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A B S T R A C T   

The nasal cavity is the inlet to the human respiratory system and is responsible for the olfactory 
sensation, filtering pollutant particulate matter, and humidifying the air. Many research studies 
have been performed to numerically predict allergens, contaminants, and/or drug particle 
deposition in the human nasal cavity; however, the majority of these investigations studied only 
one or a small number of nasal passages. In the present study, a series of Computed Tomography 
(CT) scan images of the nasal cavities from ten healthy subjects were collected and used to 
reconstruct accurate 3D models. All models were divided into twelve anatomical regions in order 
to study the transport and deposition features of different regions of the nasal cavity with specific 
functions. The flow field and micro-particle transport equations were solved, and the total and 
regional particle deposition fractions were evaluated for the rest and low activity breathing 
conditions. The results show that there are large variations among different subjects. The stan-
dard deviation of the total deposition fraction in the nasal cavities was the highest for 5×

104<impaction parameter (IP)<1.125 × 105 with a maximum of 20%. The achieved results 
highlighted the nasal cavity sections that are more involved in the particle deposition. Particles 
with IP = 30,000 deposit more in the middle turbinate and nasopharynx areas, while for particles 
with IP = 300,000, deposition is mainly in the anterior parts (kiesselbach and vestibule regions). 
For small IP values, the amounts of deposition fractions in different regions of the nasal cavity are 
more uniform.   

1. Introduction 

One of the important functions of the human nasal cavity is its role in filtering airborne particles and delivering clean air to the 
lungs. Moreover, the nasal cavity is also important in the drug delivery process, as the therapeutic drugs could be delivered from the 
olfactory region to the brain. Extensive research studies have been carried out regarding the particle deposition in the human nasal 
cavity. However, the majority of these earlier studies were limited to a small number of subjects. Therefore, the detailed study of the 
nasal particle deposition, considering different subjects, is important. 

* Corresponding author. School of Mechanical Engineering, Shiraz University, Shiraz, Iran. 
E-mail address: abouali@shirazu.ac.ir (O. Abouali).  

Contents lists available at ScienceDirect 

Journal of Aerosol Science 

journal homepage: http://www.elsevier.com/locate/jaerosci 

https://doi.org/10.1016/j.jaerosci.2020.105700 
Received 23 June 2020; Received in revised form 4 September 2020; Accepted 16 October 2020   

mailto:abouali@shirazu.ac.ir
www.sciencedirect.com/science/journal/00218502
https://http://www.elsevier.com/locate/jaerosci
https://doi.org/10.1016/j.jaerosci.2020.105700
https://doi.org/10.1016/j.jaerosci.2020.105700
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaerosci.2020.105700&domain=pdf
https://doi.org/10.1016/j.jaerosci.2020.105700


Journal of Aerosol Science 152 (2021) 105700

2

Many research studies have been conducted on the deposition of micro-particles in different regions of the human nasal cavity 
(Dastan, Abouali, & Ahmadi, 2014; Farhadi Ghalati et al., 2012; Ghahramani, Abouali, Emdad, & Ahmadi, 2017; Naseri, Abouali, 
Ghalati, & Ahmadi, 2014; Naseri, Shaghaghian, Abouali, & Ahmadi, 2017). With the increase in computational power, large numbers 
of nasal samples have been considered in recent studies to incorporate the impact of diversity in nasal anatomy but only on flow 
dynamics. These include both patient (Liu et al., 2012; Zhao et al., 2014) and healthy subjects (Borojeni et al., 2020; K. Wang, Denney, 
Morrison, & Vodyanoy, 2006; Zhao & Jiang, 2014). Golshahi and Hosseini (Golshahi & Hosseini, 2018) studied total particle depo-
sition in the nasal cavity of infants, children, and adults experimentally and clinically. 

The segmentation of the anatomical area in the nasal cavity is done for calculating the particle deposition. Typically, these seg-
mentations have been made according to the importance of each part of the nasal cavity (which is based on the type of tissue, position 
or specific function of each region). These subdivisions should be anatomically definable and have clear boundaries between each 
region. Previous research efforts have provided different types of subdivisions to report particle deposition percentages (Dong, Ma, 
et al., 2018; Dong, Shang, Inthavong, Chan, & Tu, 2018; Ghahramani, Abouali, Emdad, & Ahmadi, 2014; Kiasadegh, Emdad, Ahmadi, 
& Abouali, 2020; Xi & Longest, 2008; Xi, Si, Kim, & Berlinski, 2011; Zhu, Lee, Lim, Lee, & Wang, 2011). The different definitions for 
the subdivisions have been used for the human olfactory region. The definitions in the earlier works are mostly based on the type of 
tissue and location of the epithelium. Due to anatomy differences, the area of the olfactory region may vary for each person. The 
location of the olfactory region is not accurately defined, and its position was qualitatively described within the nasal cavity (Dong, 
Ma, et al., 2018; Dong, Shang, et al., 2018; Xi & Longest, 2008; Zhu et al., 2011). There is an uncertainty in the literature of the field 
about the size of this region. For example, the size olfactory area is reported to be in the range of 1–10 cm2 for each nasal passage 
(Arthur C. Guyton, 2016; Bear, Connors, & Paradiso, 2007; Leopold et al., 1995; López-Elizalde et al., 2018; Mark F.; Moran, Rowley, 
Jafek, & Lovell, 1982; Sahin-Yilmaz & Naclerio, 2011). Because of that, some researchers investigated the nano-particle deposition on 
this region assuming different sizes for the olfactory area (Garcia, Schroeter, & Kimbell, 2015), which showed a noticeable effect for a 
range of particle diameters. In the most detailed segmentation of the nasal cavity, the surface of the nasal airway has been divided into 
eleven anatomical sections, and the regional micro-particle deposition has been investigated for one human subject (Y. D. Shang, 
Inthavong, & Tu, 2015). 

The gender, age and ethnicity might be the other reasons for difference in particle deposition in nasal cavity. Jaques and Kim 
(Jaques & Kim, 2000) investigated the effect of gender on particle deposition within the respiratory system of eleven men and women 
experimentally. The differences in the role of filtering of nasal cavity between children and adults were also studied and compared 
experimentally (Bennett, Zeman, & Jarabek, 2008; Borojeni, Noga, Vehring, & Finlay, 2014). In another study, differences in particle 
deposition fraction (DF) for the four African, Latin American, Asian, and white ethnicities were investigated using numerical simu-
lations (Keeler, Patki, Woodard, & Frank-Ito, 2015). Even partial details of the nasal anatomy can affect the particle deposition. For 
example recent research studies have also investigated the effect of vestibule shape (presence or absence of notch) on particle 
deposition (Dong, Ma, et al., 2018). Also, in the numerical simulation of the nasal airway, it was found that the amount of surface 
smoothness has a significant effect on particle deposition (Schroeter, Garcia, & Kimbell, 2011). In addition, modeling the surrounding 
of the inlet of the nasal cavity provides a more accurate estimate for the particle deposition within the nasal cavity especially in 
vestibule area (Y. D. Shang, Dong, Inthavong, & Tu, 2015). 

One of the main aims of present work is to find the details of the regional deposition of the allergens in the nasal cavity. Allergies are 
one of the most common diseases that affect many people around the world. In western countries, 10–30% of people have allergic 
rhinitis (Dykewicz & Hamilos, 2010). Allergens are of various types, and some of them stimulate the human’s respiratory system and 
trigger the immune system to overreact. Allergens that trigger the human respiratory system can be in different sizes and types: 
environmental dust, mold, pet hair, and pollen (Dykewicz & Hamilos, 2010; Platts-Mills, 1998; Salvaggio, 1994). The diameter of 
pollen particles of flowers and trees is between 20 and 60 μm (Jeong, 2016), while cat allergens are less than 5 μm in diameter 
(Luczynska, Li, Chapman, & Platts-Mills, 1990). The actinomycete spores are ranged in 1 and 2 μm, and the dust particles are about 50 
μm in diameter (Salvaggio, 1994). Allergen particles may deposit on different parts of the nasal cavity due to their size distribution. 
Thus, assessment of local deposition of allergen particles with different sizes for diverse individuals is important in targeted identi-
fication and treatment. In addition, recent severe COVID-19 pandemic requires a better understanding of the regional deposition of the 
inhaled particles through the nasal airway. 

In our recent study (Hazeri, Farshidfar, Faramarzi, Sadrizadeh, & Abouali, 2020) the physiology, airflow pattern, and heat and 
moisture transfer in a group of ten Caucasian subjects with healthy nasal cavities including five adult males and five adult females 
ranging in age from 21 to 78 years, with normal vestibule was studied. In the present work, the total and the regional particle 
deposition for the same group were investigated. Considering right and left passages of ten healthy subjects, twenty nasal passages are 
available for evaluation of the total and local micro-particle deposition. The statistical analysis of the results provided a reliable 
representation of the micro-particle deposition in the nasal cavity of healthy subjects. 

2. Method 

2.1. Subjects 

To investigate healthy subjects, from a large number of CT scan images taken in Dena Hospital (Shiraz, Iran) 10 image series were 
anonymously selected as normal subjects with the approval of a specialist. All the images had been acquired as a part of the routine 
clinical procedure in the hospital and they were available before starting the present project. All selected patients (the identities had 
been removed) had a healthy nasal cavity and their CT images had previously been taken for other problems such as sinus infections, 
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brain-related disorders, etc. All subjects with nasal septal deviation, turbinate hypertrophy, allergies, nasal polyps, atrophic rhinitis, 
and concha bullosa were excluded. The 3D geometry was developed for all nasal cavities. Earlier studies have shown that airflow and 
particle deposition in the sinuses of healthy subjects were very small (Bahmanzadeh, Abouali, & Ahmadi, 2016; Bahmanzadeh, 
Abouali, Faramarzi, & Ahmadi, 2015; Y. De Wang, Lee, & Gordon, 2012; O. Abouali, E. Keshavarzian, P. Farhadi Ghalati, A. Faramarzi, 
2012). Hence, all sinuses were excluded in the computational domain of the present study. 

2.2. Geometries construction 

The separation of tissue and airway boundary was performed using Mimics 17.0 and the segmentation threshold in the range of 
− 1024 to − 300 HU was used for all the subjects in this study. The surfaces of all nasal passages were smoothed sufficiently to represent 
the presence of mucosa on the nasal cavity (Fig. 1). Segmentation of the nasal cavity surfaces was performed according to the 
anatomical location of each region. There are clear definitions for all parts except the olfactory region. There is uncertainty about the 
makeup of the olfactory area. Three different areas were defined for the olfactory region based on the data found in the earlier 
literature (Shang et al., 2015b; Arthur C. Guyton, 2016; Dong, Ma, et al., 2018; Gleeson & Clarke, 2008; Leopold et al., 1995; 
López-Elizalde et al., 2018; Mark F. Bear et al., 2007; Moran et al., 1982; Sahin-Yilmaz & Naclerio, 2011; Y. Shang, Dong, Inthavong, & 
Tu, 2015; Shang et al., 2015b; Suman, 2013) (Fig. 2). In this study, we investigate three earlier defined different sizes. The smaller 
surface, which is believed to have olfactory neurons, is located just under the olfactory bulb (under the cribriform plate in CT images) 
and is named as the smaller olfactory surface. The second assumed olfactory surface is a part of the nasal cavity that most references 
agree on and is more general (Per G. Djupesland, Messina, & Mahmoud, 2014; Per Gisle Djupesland, 2013; Mark F. Bear et al., 2007; 
Shi, Kleinstreuer, & Zhang, 2006; Suman, 2013; Xi, Zhang, & Si, 2015; Zhao et al., 2014). This is named as the medial olfactory surface 
in present work. The larger olfactory surface is also considered as the maximum area reported for the olfactory area in the nasal cavity. 
The sizes of these three projected surfaces are approximately 2.5, 5, and 10 cm2 in each nasal passage, respectively. Other parts of the 
nasal cavity were also divided into regions named vestibule, kiesselbach, atrium, inferior, middle and superior turbinates, upper and 
lower septum, upper and lower maxilla, and the nasopharynx that are shown in Fig. 2. 

2.3. Numerical method 

After the reconstruction of geometries, the flow field and particle transport equations were solved numerically using the CFD-DPM 
method. The mass and momentum conservation equations were solved for resting and low activity breathing conditions (laminar 
airflow) and then particle transport equations were solved using Lagrangian approach. ICEM-CFD software package and ANSYS Fluent 
18.0 were used for meshing and performing numerical simulation, respectively. Grid independence test was done to ensure that the 
results are independent of the grid size. For this purpose, an unstructured quadratic grid with 2.7 million cells was used for the external 
hemisphere which covers the exterior nose domain and a hybrid grid was used for the inside of the nasal cavity (consists of 4.6 million 
cells of quadratic elements and 7–9 layers of prism cells near the wall). The final size of the grid for the computational domain is 7.3 
million. In addition, the independence of the simulation results for particle deposition fractions from the number of injected particles 
was investigated. Also, the maximum number of injected particles that have been used for small particles is 1.4 million. Details of grid 
generation, particle number study, and CFD-DPM method are given, respectively, in Appendices A, B and C. 

Fig. 1. Geometry construction. (a) Reconstruction of 3D models of the nasal cavity by a series of 2d CT images. (b) The 3D computational models of 
10 healthy persons. 
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2.4. Statistical analysis 

Three kinds of Student’s t-tests were used in this study. A one-sample t-test is used to test if a mean value of population is 
significantly different from a hypothesized value. Independent two-tailed Student’s t-tests were used to identify the statistically sig-
nificant change of the results for different subjects or different regions of the samples. Paired two-tailed Student’s t-tests were used to 
test differences in the results for different breathing rates. Differences in results were considered significant when it represents about 
95% of the population (p-values ≤ 0.05). 

3. Results and discussion 

Total and local micro-particle deposition for 20 normal nasal air passages of ten healthy subjects are investigated, and results are 
reported based on particle diameter and impaction parameter. The impaction parameter (IP) is defined as 

IP 
(
μm2cm3 / s

)
= dp

2( μm2)× Q
(
cm3 / s

)
(1)  

where dp is the particle diameter, and Q is the breathing rate. The impaction parameter includes the influence of the main parameters 
that control the micro-particle deposition in the nasal cavity. 

3.1. Total particle deposition 

The total particle deposition fraction (DF) is defined as the number of particles deposited on the entire nasal airway surfaces divided 
by the number of inhaled particles. Variations of the DF versus particle diameter and impaction parameter are plotted in Fig. 3a and 

Fig. 2. Nasal cavity surface segmentation. (a) Turbinate side view contains: vestibule, atrium, olfactory area, the upper and lower part of the 
maxilla, superior, middle, and inferior turbinate and nasopharynx. (b) In the septum side view, the vestibule, kiesselbach area, the upper and lower 
part of the septum, and olfactory area can be observed. 

Fig. 3. Total micro-particle deposition fraction for both flow rates of 7.5 and 15 L/min (a) in ten studied nasal cavities versus particle diameter (b) 
average and SD versus impaction parameter compared with previous studies. (c) Unilateral deposition in 20 nasal passages versus Stokes number 
(Eq. (2)). 
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Fig. 3b, respectively. Here the micro-particle deposition percentages in the diameter range of 1–40 μm are evaluated. For breathing 
rates of 7.5 and 15 L/min, the total DF graphs are evaluated and are averaged over the 10 samples nasal airways, and the corresponded 
mean, and the standard deviation are shown in Fig. 3a and b (The length of the vertical line in this figure indicates the standard 
deviations of the data). The highest standard deviation of 20% of the deposition fraction data corresponds to 50,000 < IP < 112,500, 

Fig. 4. Variation of micro-particle DF versus IP for different regions of the nasal airway for rest and low activity conditions. (a) Smaller, medial and 
larger olfactory surface. (b) Vestibule, kiesselbach area and atrium. (c) Septum wall. (d) Whole maxilla surface. (e) The inferior, middle and su-
perior turbinates. (f) Nasopharynx. 
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which occurs for a diameter of 25 μm for the breathing rate of 7.5 L/min and for a diameter of 15 μm for the air flow rate of 15 L/min. 
For IP < 10,000 and IP > 200,000, the standard deviation is small. Also, as expected, more particle deposition occurs at higher 
breathing rates by increasing the particle inertia. However, the difference between the two flowrates is noticeable for the particle sizes 
between 15 and 35 μm (two-sample, paired t-test: p ≤ 0.037). For the particle sizes smaller than 10 μm, the difference between the DF 
for two flowrates is negligible. 

It is seen that the results of the present study and other numerical solutions are significantly different from those of the experi-
mental data of Kelly et al. (Kelly, Asgharian, Kimbell, & Wong, 2004). Schroeter et al. (Schroeter et al., 2011) attributed these dif-
ferences to the low resolution of MRI images and the high roughness of the model used in the experiments by Kelly et al. (Kelly et al., 
2004). Schroeter et al. (Schroeter et al., 2011) studied the effect of surface roughness on particle deposition. In Fig. 3b, the particle DFs 
for the two models of Schroeter et al. (Schroeter et al., 2011) (green squares) and the two models of Shang et al. (Y. D. Shang, Dong, 
et al., 2015) (yellow triangles) are reproduced for comparison. Shang et al. (Y. D. Shang, Dong, et al., 2015) studied the influence of 
including the external regions around the face on the predicted total deposition in the nasal airway. The results show both parameters, 
surface smoothness, and considering the effect of the region near the face, decrease the total particle DF. In the present study, the 
surfaces of all nasal samples were smooth, and the external region around the nose was included in the computational model. A 
combination of these two effects appears to lead to lower particle DF prediction in present work compared to those from earlier works 
(Kelly et al., 2004; Schroeter et al., 2011; Y. D. Shang, Dong, et al., 2015). As can be seen in Fig. 3b, IP reduced the data scatter for 
different flowrates (Fig. 3a) and the mean curves for two flowrates are close to each other. 

Other parameters had been also used before to show the data of DF for different subjects and also various flow rates. Garcia et al. 
(Garcia, Tewksbury, Wong, & Kimbell, 2009) compared these different parameters and showed that the Stokes number defined based 
on equation (2) is an appropriate parameter to relate the inter-individual variability in total DF to some anatomical measurement. The 
same analysis was performed here for unilateral DF in twenty nasal passages of present work and the results are shown in Fig. 3c. The 
modified impaction parameter of d2Δp2/3 can also play the same role and is an appropriate parameter. Other Stokes numbers based on 
other characteristic diameters (Volume1/3 and volume/surface) were also tested but the data scatter was much higher compared to that 
for the used one here. 

Stk= IPUnilateral
/

dc
3 =

(
dp

2 ×QUnilateral
)/

dc
3 (2)  

where dc = (0.0181 × LNose/RUnilateral)
4/19 and RUnilateral = ΔpUnilateral/QUnilateral

1.75. LNose (cm) was defined as the linear distance from 
the nostrils to the end of the septum and the dimension of the R is Pa over mL/s. 

3.2. Regional particle deposition 

The primary purpose of this study is to investigate the regional particle deposition on different parts of the nasal cavity for ten 
different subjects. The local DF of particles in each region of the nasal cavity varies with particle diameters and breathing rates. For this 
purpose, the results of the regional deposition of micro-particles in 20 healthy nasal air passages are evaluated and reported in this 
section. 

Olfactory area: The olfactory area is a very important part of the nose for sensing smell and in the process of drug delivery to the 
brain. Hence, based on the definitions in earlier studies, three different regions representing the olfactory area (smaller, medial and 
larger surfaces) were selected for each person. The averages of regional micro-particle depositions in the olfactory region of the twenty 
studied nasal passages are presented in Fig. 4a. Additional details of the computed standard deviation of the data are reported in 
Table 1. This figure shows that the graphs for different flow rates are not similar despite using the IP for the horizontal axis. This means 
that the impaction is not the main mechanism for deposition of particles in this region. The olfactory cleft is a narrow and small duct 
(with about 1–2 mm width) located above the main airway and the airflow does not pass through that directly. Also, the deposition 
fraction in the olfactory region is generally quite low. The maximum DF in the largest size olfactory region for all studied subjects is 1.4 
percent (with a standard deviation of 1.8%). Olfactory DF is generally more pronounced in the range of 25,000 < IP < 100,000. The 

Table 1 
Average and Standard deviation of regional DF percentage for olfactory area.   

Smaller olfactory SA Medial olfactory SA Larger olfactory SA 

d(μm) Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm 

1  0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.02 0.04 ± 0.05 0.02 ± 0.02 0.05 ± 0.06 

2 0.01 ± 0.02 0.01 ± 0.01 0.02 ± 0.01 0.04 ± 0.06 0.02 ± 0.02 0.05 ± 0.06 
5 0.01 ± 0.02 0.01 ± 0.01 0.03 ± 0.03 0.05 ± 0.05 0.06 ± 0.06 0.07 ± 0.07 
10 0.05 ± 0.05 0.04 ± 0.06 0.06 ± 0.04 0.2 ± 0.24 0.15 ± 0.22 0.41 ± 0.54 
15 0.08 ± 0.11 0.1 ± 0.16 0.29 ± 0.41 0.55 ± 1.3 0.49 ± 0.58 0.81 ± 1.4 
20 0.15 ± 0.28 0.25 ± 0.38 0.55 ± 0.85 0.68 ± 0.92 0.79 ± 0.96 1.4 ± 1.8 
25 0.16 ± 0.3 0.14 ± 0.23 0.35 ± 0.53 0.59 ± 1.0 0.42 ± 0.59 1.1 ± 1.9 
30 0.03 ± 0.09 0.06 ± 0.21 0.31 ± 0.96 0.06 ± 0.22 0.29 ± 0.93 0.29 ± 1.0 
35 0 ± 0.01 0.01 ± 0.03 0.17 ± 0.5 0 ± 0.01 0.16 ± 0.49 0.01 ± 0.05 
40 0 ± 0 0.01 ± 0.02 0.09 ± 0.34 0 ± 0 0.08 ± 0.33 0 ± 0  
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data in Table 1 shows that the maximum particle DF percentage in the olfactory region occurs for the size range of 15–25 μm, and the 
highest DF is seen for the diameter of 20 μm. At larger diameters, the particles are not able to reach the olfactory region due to their 
high inertia and deposition in the earlier regions of the nose. The smaller particles are more likely to move along the airflow 
streamlines and do not deposit in the olfactory region. As the flow rate increases, the particle DF increases as well. To increase the DF in 
the olfactory region, a higher breathing rate is needed combined with particles in size range of 15–25 μm. For this diameter range, by 
doubling the airflow rate, the percentage of particles DF in the medial olfactory region increases by about 60%. 

Fig. 4a shows large differences in the particle DF depending on the size of the olfactory region. Differences between large and 
medial olfactory regions were statistically significant for particles equal to or smaller than 20 μm (two-sample, paired t-test: p ≤ 0.034). 
Generally, what we defined as the medial olfactory region is more popular (Per G. Djupesland et al., 2014; Per Gisle Djupesland, 2013; 
Mark F. Bear et al., 2007; Shi et al., 2006; Suman, 2013; Xi et al., 2015; Zhao et al., 2014) and is typically used to represent the 
percentage of olfactory DF for healthy people. Considering this region and diameter range, the average percentage of micro-particle 
deposition in the human olfactory region is, respectively, 0.4 percent (with SD of 0.6 percent) and 0.6 percent (with SD of 0.8 percent) 
for the flow rates of 7.5 and 15 L/min. The maximum of the mean deposition in the olfactory region among the twenty nasal passages 
for 20 μm diameter is 0.68% (with SD of 0.92%). As using the nasal route is one way for drug delivery to the brain by administering the 
deposition of drugs at the olfactory region, the amount of particle deposition in this region is important. For example, Xi et al. (2015, 
2016) investigated the enhancement of the particle deposition in the olfactory region using a magnetic field (Xi et al., 2015; Xi, Zhang, 
Si, Yang, & Deng, 2016). In addition, it should be noted that the results for the drugs injected by a spray might be different from present 
work as the effect the spray on the flow field has not been considered in present work. 

Vestibule: The first part of the human nose that includes the nostrils is the vestibule region, which plays an important role in 
capturing large inhaled particles. As the main mechanism for deposition in this region is inertia impaction, Fig. 4b shows that the mean 
DF in the vestibule region increases as the IP increases. This figure also shows that the DF for both breathing rates of 7.5 and 15 L/min 
versus IP are roughly the same. The average and standard deviation of the DF for both flow rates based on the particle diameter are also 
listed in Table 2. For particles smaller than 10 μm, the particle DF in the vestibule is negligibly small, and the smaller size particles 
enter the inner parts of the nasal cavity. However, for particles larger than 15 μm, the role of this region in filtering the particles 
becomes more pronounced. As the particle diameter increases to 40 μm, for flow rates of 7.5 and 15 L/min, the means of DF percentage 
reach to 16.1 and 33.5, and the corresponding variances are 19% and 22% respectively. That is, by doubling the breathing rate 
(increasing the airflow momentum), the particle DF increases proportionally, and the role of the vestibule region in capturing the 
inhaled air increases. Vestibule DF is seen to be higher than all other nasal regions, except for the kiesselbach area, for particles with IP 
> 225,000 (two-sample, independent t-test: p ≤ 0.002). 

Kiesselbach area: This area is located next to the vestibule, where the five arteries intersect on the septum. Like other parts of the 
nasal cavity, the task of the kiesselbach region is warming and humidifying the inhaled air, but the particular importance of this region 
is its large number of blood vessels and also high capturing rate of particles. It is worth mentioning that the majority of nose bleeding 
occurs in the kiesselbach area due to the rich vascular supply and susceptibility of injury in this area (Gleeson & Clarke, 2008). In our 
previous study, it was observed that the kiesselbach area also had a high value of wall shear stress and a significant role in warming the 
inhaled air (Hazeri, Farshidfar, Faramarzi, Sadrizadeh, & Abouali, 2020). As shown in Fig. 4b and Table 2, the particle DF in this area is 
continuously increasing with the IP for a flow rate of 7.5 L/min, but for the flow rate of 15 L/min, the DF has a maximum. This is 
because the vestibule captures a lot of large particles, and a smaller number of large particles get to this area. Another interesting point 
is the high percentage of particle DF in this area. For IP≥2× 105, more than 50% (one sample, t-test: p ≤ 0.022) of the particles passing 
through the nasal nares are deposited within the Kiesselbach area. For large particles with IP > 100,000, the DF of this region is higher 
than other regions of the nasal cavity (two-sample, independent t-test: p ≤ 0.06). Therefore, this region has a very high DF rate and is a 
very important site in the nasal cavity in the micro-particle deposition process larger than 20 μm. 

Atrium: This region is located on the lateral side of nasal passage, between vestibule and turbinates. The variation of the average 
DF versus IP in the atrium region is also shown in Fig. 4b and the corresponding average and standard deviation are presented in 
Table 2. While atrium is located just in front of the Kiesselbach area, the DF percentage for this region is much lower than other regions 
in the anterior part of the nasal cavity (vestibule and kiesselbach area) for IP≥105 (two-sample, independent t-test: p ≤ 0.03). The peak 

Table 2 
Average and Standard deviation of regional DF percentage for vestibule, atrium and kiesselbach area.   

Vestibule Atrium Kiesselbach area 

d(μm) Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm 

1  0.2 ± 0.13 0.31 ± 0.22 0.01 ± 0.02 0.05 ± 0.06 0.03 ± 0.02 0.06 ± 0.04 

2 0.21 ± 0.12 0.33 ± 0.25 0.01 ± 0.02 0.05 ± 0.06 0.04 ± 0.02 0.06 ± 0.05 
5 0.38 ± 0.26 0.62 ± 0.61 0.02 ± 0.02 0.07 ± 0.1 0.15 ± 0.08 0.13 ± 0.11 
10 1.3 ± 0.88 1.6 ± 1.5 0.11 ± 0.12 0.57 ± 1.6 0.7 ± 0.54 0.73 ± 0.78 
15 2.1 ± 2.1 4.9 ± 6.9 0.56 ± 1.8 1.3 ± 4 2.8 ± 2.9 6 ± 9 
20 1.8 ± 2.6 10 ± 12 1.2 ± 4.9 1.6 ± 3.2 5.6 ± 6.5 26.2 ± 21 
25 3.2 ± 5.7 17 ± 19 1.1 ± 4.7 1.7 ± 5.3 14.3 ± 14.8 53.8 ± 21 
30 5.9 ± 9.2 23.5 ± 24 0.86 ± 3.4 1.9 ± 8.2 28.7 ± 24 68.4 ± 18 
35 10.9 ± 14 27 ± 21 0.46 ± 2.1 2.1 ± 8.4 44.3 ± 28 68.9 ± 20 
40 16.1 ± 19 33.5 ± 22 0.28 ± 1.3 1.4 ± 5.4 60.8 ± 22 64.3 ± 22  
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DF percentage for atrium region for breathing rate of 7.5 L/min is 1.2% and occurs for larger particles with an IP of 50,000. Similarly, 
for a flow rate of 15 L/min, the peak mean DF is 2.1% and occurs at IP = 306,250. Due to the small number of particle deposition in the 
atrium, the corresponding standard deviations are quite high for this region and are 8.4% and 4.9%, respectively, for the two noted 
breathing rates. 

Septum: The nasal septum divides the nasal cavity into two separate passages. Septum wall increases the total mucosal surface area 
in the nasal cavity. As it was mentioned before the Kiesselbach area was excluded from the septum in present work (Fig. 2b) and the 
particle deposition in this area was reported separately Fig. 4b. The septum wall is divided by the horizontal part of the middle meatus 
into the upper and lower parts regarding the location of the middle meatus. The summation of the mean deposition in both parts of the 
septum is shown in Fig. 4c versus IP and the average and standard deviation of DF versus particle diameter for each part of the septum 
are presented in Table 3. Fig. 4c shows that the DFs versus IP for both flow rates have the same trend and almost the same values, which 
indicates that the inertial impaction is the primary deposition mechanism in this region. For a breathing rate of 7.5 L/min, the 
maximum mean DF in the entire septum region is 15.3% and occurs for the 30 μm particles. Here the standard deviation is quite high 
and is about 19%. By increasing the airflow rate to 15 L/min, the maximum mean DF is 13.3% that occurs for 20 μm particles. For this 
breathing rate, the corresponding SD is 13%. According to Table 3, for higher flow rates, the deposition fractions in the upper part of 
the septum are much higher than those in the lower part for particle diameters of 10–20 μm (two-sample, independent t-test: p ≤
0.028). The DF in the entire septum has the highest value at IP of about 100,000, as is seen in Fig. 4c. 

Maxilla: The interface of the nasal airway surface with the maxillary sinus wall is defined as the maxilla. This section is divided into 
upper and lower parts. The upper and lower maxilla regions are the lateral side of the middle and inferior meatus, respectively. The 
mean of the DF in the entire maxilla versus IP is shown in Fig. 4d. According to this figure, the maximum of the mean DF for the flow 
rate of 7.5 L/min occurs at IP = 10,000, but for the flow rate of 15 L/min, the maximum occurs at an IP, which is almost one order of 
magnitude higher. At lower flow rate, the total DF on both maxilla surfaces reaches 3.6% (with SD of 2.3%), while at the higher flow 
rate, DF decreases to 2.5% with a standard deviation of 3.6%. In general, despite the large surface area of the maxilla, the amount of DF 
in this region is low. However, this region had the highest DF between all the regions for lower impaction parameter of 3.125×

103<IP<1.25 × 104 (two-sample, independent t-test: p ≤ 0.12). 
Turbinates: Turbinates are internal structures within the nasal cavity whose primary function is to increase heat transfer and to 

moisturize the inhaled air and to remove the inhaled particles by increasing the mucous surface. Our earlier study showed that about 
25.7% of the total nasal heat transfer occurs at the turbinates (Hazeri, Farshidfar, Faramarzi, Sadrizadeh, & Abouali, 2020). Typically, 
there are three turbinates on each side of the nasal cavity (rarely four), which are located on lateral nasal cavity walls. 

Fig. 4e shows the variations of the DF in the superior, middle, and inferior turbinate regions. The results for average and the 
standard deviation of DF of the studied twenty nasal passages on these three turbinates are also presented in Table 4. The superior 
turbinate is much smaller than the middle and inferior turbinates and has a very low particle DF. For a breathing rate of 7.5 L/min, the 
DF in the superior turbinate is negligible (roughly zero), and for the flow rate of 15 L/min, the maximum DF was 0.16% with a standard 
deviation of 0.36%. In general, the DF in the middle turbinate is much higher than that for the inferior turbinate for a wide range 
of 2.5× 104<IP<2 × 105 (two-sample, independent t-test: p ≤ 0.014). This is because the middle turbinate directly faces the air 
entering the main airway. The maximum DF of 2% (SD = 1.4%) on the inferior turbinate occurs for 10 μm particles at a breathing rate 
of 7.5 L/min, and the peak is 1.1% (SD = 0.95%) for the flow rate of 15 L/min. 

When the airflow rate (flow momentum) increases, the flow approaches with higher velocity to the Kiesselbach area and the middle 
turbinate. As the breathing rate increases, the particle DF on the middle turbinate increases for particle diameter smaller than 15 μm 
(two-sample, paired t-test: p ≤ 0.017), but the trend is reversed for larger particles (two-sample, paired t-test: p ≤ 0.048). The diameter 
for which the maximum DF in the middle turbinate region occurs depends on the airflow rate. For a flow rate of 7.5 L/min, the 
maximum DF is 18.3% (SD = 11%) which corresponds to the 25 μm particles, while for the flow rate of 15 L/min, the maximum DF is 
16.6% (SD = 7.2%) for 15 μm particles. In Fig. 4e, it is seen that the maximum deposition for both flowrates occurs at the same IP value, 
and the overall trend of the graph is the same. In general, the amount of micro-particle DF in the middle turbinate area is much higher 
compared to other inferior and superior turbinate regions in the range of 56,250 > IP > 25,000 (two-sample, independent t-test: p ≤
0.024). This is important when the regional depositions of the allergens and the inhaled drug are of interest. 

Table 3 
Average and Standard deviation of regional DF percentage for maxilla and septum.   

Lower Septum Upper Septum Lower Maxilla Upper Maxilla 

d(μm) Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm 

1  0.03 ± 0.02 0.03 ± 0.03 0.04 ± 0.02 0.07 ± 0.05 0.16 ± 0.21 0.11 ± 0.09 0.07 ± 0.07 0.18 ± 0.16 

2 0.05 ± 0.03 0.04 ± 0.03 0.05 ± 0.03 0.07 ± 0.05 0.31 ± 0.41 0.18 ± 0.13 0.08 ± 0.06 0.2 ± 0.16 
5 0.21 ± 0.12 0.1 ± 0.07 0.19 ± 0.11 0.15 ± 0.1 1 ± 0.86 0.55 ± 0.35 0.26 ± 0.24 0.32 ± 0.21 
10 0.74 ± 0.49 0.25 ± 0.2 0.84 ± 0.43 0.66 ± 0.74 2.7 ± 1.8 0.59 ± 0.67 0.92 ± 0.86 0.74 ± 0.5 
15 2.2 ± 2.1 0.77 ± 1.1 1.6 ± 1.2 5.9 ± 8.9 2.6 ± 3.3 0.24 ± 0.49 0.73 ± 1.1 2.3 ± 3.5 
20 4.3 ± 5.6 2.5 ± 2.8 3.9 ± 3 10.8 ± 12 1.8 ± 2.6 0.15 ± 0.49 1.1 ± 2.6 1.8 ± 5 
25 6.2 ± 6.4 3.8 ± 4.2 8.3 ± 7.4 5.8 ± 5.9 1.3 ± 3 0.12 ± 0.47 0.78 ± 1.7 1.1 ± 3.3 
30 6.4 ± 6.4 2.7 ± 3.3 8.9 ± 15 1.5 ± 1.9 0.7 ± 2.5 0.03 ± 0.1 1 ± 3.2 0.12 ± 0.47 
35 8 ± 9.3 0.45 ± 1.1 6.4 ± 10 0.44 ± 1 0.6 ± 2.3 0 ± 0.02 0.45 ± 1.2 0.13 ± 0.44 
40 6.3 ± 9.2 0.2 ± 0.63 1.4 ± 3.2 0.12 ± 0.28 0.23 ± 0.72 0 ± 0.01 0.15 ± 0.62 0.1 ± 0.33  
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Nasopharynx: The nasopharynx begins at the end of the turbinates, where the two nasal passages merge and end at the beginning 
of the oral pharynx. This part of the nose is the last part of the nasal cavity in the filtration process of inhaled particles. According to 
Fig. 4f, particles with IP of around 100,000 (diameter of 15–30 μm for the studied breathing rates ) have more chance to be captured in 
this region. Fig. 4f shows that the two DF graphs for 7.5 and 15 L/min have the same trend and have nearly the same values indicating 
that the primary deposition mechanism is the inertial impaction. The maximum DF for both flow rates occurs at IP = 100,000. These 
maxima are 7.9% (SD = 3.1%) for 7.5 L/min and 10.6% (SD = 7.8%) for 15 L/min. Therefore, for target drug delivery to the naso-
pharynx region, using particles with an IP of 100,000 is recommended. 

The results show which region of a healthy nasal cavity has a greater role in capturing different sizes of inhaled particles. These 
findings may find applications for targeted drug delivery to a specific location in the nasal cavity. That is, it is possible to identify the 
particle IP value that is most effective in the deposition in a specific region of the nose. Also, Fig. 4 indicates which part of the nasal 
cavity is more influenced by inhaling allergen particles. For example, particles with IP = 30,000 deposit more in the middle turbinate 
and nasopharynx areas, while for particles with IP = 300,000, deposition is mainly in the anterior parts (kiesselbach and vestibule). For 
particle sizes and breathing conditions with small IP values, the amounts of deposition fractions in different regions of the nasal cavity 
are more uniform. As the IP increases, the differences in the DF in different regions of the nasal cavity become more noticeable. The 
vestibule and kiesselbach areas located at the beginning of the nasal cavity had very high DFs for the IP > 55,000. 

In this section, we divided the nasal airway into larger parts: anterior (nostril to tip of turbinate), upper region (olfactory area and 

Table 4 
Average and Standard deviation of regional DF percentage for turbinates and nasopharynx.   

Inferior turbinate Middle turbinate Superior turbinate Naso-pharynx 

d(μm) Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm Q = 7.5 Lpm Q = 15 Lpm 

1  0.14 ± 0.16 0.23 ± 0.11 0.1 ± 0.07 0.21 ± 0.18 0.01 ± 0.01 0.02 ± 0.02 0.14 ± 0.06 0.23 ± 0.14 

2 0.21 ± 0.19 0.25 ± 0.11 0.11 ± 0.08 0.23 ± 0.2 0 ± 0.01 0.02 ± 0.02 0.19 ± 0.08 0.26 ± 0.14 
5 0.74 ± 0.41 0.59 ± 0.28 0.23 ± 0.14 0.38 ± 0.29 0 ± 0.01 0.02 ± 0.02 0.58 ± 0.26 0.53 ± 0.26 
10 2 ± 1.4 1.1 ± 0.95 1.3 ± 0.93 5.7 ± 5.8 0 ± 0.01 0.02 ± 0.03 2 ± 0.93 2.4 ± 1.6 
15 1.5 ± 1.8 0.74 ± 0.95 8.5 ± 6.5 16.6 ± 7.2 0 ± 0.01 0.07 ± 0.18 3.9 ± 3.3 8.8 ± 5.5 
20 0.81 ± 1 0.54 ± 1.1 18.3 ± 11 10.9 ± 9.8 0 ± 0 0.16 ± 0.36 5.9 ± 3.1 10.6 ± 7.8 
25 0.88 ± 2 0.3 ± 0.59 19.6 ± 12 6.3 ± 7 0 ± 0.01 0.07 ± 0.22 7.9 ± 3.1 4.7 ± 6.7 
30 1.5 ± 3.8 0.1 ± 0.35 16.2 ± 14 1.3 ± 2.7 0 ± 0 0 ± 0 6.3 ± 2.4 0.89 ± 1.6 
35 0.79 ± 2.3 0.09 ± 0.35 12.9 ± 17 0.55 ± 1.4 0 ± 0 0 ± 0 4.5 ± 7.8 0.08 ± 0.15 
40 0.18 ± 0.5 0.07 ± 0.31 8.7 ± 14 0.22 ± 0.56 0 ± 0 0 ± 0 1.9 ± 3.6 0.03 ± 0.06  

Fig. 5. Variation of regional DF normalized by total DF versus IP for the anterior, upper, middle, lower and posterior of the nasal cavity. (averaged 
for both studied flow rates). 
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superior turbinate), middle region (middle turbinate and upper septum and maxilla), lower region (inferior turbinate and lower 
septum and maxilla), and posterior region (nasopharynx) (See inset of Fig. 5). Variations of the regional DFs normalized by the total 
nasal DF (DFregional/DFtotal) are evaluated and the results are shown in Fig. 5. This figure shows that the portion of the anterior part 
from total DF mostly increases as IP increases, and the rate of increase becomes quite rapid for IP > 60,000. While the upper region 
contribution from total DF, which is quite low, decreases with the increase of the IP. The peak value of Fig. 5 for the lower region occurs 
at IP ≅ 5,000, while the peak value in the middle region occurs at IP ≅ 50,000. These findings show which part of the nasal cavity was 
more affected for different IP ranges of allergens. Fig. 5 also shows that the pattern of variation in DF of the vestibule and kiesselbach 
area is quite similar to the trend of the total particle deposition in Fig. 3b; hence, the process of particle transport within the entire nasal 
cavity is strongly influenced by the anterior part of the nasal cavity. 

As the final point, a comparison is presented between the total deposition fractions of male and female subjects. Fig. 6 shows that 
for five adult males and five adult females studied in the present work, there are no noticeable differences between the mean total DF 
graphs between males and females for both flow rates (two-sample, independent t-test: p ≤ 0.94 for 7.5 and p ≤ 1 for 15 L/min). 
However, there are noticeable differences between the regional DFs between these two groups, which is not discussed here for the sake 
of brevity. All the data, including total and regional DF for all the ten subjects studied in this paper, are presented in an excel file that 
can be found in the supplementary file of the paper. 

4. Conclusions 

In the previous studies, total and regional particle depositions were obtained for a small number of samples. The present study 
evaluated the total and the regional micro-particle deposition for 20 nasal passages of 10 healthy subjects for the rest and low activity 
conditions. The average and standard deviation of the total and regional DF are computed, and the effects of intersubject variation of 
the nasal anatomy on the velocity field and DF percentage in the nasal cavity were assessed. The maximum of the standard deviation of 
the total micro-particle DF was 20%, which occurs in the range of 50,000 < IP < 112,500. This deviation was much lower for lower and 
higher impaction parameters. 

Due to the importance of regional particle deposition, the nasal cavity surface was divided into different anatomical parts, and the 
regional DF results were evaluated. The presented results showed that the anterior region of the nasal cavity (from the nostrils to start 
of turbinates) plays a significant role in capturing large particles. In particular, the Kiesselbach and vestibule areas are highly effective 
in filtering large particles. In the inner part of the nasal cavity, more deposition occurs on the middle turbinate compared to the inferior 
turbinate. The DF on the septum wall (excluding the kiesselbach area) also is comparable to the middle turbinate. The maximum DF for 
the nasopharynx is around 10.6 ± 7.8% for the particles with IP roughly equal to 100,000. 

The maximum DF of 1.4% in the olfactory region occurs in the IP of 100,000. For the largest size of the olfactory area, the cor-
responding regional deposition fraction of 20 μm particles is estimated to be 1.4 percent, with a standard deviation of 1.8%. 

The kiesselbach area had the highest deposition rate compared to the other parts of the nasal airway for large particles with IP >
100,000 or diameters larger or equal to 30 μm. The DF in the vestibule region for particles with IP > 225,000 by the second highest 
after the kiesselbach area. Also, the middle turbinate region more effective in capturing the inhaled particles compared with the 
inferior turbinate area for a wide range of particle size with 2.5× 104<IP<2× 105. The highest DF for the nasopharynx region occurs 

Fig. 6. Total micro-particle deposition fraction differences between males and females.  
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in a diameter range of 10–20 μm (IP = 100,000). 
The presented results identified the IP for maximum regional deposition in the nasal cavity. This information may find application 

to targeted drug delivery to a specific location in the nasal cavity. In addition, the results suggest that cat allergens smaller than 5 μm 
(IP ≤ 6000) deposit in all parts of the nasal cavity but mostly in the lower part. Dust particles larger than 40 μm (IP ≥ 200,000) are 
captured by the anterior part of the nasal cavity. Fungal spores that are around 15 μm diameter are mainly deposited in the middle part 
(middle turbinate). 

Data availability 

A wide range of calculated data, including the total and regional deposition fractions of the nasal airways and different anatomical 
regions for all subjects, are available in a supplementary excel file attached to this paper. 
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Appendices. 

Appendix A: grid study 

For grid study, the computational domain was divided into the outer and inner parts of the nose. In the surrounding outer area 
(outside the nasal cavity), an unstructured tetrahedral grid with 2.7 million tetrahedral cells was used (Fig. A1b). When a finer grid was 
used, the difference in the velocities under the nostrils was only 0.5% (Fig. A2b, A2c). Inside of the nasal cavity, a hybrid grid was used 
for calculating the velocity field in the boundary layer accurately. In this region near the walls, a finer structured grid (prism layer) was 
employed, and in the internal part of the nasal cavity, the tetrahedral elements were used (Fig. A1c). In order to perform the grid 
sensitivity study for the region inside of the nasal cavity, the changes in velocity with an increase of the grid size were studied for the 
grid in the inner part, and for the number of the prism layers close to the boundary. In addition, the variations of the particle DF for 
different grids are studied. For the inside of the nasal cavity, different grid sizes of 1.2, 2.2, 3.5, 4.6, and 6.3 million cells were tested, 
and a grid size of 4.6 million was selected. For the internal nose domain, velocity components at three lines in vestibule, inferior meatus 
and nasopharynx were compared for different grid sizes. This grid led to the results for velocity that differ less than 1% compared to the 
finer grid 6.3 million cells (Fig. A2d, A2e, A2f). To study the independency of the solution from the number and size of the prism layers, 
3 to 15 layers with the height of the first layer in the range of 0.32 to 0.02 mm were studied. In this process, the total deposition fraction 
of particles was calculated for three different particle diameters and difference in DF is reported in percent with increase in number of 
layers or decrease in the height the first prism layer adjacent to the wall. As shown in Table A, DF is more sensitive to the height of the 
first prism layer. The results showed that using 7 to 9 layers of the prisms near to the nasal cavity walls with the height of 0.06 mm for 
the first layer and the growth ratio of 1.2 for the next layers leads to less than 1.5% difference for the deposition fraction of particles 
compared to that in a grid with a finer prism size. 

Fig. A1. Grid generation. (a) Surface grid of domain, including inner and outer parts of the nose. (b) Cross-section of the outer part of the nose with 
the tetrahedral grids with a finer grid near the nose. (c) Hybrid mesh in cross-section of the right chamber of the nasal cavity using the tetrahedral 
elements and prism meshing near to the nasal cavity walls.  

M. Hazeri et al.                                                                                                                                                                                                        



Journal of Aerosol Science 152 (2021) 105700

12

Fig. A2. Details of tetrahedral grid study. (a) Five selected lines in internal and external nose domains for grid study (b),(c) Grid study of external 
nose domain on two lines under nostrils. (d),(e),(f) Grid study of internal nose domain on three lines in vestibule, inferior meatus and nasopharynx, 
respectively.  

Table A 
Effect of number of layers and initial height of prism layer on total DF changes (Error values were 
obtained compared to the lower initial height and higher number of layers, Err = |DFn-DFn+1|/ 
DFn+1 which n refers to the row of table)  

Initial height’s effect Number of layers’ effect 

height (mm) DF’s Err Number DF’s Err 

0.32 6.7 (%) 3 1.1 (%) 
0.23 6.1 (%) 5 2.1 (%) 
0.1 2.9 (%) 7 1.5 (%) 
0.06 1.3 (%) 9 0.5 (%) 
0.02  15   

Appendix B: Particle number study 

The results for DF of particles should be independent of the number of injected particles at the inlet of the computational domain. 
Therefore, for different particle diameters, the number of injected particles at the computational domain inlet is increased step-by-step 
until the changes in particle DF were negligible. The needed number of particles for the results to be independent of the number of 
injected particles varies with particle diameter. The smaller particles have a lower percentage of DF within the nasal cavity, and 
because of that, obtaining an independent result for DF requires a higher number of particles, especially for smaller surfaces. On the 
other hand, large numbers of injected particles also require high computational resources. In this study, diameters of 2, 10, and 30-μm 
were selected, and the independency of the DF percentage from the number of injected particles is investigated. The results showed 
that by injecting 1,400,000 2-μm particles and 260,000 10 and 30-μm particles, the changes in DF for the nasal cavity regions were, 
respectively, less than 2, 1.3, and 0.7 percent compared to those with a higher number of particle injection. The particles were injected 
from the hemispherical surface, which is the inlet of the computational domain. The graph for particle number study for 2-μm particles 
is shown in Fig. B. The DF is defined as the ratio of the number of deposited particles to the number of inhaled particles. A similar trend 
has been observed for the 10 and 30-μm size particles but with a smaller number for the needed final number of particles. 
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Fig. B. Number of particle study for 2-μm size particles in the nasal passage surfaces.  

Appendix C: CFD-DPM method 

In this study, a one-way interaction between the fluid phase and the particles is considered, which means the flow carries the 
particles, but the particles do not affect the flow field. Therefore, by solving the flow equations, the velocity field within the 
computational domain is calculated, and then the particle trajectory analysis is performed. Flow equations include the equation of 
conservation of mass and balance of momentum. The three dimensional, steady, incompressible and laminar forms of the governing 
equations for the airflow are: 

∇· u = 0 (C-1)  

ρ(u · ∇)u= − ∇p + μ∇2u (C-2) 

In these equations, u = u(x.y.z) is the fluid velocity, p represents the static pressure and ρ = 1.225(kg /m3) and μ = 1.7894×
10− 5(kg /m.s) are, respectively, the density and viscosity of the inhaled air. 

The Lagrangian approach is used to solve the Newton equations of motion for particles. The particle equation of motion is given as, 

dup
→

dt
=

1
τ

CDRep

24
(

u→− up
→)

+ g→ (C-3)  

CD = a1 +
a2

Rep
+

a3

Rep
2 (C-4)  

Rep =
dp
⃒
⃒ u→− up

→⃒
⃒

ν (C-5)  

τ=
ρpdp

2

18μ (C-6) 

In the above equations, up
̅→ and u→are, respectively, the particle and fluid velocity vectors, CD is the drag coefficient defined by 

equation (C-4), Rep is the particle Reynolds number defined in equation (C-5), dp is the particle diameter and ρp is the density of the 
particle. Coefficients a1, a2 and a3 are function of Rep(S. A. Morsi and A. J. Alexander, 1972). The relaxation time is also defined by 
equation (C-6). 

For the walls of the nasal cavity and the outer surfaces in the surrounding area, the no-slip boundary condition was assumed. At the 
inlet of the geometry, which is a hemispherical surface, the boundary condition of atmospheric pressure was considered, and at the 
outlet of the model (end of the nasopharynx), the mass flow rate boundary condition was applied (Fig. C). Two different volumetric 
flow rates of 125 and 250 cm3/s (7.5 and 15 L/min) are investigated. These two flow rates represent breathing rates during rest and 
light daily activity conditions. The flow is assumed to be laminar in these flow rates (Wen et al., 2007). 

The particle release locations are 3 mm inside the spherical surface around the face to ensure that all particles are injected inside the 
domain. The particles are released with a zero initial velocity from the initial locations in the surrounding volume to have a better 
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estimation of the location and velocity of the particles at the nares. The benefits of including the surrounding areas of the nose for a 
more accurate estimation of the deposition fraction of the particles in the nasal passage have been discussed in the literature (King Se, 
Inthavong, & Tu, 2010; Naseri et al., 2014; Hazeri, Farshidfar, Faramarzi, Sadrizadeh, & Abouali, 2020; Y. Shang, Dong, Inthavong, & 
Tu, 2015; Y.D. Shang, Inthavong, & Tu, 2015). For the boundary conditions of the particles, as shown in Fig. C for the surface of the 
face and all surfaces within the nasal cavity, the trap boundary condition was used. The outlet at the end of the nasopharynx is also 
given an escape boundary condition to model the penetration of the non-deposited particles into the larynx region. 

Fig. C. Boundary conditions of the flow field and particle transport equations.  

Appendix D. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jaerosci.2020.105700. 
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