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A B S T R A C T

Inhalation of pollutants can be deadly for respiratory health, as toxic pollutants can penetrate the deep lungs
which could occur severe respiratory infection and lead to life-threatening respiratory diseases. The excessive
presence of pollutants in the environment increases the concern of potential respiratory health hazards. To date,
a microscopic understanding of the sedimentation effect on dust, smoke and traffic (pollutant) particles trans-
ported to the airways is missing in the literature. This first-ever study aims to analyse the sedimentation effect in
various directions of pollutant particle transport in airways. This study also quantitatively explains how particle
size, density, and physical exercise impact pollutant particle transport and deposition (TD) in the human lung air-
ways. The contribution of the sedimentation effect is largely independent of particle size. The sedimentation ef-
fect can also be found significant at the trachea region when the fluid flow is horizontal. Overall, traffic particles
with large diameters and high flow rates are deposited in the upper lung, whereas dust particles with large diam-
eters and high flow rates are deposited in the deep lung. It is expected that 79.1 % of the particles will reach the
deep lung. The difference between the deposition rates of the horizontal and vertical lungs reduces if the particle
size reduces, the flow rate increases or the particle density reduces. The deposition rate of a horizontal lung for
the heaviest particles (traffic) at 15 L/min flow rate is about 4.5 % higher than that of a vertical lung with the
same flow rate.

1. Introduction

Human health, particularly the respiratory system, is greatly im-
pacted by pollutant particles or particulate matter (PM), which is a big
public health concern (Valavanidis et al., 2008). Pollutant particles can
enter the human lungs thoroughly, circulate in the blood, and then im-
pact other cells and tissues (Chen et al., 2016). Asthma, lung cancer,
and chronic obstructive pulmonary disease are among the most com-
mon respiratory diseases due to the inhalation of pollutants particles
(Kyung and Jeong, 2020). PM has been responsible for morbidity and
mortality in people all over the world. According to the World Health
Organization (WHO), 8 million people died each year due to pollutant
particles, and 9 out of 10 people are affected by pollutant particles glob-
ally (Organization, 2009). Nearly 47 % of deaths were attributed to
lung diseases, including 7–8 % from lung cancer, 19 % from chronic ob-
structive pulmonary disease, and 21 % from pneumonia (Tekatli et al.,
2016).

Pollutant-related particle emission has become a major concern in
recent years due to the significant risk that it causes to human health
(Verhoeven et al., 2021). After inhalation, coarse dust particles (>10
µm) typically settle in the upper respiratory system. The pulmonary
alveoli ultimately become deposited with the smaller (≤4 µm) dust par-
ticles, resulting in chronic lung disease (Derbyshire, 2007). Moreover,
cigarette smoke particles (CSP) cause significant damage to human
lungs. Smoking and other tobacco products contain about 7000 com-
pounds, of which 250 are harmful to people (Interventional et al.,
2007). Smoke is still a major contributor to death and disability across
the world (Nomura et al., 2022). In addition, most traffic particles are
produced by diesel and compressed natural gas (CNG) engines
(Agarwal et al., 2018). Coughs, itchy, and neuropsychiatric symptoms
like headache, vomiting, nausea, difficulty breathing, chest constric-
tion, and wheezing can all result from exposure to traffic particles
(Oravisjärvi et al., 2011).

On the other hand, it is crucial to understand the particle transport
dynamics and deposition process in human lung airways to improve the
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effectiveness of drug delivery for local lung diseases (Thakur et al.,
2020). Pourmehran et al. (2016 conducted research on magnetic
drug targeting using a human tracheobronchial airway model. The
findings indicate great potential for magnetic drugs targeting enhanc-
ing deposition at the left lung area. Pourmehran et al. (2015) used La-
grangian magnetic particle tracking to simulate the targeting of mag-
netic drugs through the tracheobronchial airways. The results showed
that the magnetic field improves particle deposition efficiency in a par-
ticular location. The literature has also reported on the effectiveness of
the acoustic delivery of drugs to the maxillary sinus (Pourmehran et al.,
2021; Pourmehran et al., 2020). The results demonstrate that increased
stimulation amplitude significantly raises the aerosol deposition con-
centration in the maxillary sinus. In order to evaluate the effectiveness
of drug delivery, it is important to understand the mechanism of parti-
cle deposition in human lung airways (Lee et al., 2018). Numerous aca-
demics have used CFD to characterise particle deposition in human
lungs (Deng et al., 2019; Kleinstreuer and Zhang, 2003; Rahman et al.,
2022b). The inhaled airborne particles or pharmaceutical aerosols are
transferred and deposited in human respiratory systems based on the
inertial impaction, gravitational sedimentation, and Brownian diffusion
mechanism (Darquenne, 2020). The contributions of various processes
to particle deposition in local airway segments depend on adequate par-
ticle size, density, local airflow rate, and gravity angle (Islam et al.,
2022b). Sedimentation is typically significant for micron particles in
the lower airways and alveolar areas, where the Reynolds numbers are
low (Kleinstreuer and Zhang, 2010). There are hardly any direct labora-
tory investigations of the effect of gravitaty in particle deposition in hu-
man respiratory systems. Regional deposition fractions (DFs) are only
included in published data in the alveolar region, where sedimentation
may be predominant or happens in conjunction with diffusion and im-
paction (Kleinstreuer et al., 2007).

A number of studies were conducted to support the theory of parti-
cle deposition and transportation in the lung via an inhalation process.
However, the literature lacks precise knowledge of the sedimentation
effect on pollutant (dust, smoke and traffic) particle transport and depo-
sition in a human lung. In order to evaluate the health risks associated
with particle exposure from various sources, this research aims to quan-
tify the sedimentation effect on pollutant particle deposition in human
lungs with a range of densities and sizes under different breathing con-
ditions. We also identified the vertical and horizontal contributions of
the sedimentation effect. Additionally, a comprehensive investigation
of this first-ever sedimentation effect in various directions will offer a
quantitative understanding of how particle size, density, and physical
exercise impact pollutant particle TD in the human lung airways.

Nomenclatures
P fluid pressure air density
T fluid temperature particle density
D hydraulic diameter molecular viscosity

Stokes number particle time step
Qin flow rate Gaussian random number

particle velocity spectral intensity function
dp particle diameter ν kinematic viscosity
ui fluid velocity Boltzmann constant

particle Reynolds number Stokes–Cunningham
drag force λ gas molecules' mean free path
gravitational force deformation tensor
Brownian force ηd deposition efficiency
Saffman's lift force friction velocity
Drag coefficient wall shear stress
Fluid inlet velocity ηe escaping rate
Gravity acceleration η deposition efficiency rate

2. Numerical method

The primary determinants of particle deposition in human lung air-
ways are breathing rhythm, particle shape, and particle size (Farkas et

al., 2022). Inertia impaction and gravitational sedimentation play im-
portant roles when the particle size is on the microscale (Deng et al.,
2018). However, many studies on microparticle TD in human lungs
concentrate only on impaction mechanisms (Naseri et al., 2017;
Rahman et al., 2021b; Zhang et al., 2002). We have considered the
combination of inertia impaction, gravitational sedimentation, and dif-
fusion effect in the current study.

2.1. Reconstructed anatomical model

The human respiratory tract has been reconstructed from CT scan
images using three main techniques: detecting the inner wall points of
the air routes, incorporating the inner wall points into rings with MIM-
ICS software, and rebuilding the exterior wall of the air passages. The
rings should then be stacked one on top of the other at the same dis-
tance as the CT slices. Finally, surfaces for the inner walls are built up
around the circles. Hence, the digitised CT scan-based three-
dimensional (3D) anatomical sixth-generation realistic lung is gener-
ated, which includes the mouth-throat region and the tracheobronchial
upper lung airways in Fig. 1. The lung model is divided into four parts:
mouth-throat, Larynx, Trachea and Bronchioles, as shown in Fig. 1, to
make it easier to explain Particle TD in the discussion. A coordination
system is defined with its x-direction pointing to the back of the lung
and z-direction pointing upward, as seen in Fig. 1. Two scenarios are
considered: (1) a vertical lung for a person who either stands or sits
down and (2) a horizontal lung that represents a person who is lying
down on his/her back. The direction of gravity of the above two scenar-
ios is in the negative z- and positive x-directions, respectively. Because
of the difference in the direction of gravity, the sedimentation effects
caused by gravity in vertical and horizontal lungs will be different from
each other.

Fig. 1. Reconstruction of realistic mouth-throat and tracheobronchial lung air-
ways.
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2.2. Airflow model

To solve the airflow and particle TD in the lung airways, we used the
ANSYS FLUENT (version 2022 R2) software. The Reynolds-averaged
Navier-Stokes (RANS) equations perform as the governing equations for
modelling the flow:

(1)

(2)

where t is time, xi (i=1,2 and 3) are the Cartesian coordinates, ui is
the fluid velocity in the xi-direction, p is the fluid pressure, ρ is the air
density, and is the molecular viscosity. on the right-hand side of
equation (2) stands for the Reynolds stress.

The RANS equations are solved together with the shear stress trans-
port (SST) k-ɷ turbulent model, which has been shown to be able to es-
timate the flow of complex lung geometries with high accuracy
(Tretiakow et al., 2021). The pressure-velocity coupling and second-
order upwind methods of FLUENT are used to solve the RANS equa-
tions. The lung model has a uniformly distributed constant velocity at
its inlet and zero gauged pressure at all outlets (Naseri et al., 2014).
With a non-slip boundary condition, the airway walls are considered
smooth, stationary, and at rest (Islam et al., 2022a).

2.3. Particle transport model

Two-way models that take particle-particle interaction into consid-
eration are required when the particle volume concentration exceeds
15 %. The volume concentration is, nonetheless, less than 15 % in any
drug delivery and pollutant particle application (Dockery and Pope,
1994; Wong et al., 2012). In order to replicate the movement of diluted,
suspended particles in the human lung, collision-free circumstances can
be employed, or particle-particle contact can be removed (Farnoud et
al., 2020). When the particle suspension entering the tracheobronchial
airway is dilute, the particle-particle interaction (two-way coupling)
can be ignored (Rahimi-Gorji et al., 2015). Hence, the current particle
TD model is a one-way coupling model that considers particle move-
ment caused by airflow but ignores the impact of particles on the air-
flow (Kuga et al., 2023). Every single particle's equation of motion is
presented as (Inthavong et al., 2011):

(3)

where , , and are the drag force, gravitational force,
Brownian force, and Saffman's lift force per unit mass, respectively, and

is particle velocity in the xi-direction. The gravitational force is cal-
culated using the approach described below.

(4)

where stands for particle density and for gravity acceleration.
The following formula is used to determine the drag force:

(5)

where and the drag coefficient for the
spherical particles is calculated by (Morsi and Alexander, 1972):

for . where a1, a2, a3 are functions of the
Reynolds number given by:

When molecules engage with one another, random, uncontrollable
movement of the fluid's particles is known as Brownian motion (Torrens
and Castellano, 2018). The definition of a Brownian motion is:

(6)

where is a Gaussian random number with unit variance and zero
mean, denotes the particle time step, and denotes the spectral in-
tensity function corresponding to the diffusion coefficient by:

(7)

where ν is the kinematic viscosity, is the
Boltzmann constant, is the absolute fluid temperature, and
is the Stokes-Cunningham slip correction coefficient as

(8)

where the mean free route (λ) of the gas molecules is 65 nm (Kuga et
al., 2023). The following formula is used to determine the lift force of
Saffman:

(9)

where, is the constant coefficient of Saffman's lift force
and is the deformation tensor of the flow ve-
locity.

In the simulations, 157000 spherical particles are randomly released
at once on the inlet boundary or mouth surface. For particle deposition,
a "trap" condition is implemented on the airway walls, and an "escape"
condition is implemented at the outlets (Rahimi-Gorji et al., 2016). The
particles can travel through the output boundary in the escape condi-
tion without being reflected back. Particles that collide with the inner
surface of the lung airways are trapped under the trap location. As the
airway walls contain mucus, which is very sticky, this "trap" condition
is adequate.

2.4. Particle deposition efficiency calculation

Deposition efficiency is the percentage of particles absorbed
(trapped) on the interior surfaces of the human lung airways, and it is
measured by:

3
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3. Grid dependency study and model validation

3.1. Mesh generation and mesh dependency study

The computational mesh in various locations of the lung model is
depicted in Fig. 2(a) to (d), including the asymmetric mouth-throat re-
gion, the bronchioles section, and a portion of the lung airways. The
mesh's quality plays a significant role in the CFD study of any computa-
tional difficulty. The orthogonal quality of a mesh identifies its quality,
and a good mesh indicates if the orthogonal quality maximum values
are smaller than 1. The value is calculated using the Ansys Workbench
2022 R2 Solver, which yields a maximum orthogonal quality of 0.997.
The Ansys-Mesh Modeller's patch-independent approach is used to gen-
erate the grid. The volume grid is constructed using structured tetrahe-
dral elements, while the surface meshing is generated using triangular
mesh due to the curved surface of the respiratory passages. The bound-
ary layer flow was precisely simulated by ten-layer smooth inflation
very near the walls (Fig. 2b). For the high resolution of complex flows
at carinal angles (Fig. 2d), denser meshes are employed.

Six mesh sizes are used to conduct the grid independency test, and
their node numbers are 705523 (Mesh-1), 836186 (Mesh-2), 1001916
(Mesh-3), 1285635 (Mesh-4), 1615161 (Mesh-5) and 2026697 (Mesh-
6). Near the wall, the densest mesh has a grid size of 0.1 mm, and the
mesh size is inversely proportional to the element count. For the three
sections denoted in Fig. 3(a), the average velocities are shown in Fig. 3
(b)–(d), where X is the position along the section diameter. It can be
shown that if the mesh is denser than Mesh-4, increasing the grid num-
ber has little effect on velocity. The largest deference in velocity be-
tween Mesh-5 and Mesh-6 is approximately 0.01 %.

The non-dimensional wall unit ( inside a boundary layer is de-
fined as

(10)

where is the friction velocity, is the wall shear
stress, and y is the distance between the first layer of mesh points and
the boundary. The maximum y+ of Mesh-5 is 1.98.

Fig. 4 depicts how the number of released particles affects the esti-
mated deposition efficiency. The deposition rate stays the same as the
released particle number is above 157000. The numerical simulations
for the present study used the Mesh-5, which has 1.61 million elements
and released particle number of 157000.

3.2. Model validation

In our earlier research, we have validated the model in the simula-
tion of TD of micro and nanoparticles (Rahman et al., 2022a; Rahman
et al., 2021a). The current CFD approach is validated against published
experimental and numerical data of particle deposition in the mouth-
throat portion of a lung to further validate the numerical method. The
calculated deposition efficiency versus impaction parameter, Q
(μm2 L/min) for microparticles is presented in Fig. 5 (a), where Q is the
volume flow rate together with the experimental data (Bowes and
Swift, 1989; Chan and Lippmann, 1980; Cheng et al., 1999; Foord et
al., 1978; Lippmann and Albert, 1969; Stahlhofen et al., 1980;
Stahlhofen et al., 1983), theoretical results (Emmett et al., 1982), and
the numerical results (Kleinstreuer et al., 2008). It is found that the ef-
fectiveness of microparticle deposition increases with the increase of
the particle size. It is interesting to note that most studies are experi-
mental and have used different samples (Fig. 5a). For example, Lipp-
mann & Abert found deposition efficiency rates with different initial

Fig. 2. Realistic lung model mesh for (a) extending from the mouth to 6th generation, (b) Zoomed-in view on mouth surface, (c) Side view of the mouth to larynx
region, (d) Zoomed-in view on right side of mesh from G1-G6 generation
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Fig. 3. shows a grid-independency test with a flow rate of 30 L/min, (b) velocity distribution at Line-1, (c) velocity distribution at Line-2, and (d) average velocity
vs grid number (average velocity calculated at the selected line and section in Fig. 3a).

Fig. 4. Deposition efficiency as a function of released particles at the flow rate
of 30 L/min in the vertical direction. The diameter and density of smoke parti-
cles are 10 μm and 1120 kg/m3, respectively.

impaction parameters. However, the current studies compared nine (9)
published articles based on experimental and numerical measurements
with considered two different flow rates and found a limited scattered
point. Therefore, the significant deviation for particle deposition effi-
ciency value could be found because everyone used different geometry
but the same upper airways. In addition to this, the airway geometry is

different for every person, and the mouth-throat section is highly asym-
metric. As a result, the deposition efficiency increases in some cases
compared to overall deposition efficiency. The present study further in-
vestigated to validate nanoparticle deposition in the mouth-throat part
at a flow rate Q=10 L/min (Fig. 5b). The results match the existing lit-
erature Xi and Longest (2008. Hence, the present numerical results
agree with the increasing pattern in the microparticle and nanoparticle
deposition efficiency with impaction parameters and particle diameter.
Fig. 5 shows how the current model can precisely compute the particle
TD in a realistic 3D mouth-throat and the tracheobronchial airways of
a lung.

4. Results and discussion

This research examines the airflow dynamics and particle deposition
under two flow conditions: low activity breathing (Q=15 L/min) at
rest and moderate activity breathing (Q =30 L/min) while walking
(Rahman et al., 2021c; Zhang et al., 2008).

4.1. Airflow characteristics

Velocity profiles at different points in the mouth-throat to bronchi-
oles regions are compared with one another. Fig. 6 demonstrates the ve-
locity patterns for the two flow rates for four selected cross-sections de-
picted in Fig. 1 along the diameter direction (X-direction). The velocity
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Fig. 6. Velocity profiles under various flow rates, (a) Section AAʹ, (b) Section BBʹ, (c) Section CCʹ, and (d) Section DDʹ (Fig. 1 illustrates the sections).

is non-dimensionalised by the inlet velocity of the whole lung model u0.As soon as the air goes through a bifurcation due to the complexity of
the airway geometry, the velocity distribution in each branch becomes
very non-uniform. Compared with the mouth-throat and larynx, the
lower portions, like the bronchioles, have more complex velocity pro-
files (Fig. 6a and b). The non-dimensional velocity on portions AAʹ and
BBʹ is consequently more asymmetric. The complexity of the airways in
the larynx has a significant impact on section BBʹ, which is located in
the trachea. Sections CCʹ and DDʹ are situated at the lower portion of
the bronchioles, which is why the velocity is uniformly decreased and
distributed. As a result, the velocity profile (DDʹ section) in the lower
trachea shown in Fig. 6d is symmetrical and close to parabolic. Al-
though a comparison of the velocity profiles for the two flow rates of 15
and 30 L/min reveals that non-dimensional velocity distributions have
a comparable trend, they are not the same due to the difference in
Reynolds number.

To understand the flow field inside the airways and characterise the
complex respiratory system passages' flow behaviour. Fig. 7 shows ve-
locity profiles for two flow rates of 15 and 30 L/min. The highest veloc-
ity appears to occur in the mouth-throat, larynx, and trachea. From Fig.
7, it can be deduced that the morphology of the airways has a signifi-
cant impact on the streamlines because it can be observed that the

streamlines are highly disordered due to deflections in the flow path in
the areas where the airways are more complicated. This occurrence is
especially noticeable in the mouth-throat region, where the small pas-
sages cause streamlines to be deflected and airflow to circulate inside
the maxillary sinuses. In addition, Fig. 7b shows that the flow circula-
tion becomes stronger at a flow rate of 30 L/min. The larynx has been
depicted in a magnified view to understand better the streamlines in
this region, which is another significant area where the local geometry
of the model has a significant impact on the streamlines. Due to a con-
tradiction in the flow cross-section and an increase in flow velocity, the
flow through the larynx is suddenly disturbed. However, the flow is dis-
turbed by the local complexity of the geometry.

4.2. Wall shear stress

The averaged non-dimensional shear stress ( ) along the in-
ner wall of the lung is shown quantitatively in Fig. 8 as a function of
flow rate in the upper lung airway model on seven sections shown in
Fig. 1. Wall shear stress is defined as the tangential force per unit area
exerted on the wall surface by the flowing fluid. The highest amount of
wall shear occurs on the section 3 bifurcation area of the bronchioles,

7
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Fig. 7. Velocity streamlines for the different flow rates; (a) Q=15 L/min, and (b) Q=30 L/min.

where the air passes suddenly. Additionally, it has been noted that due
to the reduced velocity, there is a significant decrease in wall shear in
the bottom part of the right lobe. Due to the complicated lung geome-
try and resulting flow rate variation, the wall shear stress changes sig-
nificantly with each section of the lung airway. The relationship be-
tween the shear rate and velocity difference is linear. Therefore, Fig. 8
illustrates how a higher flow rate results in a higher velocity difference.

Fig. 9 shows the non-dimensional pressure pass on along the lung
airways at various locations, from the mouth to the bronchioles. It has
been noted that due to friction with the airway walls and energy loss,
the pressure is higher in the mouth-throat area and decreases as it re-
duces into the lower airways. Due to the combined effects of wall fric-
tion and the complex geometry, pressure loss within the airways may
occur. The flow would move with high consecutive expansion and con-
tradictions that would affect the pressure as it goes through a complex
geometry with narrow passages in certain locations. Therefore, it can
be seen that areas with a lot of variation in the cross-section of the air-
ways experience a substantial change in pressure. After the larynx and
trachea section, there is a reduction in the airways' cross-section,
which results in pressure decreases. As a result, as the flow rate drops,
the pressure falls in each section.

4.3. Particle deposition

Traffic, smoke, and dust particles were the three types of pollutants
that were examined. Particles come from various sources and vary in
size and chemical composition (Kelly and Fussell, 2012). According to
the literature, pollutant particles affect the lung the most (Chernyshev
et al., 2018). However, whereas particle size has generally been noted
as a factor in deposition, the impact of particle chemical composition
on TD is through bulk density (Zhao and Castranova, 2011). Hence, we
assumed that the density of traffic, smoke, and dust particles is
2000 kg/m3, 1120 kg/m3 and 400 kg/m3, respectively (Deng et al.,
2019; Paul et al., 2021). To quantify the contributions of the sedimenta-
tion effect, the impaction, Brownian diffusion, and Saffman's lift force
using numerical simulations in two scenarios: First, all terms are in-
cluded in the particle motion equation and inhaled in the sitting or
standing position, and second, all terms are included in the particle mo-
tion equation and inhaled in the lying down position. We look at the
pollutant particles' diameters ranging from 1 µm ≤ dp ≤ 10 µm.

The total deposition efficiencies of dust, smoke and traffic particles
with different diameters in the lung model shown in Fig. 1 are pre-
sented in Fig. 10 for two flow rates of 15 and 30 L/min. The deposition
rates of 10 μm particles for different flow rates, particle types and grav-
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Fig. 8. Averaged wall shear stress for a particular lung portion is indicated in Fig. 1. The smoke particle diameter is 10-μm.

Fig. 9. Averaged pressure at a different section of the lung at distinct flow rates; the section numbers are shown in Fig. 1.

ity directions are listed in Table 1. The deposition rate decreases with
the decrease of particle size in the micro-scale because the impaction
mechanism weakens (Vachhani and Kleinstreuer, 2021). At a flow rate
of 30 L/min, the deposition of 10 µm traffic particles is higher than
same-size smoke and dust particles. The inertial effect explains why the
deposition rate of macroparticles rises as particle size or flow rate in-
creases. Flow velocity follows the curved airway when it passes through
it, but large particles tend to remain on their original tracks due to the
inertial mechanism and collide with the airway wall. Inertia impaction
is a term used to describe this kind of deposition mechanism (Lippmann
and Albert, 1969).

Fig. 10b also shows that by reducing the diameter, the slope of the
deposition curve for dust, smoke, and traffic particles becomes nearly
similar. The difference between the deposition rates of traffic and dust
is 0.411 %, 5.833 % and 52.298 % for 1μm, 5μm and 10 μm particles,
respectively. This is because of the low flow rate, the particles follow
the fluid streamline, and the impaction mechanisms are weak. Fig. 10a
show that at a flow rate of 30 L/min, the deposition rate of traffic par-
ticles with various shapes and sizes is higher for similar particles.

In all the simulations, the deposition rate of a horizontal lung is
higher than a vertical lung. The difference between the deposition rate
of the horizontal lung and vertical lungs is defined as and
shown in Fig. 11. The horizontal lung has higher deposition efficiency
because gravity makes more particles deposit on horizontal airways
than vertical airways. However, the sedimentation effect is found to be
very when the particle size is very small, i.e., 1 μm. If the particle size is
greater than 5 µm, the increased contribution of the sedimentation ef-
fect makes the vertical and horizontal lungs have a difference in deposi-
tion rate. The maximum Δη occurs at the heaviest and largest particles,
which are 10 μm traffic particles at 15 L/min and under the smaller
flow rate.

The ratio of sedimentation influence in vertical and horizontal is
greater than 2 % at the same size of 10 µm traffic particle, indicating
that the sedimentation effect is still significant at flow rates of 30 L/min
and 15 L/min, respectively. It can be seen that the sedimentation effect
increases if the flow rate reduces. When the flow rate is decreased from
30 L/min to 15 L/min, Δη increases for all the particle types and sizes,
indicating the contribution of sedimentation increases with the de-
crease in flow rate.
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Fig. 10. Particle deposition efficiency in the lung model for (a) Q=15 L/min; (b) Q=30 L/min.

Table 1
Particle deposition rates of the 10 μm particles
Q=30 L/min Q=15 L/min

Particle
type

Gravity
direction

Deposition
rate (%)

Particle
type

Gravity
direction

Deposition
rate (%)

Dust V 20.898 Dust V 11.466
Dust H 22.345 Dust H 14.057
Smoke V 71.297 Smoke V 33.033
Smoke H 73.768 Smoke H 36.111
Traffic V 96.272 Traffic V 63.765
Traffic H 99.098 Traffic H 68.146

The lung model is divided into parts mouth to bronchioles in Fig. 1,
and the distribution of 1-μm dust, smoke, and traffic particles in differ-
ent parts is demonstrated by the bar charts in Fig. 12. It is found that the
deposition rates from the mouth, Larynm and trachea parts are signifi-
cantly higher than other parts because of the strong impaction and sedi-
mentation effect. The deposition rates of these three parts of the hori-
zontal lung are slightly greater than their counterpart of a vertical lung
due to strong sedimentation effects. The deposition rate of dust, smoke,
and traffic particle at the mouth-throat area are 1.54 %, 1.68 %, and

1.94 % when the lung is in the horizontal direction. The higher deposi-
tion rate of 1-μm traffic particles is observed at the mouth throat area
compared to smoke and dust particles because of the density effect. The
effect of particle density on other parts and flow rates is also similarly
weak.

Fig. 13 depicts the vertical and horizontal deposition rates of 10-
μm pollutant (dust, smoke, and traffic) particles at the parts mouth to
bronchioles at a flow rate of 30 L/min. At 30 L/min, the deposition ef-
ficiency in the mouth-throat area is 96.51 % for 10-μm traffic particles
and 25.12 % for 10-μm dust particles. Because of the strongest impact
mechanism, the flow rate of 30 L/min causes higher deposition rates
than 10 L/min. Because 10-μm traffic particles are mostly deposited at
the mouth-throat area at a flow rate of 30 L/min, the deposition effi-
ciencies at the remaining part of the area, from the trachea to 6th gen-
eration (G6), are much lower than those of smoke and dust, as shown
in Fig. 13 (c). The efficiency of deposition due to impaction increases
as particle density increases. Furthermore, impaction results in strong
deposition when the airway bends, compresses, or bifurcates. At a flow
rate of 30 L/min, some deposition efficiencies of traffic particles are
zero at parts G1 to G6 (Fig. 13c) because the majority of the particles
are deposited in the mouth-throat region.

Fig. 11. Difference between the deposition rates of the horizontal and vertical lungs ( ) as the result of the sediment effect (a) Q=30 L/min; (b) Q=15 L/min
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Fig. 12. Deposition efficiencies of 1-µm particles at various parts of the lung (indicated in Fig. 1) at flow rate Q=30 L/min; (a) Dust particle, (b) Smoke particle, (c)
Traffic particle.

4.4. Visualisation of particle deposition

Fig. 14 indicate the distribution of deposited dust, smoke and traffic
particles at a flow rate of 30 L/min for a vertical lung. These images
show that several major hotspots have the highest concentrations of
pollutant particle deposition. The mouth-throat, larynx, trachea, and
bronchioles are among these locations. At a flow rate of 30 L/min, the
mouth-throat region has the highest concentration of pollutant parti-
cles. This could be attributed to the dominance of one of the particle
deposition mechanisms, inertial impaction. Because particles have iner-
tia when passing through the airways, when the direction of the flow
changes, particles with high inertia may be unable to adjust their path
with the fluid flow and thus hit the wall. As a result, a large number of
10 m traffic particles are frequently found to be deposited in the
mouth-throat region, where the airway is curved, rough, and complex.
Because of the repetitive deposition of many particles in the same ar-
eas, the quantity of 10 m traffic particles (Fig. 14c) appears to be
smaller than that of dust particles (Fig. 14a), but it is not. Approxi-
mately 94.51 % of 10 m traffic particles are deposited in the mouth-
throat region, with far fewer particles entering the deep airways. Be-
cause of the decreased deposition efficiency of 10 µm dust particles in
the mouth-throat region, the remaining particles are either deposited in
the bifurcation areas or escape and enter the deep lung.

4.5. Particle escaping rate

The percentage of particles that escape from the model's outlet and
reach the deep lung is denoted by the escaping rate (ηe). Fig. 15 depicts
the escape rates from the Right upper lobe (RUL), Right middle lobe
(RML), Right lower lobe (RLL), Left upper lobe (LUL), and Left lower

lobe (LLL) for Q=30 L/min in order to understand the distribution of
escaped particles among various exits. Fig. 1 depicts all the different ex-
its for each area. The escaping rate of traffic particles in the regions
RUL, RML, RLL, LUL, and LLL is nearly zero because the majority of the
10 m traffic particles are deposited in the upper portion at a flow rate of
30 L/min. As a result, the escape rate of 10-μm particles goes up as the
particles transform from traffic to dust.

The escaping rate of 10-µm dust particles from the right side (re-
gions RUL, RML & RLL) and left side (regions LUL and LLL) are 53.97 %
and 25.01 %, respectively. Similarly, the escaping rate of the smoke
particle is 20.94 % on the right side and 7.76 % on the left side, respec-
tively. Therefore, more dust particles escape from both regions and en-
ter the deep lung than smoke and traffic particles. Our research is signif-
icant for demonstrating that large size dust particles may also be de-
posited in the deep lung.

On the other hand, the escaping rate of 5-µm dust, smoke and traffic
particles on the right side are 61.57 %, 57.97 %, and 49.67 %, and left
side are 30.59 %, 27.68 %, and 22.46 %, respectively. However, when
the particle size decreases to 1-µm, the escaping rate does not signifi-
cantly affect the dust, smoke, and traffic particles. Therefore, dust,
smoke, and traffic particles play a significant role in understanding par-
ticle transfer and deposition in a human lung.

5. Conclusions

In this study, we have examined the deposition of dust, smoke, and
traffic particles in the mouth-throat and tracheobronchial airways at 15
and 30 L/min flow rates. In particular, the sediment effect is investi-
gated by simulating the airflow and particle deposition in the horizon-
tal and vertical lungs. The main findings are summarised as follows:
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Fig. 13. Deposition efficiencies of 10-µm particles at various parts of the lung (indicated in Fig. 1) at flow rate Q=30 L/min; (a) Dust particle, (b) Smoke particle, (c)
Traffic particle.

• The contribution of the sedimentation effect is largely
independent of particle size, flow rate and whether the human
lung is horizontal or vertical. A horizontal lung has a higher flow
rate than a vertical lung. An increase in particle size and an
increase in particle density cause an increase in the particle
deposition rate.

• 10 µm traffic particles have a higher deposition rate than dust and
smoke particles in the human lung airway model because of their
higher density.

• The deposition rate of a horizontal lung for the heaviest particles
(traffic) at 15 L/min flow rate is about 4.5 % higher than that of
a vertical lung with the same flow rate. The difference between
the deposition rates of the horizontal and vertical lungs reduces if
the particle size reduces, the flow rate increases or the particle
density reduces.

• Small-density particles are more evenly distributed in the lung
model than heavy-density particles. The deposited dust particles
are more evenly distributed in airways than smoke and traffic
particles because of the density effect because its density is
lighter.

• The density does not affect particle deposition if the particle
diameter is relatively small (e.g., 1 µm). As a result, the
sedimentation impact of small-size particles is negligible.

The findings of different pollutants particles transport behaviour
and their deposition pattern would improve the understanding of the
pollutant transport in airways. The findings of the local deposition rate

would help to assess the risk associated with different local bronchioles.
The conclusions on the effects of the sedimentation can also be used for
the development of the more efficient targeted clinical drug delivery
through inhalation. This paper conducted a fundamental study under
constant flow rates at inlet. It will be extended to the case with varying
flow rate that reflects the real breathing pattern.
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Fig. 15. Escape rate (ηe) for 1 μm ≤ dp ≤ 10 μm particles at a flow rate
: (a) Right upper lobe, (b) Right middle lobe, (c) Right lower lobe,

(d) Left upper lobe, and (e) Left lower lobe (Fig. 1 shows the description of all
regions).
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