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Understanding nano-particle inhalation in human lung airways helps targeted drug delivery for treating lung
diseases. A wide range of numerical models have been developed to analyse nano-particle transport and depo-
sition (TD) in different parts of airways. However, a precise understanding of nano-particle TD in large-scale
airways is still unavailable in the literature. This study developed an efficient one-path numerical model for
simulating nano-particle TD in large-scale lung airway models. This first-ever one-path numerical approach
simulates airflow and nano-particle TD in generations 0-11 of the human lung, accounting for 93% of the whole
airway length. The one-path model enables the simulation of particle TD in many generations of airways with an
affordable time. The particle TD of 5 nm, 10 nm and 20 nm particles is simulated at inhalation flow rates for two
different physical activities: resting and moderate activity. It is found that particle deposition efficiency of 5 nm
particles is 28.94% higher than 20 nm particles because of the higher dispersion capacity. It is further proved that
the diffusion mechanism dominates the particle TD in generations 0-11. The deposition efficiency decreases with
the increase of generation number irrespective of the flow rate and particle size. The effects of the particle size
and flow rate on the escaping rate of each generation are opposite to the corresponding effects on the deposition
rate. The quantified deposition and escaping rates at generations 0-11 provide valuable guidelines for drug
delivery in human lungs.

1. Introduction nanoparticle transport during inhalational delivery (Azarmi et al., 2008;
Ruge et al., 2013). However, little investigation has been done on
nanoparticle transport in the pulmonary circulation (Sohrabi et al.,

2017). Thus, developing an efficient technique for evaluating nano-

Nanoparticles have been successfully used as multipurpose carrier
frameworks for the therapeutic delivery of drugs for treating respiratory

illnesses such as lung cancer, cystic fibrosis, and asthma (Sung et al.,
2007; Willis et al., 2012). Targeted distribution of drugs reduces the
overall dose and the number of adverse effects associated with high
levels of systemic drug treatment (Azarmi et al., 2008). As a result, the
study of particle transportation and deposition (TD) in human pulmo-
nary airways is essential to the effectiveness of drugs delivered by the
aerosol inhalation (Koullapis et al., 2018; Mangal et al., 2017; Nahar
et al., 2013; Valiulin et al., 2021).

For the treatment of respiratory illnesses, many nanomedicines and
drug delivery systems have been developed. Intravenous injection and
inhalational delivery are the most popular methods to deliver thera-
peutic or diagnostic materials to the lungs (Babu et al., 2013; Lee et al.,
2015; ScherlieB3 et al., 2022). Significant research has been done on
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particle delivery in human lungs is essential. To achieve this, a detailed
investigation of nanoparticle TD in a human lung model, taking into
consideration as many as the lung airways as possible, is necessary.
The factors influencing drug carrier distribution in a heterogeneous
vasculature tree include particle size, particle density, inhalation flow
conditions, and lung geometry (Kim and Iglesias, 1989). Nanoparticles
are solid colloidal particles made up of macromolecular material with
diameters ranging from 1 to 1000 nm (Kaur et al., 2008). Dissolving,
entrapping, or encapsulating the active material can be accomplished
with nanoparticles as drug carriers (Singh and Lillard, 2009). Nano-
particles have been explored as drug carriers for a variety of illnesses,
including cancer and tuberculosis (TB) (Sung et al., 2007; Yhee et al.,
2016). They are also employed in cancer treatment to target tumour
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cells, which play a significant role in inflammation and house germs that
cause bacterial infections (Alexiou et al., 2006; Barani et al., 2021).

Nanoparticle TD in the extrathoracic area (nasal, oral and pharynx
airways) and tracheobronchial lung airways have been investigated
through Computational Fluid Dynamics (CFD) (Xi et al., 2012; Zhao
et al., 2020). Yu et al. (1996) used a computer model to simulate the
deposition of nanoparticles in a single bifurcation airway. They
concluded that the inlet condition significantly impacts concentration
and flow pattern. Comer et al. (1999) simulated airflow and particle TD
in generations 3 to 5 (G3-G5) of a double bifurcation lung geometry
based on Weibel’s model (Weibel, 1963). Zhang and Kleinstreuer (2004)
investigated airflow and nanoparticle (1 < nm < 150) deposition in GO
to G3 of a human upper airway model numerically and concluded that
turbulence has negligible effects on nanoparticle deposition in the lung
model. Islam et al. (2021a) studied polydisperse aerosol particle depo-
sition in the upper airways up to G5 through CFD. The results showed
that the diameter of the lung airway reduction significantly affects the
particle deposition in the upper lung airway. CFD has been proved a
reliable and accurate methodology for estimating the efficiency of local
particle deposition in the human lung airways (Ghalati et al., 2012;
Rahimi-Gorji et al., 2016; Vachhani and Kleinstreuer, 2021). Using
simplified lung models in CFD studies can find fundamental mechanisms
of particle TD through reasonable computational time. However, all the
studies mentioned above only investigate a limited number of genera-
tions. Rahman et al. (2021b) developed an efficient numerical method to
study the deposition of microscale aerosol particles in the symmetric
lung model over 14 generations. In the model by Rahman et al. (2021b),
the GO to G14 lung model was cut into a number of sections. The particle
mass and flow rates satisfy continuity conditions at the interfaces be-
tween sections but not the fluid momentum. The results indicated that
the microscale aerosol particle deposition also increased when particle
size or flow rate increased.

Some researchers have studied particle TD in realistic lung models,
which is more complicated than the symmetric lung model (Huang et al.,
2021). Russo et al. (2018) conducted CFD simulations of magnetic
nanoparticle drug delivery in a patient-specific realistic lung model of
GO to G3. They found that despite the produced magnetic field intensity,
only a tiny percentage of the particles reached the respiratory airways.
Through CFD simulations, Rahman et al. (2021¢) found that 10% of 5
nm particles are deposited in the mouth to G3 airways, allowing over
90% to reach the deeper lung. Dong et al. (2021) recently investigated
nanoparticle TD in realistic human airways generation up to G3. They
found Brownian diffusion is a dominating particle deposition mecha-
nism for particles below 10 nm. However, the deposition efficiency
dropped substantially when the particle size was increased to 100 nm.

Sosnowski (2018) found that particle flow and deposition in the
respiratory tract are influenced by particle coagulation, hygroscopic
growth, and dry powder inhalation. Kadota et al. (2022) found that the
particle deposition is influenced by airway geometry. They also found
that small particles are deposited in the lower bronchial tree and large
particles are deposited in the upper airways generations (G2-G6).
Ahookhosh et al. (2021) studied the micron-sized particle transport and
deposition in human lung airways based on various inhalation flow rates
using pressurized metered-dose inhalers drug delivery devices. It was
found that the particle deposition rate in the right lung is greater than in
the left lung. Ahookhosh et al. (2020b) studied the airflow and
micron-size particle deposition in realistic human tracheobronchial
airways with varying inhalation flow rates. The results showed that
more particles are deposited in the extra-thoracic region, and inertial
impaction is the dominant deposition mechanism.

Longest and Holbrook (2012) conducted a review on aerosol trans-
port in the respiratory tract. The review indicated that more accurate
models need to be developed through contemporaneous experimental
and CFD methods. Longest and Xi (2007) investigated nanoparticle
deposition in the upper airways using three models: a straight tubular
flow field, a 90° tubular bend, and an idealised human oral airway
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reproduction. The results show that the oral airway model, which
combines a Lagrangian model with a user-defined Brownian motion
model and a near-wall interpolation approach, is suitable for nano-
particle deposition in the respiratory tract with diameters ranging from
1 to 120 nm. Tian et al. (2011b) developed an individual stochastic path
(SIP) model that considers transient and steady-state conditions to
predict aerosol dry powder inhalation from the mouth-throat to the
tracheobronchial (TB) airways. The findings show that steady-state
simulations produced an excellent view of the overall, regional, and
local deposition. At the same time, the transient conditions had little
effect on deposition in the TB region, starting with the fourth bifurca-
tion. Tian et al. (2011a) investigated an enhanced condensational
growth strategy for aerosol particle delivery in a single path bifurcation
model from the mouth to the tracheobronchial zone. The findings show
that large aerosol droplets (aerodynamic diameters of 2.4-3.3 m)
enhance the tracheobronchial B5 region under ECG delivery settings.

All numerical simulations for realistic geometry only consider
limited generations to keep computing costs low (Sohrabi et al., 2014).
The complexity of realistic lungs make CFD simulation of whole airways
completely impossible (Ahookhosh et al., 2020a; Sohrabi et al., 2017;
Zhang et al., 2008). Therefore, symmetric lung based on theoretic
models have been constructed to represent the lung trees to predict the
particle deposition (Kolanjiyil and Kleinstreuer, 2019).

Considering simulating airflow through the GO-G11 airway using
CFD, the total number of bifurcations of only G11 is 2!1 = 2048. Detailed
CFD simulation for such a significant number of airway bifurcations is
impossible. This study aims to develop an efficient numerical model to
simulate particle deposition in many generations of human lung air-
ways. Instead of predicting all the bifurcations, only two representative
bifurcations of each generation is simulated in the numerical model to
predict the airflow and particle TD. The deposition efficiency of these
two representative bifurcations of each generation is then converted to
the deposition efficiency of all the bifurcations of this generation. The
continuity of the airflow mass, airflow momentum and the particle
numbers are ensured in the numerical model. The details of the nu-
merical method will be presented in Section 3. Using the newly devel-
oped numerical method, we investigated the effect of particle size and
inhalation airflow rates on the distribution of deposited particles in GO
to G11 airways. The parameters used in the numerical simulations are
summarized in Table 1.

2. Numerical methods
2.1. Geometry of the lung model

The simplified (all called theoretical) geometry developed by Xu and
Yu (1986) is used to create the three-dimensional (3D) lung model with
symmetric and planner lung airways from generation GO to G13. The
bifurcation angle of lung airways is 70°. The rotation angle is considered
because the lung airways are assumed to be symmetric and planar
(Deng et al., 2018). The extra-thoracic airways are not considered
because they are not available in the theoretical lung models (Poor-
bahrami and Oakes, 2019). Considering the extra-thoracic airways will
reduce the number of particles entering lung airways (Xi et al., 2012).
Table 2 lists geometric parameters of the theoretical lung airways from

Table 1

Numerical parameters and simulation conditions.
Parameters Value
Fluid density (kg/m?) 1.225
Viscosity of fluid (kg/m.s) 1.7894 x 107>
Inhalation flow rates (L/min) 15 and 30

Aerosol particle density (kg/m>) 1100
Particle diameter (nm) 5,10 and 20
Total number of injected particles 97,200
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Table 2
Geometric parameters of lung airways were calculated using Xu and Yu (1986).
Generation (G) Generation number, n (Z) Diameter (cm) Length (cm)
0 1 1.665 12.286
1 2 1.220 4.284
2 4 0.830 1.896
3 8 0.560 0.759
4 16 0.450 1.268
5 32 0.350 1.071
6 64 0.280 0.901
7 128 0.230 0.759
8 256 0.186 0.639
9 512 0.154 0.538
10 1024 0.130 0.460
11 2048 0.109 0.390
12 4096 0.095 0.330
13 8192 0.082 0.271

GO to G13. We implemented an efficient truncating method to construct
an efficient theoretical lung model to explore the fundamental mecha-
nisms of particle TD in a lung model with many generations. A whole
human lung has GO to G23 generations of airways. We simulated GO to
G13 using CFD and analysed the nanoparticle particle TD in GO to G11
airways. The airway length from GO to G11 is 93% of the whole lung
from GO to G23. In an airway tree, the number of airway branches of a
generation increases with the increase of generation number exponen-
tially. Because of this, GO to G11 takes 93% of the airway route length
but only about 20% of the whole airway volume.

Fig. 1 depicts the 3D heterogeneous pulmonary vascular symmetric
lung tree of adults up to generation G11 used in this study. In the
complete lung tree, n-th generation has 2" bifurcations of the lung air-
ways. Simulating the airflow of all generations from GO to G11 using
CFD without any simplification would be prohibitively unaffordable in
terms of computing time. Therefore, we only choose two representative

il (:.?.
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bifurcations for each generation to make it affordable to simulate GO to
G11 using CFD, as shown in Fig. 1. The simplification results in a single
path lung up to G11 but does not lose geometric features of the human
lung.

2.2. Airflow model

The airflow and particle TD in the lung airways are solved using the
ANSYS FLUENT software. The Reynolds-averaged Navier-Stokes (RANS)
equations are the governing equations for calculating the flow:
dp 0

E+(Txi(ﬂui) =0 @

d a o 0 ou;  Ou; 7} —
o+ g ) = v a3 |+ o)

where tis time, x; (i = 1,2 and 3) are the Cartesian coordinates, pis the air
density, u; is the fluid velocity in the x;-direction, p is the fluid pressure,
is the molecular viscosity. On the right-hand side of Eq. (2), pﬁu’j
represents the Reynolds stresses of turbulence.

The realisable k-e turbulence model is used to simulate the turbu-
lence and calculate the Reynolds stresses. Realisable k-¢ turbulence
performs better than the standard k-e turbulence model, including
boundary-free shear flows, channel and flat boundary layer flow with
and without pressure gradients, rotating homogeneous shear flows, and
backwards-facing step flow (Shih et al., 1995). In addition, the realisable
k-¢ model can correctly calculate the flow of complex lung geometries
without the need for a near-wall correction (Fletcher et al., 2021; Mas-
sarotti et al., 2021; Rahman et al., 2021b; Tash et al., 2019).

Fig. 1. A model of the adult lung’s tracheobronchial airways (GO-G13). When the results are given, the sections indicated in the Figure will be referred to.
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2.3. Boundary conditions

The RANS equations are solved using the second-order upwind and
pressure-velocity coupling schemes. In some investigations (Bahman-
zadeh et al., 2016; Gu et al., 2019), the effects of an unsteady inhalation
profile on particle TD were investigated. In the present one path model,
only two bifurcations of each generation are retained. Out of these two
bifurcations, one is followed by lower generations and one is truncated
at the next generation. As a result, there are two exits each truncated
bifurcation. In Fig. 1, exit Gn is the cutting position where nth genera-
tion and following generations are cut off. To ensure the conservation of
airflow mass, the airflow rate is assumed to be evenly distributed among
all the 2" bifurcations of the nth generation. As a result, the airflow rate
of exit Gn is given as Q? = Qi»/2", where Qjy is the inlet flow rate at GO.
In the numerical simulations, the velocity on each exit is given as:

Up = Q:/An 3)

where A, is the cross-sectional area of exit Gn. A reference pressure is
specified on the inlet of GO. The airway wall was assumed to be sta-
tionary, and the airway wall surfaces were regarded as no-slip surfaces
(Farghadan et al., 2020; Rahimi-Gorji et al., 2016).

A trap condition is implemented on the Discrete Phase Model (DPM)
airway walls for particle deposition (Inthavong et al., 2011a; Rahman
et al., 2022). In the trap condition, particles colliding with the inner
surface of the lung airways are trapped. This trap condition is appro-
priate as the airway walls contain very sticky mucus (Islam et al.,
2021c). The escape condition is used in the outlet section for DPM so
that the particles can pass through the truncated boundary without
being reflected.

2.4. Particle transport model

The current particle TD model is a one-way coupling model that
takes into account particle movement driven by airflow but ignores
particle impacts on the airflow (Chen et al., 2021; Lintermann and
Schroder, 2017). Agglomeration between the particle and water may
occur due to external forces such as van der Waals, electrostatic, and
capillary forces. The interaction of particles with water is also influenced
by air humidity. In this study, agglomeration and air humidity are not
considered. However, collision-free conditions can be utilised to simu-
late particle transport if the density of the particles is low (Tsuji, 2007).
Direct particle collision is ignored in this paper because the particles
entering the tracheobronchial airway is sufficiently diluted (Feng and
Kleinstreuer, 2014; Kadota et al., 2022). Therefore, the dynamics of the
particles, such as collision, growth, and aggregation during the particle
transportation and deposition into the human lung, were not considered
(Deng et al., 2019). The Lagrangian approach is used to describe particle
TD in the lung airways. The equation of motion of each particle is
expressed as (Inthavong et al., 2011b; Rahman et al., 2021a):

duf
dt

=Fpi+Fy+Fpi+Fy; 4)

where u{’ is particle velocity in the x;-direction, Fp;, Fg;, Fp; and Fy; are
the drag force, gravitational force, Brownian force, and Saffman’s lift
force per unit mass. The following formula determines the gravitational
force:

where g denotes gravitational acceleration and p,denotes particle den-
sity. The drag force is calculated using the following formula:

_ 18y _ Re,

=—Cp— (ui —uf) (6)
ppds " 24

Di
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where Re, = pdy |[uf —u;|/u and the drag coefficient Cp for the spherical
particles is calculated by
Cp=aq +%+}% for 0 < Re, < 10 (Morsi and Alexander, 1972),
P €p

where aj, a,, az are functions of the Reynolds number Rep given by:

0, 24,00 <R, <0.1
3.690, 22.73, 0.0903 0.1 < 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

ay, a, a3={

When particles interact with a fluid, Brownian motion describes

particles’ random, uncontrolled movement (Grassia et al., 1995). It is
prominent when small size particles are in a fluid with small viscosity
and high temperature (Jang and Choi, 2004). If the particle size is more
than 1 pm, Brownian motion in the air is undetectable (Hou et al., 1990).
The Brownian force is calculated by:
Fp =G; ’%) @
where G; is a Gaussian random number with unit variance and zero
mean, At is the particle time step, and Sy is the spectral intensity func-
tion associated with the diffusion coefficient by:

216vkgT
D Ve ®
Py p(7) <
where, v is the kinematic viscosity, Kz = 1.380649 x 1022 J/K is the
Boltzmann constant,T = 300K is the absolute fluid temperature, and C.
is the Stokes-Cunningham slip correction coefficient as defined by:

22 =
Co=1+7 (1.257+0.4e ) ©)

P

where, the gas molecule mean free path () is 65 nm (Xi et al., 2012).
The lift force of Saffman is calculated using the following formula:

Fiij=—=(u —"f) (10)
ppdp(dlkdkl)z

where, K = 2.594 is the constant coefficient of Saffman’s lift force and
dyj = (u; /0x; —du; /0x;)/2 is the deformation tensor of the flow velocity.

2.5. Deposition efficiency calculation

The deposition efficiency of n-th generation is defined as the pro-
portion of particles absorbed (trapped) in this generation of airways out
of the particles released at the inlet boundary and is denoted by #,, where
the subscript n stands for n-th generation.

2w,

N an

”Il

where N,, is the number of particles deposited at each bifurcation of n-th
generation and N is the total number of particles released on the inlet of
GO. In Fig. 1, each generation has two bifurcations, and N, is the aver-
aged numbers of deposited particles deposited at these two bifurcations.
The particle escaping rate at the n-th generation is defined as the per-
centage of particles that enter deeper lung at all the bifurcations of this
generation, and it is calculated as:

e, =1-— Z":”i (12)
il
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3. Grid dependency study and model validation
3.1. Grid dependency study

The computational mesh of the symmetric lung airways is shown in
Fig. 2. Ten-layer smooth inflation was implemented near the walls to
ensure that the boundary layer flow was correctly represented (Fig. 2a).
In addition, the denser mesh is used at carinal angles for the proper
resolution of complicated flows.

The grid independence test is conducted by performing numerical
simulations with six meshes, Mesh-1 to Mesh-6, whose element numbers
range from 338,349 to 1,908,633. While the mesh size is inversely
proportional to the element number, the densest mesh has the smallest
grid size of 0.11 mm. In that situation, asymmetric flow distributions
appear when the flow passes in the truncated branch. To ensure the
continuity of the airflow rate, we use the mass flow rate at each trun-
cated outlet to guarantee that the velocity is distributed uniformly. The
air is sucked in the lung through the inlet by the low pressure of the lung.
As a result, the velocity follows a naturally developed velocity profile as
shown in Fig. 3(b). It can be found that the velocity profile at the inlet
face is nearly parabolic, with an increase in the element number shown
in Fig. 3(b). Line 1 and 2 in Fig. 3(a) are near the end of the flow path and
chosen because the flow at these two lines is sensitive to any numerical
errors along the air flow route. Therefore, velocities on section-7 and
lines 1 and 2 indicated in Fig. 3(a) are evaluated. Fig. 3(e) show the
average velocity at section 7, and Fig. 3(c,d) shows the velocity distri-
bution along two lines 1 and 2, where X denotes the direction along the
line. As shown, increasing the node number has a negligible effect on the
velocity if the mesh density exceeds Mesh-4. The maximum velocity
difference between Mesh-5 and Mesh-6 is 0.011%. As a result, the ve-
locity at Mesh-5 is used for all the simulations.

The non-dimensional wall unit (y") is defined inside the boundary
layer as

r_PUy
7

13

where U, (: \/% ) is the friction velocity, y is the distance the first layer

AN
>

(a)
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of mesh to the wall, and 7, is the shear stress on the wall, the value of y
and y* for Mesh-5 are 0.117 mm and 1.48, respectively.

Fig. 4(a) depicts the effect of mesh element number on deposition
efficiency. The deposition efficiency remains nearly unchanged after
increasing the mesh density above Mesh-4 (1.07 million elements). All
numerical simulations in this investigation employed Mesh-5, which has
1.43 million elements. To show that sufficiently large number of parti-
cles have been released, simulations are repeatedly conducted by
releasing different numbers of particles on the inlet. Fig. 4(b) demon-
strates how the GO-G11 lung model’s deposition efficiency varies with
the number of particles released at the inlet. If the number of particles
released exceeds 64 000, the deposition efficiency is unaffected by the
particle number. Fig. 4(b) proves that the particle number of 97,200
used in this paper is large enough to produce converged results.

3.2. Model validation

In our previous study (Rahman et al., 2021a), we have already
conducted the validation of particle TD of nanoparticles in human lung
airways with the limited number of generations G3-G5. To further
validate the proposed one path model in the simulation of TD of nano-
particles, we simulated the flow and particle TD in G6 to G7 using the
completed G6-G7 model in Fig. 5(a) and one path G6-G7 model in Fig. 5
(b). Two bifurcations of G8 have been cut off in Fig. 5(b). The details of
the deposition efficiencies for the whole G6-G7 model and one path
G6-G7 model are compared with each other in Table 3. It can be found
that the present CFD results of the one-path model are very similar to the
whole model, with a maximum difference of 0.681% occurring at G7
and d, = 20 nm. Assuming this maximum error of 0.681% at each
generation, simulating particle deposition with GO to G11 will have a
maximum error of about 0.681% x 11 = 7.5%. With this maximum
error, the proposed one-path model enables the simulation of particle TD
in many generations to be performed.

4, Results and discussion

The airflow dynamics and particle deposition are analysed under two
flow conditions: low-level breathing (Qi; =15 L/min) at rest and

(b)

Fig. 2. Computational mesh; (a) Refined mesh near the airway wall; (b) Mesh resolution on the inner wall of G7 to G11 airways.
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Fig. 3. Grid independent test at flow rate 30 L/min in generations GO-G4. (a) Definition of sections and lines; (b) Velocity distribution at inlet face; (c¢) Velocity
distribution at Line-1; (d) Velocity distribution at Line-2 (average velocity calculated at the selected line in Fig. 3a); (e) Average velocity as a function of grid number.

moderate activity breathing (Qj; = 30 L/min) during walking (Gorji
et al., 2013; Zhang and Kleinstreuer, 2003). The sizes of medicine par-
ticles are generally in the range of 1 nm <d, < 1000 pm (Singhal et al.,
2016). Solid colloidal particles with a diameter between 1 and 1000 nm
are the most typical definition of nanoparticles used for drug delivery
(Dailey et al., 2006; De Jong and Borm, 2008; Kreuter, 1991; Sung et al.,
2007). However, some researchers argued that nanoparticles in the 50 -
500 nm (Uchechi et al., 2014) and 1-200 nm (Mansour et al., 2009) are
suitable for drug delivery. Moreover, most existing studies considered
nanoparticles as a drug delivery range of 1 nm < d, < 100 nm (Bahrami

etal., 2017; Kong etal., 2017; Sun et al., 2021). Therefore, nanoparticles
TD of particles with diameters in the range of 5nm < d, <20 nm are
considered in this study.

4.1. Airflow characteristics

Fig. 6 depicts airflow velocity profiles on the symmetric plane within
the lung generations up to G13. In the numerical simulations, the con-
servation of mass is ensured by specifying flow rates at all the exits.
Fig. 6 shows very uneven velocity distribution near each bifurcation.
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Fig. 4. Shows (a) Deposition efficiency as a function of grid number, (b) Deposition efficiency as a function of released particles number, at generations GO to G11 at

the flow rate of 30 L/min and aerosol particle diameter of 20 nm.
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Fig. 5. Comparison of the deposition efficiency results for the current simulation cutting method with the whole G6-G8 model.

Table 3
Local particle deposition efficiency comparison.

Particle size Local Particle Deposition Efficiency, 7, (%)

Whole part model (G6-G9)

Cutting part model (G6-G9)

Difference (%)

G6 G6 G6 G6 G6 G8 G6 G7 G8
5 nm 47.986 18.653 7.027 47.831 18.531 7.013 0.323 0.654 0.209
10 nm 33.153 10.639 4.806 33.047 10.584 4.798 0.320 0.514 0.168
20 nm 17.486 5.833 2.847 17.456 5.794 2.839 0.171 0.681 0.276

After air passes through each bifurcation, its velocity accelerates locally
on one side and reduces at another side of each airway. The distribution
patterns of the velocity in the airways for the two flow rates are similar
to each other in Fig. 6. The distribution of the velocity near each
bifurcation in Fig. 6 is in a same pattern as that reported by Mutuku and
Chen (2018). After each airway is split into two, air flow velocity is
accelerated at the inner airway walls that face the incoming flow.

The airflow distribution in airways is further explored using velocity
profiles at various sections in the upper airway regions in Fig. 7. The
averaged velocity at the inlet ug is used for non-dimensional velocity.
Because of the difference in the Reynolds number, the non-dimensional
velocity distributions along each line in Fig. 7 of two flow rates follow a

similar pattern but are not identical. The non-dimensional velocity
profile on aa’line in the upper airway is symmetrical before the air
enters the first bifurcation. After G1, however, velocities varied signif-
icantly because of the complexity of airway geometry. The velocity on
one side of bb’ is significantly higher than the other side. In addition, the
velocity distribution in the lung airways of different generations are very
different from each other. For example, the velocity of G1 (bb') are very
different from that of G5 (cc'). The most unevenness of the velocity is
found to be at section bb’.
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4.2. Wall shear stress

It is understandable that the shear stress increase with the increase in
flow rate. Because different flow rates have different Reynolds number,
the shear stress will not be linearly proportional to the square of the
velocity. The non-dimensional shear stress defined by (z /(pu3)) can
easily quantify the shear stress relative to the incoming flow velocity.
Fig. 8 shows the averaged non-dimensional shear stress (z / (pug)) at six
sections indicated in Fig. 1 along the airflow route, where wall shear
stress 7 on each section is averaged shear stress over the circumference of
this section. The variations of the wall shear stress along the airflow
route for the two flow rates follow a similar trend. However, the non-
dimensional wall shear stress at Qj, = 15 L/m is significantly greater
than that at Qi = 30 L/min because the contribution of viscosity de-
creases with the increase of the Reynolds number.

The non-dimensional pressure distribution along the lung airways at
six different locations are shown in Fig. 9, where the locations are
indicated in Fig. 1. The pressure decreases with the increase of distance
from the inlet of GO, i.e. the deeper a location in the lung, the lower the
pressure. Based on Bernoulli’s theory and neglecting the potential en-
ergy, the velocity decreases as the air enters the deep lung, which is also
demonstrated in Fig. 6. The air pressure decreases as air goes into the
deep lung mainly because the airflow overcomes much resistance from
the friction caused by the viscosity of the flow.
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Fig. 6. Velocity contours for different flow rates at the lung airways generation (G0-G13); (a) Q;,=15 L/min; (b) Q;,=30 L/min.

4.3. Particle deposition

The effects of flow rate and particle size on global particle deposition
efficiency in lung airway generations GO-G11 are depicted in Fig. 10.
The deposition efficiencies of all three particle sizes decrease with
increased flow rates at every generation in Fig. 10 because the diffusion
mechanism weakens. The deposition efficiency of 5 nm particles in each
generation is significantly higher than those of 10 and 20 nm particles.
At Qi = 15 L/min, 24.92%, 12.50% and 4.10% of 5 nm, 10 nm and 20
nm particles are deposited at GO, respectively, in Fig. 10(a). When the
flow rate is increased to 30 L/min, the deposition efficiencies of 5 nm,
10 nm and 20 nm at generation GO are reduced to 17.21%, 7.29% and
1.67%, respectively, compared with the flow rate of 15 L/min. More-
over, 9.58% of 5 nm, 4.93% of 10 nm and 2.09% of 20 nm particles are
deposited at the generation G11 at flow rate Qj; = 15 L/min, while
8.44% of 5 nm, 4.75% of 10 nm and 1.72% of 20 nm particles are
deposited at the same generation at Qj, = 30 L/min.

It has been proved that the deposition of nanoparticles in human
lungs are mainly dominated by the Brownian diffusion and Saffman lift
force (Inthavong et al., 2011b; Kleinstreuer et al., 2008). The combined
Brownian diffusion and Saffman lift force are called diffusion mecha-
nisms in this paper since they contribute to particle motion in the
crossflow direction. The diffusion mechanism weakens with the increase
of particle size and flow rate (Dong et al., 2019; Islam et al., 2021b). The
contribution of the impaction mechanism to the deposition of nano-
particles is weak because drag forces on particles are strong. Without
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Fig. 8. Averaged wall shear stress for a particular lung portion is indicated in Fig. 1.

diffusion mechanism strong drag forces make particles follow to the direction towards the wall (Darquenne, 2020).

outlet and cause no deposition. Fig. 10 indicates that a drop in flow rate The difference between the deposition efficiencies at 30 L/min and
increases the deposition efficiency of nanoparticles because reduced 15 L/m decreases with increasing particle size. In Fig. 10(c), the ratio
flow velocity provides particles a longer time to travel in the crossflow 14, 30 L/min/"M4, 15 L/min further illustrates the effect of the flow rate on the
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Fig. 10. Particle deposition efficiency in airway lung generation: (a) Q;, = 15 L/min; (b) Qi, = 30 L/min; (c) Ratio of the deposition rates at the two flow rates.

deposition rate. When the particle size is 20 nm, 74 30 1 /min/"q, 15 L/min IS
0.97, indicating that the flow rate has very weak effect on the deposition
efficiency. The effects of flow rate decrease with decreasing particle size.

simulations.

The variation of the deposition efficiency with the generation number in

10

Fig. 10 follows similar trend that was reported by Sohrabi et al. (2017),
who used a single route model to increase the efficiency of the numerical
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4.4. Visualisation of particle deposition

Fig. 11 shows the visualisation of the local particle distribution of
different sized particles at generation GO-G11 at the flow rate of 15 L/
min. The calculated total deposition efficiency of GO to G11 of 5 nm, 10
nm and -20 nm particles are 36.88%, 18.73% and 7.94%, respectively.
Because of the higher dispersion capacity, the 5 nm particles have much
higher deposition efficiency than 20 nm particles at Generation GO-G11.
As a result, the deposited 5 nm particles are much more evenly
distributed in all the airways than 20 nm particles, as shown in Fig. 11(a,
b). In addition to stronger Brownian diffusion mechanism, smaller par-
ticles also receive a stronger lift force than bigger particles, which
contributes to the particle motion in the crossflow direction. As a result,
particles can move in the crossflow direction and reach the inner airway
wall even if the airway is vertically straight at GO.

It has been proved that the diffusion of microscale particles is
dominated by the impaction mechanism (Shi et al., 2007). Under the
impaction mechanism, particles are deposited in the wall surface where
the velocity is amplified (Rahman et al., 2021c¢); as a result, the velocity
distribution is significantly correlated to the deposited particle distri-
bution along the lung airway wall. However, it can be seen that the
distribution pattern in the airway in Fig. 11 is not correlated to the ve-
locity. For example, the area where the velocity is high in Fig. 6 does not
necessarily have large deposition in Fig. 11. It appears that, the depos-
ited particles are evenly distributed along the circumference on each
section of an airway. This further prove that deposition of nanoparticles
are dominated by diffusion instead of impaction.

4.5. Particle escaping rate

The percentage of particles that escape from the outlets each gen-
eration and enter the deep lung is known as the escaping rate (defined as
ep). The rate of escape from all exits of a generation is equal to 1 — 7,,
where 7, represent the deposition efficiency of all bifurcation of this
generation. The percentage of particles that can escape G11 and reach
generations after G12 is known as the escape rate at G11. Particle size
has the opposite impact on escape rate as it has on deposition rate.

(a) dp=5-nm

Fig. 11. shows the distribution of deposited particles in human lung airways at flow rates of 15 L/min:

nm particles.

(b) dy=10-nm

11
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Fig. 11 quantifies the escape rate at generations G0-G11 for two flow
rates. The escape rate reduces as the generation increases because of
particle deposition on the upper lungs. At both flow rates, the escape
rate of 5 nm particles at every generation is much lower than that of 20
nm particles.17.68% and 39.77% of 5 nm particles can pass G11 and go
into the deeper lung airways for flow rates 15 L/min and 30 L/min,
respectively (Fig. 12). At 15 L/min, the escaping rates of 10 nm and 20
nm particles at G11 are 59.15% and 81.42%, respectively. As the flow
rate is increased to 30 L/min, the escaping rates of 10 nm and 20 nm
particles at generation are increased to 66.60% and 85.62%, respec-
tively. Hence, the particle escape rate increases with the increase of the
flow rate.

5. Conclusion

This paper presents a new one path numerical model for simulating
particle deposition in human lungs with a reasonable computational
effort and investigates the deposition in generations GO to G11 using the
method. We develop a correlation to convert local deposition efficiency
to global deposition efficiency for all the generations. Furthermore, the
effects of the particle size and the inhaled air flow rate on the deposition
efficiency are studied. The key conclusions are summarized below.

e Non-dimensional velocity distributions in lung of the two flow rates
follow a similar trend, but not the same because of the difference in
the Reynolds number.

More pressure drop is observed at the flow rate of 30 L/min

compared to 15 L/min. It was observed that average pressure drops

of 38.32% at a flow rate of 30 L/min compared to a flow rate of 15L/
min because the volume flow rate decreases.

The particle size affects the distribution of the deposited particles in

different generations of the lung. However, the majority of nano-

particles are deposited in the GO generation.

e 5 nm particle is more evenly distributed than 20 nm particles
(Fig. 11) because the diffusion effect increases with the reduction in
the particle size and is not affected by the geometry of the airways.
Therefore, the diffusion is strong when the particle size is small.

(¢) dp=20-nm

(a) 5 nm particles, (b) 10 nm particles, and (c) 20
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Fig. 12. Escape rates (e,) for 5 nm < d, < 20 nm particles at different flow rate: (a) Qi = 15 L/min; (b) Q=30 L/min.

e Particles with a small diameter and small flow rate are more
deposited in the upper lung airways.

e The total particle deposition efficiency of 5 nm and 20 nm at flow
rate Qin = 15 L/min is 36.88% and 7.94%, respectively. Therefore,
the 5 nm particles have much higher deposition efficiency than 20
nm because of the higher dispersion capacity.

e The analysis of the escaping rates for nanoparticles shows that more
particles enter the deep lung with a high flow rate. Therefore, the
findings are crucial for treating lung diseases that affect the deep
lung airways.
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