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The realistic geometry of human upper airways from the mouth to the end of the trachea was
reconstructed by implementing the CT-Scan images of a male subject. A computational simulation was
developed for analyzing the airflow in the airways. To capture the anisotropy of the inhaled airflow in
the upper airways, the Reynolds stress transport turbulence model was used in these simulations. The
inhalation rates of 15, 30 and 60 I/min which represented the resting, normal and active conditions of
human, respectively were underlined. The transport and deposition of micro particles in the realistic
model of human upper airways were studied. The transport of micro particles was analyzed using the
Lagrangian particle trajectory approach. Since the mass fraction of inhaled particles was very small,
one-way coupling assumption was used. That is, the airflow carries the particles, but particles do not
affect the airflow condition. The predicted deposition fractions of the particles of different sizes in the
upper airways were compared with the available experimental data to find good agreements.
Comparison of the results of the deposition fraction obtained from the realistic model with the earlier
simulations of the idealized geometry of the airways showed certain differences especially in regional
depositions. Therefore, it was concluded that the realistic geometry must be used for more accurate
evaluation of micro particle deposition rates especially for local and regional depositions.
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1. INTRODUCTION

Understanding the transport

and deposition of

I/min, during normal activity it reaches to about 30
I/min, and during vigorous sport activities the breathing
rate is about 60 I/min.

suspended particles in ambient air in human airways has
attracted considerable attention due to the adverse
health effects of air pollution. In addition, many
therapeutic drugs are produced in the aerosols form with
the intention of being administered to patient by inhalers
for treatment of lung diseases and other illnesses.
Knowledge of particle transport behavior in human
respiratory system helps the physicians to properly
assess the needed dosage for their patients [1- 3]. Thus,
it is important to provide information on the deposition
fraction and distribution of inhaled particles in different
parts of the human airways, and for different rates of
breathing. The breathing rate, however, varies
depending on the level of physical activity. On the
average, the breathing rate of adults at rest is about 15
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The mechanisms of particle deposition in respiratory
tract include impaction, gravitational sedimentation and
diffusion [4]. Impaction is the dominant deposition
mechanism for large particles, with diameters larger
than a few micrometers, and for particles having
relatively high velocity. On the other hand, diffusion is
the dominant deposition mechanism for small size
particles (of the order of a few nano-meters). Cheng et
al. [5] made a cast of oral airway from a male adult
cadaver. They presented their experimental data for
deposition of micro-particles and compared their results
with the numerical analysis of the deposition of particles
in a 90° bending pipe. They found that the minimum
dimension of the airway passage near the
larynx/pharynx and the average cross sectional area of
oral airways are important parameters affecting the
particle deposition.
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Zhang and Kleinstreuer [6] compared their
simulated airflow field using various two-equation
turbulence models in a constricted conduit and
concluded that the low-Reynolds type of k- model is
most suitable for predicting the laminar-transitional-
turbulent airflows. Zhang et al. [7] simulated the airflow
field and micro-particle transport by LRN k-o model
employing a simplified form of the geometry proposed
by Cheng et al. [5] for human oral airways. They
showed that the turbulent flow appearing after the
constriction in the glottis plays an important role on
micro-particles deposition. The main limit of their work
was the big difference of local deposition of the micro
particles in comparison with experimental data of
Cheng et al. [5]. Olsen et al. [8] showed that although
the inhalation is a periodic process, the averaged steady
flow accurately represents the conditions of the flow
field during the respiration. The complex geometry of
upper oral airways including oral cavity, pharynx,
larynx, and trachea has the major effect on the amount
and spatial distribution of deposited particles [5]. Li and
Ahmadi [9], He and Ahmadi [10] and Tian and Ahmadi
[11] showed that the turbulence models based on eddy
viscosity hypothesis, could not accurately predict the
particle deposition rate since the anisotropic feature of
the turbulence intensity is ignored. Tavakoli et al. [12]
studied the distribution and deposition of nano particles
in an idealized geometry of human upper airways
presented by Y. S. Cheng et al. [5] using the Reynolds
stress turbulence mode.

The geometry of human upper airways is quite
complicated and understanding the behavior of particle
motion in such geometries is rather challenging. Vos et
al. [13] implemented CT_Scan images for constructing
their model. They studied the airflow field and the effect
of the shape of airways on Apnea/Hypopnea Syndrome.
Jayaraju et al. [14] used a commercial software program
to transfer the CT-Scan images to a 3D CAD geometry.
They simulated the airflow and the distribution of the
particles in sizes of 2 to 20 micrometers.

In this study, the inhaled airflow in human upper
airways is simulated using the Reynolds stress transport
turbulence model in order to capture the anisotropic
feature of the flow field. Furthermore, the distributions
of micro particles in the different parts of the upper
airways are predicted using the Eulerian-Lagrangian
approach and assuming one way coupling,.

2. GOVERNING EQUATIONS

2. 1. Gas Phase In this study an incompressible,
steady airflow in the airway is simulated. The ensemble
averaged continuity and momentum equations are:
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where, the Cartesian tensor notation is used, and the

2w 1s the Reynolds turbulence stress tensor. In order to
i

model the turbulence stresses, the k-o turbulence model
in addition to the Reynolds stress transport model were
used in the analysis. The stress transport models of LRR
(Launder, Reece and Rodi) is given as
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The terms on the right hand side of Equation (3) are
diffusion, Production, dissipation and the pressure/strain
terms, respectively. The details model of these terms
may be found in some literatures [16]. The transport
equation for the turbulence energy dissipation in LRR
model is given as:
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where, Cj; are the constant coefficients.

2. 2. Particle Phase The drag force is the most
important force acting on the particles. Particles
equation of motion is then given as

du? 3uC, Rep
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where the particle Reynolds number is defined as
Re, = plu, —ulld/u (6)
Here, C, is the Cunningham slip correction factor.
The drag coefficient is given as
24
Cp=m (1+0.15Re%* ) %)

P

The corresponding deposition fraction of micro-
particles is defined as

_ Number of deposited particles on the walls

DF 3

~ Number of particles entered to the mouth

3. THE MODEL DESCRIPTION AND THE NUMERICAL
SCHEME

The 3D geometry of human upper airways is
reconstructed in four steps. At first step, CT-Scan
images with proper resolutions from one male volunteer
with normal and healthy respiratory system were taken.
Figure 1 shows the mid sagittal plane of the volunteer
upper airways images.
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Figure 1. CT-Scan image of the upper airways (Sagital view).

Figure 2. Reconstructed 3D geometry of the upper airway.
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Figure 3. Comparison of the deposition of micro particles for
two different grid sizes.
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Figure 4. Comparison of the present numerical results with

the experimental data for deposition fraction of micro particles
in flow rate of 60 I/min.

1

In addition, using MTALAB software, CT-Scan
images are processed and the boundary coordinates of
the walls of the upper airways are identified. Then the
outcome of the image processing is imported into
CATIA software. As it is depicted in Figure 2, the 3D
geometry of the passage in CAD format is
reconstructed. Finally, using multi block method, a
numerical grid for the CFD analysis is generated with
GAMBIT software. The grid study was conducted to
find a solution independent of grid size. Figure 3 shows
a comparison between two grid sizes. As the figure
shows, the deposition fraction of mirco particles are
nearly the same for both grid sizes. It means that the
fine grid size used in this study is appropriate. The fine
grid has 1,700,000 cells. The numerical simulation is
performed by applying 4 parallel computers taking 120
h of CPU time for each case.

4. RESULTS AND DISCUSSION

At first the present numerical model was validated by
comparing the numerical results of micro particles
deposition fraction with the available experimental data.
Two different turbulence models were used in the
numerical model. The LRR model (which is a Reynolds
stress model) shows a better agreement compared with
k-o model. The an-isotropic behavior of the Reynolds
stress tensor components can be predicted by the
Reynolds stress model. The numerical results are
generally in good agreement with the experimental data
of Grgric et al. [17]. Grgric et al. [17] have two different
case studies; Sla and S1b refer to two sets of
intrasubject geometric configurations of mouth and
throat realistic models obtained from MRI scans. It
should be noted that the available experimental data
were for 90 1/min of volume flow rate.

Figures 5-7 show local deposition fraction of micro-
particles in the mouth, pharynx, larynx and trachea for
the flow rates of 15, 30 and 60 1/min. The particles with
smaller diameters penetrate deeper into the upper
airways and get into larynx and trachea, while larger
particles are captured in upper parts including mouth
and pharynx. As depicted in Figures 5-7, the deposition
of larger micro particles are dominant in the mouth
region, which was seen before in the experimental data
of Cheng et al. [5]. While the results of numerical
simulation using idealized geometry of upper airways
[7, 12] were not able to present the same trend.

The total deposition fraction of micro particles
versus particles diameter and flow rates are shown in
Figure 8. By increasing the flow rates and the particles
sizes, the deposition fraction of the micro-particles
increase too. For large particles, the deposition is mainly
controlled by the impaction process. While the airflow
suddenly changes the directions due to the bends in the
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Figure 5. Local deposition fraction of micro-particles for a
breathing rate of 15 I/min.
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Figure 6. Local deposition fraction of micro-particles for a
breathing rate of 30 I/min.
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Figure 7. Local deposition fraction of micro-particles for a
breathing rate of 60 I/min.
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Figure 8. Deposition fraction of micro particles in realistic
geometry of human upper airways at different breathing rates.
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Figure 9. Depositions pattern of 3, 7 and 16um particles on
the walls of the upper airways in the breathing rate of 15 1/min

upper airways, the large particles are not able to follow
the streamlines. Therefore, the particles deviate from
their streamlines and impact the walls of the upper
airways.

Figures 9-11 show the pattern depositions of the 3, 7
and 16 pum particles in the realistic upper airways of the
live person for 15, 30 and 60 I/min breathing rates,
respectively. For breathing flow rate of 15 1/min, most
of the 3 um particles are trapped in the larynx and the
inlet of the trachea. However, 16 um particles are
deposited in the pharynx and mouth regions mostly.
Figure 10 shows that for the breathing flow rate of 30
I/min most of the 3 and 7 um particles are filtered in the
pharynx and in the inlet of the larynx. This is because of
the higher inertia of the particles in this flow rate, which
results in capturing the particles in complex geometry of
the pharynx and the larynx inlet. All the 16 um particles
are trapped in the mouth region for the 30 I/min flow
rate. In the 60 1/min breathing flow rate, as was
expected, the high inertia of the particles resulted to the
filtration at the upper parts of the airway. The mouth
and the pharynx play an important role for this aim. It
should be emphasized that the Figures 9-11 show the
general trend of the deposition pattern in the realistic
airway. For the clarity of the figures, only a few
numbers of the particles were shown in the figures. The
accurate percent of the particles deposition can be found
from the bar charts shown in Figures 5-7.

Figures 12-14 show the cross flow velocity vectors
as well as the distribution of 1 um particles in different
cross sections of the realistic geometry of upper airways
for the 15 I/min breathing flow rate. The complex
geometry of the oral airway with various bends and
cross sections leade to the complex secondary flow
patterns in the airway. This also makes the distribution
of the mirco-particles variable versus their locations in
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the upper oral airway. Although the flow field and this trend is for very small micro particles such as 1um
distribution of particles are much different in various particles which are more affected by the flow field in
cross sections, these patterns are nearly the same for comparison with the larger micro particles.

various flow rates in the similar cross sections. For sure

A

2D

Y a
"“.I
b

|
i

the walls of the upper airways in the breathing rate of 30 the walls of the upper airways in the breathing rate of 60

1/min. 1/min.

(d)

(f) @)

Figure 12. Cross flow velocity vectors and the distribution of 1 um micro particles for 15 I/min flow rate in cross sections of (a)
Upper part of trachea, (b) Glottis, (c) Exit of larynx, (d) Inlet of larynx, (e) and (f) Cross sections of pharynx.
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Figure 13. Cross flow velocity vectors and distribution of 1 um micro particles for 30 I/min flow rate in cross sections of (a) Upper
part of trachea, (b) Glottis, (c) Exit of larynx, (d) Inlet of larynx, (e) and (f) Cross sections of pharynx.

Figure 14. Cross flow velocity vectors and distribution of 1 um micro particles for 60 I/min flow rate in cross sections of (a) Upper
part of trachea, (b) Glottis, (c) Exit of larynx, (d) Inlet of larynx, (e) and (f) Cross sections of pharynx.
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5. CONCLUSION

In this paper the flow field as well as the motion and
deposition of the particles in micro sizes in a realistic
geometry of upper airways, belonged to a live adult
person, was investigated. Analysis of the local
deposition fraction of particles shows that the particle
deposition rate strongly depends on the flow field and
the geometry of human upper airways. The dominant
mechanism of micro-particles deposition is the
impaction process. Consequently, the micro-particles
deposition increased when the particles diameter or the
flow rate increased. The results of the simulation in real
geometry are in a good agreement with the experimental
data, which shows that the mouth part has the most
important role in filtration of the large micro particles.
This important result solved the limitation of most of
earlier researches, which used an idealized geometry of
upper airways and it shows that the accurate prediction
of local depositions of micro particles is only possible
with modeling a realistic geometry.
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