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Abstract. Within creation of the mathematical model to describe the human 

respiratory system, we accomplished numeric investigation of non-stationary dust-

containing airflow as well as dust particle deposition in the lower airways with the 

real anatomic geometry based on CT scans. Inhaled air is considered a multi-phase 

mixture of a homogenous gas and solid dust particles. Motion of a basic carrier gas 

phase is described using the Euler approach (the viscous flow model). Solid dust 

particles are a dispersed carried phase, which is described with the Lagrange 

approach. The k-ω model is used to describe turbulence. We consider non-

stationary airflow during calm inhalation. The article presents calculated flow 

streamlines for the velocity of particles in inhaled air in the lower airways at 

different moments. We quantified a share of deposited particles (SDP) with various 

dispersed structure (between 10 nm and 100 µm) and density (1000 kg/m3, 

2000 kg/m3, 2700 kg/m3) in the lower airways; the article provides computed 

motion paths of particulate matter. Solid particle deposition in the airways has 

different efficiency depending on particle sizes and density. SDP goes down as 

their sizes and masses decrease. Particle density mostly influences differences in 

deposition of micro-sized particles (2.5–20 µm): as particle mass and density grow, 

a share of particles deposited in the airways also increases. SDP for particles with 

their diameter being less than 1 µm amounts to approximately 20 % of all the 

particles that reach the entry to the trachea. According to the results obtained by 

numeric modeling, the greatest share of dust particles penetrates the right main 

bronchus, predominantly the right middle and inferior lobar bronchi. Dust particles 

are able to induce diseases of the lungs, pneumoconiosis included.  

 

Key words: human airways, numeric modeling, non-stationary process, dust particles, 
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INTRODUCTION 

Many research works provide evidence of harmful effects produced on human health by 

ambient air pollution with chemicals [1–3] and dust emissions from industrial facilities [4–7]. 

Particulate matter in ambient air, depending on its chemical and dispersed structure, is able to 

produce multiple adverse effects on health, respiratory diseases included [8, 9]. Metals and 

organic compounds can often be found on the surface of particulate matter; they enhance 

negative effects on human health. 
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We have been developing a mathematical model of the human respiratory system to 

quantify inhalation introduction of harmful chemicals and dust particles into the human body, 

as well as to predict diseases caused by environmental exposures [10]. In this model, the 

respiratory system is described by a set of sub-models: the sub-model of the transition zone 

(upper [11] and lower airways [12]), where air moves from the atmosphere to the lungs and 

back, and the submodel of the respiratory zone (the lung segments with alveoli where gas 

exchange takes place) [13]. 

Since methods and means of computational gas dynamics for investigating processes 

occurring in the human respiratory system have been developing quite intensively, more and 

more attention is now paid to three-dimensional models describing airflow as a multi-

component gas mixture moving inside channels with complex shapes [14–28]. 

Reconstructing the geometry of the modeling area (shapes of the airways) is a specific 

sub-task within investigating airflow in the airways. Previously, studies relied on a simplified 

geometry of the lower respiratory tracts that used simple geometric shapes (cylindrical tubes 

with round cross-sections of various diameters); they were based on morphological data about 

sizes (diameters and lengths) and angles of the airways [14–18, 10, 12]. Thus, the authors of 

the study [15, 17, 18] used a symmetric geometry of the lower airways based on data provided 

by E.R. Weibel [29]; a non-symmetric geometry was used in [14, 16, 10; 12]. 

Up-do-date mathematical models developed in this area tend to be personalized and to 

consider an actual three-dimensional geometry of the airways based on CT scans [20–28]. 

Airflow in the airways is investigated based on reconstructed three-dimensional shapes 

under different respiration conditions. The existing studies mostly examine airflow and dust 

particle deposition under stationary respiration (usually, they consider flow rates at the entry 

(Qin) equal to 15 L/min, 30 L/min, and 60 L/min) [22–25]. Estimations of particles deposition 

differ significantly under different respiration conditions (preset boundary conditions) and 

disperse structures of particles. Thus, the study [22] focused on investigating stationary flow 

of dusty air and particle deposition in the section of the airways from the mouth to 

bronchioles. There, it was shown that 40.41 % of particles with their density being 

2000 kg/m3 and diameter 10 µm deposited in the analyzed section of the airways under the 

inspiratory flow rate being 15 L/min; under 30 L/min, 80.19 %; under 60 L/min, 99.82 %. 

Particles with their diameter being 5 nm and density being 2000 kg/m3 had the following 

deposition levels: 15.92 % under the flow rate 15 L/min; 11.63 % under 30 L/min; and 8.88 % 

under 60 L/min. Also, the authors of [22] reported the results of investigating influence 

exerted by particle density on effectiveness of their deposition in the airways. Particle density 

was noted to have a significant effect on differences between deposition of micro-sized 

particles (10 µm) and a rather insignificant one on deposition of nano-sized particles (5 nm). 

Fewer studies addressed non-stationary respiration. Thus, the authors of [26, 27] 

investigated non-stationary airflow with micro-sized particles (spherical ones sized between 2 

and 30 µm in the work [26], ellipsoid-like ones sized between 1 and 15 µm in the work [27]) 

in the upper airways based on a real geometry (in the section between the nasal cavity and 

trachea). 

The study [16] considered both stationary and non-stationary flow of gas suspension in the 

airways between the mouth and the fourth generation of the asymmetric trachea-bronchial 

tree.  The authors estimated deposition of micro-sized particles (1, 2, 5, 8, 10, and 15 µm) in 

the different sections of the airways. They reported the results indicating that a share of 

deposited particles was lower for smaller fractions and higher for bigger ones under non-

stationary airflow against stationary one. Nano-sized particles were not considered in this 

study. 

Non-stationary airflow in the lower airways with a real geometry based on CT scans was 

investigated in [28]. In this study, a non-stationary inspiratory flow rate was specified at the 

entry to the trachea.  The study reported the results on airflow velocities, airflow pressure on 

the airway walls; the study did not consider particle motion and deposition in the airways. 
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Studies that investigate non-stationary respiration usually take laws of changes in 

inspiratory flow rates at the entry as sinusoidal with different sinusoid amplitudes and periods. 

It is assumed in the works [26, 27], that one average human respiratory cycle (inhaling and 

exhaling) takes 4 seconds and inhalation and exhalation last 2 seconds each; an airflow rate at 

the entry cross-section changes as per sinusoid and reaches its peak value (approximately 

20 L/min) in the middle of inhalation. In the study [16], a respiratory cycle is taken as equal to 

3.8 seconds, inhalation is about 1.8 seconds. In the study [28], a respiratory cycle lasts 

5.1 seconds, inhalation is 1.7 seconds. The authors in the [30] take a respiratory cycle as being 

4 seconds long, inhalation is 1.65 seconds. In the study [19], a respiratory cycle is 

approximately 5 seconds and inhalation lasts about 2.2 seconds. All the laws considered in 

these aforementioned studies conform to well-known physiological data; although parameters 

of the sinusoidal law for incoming airflow are different, approximately 0.5 liters of air enter 

the human body by one calm inhalation under each preset condition. 

Airflow character depends on respiration conditions. Under calm respiration, the Reynolds 

number reaches 2100 in the trachea [31], 1982 [28], 2160 [32]. Airflow can be either laminar 

or transitional in the lower airways. In the studies [28, 32] airflow was assumed to be laminar; 

in the studies [31, 33], it was assumed to be transitional and was described with a low-

Reynolds turbulence model k-ω. The author of the study [31] points out that airflow is 

complicated and not laminar in its essence. 

Therefore, the present study is accomplished within achieving the general goal, which is 

to develop the mathematical model of the human respiratory system. In this study, specific 

attention is paid to investigating non-stationary flow of a multi-phase mixture of gases and 

solid dust particles with different dispersed structure (macro-, micro-, and nano-sized 

particles) in the lower airways with a real anatomic shape; another aim is to estimate 

deposition of dust particles (with different dispersed structure and density) in the airways and 

the lungs. 

CONCEPTUAL STATEMENT 

In general case, inhaled air is a multi-phase multi-component mixture of a gases and solid 

dust particles. Gas exchange does not occur in the airways (the transition phase), a gas has a 

constant component structure; we shall consider inhaled air as a multi-phase mixture of a 

homogenous gas and solid dust particles of different sizes. 

We apply the Euler–Lagrange approach to simulate multi-phase mixture motion. Motion 

of a basic carrier gas phase is described using the Euler approach (the viscous flow model). 

Solid dust particles are a dispersed carried phase, which is described with the material 

approach. Particles of different sizes are given individual labels (most frequently, numbers); a 

specific ordinary differential equation (ODE) is written to describe motion of each particle. 

This equation describes an individual motion path within the velocity field of the carrier 

phase. In this study, particles are assumed to be spherical. The volume concentration of the 

dispersed phase (particulate matter) is considerably smaller than the carrier phase (is about 

2 × 10–7); given that, any interactions between particles are neglected. 

In general case, when investigating airflow (flow of a multi-phase mixture containing a 

gas and solid particles) in the lower airways, we should determine the velocity of dispersed 

phase particles at the entry to the trachea relying on the results obtained by modeling a flow 

of this mixture in the upper airways. In this study, we use approximation stating that the 

velocity of dispersed phase particles at the cross-section of the entry to the airways is assumed 

to be equal to the velocity of the carrier phase. 

We investigate airflow in the lower airways starting from the trachea. The trachea is 

divided into two main bronchi; the right main bronchus is shorter than the left one and seems 

a natural extension of the trachea [34]. The angle of the left main bronchus where it branches 

out from the trachea (in the sagittal plane) is bigger than the angle of the right main bronchus 

[35–37]. The right main bronchus creates the upper, middle, and inferior lobar bronchi; the 
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left main bronchus creates the upper and inferior lobar bronchi that are then divided into the 

segmental bronchi. 

We investigate airflow in the airways based on an actual anatomic shape typical for an 

adult person. The geometry of the lower airways based on CT scans was obtained as a 

stereolithography file (in STL format) from the website of the Pennsylvania State University 

(PennState) (https://www.engr.psu.edu/msmlung/#). The initial geometry was rather rough; it 

was preliminarily processed using AnsysSpaceClaim: some low-quality artifacts were 

removed by hand and surface irregularities were smoothed. The ultimate geometry of the 

lower airways in axonometry (the frontal view) is shown in Figure 1. This geometry belongs 

to an adult person: the trachea cross-section area is 1.389 cm2 (this corresponds to a diameter 

about 13.3 mm); the trachea is approximately 125 mm long. These dimensions conform to the 

physiological standard for an adult person [34]. 
 

 

Fig. 1. The three-dimensional geometry of the lower airways based on CT scans, in axonometry (frontal 

view) 

 

Air is warmed in the upper airways; air warming during respiration was investigated in 

detail in [11]; based on the data obtained in the aforementioned study, we assume that air 

temperature is 36.6 C at the entry to the trachea and heat exchange does not occur in the 

lower airways. 

Respiration is a non-stationary process. Air flows due to the difference between the 

atmospheric pressure and the pressure at the entry to the lungs. Approximately 500 ml of air 

move into the lungs of a healthy adult per one inhalation (tidal volume); a person makes 

approximately 15 respiratory cycles per minute [38, 39]. One average human respiratory cycle 

(inhalation – exhalation) is assumed to last 4 seconds, inhalation and exhalation last 2 seconds 

each. The constant pressure, which is equal to the atmospheric pressure, is set at the entry to 

the trachea (
in 101325p   Pа). The pressure at the exit from the bronchi is determined as per 

the periodical law described by the equation
out 101325 9sin( )

2
p t  . Under these 

conditions, an average flow rate amounts to 15 L/min (0.25 L/s) at the entry cross-section 

during inhalation; 0.5 L of air move into the airways during one inhalation that lasts 2 seconds 

and this is in line with available literature and experimental data [38, 39]. Figure 2 provides 

the graph describing the inspiratory flow rate in respiration. 

 



NUMERIC INVESTIGATION OF NON-STATIONARY DUST-CONTAINING AIRFLOW IN THE LOWER AIRWAYS 

t15 

Mathematical Biology and Bioinformatics. 2026. V. 21. No. Suppl. doi: 10.17537/2026.21.t11 

 

Fig. 2. The graph showing changes in the flow rate at the cross-section of the entry to the trachea during 

inhalation 

 

Under the periodical boundary conditions specified in this study, minute ventilation 

corresponds to calm respiration. The flow rate changes between 0 and 20.6 L/min (Figure 2) 

at the entry to the trachea during one inhalation. A similar regularity of changes in inspiratory 

flow rates was used in the studies [26, 27], where the authors investigated non-stationary 

airflow in the upper airways. The initial flow rate is not equal to 0 at 2 seconds due to inertia 

associated with airflow being non-stationary. 

Many studies [24, 22] investigate airflow under a constant inspiratory flow rate at the 

entry to the airways, which is equal to 15 L/min. The flow rate equal to 15 L/min corresponds 

to 0.4 and 1.6 seconds from the moment a respiratory cycle starts. 

Since we cannot specify actual conditions for a random initial moment of time, we apply 

some idealized initial conditions: the pressure is homogenous and equal to the atmospheric air 

pressure at the initial moment (t = 0 с) and the airflow velocity is equal to 0. The tangential 

components of the stress tensor are assumed to be equal to 0 at the entry to the trachea and 

exits from the bronchi. 

The walls of the large airways contain rigid cartilaginous tissue that prevents them from 

deforming easily. Therefore, we can neglect any deformations of the airways when 

investigating airflow and particle deposition in the analyzed sections (Figure 1) and assume 

their walls to be immobile. The surface of the airways is assumed to be covered with a highly 

viscous layer; when carried solid particles contact it, they lose their velocity and cease 

moving. 

Preliminarily, we calculated airflow in the lower airways assuming it to be laminar. Based 

on this calculation, we estimated the inspiratory flow rates (L/min) and the Reynolds 

numbers, which tend to reach approximately 2300 during non-stationary respiration and this 

value is a critical threshold one. We applied the k-ω model [40] to describe transition airflow; 

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. 

MATHEMATICAL STATEMENT 

When modeling dust-containing airflow in the lower airways, we apply a reference system 

(RS) associated with the human body and assumed to be inertial (due to inertia forces being 

too small in comparison with other mechanical impacts). The carrier phase motion (identified 

with the subscript 1) is described with the mass and impulse preservation equations: 

(1)

(1) (1)( ) 0


  
t

v ,   r , (0; ]t T , (1) 
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(1) (1) (1) (1) (1) (1) (1) (1)( )( ) ( ) – j

jt


    


v v v σ g P , r , (0; ]t T , (2) 

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

velocity, m/s; (1)σ  is the Cauchy stress tensor for the carrier phase, Pa; g  is the mass 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; r is the radius vector, t is time,   is the internal area of the 

airways;   is the boundary of the airways (wall); in , out  are the boundaries of the entry to 

and exit from the airways; in outΓ Γ Γ  is the closed area. 

The relationship for the Cauchy stress tensor is written as: 

(1) (1) (1)
ˆp  I  ,   r , (0; ]t T ,   (3) 

where (1)p  is the carrier phase pressure, Pa; I  is the identity tensor, Pa; 
(1)̂  is the deviator of 

the Cauchy stress tensor for the carrier phase. 

The deviator of the Cauchy stress tensor is identified as per the following relationship 

[40]: 

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

2
ˆ ( )

3

T 
      

 
v v I v     , r , (0; ]t T , (4) 

where 
(1)  is the dynamic viscosity of the carrier phase, Pa∙s; 

(1) is the Reynolds stress tensor 

(Pa), which is identified as per the following relationship:  

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

2 2
( )

3 3

T

T k
 

       
 

v v I v I    , r , (0; ]t T , (5) 

where (1)T  is the eddy viscosity, Pa∙s (
(1) (1)  


T

k
); k is the kinetic energy of turbulence per 

a mass unit, J/kg; ω is the specific dissipation rate for turbulence energy per an energy unit,  

s–1. 

The spherical Cauchy stress tensor is identified considering the equation (1) as per the 

following relationship: 

(1) (1) (1)  p R ,   r , (0; ]t T ,   (6) 

where (1)  is the carrier phase temperature, Celsius degrees ◦C (is taken as constant and equal 

to 36.6 ◦C); R  is the molar gas constant. 

To describe turbulent airflow, we apply relationships for kinetic turbulence energy and the 

specific dissipation rate for turbulence energy of the k-ω model: 

(1)

(1) (1) (1) (1) (1)( ) ( ) (( ) )
T

k

k

k k k P k
t


           

 
v ; r , (0; ]t T , (7) 

(1) 2

(1) (1) (1) (1) (1)( ) ( ) (( ) )
T

k

w

P
t k

 
            

 
v , r , (0; ]t T , (8) 

where kP  is the member to describe how turbulence occurs due to viscous forces; α, β, β,́ σk, 

σω are the turbulence model parameters (σk = 1; σω = 1).  

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

Newton’s Second Law that considers the gravity force and the force determined by impacts of 

slip airflow: 



NUMERIC INVESTIGATION OF NON-STATIONARY DUST-CONTAINING AIRFLOW IN THE LOWER AIRWAYS 

t17 

Mathematical Biology and Bioinformatics. 2026. V. 21. No. Suppl. doi: 10.17537/2026.21.t11 

( ) 2

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

1
( )

8

j

j j j j D j j

d
m m d C

dt
    

v
g + v v v v , 

( )j r , (0; ]t T , (9) 

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

( ) 
j

j

d

dt

r
v ); ( )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 to describe resistance to airflow; it is identified 

for spherical particles as per the relationship [41]: 

0.68724
max (1 0.15Re ),0.44

Re
DC

 
  

 
 

(1) ( ) ( )

(1)

Re





j jdv v
,   (10) 

where Re is the Reynolds number.  

The initial conditions for the velocity of the multi-phase mixture and the carrier phase 

pressure are written as follows:  

(1) (0,  ) v 0r ,   r , 0t  ,    (11) 

in( )j 
v 0 ,   in

( )j r , 0t  ,   (12) 

in

(1)(0,  )p pr ,  r , 0t  .    (13) 

The boundary conditions include the relationships at the entry ( in ), exits ( out ) and walls 

of the airways ( ). Static boundary conditions are specified at the entry ( in ) to and exits 

from ( out ) the airways: 

in

(1) p  n σ n , (1) (1)( )    n σ n σ n n 0 , inr , (0; ]t T , (14) 

out

(1) p  n σ n , (1) (1)( )    n σ n σ n n 0 , outr , (0; ]t T . (15) 

Introduction of different particle fractions is specified at the entry cross-section according 

to the even distribution law (in terms of statistics) under specified average inputs. The particle 

velocity is assumed to be equal to the carrier gas phase velocity at the entry to the trachea: 

in( ) (1)j 
v v ,  in

( )j r , (0; ]t T ,    (16) 

The no-slip condition is specified at the airway walls ( ):   

(1)  v 0 ,  r , (0; ]t T ,    (17) 

The condition for deposition of particles (the carried phase, 2,j J ) on the airway walls 

( ) is written as:  

   ( ) 0j j  r n v , 2,j J , (0; ]t T    (18) 

In case the condition (18) is met for a certain particle, we fix coordinates of the point 

where it came into a contact with the airway wall and this particle is no longer considered in 

motion. 

RESULTS 

We calculated properties of the non-stationary airflow (a multi-phase mixture of gases and 

dust particles) in the lower airways using Ansys CFX software package. During inhalation, 

the flow rate at the cross-section of the entry to the trachea changes between 0 and 



TRUSOV et al. 

t18 

Mathematical Biology and Bioinformatics. 2026. V. 21. No. Suppl. doi: 10.17537/2026.21.t11 

20.6 L/min; the airflow velocity changes between 0 and 3.95 m/s and reaches its peak at the 

moment that corresponds to the middle on inhalation. At this moment, we observe the greatest 

difference between the pressures at the entry to and exit from the airways and the greatest 

incoming airflow rates (1 second from the start of a respiratory cycle). Figure 3 provides a 

graph showing changes in the average airflow velocity (the carrier phase) at the cross-section 

of the entry to the airways. Under the specified boundary conditions, the average airflow 

velocity at the entry to the trachea reaches 2.47 m/s 1 second after the start of a respiratory 

cycle. 

 

 
Fig. 3. The average airflow velocity at the entry to the airways 

 

Figures 4а–4d present airflow velocity streamlines at different moments during inhalation. 

The highest airflow velocities are detected in the trachea (at the anterior wall). The airflow 

mainstream goes along the trachea into the right main bronchus. This is due to anatomic 

features of the airways: the right main bronchus is shorter and wider than the left one and is 

considered a natural extension of the trachea; it branches out from the trachea at a lesser angle 

[34]. Turbinal airflow occurs in the trachea in addition to the mainstream moving along the 

trachea right wall. This turbinal airflow occurs in the middle of the trachea near its left and 

anterior wall and moves towards the point where the trachea divides into the main bronchi. 

The particle velocity in the main stream in the trachea varies between 2 and 3 m/s at the 

time moment 1 s after the start of a respiratory cycle (when the airflow velocities are the 

highest). The particle velocity in the turbinal stream is lower and does not exceed 1 m/s. The 

airflow velocity is also lower in the main bronchi and smaller ones (it varies between 1 and 2 

m/s). Airflow turbulences occur in the section around the middle of the trachea along its left 

wall, near the entry to the left main bronchus, at the place where the right main bronchus 

branches into the middle and inferior lobar bronchi and near the walls. 

Generally, as airway diameters become smaller, airflow velocities decrease. Airflow is 

calmer in the smaller airways and only insignificant turbulences occur at places where bronchi 

branch out. 
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а) 

 
b) 

 
c) 

 
d) 

Fig. 4. The airflow velocity streamlines in the lower airways (frontal view) at the moment a) t = 0.5 s 

after a respiratory cycle starts; b) t = 1 s after a respiratory cycle starts; c) t = 1.5 s after a respiratory 

cycle starts; d) t = 2 s after a respiratory cycle starts 

 

In this study, we examined motion and deposition of dust particles with different density 

and dispersed structures (macro-, micro-, and nano-sized particles) in the lower airways. We 

considered particles with different densities, 1000, 2000 and 2700 kg/m3, and diameters 

varying between 10 nm and 100 µm. Figures 5a–5d provide the results obtained by 

investigating particle motion (their density is 2000 kg/m3) in the airways, namely, motion 

paths identified for particles of different sizes contained in inhaled air. 
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а) 

 
b) 

 
c) 

 
d) 

Fig. 5. The motion paths of solid particles sized: а) 1 µm; b) 2.5 µm; c) 5 µm; d) 10 µm 
 

Obviously, the smaller is the size, the more particles reach the lower airways. Particles 

sized 1 µm or smaller move together with airflow; motion of such particles appears to be 

turbinal in the trachea (especially in the section between the middle of the trachea along the 

left wall and the entry to the left main bronchus). Particles of such sizes hardly deposit in the 

trachea; their insignificant deposition occurs at the place where the trachea branches out to the 

left main bronchus and at places where smaller airways branch out. The major part of such 

particles reaches smaller airways and the lungs. Motion paths of nano-sized particles almost 

coincide with those of particles sized 1 µm and with the motion path of the carrier gas phase. 

The greater is the size, the more particles deposit. Thus, particles sized 2 µm start to 

deposit at the place where the trachea divides into the main bronchi and at the places where 

the lobar bronchi branch out; the share of particles able to reach smaller airways goes down. 

Particles sized 5 µm follow motion paths similar to those of particles sized 2.5 µm but a 

bigger share of such particles deposits at the place where the main bronchi branch out. 
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Particles sized 10 µm deposit already in the trachea and at the place where the left main 

bronchus branches out; the share of particles that deposit at the places where the airways 

branch out goes up. 

It is noteworthy that, according to numeric modeling results, dust particles mostly 

penetrate the right main bronchus, predominantly the middle and inferior lobar bronchi, which 

enter the right middle lobe and the right lower lobe accordingly. The smallest quantity of 

particles with all analyzed sizes penetrates the right upper lobar bronchus. 

Particulate matter produces fibrogenic effects. Accumulation of insoluble dust particles in 

the lungs may induce pneumoconiosis (silicosis, etc.). The disease has a particular feature; 

namely, it typically involves developing pneumosclerosis (diffuse fibrosis of the lungs when 

the connective tissue grows and cicatrical deformities occur).  Overgrowing connective tissue 

in the lungs disrupts proper respiration, makes the alveolar-capillary membranes thicker and 

flatter, reduces the lung tissue permeability and decreases an effective gas exchange area. 

X-ray study is the basic method to diagnose silicosis. At its initial stage, x-ray images 

show enhancement and deformations of a lung pattern; as a rule, these changes are 

symmetrical or sometimes more apparent in the right lung and predominantly localized in the 

middle and lower lobes [42, 43]. The particle deposition patterns identified by numeric 

methods are quite consistent with this medical fact. 

The calculations made it possible to quantify deposition of particles with different 

densities and dispersed structures in the human airways. The share of deposited particles was 

determined as a ratio of particles deposited on the airway walls to the total number of particles 

that penetrated the airways. Figure 6 and Table 1 provide data on shares of deposited particles 

(%) depending on their diameter (from 10 nm to 100 µm), the densities being 1000, 2000, and 

2700 kg/m3. 

 

 

Fig. 6. The shares of particles with different dispersed structure that deposit in the human lower airways, % 
 

The function graph for the share of deposited particles depending on their diameters is an 

S-shape (sigmoid) function. Large particles (bigger than 10 µm) with a heavy mass almost 

completely deposit in the airways. As particle sizes and mass go down, the share of particles 

depositing in the airways decreases and accordingly there is a growth in the share of particles 

able to penetrate small airways and reach the lungs. 
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Particles with their diameter 1 µm or smaller have similar motion paths as they move 

along with the carrier phase flow. Deposition of small particles barely depends on density: the 

share of deposited particles with such sizes is almost constant and equal to approximately 

20 % of all the particles that reach the entry to the trachea. Density of a material mostly 

influences the share of deposited micro-sized particles (from 2.5 to 20 µm). The greater is the 

density, the bigger share of them deposits in the airways. 

Table 1 provides quantitative assessments of particle deposition in the lower airways 

depending on their dispersed structure for three materials with different density. 

 
Table 1. Deposition of dust particles with different dispersed structure in the lower airways with 

a real anatomic shape 

Diameter, µm 

Share of deposited particles, % 

1000 kg/m3 2000 kg/m3 2700 kg/m3 

0.01 19.96 19.93 19.32 

0.1 19.50 19.82 19.46 

0.5 19.94 19.98 19.80 

1 20.41 19.64 19.49 

1.5 20.16 19.60 20.03 

2 19.38 20.15 20.52 

2.5 20.04 20.36 20.84 

3 20.71 20.42 21.02 

3.5 20.18 20.96 22.19 

4 20.85 22.13 23.37 

4.5 21.76 23.56 24.55 

5 20.96 24.55 26.29 

5.5 21.45 25.69 28.50 

6 21.96 26.57 32.37 

6.5 23.30 29.49 35.46 

7 23.86 32.13 38.79 

7.5 25.04 34.69 42.72 

8 25.62 37.99 45.89 

8.5 26.92 40.85 49.70 

9 28.59 43.98 52.32 

9.5 30.37 47.28 55.39 

10 32.99 50.59 59.09 

11 37.32 55.62 64.54 

12 40.49 60.69 69.35 

13 45.14 65.18 73.45 

14 50.16 70.09 76.29 

15 52.61 72.79 79.17 

20 70.09 83.89 87.33 

30 85.42 91.06 92.28 

100 95.46 97.05 97.12 

 

Density of a material mostly influences differences between shares of deposited micro-

sized particles. Thus, 26.29 % of particles with density equal to 2700 kg/m3 deposit in the 

lower airways; 24.55 % of particles with density equal to 2000 kg/m3; 20.96 % of particles 

with density equal to 1000 kg/m3 (Table 1). Among particles sized 10 µm, 59.09 % of 

particles with their density equal to 2700 kg/m3 deposit in the lower airways; 50.59 % of the 

particles with their density equal to 2000 kg/m3; 32.99 % of particles with their density equal 

to 1000 kg/m3. 

The hygienic standards that are valid in the Russian Federation at the moment aim to 

control the total suspended particulate (TSP), particulate matter sized 10 µm (PM10), and 
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particulate matter sized 2.5 µm (PM2.5) in ambient air1. Still, the existing standards do not 

consider a material of particulate matter. Numeric modeling clearly indicates there are 

differences in shares of particles depositing in the airways depending on their density. This 

may give grounds for revising the existing hygienic standards. They should cover not only 

sizes and levels of particulate matter but particle density as well. 

Numeric calculations of airflow that contains particulate matter in various concentrations 

have revealed that the share of particles (of a certain size) deposited in the airways is constant 

and does not depend on an incoming concentration. However, the latter influences the total 

quantity of particles penetrating the human body and, accordingly, their ability to induce 

respiratory diseases. 

DISCUSSION 

The results of this study are consistent with some other research works. The law of 

changes in airflow rates at the cross-section of the entry to trachea, which we applied in this 

study, is similar to the law described in the works [26, 27] with their focus on non-stationary 

airflow in the upper airways from the entry to the nasal cavity to the exit from the trachea. It 

is also consistent with experimental data reported in [39]. Data on a lung volume per one 

inhalation are in line with well-known medical data [38, 39] and data of mathematical models 

describing the respiratory system [29, 30, 19]. 

The calculated airflow velocities in the lower airways are in line with the results reported 

in [29, 32, 19]. According to numeric modeling, the airflow velocity changes between 0 and 

3.95 m/s during respiration (the airflow rate is 0–20.6 L/min). The airflow velocity at the 

entry to the trachea changes between 0 and 2.47 m/s at the start of a respiratory cycle; the 

airflow velocity in the trachea is between 2 and 3 m/s in the middle of inhalation (time 

interval is 0.5–1.5 s). In the study [29], the airflow velocity reaches 6.6 m/s (the incoming 

airflow rate reaches 30 L/min during respiration); the airflow velocity varies between 2 and 3 

m/s in the trachea.  

The study [32] addressed airflow in the lower airways of three healthy people and six 

people with pathologies. Under the constant airflow rate being 27.7 L/min (0.462 L/s), the 

airflow velocity at the entry to a healthy person’s trachea varies between 1.52 and 2.85 m/s 

(depending on an individual entry sectional area) [32]. The airflow velocity reaches 4.27, 

5.04, or 6.01 m/s in the lower airways depending on their individual shape. The velocity 

values are consistent and differences are determined by individual features of the airways 

specified by boundary conditions and occurring inertia associated with non-stationary airflow, 

which is considered in this study. 

Reynolds number values reach 2234 at the cross-section of the entry to the trachea (at the 

time moment corresponding to the airflow rate at the entry to the trachea equal to 0.34 L/s); 

this is quite consistent with the results reported in the study by Luo and Liu [31] (Re = 2100 

at the entry airflow rate being 0.44 L/s) that was accomplished using a low-Reynolds 

turbulence model k-ω. Different values are probably due to a smaller area of the entry cross-

section and, accordingly, a higher velocity under the same airflow rate in the geometry of the 

airways considered by the authors in this work. Reynolds numbers reach 2700 in the trachea; 

given that, we can consider transitional airflow in the airways under non-stationary airflow 

already under calm respiration. Reynolds numbers are likely to be higher under more active 

respiration. In the study [29], Reynolds numbers reached 1982 at the entry to the trachea 

under non-stationary calm respiration but the considered airflow was assumed to be laminar 

and a turbulence model was not used. 

                                                 
1Safe Standards GN 2.1.6.2604-10 Maximum Permissible Concentrations (MPC) of Pollutants in Ambient Air in 

Settlements. Supplement No. 8 to GN 2.1.6.1338-03, approved in 2010 by the Order of the RRF Chief Sanitary 

Inspector dated April 19, 2010 No. 26. 
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Our results concerning particle deposition depending on their density coincide with 

findings reported in the study [22] about particle density being able to influence differences in 

deposition of micro-sized particles (10 µm) and not having any effects on deposition of nano-

sized ones (5 nm); still there are some differences from quantitative estimates of deposition 

obtained in our study. Thus, it was shown in [22], that 9–16 % of nano-sized particles (5 nm) 

entering the body through the mouth deposited in the airways depending on respiration (16 % 

deposited of the entry airflow rate was 15 L/min). In our study, we established that 

approximately 20 % of nanoparticles sized 10 nm deposited in the lower airways in case they 

were able to reach the trachea. These differences occur since our study focused on 

investigating non-stationary airflow under different entry airflow rates (within the range 

between 0 and 20.6 L/min in our study (the average airflow rate is 15 L/min); 15, 30, and 

60 L/min in [22]); in addition, we did not consider the share of particles deposited in the oral 

cavity, oral pharynx and larynx in our study. 

We established in this study that 50.59 % of particles sized 10 µm and with density 

2000 kg/m3 and 32.99 % of particles with density 1000 kg/m3 deposited in the lower airways. 

The authors of the study [22] reported that 40.41 % of particles with density 2000 kg/m3 and 

30.31 % of particles with density 1120 kg/m3 deposited under the entry airflow rate being 

15 L/min. The differences between these results are likely due to us considering non-

stationary airflow in our study. If the average entry airflow rate is 15 L/min, the total airflow 

rate reaches higher values (up to 20.6 L/min in the middle of inhalation) and this influences 

effectiveness of particle deposition. 

According to the findings reported in [21], 12–16 % of particles sized 2.5 µm and density 

1200 kg/m3 deposited in the section of the airways between the oral cavity and segmental 

bronchi under the entry airflow rate equal to 20 L/min; 16–21 % of particles sized 5 µm; 51–

52 % of particles sized 10 µm; 95 % of particles sized 20 µm; 99.7 % of particles sized 

30 µm. In our study, 20.04 % of particles sized 2.5 µm and with density 1000 kg/m3 deposited 

in the same area; 20.96 % of particles sized 5 µm; 32.99 % of particles sized 10 µm; 70.06 % 

of particles sized 20 µm; 85.42 % of particles sized 30 µm. These values are quite similar in 

two studies with some slight quantitative differences. 

According to the numeric modeling results, the greatest share of inhaled particles enters 

the right main bronchus, predominantly the middle and inferior lobar bronchi. When entering 

the airways, dust particles are able to induce lung diseases, pneumoconiosis included. 

Bacterial agents / pathogenic microorganisms that enter the human body with inhaled air and 

dust particles contribute to the development of pneumonia.  When silicosis is diagnosed, x-ray 

images show enhancement and deformations of the lung pattern at its initial stage; as a rule, 

these changes are sometimes more apparent in the right lung and predominantly localized in 

the middle and lower lobes [42–44]. It is exactly these sections of the airways where most 

motion paths of particles go to according to our results of numeric modeling. 

The results of deposition modeling largely depend on respiration (specified boundary 

conditions).  Our study has a limitation since we specified the same law of changes in 

pressure at all the exits from the bronchi. In reality, the law of changes in pressure can be 

different and can change depending on changes in the configuration of different lung sections. 

At present, we are developing a sub-model to described deformed human lungs; this model 

can be used, among other things, to establish the law of changes in pressure at the exits from 

the bronchi / the entries to the lungs [13]. Another limitation is that this study does not 

consider a share of particles depositing in the upper airways. Particle deposition in the upper 

airways was investigated in [11]. 

CONCLUSION 

Therefore, the study presents a model that was used to perform numeric investigation of 

non-stationary airflow with solid particles as well as deposition of particles with different 

dispersed structure in the human lower airways with an actual anatomic shape. The study 
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provides images of inhaled airflow streamlines in the lower airways at different moments 

during inhalation. We have quantified shares of deposited particles with different dispersed 

structure (from 10 nm to 100 µm) and density (1000 kg/m3, 2000 kg/m3, 2700 kg/m3) in the 

lower airways; the study also contains data on motion paths identified for particulate matter. 

The following conclusions can be made based on the study findings: 

1) Large particles (larger than 10 µm) and with a heavy mass deposit in the airways almost 

completely. As a particle size and mass decrease, the share of particles deposited in the 

airways goes down as well and, accordingly, there is a growth in shares of particles able to 

reach smaller airways and the lungs. 

2) Particles sized 1 µm and smaller move in a similar way and have similar motion paths; 

they move with the carrier phase flow along airflow streamlines. Deposition of small particles 

hardly depends on density; the share of deposited particles with such sizes is almost constant 

and equal to approximately 20 % of all the particles able to reach the entry to the trachea.  

3) Particle density mostly influences differences in deposition of micro-sized particles 

(2.5–20 µm). As particle density and mass grow, the share of particles depositing in the 

airways also increases due to particle deposition inertia.  

4) In the Russian Federation, the existing safe standards aim to control levels of total 

suspended particles, and specifically particulate matter sixed 10 µm and 2.5 µm in ambient 

air. They do not consider a material particulate matter is made of. Our numeric modeling 

results that clearly indicate differences in the share of particles depositing in the airways 

depending on their density can prove that the existing safe standards are to be revised. These 

standards should cover not only sizes and concentrations but density of particulate matter as 

well.  

5) According to the numeric modeling results, a big share of inhaled dust particles 

(especially with their diameter being bigger than 1 µm) enters the right main bronchus, 

predominantly the middle and inferior lobar bronchi. When entering the airways, dust 

particles are able to induce lung diseases, pneumoconiosis included. The research results are 

consistent with the fact that x-ray images made to diagnose the diseases usually contain 

rounded or linear low-density opacities that are located predominantly in the lateral segments 

of the lungs and mostly in the right lung [42–44]. 

The further development of the model involves investigating airflow in the deformed 

human lungs as well as predicting diseases caused by exposure to harmful environmental 

factors, air dustiness included. 

 
This research was funded by Ministry of Science and Higher Education of the Russian Federation 

(Project Number FSNM-2023-0003). 
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