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Abstract

Background: Tracheal stenosis is a narrowing condition of the trachea that can lead to life threatening breathing
complications depending on the extent of reduction in the airway diameter. This condition affects not just the lung’s
performance to draw air during inspiration but also the flow behavior in the bronchi generations. Methods:
Computational simulations were performed in idealistic healthy and stenosed tracheobronchial models of adult and infant
airways consisting of the trachea and mainstem bronchi alone. Effect of 70% reduction in trachea diameter was
investigated for both models using Ansys Fluent. Results: We realized that while airflow developed along the center in
the healthy model, flow in the stenosed tracheae moved in a jet-like manner, forcing its way across the airway tract with
velocity 5 m/s greater than that in the healthy airways. This high jet-like flow at the center in the stenosed tracheae led to
high flow impact at the bronchi bifurcation. Consequently, wall shear stress at the bifurcation was high in both stenosis
cases. Conclusion: This study shows that tracheal stenosis potentially leads to high flow impact and wall shear stress at
the bifurcation of mainstem bronchi, and this effect will have severe consequences in infants than adults.

Key words: Tracheal Stenosis, Mainstem Bronchi, Bifurcation, Inspiratory flow, Wall Shear Stress (WSS).

Copyright © 2021 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (CC BY-NC 4.0) which permits unrestricted use, distribution, and reproduction in any medium for non-commercial use provided the original
author and source are credited.

the upper airway. They realized that air flow at such
INTRODUCTION low velocity could result in turbulence flow behavior

Several - health  conditions  such  as due to local structural complexity in the geometry.

malformation of cartilage, scar tissue formation, or
genetic disorders can lead to narrowing of the trachea, Recently, Limin Zhu et al., [5] studied the
popularly referred to as the windpipe [1]. It is estimated ' '
from clinical studies that while it is possible not to
develop breathing challenges if narrowing is minimal, a
significant narrowing of more than 50%, particularly
70-90%, will cause respiratory disorder if left untreated
[2]. Tracheal stenosis, like stenosis in other generation
of the respiratory tracheobronchial airway, causes
airflow resistance that alters flow dynamics.
Consequently, studies have been carried out to analyze
the flow phenomenon in tracheal stenosis by utilizing
idealistic and realistic models. Mark Brouns et al., [3]
studied the flow dynamics in a critical tracheal stenosis
with  different degree of constrictions using
computational fluid dynamics; they focused on studying
the flow pattern and the pressure drop. Their study
shows that overall pressure drop at rest is only affected
by critical degree of stenosis. Stapleton et al., [4] also
tried to investigate if flow as low as 31/mins in a
stenosed trachea would alter the flow pattern through

flow dynamics in multi-segmental complex congenital
tracheal stenosis using computational fluid dynamics.
They found out that the multi-stage constriction
affected the aerodynamics parameter, which shows
turbulence flow downstream of the tracheal stenosis and
upstream of the bronchi. In a study by Mimouni-
Benabu et al., [6] using steady calculations to evaluate
flow dynamics in stenosed trachea of different age
groups, they found out that pressure drop was greatly
influenced by age. This study was validated by clinical
measurement of pressure drop. Many other studies have
taken advantage of computational fluid dynamics
coupled with realistic and/ idealized geometry to study
the impact of tracheal stenosis on the flow behavior in
the tracheobronchial airway, particularly the mainstem
bronchi [7-10]. The computational fluid dynamics
variables derived from these studies, such as the airflow
velocity, wall pressure, pressure drop, and wall shear
stress have proven that stenosis influences the breathing
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condition in both inspiratory and expiratory processes
[11, 12], which may affect patients depending on age,
previous medical conditions and life style [2].

The objective of this study is to provide a
distinct description of airflow behavior in tracheal
stenosis with 70% constriction, and to evaluate the
effect of this flow nature on the bifurcation of the
mainstem bronchi of idealized infant and adult
tracheobronchial airways consisting of generation 0 to
1. This study focuses on providing a simplified
computational analysis to enhance understanding of
airflow dynamics in tracheal stenosis and the effect on
mainstem bronchi, in order to develop the best
treatment models and strategies.

METHODS
Geometry

Table 1 shows the geometry parameter used in
this study. The models are idealized 3D human

tracheobronchial airway (generation 0-1) based on
Weibel [13] model. The geometry is constructed with
varying diameter from the inlet (the trachea) to the
outlets (the mainstem bronchi). The angle of bifurcation
of the bronchi from the trachea is 70 degrees and the
right bronchus is slightly larger than the left bronchus.
The bronchi were truncated at the same length, which
would not affect the result since the mainstem bronchi
bifurcation is of more interest concern in this study.
Basically, two different models were constructed for
two cases: a healthy and a stenosed trachea
tracheobronchial airway model for infant and adult. The
3D model parameter was adopted from the proposed
model of Florens et al., [14] and Lin and Goodarz [15].
The narrowing at the trachea in all stenosis models is
70% and it occurs along the center of the entire trachea
length. The different geometries are shown below in
table 1 where LB and RB represent the left and right
main bronchi, respectively.

Table-1: Geometry of the idealized model consisting of the trachea and bronchi

Airway Length | Diameter | Curvature | Angle of
Model (m) (m) radius (m) bifurcation
Tracheal 0.08 0.02 0.0016 -

LB 0.04 0.014 0.0752 70°

RB 0.04 0.013 0.0455 70°

(a)

(b)

Fig-1: Schematic view of truncated idealized (a) healthy and (b) stenosed tracheobronchial airway models with 70 %
narrowing of the trachea airway

Meshing

On importing the 3D geometry into Ansys Inc.
software, inflation criteria were selected on the circular
faces and the mesh was generated after selecting

unstructured tetrahedral cells on the entire airway
models. A grid cells of >1700000; maximum skewness
< 0.87; minimum orthogonal quality > 0.125 were
selected after the grid dependence examination.
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Fig-2: Grid distribution in enlarged 3D model of the control (healthy) tracheobronchial airway with emphasis on the inlet,
bifurcation, and outlet region.

Assumptions and Boundary Conditions

The tracheobronchial airway is assumed rigid
as shown in figure 1. The conducting material is air,
flowing into the trachea at steady flow rate. Hence, the
fluid in this study is considered laminar incompressible
fluid. In addition, there is no velocity at the wall hence,
no slip during fluid motion. The driving force at the
inlet and outlet are velocity and pressure, respectively.
The inspiratory flow rates and inlet velocities for the
infant and adult models are 0.059 I/s and 1.16 m/s and
0.315 I/s and 0.80 m/s, respectively, adopted from the
numerical respiratory simulations of Tsage [16].

Numerical Methods

The CFD computation was performed on
ANSYS Fluent. The governing equations for the
incompressible fluid are continuity and momentum
equations, which in the simplest form are written as:

V.v=0 1)
p (v. W) = -Vp+ pv? v 2

The finite-volume based CFD technique was
used to solve the continuity and momentum governing
equations (Egn. 1 and 2). Table 2 summarizes the
iteration and solver parameters used for setting the
simulation conditions.

Table-2: CFD parameter for numerical simulation of airflow in the models

Parameter

ANSYS Fluent

Solver type

Pressure-based

Solution algorithm

SIMPLE

Discretization scheme (Pressure term)

Second order

Discretization scheme (Momentum terms) Second order upwind
Under relaxation factor (Pressure) 0.2

Under relaxation factor (Momentum) 0.5

Residual (Convergence criteria) <10°

Density (p) 1.225 kg/m3

Viscosity (p) 1.7894 x 10-5 kg/Ms
Womersley number 0.44

RESULT AND DISCUSSION

In this section, the simulation results for
inspiratory flow in the stenosed and normal
tracheobronchial — airways are presented. The
computational variables of interest are the airflow
velocity at the trachea, the magnitude of airflow at the
bifurcation, and the wall shear stress (WSS) resulting
from such flow magnitude at the bifurcation. A total of
8 simulations (2 steady state for inspiratory flow
velocity and 2 for wall shear stress in each case) were
performed in both airway models of the two different
age groups under consideration. The flow streamlines

are also presented in this section to give vivid
representation of flow behavior at the bifurcation in the
stenosed airway models. In addition, the simulation
chats presented in this section for both infant and adult
airway models are not according to scale; they have
been expanded to make the presentation clearer while
retaining the exact values gotten from the computations.
Also, the derived values for maximum inspiratory
airflow velocity and wall shear stress at the stenosis and
bifurcation regions in the infant and adult airway
models are presented in table 3 and 4, respectively.
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Fig-3: Velocity contour at mid-plane in healthy tracheobronchial (left) and 70% narrowed trachea (right) for a
developing infant idealized airway model at flow rate of 0.0591/s.
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Fig-4: Velocity contour at mid-plane in healthy tracheobronchial (left) and 70% narrowed trachea (right) for an
idealized adult airway model at flow rate of 0.315 I/s.

Flow velocity, Streamlines and Wall Shear Stress in
Infant Airway Model

Figure 3 shows the flow velocity in the healthy
(left) and stenosed (right) airway models for infant. In
the healthy trachea airway, the flow is seen to develop
at the center with maximum flow velocity of 2.44 m/s,
about twice the entry flow rate of 1.16 m/s that was
computed. This implies a smooth transition of airflow
from the trachea into the main bronchi and ultimately
into the lower tracheobronchial terminals. Furthermore,
the healthy airflow distribution from the trachea to the
mainstem bronchi resulted in relatively minimal stress
at the bifurcation, with maximum flow impact value of
the range of 1.70 -1.95 m/s.

On the other hand, the flow behavior in the
stenosed trachea is obviously unique, as a jet-like flow
develops towards the center of the region of constriction
with the protruding edge facing the point of bifurcation.
The jet-like air forces its way out with maximum
velocity of 7.12 m/s, which is about 5.68m/s greater in
magnitude when compared to maximum flow in the
healthy model. However, the high flow velocity in the
stenosed trachea model does not correspond to healthy
flow because the flow occurs at the center of the mid
cross section, implying that the flow speed needed to
increase in order to overcome the high resistance.
Obviously, the jet velocity dropped immediately the

flow developed away from the narrowed region to a
value of about 5.70 m/s; though still about 3.26 m/s
greater than the maximum flow in the healthy airways.

Although the flow behavior seems to be
uniform at the bifurcation in both the healthy and
stenosed models, the magnitude of flow hitting the
exact point of bifurcation in the deformed airway model
was greater, with a value of about 4.27 m/s while the
value in the healthy model was about 1.95 m/s. The
high value of flow hitting the point of bifurcation in the
stenosed trachea model indicates a potential medical
threat [17]. This is obvious from the wall share stress
behavior and value at the bifurcation of the same airway
model, where the WSS reaches a value of 3.60 Pa (see
figure 6 and table 4). This high value can lead to
damage on the airway tract over time if not given
clinical attention. A reasonable range of WSS acted at
the bifurcation in the healthy airway model, with a
value of 1.21 Pa (see figure 6 and table 4). According to
Kittisak and Ramana [18], this is a healthy range of
stress for the region.

Figure 5 shows clearer illustration of the flow
pattern in both models of the infant airway. From the
velocity streamlines in 5a, it is observed that the lines
converged smoothly at and away from the bifurcation in
the healthy model, while in the stenosed airway model,
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the lines split randomly at the bifurcation. This flow
behavior is expected, since the air moves out of the
constricted region with high velocity towards the center.
As air pulls out and hits the bifurcation, the

underdeveloped flow is distributed in an oscillatory
manner before moving down the bronchi, developing
along the way.

(b)

Fig-5: Airflow streamlines in (a) infant and (b) adult for healthy (left) and stenosed (right), depicting the flow
distribution at the bifurcations

Flow velocity, Streamlines and Wall Shear Stress in
Adult Airway Model

If the values of the geometry were to be
increased, say for adult airway; using geometry
parameters of idealistic adult airway from Ou et al.,
[19] and Tsega [16], at flow rate of 0.315 I/s and
inspiratory velocity of 0.80 m/s, the maximum
velocities in the healthy and diseased airway models
were 1.82 m/s and 4.57 m/s, respectively (see figure 4).
The flow in the healthy trachea model is fully
developed, almost occupying the entire airway. In the

stenosed airway model, the maximum velocity occurs at
the center of the airway in the same pattern as in the
infant airway expect that the magnitude is higher in the
infant airway, with approximately 2.89 m/s. Despite the
increase in the adult airway diameter and 70%
constriction in both age group airway models, the
velocity of airflow in the stenosed trachea in infant was
higher, confirming the literature [16, 20] that airflow
characteristic decline as humans grow from infant to
child and to adult.
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Fig-6: Wall shear stress distribution at the walls of the idealized infant tracheobronchial airway models for (left)
healthy and (right) deformed trachea.
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Fig-7: Wall shear stress distribution at the walls of the idealized adult tracheobronchial airway models for (left)
healthy and (right) deformed trachea.

Table-3: Inspiratory velocity values at the trachea and magnitude of impact on the bifurcation for both models
under consideration

Inspiratory Healthy Bifurcation | Stenosed Bifurcation
Velocity (m/s) Trachea trachea

Infant 2.19-2.44 1.70-1.95 6.41-7.12 4.27- 4,98
Adult 1.63-1.82 1.45-1.63 4.12-4.57 3.20-3.66

Table-4: Inspiratory wall shear stress values at the trachea and bifurcation for both models under consideration

Inspiratory | Healthy | Bifurcation | Stenosed Bifurcation
WSS (Pa) Trachea trachea

Adult 0.10 0.31 0.92 1.65

Infant 0.29 1.21 2.80 3.60

As shown in figure 4, the narrowed flow jet in
the stenosed adult airway is almost hitting the point of
bifurcation at high magnitude of 3.66 m/s. The
corresponding value in the healthy airway model is
about 1.63 m/s; a difference of 2.03 m/s. This difference
in magnitude had substantial impact on the wall shear
stress behavior at the bifurcating region in both airway
models. The maximum WSS at the bifurcation in the
healthy and stenosed tracheobronchial adult models

were 0.31 Pa and 1.65 Pa (see figure 7), respectively.
Interestingly, despite the high magnitude of flow hitting
the bifurcating region in the adult airway model, the
effect of WSS was higher in the infant airway model
(see table 4). Possibly, this characteristic is due to the
sensitivity of the infant developing airways, implying
that in more developed airways, such as in child and
adult, the effect of wall shear stress (WSS) resulting
from stenosis may be less severe when compared to that
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of infants. The streamline pattern in the adult airway
model follows the same pattern as in the infant model
for both healthy and stenosed airways. However, in the
healthy adult airway, there is slight splitting at the
bifurcation down into the bronchi. We can infer that
even for healthy trachea, air flow more uniformly in the
infant airways than in the adult airways, probably due to
aging factors.

CONCLUSION

In this study, computational fluid simulation
was carried out in an idealistic model of adult and infant
tracheobronchial airways consisting of the trachea and
mainstem bronchi. The CFD variable of interest was the
flow velocity in the stenosed tracheae and how the flow
dynamics of such narrowing affects the magnitude of
air that hits the bifurcation. By comparison, airflow in
the healthy adult airway model developed towards the
center and moves at steady velocity. This flow behavior
led to relatively low value of wall shear stress at the
bifurcation. However, the flow magnitude in the
stenosed airway model is 5.68 m/s greater than in the
healthy and it moves in a jet manner, forcing it way
towards the center to overcome the constriction. This, in
essence, resulted to high wall shear stress both on the
tract and at the bifurcation. Accordingly, in the airway
model of infant, the flow velocity follows same pattern
as in the adult airway model except that the value of
wall shear stress at the bifurcation in infant is greater
than in adult airway model. Hence, it can be inferred
from this study that the bifurcating region of the
mainstem bronchi is greatly influenced by stenosis at
the trachea. Respiratory diseases that reduce the trachea
airway by more than half the anatomical diameter will
not only resist flow, but will also lead to high flow
impact on the immediate bifurcation. The outcome also
reveals that the flow behavior in diseased trachea is
similar whether in developed adult airways or in
developing infant airways.
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