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Abstract. As part of the mathematical model of the human respiratory system, a 

submodel is considered for the study of the non-steady airflow with solid particles 

(suspended particulate matter (PM) / dust particles) and the deposition of particles 

of various sizes in the human nasal cavity. It is assumed that the nasal cavity is 

divided by the bone-cartilaginous septum into two symmetrical (relative to the 

nasal septum) parts; the average geometry of the right part of the human nasal 

cavity is considered. The inhaled air is considered as a multiphase mixture of 

homogeneous single-component gas and solid dust particles. The Euler–Lagrange 

approach to modeling the motion of a multiphase mixture is used: a viscous liquid 

model is used to describe the motion of the carrier gas phase; the carried phase 

(dust particles) is modeled as separate inclusions of various sizes. The process of 

heating the inhaled air due to its contact with the walls is also taken into account. 

The features of the unsteady flow of a multiphase air mixture with dust particles 

were obtained using Ansys CFX for several scenarios. It has been noted that when 

studying the airflow in the nasal cavity, it is necessary to take into account the 

presence of turbulence, for which it is proposed to use the k-ω model. The velocity 

fields of inhaled air in the nasal cavity have been obtained; presented temperature 

distributions in the nasal cavity at different time points; made estimates of air 

heating at different temperatures of inhaled air; gave estimates of the proportion of 

deposited particles in the nasal cavity depending on the particle size for real 

machine-building production; presented trajectories of movement of suspended 

particles. Thus, it is shown that more than 99.7 % of particles with a diameter of 

more than 10 microns deposit in the human nasal cavity; as the particle diameter 

and mass decrease, the proportion of deposited particles decreases. Suspended 

particles with a size of less than 2.5 microns almost do not deposit in the nasal 

cavity. They can penetrate deeper into the lower airways and lungs of a person with 

the inhaled air and, having fibrogenic and toxic effect, can cause diseases. The 

results obtained are in good agreement with the results of individual studies 

performed by other scientists. Further development of the model involves studying 

airflow in the human lungs and modeling the formation of diseases caused by the 

harmful effects of environmental factors (including dust particles) entering the 

human body by inhalation.  
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INTRODUCTION 

Ambient air pollution with chemicals and dust particles produces negative effects on 

human health as evidenced in research works [1, 2], the respiratory system included [3–6]. 

The relevance of the issue has been outlined in the ‘Clean Air’ Federal project1,2. It has been 

implemented by the RF Government in 2019–2024 within the ‘Ecology’ National project and 

is aimed at reducing ambient air pollution in large industrial centers. 

Up-to-date diagnostic methods can provide qualitative health assessment only during 

examination [7, 8] whereas use of mathematical models gives experts and decision-makers a 

possibility to make long-term predictions of how health would change under various 

environmental exposures. Our research team from the Federal Scientific Center for Medical 

and Preventive Health Risk Management Technologies has been developing a multi-level 

mathematical model for investigating how functional disorders develop in organs and systems 

of the human body depending on exposure to environmental factors [9].  

We are developing a comprehensive meso-level model of the respiratory system to 

consider how environmental factors influence health under inhalation exposure [10], a model 

of the digestive systems aims to investigate oral exposures [11]; a model of the immune and 

neuroendocrine regulation is being developed to investigate protection mechanisms of the 

human body [12]. 

Within creating the aforementioned meso-level model of the respiratory system, we are 

developing sub-models of airflow in the large airways (upper and lower ones) and the human 

lungs. Airflow with solid particles and particle deposition in the large lower airways (the 

trachea and the first three generation of bronchi) was considered in our previous study [13]. 

Approaches to simulating airflow in the lungs are described in [14]. The upper airways 

perform some vital protective functions: they warm up inhaled air and purify it from dust 

particles that should be taken into account in models describing development of a disease. 

Therefore, it is necessary to investigate processes that occur in the upper airways. Such 

investigations become even more relevant due to new developing techniques of drug delivery 

by inhalation as well as due to up-to-date trends to use preliminary results of ‘virtual 

operations’ obtained with numerical methods and mathematical models prior to actual 

surgeries. 

Air warming and purification is possible due to the complex anatomy of the nasal cavity. 

Air passes through the nasal cavity, which is a curved net of channels with variable cross-

sections, numerous ledges and bumps. While passing through it, air contacts the nasal cavity 

walls, gets warmed and comes to the lower airways being warmer to prevent diseases in them. 

Dust particles occurring in inhaled air come into a contact with the nasal cavity mucosa and 

are halted there; they do not penetrate the lungs and are later excreted from the body.  

Three-dimensional gas dynamics models are widely used to simulate airflow in the nasal 

cavity. Contemporary studies consider actual geometric shapes created by suing computer 

tomography. It is noteworthy that even if the overall structure of the nasal cavity is similar in 

all people, some peculiar shapes of it are quite different in different people. Thus, in the work 

[15], the authors provide 25 images of the nasal cavity with some unique features; the images 

were used to create average (standardized) geometry of the nasal cavity of a healthy person. 

This geometry was then used to investigate airflow in the nasal cavity. In the study [16], the 

authors simulated airflow in the nasal cavity of 30 adults; they reported ‘extreme variety of 

shapes and, consequently, substantial differences in the airflow structure’. 

Several studies by Russian researchers deserve special attention such as investigations 

accomplished by research teams from Novosibirsk (V.М. Fomin, V.L. Ganimedov, 

                                                 
1 The RF President Order issued on May 07, 2018 No. 204 On national goals and strategic tasks of the 

development of the Russian Federation for the period up to 2024. 
2 The RF President Order issued on July 21, 2020 No. 474 On national goals of the development of the Russian 

Federation for the period up to 2030  
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М.I. Muchnaya and others) [16–19] and from Saint Petersburg (G.N. Lukyanova, 

А.А. Voronina, R.V. Neronova and others) [20–22]. These studies considered real three-

dimensional shapes of the human nasal cavity based on tomography images; the authors 

investigated influence of different nasal cavity shapes on airflow distribution [16, 21]; 

considered stationary/quasi-stationary [16–19] and non-stationary statements [22]; reported 

statements and solutions with assumptions on both gas incompressibility [16–19] and 

compressibility [20, 22]; considered airflow turbulence [16, 17, 20–22]; investigated air 

warming [16, 20–22]; created numeric models to describe outcomes of surgeries [18, 21].  

Airflow with sold particles in the human nasal cavity has been investigated in fewer 

studies by Russian researchers. Thus, the study [19] investigated gas suspension flow in 

stationary and non-stationary statements and considered laminar flow of an incompressible 

gas. The issue has been thoroughly investigated in foreign studies. The Euler–Lagrange 

approach is generally used in modeling [23–25]; usually, spherical particles are considered. 

Thus, the study [25] focused on airflow with particles and deposition of particles sized 1–30 

µm; airflow with particles sized 1–100 nm was investigated in the study [24]. Particles with a 

diameter bigger than 10 µm are effectively deposited in the upper airways whereas smaller 

particles are able to penetrate the lower airways.  

Airflow can be both laminar and turbulent depending on respiration (airflow rate) and 

individual features of the nasal cavity shape [26–28]. In case airflow rate is lower than 

15 l/min, airflow is laminar; if it is higher than 20 l/min, airflow is turbulent [29–34]. When 

simulating airflow in the nasal cavity, many researchers report the necessity to consider 

turbulence; the studies [17, 18, 35, 36] reported using the k-ω model; [37], the k-ε model; [20, 

22, 23], DES (detached eddy simulation).  

Therefore, the present study is accomplished within the general goal, which is to develop 

the meso-level submodel of the human respiratory system. In this study, specific attention is 

paid to investigating non-stationary turbulent airflow with solid particles in the nasal cavity 

allowing for air warming and deposition of particles with various sizes. 

CONCEPTUAL STATEMENT 

Inhaled air is considered a gas suspension, that is, a multi-phase mixture of a homogenous 

one-phase gas and solid dust particles. We apply the Euler–Lagrange approach to simulate 

multi-phase mixture motion. The viscous flow model is applied to describe motion of a carrier 

gas phase; a carried phase (dust particles) is simulated as separate admixtures of various sizes. 

The k-ω model is used to consider turbulence since it has been established to be quite relevant 

for modeling internal flows along curved channels with small volumes and makes it possible 

to calculate near-wall turbulence. 

Generally, dust particles can have different shapes (Figures 1,a and 1,b provide enlarged 

photos of dust particles emitted by civil engineering productions; the photos have been taken 

by experts from the Federal Scientific Center for Medical and Preventive Health Risk 

Management Technologies [38]). In this study, dust particles are assumed to be spherical. 

Particle velocity is equal to gas velocity at the entry cross-section. 

The nasal cavity is divided into two halves (the right and the left) by the nasal septum 

made of the bone and cartilage. Both halves have similar structure and are almost symmetrical 

relative to the nasal septum. The nostril is the entry to each half of the nasal cavity. Air passes 

through it and comes to the front section in the nose (vestibule). Leaving the vestibule, air 

moves along three nasal passages (upper, middle and lower one) created by the superior, 

middle, and inferior nasal conchae, which are long, narrow, curled shelves of bone. After 

leaving the nasal passages, air comes into one common channel; its exit is called choana. It is 

the opening between the nasal cavity and the nasopharynx. 
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а) 

 
б) 

Fig. 1. Photos of dust particles in emissions from civil engineering productions (a cutting-off machine) 

(magnification x300) [38]. 

 

Our aim was to identify properties of airflow with dust particles in it in the human nasal 

cavity. To do that, we used the standardized geometry of the nasal cavity based on 

tomography images of 30 healthy people without any anatomic anomalies. Images of the left 

nasal passages were mirrored relative to the symmetry plane thereby providing 30 additional 

sets of images showing the right nasal passages. A team of authors from Canada (Liu Y., 

Johnson M.R., Matida E.A., and others) obtained a standardized geometry of the right part of 

the human nasal cavity using 60 sets of images (the right and mirrored left ones) and a 

specific algorithm [39]. 

The surface mesh of the standardized nasal cavity (in .stl format) was kindly provided to 

us by Professor M.R. Johnson. Figure 2 shows the three-dimensional geometry of the human 

nasal cavity (right half) obtained by using the provided data and ANSYS ICEM CFD 

package. 

 

 

Fig. 2. The standardized three-dimensional geometry of the human nasal cavity (the right half). 

 

The entry and exit zones are colored blue in Figure 2. We consider non-stationary airflow 

that occurs due to difference in pressure at the entry (the nostril, the area to the left in 
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Figure 2) and the exit (the choana, the cross-section G) in the nasal cavity. In Figure 2, the 

area to the left of the coronary cross-section C corresponds to the nasal vestibule; the area 

between the cross-sections C and F corresponds to the nasal passages (you can see the middle 

and lower nasal passages in the cross-section D and all three passages in the cross-section E). 

The constant atmospheric pressure is set at the entry to the nasal cavity ( atm 101325p   Pa). 

The law of pressure change is set at the exit out 101325 98sin( )
2

p t


  , tangential components 

of the stress tensor are assumed equal to zero both at the entry and the exit. Inhalation lasts 

two seconds ( [0;2]t ). 

The nasal cavity walls are made of bones and hyaline cartilages; therefore, they are 

assumed to be solid and motionless. The mucosa and submucosa layer are covered with many 

venous vessels that make for air warming [40]. The constant temperature θΓ = 36.6 C is fixed 

at the nasal cavity walls; inhaled air contacts the walls and is warmed as it moves along the 

cavity. The surface of the nasal cavity walls is assumed to be covered with a highly viscous 

layer; suspended particles contact a wall, slow down and are halted. At the initial moment of 

time, pressure in the nasal cavity is equal to the atmospheric air pressure and temperature is 

36.6 C. 

3. MATHEMATICAL STATEMENT 

The mathematical statement of the problem to describe a flow of a multi-phase mixture 

containing a gas and solid particles has relationships for the carrier and carried phases, initial 

and boundary conditions. To describe motion of the gas (carrier) phase (labeled with the 

subscript (1)), we apply the following equations and relationships: 

 the equation of continuity 

(1)

(1) (1)( ) 0
t


  


v ;     (1) 

 the equation of motion 

(1) (1) (1) (1) (1) (1) (1) (1)( )( ) ( ) – j

jt


    


v v v σ g P ;   (2) 

 the relationship for the Cauchy stress tensor  

(1) (1) (1)p  σ I τ ;                                                      (3) 

 the relationship for the deviator of the Cauchy stress tensor  

(1) (1) (1) (1) (1)

2
( ( ) )

3

T    τ v v I v   ;    (4) 

 the energy conservation law 

(1)

(1) tot (1) (1) tot (1) (1) (1)( ) ( ) ( ) ( )
p

h h
t t


       

 
v v  ;  (5) 

 the relationships for kinetic energy of the k-ω model turbulence  

(1) (1) (1) (1)( ) ( ) ( )t
k

k

k k k P k
t


         

 
v ;    (6) 

 the relationship for the specific energy dissipation rate of the k-ω model turbulence 
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2

(1) (1) (1) (1)( ) ( ) ( )t
k

w

P
t k

 
          

 
v ;  (7) 

 the equation of state for the hydrostatic component of the Cauchy stress tensor  

(1) (1) (1)  p R ;     (8) 

where (1)  is the density of air (the carrier phase), kg/m3; (1)v  is the velocity vector of the 

carrier phase, m/s; (1)σ  is the Cauchy stress tensor of the carrier phase, Pa; g is the body force 

vector, m/s2; 
(1)( )jP  is the member that describes the intensity of impulse exchange between 

the first and j-th phases, N/m3; (1)p  is the carrier phase pressure, Pa; I  is the identity tensor; 

(1)τ  is the deviator of the Cauchy stress tensor for the carrier phase, Pa; (1)  is the shear 

velocity of the carrier phase, Pa∙s; toth  is the total specific enthalpy, J;   is the coefficient of 

thermal conductivity, W/(m∙К); (1)  is the carrier phase temperature, C; k  is kinetic energy 

of turbulence, J/kg;   is dynamic viscosity, Pa∙s; 
t  is turbulent viscosity, Pa∙s; 

kP  is the 

member that describes how turbulence occurs due to viscous forces; ω is the specific 

dissipation rate of turbulence energy;  ,  ,  , k , w   is the turbulence model parameters (

1k  , 2w  ). 

The motion of solid particles (the carried phase, 2,j J ) is described with the following 

equations and relationships: 

 the equations for identifying the travel velocities of the center of gravity for the j-th 

particle 

( )

( )

j

j

d

dt


r
v ,      (9) 

 the equations for motion of particles 

( ) 2

( ) ( ) ( ) (1) ( ) (1) ( ) ( )

1
( )

8

j

j j j D j j j

d
m d C m

dt
     

v
v v v v g ,  (10) 

 the relationship for the coefficient of resistance to airflow for spherical particles 

24
(1 0.15Re), Re 1000,

Re

0.44, Re 1000,
D

if
C

if


 

 
 

  
(1) ( ) ( )

(1)

Re





j jdv v
.  (11) 

where 
( )jv  is the velocity of the center of gravity for the j-th particle, m/s; 

( )jr  is the radius-

vector of the j-th particle’s center of gravity; 
( )jm  is the mass of the j-th particle, kg  

(
3

( ) ( ) ( )
6

j j jm d


  ); 
( )j  –is the density of the j-th particle, kg/m3; 

( )jd  is the diameter of the j-th 

particle; CD is the resistance coefficient; Re is the Reynolds number.  

The initial conditions for the system of equations are as follows ( r ): 

( ) (0,  ) jv 0r ,      (12) 

atm

(1) (0,  )p pr ,     (13) 

(1) (0,  ) 36.6 r ,     (14) 
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where   is the internal area of the nasal cavity;   is the boundary of the nasal cavity area 

(the wall); 
in , 

out  are the boundaries of the entry to and exit from the nasal cavity; 
in outΓ Γ Γ  is the closed area. 

The initial conditions include the following relationships: 

 the relationship for the stress tensor components at the entry (
in ) for the carrier gas 

phase 
atm

(1) p  n σ n , (1) (1)( ) 0    n σ n σ n n ,   (15) 

 the relationship for the stress tensor components at the exit (
out ) for the carrier gas 

phase 
out

(1) p  n σ n , (1) (1)( ) 0    n σ n σ n n ,   (16) 

 the relationship for the temperature at the nasal cavity walls ( ) 

36.6  ,      (17) 

 the relationship for the carrier phase temperature at the entry to the nasal cavity (
in ) 

in

Air

(1) 
   ,      (18) 

 the relationship for the velocity of the carrier gas phase at the nasal cavity wall ( ) 

(the adhesion condition) 

(1)

AW

 v v ,      (19) 

 the relationship for the velocity of particles (the carried phase, 2,j J ) at the nasal 

cavity wall (Г) (the adhesion condition) 

AW

j r r , ( ) 0AW

j  n v v ,
   

 (20) 

where 
AWv  is the velocity vector of the nasal cavity wall. 

4. RESULTS 

Flow of a multi-phase mixture containing a gas and solid particles in the human nasal 

cavity was computed with the Ansys software. The volume mesh was based on the surface 

mesh of the standardized nasal cavity (right half) (in .stl format), which was kindly provided 

to us by Professor M.R. Johnson [39]. The mesh was created by using the ANSYS ICEM 

CFD package. The internal volume of the employed geometry (Fig. 2) equals 13.19 cm3; the 

surface area is 90.69 cm2; the nasal cavity length (the difference between the end right point 

and the end left point of the area as per the Z coordinate (Fig. 2)) is 11.2 cm. The created 

volume mesh has 311,996 finite elements. 

We identified properties of non-stationary flow of a multi-phase mixture containing air 

and dust particles by using Ansys CFX for several scenarios. The first group of scenarios (the 

scenarios from 1 to 5) focused on investigating air warming in the human nasal cavity: we 

computed scenarios for different temperature of inhaled air θAir (25 C; 10 C; 0 C; –10 C;  

–25 C) without solid particles. 

The scenario 6 investigates flow of inhaled air with solid particles that have different sizes 

(their diameters vary between 0.01 and 800 µm) and deposition of dust particles in the nasal 

cavity. The analyzed dust is emitted at an actual civil engineering production; the inhaled air 

(the carrier phase temperature) is 25 C. Civil engineering productions are widely spread and 

usually involve active dust formation at most sections of employed technological processes. 

We considered the disperse structure of dust occurring due to an operating cutting-off 



TRUSOV et al. 

t8 

Mathematical Biology and Bioinformatics. 2023. V. 18. № S. doi: 10.17537/2023.18.t1 

machine. This technological operation creates huge amounts of particles covered by the 

established hygienic standards (PM10, PM2.5)
3. Thus, Table 1 provides the disperse structure 

of dust emissions created by a cutting-off machine; it was identified by the experts from the 

Federal Scientific Center for Medical and Preventive Health Risk Management Technologies 

[38]. Obviously, approximately 33% of particles are smaller than 10 µm (PM10), including 

7 % of them being smaller than 2.5 µm (PM2.5); sizes of approximately 67 % of particles vary 

between 10 and 800 µm. We examined a concentration of suspended aluminum oxide within 

the hygienic standard for the total solid particles, namely, the maximum permissible single 

maximum concentration (single maximum MPC), which was equal to 0.5 mg/m3 3. 

 

 
а) 

 
b) 

Fig. 3. The field of airflow velocities at the time moment t = 1 (the scenario 1, θAir = 25 C): а) in the 

nasal cavity; b) in coronary cross-sections of the nasal cavity. 

 

The airflow velocity changes within a range between 0 and 15 m/s during inhalation and 

reaches its peak at the time moment t = 1 (it corresponds to the middle of inhalation when the 

difference between pressure at the entry to and the exit from the nasal cavity is the greatest). 

Figure 3,a shows the field of airflow velocities at the time moment t = 1 (for the scenario 1 

when the inhaled air temperature is θAir = 25 C); Figure 3,b shows the results in seven 

coronary cross-sections. 

The greatest airflow velocity occurs in the nasal vestibule (the area between the coronary 

cross-sections B and C); airflow moves slower through the lower nasal passage than through 

the middle and upper ones. Figures 5,a–c show the fields of the velocity vector in three 

sagittal cross-sections (H, I, J) of the nasal cavity (shown in Fig. 4). 

 

 

Fig. 4. The geometry of the human nasal cavity (the right half, top view). 

 

                                                 

3 The hygienic standards HS 2.1.6.2604-10 Maximum permissible concentrations (MPC) of pollutants in 

ambient air in settlements. Appendix No. 8 to the HS 2.1.6.1338-03 approved in 2010 by the Order of the RF 

Chief Sanitary Inspector issued on April 19, 2010 No. 26. 
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a) 

 
b) 

 
c) 

Fig. 5. The velocity vector field (θAir = 25 C, t = 1 s): а) in the sagittal cross-section H; b) in the sagittal 

cross-section I; c) in the sagittal cross-section J. 

 

As air flows through the nasal cavity, some vortexes occur; they facilitate air mixing and 

warming and protect from dust particles preventing their penetration deeper into the airways. 

Figure 6 shows some enlarged fragments of the nasal cavity where these vortexes occur: the 

enlarged fragment 1 (the nostril), 2 (the upper wall of the nasal valve), 3 (the superior or 

upper turbinate), 4 (the inferior or lower turbinate). 

 

 

Fig. 6. The velocity vector field in the enlarged fragments of the nasal cavity. 

 

Under the specified boundary conditions (the difference between the entry and exit 

pressure), the mass airflow rate reaches 0.0006 kg/s and the volume airflow rate is 

approximately 30 l/min. The Reynolds numbers equal approximately 3200 for such 

conditions; airflow involves occurrence of vortexes; airflow is turbulent in its essence. 
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Preliminary computations of airflow with turbulence and without it established significant 

differences in airflow properties. All the described scenarios were created using the k-ω 

turbulence model. 

Examination of air warming  

Inhaled air is warmed as it passes through the nasal cavity. Figures 7,a–e show the 

distribution of temperatures in the sagittal cross-section I of the nasal cavity during inhalation 

at different moments of time (0.1 s; 0.5 s; 1 s; 1.5 s; 2 s). The images are made for the 

scenario 1 when the temperature of inhaled air equals 25 C. 

In Figures 7,a–e, blue color corresponds to colder air and red color corresponds to warmer 

air. The lowest temperature is observed near the entry to the nasal cavity. As air goes deeper 

into the nasal cavity, its temperature grows and reaches its maximum value near the choana. 

The most intensive air warming occurs at the beginning and the end of inhalation (Fig. 7,a and 

7,e).  The airflow velocities are the lowest at these moments and air gets warmed more due to 

a longer contact with the nasal cavity walls. In the middle of inhalation (Fig. 7,b–d), inhaled 

air is warmed less intensely. Areas near the walls are warmed up to higher temperatures (they 

are painted red in Figures). Figure 8 provides temperatures at the exit from the nasal cavity 

during inhalation in the scenarios 1–5 that are different as per temperatures of inhaled air.  

 

 

a) 
 

b) 

 

c) 

 

d) 

 
e) 

Fig. 7. Distribution of temperatures in the sagittal cross-section I of the nasal cavity (θAir = 25 C) at 

different moments of time: a) t = 0.1 s; b) t = 0.5 s; c) t = 1 s; d) t = 1.5 s; e) t = 2 s. 
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The warmer inhaled air is at the initial moment, the higher temperature value is reached 

during inhalation. According to the results obtained by numeric modeling, if the inhaled air 

temperature is 25 C, air is warmed up to 31.5–34.2 C (Fig. 8) while passing through the 

nasal cavity; if the inhaled air temperature is 10 C (θAir = 10 C), air is warmed up to  

24.5–31 C; 0 C, up to 20.3–28.5 C; –10 C; up to 15.3–26 C; –25 C; up to 8–22.5 C. 

 

 

Fig. 8. Air temperature at the cross-section of the exit from the nasal cavity under different tempertures of 

inhaled air. 

 

 

Fig. 9. Motion patterns of particles emitted by an operating cutting-off machine in the human nasal 

cavity. 

 

 

Examination of particle deposition 

The scenario 6 involved examining a flow of a multi-phase mixture containing air and 

solid particles emitted by an operating cutting-off machine at an actual civil-engineering 

production. Table 1 provides the disperse structure of dust emissions as per fractions 

employed in the model as well as a share of particles that are deposited in the nasal cavity 

according to numeric modeling results. 
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Table 1. The disperse structure of dusts emitted by an operating cutting-off machine; a share of 

particles deposited in the human nasal cavity established by numeric modeling  

Particle size, µm 

Volume fraction of the 

total particle volume as 

per identified ranges, % 

A share of deposited 

particles, % 

(numeric modeling 

results) 

Particle size > 10 µm 

700.01–800.0 0.37 99.93 % 

600.01–700.0 – – 

500.01–600.0 0.88 99.94 % 

400.01–500.0 4.54 99.92 % 

300.01–400.0 1.81 99.91 % 

200.01–300.0 2.71 99.94 % 

100.01–200.0 4.61 99.91 % 

90.01–100.00 – – 

80.01–90.00 1.55 99.91 % 

70.01–80.00 1.93 99.94 % 

60.01–70.00 2.90 99.91 % 

50.01–60.00 4.07 99.91 % 

40.01–50.00 4.12 99.91 % 

30.01–40.00 5.80 99.93 % 

20.01–30.00 7.72 99.90 % 

10.01–20.00 24.04 99.71 % 

РМ10 (particle size is 

below or equal to 

10 µm) 

8.51–10.00 4.20 92.75 % 

7.01–8.50 4.56 80.87 % 

5.51–7.00 4.58 68.76 % 

4.01–5.50 6.78 47.31 % 

2.51–4.00 5.80 23.43 % 

PM2.5 (particle size 

≤ 2.5 µm) 

2.01–2.50 1.42 0.00 % 

1.01–2.00 3.39 0.00 % 

0.01–1.00 2.27 0.00 % 

 

According to the results of numeric modeling, more than 99.7 % of particles with their 

size exceeding 10 µm are deposited in the nasal cavity and do not reach the nasopharynx 

(Table 1). This occurs because large particles with a substantially high mass tend to follow the 

inertia mechanisms of deposition. When the carrier phase sharply changes its direction, large 

particles go on moving in the previous direction, hit the nasal cavity mucosa and are deposited 

on it. 

As particle sizes and diameters grow smaller, a share of deposited particles goes down; 

thus, only 92.75 % of particles sized 8.5–10 µm are deposited in the nasal cavity; 80.87 % of 

particles sized 7–8.5 µm; 68.76 % of particles sized 5.5–7 µm; 47.31 % of particles sized  

4–5.5 µm; 23.43 % of particles sized 2.5–4 µm. According to numeric modeling results, solid 

particles PM2.5 are hardly ever deposited in the nasal cavity. Figure 9 provides motion 

patterns of particles in the nasal cavity depending on their sizes. 

Particles sized bigger than 10 µm have similar motion patterns. In Figure 9, all patterns 

with their diameter exceeding 10 µm are colored dark red. Almost all particles sized bigger 

than 10 µm are deposited in the nasal vestibule. Particles sized 7–10 µm (are colored orange 

tints) reach the nasal passages; smaller particles (are colored light or dark blue) reach the 

entry to the nasopharynx and penetrate the lower airways. 

DISCUSSION 

The research results are consistent with findings reported in some other studies. Thus, 

computed airflow velocities in the nasal cavity correspond to data reported in the works [17, 
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22]; volume flow rate and mass flow rate are well in line with the data described in the study 

[41]. 

Some vortexes occur when air flows through the nasal cavity; airflow is turbulent in its 

essence and due to this fact it is necessary to consider turbulence when modeling airflow just 

as it was established in the works [17, 18, 20, 22, 23, 26–37]. 

Our findings as regards air warming in the scenario 1 (the temperature of inhaled air is 

25 C and air is warmed up to 31.5–34.2 C while passing through the nasal cavity) confirm 

the data obtained in the study [42], where inhaled air with its temperature being 25 C is 

reported to be warmed up to 34 C. Our data are also close to findings described in the study 

[43].  

According to the results obtained by numeric modeling, particles sized bigger than 10 µm 

are effectively deposited in the nasal cavity and this is consistent with the established 

concepts [25, 24, 44, 45]. Thus, according to the study [25], a share of particles sized bigger 

than 10 µm that are deposited in the nasal cavity reaches 97 %; therefore, it is recommended 

to use aerosols with their disperse phase exceeding 8 µm to treat diseases of the nasal cavity. 

Suspended particles PM2.5 are hardly ever deposited in the human nasal cavity; when carried 

by inhaled air, they are able to penetrate the lower airways and lungs. Since such particles can 

produce fibrogenic and toxic effects, they can cause diseases. When investigating effects 

produced by dust particles on human health, experts should pay special attention to particles 

sized smaller than 2.5 µm due to their ability to penetrate deeper into the human body.  

CONCLUSION AND FUTURE PROSPECTS 

Therefore, we have investigated non-stationary airflow with solid particles in the human 

nasal cavity within the development of the meso-level model describing the human 

respiratory system. We have considered air warming and depositions of particles with 

different sizes in the nasal cavity under several scenarios. It was noted that turbulence should 

be considered when investigating airflow in the nasal cavity. 

In this study, we have obtained the fields of inhaled air velocities in the nasal cavity; we 

have described distribution of temperatures in the nasal cavity at different moments of time; 

we have estimated air warming under different temperatures of inhaled air; we have computed 

shares of particles deposited in the nasal cavity depending on their size; we have identified 

motion patterns for solid particles penetrating the body with inhaled air. The study also 

reports the results of numeric modeling aimed at describing inhaled air flow in the nasal 

cavity under exposure to dusts emitted by machinery at an actual civil engineering production. 

It was established that more than 99.7 % of particles sized bigger than 10 µm were deposited 

in the nasal cavity; particles sized smaller than 2.5 µm were hardly ever deposited in the nasal 

cavity. 

The exit from the upper airways is simultaneously the entry to the lower ones. The results 

obtained by using this sub-model are input data in the sub-model that describes the lower 

airways and lungs. Further development of the model involves investigating airflow in the 

human lungs and modeling occurrence of diseases caused by exposure to harmful 

environmental factors able to penetrate the human body through inhalation. 
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