,
the pressure in the lung airways increases with the increase of age. The pressure of G3 to G6 of a
70-year-old lung is 27.62% higher than that of a 50-year-old lung.

e Different sized particles are deposited in different positions of the lung. For a 50-year-old lung, 5-
um, 10-um and 20-um particles are mostly deposited in G6, G5 and GO, respectively. However, as
the age increases to that of a 70-year-old, the maximum deposition rates of 5-pm, 10-um and 20-
um particles occur at G5, G2 and GO, respectively.

e When the particle size is 20 um, a high percentage of the particles (over 85%) are deposited in the
upper lung airways (G0-G4). As the particle size is decreased to 5 pm, 52% of the particles are
deposited in the lung airways, allowing over 48% of particles to enter the deep lung after G14. The
above finding indicates that particles must have a small diameter to treat diseases in the deep lung.

e The numerical study showed that deposition efficiency is affected by ages. Most of the particles
are deposited in 70-year-olds rather than 50-year-olds in the upper generations. The capacity for
the particles to escape each generation decreases with the increase of age. The results suggest that
to increase the number of particles deposited into deep lung airways, the particle size needs to be
reduced. Therefore, our results indicate that the particles as targeted drug delivery should be
provided based on the appropriate age [64, 65].

There are some limitations in this study that should be addressed in future studies. First, only an

inhalation condition was considered in the simulation of particle TD. We will consider the inhalation

as well as the exhalation process for both deposition and clearance of particles in the forthcoming

studies. Second, we considered the micron-size (5um < dp <20 um) particle deposition in the GO-G14.
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The PD of nanoparticle in airways is mainly governed by the Brownian diffusion mechanism. We will
investigate nanoscale particles in future studies. Third, we considered symmetric and planner lung
airways, instead of real lungs due to unavailability of the lung geometry. Nonetheless, the symmetric
and planner lung airways model can predict the particle deposition pattern correctly [66, 67]. Even
considering the above limitations, the airflow characteristic and particle deposition pattern in our

present study are valid, based on the published literature.
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