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A B S T R A C T   

Particulate matter (PM) with a diameter of less than 10 µm is among the pollutants in cities that can be inhaled 
by humans. They are 100 µm in size and are neutralized by the lungs’ cleaning system. Particles with a size of 2.5 
µm cause cardiac and pulmonary discomfort by settling in the respiratory system. In this research, the absorption 
of PM by the respiratory system simulated with CFD has been investigated. Also, the effect of using a mask with a 
porosity of 0.07 and 0.2 on the absorption of PM has been investigated. The results show that the percentage of 
particle absorption for laminar flow and flow rates of 20, 25, and 30 lit/min is equal to 96.87 %, 97.19 %, and 
97.64 %. With the increase of fluorite, the percentage of absorption of particles also increases. The percentage of 
particle absorption for turbulent flow and flow rates of 40, 60, and 100 lit/min is equal to 98.67 %, 98.65 %, and 
99.59 %. With the increase of fluorite, the percentage of absorption of particles also increases. The absorption of 
particles for 1, 2.5, and 10 µm is close to each other for laminar respiratory flows, while it does not show this in a 
turbulent flow. The respiratory filter with a porosity of 0.07 is ideal and can filter particles up to 99 %. According 
to the results obtained in this project, in the porosity of 0.07, the filtration of 1-µm particles is the best compared 
to the rest of the investigated porosity.   

1. Introduction 

Air pollution refers to the presence of harmful substances in the air 
that can have negative effects on human health, the environment, and 
the climate. These substances can include gases, such as carbon mon
oxide, sulfur dioxide, nitrogen oxides, and ozone, as well as PM, such as 
dust, smoke, and soot [1,2]. Sources of air pollution can include natural 
phenomena like wildfires and volcanic activity, as well as human ac
tivities such as transportation, industrial processes, and energy pro
duction. Exposure to air pollution has been linked to a range of health 
problems, including respiratory diseases, heart disease, stroke, and 
cancer. Efforts to reduce air pollution can include improving fuel effi
ciency in vehicles, promoting the use of clean energy sources, and 

implementing regulations on industrial emissions. Personal actions, 
such as reducing vehicle use and using public transportation or biking 
instead, can also help to reduce individual contributions to air pollution 
[3]. The presence of PM in the air, also known as PM, can have signif
icant health and environmental impacts. PM can come from a variety of 
sources, including combustion processes (such as the burning of fossil 
fuels), industrial processes, agricultural activities, and natural sources 
such as dust and wildfires [4,5]. PM can be divided into different cate
gories based on their size, with smaller particles generally being more 
harmful to human health. The smallest particles, known as fine PM2.5, 
are less than 2.5 µm in diameter and can penetrate deep into the lungs 
and even enter the bloodstream. Coarse PM10, which is between 2.5 and 
10 µm in diameter, can also cause respiratory problems [6,7]. Exposure 
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to PM has been linked to a range of health problems, including respi
ratory, cardiovascular, cancer, neurological, and reproductive problems 
[8,9]. In addition to its health impacts, PM can also have environmental 
impacts. It can contribute to the formation of acid rain, damage crops, 
and forests, and reduce visibility [10]. Efforts to reduce PM pollution 
can include improving fuel efficiency in vehicles, promoting the use of 
clean energy sources, and implementing regulations on industrial 
emissions. Personal actions, such as reducing vehicle use and using 
public transportation or biking instead, can also help to reduce indi
vidual contributions to PM pollution [11]. Kim et al. [12] investigated 
the improvement of Filter performance to remove indoor air pollution 
by CFD simulation. The results show that when applying the sub-filter 
and the Coanda effect at the same time, it was confirmed that the sub- 
filter was more efficient than the Coanda effect. Nie et al. [13] investi
gated the multi-factor ventilation parameters for reducing energy air 
pollution in coal mines. The results show that, Qc = 150 m3/min, Qe =

250 m3/min. According to the results of the field experiments, the 
diffusion distance of the highly concentrated dust LH is reduced to 9.3 m, 
and the diffusion distance of the low-concentrated dust LL is reduced to 
36.3 m, which effectively improves the air quality during coal energy 
mining. Meesang et al. [14] investigated the modeling of the feasibility 
of air pollution treatment using plants as filters by CFD simulation. The 
results showed that the average airflow velocity (top view/front view) 
was 0.23/0.27, 0.57/0.43, 0.71/0.80, and 0.97/0.96 m/s, respectively. 
At all velocities of inlet air, airflow passed through all locations and 
contacted the surfaces of every panel. McNabola et al. [15] investigated 
the Measurement and prediction of air pollution on the boardwalk in 
Dublin, Ireland. The results of the study show significant reductions in 
pedestrian exposure to both traffic-derived particulates and hydrocar
bons along the boardwalk as opposed to the footpath. In this study, 
particles with a diameter of 1, 2.5, and 10 μm enter the respiratory 
system, and the pattern and extent of their absorption in the respiratory 
system are checked. Then the mentioned particles in laminar flow rates 
of 20, 25, and 30 lit/min and turbulent flow rates of 40, 60, and 100 lit/ 
min without the presence of a respiratory filter and once considered at 
the beginning of air entering the nose through the left nasal passage. 
They will enter the respiratory system. Finally, the results obtained from 
solving the flow in the respiratory system with the presence of particles 
before and after the existence of the respiratory filter are checked and 
the amount of difference in the settling of particles in different parts of 
the respiratory system in the laminar and turbulent flow and the 
acceptable effect of the respiratory filter are determined. 

2. Governing equations 

In this research, the flow field was simulated in resting, sitting, and 
standing states. Despite the geometrical complexity of the respiratory 
tracts, according to the experimental results, the flow regime is turbu
lent and steady state. Also, since the fluid pressure drop is low along the 
path, the air density is considered constant in this simulation. The main 
equations include the continuity equation, and momentum equation 
[16]: 

Continuity equation 

∇.(ρv) = 0 (1) 

Momentum equation: 
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The Reynolds stresses, mentioned in Eq. (2), are discretized by Boussi
nesq’s hypothesis as follows: 
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µt is the turbulent viscosity of the fluid, while δij is the Kronecker delta. 

Turbulence modeling is a key issue in most CFD simulations. Turbulence 
modeling is a field within CFD that aims to analyze the properties of 
turbulent flows [21–23]. 

In this study, the turbulence phenomenon is performed using Real
izable k-ε model. This model was improved in response to the short
comings of the classical k-ε model and utilized the same kinetic energy 
equation as before, but the ε equation is diverse: 

Transport Equations: 
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Wherein the values of the σk and σε are similar to the standard k-ε model. 
Turbulence viscosity: 

μt = ρCμ
k2

ε
Cμ =

1

A0 + As
kU*

ε

(6)  

Cμ is a variable proposed by Reynolds. A0, As, and U* constants can be 
found in the Fluent software user help. To check the amount of pressure 
drop from the nose inlet to its end, the dimension cessation of the 
pressure values is needed, which is achieved by Eq. (7). 

Cp =
ΔP

1
2 ρu2 (7)  

ΔP is the pressure drop, ρ is the density and u is the inlet velocity. 
In this work, Ansys Fluent software is used to solve the flow field. 

This software converts the governing equations into algebraic equations 
using the finite volume method so that they can be solved by numerical 
methods. To couple the velocity and pressure fields in steady-state cal
culations, the SIMPLE algorithm is usually used. The SIMPLE algorithm 
is used for the coupling between the velocity and pressure fields in the 
present work [17]. The Lagrangian point of view was used to investigate 
the movement and settling rate of particles. In this view, the movement 
of each particle is investigated independently in the flow field. As 
mentioned before, the concentration of PM in inhaled air is very low, so 
the one-way interaction method is used to investigate the behavior of 
particles; That is, only the particles are affected by the characteristics of 
the flow and the effect of the particles on the behavior of the flow is 
ignored. Also, the mutual influence of particles on each other, which is 
caused by their collision and reflection or adhesion, has been ignored. 
Particles gain speed and acceleration under the influence of the flow 
field, and the main form of their spreading and settling is inertial force. 
Particles move in a certain direction in the flow field. With a sudden 
change in the flow direction, the particles remain in the original direc
tion due to their inertia and cannot follow their original flow path and 
cut off their asymptotic flow paths. In this process, particles may hit the 
wall and settle on the surface of the wall before taking on the flow 
behavior again. Considering that fluid drag and particle weight force are 
effective forces on movement, therefore, the equation of spreading 
particles with macro dimensions can be presented as follows[18,19]: 
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dupi
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=
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+ g (8)  

ρp is the particle density, u→p
i is the particle velocity, u→i is the velocity of 

the fluid phase, g is the gravity of the earth, and Rep is the relative 
Reynolds number of the particle, which is defined as follows [18,19]: 
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where d is the aerodynamic diameter of the particle. 

CDP =
CD

Cslip
(10)  

The CD is the particle drag coefficient and Cslip is the Cunningham slip 
correction factor, which are defined as follows: 
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24
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(
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p

)
(11)  

Cslip = 1+
2λ
dp

[
1.257 + 0.4e− 1.1dp2λ

]
(12)  

λ is the distance between air molecules is about 0.07 μm at T = 25 ◦C. 
The aerodynamic diameter of the particle is equivalent to the particle 
diameter of a sphere with a standard density that has a static velocity 
equal to the static velocity of the investigated particle, and is calculated 
from the Eq. (13) [18,19]: 

VTS =
ρ0d2

ag
18μ (13)  

ρ0 is the standard density, μ is the air viscosity and VTS is the stopping 
velocity of the particle. The particles entered with the solution domain, 
after tracking, will be in one of the following states:  

• They hit the walls of the duct (reflect).  
• They escape without hitting the walls.  
• They remain in the part of the solution domain (incomplete).  

• They are attracted to the walls (trap). 

3. Assumptions and boundary conditions 

Air with a dynamic viscosity of 1.7894 × 105 kg/m.s and a density of 
1.225 kg/m3 is considered a continuous medium. According to the area 
of the entrance surface, the entrance velocity in the left and right 
channels is 3.5 and 3.19 m/s, respectively. The flow rate for the nose at 
the entrance of the left and right channels is considered equal. Since the 
concentration of PM in inhaled air is very low, it can be assumed that 
only the flow field affects the diffusion of PM, and particles do not have 
much effect on the flow field, and therefore, to track particles in the flow 
field, one-way interaction method is used. is used In this way, first the 
flow field is simulated, and then micrometer-sized particles are sprayed 
in this field. 

4. Geometric models 

To reconstruct the real geometry of the respiratory tract, in the first 
step, medical images of this organ should be prepared. In this study, a 
24-year-old man in Al-Zahra Hospital (Isfahan, Iran), was imaged from 
the nasal and oral respiratory tracts to the tracheal outlet using the X-ray 
method using a Multi-Slice CT scan machine. The cross sections used for 
volume generation were imaged with 0.49 mm cutting distances and 
120 kVp power and 100 mA. These images were checked by a radiologist 
as well as an otolaryngologist and the health of the respiratory tract was 
confirmed. In this project, Mimics software is used to extract geometric 
models from CT scan images. Fig. 1 shows the coronal, sagittal, and axial 
views of the patient’s CT scan images extracted from CT scan images 
using Mimics software. As you can see in Fig. 1, the complete geometry 
of the nose up to the end of the trachea is extracted from CT scan images 
using Mimics software. In this figure, the upper right image is axial, the 
upper left is sagittal, and the lower left is coronal. As it is known, the 
spaces related to the respiratory passages are separated from the rest of 
the spaces with blue color. 

Fig. 1. The coronal, sagittal, and axial views of the patient’s CT scan images are extracted from CT scan images using Mimics software.  
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5. Grid independency 

For the independency of the grid, five grids with sizes of 1.86, 2.63, 
3.89, 4.85, 5.56, and 7.14 million tetrahedral elements were produced 
on the geometry. A pressure condition is considered for the outlets and 
the solution continues until convergence to the residual 10-4 (Fig. 2). 

To compare the grids, the average shear stress was compared. The 
average shear stress in Fig. 3 in the section considered in the nasal cavity 
was compared for different grids. The difference at the end of the graphs 
is very small and economical, and therefore the grid of 3,897,064 ele
ments is reliable and was used for the analysis. 

6. Results and discussion 

6.1. Particle absorption percentage 

In this study, micrometer-sized particles are released from the nasal 
inlets into the respiratory tract. To solve the flow, drag, and gravity 
forces are considered, and after performing the analysis for particles 
with dimensions of 1, 2.5, and 10 µm in flow rates of 20, 25, and 30 
which are laminar flow rates of 40, 60, and 100 which are turbulent 
flow, The percentage of particle precipitation is calculated using the 
equations given in the third chapter. In the results articles, the per
centage of particle absorption is expressed as the horizontal axis in the 
graphs, instead of the particle diameter, the power of the two-particle 
diameters multiplied by the flow rate is used, which is called the 
impaction parameter (IP) [20]. Using this number, the graph of the 
percentage of particle absorption from the nasal inlet separately for 
laminar and turbulent flow is shown in Fig. 4 (a and b), respectively. The 
percentage of particle absorption for laminar flow and flow rates of 20, 
25, and 30 lit/min is equal to 96.87 %, 97.19 %, and 97.64 %. With the 
increase of fluorite, the percentage of absorption of particles also 
increases. 

The percentage of particle absorption for turbulent flow and flow 
rates of 40, 60, and 100 lit/min is equal to 98.67 %, 98.65 %, and 99.59 
%. With the increase of fluorite, the percentage of absorption of particles 
also increases. 

These figures show that the absorption of particles for 1, 2.5, and 10 
µm is close to each other for quiet respiratory flows, while it does not 
show this in turbulent flow. As the diameter of the particles increases, 
the absorption of the particles increases so that the absorption in the 
nose for particles larger than 10 µm is more than 97 % and practically no 
more particles penetrate the lower part of the respiratory system and 
they are absorbed at the very beginning. Doctors and pharmacists with 
this information, i.e. the size of the particles and the place of deposition 
and the percentage of their absorption, and the correct selection of the 
entry of the particles into the respiratory system, can create sprays, 
medical devices, and appropriate drugs to improve respiratory patients 
as quickly as possible. 

6.2. Particle absorption percentage after wearing a respirator 

After checking the airflow containing particles and absorbing them 
in the respiratory system, suppose we place a filter mask in front of the 
nose. Using the porous media tool, two respiratory filters with porosity 
of 0.2 and 0.07 were considered and checked at the entrance of the 
nostril. It should be noted that due to the very high computational 
volume, only the chamber or the left duct along with the nasopharynx, 
pharynx, larynx, and trachea were considered, and the right duct was 
not considered. Fig. 5 shows the deposition fraction as a function of the 
impaction parameter and flow rate for laminar flow, and turbulent flow 
with porosity 0.07. As you can see, the obtained results show that with 
the presence of a mask with a porosity of 0.07, the absorption of parti
cles in the respiratory system is reduced. Numerically, for laminar flow 
with a flow rate of 20 lit/min, with increasing particle diameter, the 
percentage of particle absorption decreases from 1.12 % to 1 %. For a 
flow rate of 25 lit/min, with increasing particle diameter, the percentage 
of particle absorption decreases from 1.14 % to 1.02 %. For a flow rate of 
30 lit/min, with increasing particle diameter, the percentage of particle 
absorption decreases from 1.34 % to 1.03 %. For turbulent flow with a 
flow rate of 40 lit/min, with increasing particle diameter, the percentage 
of particle absorption decreases from 1.29 % to 1.10 %. For a flow rate of 
60 lit/min, with increasing particle diameter, the percentage of particle 
absorption decreases from 1.55 % to 1.20 %. For a flow rate of 100 lit/ 
min, with increasing particle diameter, the percentage of particle ab
sorption decreases from 1.64 % to 1.35 %. 

Fig. 6 shows the deposition fraction as a function of the impaction 
parameter and flow rate for laminar flow, and turbulent flow with 0.2 
porosity. As you can see, the obtained results show that with the pres
ence of a mask with a porosity of 0.2 %, the absorption of particles in the 
respiratory system is reduced. Numerically, for laminar flow with a flow 
rate of 20 lit/min, with increasing particle diameter, the percentage of 
particle absorption decreases from 1.5 % to 1.20 %. For a flow rate of 25 
lit/min, with increasing particle diameter, the percentage of particle 
absorption decreases from 1.64 % to 1.27 %. For a flow rate of 30 lit/ 
min, with increasing particle diameter, the percentage of particle ab
sorption decreases from 1.46 % to 1.16 %. For turbulent flow with a flow 
rate of 40 lit/min, with increasing particle diameter, the percentage of 
particle absorption decreases from 1.89 % to 1.43 %. For a flow rate of 
60 lit/min, with increasing particle diameter, the percentage of particle 
absorption decreases from 1.94 % to 1.55 %. For a flow rate of 100 lit/ 
min, with increasing particle diameter, the percentage of particle ab
sorption decreases from 2.09 % to 1.63 %. 

As it is known, with an increasing flow rate, more particles pass 
through the respiratory filter than with a lower flow rate. Based on these 

Fig. 2. Output model from Mimics software with STL extension including 
several thousand triangular elements. 
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Fig. 3. Grid independency based on average shear stress.  
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results in Figs. 5 and 6, it was found that the respiratory filter with a 
porosity of 0.07 is ideal and can filter particles up to 99 %. Most of the 
efforts of designers and manufacturers of filters are to absorb 1–2.5 µm, 
because most of the particles above 2.5 µm do not reach the lungs, and it 
is very difficult and expensive to filter particles below 1 µm. According 
to the results obtained in this project, in the porosity of 0.07, the 
filtration of 1-µm particles is the best compared to the rest of the 
investigated porosity. 

7. Conclusion 

PM or dust in the air is a type of pollution and one of the most 
important air pollutants in many areas. PM is made up of tiny solid 
particles or liquid droplets the size of a fraction of the thickness of 
human hair that float in the air we breathe. Breathing in contaminated 
particles can be harmful to your health. Larger particles called PM10 can 
irritate the eyes, nose, and throat. Dust from roads, fields, dry riverbeds, 
construction sites, and mines are types of PM10. Smaller particles called 
PM2.5 are more dangerous because they can get into the deeper parts of 
the lungs or even the blood. Particulate pollution can affect anyone, but 
it bothers some people more than others. In this research, the absorption 
of PM in the respiratory system was investigated. Then, using a porous 
environment, a breathing mask has been simulated and the absorption of 
particles after using the mask was checked, and the results obtained are 
as follows:  

• The percentage of particle absorption for laminar flow and flow rates 
of 20, 25, and 30 lit/min is equal to 96.87 %, 97.19 %, and 97.64 %. 
With the increase of fluorite, the percentage of absorption of parti
cles also increases.  

• The percentage of particle absorption for turbulent flow and flow 
rates of 40, 60, and 100 lit/min is equal to 98.67 %, 98.65 %, and 
99.59 %. With the increase of fluorite, the percentage of absorption 
of particles also increases.  

• The absorption of particles for 1, 2.5, and 10 µm is close to each other 
for laminar respiratory flows, while it does not show this in a tur
bulent flow.  

• For laminar flow and 0.07 porosity with a flow rate of 20 lit/min, 
with increasing particle diameter, the percentage of particle ab
sorption decreases from 1.12 % to 1 %. For a flow rate of 25 lit/min, 
with increasing particle diameter, the percentage of particle ab
sorption decreases from 1.14 % to 1.02 %. For a flow rate of 30 lit/ 
min, with increasing particle diameter, the percentage of particle 
absorption decreases from 1.34 % to 1.03 %. 

(a)

0 500 1000 1500 2000 2500 3000
0

10

20

30

40

50

60

70

80

90

100
D

ep
os

iti
on

 F
ra

ct
io

n 
(%

)

 Impaction Parameter, d2
p.Q (μm2 L. min-1)

 20 L/min
 25 L/min
 30 L/min

(b) 

0 2000 4000 6000 8000 10000
0

10

20

30

40

50

60

70

80

90

100

D
ep

os
iti

on
 F

ra
ct

io
n 

(%
)

 Impaction Parameter, d2
p.Q (μm2 L. min-1)

 40 L/min
 60 L/min
 100 L/min

Fig. 4. The deposition fraction as a function of the impaction parameter and flow rate for (a) Laminar flow, and (b) Turbulent flow.  
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• For turbulent flow and 0.07 porosity with a flow rate of 40 lit/min, 
with increasing particle diameter, the percentage of particle ab
sorption decreases from 1.29 % to 1.10 %. For a flow rate of 60 lit/ 
min, with increasing particle diameter, the percentage of particle 
absorption decreases from 1.55 % to 1.20 %. For a flow rate of 100 
lit/min, with increasing particle diameter, the percentage of particle 
absorption decreases from 1.64 % to 1.35 %.  

• For laminar flow and 0.2 porosity with a flow rate of 20 lit/min, with 
increasing particle diameter, the percentage of particle absorption 
decreases from 1.5 % to 1.20 %. For a flow rate of 25 lit/min, with 
increasing particle diameter, the percentage of particle absorption 
decreases from 1.64 % to 1.27 %. For a flow rate of 30 lit/min, with 
increasing particle diameter, the percentage of particle absorption 
decreases from 1.46 % to 1.16 %.  

• For turbulent flow and porosity 0.2 with a flow rate of 40 lit/min, 
with increasing particle diameter, the percentage of particle ab
sorption decreases from 1.89 % to 1.43 %. For a flow rate of 60 lit/ 
min, with increasing particle diameter, the percentage of particle 
absorption decreases from 1.94 % to 1.55 %. For a flow rate of 100 
lit/min, with increasing particle diameter, the percentage of particle 
absorption decreases from 2.09 % to 1.63 %. 
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b) Turbulent flow 
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Fig. 6. The deposition fraction as a function of the impaction parameter and flow rate for (a) Laminar flow, and (b) Turbulent flow with 0.2 porosity.  
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