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Risk Assessment of Outdoor Micron Particulate Matters Inhaled in the 
Respiratory System of a Standing Mannequin in a Room Ventilated by a Wind 

Catcher

Abstract

Background and Objective: In this study the potential of inhaled micro particles in the respiratory system of a mannequin 
standing in the middle of a room ventilated by a wind catcher was assessed.

Methods: The realistic model of a nasal route up to the nasopharynx was obtained from Computed tomography (CT) scan 
images, and then attached to the nostrils of a standing mannequin. The mannequin was positioned in the middle of a room ven-
tilated by an optimum wind catcher. Micro particles ranging from 1 μm to 10 μm were released from the wind catcher opening 
with the same velocity as the air fluid flow through a UDF and the inhaled particles were evaluated.

Results: The results show that the maximum and minimum inhaled particle percentage belong to the particles with 1-μm and 
5-μm diameters with the value of 0.0164 and 0.0136, respectively. Also, the aspiration fraction for these particles is 82 and 68 
percent. The minimum and maximum percentage of inhaled particles passing the nasopharynx and going out of the nasal route 
are 88.35 and 71.50 percent that are associated with 1-μm and 10-μm particles.

Conclusion: Based on the obtained results and according to the number of particles delivered to the outlet of the nasal cavity, 
the most detrimental particles to the respiratory system in the order are: 1, 2 , 2.5, 3, 4, 7, 9, 6, 8, 5, and 10. This order according 
to the mass of particles delivered is: 10, 9, 8, 7, 6, 5, 4, 3, 2.5, 2, and 1. The results of this study provide the required data for 
specialists to evaluate inhalation toxicology and implement necessary measures regarding wind catchers.
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Introduction
Now that the shortage of conventional sources of energy is 
more sensible than ever, using sustainable sources is dramati-
cally considering. As anything else, these sources have their 
own advantages and drawbacks. A wind catcher is one of those 
devices that can be used to harness the power of the wind to 
circulate air in a room. It can enhance the natural ventilation 
rate due to increasing air movement. Along with using a wind 
catcher to create natural ventilation and consequently, to save 
energy consumption, it may produce some breathing problems 
as a result of particulate matters coming indoor.

In terms of natural ventilation, the work done by [1] assessed 
12 different scenarios with different atrium ceiling shapes 
to evaluate the effects of the atrium ceiling on catching sea 
breeze, indoor thermal comfort, and natural ventilation in the 
coastal buildings. Finally, they found that Specimen 12 pro-

vided the highest volumetric flow rate and the best condition 
in terms of natural ventilation. [2] Investigated the Association 
between outdoor air pollution and chronic rhinosinusitis. They 
revealed that exposure to outdoor air pollutants such as ozone 
(O3), black carbon BC, nitrogen dioxide (NO2), and particu-
late matters are responsible for increased symptom severity in 
patients who suffer from chronic rhinosinusitis (CRS). Also, 
it can be inferred that these matters might cause problems for 
normal people in the real-life situation. [18] Investigated the 
transportation and deposition of pollutant particulate matters in 
micro- and nano-scales in the mouth–throat and tracheobron-
chial lung airways of a human lung using computational fluid 
dynamics (CFD). They reported that the deposition efficiency 
of 10-μm particles varied between 99.8% to 64.28%, while this 
value for 5-μm nanoparticles was only 10%. It means that the 
majority of nanoparticles can pass through the lung and even 
enter the blood circulation system and cause serious problems.
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Although the nasal route gives an opportunity for delivering 
drug particles as the works of [3-5], hazardous particulate mat-
ters can enter the human respiratory system as investigated by 
[6-10], assessed the deposition of micron-sized particles in a 
realistic human nasal cavity. Their results showed that micron 
particle exposure was dependent on a couple of factors such 
as: anatomical shape, airflow dynamics, and particle inertia. 
Besides, the majority of particles were deposited in the main 
passage of the nasal cavity.

Using a wind catcher can be a double-edged sword. Actually, it 
can be used for ventilating a room and reducing indoor particu-
late matters or it can bring them to the room as a result of the 
natural ventilation purpose. Even though the privilege of using 
wind catchers is acknowledged, particulate matters entering 
the space can be detrimental to the human respiratory system.

Methods
Model reconstruction
After CFD simulations of 23 cases with various size and posi-
tion of the outlet openings [11], showed that the configuration 
of a one-sided wind catcher with a window in the middle of the 
leeward facade has advantages over the other configurations in 
terms of induced airflow rate and air change efficiency. Conse-
quently, to reach the main purpose of this study, a mannequin is 
positioned in their proposed configuration. The nasal geometry 
used in this study is the same as that of applied by [3]. Actu-
ally, this model replicates the realistic nasal airway with all 
paranasal sinuses belonging to an Asian female of 42 years of 
age. The only difference is the segmented parts. Materialise 
3-matic 11.0 was used to segment the most important parts; 
Some of them were splitted by planes and the others by curves 
due to the meandrous path, the complexity and high curvature 
of the geometry. For the validation purpose of the nasal cavity, 
a simple model including just the main airway was used as 
demonstrated in Figure 1.

As it can be seen in Figure 2 the respiratory system includes 
the main airway and all paranasal sinuses up to the end of the 
nasopharynx were attached to the mannequin depicted in Fig-
ure 3. The reason for this selection and not going deeper is that 
the nasal cavity has two 90-degrees bends for filtering external 
particulate matters and if any particles passing through them 
without deposition, they are considered as risk to the respira-
tory system and some modifications must be done in terms of 
the wind catcher. In other words, any particles escaping from 
the nasopharynx are detrimental to the lungs regardless of their 
further deposition pattern.

The final computational domain is depicted in Figure 4 that 
demonstrates the mannequin standing in the middle of the 
room and facing the wind catcher.

Grid generation
Due to the complexity of the geometry, the unstructured mesh 
type was used for capturing the flow over the mannequin and in 
the nasal cavity with triangular surface meshes and tetrahedral 
volume meshes with prism layers.

It’s been tried to refine the mesh as much as possible. But there 
are two limitations: The first is the y-plus range for the En-
hanced Wall modeling method for turbulence modeling near 
the walls and the other is forced based on the Lagrangian ap-
proach of particle tracking. Actually, the first layers must be 

small enough to capture the viscous sub-layer; Also, the DPM 
module in Ansys Fluent is a point particle model and so height 
of the first mesh elements have to be larger than the diameter 
of particles. In general, it means that each particle must not oc-
cupy more than one cell.
Different mesh cut planes of the mesh are demonstrated in Fig-
ure 5.

Airflow modeling
Montazeri, et al., [3] showed that the realizable k-ε turbulence 
model will balance accuracy against computational expenses 
in comparison with Large-Eddy Simulation (LES), the stan-
dard k-ε, and the RNG k-ε model for cross-ventilation using 
wind catchers. So, this model is implemented in this study for 
simulating the air flow field.

Discrete phase modeling
Peeters et al., [2] stated that particles in the (PM2.5) and (PM10) 
size ranges are dangerous for human health and also [12] had 
a statistical study and reported that in the rooms of roadside 
houses with natural ventilation outdoor air is a significant 
source of (PM2.5). Furthermore, [13] reported that particles 
with diameter less than 10 μm have the most effect on human 
health. So, in this study particulate matters (PM) in micron 
range will be investigated (1-10 μm).
In the present study, the lagrangian approach is used to pursue 
individual particles until they reach their fate. In this manner 
the inertia of a particle is equal to the summation of all forces 
acting on the particle and so the differential equation of mo-
tion for each particle is given in Eq. 1. It’s clearly evident that 
the drag and gravitational forces are considered and all other 
seven natural forces such as virtual mass force, pressure gradi-
ent force, forces in moving reference frames, thermophoretic 
force, brownian force, saffman’s lift force, magnus lift force, 
and buoyancy effect in the air are neglected.

Boundary and initial conditions
It will be more realistic to use atmospheric boundary layer 
(ABL) profiles for velocity, turbulent kinetic energy, and tur-
bulence dissipation rate at the inlet boundary as implemented 
in the present study [14]:

Where Z0 is the aerodynamic roughness length, which is 0.03 
m for the flat terrain with grass surrounding the building. It is 
also used to calculate the roughness height (ks) with the value 
of 0.5 for the roughness constant Cs by the equation of [15]:

https://dx.doi.org/10.46998/IJCMCR.2025.49.001218
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Figure 1: Just nasal cavity geometry for validation purpose.

Figure 2: Disassembled parts: (a) Names; (b) parts.

Figure 3: The mannequin.

All other walls have zero roughness height (ks = 0). Symme-
try type conditions are specified at the side surfaces as well as 
at the top surface of the computational domain. For the outlet 
plane of the domain, zero-gauge static pressure is implemented, 
while for the outlet surface of the nasal cavity a negative pres-
sure is applied to duplicate the realistic condition of breathing.

Results
One of the roles of the human nasal cavity is to filter unwanted 
aerosols. As stated before, for the convenience of computa-
tional expenses the entire respiratory system is not modeled 
and includes the nasal airway up to the nasopharynx; So, if 
particles go further, they will be considered as risk to the lungs. 
Besides, the deposition of particles on some surfaces could be 
harmful. One of these surfaces could be the olfactory region 
that is connected to blood vessels.

Computational model validation
In this study validation of the computational model consists of 
two separate parts: The nasal geometry and the air flow field 
due to natural ventilation; And then these two regions will be 
merged by means of the mannequin standing in the middle of 
the room.

Validation of the nasal geometry
For validating the nasal airway geometry, a model without any 
sinuses was reconstructed as the benchmark models in the liter-
ature [16,17] and illustrated in Figure 1. [17] Investigated the 
effect of surface roughness on the impaction parameter. These 
researchers constructed three models with different roughness 
and labeled them as a, b and c. The case with the smoothest 
surface belongs to [17] (model c) and they showed that this 
model will give the most accurate results in terms of particle 
deposition. In addition, they showed that the model used by 
[16] is too rough to give reliable results. As illustrated in Figure 
6, the model used by [16] is highly rough and overestimates 
the deposition efficiency in comparison with the three others. 
Additionally, by referring to this figure it can be seen that by 
approaching the volumetric flow rate of their study, the results 
of the present study get better. The only slight differences can 
be attributed to the difference in the shape of two geometries.

Validation of the air flow field
For validating the boundary conditions, especially the atmo-
spheric boundary layer profile a simple model of the wind 
catcher without the nasal cavity, sinuses, and the mannequin-
was selected. After doing the grid study and comparing with 
the results obtained by [11], according to Figure 7a and Figure 

Figure 4: Computational domain.
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Figure 5: Mesh cut plane at: (a) Middle of the computational 
domain; (b) Lateral plane; (c) Coronal plane.

Figure 6: Impaction parameter.

7b the grid resolution with 2 million cells was selected which 
shows good agreement with the benchmark data.

Fluid flow for the main case
After doing the validations, the nasal route was connected to 
the mannequin and the mannequin was positioned in the mid-
dle of the room. For solving the governing equations and more 
accuracy, the Enhanced Wall Treatment modeling method ex-
cept for the rough wall of the ground is used. In this manner, 
the first cells must be placed in the viscous sub-layer and the 
process of particle tracking will be more accurate, although it’s 
computationally expensive for such a large domain. In addi-
tion, there is another obligation for the height of the first cells; 
Actually, it must be larger than the diameter of the particles; 
Because, Ansys Fluent uses point particle model; Therefore, 
the initial height for cells is 100 micron that is greater than 
the largest particles of 10 micron. In the context of grid study, 
three different grids were tested according to Table 1. This pro-
cedure culminated in the decision of the mesh with 3/577/989 

elements. The reason for this selection is that changing in the 
magnitude of velocity and pressure is negligible for different 
lines for the second and third mesh sets as showed for velocity 
magnitude in Figure 8 and for pressure value in Figure 9.

For the main case, the velocity contour across a plane in the 
middle of the room is illustrated in Figure 10 and the stream-
lines are depicted in Figure 11. The streamlines are helical 
and almost symmetrical after entering the room through the 
wind catcher and the slight difference can be attributed to the 
asymmetrical shape of the mannequin. This helical path will 
increase the potential risk of the particles; Because they will 
cover more space in this situation in comparison with straight 
pathlines.

Particle deposition for the main case
In this part of the present study, the final results will be demon-
strated and discussed. For reducing the computational cost, the 
injection of particles was done in two different stages. At the 
first stage they were injected at the wind catcher opening with 
the velocity of the air flow field by using a UDF (User Defined 
Function). After testing 10/000, 1/000/000, and 4/000/000 
particles and the maximum number of iterations of 50/000, 
100/000, 200/000, and 400/000, 1/000/000 particles with 
200/000 maximum number of iterations were selected; And at 
the second stage, the particles were injected from the nostrils 
with the injected velocity equals to the flow velocity. Again 
500/000, 1/000/000, 2/000/000, and 3/500/000 particles with 
50/000 and 100/000 maximum number of iterations. The re-
sults of the regional particle deposition showed that 2/000/000 
particles with 50/000 gave acceptable accuracy. One of the 
most important factors for evaluation of the risk of inhaled par-
ticles is Aspiration Fraction (AF). It is shown in Figure 12 and 
defined as:

Another useful factor is the particle number percentage in-
haled through the nasal cavity. It can be obtained by dividing 
the number of inhaled particles through the nostrils by the total 
injected particles and is illustrated in Figure 13.

For the nasal cavity the deposition fraction (%) will be the best 
option. It is showed in Figure 14 and defined as:

To be more accurate the exact value of the deposition fraction 
is brought in Table 2. The deposited particles inside the room 
space is depicted in Figure 15. The majority of 1-μm particles 
are deposited on the ceiling, because their trajectories are like 
the streamlines and the gravitational force has almost no effects 
on them. On the other hand, the particles with 10-μm diameters 
are heavy enough to be deposited on the ground and they show 
almost no deposition on the ceiling.

Discussion
In terms of inhaled particle percentage, the maximum value 
belongs to the particles with 1- and 2-micron diameters as il-
lustrated in Figure 13. 2-μm particles have more deposition on 
the roof. But, the less deposition of these particles on the wind 
catcher and ceiling walls due to the more gravitational force 
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Figure 7: Results for the grid study and flow field validation (a) Along the 
horizontal line (b) Along the vertical line.

Figure 8: Grid study based on velocity magnitude for lines: (a) wind catcher inside 
diagonal; (b) across the mannequin; (c) the right vestibule.

Figure 9: Grid study based on pressure value for lines: (a) the left nostril; (b) the nasopharynx.

Figure 10: velocity contour on the middle plane.
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Figure 11: Streamlines entering the room.

Figure 12: Aspiration fraction.

Figure 13: Inhaled particle percentage.

Table 1: Number of mesh elementsfor grid study.

Table 2: The values of deposition fraction for the nasal route.

Figure 14: Deposition fraction for the nasal route.

Figure 15: Deposited particles: (a) 1 micron; (b) 10 micron.
has counterbalance the effect of the first factor and has given 
them more chance to be inhaled. After 2 micron the gravita-
tional force has become more and the deposition fraction on 
the ceiling has decreased and, on the ground, has increased. 
So, the particles that had not been deposited on the ceiling have 
been too high to be inhaled. consequently, the inhaled percent-
age has continued decreasing until 5 microns. After this diam-
eter, the particles have been pulled down to the breathing zone 
and so the percentage has been increased. Again, after the di-
ameter of 9 micron, the particles had been too low and near the 
building ground to be inhaled and so the inhalation of particles 
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