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Abstract. The article is devoted to the main aspects of the development of a
mathematical model of the human respiratory system taking into account the
effects of environmental factors. The proposed model is a submodel of "meso-
level" multilayered mathematical model of the evolution of functional disorders of
the human body. The conceptual and mathematical formulations of the problem are
discussed. The breathing is considered as a set of synchronized processes of gas
dynamics, deformation of the porous medium and diffusion. The results of the
calculation of the air flow characteristics during quiet breathing and forced breath
in the first four generations of large airways were obtained by using software
ANSYS Fluent. Further development of the model involves the joint problem
solving of changes in lung configuration and in gasdynamic processes in the
human airway.
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1. INTRODUCTION

In their lifetime, people constantly interact with the environment. They get all the vital
substances from it and simultaneously are exposed to harmful physical, chemical, biological
and socioeconomic factors. Human health is analyzed by using laboratory and instrumental
methods (x-ray examinations, endoscopy, functional diagnostics, etc.) [1, 2]. These methods
provide a comprehensive idea of patient’s actual health at the moment of measuring. Creation
of evolution models is much more interesting since they are able to predict changes in public
health depending on different environmental exposures, including life-threatening ones that
can’t be used in full-scale experiments. Mathematical modeling makes it possible to manage
different exposures, consider their combinations, investigate and predict behavior of such a
complicated system as the human body.

The authors have been developing a multi-level model [3] that considers the human body
as a finite set of organs (systems) interacting with each other. Approaches to assessing
individual and public health risks caused by exposure to heterogeneous environmental factors
have been developed based on this multi-level model [4]. The macro-level concentrates on
how functional disorders occur in the body due to its natural ageing and negative effects
produced by environmental factors. The meso-level describes processes occurring in specific
systems in the body in greater detail and the micro-level deals with processes developing in
cells. A submodel of the respiratory system [5, 6] is included into the overall mathematical
model describing evolution of functional disorders in the human body. This model is a meso-
level one and can be considered a separate model due to its complexity.
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The existing mathematical models of the respiratory system can be divided into structural
and functional (statistical) ones. Statistical models are most frequently used in evidence-based
medicine. They make it possible to establish cause-effect relations at the population level. In
such models, the respiratory system is represented by ‘a black box’ within the ‘ambient air—
black box—incidence’ or ‘ambient air-black box-blood’ systems. Such models identify
reliable relationships between chemical levels in ambient air and health disorders [7, 8] but do
not analyze processes occurring inside the system. Failure to get an insight into mechanisms
and causes of health disorders makes it difficult to develop effective disease prevention.

Structural models are built based on laws and hypotheses about how a biological system is
structured and how it operates. Mathematical models of the respiratory system can differ
substantially depending on aims of a given study. Breathing mechanics employs models of
various complexities in order to consider different mechanical processes. Starting from the
middle of the last century and up to now, specific models have been widely used; they
consider the lungs to be elastic membranes connected with the atmosphere by a tube with
certain hydraulic resistance [9]. Such models make it possible to get the simplest relations
between physical parameters that describe how the lungs operate but they do not consider
spatial heterogeneity of respiratory processes in the human lungs.

The article [10] presents a short review of models that describe the human lungs. They
differ in their complexity starting from those that consider the lungs a rigid container
connected with the atmosphere and going to a model that describes how the volume and
pressure change due to muscle efforts (a similar to a vessel with a plunger) and covers gas
exchange with blood and blood perfusion. These models explain basic physiological
processes occurring during breathing but they do not consider the actual geometry and length
of the human airways.

The study [11] describes a two-chamber model of the lungs consisting of two spaces, an
anatomically dead and alveolar one; blood perfusion is effected through the latter. The
suggested model is applied to estimate a circulation volume per minute (cardiac output). The
study contains mass balance equations for oxygen and carbon. The results yielded by the
model are consistent with cardiac output measurements in six young healthy people obtained
by the direct Fick method. The model, however, has a disadvantage, which is impossibility to
trace changes in airflow parameters in different sections of the lungs.

The article [12] presents a one-dimensional model of airflow from the trachea to alveoli
allowing for gas exchange (oxygen and carbon) with blood and blood perfusion. The authors
assume that the airways have the correct dichotomy and that airflow is laminar. Existence of
exactly 23 generations of airways has been explained based on this work: 23 generations of
airways provide the most effective oxygen saturation and carbon removal with minimal
resistance. Similar results are reported in the work [13].

Since methods and means of computational gas dynamics 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—
20]. In the work [14], the focus is on investigating airflow in the large airways under forced
exhalation. The airways are modeled with three generations of bronchi, starting from the
trachea, and are given in two variants (symmetric and asymmetric branching). Several works
published by a team of authors from the Khristianovich Institute of Theoretical and Applied
Mechanics of the Siberian Branch of the RAS [15-17] investigate airflow in the upper
airways based on numeric modeling. Three-dimensional geometry of the nasal cavity is based
on several tomograms made in parallel cross-sections. Airflow is described with the Navier—
Stokes equations, and the ANSYS Fluent software package is applied to solve them. The
authors have computed characteristics of the flow field in the nasal cavity under various
respiratory exertions and visualized the results. It is noted that nasal cavities tend to have
quite a variety of shapes and, consequently, airflow in them has very different structures.
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The study [18] addresses how particles with different diameters move along the human
airways. The airways are represented by seven generations of air-bearing channels with the
oral cavity, throat, and larynx; their geometry is based on MRI images. The authors describe
trajectories of particles with their diameter being 2.5, 5, 10, 20 and 30 micrometers. The work
[21] reports the results obtained by numeric modeling of airflow in the completely lower
airways, from the trachea to alveoli. Three-dimensional geometry of large airways is based on
tomograms of the human lungs. Smaller airways are described with a one-dimensional model.
The lung space from the large airways to the lung surface is homogeneously filled with small
airways (considering evenly distributed lung acini). The suggested model is employed to
investigate parameters of inhaled and exhaled airflow under normal breathing.

The existing three-dimensional models make it possible to trace how air moves from the
atmosphere into the lungs and how chemicals are transferred with it at different moments of
time. However, they describe only separate parts of the lungs, do not consider interactions
between various organs in the human body, and do not give an opportunity to predict
functional health disorders caused by harmful environmental exposures.

Given all the above stated, the aim of this study is to develop an evolution mathematical
model of the respiratory system that considers environmental exposures. The developed
model should provide an opportunity to describe how the respiratory system interacts with
other systems in the human body and how damage accumulates in it due to natural ageing and
harmful environmental exposures.

2. CONCEPTUAL STATEMENT

Respiration is a set of processes that provide oxygen introduction into blood and carbon
removal from it (external respiration), use of oxygen by cells and tissues for oxidation of
organic substances to release energy necessary for vital activity (cellular or tissue respiration).
External respiration is provided by the respiratory system and consists of two basic processes,
lung ventilation (gas exchange between the lungs and the atmosphere) and lung respiration
(gas exchange between the lungs and blood). These two processes are considered in the
present study.

The part of the respiratory system that provides external respiration contains the airways
through which air is introduced into the lungs and the respiration section of the lungs where
lung respiration occurs. The airways are divided into the upper and lower ones. The upper
airways are the nasal cavity, nasopharynx, and oral pharynx. The lower airways are the
larynx, trachea, extra- and intrapulmonary bronchi. Starting from the trachea, the lower
airways have a tree-like structure. The trachea divides into two primary bronchi that go to the
right and left lung. The primary bronchi continue to divide in the lungs and as the branching
continues, the later generations of bronchi have smaller length and diameter. According to the
Weibel morphometric model, the airways have 23 generations [22]. The branching finishes
with the alveoli; gas exchange with blood occurs through alveoli walls which are
simultaneously walls of the pulmonary capillaries.

The human lungs are inside the chest bounded by the ribs and the diaphragm. Inhalation
and exhalation occur due to muscle effort. Respiration is regulated by the central nervous
system through control of oxygen and carbon levels in arterial blood and cerebrospinal fluid.
The chest volume, together with the lung volume, changes due to the respiratory muscles
(primarily the diaphragm). The process creates difference in pressures between the lungs and
the atmosphere, which results in gas flows into the lungs and out of them. Respiration is
shown schematically in Figure 1. Several basic components participate in respiration: the
airways, the respiratory section of the lungs, the musculoskeletal system, and the respiration
regulation system. Functional disorders of any of these components can lead to respiratory
diseases and their severe clinical forms (respiratory failure) that disrupt homeostasis.
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Fig. 1. The structure of the respiratory system.

Harmful chemicals that penetrate the human body from the environment produce toxic
effects on its organs and systems, the respiratory system included. Environmental factors
produce their toxic effects on the respiratory functions by two basic mechanisms: a single
introduction of a high chemical dose or long-term exposure to low doses [23].

Structural disorders of the respiratory system become obvious through decrease
functionality, which, in its turn, deteriorates gas exchange (by reducing diffusion capability of
the alveolar-capillary membrane). In the multi-level mathematical model of the human body
[3], reduced functional capabilities of the j-th organ (system) are described with damage D; (t)

, @ parameter depending on time (age) t. Damage of organs can grow due to natural ageing
and harmful environmental exposures; damage can also decrease due to treatment and organ
self-recovery. Damage values vary between 0 and 1: if damageD; =0, a system operates

normally (ideally), and if damage D; =1, it means a system is completely unable to perform

its functions. Functionality of an organ (system) can be identified through damage since they
are associated. Functionality F; (t) is an ability of an organ (system) to perform its functions.
An association between damage of an organ and its functionality can be written, for example,

as: Fj(t):(l— D, )", neR, n 1.

Generally, air is a gas suspension, that is, a multi-component mixture with solid particles
in it. It is necessary to simulate air as a gas suspension in models when we have to describe
respiration in dusty conditions, for example, in coalmines. If respiration occurs under dust-
free conditions (that is, without any heterogeneous admixtures that are macroscopic against
molecular scales), then air can be considered a multi-component gas mixture, which is
homogeneous at a first approximation.

Modeling the breathing process, based on the representation of the respiratory organs in
the form of a system of tubes (bronchi) ending in alveoli is difficult. It is due to the large
branching of the bronchial system and the need to represent each alveoli in the form of a
separate object with unique properties, resulting in a large number of ratios and parameters.
We describe the respiratory system as consisting of the large airways (the first four
generations starting from the trachea) entering the corresponding sections in the lungs. The
lungs that are filled with smaller airways and alveoli, as well as air in them, can be depicted as
a continuous deformable saturated porous medium placed in an internal chamber with a
changing volume (moving walls).

These porous medium is saturated with gas. This is a two-phase continuous medium; its
first phase is a deformable skeleton of the medium described with a model for deformable
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solid body (to be more exact, nonlinear elastic model [24]); the second phase is a multi-
component gas mixture that fills the porous space. All this space is assumed to be
continuously filled with these two phases that are completely interpenetrating and interact
with each other. The porous medium contains the alveolar-capillary membrane with its total
area being equal to the total area of the alveoli through which gas exchange occurs by
diffusion between air and blood. Oxygen comes to blood from air and carbon is released from
it. Apart from oxygen and carbon, other chemicals occurring in ambient air participate in gas
exchange. Respiration is regulated by the central nervous system through control of oxygen
and carbon levels in blood.

In the reference configuration, lung tissue is in its natural relaxed state, oxygen and carbon
levels in blood are within the reference ranges. When oxygen or carbon levels reach their
critical value, the central nervous system gives a signal to relevant muscles. Under muscle
effort, the internal chamber expands during inhalation, air near the entrance to the trachea,
which is immovable at the initial moment, starts moving (from a high-pressure area to a lower
pressure area). After entering the lungs, the gas mixture starts spreading in the porous
medium. Gas exchange occurs through the alveolar-capillary membrane by diffusion of a
chemical from an area where its concentration is high to an area where it is low. The alveolar-
capillary membrane has different diffusion capabilities for different chemicals. After the lung,
walls have been stretched to their maximum, inhalation finishes, and exhalation occurs due to
the wall contraction. One human respiratory cycle (inhaling and exhaling) on average takes 4
seconds.

The mathematical model of the respiratory system (MMRS) is considered a set of three
interrelated submodels:

1) The submodel describing how air moves in the large airways;

2) The submodel describing how air spreads in the deformable saturated porous medium
in the lungs;

3) The submodel of gas exchange through a biological membrane.
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Fig. 2. The scheme showing interrelations between the submodels of the respiratory system.
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This article contains the mathematical statement for the whole model of the respiratory
system but main attention is paid to the first submodel that describes how air moves in the
large airways.

Figure 2 provides the scheme showing how the submodels of the respiratory system
interact with each other. At the model ‘input’, environmental parameters are specified. At the
model ‘output’, we see chemical levels in blood and exhaled air. Arrows show interrelations
between the submodels. Output data of one submodel are simultaneously input ones for
another.

It is noteworthy that a gas dynamics problem is set in terms of Euler variables whereas
deformable solid body requires Lagrange variables and setting in terms of the reference
configuration.

In general, the mathematical model of the human respiratory system consisting of three
submodels is essentially nonlinear. This necessitates using a systematic procedure when
finding solution to the problem. Data are exchanged between the submodels at each time step.
The iteration procedure describes the alternating sequence of the following stages: ‘change in
the lung shape — change in pressure inside the lungs - change in pressure in the bronchi — air
movement — gas exchange (changes in gas levels in blood) — change in ...".

Figure 3 shows the computed scheme of the human respiratory system that includes the
large airways and the lung section filled with the porous medium. Pressure at the entry to the
trachea equals the atmospheric pressure. Pressure at the exit from the bronchi is equal to
pressure at the entry to the lungs (conjugation of two areas) and is identified at each computed
step by using the iteration procedure.
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3. MATHEMATICAL STATEMENT
The submodel of airflow in the large airways

Airflow of a multi-component gas mixture in the large airways is described with the
system of Euler equations with added with the general gas equation:

%+V.(pivi)=o, rEQ,tE[O;T), (1)
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%(pivi)+v'(pivivi)+vpi =0, reQ, tel[0;T), 2)
%—'—V'(piEvi)_i_v'(pivi):O’ reQ, te[0;T), )
p, =p,RO, reQ, te[0;T). (4)

Here p; is the density of the i-th component in the gas mixture; Vv, is the velocity of the i-th
component in the mixture; E is the total specific energy of the mixture; p, is pressure; R is

the universal gas constant; 0 is the mixture temperature; t is time, T is the upper boundary
of the time variable; r is the radius-vector; Q is the area interior; T" is the area Q boundary;
andQ=QUT is the closed area. It should be noted that all the tensor (vector) parameters are
given in bold, both here and below in the text.

At the initial moment of time, pressure is homogeneous and the airflow velocity is equal
to zero. Pressure is equal to the atmospheric pressure at the entry to the trachea. Pressure at
the exit from the bronchi is equal to that at the entry to the lungs and is identified by the
iteration procedure as per the pressure at the entry to the lungs identified by the solution to the
problem for the porous medium form the previous iteration. The airway walls are specified as
impermeable. In accordance with all the above stated, the entire initial and boundary
conditions can be described by the following relationships.

The initial conditions:

v;(0, 1) =0, reQ, t=0, ®)
P, = Py rer®. (6)

The boundary conditions at a part of the boundary I" are written as:
vin|r=0, rel’, te[0;T), (7)

where Vv, is the normal component of the velocity vector for the i-th component in the
mixture.

The submodel of air spreading in the deformable saturated porous medium of the lungs

Air spreading in the deformable saturated porous medium of the lungs is described with a
system of equations. It includes the mass conservation equations for the gaseous and solid
phases, the impulse conservation equation for the solid phase, the Darcy equation to describe
relative movement of gas in the porous medium of the lungs, and physical and kinematic
(Cauchy — Green stress tensor) relationships.

The mass conservation equations for the gaseous and solid phases are written as:

%+@(pivi)=0, req, te[0T), ®)
%Jr@(psw):O, reQ, tel0im), ®)

where V is the Hamiltonian operator identified in the current (actual) configuration, p, is the
solid phase density in the porous medium, w is the velocity vector of the solid phase.
The impulse conservation equation is written as:
op W
ot

where o is the Cauchy stress tensor, u is the displacement vector, g is the density of volume
forces (per a unit of mass).

=—V(p,WW)+p.g—V -6, where Wz(;—ij, reQ, te[0;T), (10)
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The gaseous medium participates in two motions: transportation notion together with the
deformable porous medium and relative motion due to permeation described by the Darcy
law.

The Darcy equation that describes relative motion of a gas in the porous medium is
written as:

v, =—@@(pi+pigz), reQ’, tel0;T) (12)

where Vv, is the filtration velocity vector of the i-th component in the mixture, k;(C) is the

filtration coefficient, u, is dynamic viscosity, C is the Cauchy — Green stress tensor, Z is the
vertical coordinate, g is the free fall acceleration.
A hyperelastic constitutive law is applied as physical relationships:
kO
oC
where K is the second Piola—Kirchhoff stress tensor.

A relation between the second Piola—Kirchhoff stress tensor and the Cauchy stress tensor
is identified as per the following relationship:

(12)

6= (/M K-Vr, (13)

where Vis the Hamiltonian operator identified in the reference configuration, p is the

o]
density in the current configuration, p is the density in the initial configuration, r is the

radius-vector of the solid phase particles.
The Murnaghan equation of state is used to identify potential energy 4 [24]:

A:%(k+ 2v)J,(C)? —2vJ,(C) +%(I +2m)J,(C)* —2mJ,(C)J,(C)+nJ,(C),  (14)

where A, v are Lame constants; |, m, n are coefficients; J,(C), J,(C),J,(C) are the principal

invariants of the stress tensor
The Cauchy-Green stress tensor is identified as per the displacement field and the
following relationship:

C=%(%u+(%u)+%u(%uf), redy, te[0;T). (15)

Pressure is identified for the gas phase within cross-sections of the point where the
airways enter the lungs from the sub-problem of gas dynamics in the bronchi. Flows without
separation and impermeability are specified at the lung walls:

v, |[L=ve rer’, te[0;T), (16)

in|T’ n

wall

where v*" is the normal velocity component of the moving solid boundary.
In the reference configuration, lung tissues are relaxed naturally. The boundary kinematic-
type conditions are used as boundary conditions for the elasticity problem:
u=0a., rel”, te[0;T). @17

Diffusion from the alveolar-capillary barrier is described with an equation based on the
Fick's First Law of Diffusion [25]. Diffusion capabilities of the lungs depend on the
membrane functional state. The functionality of the alveolar-capillary membrane F takes a
value within the range [0;1]. The chemical diffusion equation is written as:
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Q :KiF(Cil—Ciz), re, tel0;T), (18)

where Q is the local flow of the i-th chemical from air into blood, C_, C,, are the local

levels of the i-th chemical in air inside the lungs and blood, K, is the coefficient of the

membrane permeability for the i-th chemical, F is the functionality of the alveolar-capillary
membrane.

4. RESULTS

The complete mathematical model of the human respiratory system is rather complicated
and includes a set of relationships that describe gas dynamics processes, porous medium
deformation and diffusion; each process has certain peculiarities. This article reports the
results of computing characteristics of airflow in the trachea and large bronchi since this part
of the airways has complex asymmetric geometry and airflow inside it is rather complicated.
This should be considered when creating models to describe the respiratory system. Further
development of the model involves creating an algorithm and a subprogram for analyzing
stressed-deformed condition and gas medium motion in the deformable saturated porous
medium of the lungs filled with smaller airways.

Table 1. Diameter and length of some section in the lower human airways (1-4 generations)
taken from literature sources and considered into the model

Generation in the airways
1 | 2 | 3 | 4
Source Airways
Trachea Left primary | Right primary Lobar bronchi Segmentgl
bronchus bronchus bronchi
d’ I” d I d I d I d I
Weibel [22] 18 120 12.2 47.6 12.2 47.6 8.3 19 5.6 27.6
Sinel’nikov et al[26]| 15-27 | 90-150 40-50 30
Sapin [27] 15-18 | 90-110 40-50 30
M — 140
Kukes et al.[28] | 15-25 8-16 | 40-50 | 12-22 30
x — 120
Zolotko [29] 80-150 | 9-20 | 45-60 | 14-23 | 20-30
MMRS 15 100 12 50 14 30 8.3 21 5.6 27.6

“d is diameter (mm), | is length (mm).

Three-dimensional geometry of the first four generations in the lower airways is based on
available literature data and expert consultations provided by healthcare practitioners.
According to literature data, the airways tend to be quite different from person to person.
Table 1 provides some examples (diameter and length) of bronchial tree sections taken from
different literature sources.

Such a wide range of geometric properties can occur due to individual anatomic features
of examined people. The primary bronchi angles also vary depending on build. Table 2
provides some values of the primary bronchi angles (from the sagittal plane (see Figure 3))
taken from different sources.

Medical atlases provide comprehensive data about sizes and angles of the trachea and
primary bronchi but any data on smaller airways are not available [26-30].

Table 2. The primary bronchi angles taken from literature sources and considered in the model

\ Source \ The primary bronchi angle form the sagittal plane \
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Left primary bronchus Right primary bronchus
Kukes et al.[28] 50-70° 15-40°
Zolotko [29] 18-54° 12-40°
Morgan et al. [30] 45° 25°
MMRS 50° 30°

The study by E.R. Weibel [22] (Table 1) contains the most comprehensive description of
qualitative properties (diameter and length) for all the airway generations. The model
suggested by Weibel is based on research data obtained by dissection of healthy lungs and
bronchograms of healthy people; however, it assumes that the airways have the correct
dichotomy and this is not consistent with the actual human bronchial tree. In addition, Weibel
does not provide any data on branching angles of the airways (Table 2).

Therefore, our created geometry of the human respiratory system was based on the Weibel
model (since it provides qualitative properties of the lobar and segmental bronchi); it was
adjusted based on data taken from medical reference books and on consultations given by
healthcare practitioners. The major addition involved adjusting the primary bronchi sizes and
angles; this allowed considering the incorrect dichotomy of the bronchial tree (the right
primary bronchus angle is smaller than the left primary bronchus angle; the right primary
bronchus is shorter than the left primary bronchus). Table 1 provides diameters and lengths of
some sections in the lower airways (14 generations). The primary bronchi angles were taken
from medical reference books (Table 2).

The right lung consists of three lobes; the left lung, two. Each lobe consists of segments.
Each lung has 10 segments. The lobar bronchi are a part of lung lobes and the segmental
bronchi are located in relevant segments. One entry has a common boundary with the
atmosphere in the respiratory system model, namely, the trachea. There are 20 entries to the
lungs in it, which correspond to the segmental bronchi (3 in the upper lobe of the right lung; 2
in the middle lobe; 5 in the lower lobe; 5 in the upper and lower lobe of the left lung).
Figure 4 shows the created three-dimensional geometry of the airways in axonometry (frontal
view).

100,00 (mm)

0w - 50,00
| I ]

2500 750

Fig. 4. Three-dimensional geometry of the airways in axonometry (frontal view).
Airflows in the large airways are computed with the ANSYS Fluent software package. We
have computed two scenarios, a model of relaxed breathing (inhalation and exhalation) and
forced inhalation in healthy people.
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Pressure at the entry and exit are specified as initial conditions. In each scenario, pressure
at the entry to the trachea is set as equal to the atmospheric air pressure (760 mm Hg or
101,325 Pa). Pressure at the exit from the bronchi is set as below the atmospheric air pressure
during inhalation and above it during exhalation. In healthy people, intra-alveolar pressure
changes by 1 cm w.c. (95 Pa) under relaxed breathing [25]. Therefore, pressure at the exit
from the bronchi is equal to 101,226 Pa for inhalation and 101,423 for exhalation. Under
forced inhalation, pressure at the exit from the bronchi is set 3 mm HG below the atmospheric
air pressure (100,925 Pa). Therefore, we obtain airflow parameters under two scenarios. The
velocity vector fields under relaxed breathing are shown in Figures 5 (inhalation) and 6
(exhalation).

0.067

Fig. 5. The velocity vector field under relaxed inhalation in axonometry (frontal view).

0 0.050 0100 (m)
1

0.025 0.075

Fig. 6. The velocity vector field under relaxed exhalation in axonometry (frontal view).
Under relaxed inhalation, the airflow velocity in the trachea equals approximately 6.5 m/s;
the maximum velocity occurs in the left lobar bronchus where it amounts to 18.18 m/s.
Overall, as airway diameters decrease, airflow velocities also go down. This is due to the total
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area of cross-sections at the entry to the lungs being bigger than the area of the trachea cross-
section. The lowest velocities are detected in the segmental bronchi. Airflow velocity is
higher in the left primary bronchus than in the right one due to the diameter of the former
being smaller than that of the latter. Airflow velocities tend to increase at points where the
airways get narrower or where they branch out.

Under relaxed exhalation, airflow velocity in the trachea is approximately 9 m/s. The
highest velocities occur at the point where the left primary bronchus branches out into the
lobar bronchi. Figure 7 shows an enlarged image of the velocity field in the bifurcation area
of the left primary bronchus, which is highlighted in Figure 6 (Fragment 1).

0.02 (m)
]

Fig. 7. The velocity vector field in axonometry (frontal view) (enlarged fragment 1, which was
highlighted in Figure 6).

The smallest airflow velocity is in the segmental bronchi. As the airways get larger,
airflow velocities also grow. This is due to the total area of the airway cross-sections at the
entry to the lungs being bigger than the area of the trachea cross-section. The maximum
velocity at the branching point reaches 21.79 m/s.

Vorticity is detected at the points where the airways branch out. Figure 8 shows an
enlarged image of the velocity field in the area where the trachea divides into the primary
bronchi (it is highlighted in Figure 6, fragment 2). Under relaxed exhalation, an airflow vortex
occurs in the right primary bronchus.
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Fig. 8. The velocity vector field in axonometry (frontal view) (enlarged fragment 2, which was
highlighted in Figure 6).

0.0225

Fig. 9. The velocity vector field under forced inhalation in axonometry (frontal view).

Figure 9 shows the velocity vector field under forced inhalation.

Under the second scenario (forced inhalation), airflow remains the same in its nature as
under relaxed inhalation.

As opposed to relaxed inhalation, airflow velocities increase in each section of the
airways. The airflow velocity in the trachea is approximately 13 m/s. The highest velocities
occur in the left primary bronchus. The maximum airflow velocity equals 28.2 m/s in this
scenario.

It is noteworthy that pressure at the exit from the bronchi (at the boundaryT"") is the same
in each scenario, which is justified since pressure in the lungs is also the same. When the
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lungs are modeled as a deformable saturated porous medium, pressure will be different in
their different sections.

Further development of the model will involve finding combined solutions to problems of
gas dynamics in the large airways and air spread in the deformable porous medium of the
lungs. The results concerning gas flows in the lungs will be reported in our future articles.

Therefore, we have considered the mathematical model of the human respiratory system.
It is a meso-level submodel of the macro-level model describing the whole human body. The
respiratory system model consists of three interrelated submodels that describe breathing as a
set of synchronized gas dynamics processes in the bronchi, gas mixture notion in a
deformable saturated porous medium, and diffusion. At this stage, we have applied the
ANSYS Fluent software package to compute airflow under relaxed breathing and forced
inhalation in the first four generations of the airways starting from the trachea. Further
development of the model involves finding combined solutions to problems concerning
deformation of the lungs and gas dynamics in the human airways.
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