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Abstract
It is essential to study the viral droplet’s uptake in the human respiratory system to better control, prevent, and treat diseases. 
Micro-droplets can easily pass through ordinary respiratory masks. Therefore, the SARS-COV-2 transmit easily in conversa-
tion with a regular mask with ’silent spreaders’ in the most physiological way of breathing through the nose, indoor and at 
rest condition. The results showed that the amount of deposited micro-droplets in the olfactory epithelium area is low. Also, 
due to receptors and long droplet residence time in this region, the possibility of absorption increases in the cribriform plate. 
This phenomenon eventually could lead to brain lesion damage and, in some cases, leads to stroke. In all inlet flow rates lower 
than 30 L/min inlet boundary conditions, the average percentage of viral contamination for upper respiratory tract is always 
less than 50% and more than 50% for the lungs. At 6L/min and 15L/min flow rates, the average percentage of lung contamina-
tion increases to more than 87%, which due to the presence of the Coronavirus receptor in the lungs, the involvement of the 
lungs increases significantly. This study’s other achievements include the inverse relationship between droplets deposition 
efficiency in some parts of the upper airway, which have the most deformation in the tract. Also, the increased deformities 
per minute applied to the trachea and nasal cavity, which is 1.5 times more than usual, could lead to chest and head bothers.
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Abbreviations
xi  X Cartesian coordinate
xj  Y Cartesian coordinate
U  Velocity (m/s)
uf   Fluid Velocity (m/s)
uP
i
  Micro-droplet Velocity (m/s)

P  Pressure (Pa)
g  Gravity (m/s2)
d  Particle diameter (m)
Fx  Brownian Force (N)
Cc  Cunningham correction factor
StP  Stokes number
dc  Fluid passage path hydraulic diameter
E  Young’s modulus (kpa)
Re  Reynolds number

Fi  Body forces (N)
Di  Structural displacement (m)
t  Time (s)
n  Normal vector

Greek symbols
�  Density (kg/m3)
�P  Particle Density (kg/m3)
v  kinematic viscosity  (m2/s)
�  dynamic viscosity (N.s/m2)
λ  average molecular distance for air (μm)
τ  Characteristic time (s)
�  Poisson’s ratio
�
f

ij
  Fluid stress tensor

�s
ij
  Solid stress tensor

�ij  Kronecker delta
�ij  Strain tensor
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1 Introduction

Coronavirus was first identified in 1965 (Tyrrell and 
Bynoe 1965). At the time, no one thought that the virus 
could change its genetic structure, and appear as COVID-
19 and could plunge the world into crisis in 2020. Accord-
ing to the World Health Organization, the coronavirus’s 
death rate is ten times higher than the swine flu, which was 
prevalent from 2009 to 2010. It is proposed that the virus 
is transmitted through direct contact and droplet outputs 
from the airways during cough and sneezing. With the 
help of high-sensitivity laser cameras, researchers have 
found that even in regular conversations, these droplets 
with diameters ≤10 μm can float in the air for a long time 
(Shiu et al. 2019). An analysis of Shanley et al. (Shanley 
et al. 2008) in a steady flow illustrated that the deposi-
tion increases with larger particle size and flow veloc-
ity. In other study conducted by Kleinstreuer and Zhang 
(Kleinstreuer and Zhang 2010), a respiratory system’s 
flows can include turbulent. Islam et al. (2020) depicted 
that neither Euler–Lagrange (E-L) nor Euler–Euler (E-E) 
methods influence the sedimentary patterns of nanopar-
ticles with a diameter of 50 nm and the flow rate of 25 
L/min. Ma et al. (Ma et al. 2019) exploited a standard 
Discrete Phase Model (DPM) method for particle deposi-
tion, and the results showed how particle deposition is 
affected by a narrow throat path. The reduction of the 
cross-sectional area of the pharynx in the epiglottis has 
a significant impact on the flow field in the airways, and 
the case of oral inhalation affects the deposition of the 
regional sediment. Keyhani et al. (Keyhani et al. 1995) 
found that the highest velocity of inhaled air alongside the 
nasal floor occurred under the lower turbinate in the main 
nasal route. Moreover, Weak airflow occurs in the middle 
of the airway, between the lower and middle turbinate and 
the septum. About 30% of the inhaled volume flow rate 
passes under the lower turbinate, and about 10% passes 
through the olfactory airway. Hörschler et al. (Hörschler 
et al. 2003) presented the numerical simulation of flow 
in a human nasal cavity model in a multi-block structural 
grid and compared it with experimental data. Calculations 
for inhalation and exhalation at rest performed with the 
Reynolds numbers Re =1560 and Re = 1230, respectively, 
in the nostrils. Grgic et al. (Grgic et al. 2004) illustrated 
that aerosol deposition, caused by morphological limita-
tions of the pharynx, glottal, and flow jets, is more com-
mon in the larynx and trachea. Also, it is found that the 
deposition efficiency is related to the inertia parameter. 
Even if the Stokes number is kept constant, the accumula-
tion efficiency increases with the increasing Reynolds flow 
due to the velocity profile change. Another study showed 
that both total and regional deposition have substantial 

differences and a significant difference in intersubjectivity 
(Grgic et al. 2004; Jin et al. 2007; Xi and Longest 2007; 
Jayaraju et al. 2007; 2014). Heenan et al. (Heenan et al. 
2004) showed a strong relationship between local deposi-
tion and the local fluid velocity field. The level of local 
deposition is strongly related to the velocity and curvature 
of the flow. Shi et al. (Shi et al. 2006) found that tiny par-
ticles ≤5 nanometers in diameter are particularly impor-
tant because they were absorbed more rapidly. Therefore, 
the larger particles have a higher toxicity or therapeutic 
effect. Xi and Longest (Xi and Longest 2008) examined 
the particles with 1 nm size up to 1 μm and an inhalation 
flow rate of 4-30 L/min. Under these circumstances, the 
turbulence was visible only in the nasal valve area and the 
nasopharynx’s posterior region. They also found that many 
of the main parts of the nose have a flow with small vari-
ation. Chen et al. (2012) found that secondary flow may 
contribute to particles’ deposition in the filled airways for 
actual inhalation. The results obtained by Nicolaou and 
Zaki (Nicolaou and Zaki 2013) provide insight into how 
the geometry changes affect the aerosol deposition and the 
dispersion of the deposition data. The assessment of flow 
fields in different mouth and throat geometries allows us 
to investigate the source of the deposition dependence on 
Reynolds number. Shinneeb and Pollard (Shinneeb and 
Pollard 2012) showed that the nature of the respiratory 
system flow is three-dimensional and is associated with the 
recirculation, jet-like and sink-like form flows. It can be 
understood from the above research that there is very lit-
tle information available on droplet deposition in the res-
piratory system. Therefore, employing the Fluid-Structure 
Interaction (FSI) method into the complex geometry of the 
respiratory system could generate an accurate answer. In 
general, drug administration with aerosol inhalers is pref-
erable in the treatment of respiratory disorders. Yousefi 
et al. (Yousefi et al. 2017) experimentally investigate the 
transport and deposition of drug particles into a silicon 
lung model made by computer tomography (CT) scan; 
using the DPM method and computational fluid dynamics 
(CFD) simulation of aerosol delivery to the human lung by 
surface acoustic wave nebulization. They concluded that 
the location of particle injection could affect the drug’s 
delivery efficiency. In addition, regardless of the injection 
site, they found that the ratio of drug particles penetra-
tion to the right lung was significantly higher than the left 
lung. Pourmehran et al. (Pourmehran et al. 2016) used the 
DPM method and CFD simulation for airflow and particle 
deposition in the presence of an external magnetic field in 
the human respiratory system’s geometry; in which poly-
styrene particles (PMS40) were used as the magnetic drug 
carrier. During the investigation, they found a significant 
improvement in particle deposition in the presence of a 
magnetic drug targeting (MDT) in the target regions (for 
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example, in the left lung). Pourmehran et al. (Pourmehran 
et al. 2015) simulated magnetic drug targeting through 
tracheal airways in the presence of a nonuniform exter-
nal magnetic field using the Lagrangian magnetic particle 
tracking method. Considering different inlet flow rate and 
particle pattern, they determined that the particle deposi-
tion efficiency increases in the target region in the pres-
ence of the magnetic field. Furthermore, for the magnetic 
field ≤1 Tesla, deposition efficiency and MDT technique 
are directly related to increasing particle diameter. Pour-
mehran et al. (Pourmehran et al. 2020) used CFD and dis-
crete phase model to investigate the effect of aeroacoustics 
parameters such as frequency, amplitude and the average 
inlet flow rate on the efficiency of acoustically driven drug 
delivery (ADD) to the human maxillary sinus. Through 
numerous simulations, they found that the amplitude is 
the most important parameter influencing the delivery of 
acoustic drug to the maxillary sinus in the amplitude of 
oscillation of the air plug in the ostium. Pourmehran et al. 
(Pourmehran et al. 2020) also investigated the effect of 
geometric parameters on acoustic-driven drug delivery 
to maxillary sinuses in the resonance frequency of the 
nose–sinus model. They performed the acoustic model 
both experimentally and computationally along with theo-
retical analysis to determine the ideal nasal sinus model’s 
resonance frequency. The results showed that there is a 
significant coincidence between the experimental and CFD 
modeling. Pourmehran et al. (2020) used CFD and DPM to 
investigate the effect of drug diameter and particle density 
on drug delivery efficiency to the maxillary sinus in the 
aeroacoustics technique. The results demonstrated that the 
increase of diameter and particles’ density in the presence 
of an acoustic field reduces the acoustics stokes number, 
which has a negative effect on drug delivery efficiency.

Micro-droplets are a subcategory of aerosols; neverthe-
less, there is no investigation of viral effects performed 
about droplets ≤10 μm diameter. Even in vitro studies 
have not been performed to determine these droplets’ exact 
deposition location in the upper human respiratory system. 
These small micro-droplets can pass through ordinary res-
pirator masks and can contaminate people if the permit-
ted distance is not observed. However, it should be noted 
that ordinary masks are more useful for droplets >>10 
μm (Leung et al. 2020). As mentioned in the literature 
review, avoiding the real model of the respiratory system 
can immensely affect particle deposition location. Real 
geometry is fundamental in modeling, and computational 
methods based on actual body performance can affect the 
results. Unlike previous studies in which the motion of 
particles examined by CFD; the FSI boundary condition is 
used in this study. Also, the human’s physiological condi-
tions behave like FSI boundary condition.

2  Materials and method

2.1  Computational model

The model used in this study is related to a 30-year-old healthy 
man in previous study, in which the agreement of the model 
with reality has been demonstrated in terms of the turbulent 
characteristics (2019) and behavior of the elastic wall bound-
ary condition (2019) of the respiratory system. This model 
could accurately predict the results of deposition and the 
effects of the coronavirus droplet in the human upper respira-
tory system by injecting viral droplet through the oral inhala-
tion (Mortazavi 2020). To construct the airway model, CT 
scans of a 30-year-old male without any problems in his res-
piratory system were used in this study. While the person was 
in a supine status, the scans were obtained by TABA imag-
ing center. Under the professional supervision, the boundary 
between the airway mucosa and air in the upper respiratory 
tract was defined in each CT scans’ slices. The three-dimen-
sional (3D) model of the upper airway was extracted using 
CT technology. The 3D model includes nasal cavity, pharynx, 
larynx, and trachea. The boundaries were imported to GAM-
BIT, a CFD preprocessor software, in which the boundaries 
connect to each other to create a smooth surface and shape the 
volume. An unstructured triangular hybrid volume mesh was 
generated inside the airway passage. Details of reconstruction 
of geometry and meshing of this model have been presented 
in Mortazavy et al. study (2019), and it is not mentioned here 
again. Fig. 1 shows the meshed geometry and segmentation 
of the computational model. Due to the nasal area’s impor-
tance and its complex geometry, this area is divided into three 
essential segments: superior turbinate, middle turbinate, and 
inferior turbinate. This study employs a computational model 
extracted from a CT imaging of a male subject. Also, the FSI 
modeling includes variations in viral droplet’s size and density 
at low velocity. All the data obtained with air inhaled through 
the nose. The DPM was used to inject droplets into the model. 
One-way fluid-particle coupling was used in computational 
modeling. Also, by producing a physical model with stereo-
lithography (SLA) and injecting stained droplets into it, the 
numerical results’ accuracy was ensured.

2.2  Governing equations

Air was considered as a viscous and incompressible fluid. The 
governing equations for the quasi-steady turbulent flow in the 
human respiratory system are the Navier–Stokes and continu-
ity equations. These equations include:

(1)
�Ui

�xi
= 0
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In these equations, the parameters U, �,P, v and Gi for air-
fluid represent speed, density, pressure, kinematic viscosity, 
and gravity term, respectively. Also, i and j represent Carte-
sian coordinates. Based on Kleinstreuer and Zhang (Klein-
streuer and Zhang 2010), the E-L method was selected to 
better investigate the micro-droplet particle movement along 
with fluid. The equation of motion for the micro-droplet is 
as follows:

Also, �, �P, d, giand Fx are viscosity, particle density, par-
ticle diameter, gravity term, and Brownian Force, respec-
tively. Furthermore, in this equation, dxi

dt
= uP

i
 Also, Cc is 

the Cunningham correction factor, which is equal to (2006)

(2)Ui

�Uj

�xi
= −

1

�

�P

�xi
+

�

�xi

[

v

(

�Ui

�xj
+

�Uj

�xi

)

− U�
i
U�

j

]

+ Gi

(3)
duP

i

dt
=

(

18�

�Pd2Cc

)

(

Ui − uP
i

)

+ gi + Fx

(4)Cc = 1 +
2�

d

(

1.257 + 0.4e
−

1.1d

2�

)

In this equation, λ is the average molecular distance for air 
and was assumed to be 0.065 μm. The Stokes number was 
used to calculate the ratio of the droplet’s characteristic time 
per the characteristic time scale of the flow, which is defined 
as follows (2006).

In which τ is the characteristic time, uf  is the velocity of 
the fluid, and dc is the hydraulic diameter of the tract through 
which the fluid passes. By putting the value of residence time, 
the following equation is obtained (2006)

The fluid and solid domains were coupled through the stress 
tensor. The Cauchy stress tensor in an isotropic Newtonian 
fluid field was (2019)

(5)StP =
�uf

dc

(6)StP =
�Pd2uf

18�dc

(7)�
f

ij
= −p�ij + 2�

(

�ij −
1

3
�kk�ij

)

(II) (I) 

Vestibule

Superior turbinate
Middle turbinate

Inferior turbinate
Oral

Nasopharynx

Oropharynx

Larynx

Trachea

Fig. 1  Segmentation and meshing of the present computational model. a Mesh generation. b Anatomical segmentation of the 3D model
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where �f

ij
 is the fluid stress tensor, �ij is Kronecker delta, and 

�ij is the rate of the strain tensor which is given by

In the structural field, the governing equation of linear 
elasticity are as follows:

Where Fi is the body forces, Di is the structural displace-
ment, �s

ij
 is the solid stress tensor, t is time. The Cauchy 

stress tensor in the structural field is defined as follows:

where E is Young’s modulus, � is the Poisson’s ratio, �ij is 
the strain tensor Eq. (4). The coupling conditions of fluid 
and solid domain at the FSI boundary are the matching of 
the fluid velocity and structural displacement

and the force equilibrium across the FSI interface

(8)�ij =
1

2

(

�ui

�xj
+

�uj

�xi

)

(9)
��s

ij

�xj
+ Fi = �

�2Di

�t2

(10)�
f

ij
=

E�

(1 + �)(1 − 2�)
�kk�ij +

E

(1 + �)
�ij

(11)ui =
�Di

�t

where n is the normal vector outward of the FSI interface. 
The walls of the airway were considered elastic walls. Also, 
it is assumed that the droplets were absorbed in the first 
encounter with the wall. More details on the governing equa-
tions of FSI are mentioned in the Mortazavy et al. study 
(2019) and are not repeated here for the sake of brevity. In 
the present model, based on Shanley et al. (Shanley et al. 
2008), the fixed boundary conditions, nostrils, and end of the 
trachea (carina zone) are where the flow rate enters and exits, 
respectively, and the wall boundary condition is applied to 
the mouth’s entrance.

The geometry was entered in ANSYS 2020 R1. Fluent 
software converts and solves the governing equations into 
algebraic equations by the finite volume method. In this 
study, the second-order upwind scheme was used for the 
momentum equation discretization, and the SIMPLE algo-
rithm was used to couple the pressure and velocity equa-
tions. The k-epsilon turbulence model is a subcategory of the 
RANS group, which has been shown to have viable results 
in the use of DPM in the study of deposition mapping in 
the human respiratory system (Ma et al. 2019). That is why 
this method was used in this study, and the reliability of this 
method was confirmed, according to Fig. 2 (see Sect. 5). In 
the simulation process, air entered the model at 25 °C from 

(12)�
f

ij
n = −�s

ij
n

(III)(II)(I)

2

3

4
5

67

8

9

10

1

11

12

Fig. 2  Experimental setup for validating the deposition pattern. a 
Experimental apparatus, b 3D printing model and connecting the 
model to the tank, c The production schematic of the blue drop-
let, and its movement in the model. Views: (1): Power supply, (2): 
SB-4000 air pump, (3): Evacuation tank, (4): Air transfer hose, (5): 

Bosch injector-EV 140280158057 (This injector produces only a 
10-micron diameter droplet at a pressure of 3 bar), (6): Pressure reg-
ulator, (7): Liquid transfer tube, (8): Liquid pump, (9): Liquid tank, 
(10): Constant pressure rail, (11): Support base, (12): System output 
to the upper airway respiratory model
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the nostril, and three amount of density considered for drop-
lets entering the model. Then, the deposition efficiency was 
assessed in each state. �1 = 998kg∕m3 for pure water density, 
�2 = 1119kg∕m3 equivalent to 50% water + 50% virus (aver-
age density), and �3 = 1240kg∕m3 was assumed for net virus 
droplet, given that the COVID-19 virus belongs to the Beta-
coronavirus family, and the density of the Betacoronaviruses 
is approximately � = 1240kg∕m3 (Decaro and Betacorona-
virus‡, in The Springer Index of Viruses, C. Tidona and G. 
Darai Editors. 2011). Also, the range of droplet diameter 
changes in normal conversation was considered from 1 to 
10 μm (2015). For the respiratory wall, the expansion of 
the Young’s modulus and Poisson’s ratio was considered 
in the range of 0.51kpa≤E≤100.64kpa and � = 0.3 − 0.45 , 
respectively (Birch and Srodon 2009).

2.3  Physical experiment

As can be seen in Fig 1, the airway model was built using 
stereolithography. Tensile tests determined the isotropic 
Young’s modulus and Poisson’s ratio of the SLA material 
to be 996pa and 0.327, respectively. The droplet produc-
tion circuit and its movement in the model were designed as 
Fig. 2 to evaluate the droplet’s surface deposition pattern.

After calibrating the equipment, the blue-colored fluid 
is pumped into the constant pressure rail with a medium 
density of 1119 with 3 bar pressure toward the injector. 
However, before entering the injector, the liquid is stabilized 
again by the constant pressure rail with a 3 bar pressure so 
that the injector can produce 1, 023cm

3/

min droplet with a 
diameter of 10 micrometers. The liquid is sprayed in the 
tank and conducted by the air pump with an airflow of 6 L/
min. Finally, 10 μm droplets move to the model through the 
nostril. The outlet flow moved from the trachea to a tank 
equipped with a pressure adjustment device and a sensitive 
weight scale. Soft flanges on each end were used for sealing. 
In Fig. 3, by cutting the model and comparing the surface 
deposition pattern, the computational method’s performance 
can be visually ensured. The droplet deposition pattern con-
tour is presented at the 10 μm diameters in the 6 L/min flow 
rate in Fig. 3k. As shown, the regions where the maximum 
deposition occurs in both the computational model and labo-
ratory model (Fig. 3a, i) are blue. According to Fig. 3, it 
can be concluded that the deposition pattern in both mod-
els follows the same visually trend and compatibility with 
together. On the other hand, the overall deposition efficiency 
and escaped droplet were 14.8 and 85.2, respectively, with 
less than %5 error with results achieved in the numerical 
model for one inlet boundary condition (6 L/min, 10-μm 

Fig. 3  Cutting the model and comparing the surface deposition pat-
tern between the experimental and numerical models for the nostril 
inlet in 10µm droplet at 6 L/ min flow rate. Views: a Inside of the left 
maxillary sinus, b Inlet of the left maxillary sinus, c main airway of 
the left nasal cavity, d main airway of the center nasal cavity (left-
view), e main airway of the center nasal cavity (right-view), f main 

airway of right nasal cavity, g Inlet of the right maxillary sinus, h 
Inside of the right maxillary sinus, i Assembly and disassembly of the 
lower airway tract including oropharynx, larynx, and trachea. j Top 
view of the upper airway tract, including nasopharynx, nasal cavity, 
and vestibule assembled. k Deposition pattern in the numerical model
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droplet), (Sect. 4, Table 1). Also, Fig. (VI) and Fig. (IX) 
depicts that the lowest droplet deposition occurs in the right 
olfactory zone and trachea, where the most deformation take 
place according to Fig. 9 (see Sect. 3).

3  Results

In this study, airflow enters from the nostrils with the closed 
mouth; then, the airflow and droplet parameters and wall 
deformation analysis were investigated. Three flow rates of 
6, 15, and 30 L/min were entered into the model along with 
the droplet diameter change, and based on this, the upper 
respiratory system’s performance was evaluated from dif-
ferent aspects. Meanwhile, the flow rate of 6 L/min, and 
the 5 μm droplet are the basis for comparisons. It should 
be noted that during normal breathing, a man in a state of 
rest breathes about 500cm3 of air per inhalation, which is 

the same as the tidal volume at rest (1992). This number is 
precisely concordant with the model presented in this study 
after spirometry testing during patient’s health condition in 
the database (2019). Therefore, the model’s inlet flow rate 
was considered 6L/min in indoor and at rest mode.

According to Fig.  4a, the highest droplet deposition 
occurred in the nasal cavity at rest position. On the other 
hand, by the growth of the droplet density, the deposition’s 
amount increases in the nasal cavity. The deposition effi-
ciency is always smaller than 5%, and after the nasal cav-
ity, the highest droplet deposition occurs in the vestibule, 
nasopharynx, oropharynx, trachea, and larynx, respectively. 
The nasal deposition rate is more than two times greater than 
in other parts of the respiratory tract. So, Fig. 4b has been 
considered for investigation of droplet deposition level in 
three essential parts of the nasal cavity; it is clear that the 
deposition’s efficiency is always smaller than 2.5%. As seen, 
the highest droplet deposition is in the inferior turbinate, and 
the lowest deposition is in the superior turbinate (olfactory 
zone). Also, with the growth of droplet density, the droplet 
deposition increases in the olfactory region.

If we evaluate the droplet residence time parameter in the 
respiratory system, similar to contour with the transparent 
face wall in Fig. 5, it can be seen that the most residence 
time of the particles is in the nasal part, especially in the 
olfactory and maxillary sinus area. Due to the geometric 
conditions in these areas, the flow recirculates, and the 
droplet gets stuck. After these two regions, the recirculating 
turbulence flow and residence value in the oropharynx zone 
should be mentioned, which, although it is not to the extent 
of the nasal part, but is relatively noticeable throughout the 
breathing path from the nasopharynx to the trachea.

Table 1  Summarizes the deposition and Escape efficiency percentage

Flow Rate Size µm Deposited Escaped Average 
deposition

Average 
Escape

 6 L/min 1 5.07 94.93  9.49  90.51
5 7.93 92.07
10 15.47 84.53

 15 L/min 1 9.62 90.38  12.39  87.61
5 9.88 90.12
10 17.68 82.32

 30 L/min 1 13.52 86.48  43.43  56.57
5 31.58 68.42
10 85.19 14.81
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Fig. 4  Droplet deposition in the upper respiratory tract at 5μm, and 6L/min condition for the inhalation from the nostril entrance with a closed 
mouth. a Entire upper airway. b Only a nasal cavity.
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Droplet deposition is a superficial phenomenon. Fig. 6 
shown the concentration of droplets in the volume. It is evi-
dent in this figure that the droplet concentration in the nasal 
cavity, carina zone, and the oropharynx is higher than in 
other areas. In other words, in some parts of the respira-
tory system where geometric curves are more complex, the 
droplets can be trapped, and subsequently, the concentration 
increased.

In order to obtain a more significant relationship between 
the density, the diameter, and the flow rate changes in the 
whole scope of the droplet study, as shown in Fig. 7, the dep-
osition efficiency curve was plotted according to the Stokes 
number. Based on Fig. 7a, with the growth of Stokes num-
ber, the rate of deposition efficiency increases exponentially 
in different parts of the respiratory system, so that the rate 
Stokes number changes are lower than one, and the rate of 
deposition does not exceed 40%. The highest and the lowest 
reports in the amount of deposition are in the oropharynx 
and the trachea, respectively. Now, according to Fig. 7b, if 
the deposition changes per Stokes number considered in the 
nasal cavity, it could be perceived that the highest droplet 
deposition occurs in the inferior turbinate, which is smaller 
than 10% and the lowest deposition is obtained in the supe-
rior turbinate.

Fig. 8a shows the effect of changes in flow rate and 
droplet diameter in the respiratory system’s deposition. 

In general, with the growth of diameter or flow rate, the 
amount of deposition efficiency increases. The effect of 
flow rate elevation on the droplet deposition increased sig-
nificantly, by the droplet diameter increase. To clarify, in 
10 μm droplet, when the flow rate doubles from 15 to 30, 
the droplet deposition escalates almost five times, and the 
deposition efficiency increases to 85%. Fig. 8b illustrates 
the same trend only in the nasal cavity, with the difference 
that deposition efficiency does not exceed 5%. As seen in 
this curve, the most significant deposition is often in the 
inferior turbinate and the least in the superior turbinate.

As seen in Fig. 9, the deformation contour in the respir-
atory system is extracted based on inhalation through the 
nose. In this figure, the most deformation is related to the 
trachea at the carina zone. Also, the most deformed part 
of the nasal cavity is the olfactory zone. In other words, 
in places where deformation increases, the deposition rate 
depicts a significant decrease (see Fig. 7). The maximum 
deformation rate at flow rates of 15 and 30 L/min is 5 and 
21 times, higher than the flow rate of 6 L / min, respec-
tively. Additionally, the maximum increase percentage 
in deformation is several times greater than the flow rate 
increase. Also, Fig. 9d compares the deformed geometry 
versus the original geometry. As shown in this figure, most 
changes from the deformed geometry (colorful contour) to 
the original geometry (blue contour) occur in the trachea.

Fig. 5  Droplet residence contour with average density at 5μm diameter and 6 L/min. a Droplet residence time tracking in the sagittal plane. b 
Droplet residence time tracking in the coronal plane
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4  Discussion

At the time of inhalation, the constant number of the 
droplets was injected into the respiratory system from 
the nose’s entrance. Airflow enters from the nostrils with 
the closed mouth as a limitation of the study. The DPM 

method and the FSI boundary condition in a real model 
were applied to achieve a more accurate answer. Finally, 
a model with reliable output responses developed, which 
is more consistent with the physiological behavior of 
the human body and the experimental model. Undoubt-
edly, tracking the viral droplet’s effects in the respiratory 
tract can help cope with, and treat the disease. When, 

Fig. 6  Concentration droplet contour at average density in 6L/min flow rate, and 5 μm droplet. a Sagittal plane concentration on the respiratory 
tract. b Coronal plane concentration on the respiratory tract
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an infected person exhales, a significant number of viral 
micro-droplets are produced, which can be suspended in 
the air and even move longer distances; this phenomenon 
makes the disease transmission faster. Therefore, the pri-
mary mode of comparisons for the flow rate was consid-
ered 6 L/min which indicates the person’s breathing rate 
at the rest position. In an indoor construction, the risk of 
virus transmission through micro-droplets increases with 
improper ventilation. If a person starts moderate physical 
activity in such construction, depending on the level of 

activity, the results of the flow rate will be more applicable 
to 15 L/min and 30 L/min.

With nostrils inhalation, the most deposition occurs in 
the nasal cavity at the resting inhalation (Fig. 4). The resi-
dence time that occurs in the superior turbinate is very high 
(Fig. 5), with a relatively high concentration (Fig. 6). The 
coronavirus receptors are activated in the olfactory area 
(Baig et al. 2020), where the olfactory nerve is a part of the 
odor system, and it has a short path in the central nervous 
system to the brain. Viral droplet deposition in the superior 
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Fig. 9  Deformity contour at average density for different flow rates 
entered the nostrils with the closed mouth at the 5μm droplet. a Inlet 
flow 6 L/min. b Inlet flow 15 L/min. c Inlet flow 30 L/min. d Com-

paring the deformed geometry versus the original geometry at inlet 
flow 30 L/min in the Sagittal plane. The blue contour shows the origi-
nal geometry without deformation.
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turbinate and the presence of the virus receptors in the olfac-
tory epithelium could lead to the neurologic manifestations 
in more than 30% of COVID-19 patients (2019); as loss of 
sense of smell and taste were observed in the studied subject. 
Because of the viral droplet absorption in the superior tur-
binate, this region is a dangerous zone, and the stroke prob-
ability after the viral droplet absorption could be increased, 
as shown in Fig. 10.

However, evaluating the deposition efficiency in terms of 
Stokes number can provide a better attitude of the viral drop-
let’s effects at all densities and diameters of the droplet at 
different inhalation flow rates. It can be understood (Fig. 7) 
with certainty that by increasing the Stokes number, the 
deposition efficiency increases in all boundary conditions 
of the viral droplet and flow rate. Such parameters includ-
ing the droplet’s diameter can play a decisive role in viral 
droplet deposition, due to the nonlinear relationship between 
the Stokes number and the droplet’s diameter and the fluid 
flow rate regarding the individual’s level of physical activity. 
As the droplet’s diameter or the flow rate always increases, 
the deposition efficiency increases (Fig.8). Table 1 summa-
rizes the deposition and escapes efficiency percentage with 
flow rate and viral droplet diameter changes in the upper 
respiratory tract. The last two columns of this table present 
the average deposition percentage in the upper respiratory 
airway, and the average escaped viral droplets reached bron-
chi. It is clear that in all inlet boundary conditions, the aver-
age percentage of viral contamination is less than 50% for 
upper respiratory tract and more than 50% for the lung. At 
6L/min and 15L/min flow rates, the average percentage of 
lung contamination increases to more than 87%, which due 
to the activation of the Coronavirus receptor in the lungs 
(Baig et al. 2020), the involvement of the lungs increases 
significantly.

Figure 11, based on Table 1, shows a better view of 
the contamination possibility of the upper airway or lung. 
According to Fig. 11a, by increasing the flow rate and drop-
let diameter, the process of upper airway contamination 
increases so that for 10 μm droplet and 30 L/min airflow, 
the upper airway contamination is significantly increased. 
On the other hand, it is evident that by increasing the flow 
rate and droplet diameter, lung contamination decreases 
(Fig. 11b). From a general view and comparison of Fig. 11a, 
b, it can be seen that the possibility of lung contamination in 
nasal inhalation is relatively high.

Droplet deposition pattern contour is presented at the 1,5, 
and 10 μm droplet diameters in the 30 L/min flow rate in 
Fig. 12, in which for better illustration, only droplet depo-
sition areas were demonstrated. The most contamination 
zones with viral droplet after its entry through the nostrils 
are in sequence vestibule, inferior turbinate, nasopharynx, 
oropharynx, larynx, and trachea arch. The droplet deposition 
increased in these zones by droplet diameter growth, and 
therefore the less viral droplet reached the lungs.

A healthy 30-year-old man inhaled 12 times per minute 
in a healthy condition. The number of ordinary breaths per 
minute for a healthy person older than 14 years is 12 to 
20 times per minute (Lu et al. 2020). However, after being 
infected with the COVID-19 virus, the person’s respiration 
rate increased to 20 times per minute, which was also seen 
in Chen et al. study (Chen et al. 2020). In other words, the 
patient’s breathing rate increases at least 20

12
= 1.67 times per 

minute. Therefore, concerning the increase in the number of 
inhalation per minute, the number of respiratory deforma-
tions and subsequent cyclic stresses in the trachea wall and 
olfactory zone (Fig. 9), also increase per minute compared to 
the healthy state. So, it comes with no surprise that, accord-
ing to the World Health Organization reports, one of the 

(c) Lesion brain CT after 
stroke identified with a red 
arrow [37].

(II) Chest CT of the patient with 
the COVID-19 disease [37].

(I) Present patient with COVID-19 disease, 
prepared from Taba-Parto Shiraz radiology 
center. 1: opacities, 2: nodule shape, 3: 
opacities consolidation.

Fig. 10  CT images of the chest and brain of COVID-19 male 
patients. a lesions to the patient’s lung have been identified in this 
study with a purple arrow. b CT images of the lung of a COVID-19 
patient one day after stroke in another study (2019). c CT brain pho-
tograph of the patient one day after a stroke (2019). a Present patient 

with COVID-19 disease, prepared from Taba-Parto Shiraz radiology 
center. 1: opacities, 2: nodule shape, 3: opacities consolidation. b 
Chest CT of the patient with the COVID-19 disease (2019). c Lesion 
brain CT after stroke identified with a red arrow (2019)
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symptoms of the disease is feeling pressure in the chest and 
head. It is noticeable that aspiration of 6 liters air per minute 
is equal to the amount of blood volume that the heart pumps 
per minute. Due to COVID-19 infection, some parts of the 
lungs are distorted. Therefore, the lungs have to compensate 
for this decrease by increasing the number of breaths per 
minute.

Another essential point in this FSI model is that the most 
deformation can be seen in the carina zone and the olfac-
tory zone, respectively; while the least droplet deposition 
occurs in these areas. The CT images confirmed that the 
droplet deposition at the carina angle is smaller than the tra-
cheal wall. Whereas in contrast, the result of the unrealistic 

models is vice versa (Islam 2020). Hence, the FSI method 
implementation in the analysis of droplet deposition in the 
upper human respiratory system is of great necessity to 
detect viral-contaminated areas accurately. Anatomical dead 
space is represented by the volume of air that fills the con-
ducting zone of respiration. These segments of the respira-
tory tract include the upper airways, trachea, bronchi, and 
terminal bronchioles. This volume of the air is returned to 
the lungs after an exhalation during the next inhales (2018; 
2019). Therefore, if the anatomical dead space is contami-
nated with the virus, the droplet deposition residence time 
will increase significantly. This phenomenon can be effective 
in more viral droplet’s deposition in anatomical dead space. 
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Fig. 11  Viral contamination probability percentage in nasal inhalation for the droplet with 1, 5, and 10 μm diameters at 6, 15, and 30 L/ min air-
flow. a Viral upper airway contamination probability percentage. b Viral lung contamination probability percentage

Fig. 12  Droplet deposition with 1, 5, and 10 μm droplet diameters at 30L/min airflow. a Nose inlet 1µm droplet. b Nose inlet 5µm droplet c Nose 
inlet 10µm droplet
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Inhalation through the mouth or nose can be very effective 
in the results of viral droplet deposition in the human upper 
airway (Mortazavi 2020). Also, a valid model is one that has 
successfully passed through the validation process (Cobelli 
and Carson 2019). These instructions have been carefully 
observed in the laboratory model presented in this research.

5  Conclusion

Because of the SARS-COV-2’s importance and its effect on 
the respiratory system, finding solutions to control and deal 
with this type of virus is a great necessity. Therefore, the 
physical properties of the SARS-COV-2, such as density, 
viral droplets diameter, and airflow were chosen to inves-
tigate the droplets behavior and deposition pattern in nasal 
inhalation. Finally, suggestions to prevent the effect of these 
viral droplets were provided.

This study is an attempt to model the deposition of viral 
droplets inhaled by the nose into the upper human respira-
tory tract. The actual model presented demonstrates that the 
sense of smell of the studied person was disturbed due to the 
accumulation of viral droplets in the nasal cavity, and its 
high residence time in the superior turbinate. By increasing 
the flow rate and droplet diameter, the process of upper air-
way contamination increases so that for 10 μm droplet and 
30 L/min airflow, the upper airway contamination is signifi-
cantly increased. On the other hand, by increasing the flow 
rate and droplet diameter, lung contamination decreases. 
Also, the droplet deposition efficiency has a reverse rela-
tionship with tract wall deformation. However, we believe 
that the model should be applied for different persons, and 
an atlas of data could be obtained from different cases. That 
may help the medical system to have more data about the 
viral deposition pattern.
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