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Abstract: Airway stenosis is a global respiratory health problem that is caused by airway injury,
endotracheal intubation, malignant tumor, lung aging, or autoimmune diseases. A precise under-
standing of the airflow dynamics and pharmaceutical aerosol transport through the multi-stenosis
airways is vital for targeted drug delivery, and is missing from the literature. The object of this study
primarily relates to behaviors and nanoparticle transport through the multi-stenosis sections of the
trachea and upper airways. The combination of a CT-based mouth–throat model and Weibel’s model
was adopted in the ANSYS FLUENT solver for the numerical simulation of the Euler–Lagrange
(E-L) method. Comprehensive grid refinement and validation were performed. The results from this
study indicated that, for all flow rates, a higher velocity was usually found in the stenosis section.
The maximum velocity was found in the stenosis section having a 75% reduction, followed by the
stenosis section having a 50% reduction. Increasing flow rate resulted in higher wall shear stress,
especially in stenosis sections. The highest pressure was found in the mouth–throat section for
all flow rates. The lowest pressure was usually found in stenosis sections, especially in the third
generation. Particle escape rate was dependent on flow rate and inversely dependent on particle size.
The overall deposition efficiency was observed to be significantly higher in the mouth–throat and
stenosis sections compared to other areas. However, this was proven to be only the case for a particle
size of 1 nm. Moreover, smaller nanoparticles were usually trapped in the mouth–throat section,
whereas larger nanoparticle sizes escaped through the lower airways from the left side of the lung;
this accounted for approximately 50% of the total injected particles, and 36% escaped from the right
side. The findings of this study can improve the comprehensive understanding of airflow patterns
and nanoparticle deposition. This would be beneficial in work with polydisperse particle deposition
for treatment of comprehensive stenosis with specific drugs under various disease conditions.

Keywords: airflow analysis; bronchial airway; CT-based analysis; human lung; lung stenosis;
particle transport; particle deposition; stenosis
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1. Introduction

Air pollution is a major public concern and significantly affects human health, espe-
cially the respiratory system. According to the World Health Organization (WHO), 9 out of
10 people in the world breathe polluted air, resulting in death for around 8 million people
each year (outdoor—4.2 million, and household/indoor—3.8 million) [1]. Around 47% of
deaths were due to lung diseases, including 7–8% due to lung cancer, 19% due to chronic
obstructive pulmonary disease, and 21% due to pneumonia [2]. Currently, researchers
are showing interest in the health status of lungs and various lung diseases based on air
pollutant sources [3,4]. To analyze the mechanisms of particle transport, particle deposition,
dropping pressure, and other parameters in the respiratory tract, several techniques have
been adopted to provide more realistic and anatomical models. Inhalation and exhalation,
airflow, and particle transport are significant processes of respiratory functions. The inhala-
tion and exhalation processes of the human lung airways have attracted the attention of
researchers. Several studies have been performed to determine the drop in pressure and
have marked its relation to the breathing rate [5–7]. However, it is difficult to access the
human lung for investigation of particle deposition patterns due to its complex geometrical
structure [8,9]. For further simplification, a wide range of studies have been undertaken
into the characteristics of airflow and particle transport of lung airways in idealized [10–12]
and realistic models [13–16]. Kim et al. [17] found that aging effects reduce the diameter
of respiratory airways, thus limiting airflow. Islam et al. [18] studied the effect of airway
reduction due to aging, and found that smaller airways have higher particle deposition
rates. Several other studies have been performed on respiratory diseases that also cause
airway inflammation and obstruct the lung airways [19,20]. All of the above studies have
improved the knowledge regarding airflow and particle transport in lung airways. How-
ever, these studies have only considered particle depositions and airflow characteristics
within healthy airways.

Several methods have been adopted to study airflow and particle transport inside
human lungs, including experimental methods [21,22] and theoretical methods [23,24].
Some studies have been performed using accurate airway modeling [25–27], which is based
on computed tomography (CT) and magnetic resonance imaging (MRI) scans. Based on the
CT and MRI scans, simple lung models have been used to compare airflow characteristics
within normal lung airways [28–32]. The model of the airways was also employed to
study the particle deposition fraction [33–35]. Furthermore, some researchers also focused
on studying the symmetric lung [36,37] and asymmetric lung [26,38–40]. They found
that the sudden change in the cross-sectional area, and unusual airways added to the
bends, generate intense turbulence. To study the variations in turbulent intensity in
the human respiratory system, several methods have been adopted, including direct
numerical simulation (DNS), large eddy simulation (LES) [26,41], Reynolds-averaged
equations [24,25,42], and detached eddy simulation (DES) [43]. To simulate the turbulent
intensity, a previous study the used k-∈ method, which is suitable for a small pressure
gradient [44].

In 1976, Hawkings [45] studied the stenosis airways of the trachea and classified them
into two levels: the glottic level and subglottic level. Another paper examined infantile
subglottic stenosis [46]. A case study [47] of severe subglottic stenosis in children and
infants was managed conservatively. In their statistical study, Papsidero [48] confirmed that
acquired stenosis of the upper airway in neonates is a major problem leading to long-term
disability. A review article reported that, although subglottic stenosis has a wide range
of surgical options, stenosis close to the vocal cords remains a challenge [49]. However,
they did not mention tracheal stenosis. In a survey of stenosis of the central airways in
school-aged children [50], it was found that patients having a congenital obstruction in
the laryngeal or tracheal region may show the first symptoms. In a blinded controlled
trial, Hoppe et al. [51] found a high sensitivity for both central and segmental airway
stenosis. However, multi-row detector CT virtual bronchoscopy enables high-resolution
endoluminal imaging of the airways downward to the segmental bronchi. Interventional
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bronchoscopy should be feasible for the management of tuberculous trachea-bronchial
stenosis [52]. Therefore, the long Dumon Y-stent is suitable for treating diffuse trachea-
bronchial stenosis due to tuberculous. The study of early endoscopic treatment of acute
inflammatory airways [53] raised the tantalizing possibility of favorable modification
in the case of the natural history of postintubation tracheal injury. Freitag et al. [54]
proposed a classification of central airway stenosis and reported the outcome of the infinite
approaches taken in the treatment of trachea-bronchial stenosis. A recommended model for
subglottic stenosis is wound healing because Mitomycin is a superior approach and does
not produce any side effects [55]. Advanced lung cancer can be treated with photodynamic
therapy combined with chemotherapy, which is a safe approach for the removal of the
central and peripheral bronchial stenosis and obstruction [56]. A three-dimensional post-
transplant complex airway stenosis can be treated with a computer-assisted customized
airway stent [57]. A computational analysis of airflow and transport in a CT-based model
has been used to predict the velocity flow field for different breathing conditions [58].
However, this study did not consider the oral airways. Another investigation of the particle
deposition that reported the micro-particle deposition in the upper airways did not focus
on nanoparticle flow in the respiratory tract [59]. Larpruenrudee et al. [60] studied the
micro-particle deposition and airflow characteristics within the human lung airways under
stenosis conditions. They found that the airflow velocity in the stenosis area was usually
higher than that in other areas, and that most of the particles were usually trapped by the
wall of bifurcations for all lung generations.

Recently, Lintermann and Schröder [61] studied the pressure variation and flow
behavior in tracheal stenosis. Then, they showed that the value of the flow velocity was
less than 100 m/s for a tracheal diameter of 1 mm. In a numerical analysis of airflow, they
considered the volumetric flow rate, pressure drop, and energy loss rate in the respiratory
cycle in the tracheal stenosis section [62]. However, they did not consider the oral or
primary airways in the lung. A dynamic study [63] described the pressure variation within
the upper lung airways and the effect of the stenosis section on the flow velocity. The
result showed that the stenosis section significantly affects the flow velocity. The maximum
velocity was found in the stenosis area for all flow rates (3 to 10 L/min). However, this
study did not consider the oral airways or the effect of the stenosis area on the particle
deposition. Another study [64] undertook airflow and particle flow analysis for large-scale
models, but was not able to show the flows of different particles in the lung airways. A
numerical simulation [65] detailed airflow and particle transport through a secondary
stenosis section. However, the study did not focus on bronchial airways having extensive
stenosis conditions of the lung. Furthermore, it did not explain or focus on the size of
transporting particles for different breathing conditions.

In the available literature, most studies have investigated the effect of stenosis con-
ditions at various positions of the human lung airways on the airflow characteristics and
particle transport and deposition. The studied areas of the stenosis section have included
the trachea, and upper and lower airways. Focusing on the stenosis section at the trachea,
most studies have only investigated the airflow and particle deposition in one stenosis
section. There is still a lack of understanding of the airflow characteristics and particle
deposition in multiple stenosis sections in this area. Therefore, the aim of the current study
was to focus on the abnormality of the bronchial airways in the lung by focusing on multiple
stenosis sections having different sizes, at the trachea and other stenosis sections in the
upper airway. Moreover, the study also aimed to analyze the details of particle transport,
airflow conditions, deposition fraction, and deposition efficiency of various nanoparticle
sizes through the comprehensive bronchial stenosis sections for several airflow rates of the
selected area with a smooth flow of the particles.
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2. Methods
2.1. Geometrical Development

The reconstruction of the mouth–throat model was obtained from computed tomog-
raphy (CT) images of a 50-year-old man. The trachea and upper airways were generated
based on Weibel’s lung dimensions [66]. Figure 1 presents the construction models of the
lung geometry with 75% and 50% of stenosis at the trachea, and 50% of stenosis at the third
generation of the lung airway. Figure 1a represents the front view of the lung geometry, and
Figure 1b shows the side view of the lung geometry. The regenerated model was developed
using SolidWorks.
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Figure 1. Construction of models from a CT-based mouth–throat model and Weibel’s model of a
bronchial airway with stenosis conditions: (a) front view and (b) side view.

2.2. Mesh Generation and Validation

The ANSYS Meshing module was employed for the mesh generation. Figure 2 rep-
resents the unstructured mesh for selected sections of the lung model. These selected
sections are plotted for the whole lung with stenosis (Figure 2a), the mouth–throat part
(Figure 2b), the bifurcation branch (Figure 2c), the inlet of the mouth–throat (Figure 2d), and
the outlet of the 3rd generation (Figure 2e). These elements are connected in an irregular
pattern in unstructured meshing, and more complicated domains can be captured [67]. For
constructing the mouth–throat and bifurcating branch of bronchial airways, an inflation
layer mesh was used. Figure 2d,e shows the cross-sectional view of the inflation layer mesh
at the inlet of the mouth–throat section and the outlet of the 3rd generation.

In the boundary wall of the inflation layer, the salient flow can be captured well.
The mesh refinement was accomplished for the whole lung model, and 0.302 million
computational cells were used for the final model.

The numerical model was validated by the available literature [68–70] and is presented
in Figure 3. The deposition efficiency (DE) of nanoparticles having different diameters
was calculated and compared with the available findings in the literature. The DE of the
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nanoparticles was calculated at the mouth–throat section, rather than for the whole model
presented in Figure 1. The overall comparison showed a good match with the literature.
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Figure 2. Unstructured mesh for selected sections of the lung model: (a) mesh for the whole lung
model; (b) tetrahedral elements for the mouth–throat section; (c) mesh for a bifurcation branch;
(d) inflation mesh at the inlet of the mouth–throat; and (e) inflation mesh at the outlet of the
3rd generation.
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2.3. Numerical Methods

Three different sections of stenosis in the lung were generated by CT-based bronchus
models for comparison. ANSYS-FLUENT (v.19.2) was used to solve the fluid flow and
particle transport equation based on the Lagrangian scheme and finite volume-based
discretization techniques. The fluid flow was considered as a steady laminar flow using the
steady mass and momentum relationships in the following equations:

∇·
(

ρ
→
v
)
= 0 (1)

∇·
(

ρ
→
v
→
v
)
= −∇p +∇·

(
µ

(
∇→v +∇→v

T
))

+ ρ
→
g , (2)

where p denotes the static pressure, and ρ
→
g and µ are the gravitational body force and

molecular viscosity, respectively.
The internal energy equation was solved based on the following:

∇·
(

ρ
→
v e
)
= −∇·

→
j (3)

where e refers to the specific internal energy. The summation of all contributions from the

heat condition and the enthalpy diffusion effects is expressed as
→
j or the heat flux.

In general, the uniform flow field is a turbulent flow in the mouth–throat area having
a flow rate of >30 L/min [18,33,71,72]. Then, the flow will become parabolic at the trachea
and upper airways [73]. Due to the high complexity in the mouth–throat area, there is
no established velocity profile for inhalation conditions. Thus, most recent studies prefer
using uniform inlet conditions for one-way [23,74–77] and parabolic [78–81] inhalation.
Therefore, this study used uniform inlet conditions at the mouth–throat inlet.

Due to the smaller size of nanoparticles, Brownian motion was selected in this study [67]:

dvp
i

dt
= FD + FBrownian + FLi f t +

ρp − ρg

ρp
gi,

FD =
1

Cc
CD Ap

ρg

∣∣∣vg
i − vp

i

∣∣∣(vg
i − vp

i

)
2mp

=
18µg

ρpd2
pCc

(
vg

i − vp
i

)
, (4)

Cc = 1 +
2λ

dp

(
1.257 + 0.4e−

1.1dp
2λ

)
,

where FD denotes the drag force per unit mass mp. CD and Ap are the drag coefficient and
cross-sectional area of the particle, respectively. Cc refers to the Cunningham correction
factor. λ is for the mean free path of the gas molecules. vi refers to velocity with the i-th
component of the time-average of g, which refers to gas (air), and p, which refers to particle.
The density of particle material and gas are expressed as ρp and ρg, respectively. gi is
the gravitational component and µg is the gas (air) viscosity. dp is defined as the particle
diameter. The drag coefficient CD for a low Reynolds number (Rep), that is, less than 0.5, is
calculated by [82]:

CD =
24

Rep
, Rep < 0.5. (5)

The particle Reynolds number is expressed as:

Rep = ρg
dp|vr|

µg
(6)

where vr denotes the relative velocity.
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The amplitude for the Brownian force is calculated by:

FBrownian = ζ

√
πSo

∆t
, (7)

where ζ is the unit variance for an independent Gaussian random number, and the time step
integration of the particle is defined as ∆t. So is the spectral intensity, which is determined by:

So =
216µkBT

π2ρpd5
p

(
ρp
ρg

)2
Cc

, (8)

where T refers to the fluid absolute temperature, kB is the Boltzmann constant, and ρg is
the gas density.

Saffman’s lift force was used [83] to calculate the lift force in the present study. The
equation is expressed as [84]:

FLi f t =
2Kv1/2ρdij

ρpdp(dlkdkl)
1/4

(
⇀
u −⇀

u p

)
(9)

where K = 2.594 and dij is the deformation tensor.
The numerical investigation was carried out for monodisperse particles. The various

particles having different diameters (1, 10, 50, and 100 nm) were injected at three different
flow rates of 7.5, 15, and 25 L/m, where the Cc values for 1, 10, 50, and 100 nm particles
were found to be 21.5, 22.5, 4.949, and 3.11, respectively. Three velocities were calculated
based on three different flow rates and the cross-sectional areas at the inlet. For 7.5 L/min,
the inlet velocity was 1.04 m/s, whereas the inlet velocities of 15 and 25 L/min were
2.08 and 3.47 m/s, respectively. The calculated Reynolds number was less than 1000
for all flow rates. For the stenosis sections, the velocity increased as per the Bernoulli
principle, and the Reynolds number was less than 4000 for all cases. The air was set to
be the continuous phase as the primary component, having a density of 1.225 kg/m3 and
viscosity of 1.7893 × 10−5 kg/m·s. The nanoparticles were employed as a discrete phrase
for secondary components having a density of 1000 kg/m3.

Particles having different sizes were engrafted from the mouth–throat surface and the
boundary conditions were taken as the inlet velocity at the mouth–throat section and outlet
outflow at the 3rd generation. Stable walls and no-slip walls were used considering the
boundary wall and, under the discrete phase model, a heat flux thermal condition was
used at the wall. The “trap” boundary condition was used at the wall to trap particles
when they touched the wall. The local deposition convergence test was performed for three
sets of particles (comprising 766, 1532, and 3064 particles). However, it was found that the
difference in the local deposition between the last two groups was less than 1%. Finally,
a total of 1532 particles was used to save computational time. The particle deposition
efficiency (DE), which refers to the number of deposited particles in a certain area when
travelling through the airways, was calculated by:

DE =
Number of deposited particles in the wall

Number of total particles entering the mouth
(10)

Various groups of particles were applied to test the convergence of the local deposition.
The SIMPLE coupling scheme and second-order pressure discretization technique

were used in this study. The second-order upwind technique was also selected to solve the
energy and momentum equations [85]. The convergence criteria of 0.0001 was applied for
the velocity components and momentum equation, and the criteria of the energy equation
was 1 × 10−6.
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3. Result and Discussion
3.1. Velocity Analysis
3.1.1. Velocity Profiles

The airflow velocity profile for the three different airflow rates at four selected cross-
sections of the oral airways is shown in Figure 4a. Figure 4b–e presents the velocity profiles
of bisecting airway portions, which are imprinted at the mouth area (Line 1), throat (Line 2),
trachea with 75% stenosis (Line 3), and trachea with 50% stenosis (Line 4), for a better
understanding of the flow field. For Figure 4b–e, the x-axis for each line refers to the
distance from the wall on one side to the wall on another side, whereas the y-axis refers to
the velocity magnitude for each selected location. In the mouth area (Figure 4b), the flow is
fully developed and parabolic for all flow rates. Due to the highly asymmetric region of
the throat area (Figure 4c), the flow becomes locally transitional and more complex than
the flow at the mouth area, especially at the centerline of the airway. Similarly, the flow in
the stenosis section (Figure 4d,e) is also more complex and significantly higher than that
in other areas, which satisfies the Bernoulli principle. However, the flow at the stenosis
location is also lower at the centerline of the airway. It can be summarized that the flow
generally passes the out-of-central area of the upper airway. For the effect of the stenosis
section on the velocity fields, it can be seen that both stenosis sections generate a higher
flow velocity compared to the mouth–throat area. The maximum velocity in this section
was observed to be 8–10 m/s.

For further analysis, the velocity contours at four selected locations (refer to Figure 4a
for the locations) are presented in Figure 5. These contours represent the velocity fields and
velocity vectors at all three flow rates. From this figure, it can be seen that the velocity is
usually higher in the stenosis sections for all flow rates. The velocity is lower at the inlet of
the mouth area and becomes higher around the throat area (bending airway). However,
velocity significantly increases at the trachea with stenosis having a 75% reduction. Then,
the velocity becomes lower and higher again at the trachea with stenosis having a 50%
reduction. From the velocity vector, there is one vortex on the left side of the mouth area.
More complex flows with two vertices are found in both stenosis sections. However, small
vertices are observed around the throat area.
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Figure 4. Velocity profiles for the three airflow rates at four selected cross-sections of the mouth-throat
and trachea: (a) locations of cross-sections of the oral airways; (b) Line 1 at mouth area; (c) Line 2 at throat
area; (d) Line 3 at trachea with 75% stenosis section; and (e) Line 4 at trachea with 50% stenosis section.
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Figure 5. Velocity fields and velocity contours at four selected locations, namely, the mouth, throat,
trachea with stenosis 75% and 50% reductions, at (a) 7.5 L/min; (b) 15 L/min; and (c) 25 L/min.

3.1.2. Velocity Contours

The velocity contour section was examined based on the cross-sectional contour in the
lung airways. Various selected zones were created at different locations from the mouth–
throat area to the 3rd generation to calculate the velocity contours. Figure 6a–c presents the
velocity contours for three different flow rates at nine different locations. From Figure 6a–c,
the velocity contours in the mouth–throat sections were found to be dissimilar for each of
the three flow cases. Similarly, the velocity contours in the mouth–throat sections, trachea
with stenosis (75% and 50%), and generation-1 to generation-3 were found to be dissimilar
for all three flow cases. However, the highest levels were found in the trachea 75% and
trachea 50% regions having a flow rate of 25 L/min. Moreover, a complex flow pattern
was also found in both portions compared to other parts of the lung. There was a sudden
change in the flow pattern in both sections due to the contractions of 75% and 50% of
the normalized diameter of the trachea. Therefore, a greater change was observed in the
diameters of the lung airway sections influenced by the velocity contour.

3.2. Pressure Analysis
3.2.1. Pressure Contours

Figure 7 illustrates the pressure contour in the lung model for three different flow rates.
The higher pressure rate is usually located in the mouth–throat area for all rates. Figure 7a–c
also indicates that the pressure in the upper part of the lung model is comparatively higher
than that in the lower part of the lung model for all three flow rates (7.5, 15, and 25 L/min).
The highest flow rate at 25 L/min generated the highest pressure. At the stenosis section,
there was a sudden change in pressure at the trachea 75% section due to the contraction of
75% of the average diameter of the trachea. Furthermore, the value of pressure decreased
rapidly in all three models in the throat region. By increasing the flow rate, the pressure in
different parts of the lung model gradually increased.
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Figure 6. Velocity contours at selected positions of the lung airways: (a) 7.5 L/min; (b) 15 L/min; and
(c) 25 L/min. Trachea 75%, Trachea with stenosis 75%; Trachea 50%, Trachea with stenosis 50%; G1,
Generation 1; G2L, Generation-2 at left lung; G2R, Generation-2 at right lung; G3L 50%, Generation-3
at left lung with stenosis 50%; and G3R, Generation-3 at right lung.
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Figure 7. Pressure contours on the whole lung model for different flow rates: (a) 7.5 L/min;
(b) 15 L/min; and (c) 25 L/min.

3.2.2. Pressure Variation

Breathing depends on the air pressure inside the lungs and, if this pressure varies for
any reason, the breathing is disturbed. Differences in pressure at three different airflow
rates at specific positions of the entire lung are depicted in Figure 8. The pressure was
present in the first two positions for the 7.5 L/min flow rate (i.e., mouth and throat), then
was close to zero at TR75, which was consistent up to TR50, G1, G2L, G2R, G3L, and G3R.
The differences in the airflow rates of 15 and 25 L/min were noticeable in each position. At
the 15 L/min flow rate, the pressure in the mouth and throat was almost the same; at the
flow rate of 25 L/min, the pressure in the throat was slightly higher than that in the mouth.
At each airflow rate, the pressure in the throat and TR75 was significantly condensed. With
a flow rate of 25 L/min, the pressure difference between the throat and TR75 was high at
7.5 L/min, and the difference for the 15 L/min flow rate was much less than that for the
25 L/min flow rate. The pressure of the TR50 position was almost equal for 7.5 and
15 L/min flow rates; however, for the 25 L/min flow rate, the pressure was approximately
doubled. The value of this pressure was almost the same at G1, G2L, and G2R positions
at the 7.5 L/min flow rate. At the G3L section, the pressure was close to zero for the
15 L/min flow rate, but at flow rates of 15 and 25 L/min, the pressure was less than zero,
which means negative pressure was present.

In Figure 7, the pressure on the G3L position at the rate of 25 L/min shows the highest
negative value. The effect of the pressure spreads in every other section of the lung at
25 L/min, and is higher than that at the 7.5 and 15 L/min flow rates. However, at 7.5 and
15 L/min rates, the change in pressure between each position is extremely small and, at a
flow rate of 25 L/min, the difference between the throat and TR75 is higher than that of the
other two flow rates.

The variations in lung pressure during breathing were observed, and the highest
and lowest pressure values found for the 25 L/min flow rate were 77.81 and −0.57 Pa,
respectively. The highest difference in pressure, of 54.88 Pa between the throat and TR75,
was also found at a flow rate of 25 L/min. We may conclude that the pressure showed the
highest value for almost all selected positions of the lung airways.
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Figure 8. Pressure at selected positions of the whole lung airways with three different airflow rates.
TR75, Trachea with stenosis 75%; TR50, Trachea with stenosis 50%; G1, Generation-1; G2L, Generation-
2 at left lung; G2R, Generation-2 at right lung; G3L, Generation-3 at left lung; G3R, Generation-3 at
right lung.

3.3. Wall Shear Analysis

Figure 9 shows the CT-based wall shear realistic model with three different flow rates.
Figure 9a–c separately demonstrates the wall shear contour for the whole lung model at
three different flow rates (7.5, 15, and 25 L/min). From this figure, the highest wall share
stress was found to exist in the upper stenosis section for a 25 L/min flow rate (Figure 9c).
Wall shear is increased by the motion of passing fluid, and is a velocity-dependent force
acting on the solid airway wall. At the position of TR75 in Figure 4d, the value of velocity
is higher than that in the other stenosis areas of this model. However, an increase was
found in the wall shear stress with the increase in the flow rate at different parts of the lung.
Moreover, the highest wall shear was also found in the stenosis region (trachea) for all flow
rates.
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Figure 9. Wall shear on the whole lung model with stenosis sections for different flow rates: (a) 7.5 L/min;
(b) 15 L/min; and (c) 25 L/min.

3.4. Airflow Streamline Analysis

The value of the airflow streamline was calculated using three different models during
inhalation conditions. Figure 10a–c shows the airflow streamlines for three different flow
rates (7.5, 15, and 25 L/min). Each of these models depicted a complex flow path between
two stenosis sections compared to the other sections of the lung. The most complex flow
path was found to exist in the upper stenosis section (trachea with 75%) and beyond for a
25 L/min flow rate (Figure 10c). The maximum velocity was found to be different for all
lung models. With an increasing flow rate in selected parts of the lung, an increase in the
value of the velocity and the complexity of the flow path was observed.
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Figure 10. Airflow streamlines during inhalation conditions with three different airflow rates:
(a) 7.5 L/min; (b) 15 L/min; and (c) 25 L/min.

3.5. Particle Analysis
3.5.1. Particle Deposition

During inhalation, the particles are assumed to be injected into the mouth and through
the airway. The particle deposition efficiency (DE) in the present study was calculated
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based on the total number of particles that were injected into the mouth, corresponding
to the number of particles that were trapped along the lung walls in a certain area during
travel through the airways. A higher percentage of DE means a higher number of particles
that were trapped in each area. Figure 11 presents the nanoparticle DE comparison in a
different position in the airflow tract at different flow rates. The DE was more effective in
the MT position for each flow rate. The lowest flow rate, of 7.5 L/min, had higher DE for
all particle sizes, and especially for 1 nm. This value was about 69.26% for 1 nm particles in
the MT position, and about 0.13% for 100 nm particles in the TR with a 50% stenosis section.
Overall, DE values for particles having a diameter of 1 nm were much higher at each flow
rate. However, in the case of 25 L/min, the DE of each particle was more effective. The
DE of particles having a diameter of 1 nm was higher than that of the other particles of the
lung model for almost every section at the three compared flow rates (Figure 11a–c). In
the case of the particle size of 1 nm with a 25 L/min flow rate, the value of DE per section
was higher than that of the other particle sizes, and the value decreased at a parabolic rate
(non-linear), which can be observed in Figure 10. Thus, the size and DE of the particles
were inversely proportional to each other.
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Figure 11. Particle deposition efficiency (DE) at various airway positions with three airflow rates:
(a) 7.5 L/min; (b) 15 L/min; and (c) 25 L/min. MT, Mouth–throat; TR75, Trachea with stenosis 75%;
TR50, Trachea with stenosis 50%; G1, Generation 1; LL, Left lung; and RL, Right lung.

3.5.2. Particle Deposition Scenario

Figure 12 shows the particle deposition scenario at a 25 L/min flow rate. The overall
deposition pattern indicates that particles appeared more in the mouth–throat section than
in the other sections. The different diameters of the particle sizes are presented in different
colors. The enlarged portion of section A shows a higher deposition concentration in the
mouth–throat section. At a 25 L/min flow rate, the deposition concentration in the upper



Atmosphere 2022, 13, 1192 16 of 22

airways of particles having a smaller diameter is significantly higher than that of the larger
diameter nanoparticles. The overall size-specific nanoparticle deposition validates the
ultrafine particle deposition mechanism in the upper airways. The Brownian diffusion is
highly effective for the smaller diameter particles. If the particle size is small, the particles
experience a spontaneous random motion due to Brownian forces, and deviate from the
particle path line. This scenario significantly increases the deposition concentration of
the smaller diameter particles in the upper airways. Figure 12 shows that the deposition
concentration of 100 nm particles in the mouth–throat area is significantly lower than that of
1 nm particles, which sufficiently aligns with the hypothesis of Brownian motion. However,
in the stenosis section (section B), a considerable quantity of larger diameter particles
(100 nm) is deposited compared to the 1 nm particles. The flow becomes highly complex
and chaotic in the stenosis section. At a 25 L/min flow rate, larger diameter particles
experience a complex flow trajectory in the stenosis section and deviate from the path line
due to large inertia. This scenario increases the overall deposition concentration of the
larger diameter particles in the stenosis section. This specific finding can be used for the
transport of pharmaceutical aerosols to the targeted position of the stenosis airways.
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3.5.3. Escaped Particles

Escaped particles (EPs) in the present study refer to the number of particles that
escaped from the outlet at the 3rd generation and travelled through lower lung generations.
The percentage of EPs was calculated by the number of escaped particles divided by the
total number of particles entering the mouth. To provide a better understanding of the
escaped particles, all outlets at the 3rd generation were identified for the left and right
airways for three different flow rates, and are presented in Figure 13a. For the particle
size of 1 nm (Figure 13b), the rate of EPs increased with the increase in the flow rate.
This was the case for both outlets. In Figure 10, for particles having a diameter of 1 nm,
the value of particle DE steadily declined in the case of different flow rates. From both
Figures 11 and 13, it can be noted that EP and DE are opposite to each other. However, the



Atmosphere 2022, 13, 1192 17 of 22

maximum value is displayed in the left outlet for a 50 nm particle size and a 7.5 L/min
flow rate (Figure 13d). The minimum value was found in the right outlet for a 1 nm particle
size and a 7.5 L/min flow rate (Figure 13b). Similarly, a continuum of similar behavior can
also be observed in Figure 13c for the right outlet. For the left outlet, the value of EP for
intermediate flow rates decreased insignificantly. Figure 13e clearly shows that the value
of EP on both left and right outlets gradually decreased with an increase in flow rate. EP
and efficiency are connected inversely: when efficiency shows a high value, EP provides a
lower value for both outlets.
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4. Conclusions and Future Perspectives

In this study, airflow and particle transport were analyzed through the multi-stenosis
sections of the upper airways, and the numerical study considered a wide range of particle
sizes and flow rates for the overall investigation. The key findings are listed below:

n The overall velocity field in the upper section of the mouth–throat model showed
a fully developed profile. However, the velocity profile in the stenosis section was
found to be highly complex. In the 75% stenosis section, the flow becomes highly
chaotic with the increase in the flow rate and velocity magnitude. In the 50% stenosis
section, the velocity flow field is less chaotic than that in the 75% stenosis section. A
higher velocity magnitude was observed in the upper stenosis section than in the
lower stenosis section.

n The overall pressure drops in the mouth–throat section and upper airways showed a
non-linear trend irrespective of the flow rates. The maximum pressure was observed
in the upper part of the mouth. The maximum pressure decrease was observed in the
50% stenosis section. The overall drop in pressure increased with the flow rates.

n At a high flow rate (25 L/min), the wall shear at the stenosis section was higher than
that in the healthy part of the mouth–throat section and upper airways. The wall
shear in the 75% stenosis section was higher than that in the 50% stenosis section of
the airways.

n The DE was non-linear for different flow rates of different particle diameters. The
overall DE indicates that the Brownian motion and diffusion mechanism are dominant
for the smaller diameter nanoparticles. The percentage of DE decreased proportionally
with the increase in the flow rate. At 7.5 L/min, around 70% of nanoparticles having
a size of 1 nm were trapped in the mouth–throat area. At other flow rates, around
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20% of the particles having this size were trapped in this area. The DE in the stenosis
sections was found to be less than 10% for both 75% and 50% reductions, and all flow
rates.

n More than 50% of the nanoparticles having a size of 10–100 nm escaped through the
outlet at the left lung of the 3rd generation. For the outlet at the right lung of the
same generation, less than 36% of escaped particles had a size of 10–100 nm. For the
nanoparticles having a size of 1 nm, the proportion of escaped particles was less than
6% for both outlets.

This novel study analyzed the nanoparticle transport and airflow behavior through
multi-stenosis sections having different sizes in the trachea and other stenosis sections in
the upper airway (third generation). The study identified critical flow and particle behavior
that may help in the health risk assessment of diseased airways. The findings of this
study provide a precise understanding of the pressure variation and wall shear of diseased
upper airways. The comprehensive DE data can potentially improve the knowledge of
the ultrafine particle transport through diseased airways. This study, along with more
case-specific analysis, will improve respiratory health assessments and targeted delivery
of drugs through multi-stenosis airways. Future research will analyze the flow dynamics
and particle behavior through patient-specific airways. Furthermore, special stenosis will
be considered and compared with the healthy lung. A comprehensive investigation of the
effect of particle shape and size after collision will also be considered in future study.
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