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Numerical modeling of air flow inside the human nose cavity

Abstract. The complex structure of the human nasal cavity makes it difficult to study the flow of air
in it, therefore, at present, mathematical and computer modeling is used for this purpose. These studies
are relevant due to the development of inhalation methods for injections drugs into the nose, with the help
of which surgery can be performed. Within the framework of the Navier-Stokes, temperature and
concentration system of equations using the ANSYS Fluent application, a three-dimensional test
calculation of the air flow in the human nasal cavity was carried out at various modes of inhalation,
normal inhalation and during exercise. The laminar model was used to close the Navier-Stokes equations,
and the SIMPLE method was used to perform the relationship between velocity and pressure. In the
graphics package AutoCAD, a geometric three-dimensional model of the nasal cavity was built,
reconstructed from images of the nose in coronary sections. As a result of numerical simulation, the fields
of velocity, pressure, temperature and concentration were obtained. The obtained results were compared
with the experimental data from [10] and the numerical results from [3]. The obtained results match with
the experimental data. It was found that the inhaled air is heated and humidified to the state of the nasal
tissue, the shells increase the rate of local transfer of heat and moisture by improving mixing and
maintaining thin boundary layers, the capacity of a healthy nose exceeds the requirements necessary for
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conditioning the inhaled air under normal breathing conditions.
Key words: system of equations Navier-Stokes, anatomical model of the nose, coronary planes, flow

structure, method SIMPLE, inhaled air conditioning.

Introduction

The nose is located at the beginning of the
human respiratory tract and plays an important role
in transporting air to the lungs, in purifying the air,
in delivering drugs to the body during inhalation,
etc. Physical deficiencies in the nasal cavity make it
difficult to perform these functions. For treatment
and surgery, in order to avoid unwanted
complications, it is necessary to have a good
knowledge of the structure of the nasal cavity and
the structure of the movement of the inhaled gas.

Mathematical modeling of the air flow in the
human nasal cavity can investigate the structure of
the flow, which cannot be detected by modern
instrumental methods, makes it possible to predict
the results of real surgical operations, and can also
help in determining the method of drug delivery
during inhalation.

Studies of the flow of air in the human nasal
cavity have been conducted since the 1990s, to
which the works of the authors [1-6], etc. The first
calculations were carried out only for one part of the

© 2021 al-Farabi Kazakh National University

nasal cavity, where the computational grid did not
reach 100,000 cells [3, 4, 7]. In later works, one can
see the results of the study of both sides of the nasal
cavity, where the calculations were carried out for
several 10 times larger numbers of grid cells.

The air flow in the human nasal cavity has been
experimentally studied for decades in works [8-16].

In addition, the authors of [3, 17, 18-21] carried
out an analysis of fluid dynamics (CFD) of the
human nasal cavity, confirming the main
experimental observations.

The first native publication on this topic
appeared in 2016 [22], where a two-dimensional
computational study of transport phenomena in
model cross-sections of the nasal cavity of a normal
human nose was investigated on the basis of a two-
dimensional incompressible system of Navier-
Stokes equations. In the mentioned work, the
methods of finite volumes and projection are
applied. Research has shown that a normal nose can
maintain balance even under extreme conditions.

In [23], studies of airflow transfer in a nasal
cavity model for normal inspiratory rate in various
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environmental conditions were carried out, where
numerical results showed that during normal
breathing, the human nose copes with the
metabolism of heat and relative humidity in order to
balance the alveolar conditions within.

In [24], numerical methods based on an
anatomically accurate model of the nose were
tested. It was found that the laminar model achieves
good similarity with experimental results under
calm breathing conditions (180 ml / s) and performs
better than the turbulent RANS model. The turbu-
lent RANS models gave more accurate predictions
for the increase in respiration rate, but the LES and
DNS results were better. As expected, the LES and
DNS can provide accurate forecasts of nasal airflow
in all conditions, but their computational costs are
100 times greater. Among all the tested RANS
models, the standard model most closely matches
the experimental values in terms of the velocity
profile and turbulence intensity.

For more efficient computation of numerical
simulation of air transport in the human nasal
cavity, parallel computing technologies are used. In
[25], a two-dimensional numerical simulation of air
transport in model sections of the nasal cavity by the
projection method was carried out, where the algo-
rithm is parallelized using geometric decomposi-
tions. As a result, the effectiveness of various
methods of decomposition of the computational
domain was determined.

Mathematical model

Mathematical model is

V-U=0
a—U+(U-V)U=—lv13+vv2U

o g M
a—T+(U-V)T=Lv2T

ot pe,

oC

= +(U-V)C=-DVC
ot

where U — velocity vector, 7' — temperature, C —
concentration, ¢ — time, x, y, z — spatial
coordinates, p — density, k — thermal diffusivity,
¢y — specific heat, v — kinematic viscosity, D —
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molecular diffusion coefficient, V> — Laplacian
operator.

Initial conditions: wu~0 = V=0
T =32°C, Ci=9 =0,0235 kgH,O/m?.

Input boundary conditions for speed: for normal
breathing u=v=w=1 wm/ and for breathing
during the exercise u =v=w=2.5 m/c.

Boundary conditions on the inlet for temperature
and concentration: T = 25°C, C~o =0,0047
kgH,O/m®.

The boundary conditions for the velocity at the
walls of the nasal cavity and turbinate are specified
as no slip conditions.

Boundary conditions on the walls for
temperature and concentration: . = 37°C, Cyai
=0,0438 kgHO/m’.

The ANSYS FLUENT application package is
used for numerical modelling. The laminar model
was used to close equations (1), and the SIMPLE
algorithm was used to relate pressure and velocity.

56 forms of the transverse coronary planes of
the nasal cavity obtained from [26] and were
digitized, restored in the graphic program Autocad.
Final result was constructed as a geometric model of
the nasal cavity of a real person (Figure 1).

= W= — 0,

Figure 1 — Constructed 3D model of the nasal cavity

The right side of the nasal cavity was used
during calculation, in which the ¥ axis is directed
vertically upward, the X axis is directed from the
entrance to the nasopharynx along the main
direction of flow. Computational grid consists of
692 158 elements.

Computational fluid dynamics (CFD) analysis
of nasal function is studied with the article [3]. The
numerical results were compared with the detailed
experimentally measured velocity profiles from [10]
and the numerical results from [3].

The results were obtained in the indicated
lines of 4™, 6™, 8", 9™ planes (Figure 2).
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a) b) c) d)
Figure 2 — a — a line with a dimension of 2.66 mm in 4 plane; b — lines with dimensions
1.42 mm and 1.81 mm in 6 plane; c — lines with dimensions 2.26 mm and 2.29 mm 8" plane;
d) line with a size of 3.28 mm in 9" plane

Numerical results

Figure 3 — a) Velocity profiles U in 4" plane in line 2.66; b) Velocity profiles U in 6! plane

in line 1.42; ¢) Velocity profiles U in 6 plane in line 1.81; d) Velocity profiles U in 8" plane in line 2.26;

€) Velocity profiles U in 8" plane in line 2.29; f) Velocity profiles U in 9" plane in line 3.28
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The results of the current numerical simulation
are in good agreement with the experimental data
from [10], as shown in Figures 3 (a-f). The profiles
were  dimensioned for maximum  speed.
Dimensionless distance was from the lateral to the
medial sides of the airways.

Numerical results match with experimental
measurements less than 20 percent at the most
comparison locations. More accurate agreement was
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obtained at many points in the model. The
difference between the results can be attributed to
different sources of numerical and experimental
errors.

In figure 4 wvelocity contours show the
appearance of vortices in the vicinity of the
turbinate itself.

In figure 5 due to air heating, the temperature
increases by 37°C.
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Figure 4 — Velocity contours in cross-section 6 with inlet velocities
a—1lm/sandb—2,5m/s
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Figure 5 — Temperature contours in cross-section 6 with inlet velocities
a—1m/sand b—2,5m/s
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Figure 6 — Concentration contours in cross-section 6 with inlet velocities
a—1lm/sandb—-2,5m/s

In the vicinity of the shell, moisture increases
due to the narrowing of the nasal cavity. In figure 6

moisture concentration reaches 0.438 kgH,0/m’.

Conclusion

A three-dimensional numerical simulation of the
nasal cavity models has been carried out due to lack
of studying problems of air transport phenomena in
it. Inhaled air is heated and humidified to the state
of the nasal tissue. The shells increase the rate of
local heat and moisture transfer by improving
mixing and maintaining thin boundary layers.
During an average inhalation (when the speed is
maximum), a rapidly moving air core dominates in
the flow of inhaled air, and as a result, the
instantaneous heat and mass exchange of the inhaled
air is significantly reduced.

The nose can handle a range of extreme
conditions. However, impaired circulation or surface
moisture can reduce the rate of heat or moisture
flows into the inhaled air. The capacity of a healthy
nose exceeds the capacity required for conditioning
the inhaled air under normal breathing conditions.
As a consequence, it can be effective during heavy
breathing and variety of entry conditions, including
a scrubbing process to remove toxic gases and
particles.

In future studies, it will be necessary to improve
the detailed description of the processes’ dynamics
of heat transfer, water and soluble gas on the surface
of the mucous membrane, especially in the region of
the turbinate.
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