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Abstract
In the present work the geometry of the top respiratory ways of the person was
modeled on a series of the tomograms executed in parallel coronary sections (for a
nasal cavity) and parallel axial sections (for other part of respiratory tract). Construction of model geometry and calculations in the context of the of Navier - Stokes
equations were spent by means of the package of applied programs FLUENT and its
geometrical preprocessor GAMBIT. On the base of calculations results flow visualization was made for respiratory ways from a nose vestibule to trachea bifurcation.
Calculations were carried out for inspiration and expiration regimes at various values
of pressure difference. Fields of velocity and temperature in coronary and sagittal
sections are obtained. Presence of zones of a counterflow and stagnant areas in a
nasal cavity is established. Assumptions of their role in breathing are made. It was
made the analysis of the forces operating on a nasal septum from the right and left
nasal parts during breathing. By results of calculations the conclusions are drawn on
influence of specific features on flow structure. It is established that air flow in average
part of respiratory path (nasopharynx, pharynx, larynx and trachea) represents the
flow with system of vortices for all breath regimes. The vortices form and intensity
depend on anatomical features of a respiratory tract.

Mathematical modeling is promising for the study of air flow in the human airways.
It allows you to investigate in detail the structure of the flow, which is almost impossible
for modern instrumental methods. It makes it possible to carry out virtual operations and
predict the results of real surgery. It can help in determining how to address drug delivery
by inhalation.
In this paper the geometry of human respiratory tract is modeled on the base of series
of tomograms performed in parallel coronary and parallel axial sections. The surface of
the nasal cavity was reconstructed from a series of tomographic images of the coronary
sections, axial sections were used for reconstruction of nasopharynx, larynx and trachea
beginning. The lower part of trachea and bronchial tree top were approximated with
circular cylinders and tori on the base of Weibel morphometric data for a standard lung.
Tomographic images were obtained with step 1 ÷ 5 mm. Construction of model geometry
and calculations on the base of Navier - Stokes equations were performed using software
package FLUENT and its geometric preprocessor GAMBIT.
Considered respiratory tract model consists of the nasal cavity, nasopharynx, pharynx,
larynx and trachea. A nasal cavity surface has most complex form. This part of the
respiratory tract is examined in more detail in this work. The presented results are based
on numerical calculations made for 30 mathematical models of the nasal cavities, which
belong to real people.
Let us consider the flow in the nasal cavity using one particular model as an example.
Its distinguishing feature is a pronounced asymmetry: the volume of left half of this nasal
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Figure 1: Visualization of the velocity field in the nasal cavity.
cavity is 35 % higher than that of right half. Figure 1 shows a visualization of the velocity
field in the nasal cavity (left - the left half, right - the right half). It must be noted
that a left-hand rectangular coordinate system with the Z axis directed from the nose
entrance perpendicular to the coronary sections and the Y axis directed vertically upward
was used in the computations. The fields of flow parameters are plotted in coronary
sections. Top images show the distribution of the velocity magnitude. The distributions
of the longitudinal velocity component Vz are at the bottom images, and they show only
the negative values. The results are obtained in the respiratory effort (pressure difference
between the nostrils and choana) of 50 Pa. In this case, the air flow rate was 500 ml/s,
which corresponds to the quiet breathing. It can be seen that the main flow passes through
the middle of the nasal passage in the left half of nasal cavity. Here the flow has a low
velocity at the top part, and a vast area of reverse flow is formed in the lower part. In
the right half the inspired air is evenly distributed on the nose cavity, stagnant zones are
essentially absent.
The flow pattern in the nasal cavity depends on the individual anatomy features. The
above example illustrates the trends found in the performed parametric calculations. For
most models relating to the physiological norm according to clinical criteria, the air is
distributed evenly over the nose cavity and there are virtually no stagnation zones and
areas of reverse flow. For cases of disease or after surgery, the flow pattern is quite different,
stagnation zones and areas with reverse flow arise.
The warming of inhaled air directly depends on velocity distribution in the nasal cavity.
Fig. 2 shows a visualization of temperature fields in the left and right halves of the nasal
cavity at respiratory effort of 50 Pa and inhaled air temperature 0 ◦ C. The right nasal
cavity air is heated evenly and an average temperature is close to body temperature in the
output of the nasal cavity (in choana). In the left half of the nasal cavity the heating is
uneven, and in central part it is much weaker than in the right half. This is due to the fact
that the main stream with large velocity values passes through average wide part of the
cavity, and as a result it is not enough time to air warming. Lack of convective heating of
inhaled air in the main stream is partially compensated by the intense heating due to the
mixing in the circulation areas.
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Figure 2: Visualization of temperature fields in the left (left) and
right (right) halves of the nasal cavity.
A comparison of the temperature fields for all calculated variants showed that air is
heated uniformly in the nasal cavity in most of models referred to the physiological norm,
and the average temperature in choana is more than 25 ◦ C (in the temperature range of
inhaled air Tin from - 20 ◦ C to +23 ◦ C). In some variants of nasal cavities, including those
that are not added by medics to pathology, values of the average temperature at nasal
cavity outlet are below 25 ◦ C at Tin ≤ 0 ◦ C. The minimum temperature may fall below
15 ◦ C, that can negatively act on human health. These variants differ in that the nasal
cavity volume is larger than average. Unfortunately all our calculated models of nasal
cavities undergoing surgery are among these variants. Improving the transport function of
the nasal cavity, surgery has weakened its thermo-regulating function.
From the calculations a strong influence of individual features of nasal cavity on flow
structure is found. Fig. 3 shows the velocity profiles which are built at nasal cavity outlet
in the section corresponding to choana for the three models. It is seen that two air flows is
formed. The structure of these flows and the maximum velocity are significantly different
due to anatomical features of the right and left halves of the nasal cavity. In one half
of nasal cavity several peaks of velocity maximum can be formed (center picture). The
complex structure of the air flow coming from the nasal cavity forms a complex swirling
flow in the nasopharynx.

Figure 3: Velocity profiles in choana at inspiration.
Let us consider the calculation results for determining of pressure forces on the nasal
septum during respiration that may be interest for practical application. The forces acting
at the left and at the right may differ significantly from each other owing to complexity
and asymmetry of the nasal cavity. Fig. 4 shows the X-component of the resultant of the
pressure forces on the nasal septum as a function of respiratory effort in the nasal cavity for
15 models. It is seen that for most cases the direction of the X-component of the resultant
of the pressure forces on the nasal septum is cyclical, that is, at inspiration this force acts
to one side while at expiration - to another side. Again, the force magnitudes can differ
significantly. In rare cases the net force is always oriented in the same direction regardless
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Figure 4: The forces acting on the nasal septum:
inspiration is to the left of the vertical axis, expiration is to the right.
of the stage of breathing (in Fig. 4 the appropriate curve is marked with icons). Hence
almost always during the respiratory cycle a predominant pressure is on one side of the
septum. It can be assumed that a person has preconditions for septum deformation in the
future. With accumulation of the processed material, it may be possible to get the value
of the resultant force which can lead to a deviated septum. This would allow an early
prediction.
Consider the features of air flow in the middle part of the respiratory tract (nasopharynx, pharynx and trachea). Fig. 5 shows a visualization of the flow in the axial sections of
the middle part of human respiratory tract up to the 1st generation of the bronchi inclusive. There was considered regimes of inspiration and expiration. The calculations were
made for values ∆P from 75 Pa to 150 Pa, where ∆P is the pressure drop between nostrils
and the output section of the bronchi of the 1st generation. Here are the results for the
variant with ∆P = 100 Pa. At this value ∆P the air flow rate is approximately 500 ml/s,
which corresponds to the quiet breathing.
In the figure on the right the fields of the velocity vectors in sections Y= const are
presented. The section a − a is in nasopharynx immediately after air flow turning down,
the cross section b − b corresponds to the location of epiglottis in the throat, the section
c − c corresponds to middle part of larynx, the section d − d is localized in the middle part
of trachea.
During inspiration several vortices are formed in section a−a. Their shape and intensity
are determined by the air flow coming from left and right halves of the nasal cavity, and
the flows structure depends on the individual structure of the nasal cavity (see Fig. 3).
In the section b − b the epiglottis exerts primary control over the flow at inspiration and
expiration, making about a third of the total resistance of the pharynx. During inhalation
two vortexes are formed in the epiglottis zone, located at the top and bottom of it. During
expiration only one zone with a return flow is formed, located above the epiglottis. In the
vortex zones the flow against the main direction reaches a velocity of 1.5 m/s. In the larynx,
the c − c section, the flow is most intense in the lateral direction due to canal narrowing.
The maximum value of the transverse velocity reaches 34 % of velocity magnitude and is
1.7 m/s. In the section d−d two vortices of different intensity are formed at inspiration. At
expiration four vortex are formed in section d − d, two vortices are formed by left bronchus
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Figure 5: Flow visualization in four representative cross-sections.
and the other two, respectively, by the right bronchus.
The most complex flow pattern is formed in the vicinity of the epiglottis, whose function
is to overlap the entering of food lump to the larynx during swallowing, Fig. 6. The
figure shows the flow visualization of absolute velocity and field of velocity vectors during
inspiration and expiration. It is seen that extensive stagnation zones localized with a
pronounced reverse flow in the neighborhood of the epiglottis.

Figure 6: Flow visualization in the vicinity of the epiglottis.
It can be concluded that for the middle part of the respiratory tract the flow is always
characterized by the formation of vortices with varying intensity, and the flow structure
224

Distinctive features of the air flow in various parts of a human respiratory tract obtained
by numerical simulation
depends on the individual anatomical features of the nasal cavity.
In conclusion, it should be noted that the numerical study of 30 models of nasal cavity
has allowed us to advance in the understanding of flow pattern and influence of the shape
on flow structure. However, it is our belief that the number of models is insufficient to
draw more certain clear conclusions and generalized quantitative relationships. If at all
possible, given the variety of forms. The respiratory tract as a whole was obtained from
medics only in two variants, and they were also not fully detailed. As new source material
becomes available the continuation of the work should yield new, interesting and useful in
the practice results.
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