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Introduction

Numerical studies in the field of the respiratory system provide 
useful information about the respiratory flow structures, deposi-
tion patterns of particulate matter, and pharmaceutical aerosols. 

Since the beginning of the COVID-19 pandemic, studies in this field 
have become more important for researchers to assess the behavior of 
viruses entering the respiratory tracts [1]. In Computational Fluid Dy-
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ABSTRACT
Background: The truncation level of human airways is an influential factor in the 
analysis of respiratory flow in numerical simulations. Due to computational limitations 
and limited resolution of diagnostic medical imaging equipment, a truncated geometry 
of airways is always investigated. 
Objective: This study aimed to employ image-based geometries with zero gen-
eration and 5th-generation truncation levels and assess bronchial airways truncation’s 
effect on tracheal airflow characteristics.
Material and Methods: In this numerical study, computational fluid dynamics 
was employed to solve the respiratory flow in a realistic human airway model using the 
large eddy simulation technique coupling with the wall-adapting local eddy-viscosity 
(WALE) sub-grid scale model. The accuracy of numerical simulations was ensured 
by examining the large eddy simulation index of quality and Kolmogorov’s K-5/3 law. 
Results: The turbulent kinetic energy along the trachea has increased abnormally 
in the geometry with the zero-generation truncation level, and more severe fluctuations 
occurred in the velocity field of this geometry, which increased the tendency of each 
point to rotate. Compared to the extended model, the airflow’s more chaotic behavior 
prevented larger-scale vortices from forming in the geometry with the zero-generation 
truncation level. Larger-scale vortices in the extended model caused the primary flow 
passing next to the vortices to accelerate more intensely, increasing the wall shear 
stress peaks in this geometry.  
Conclusion: Eliminating the bronchial airways caused changes in tracheal airflow 
characteristics.
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namics (CFD), the design of geometry and grid 
generation is considered preprocessing stages 
with an important role in the achievements of 
numerical research. Numerical studies in the 
field of human airways are accompanied by 
limitations, such as computational cost and 
limited resolution of diagnostic medical im-
aging equipment [2]. As a result, respiratory 
flow in truncated geometries should be always 
evaluated.

Different methods are considered for pro-
ducing the airways model, which is associ-
ated with limitations. The airways model can 
be produced in three main methods: based 
on idealized models [3], based on stochastic 
methods [4], and based on medical imaging 
equipment [5, 6]. Researchers have compared 
the respiratory flow in realistic and idealized 
models from different aspects or have used 
idealized models to study a particular param-
eter. Heidarinejad et al. studied the effect of 
the cartilaginous tracheal rings on the airflow 
structures by modifying the Horsfield geom-
etry [7], and also observed small recirculating 
structures between ring cavities, leading to 
significant increases in the wall shear stress. 
Since the wall shear stress reaches its peaks at 
cartilaginous rings, the maximum chances of 
wall injuries, such as epithelial damage are in 
these areas [8]. Therefore, wall curvature in re-
alistic models has a significant effect on respi-
ratory flow structures and identifies vulnerable 
areas [9]. Johari et al. compared the velocity 
and pressure data in realistic, simplified, and 
oversimplified models in terms of roughness 
and curvature on the wall [10] and found sig-
nificant deviations at high flow rates in regions 
with high geometric complexities, especially 
in areas with rapid cross-sectional changes. 
However, idealized and stochastic models can 
provide a complete geometry of the entire lung 
[11], the flow characteristics obtained from 
these models do not fit well with the results of 
the realistic models [12]. Furthermore, a high-
computation cost is imposed to generate a 
high-resolution grid due to the small size of the 

last generations of the lungs [13]. Therefore, 
optimal geometry is considered an important 
challenge for researchers. Wall roughness and 
small vortex structures near the wall affect the 
particle deposition pattern in the human upper 
airways [14]. Hence, realistic geometries lead 
to more accurate information about the respi-
ratory flow structures and particle deposition 
patterns. On the other hand, specifications of 
the middle and last generations of the lungs 
are not accessible by diagnostic medical im-
aging equipment [15]. As a result, a truncated 
geometry of the lungs is always investigated.

A limited number of studies investigated 
the effect of geometry truncation on flow 
variables. Qi et al. compared the spatial and 
temporal variables of the flow field based on 
two models with 122 and 22 outlets [16] and 
also showed that the lobar air distribution con-
siderably correlated with the outlet area ratio. 
Moreover, the upper respiratory tract was not 
considered with a significant effect on the flow 
characteristics. Choi et al. evaluated the effect 
of the upper airway truncation in four different 
levels [17] and also developed a proper inlet 
boundary condition for the truncated sections. 
According to their results, the respiratory flow 
around the larynx is highly affected by the la-
ryngeal jet. Lin et al. and Xi et al. showed that 
the upper airway truncation, such as orophar-
ynx and larynx, eliminated velocity parabola 
and turbulence in the trachea, leading to differ-
ent flow structures [5, 9]. Additionally, Xiao et 
al. concluded that subglottic inflow truncation 
delayed the location of the jet breakup issu-
ing from the tracheal contraction [18]. Tena 
et al. developed a boundary condition for the 
truncated sections by applying velocities from 
similar locations of an extended branch [2]. 
This method can only be used for idealized 
geometries, and an extended branch’s fully re-
solved airflow field must be available. Since 
fluid properties diffuse in all directions, down-
stream areas of the computational domain al-
ways affect upstream areas [19]. Hariprasad 
et al. showed that flow patterns in the cen-
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tral airway were highly affected by obstruc-
tions in the lower airways [20]. The present 
study aimed to evaluate the effect of bronchial 
airways, as a major resistance to the airflow 
path, on the respiratory flow characteristics 
of upstream areas. For this purpose, geom-
etries with zero-generation and 5th-generation 
truncation levels were employed to assess the 
impact of bronchial airways truncation on tra-
cheal airflow characteristics.

Material and Methods

1. Airway Modelling and Descrip-
tion of Mesh Parameters

In this numerical study, Computed Tomog-
raphy (CT) images were employed to produce 
a realistic model of the human respiratory air-
ways belonging to a 35-year-old healthy man. 
The Digital Imaging and Communications in 
Medicine (DICOM) file contains 485 images 
with a spatial resolution of 0.6×0.6 mm2, in-
cluding the upper respiratory tract (nasal cavi-
ties, pharynx, and larynx) and the lower air-

ways until the 5th generation (Figure 1). The 
airflow characteristics in a truncated model of 
the original geometry were also investigated. 
The truncated model is up to the zero genera-
tion (up to the end of the trachea).

The airways models were meshed by un-
structured tetrahedral elements with a maxi-
mum cell size of 0.5 mm using ANSYS 
ICEM-CFD. The near-wall grid size must suf-
ficiently be refined as a high-velocity gradient 
occurs near the wall, especially in the viscous 
sub-layer [21]. Six prism layers were attached 
to the airways wall with the first cell height of 
0.05 mm and a growth rate of 1.1, as shown in 
Figure 1. Consequently, the first layer closest 
to the wall was located in the Y-Plus range of 
less than one in almost all areas of the com-
putational domain. Accordingly, the computa-
tional grid well captures all fluidic layers near 
the wall, including the viscous sub-layer, the 
buffer layer, and the logarithmic layer. As a 
result, the correct behavior of the wall returns 
to the computational domain. A high-quality 
mesh results in an accurate and stable numeri-

Figure 1: The realistic human airways model from nostrils up to the 5th generation
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cal simulation, especially in turbulent wall-
bounded flows. A total of 4.2 and 6.3 million 
computational cells were generated for geom-
etries with zero-generation and 5th-generation 
truncation levels, respectively.

2. Governing Equations
The computational fluid dynamics tech-

niques was employed to solve the airflow 
governing equations. A finite volume solver 
(ANSYS Fluent) was employed to solve the 
unsteady, incompressible, and three-dimen-
sional Navier-Stokes equations using the 
large eddy simulation (LES) turbulent tech-
nique coupling with the WALE sub-grid scale 
model. The large eddy simulation technique is 
validated for solving transitional to turbulent 
flows, [22] which has a lower computation-
al cost than the direct numerical simulation 
(DNS) method [23]. LES has an accurate per-
formance in predicting separated flows with 
high levels of unsteadiness [24]. Furthermore, 
the WALE sub-grid scale model can capture 
the transition process and return a zero tur-
bulent viscosity in laminar shear flows [25]. 
In the WALE model, eddy viscosity is deter-
mined without explicit filtering and instead 
employs a tensor invariant to apply the strain 
and rotation effects. Additionally, this model 
is applicable to wall-bounded flows and com-
plex geometries due to the use of only local 
gradients to compute the eddy viscosity and 
return the correct wall asymptotic behavior 
[26].

The filtered continuity and momentum 
equations for unsteady, incompressible, and 
isothermal airflow fields are expressed as fol-
lows:
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as [25]:
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Δ is the LES sub-grid length scale 
(Δ=(ΔXΔYΔZ)1⁄3), and Sij

d is the traceless sym-
metric part of the square of the velocity gradi-
ent tensor;  ijg  is velocity gradient tensor  

(
__

i
ij

j

Ug
x

∂
=
∂

); the WALE constant Cw is con-

sidered 0.325.

3. Numerical Setup
The gradient terms were approximated 

by the least-squares cell-based differencing 
scheme, which is a highly accurate method in 
skewed networks with a lower computational 
cost than other methods. Convection and tran-
sient terms were discretized by bounded cen-
tral differencing and bounded second-order 
implicit differencing methods, respectively, in 
order to prevent increasing the numerical dif-
fusion error. The time step size is set to 10-4 

s, which ensures the Courant-Friedrichs-Lewy 
(CFL) number of less than 0.8 throughout the 
computational domain and improves the sta-
bility as well as the accuracy of the numerical 
simulation.

The convergence of the averaged velocity 
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field was evaluated as a criterion to access the 
statically stable solution. The time interval of 
0.1 s is considered for averaging since instan-
taneous effects of the airflow field disappear in 
this averaging process. Numerical simulations 
converged in the geometry after 0.5 and 0.4 s 
with the 5th-generation truncation level and the 
zero-generation truncation level, respectively.

4. Boundary Conditions
4.1. Inlets Boundary Condition
Different methods are used for defining the 

stimulus boundary condition in numerical 
simulations, such as using experimental data 
at the boundaries [27] or the stimulus bound-
ary condition at the end of the airways model 
[28] since the respiration work is done by the 
movement of the diaphragm vertically at the 
end of the lungs. Applying these methods to 
realistic geometries with bronchial airways is 
accompanied by some limitations.

In this paper, the uniform velocity profile 
is employed at the nose inlets to provide an 
equal situation for comparing the results of the 
two geometries. The velocity magnitude at the 
inlets is adjusted according to the flow rate of 
45 L/m, showing the heavy breathing condi-
tion; the inlet Reynolds number is about 4200. 
The inlet velocity profile affects the flow pat-
tern in idealized models [29]; however, the ef-
fect of the inlet velocity profile disappears at a 
short distance from the nose inlets in realistic 
models due to severe cross-sectional changes 
in the nasal cavity [15]. Therefore, the uni-
form velocity assumption has no effect on the 
airflow characteristics in the trachea as the in-
tended area.
4.2. Outlets Boundary condition
One of the major challenges in this field of 

study is defining an appropriate outlet bound-
ary condition, especially in geometries with 
branching structures. The branching structure 
of the lungs affects the pressure in the entire 
geometry and acts as a resistance to the air-
flow path. Alzahrany & Banerjee developed 
a pressure-based outlet boundary condition 

[30], which was a function of airways resis-
tance. The procedure of calculations is based 
on the Weibel geometry, which is an idealized 
model. Comerford et al. proposed a structured 
tree impedance outflow boundary condition to 
simulate the airflow in patient-specific human 
lungs [31]. The outlet pressure value varies 
based on healthy or diseased lungs, age, and 
respiration states. Moreover, the uniqueness of 
image-based geometries complicates the situ-
ation. On the other hand, the pressure value 
varies in different branches of the same gen-
eration.

In this study, the pressure outlet and outflow 
boundary conditions were compared, in which 
the pressure outlet boundary condition showed 
a better adaptation to the physics of respira-
tion. The pressure outlet boundary condition 
employed zero static (gauge) pressure. This 
method extrapolated the interior cells’ stress 
and all other flow quantities. 

In the outflow boundary condition, a zero-
diffusion flux was applied for all flow vari-
ables; the flow rate weighting obtained from 
the pressure outlet boundary condition was 
used for the outflow boundary condition.
4.3. Wall Boundary condition
All velocity components at the wall are set 

to zero in order to apply the no-slip boundary 
condition.

5. Validation
The numerical simulation procedure has 

been validated by Jayaraju et al.’s experi-
mental and numerical results [32]. They also 
developed a simplified model of the upper re-
spiratory tract considering this region’s curva-
tures, expansions, and contractions, as shown 
in Figure 2. The numerical simulation was 
performed using the LES approach coupling 
with the WALE sub-grid scale model with 
3.2 million computational cells. The velocity 
magnitude at the inlet is adjusted according to 
the Reynolds number of 2527, which is equal 
to the value considered in the experiment.

The time-averaged velocity data of the pres-
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ent simulation were employed for compari-
son with the experimental and numerical data 
available from Jayaraju et al. Figure 2 (a, b) 
shows the proper adaptation of the mean ve-
locity profiles of the present study with the 
particle image velocimetry (PIV) measure-
ments and numerical data of Jayaraju et al. at 
specified sections. Therefore, the numerical 
simulation procedures used in this section, 
such as the properties of the generated mesh, 
time step size, and discretization schemes, 
were also used to study the airflow character-
istics in the proposed realistic geometry.

Results

1. Numerical Simulation Accuracy
The simulation of turbulent flows over com-

plex geometries using unsteady approaches, 
such as DNS and LES, is accompanied by 

complexities originating from turbulence’s 
nature [33]. The energy spectrum law is a cri-
terion for investigating the accuracy of turbu-
lent flows simulation, derived theoretically by 
Kolmogorov [34], who illustrated that turbu-
lent flows are locally homogeneous and iso-
tropic at sufficiently high Reynolds numbers. 
Moreover, based on Kolmogorov’s results, 
turbulent flows must be statistically equilib-
rium in the range of high wavenumbers [35]. 
The energy spectrum law (Kolmogorov’s K-5/3 
law) is defined as:

( ) 2/3 5/3 1 1
0  E K K K K lε λ− − −= ≥ ≥              (7)

where E(K) is the scalar energy distribution 
function per mass unit for a certain wave num-
ber value K (the Fourier transform of the ki-
netic energy); K0 is the Kolmogorov number, 
which is between 1.4 and 1.8. Additionally, ε, 
λ, and l are the dissipation rate, the characteris-

Figure 2: Validation of velocity profiles using Jayaraju et al.’s numerical and experimental data: a) 
section A, b) section B – PSD (Power Spectral Density) analysis at two points in the center, c) sec-
tion 3, d) section 5, and e) The LES (Large Eddy Simulation) index of quality at different sections
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tic length scale for the viscous eddies, and the 
integral length scale, respectively.

Figure 2 (c, d) shows that the energy spec-
trum density matches the K-5/3 slope at high 
wavenumbers (Taylor scale) using the fre-
quency analysis of instantaneous veloc-
ity data, i.e., the transmission of energy from 
large-scale structures to small-scale structures 
(Kolmogorov scale) was accurately modeled, 
highly dependent on the number of computa-
tional cells and its quality. 

The LES index of quality (LES-IQ) also is 
a criterion, measuring the resolved turbulent 
kinetic energy ratio to the total turbulent ki-
netic energy. In an accurate numerical simula-
tion using LES models, 80% of the turbulent 
kinetic energy should be determined [7]. The 
LES_IQν relates the turbulent viscosity to the 
laminar viscosity through the following equa-
tion [36]:

0.53
.

1_
1 0.05 t eff

LES IQυ
υ
υ

=
〈 〉 +  

 

              (8)

.t effυ〈 〉  and υ are the time-averaged effective 
turbulent viscosity and the laminar viscosity 
(fluid viscosity).

According to Figure 2 (e), the minimum 
value of the LES_IQν in different sections of 
the computational domain is greater than 0.9, 
showing the amount of the resolved turbu-
lent kinetic energy is in an acceptable range. 
The PSD analysis and LES-IQ results were 
obtained from the numerical simulation per-
formed in the geometry with the 5th-generation 
truncation level. Since the results of these two 
criteria indicate the high accuracy of the nu-
merical solution and the appropriate quality 
and quantity of the generated mesh, the nu-
merical simulation procedure performed in 
this geometry was also used for the geometry 
with the zero-generation truncation level.

2. Airflow Characteristics
According to the physics of the respiratory 

flow, the branching structure of the lungs can 

act as a resistance to the flow path and increase 
the pressure throughout the geometry. Consid-
ering the first few generations of the lungs will 
prevent abnormal pressure drops in the tra-
chea or upstream areas. Moreover, the outlet 
boundary condition typically affects the pres-
sure drop throughout the geometry.

Figure 3 (a) illustrates the effect of the 
pressure outlet and outflow boundary condi-
tions on the pressure drop in geometries with 
zero-generation and 5th-generation truncation 
levels. As shown in Figure 3 (a), the pressure 

Figure 3: Mean pressure drop using pressure 
outlet and outflow boundary conditions, b) 
normalized turbulent kinetic energy (TKE/
U2), and c) vorticity Magnitude in geometries 
with zero-generation and 5th-generation 
truncation levels
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drop in the two mentioned geometries using 
the outflow boundary condition is approxi-
mately the same, while a 20-to-25-unit dif-
ference is observed using the pressure outlet 
boundary condition. Therefore, the pressure 
outlet boundary condition provides a situa-
tion that is more consistent with the physics 
of respiration. In addition, a logical pressure 
drop is observed across the geometry using the 
pressure outlet boundary condition compared 
to experimental data [37]. According to the 
mentioned points, the pressure outlet bound-
ary condition was employed to investigate the 
effect of bronchial airways truncation on tra-
cheal airflow characteristics in the rest of this 
paper.

Evaluating flow instabilities can lead to ex-
amining the impact of bronchial airway trun-
cation. For the first step, normalized turbulent 
kinetic energy was investigated in different 
slices in Figure 3 (b). Section 8 in Figure 3 (b) 
(Longitudinal section of the trachea) shows 

that the airflow field is more turbulent in the 
geometry with the zero-generation truncation 
level, especially in the distance from the lar-
ynx to the end of the trachea. Detailed analy-
sis of the transverse sections showed that the 
turbulent kinetic energy around the pharynx 
grows abnormally (Figure 3 (b, section 3)).

Another important parameter analyzed is 
vorticity, which is a microscopic parameter 
representing the local rotational motion in the 
computational domain. Figure 3 (c) shows the 
vorticity magnitude at different levels of the 
two geometries. The difference in vorticity 
magnitude between geometries with and with-
out branching structure has begun to grow from 
section 3 (around the pharynx) and reaches its 
peak in sections 4, 5, and 6, as shown in Figure 
3 (c). In the mentioned sections, the vorticity 
magnitude is significantly higher in the geom-
etry with the zero-generation truncation level. 

Flow patterns using tracheal streamlines are 
shown in Figure 4 (a, b); the colors of stream-

Figure 4: Tracheal streamlines colored: a) the Z component, b) the U component of the velocity, 
c) sectional streamlines at different sections of the trachea. Forward streamlines colored by the 
Z component of the velocity around, d) section 4, and e) section 5
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lines indicate the Z and U components of the 
velocity. Since the direction of primary flow in 
the trachea is in the negative direction of the 
Z-axis, secondary flows and vortices are obvi-
ously detectable by the red color.

Figure 4 (a, b) shows that more robust sec-
ondary flows are observed above and below 
the larynx in the 5th-generation truncation lev-
el geometry.

Forward streamlines in sections 4 and 5 are 
shown in Figure 4 (d, e) to evaluate the airflow 
structure around the larynx in detail. In Fig-
ure 4 (d, around section 4), a more extended 
vortex was observed in the geometry with the 
5th-generation truncation level. In Figure 4 (e, 
around section 5), the vortex formed in the 
lower area of the larynx is broader and longer 
in the geometry with the 5th-generation trunca-
tion level. 

In Figure 4 (e, around the section 5), the vor-
tex formed in the lower area of the larynx is 
wider and longer in the geometry with the 5th-
generation truncation level. 

In Figure 4 (c), streamlines are shown at dif-
ferent sections between the larynx and the end 
of the trachea. Streamlines in all three sections 
represent the existence of wider vortex struc-
tures in the geometry with the 5th-generation 
truncation level. 

The structure of vortices affects the wall 

shear stress locally, which is generally more 
severe at wall shear stress peaks. Figure 5 
shows the time-averaged wall shear stress at 
different sections along the trachea. 

According to Figure 5, the wall shear stress 
has reached higher peaks in the geometry with 
the 5th-generation truncation level. A 14-to-
31% difference is observed between the major 
peaks of the wall shear stress using the men-
tioned geometries.

Discussion
This paper aimed to investigate the effect of 

bronchial airways truncation on the airflow 
characteristic as an important factor in the ac-
curacy of numerical simulations in this field 
of study. For this purpose, the respiratory flow 
was studied in geometries with and without 
bronchial airways.

The turbulent kinetic energy has reached 
higher peaks in the geometry with the zero-
generation truncation level, as shown in Figure 
3 (b). The absence of the branching structure 
of the lungs leads the air to flow more free-
ly in the geometry with the zero-generation 
truncation level. Therefore, factors producing 
perturbation, such as tracheal wall curvatures, 
create more severe fluctuations in the velocity 
field of this geometry, resulting in the instanta-
neous velocity field deviating more intensely 

Airflow Sensitivity to the Bronchial Airways Truncation

Figure 5: The variation of wall shear stress using geometries with zero generation and 5th-gen-
eration truncation level
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from the mean velocity field. The turbulent 
kinetic energy in the geometry, including the 
branching structure of the lungs is intensified 
at a shorter distance after the larynx (Figure 
3 (b, section 8-L1)), while this distance is 
slightly greater in the geometry with the zero-
generation truncation level (Figure 3 (b, sec-
tion 8-L2)). Studies that employed geometries 
with bronchial structures have confirmed the 
intensification of the turbulent kinetic energy 
immediately after the larynx [38-40]. There is 
not any noticeable difference in the intensity 
of turbulent kinetic energy around the nasal 
cavity and the pharynx between the two ge-
ometries, according to the turbulent kinetic 
energy (TKE) in sections 2 and 7 in Figure 
3 (b). The airflow characteristics in the nasal 
cavity and adjacent areas are strongly influ-
enced by the high-curvature structure of the 
nasal geometry. Moreover, entering the air-
flow into the bronchi in the extended model 
has increased the turbulent kinetic energy just 
at the end of the trachea and creates a relative 
balance in the intensity of turbulent kinetic 
energy in this area between geometries with 
and without bronchial airways. Furthermore, 
according to Figure 3 (b, section 7), the core 
of the turbulent kinetic energy is transferred to 
the center of the section in the geometry with 
the zero-generation truncation level.

Vorticity magnitude has also increased along 
the trachea. As mentioned above, the absence 
of the branching structure of the lungs has led 
the air to flow more freely in the trachea, and 
factors producing perturbation create more 
severe fluctuations in the velocity field that 
these fluctuations in the airflow field have 
caused more severe slipping of fluidic layers 
on each other, which ultimately reinforces the 
tendency of each point of the computational 
domain to rotate. As the airflow exhibits more 
chaotic behavior in the geometry with the ze-
ro-generation truncation level, the probability 
of forming larger-scale vortices is reduced. 
The vorticity has a completely different con-
dition at the end of the trachea. Unlike upper 

areas of the trachea, the vorticity is reinforced 
adjacent to the bronchi in the geometry with 
the 5th-generation truncation level (Figure 3 
(c, section 7)). Changing the direction of air-
flow from the trachea to the bronchi and cross-
sectional changes in this region are influential 
factors in the vorticity, resulting in more se-
vere fluctuations in the velocity field of this 
region. 

The upper and lower areas of the larynx are 
associated with significant increases in the 
cross-sectional area compared to the larynx, 
and act as a cavity to the flow path; large-scale 
vortices form in these parts. A comparison of 
vortex properties around the larynx to the end 
of the trachea can obviously show the effect 
of bronchial airway truncation. According to 
Figure 4 (b-L2), a stronger and larger-scale 
vortex is generated in the geometry with the 
5th-truncation level. The differences in vortex 
structures are much more severe in the lower 
part of the larynx. The vortex formed in the 
geometry with the 5th-generation truncation 
level is much larger than the vortex of the 
same location in the geometry with the zero-
generation truncation level (Figure 4 (a-L1)). 
Larger-scale vortices have also formed at the 
end of the trachea in the geometry with the 5th-
generation truncation level. Drastic changes 
in the direction of airflow entering the bron-
chial airways can be an effective factor in the 
formation of larger-scale vortices at the end 
of the trachea in the geometry, including the 
branching structures of the lungs.

These larger-scale vortices in the extended 
model have caused the primary flow passing 
next to the vortices to accelerate more intense-
ly, leading to increases in the local velocity 
field eventually. This issue can be clearly ob-
served by the color of the primary flow pass-
ing next to the displayed vortices in Figure 4 
(d, e). The dimensions of vortices directly af-
fect the local wall shear stress rate, which is 
an important parameter in determining vulner-
able areas. Therefore, accurate calculation of 
this parameter is vital. 
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The right and left main bronchi greatly influ-
ence the formation of secondary flows at the 
end of the trachea and at the entrance of the 
main bronchi.

According to Figure 1, the right bronchus of 
the lung has a steeper angle to the trachea than 
the left bronchus, causing a larger-scale vortex 
to form at the entrance of the right bronchus 
and at the end of the trachea, which is the re-
sult of the airflow separation in this area (Fig-
ure 4 (c, section 7)).

The vortex structure affects the particle de-
position pattern and its residence time. Par-
ticle residence time increases during passing 
from larger-scale vortices, and the probability 
of particle redirection increases. Since the air-
flow in respiratory airways is severely bound-
ed to the wall, the lack of accurate simulation 
would result in changes in determining the 
particle deposition pattern.

A significant number of numerical studies 
in the field of human respiratory tracts inves-
tigated airway obstructions and their effects 
on the airflow characteristics [20]. Wall shear 
stress is a key determinant in identifying vul-
nerable areas. Epithelium cells located at the 
inner side of the airway wall are sensitive to 
the wall shear stress rate. As a result, accurate 
calculation of wall shear stress can be very 
effective in identifying vulnerable areas and 
estimating the extent of the damage. In this 
study, significant differences are observed in 
the shear stress values in the two geometries 
with the zero-generation truncation level and 
the extended one. According to Figure 5, the 
major peak of each chart is located adjacent to 
areas of the computational domain with high 
local velocity magnitude. Each vortex ob-
structs the airflow path, resulting in the prima-
ry flow passing next to the vortex to accelerate 
and eventually increasing the local velocity 
field. Larger-scale vortices result in the pri-
mary flow accelerating more intensely. Since 
larger-scale vortices formed in the geometry 
with the 5th-generation truncation level, the 
wall shear stress related to this geometry has 

reached higher peaks.
In this study, limitations, such as high com-

putational cost and limited hardware facilities 
caused to prevent studying the airflow charac-
teristics during a complete respiratory cycle. 
In addition, the limited spatial accuracy of 
medical imaging equipment made it impos-
sible to study a complete geometry.

Conclusion
In this paper, the effect of bronchial airways 

truncation was assessed on tracheal airflow 
characteristics using geometries with zero 
generation and 5th-generation truncation lev-
els. Some of the most important achievements 
of this paper are as follows: 1) Higher level 
of turbulent kinetic energy is observed along 
the trachea in the geometry with the zero-
generation truncation level. The elimination 
of bronchial airways of the lungs leads the air 
to flow more freely in this geometry. There-
fore, factors producing perturbation, such as 
tracheal wall curvatures, create more severe 
fluctuations in the velocity field, 2) the more 
intense fluctuations in the geometry without 
branching structure increased the tendency of 
each point to rotate and reinforced the vortic-
ity along the trachea in the geometry with the 
zero generation truncation level, and 3) since 
the airflow exhibits a more chaotic behavior in 
the geometry with the zero-generation trunca-
tion level, larger-scale vortices are less likely 
to form. On the other hand, larger-scale vorti-
ces have formed in the geometry with the 5th-
generation truncation level, and 4) the primary 
flow passing next to the larger-scale vortices 
accelerates more intensely, resulting in in-
creases in the local velocity field. As a result, 
the wall shear stress has reached higher peaks 
in the geometry with the 5th-generation trunca-
tion level.
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