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Abstract

The nasal cavity performs several important functions for the inhaled air, such as
temperature and humidity adjustments. Although it is necessary to obtain velocity,
temperature, and humidity distributions during inhalation in order to understand the
nasal cavity’s functions, it is difficult to measure them noninvasively in the nasal
cavity. Therefore, we have continued to study nasal flow simulation with heat and
humidity transport. In such a simulation, the governing equations include a
continuum equation and the equations describing momentum, energy, and water
transport. The temperature and humidity of the inhaled air are adjusted by heat and
water exchange on the nasal cavity wall’s surface. Therefore, in the simulation,
these roles of the wall in the energy and water transport equations were included as
the boundary conditions. Although in related studies of nasal flow simulation with
heat and humidity transport, the nasal cavity wall’s surface temperature and
humidity were constant, here they were treated as degrees of using Newton’s
cooling law. A flow including temperature and humidity in a realistic human nasal
cavity shape was simulated. The simulation results agreed well with the
measurements reported by Keck at al. Therefore, this study concludes that our
model can simulate the heat and humidity exchange occurring in the nasal cavity. In
addition, it was found that the temperature and humidity adjustment functions
worked effectively in the front and narrow regions of the nasal cavity.

Key words: Nasal Flow, Computational Fluid Dynamics, Realistic Shape, Heat and
Humidity

1. Introduction

The nasal cavity performs several important functions for the inhaled air, such as
temperature and humidity adjustments, filtering, and smell sensing. The temperature
adjustment function heats or cools the inhaled air when the outer air is cooler or warmer
than the body temperature, respectively. The humidity adjustment function humidifies or
dries the inhaled air when the outer air is dryer or wetter than the body, respectively. The
filtering function removes dust from the inhaled air. The smell-sensing function works by
transporting odor molecules into the olfactory cleft, which is a region of the nasal cavity
that senses smells. The temperature and humidity adjustment functions are biologically
important because the differences in these temperature and humidity adjustment functions
between humans and apes cause a difference in adaptability to the living environment'.
Although the flow must be measured during inhalation in order to understand the nasal
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cavity’s functions, it is difficult to measure noninvasively in the nasal cavity. Therefore,
computational fluid dynamics (CFD) approaches are useful. Wen et al.?) investigated the
three-dimensional flow velocity field and the flow rate distribution of a geometrical region
in the nasal cavity by the finite volume method. Finck et al.”’ studied the velocity and
pressure distributions during inhalation and exhalation by the lattice Boltzmann method.
Lee et al. simulated the velocity, pressure, and temperature distribution using
time-dependent outlet pressure and wall temperature for a breath cycle.

This paper demonstrates nasal flow simulation with heat and humidity transport in
order to understand how the nasal cavity adjusts the temperature and humidity of the
inhaled air. In this simulation, the governing equations include the continuum equation,
which describes mass conservation; the Navier—Stokes equation, which describes
momentum transport; the energy equation, which describes energy transport; and the water
transport equation. The temperature and humidity of the inhaled air are adjusted by
exchanging heat and water between the organ side and the air side via the mucous
membrane covering the nasal cavity wall. Therefore, for numerical fluid simulation with
heat and humidity transport, models of these roles of the wall were constructed and
implemented as the boundary conditions for solving the energy and water transport
equations. For the temperature boundary condition in the energy equation, the wall surface
temperature was treated as a degree of freedom determined by the temperature difference
between air and the organ via the membrane by using Newton’s cooling law. The humidity
boundary condition for the water transport equation was also implemented by the same
mechanism, in which water moves between air and the organ via the membrane. By using
these temperature and humidity adjustment models, nasal flow with temperature and
humidity transport in a realistic human nasal cavity shape reconstructed from computed
tomography (CT) images was simulated. The simulation results agreed well with the
measurements reported by Keck et al.®). In addition, two cases of inhaled air temperature
and humidity were simulated. The temperature and humidity were found to be effectively
and efficiently adjusted in the front region of the nasal cavity during inhalation. The
following sections describe the flow model, heat and water exchange models, verification,
and numerical experiments.

2. Model of Flow in Nasal Cavity

This study modeled an incompressible, viscid, laminar air flow in the nasal cavity with
heat and humidity transport. Turbulence was not modeled because the maximum Reynolds
number of the inhaled flow was lower than the critical Reynolds number. Here, humidity
generally implies relative humidity and is the ratio of the amount of water contained in air
to the saturation capacity of air. However, the saturation capacity changes with temperature.
Hence, it is difficult to directly treat relative humidity as a degree of freedom. Therefore, to
model the magnitude of humidity in air, we considered the concentration of water in air
instead of treating the relative humidity directly. Although various approaches have been
used to represent the concentration of water, the mass fraction of water, that is, the ratio of
the weight of water to the weight of humid air was employed as a degree of freedom. Thus,
for nasal flow with heat and humidity transport, the phenomena that should be considered
include fluid flow, heat transport, and water transport. The degrees of freedom included four
variables: velocity, pressure, temperature, and mass fraction of water. Accordingly, the
governing equations were as follows: equation of momentum, Eq. (1); equation of
conservation of mass, Eq. (2); transport equation of energy, Eq. (3); and transport equation
of the mass fraction of water, Eq. (4).
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Here, t, u, p, p, v, K, T, Cp, F, and D denote time, velocity, pressure, density,
kinematic viscosity, thermal conductivity, temperature, specific heat, mass fraction of water,
and mass diffusion coefficient, respectively. To solve this equation system comprising Egs.
(1) to (4), the general purpose fluid simulation software FLUENT® by ANSYS, Inc. was
employed. To incorporate the temperature and humidity adjustment functions of the nasal
cavity, it is necessary to introduce appropriate boundary conditions that represent the heat
and water exchange occurring on the nasal cavity wall in order to solve the transport
equations of energy and mass fraction of water.

3. Boundary Conditions for Energy and Transport Equations

The nasal cavity wall has a layered structure consisting of a mucous membrane and a
capillary layer consisting of capillaries located on the organ side, as shown in Fig. 1. The
temperature and humidity of the inhaled air are adjusted by heat and water exchanges
between the organ side and the air side via the mucous membrane. Zachow et al.”” showed
the temperature and humidity distribution in the nasal cavity during a breath under a
boundary condition of constant temperature and humidity on the nasal cavity wall surface.
Naftali et al.®) calculated the nasal flow with temperature and humidity transport. However,
these studies were conducted without considering the mucous membrane thickness and the
effect of temperature and humidity changes on the mucous membrane due to the inhaled air.
To consider these effects as the boundary conditions for the energy equation Eq. (3) and the
transport equation Eq. (4), heat and water exchanges via a thin mucous membrane were
modeled in this study; the model includes the mucous membrane thickness. It can consider
the effect of the inhaled air on the temperature and humidity of the nasal cavity wall surface
by treating the temperature and humidity of this surface as a degree of freedom. This model
represents the air side region as a computational mesh reconstructed from the binarization
of a CT image using air brightness in the image. The organ-side region is treated as not a
computational mesh but a mathematical model that covers the air side region.

Air Side
Mucous - _ (Meshed)
Membrane
_ I \
Capillary Organ Side
Layer (Not Meshed)

Y Y

Fig. 1 Structure of Nasal Cavity Wall:
Nasal cavity wall surface is covered with mucous membrane. Mucous membrane has a nasal gland that
secretes mucus. Cilia and nose hairs are ignored in this figure. Capillaries supply materials for mucus.
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3.1 Model of Heat Exchange on Cavity Wall for a Boundary Condition of the Energy

Equation

Figure 2 illustrates the exchange of heat between the organ side and the air side via the
mucous membrane. In this figure, &, represents the membrane’s thickness. This
membrane is a simplified model of the actual mucous membrane, which ignores nasal
glands and small objects on the membrane’s surface, such as cilia and nose hairs. The nasal
cavity, i.e., the air region, is represented by a computational mesh. The membrane and the
organ side region are represented by a mathematical model attached to the outside of the
nasal-cavity-shaped mesh. 7T indicates the temperature of the organ side; it is a constant
value because the organ side is provided with sufficient heat by the capillary layer. T
denotes the temperature of the membrane surface, which is not constant but rather a degree
of freedom that should be determined by calculation. Qyemy, indicated by a red arrow,
represents the heat flux transmitted between the organ side and the air side via the
membrane. Qnemp is defined by Eq. (5).

Wall Surface Temp.

Air (Degree of Freedom) | Represented
by Mesh
Memb.
1) Mathematical

Organ Tempreature Model
Organ (Constant)

Fig. 2 Model for Heat Exchange on Nasal Cavity Wall:
Heat is transmitted between the organ side and the air side via the membrane. T, Ts, Omemb, and Smemb
represent the nasal cavity wall surface temperature, organ side temperature, heat flux, and membrane
thickness, respectively. 7o is treated as a constant and 7 is a degree of freedom that must be calculated.

I _k, .o 5)

Kinemy and n denote the thermal conductivity of the membrane and the normal vector of
the nasal cavity wall surface, respectively. If Tp > T, Omemp 1S transmitted into the air side
from the organ side, and the inhaled air is heated as heat flows into it from the organ side. If
To < Ts, Omemp 1S transmitted into the organ side from the air side, and the inhaled air is
cooled as heat is transferred from it to the organ side. Heat transfer between the organ side
and the air side is included in the nasal flow simulation by using the heat flux Qy,emp, defined
by Eq. (5) as a flux boundary condition for the energy equation Eq. (3). It was implemented
in a CFD procedure using the heat transfer boundary condition that is normally provided as
a FLUENT function.

3.2 Model of Water Exchange on Cavity Wall for a Boundary Condition of the

Transport Equation

Figure 3 illustrates the exchange of water between the organ side and the air side via the
mucous membrane. d,,.m, denotes the membrane’s thickness. This membrane is a simplified
model of the actual mucous membrane and is the same as that used to construct the heat
exchange model. F, indicates the mass fraction of water on the organ side and is a constant
value because the organ side is provided with sufficient water by the capillary layer. F
denotes the mass fraction of water on the membrane’s surface, which is not a constant but
rather a degree of freedom that should be determined by calculation. Wj,emp, indicated by a
blue arrow, represents the water flux transmitted between the organ side and the air side via
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the membrane. W, is defined by Eq. (6).

_Dmeme_F:Dmemb¥
n

memb

/4

memb )

Doy and n represent the mass diffusion coefficient of the membrane and the normal
vector of the nasal cavity wall surface, respectively. If Fp > Fg, Wiemp 1s transmitted into the
air side from the organ side, and the inhaled air is humidified as water flows into it from the
organ side. If Fp < Fg, Wiemp 1S transmitted into the organ side from the air side, and the
inhaled air is dried as water is transferred from it to the organ side.

A
Water Mass Fraction
Air On Wall Surface Represented
(Degree of Freedom) | by Mesh

Memb.
0 3 Mathematical
Water Mass Fraction Model
Organ in Organ (Constant)

Fig. 3 Model for Water Exchange on Nasal Cavity Wall:

Water moves between the organ side and the airside via the membrane. Fs, Fo, Wmemb, and Smemb represent
the mass fraction of water on the nasal cavity wall surface, the mass fraction of water on the organ side, the
water flux, and the membrane thickness, respectively. Fy is treated as a constant and Fs is a degree of
freedom that must be calculated.

Although FLUENT can easily deal with a boundary condition that specifies the heat
flux at a boundary, it cannot deal with one that specifies the mass flux of the species
transported through the boundary. For the species transport equation, FLUENT has only a
Dirichlet-type boundary condition. It is necessary to determine the mass fraction of water
on the nasal cavity wall surface. Therefore, a two-film theory was employed to determine
this value. This theory is familiar in the chemical engineering field and is typically used to
describe species transport between a liquid phase and a gas phase via a boundary. The
theory assumes two thin layers on both sides of the boundary when a species is transported
through the boundary. Because the species transported to the gas phase from the liquid
phase pass through the liquid and gas side layers, the fluxes in both layers should be equal.
The model for water exchange on the nasal cavity surface was modified using this theory.

- Water Mass
Air Fraction in Air
F Represented
Boundary# Thickness by Mesh
Layer 6[)1 Water Flux Wbl
Memb. Mathematical
0 Model

Organ Water Mass Fraction
in Organ (Constant)

Fig. 4 Modified Water Exchange Model Using Two-Film Theory:
Water moves between the organ side and the air side via the membrane and the boundary layer. F, 8y,
Wmemb, and Wy, represent the mass fraction of water on the air side, the boundary layer thickness, the water
flux in the membrane, and the water flux in the boundary layer, respectively.
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Figure 4 shows the water exchange model modified by applying the two-film theory.
The modification added an additional layer called the boundary layer next to the nasal
cavity wall surface on the air side. In this figure, 8, denotes the boundary layer thickness.
The air region and the boundary layer are represented by a computational mesh. The
membrane and the organ side region are represented by a mathematical model attached to
the outside of the nasal-cavity-shaped mesh. Wi, indicates the water flux between the
organ side and the boundary layer via the membrane. W, represents the water flux between
the membrane and the air side via the boundary layer. F signifies the mass fraction of water
on the air side. The governing equations of the water fluxes Wy, and Wy, are Egs. (7) and
(8), respectively.

oF F,—F
/4 =D . —=pD -2 35 7
memb memb an memb 5memb ( )
oF F,-F
W, =D, —= -5~ 8
bl bl al’l bl 5[)1 ( )

Dy, signifies the mass diffusion coefficient of the boundary layer. Since water moves
from the organ side to the air side via the membrane and the boundary layer, the water
fluxes Wiemp and Wy, should be equal according to the two-film theory. F; was obtained as
shown in Eq. (9) by solving Egs. (7) and (8). As noted above, FLUENT cannot deal with a
flux boundary condition for the species transport equation. However, instead of using a
Dirichlet-type boundary condition in which the mass fraction of water on the nasal cavity
wall surface is always constant, a variable boundary condition in which this value can
change according to the inhaled air’s properties can be used for the water transport equation
Eq. (4) by using this mode. This calculation was implemented in the solving procedure by
using a user-defined function in FLUENT.

D memb F + & F
§1nemb ¢ §bl
Es="—7p 5 ©)
é‘memb §bl
Figure 5 illustrates the essential procedure for solving the system of Eqgs. (1) to (4) for

the steady state using the heat and water models as the boundary conditions. First, the
velocities u, v, w and the pressure p are calculated by the momentum equation Eq. (1) and

the continuum equation Eq. (2). Second, to obtain the temperature 7, the energy equation
Eq. (3) is solved using the calculated velocity and the heat flux Q.. defined by Eq. (5) as
the boundary conditions. Third, the mass fraction of water F is computed by the transport
equation Eq. (4) using the velocity and the mass fraction of water on the nasal cavity wall
surface F defined by Eq. (9). Fourth, if the residuals of all variables, u, v, w, p, T, and F,
drop below the convergence criterion defined when the solution procedure began, the
procedure will stop.

4. Reconstruction of Nasal Cavity Shape

To simulate an actual nasal flow with heat and humidity transport by using the heat and
water exchange models described above, an actual human nasal cavity shape was
reconstructed from CT images. The nasal cavity shape used in this study was reconstructed
from the slice images of a 31-year-old male who had never suffered from any disease
related to the nasal cavity. The original CT images consisted of 100 sheets of the slice
images, and each image had 512 x 512 pixels in the DICOM format. The image resolution
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Solve Momentum (1) and
Continuum Eq. (2)

(uv,w,p)
Boundary Conditions
Solve Energy Eq. (3) Heat flux Qe
(Temperature T') Through the Surface
Solve Transport Eq. (4) Mass Fraction of Water F;
(Mass Fraction of Water ) Value on the Surface

Convergence?

Fig. 5 Flowchart for Solving Nasal Flow with Temperature and Water Transport:
This figure shows the essential procedure for solving Eqgs. (1) to (4) for the steady state.

was 0.186 mm/pixel in a slice image and 1.0 mm/slice between the slice images. Although
the nasal cavity shape is generally asymmetric between the right and left sides and the shape
changes with the nasal cycle, differences between the right and left sides of the nasal cavity
were small. To reconstruct the nasal cavity shape as 3D polygon data, first, the paranasal
sinuses, which are unnecessary for this study, were removed using the medical image
processing software Real INTAGE. Next, a 3D nasal cavity shape was constructed by
reconstructing the 3D polygon data by using the marching cubes method"”"Y. Then, the
polygons were optimized to remove warping by employing the polygon editing software
Magics"'?. Finally, a computational mesh was obtained using the meshing tool in FLUENT.
The mesh contained about 120 x 10° elements. The model’s surface area and total volume
were 149.95 cm” and 29.41 cm’, respectively.

vl Middle Nasal
Left Side o :- Concha

Inferior Nasal
Nares Concha

Fig. 6 Reconstructed Nasal Cavity Shape:
Shape was reconstructed from CT images of a 31-year-old male who had never suffered from any disease
related to the nasal cavity. Nasal cavity is separated into three regions by two nasal conchae.

Figure 6 shows the reconstructed nasal cavity shape. The nasal cavity contains two
large bulging areas, the middle nasal concha and the inferior nasal concha. Therefore, the
nasal cavity is separated into three regions: the inferior meatus, middle meatus, and superior
meatus. The inferior meatus is below the inferior nasal concha. The middle meatus is the
region between the middle and inferior nasal conchae. The superior meatus is the region
above the middle nasal concha.




Journal of Biomechanical
Science and Engineering

R
P

Vol. 5, No. 5, 2010

5. Numerical Experiment

By using the heat and water exchange models and the reconstructed realistic nasal
cavity shape, nasal flow with heat and humidity transport was simulated. First, the heat and
water exchange models were verified and computational parameters were defined by
comparing the simulation with the measurements. Next, to study the temperature and
humidity adjustment functions of the nasal cavity, two cases of the inhaled air, the hot-wet
case and the cold-dry case, were simulated.

5.1 Verification by Comparing the Simulation with Measurements

Keck et al. measured the temperature and humidity in the nasal cavity of 23 adults
during inhalation by inserting a sensor. In Fig.7, red dots indicate the measurement points
used by Keck et al. To verify the heat and water exchange models by comparing their results
with the measurements, the simulated temperature and humidity were determined. The blue
dots in Fig.7 indicate the evaluation points in the simulation.

@ T.Keck
| @ Simulation

Fig. 7 Measurement Points:

Keck et al. measured the temperature and relative humidity in the nasal cavity of 23 adults during an
inhalation; the measurements were performed at distances of 1.5, 2.5, and 6.0 cm from the nares by
inserting a probe.

Simulations were performed under a steady state; that is, the calculated flow field was
time-averaged field of an inhalation phase. For the boundary conditions of the numerical
simulation, the nares were treated as free inlets. The temperature of the inhaled air was
25 °C and the mass fraction of water was 0.684%, for a relative humidity of 35% at 25 °C.
The thermal conductivity and mass diffusion coefficient of the inhaled air were 0.0454
W/mK and 2.88 x 10> m%s, respectively. The pharynx was considered a velocity boundary
that was assigned the velocity of the outflow from the nasal cavity. The steady velocity that
means time-averaged velocity in an inhalation phase was 0.784 m/s. It was calculated using
a pharynx cross-sectional area of 2.55 cm?, a respiratory rate of 12 breaths/min, and a tidal
volume 500.0 ml, which represents the tidal volume per breath. Under these conditions, the
Reynolds number of the pharynx was 967 and the average Reynolds number of the nares
was 465. The wall served as a non-slip boundary for the fluid velocity and incorporated the
models for heat and water exchange.

As a parameter for the heat and water exchange models, ignoring the temperature
dependence of the material parameters, the organ side temperature 7, was considered equal
to the body temperature, 34 °C. The organ side mass fraction of water F, was 3.34%, which
is a relative humidity of 100% at 34 °C. The thermal conductivity of the membrane Kemp
was 0.6 W/mK. The boundary layer thickness oy was 1.0 mm. The mass diffusion
coefficient of the membrane as a water vapor source Dyemp Was 2.6 X 10> m?/s according to

1.9

Lee et al."”’, assuming that the membrane was a high-density water vapor layer. Assuming

that water vapor diffusion is stronger in the boundary layer than in the membrane, Dy, is 3.0
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x 10~ m?/s. The membrane thickness Omemy Was 1.0, 2.0, 3.0, 4.0, or 5.0 mm. Figure 8
shows the boundary conditions and the material properties.

T, =34[°C]
Kﬂ’le“’lb:O‘6 [W/mK]
F, =334%

6mcmb =1.0t0 5.0 [mm]
So =1.0 [mm]

D, emp=2.6X10° [m?/s]
D, =3.0x10 [m%s]

Wall:
Non-Slip

Pharynx:

Velocity BC Inspiration

Velocity
0.784 [m/s]
Fig. 8 Boundary Conditions for Simulation:

Pharynx was assigned an outward velocity of 0.784 m/s. Nares were treated as free inlets. Wall was a
non-slip boundary. 7o, Kmembs F 0, Omemb, and dp indicate the organ-side temperature, thermal conductivity of
the membrane, organ-side mass fraction of water (relative humidity of 100% at 34 °C), membrane thickness,
and boundary layer thickness, respectively. Dmemp indicates the mass diffusion coefficient of the membrane.

Dy, represents the mass diffusion coefficient of the boundary layer in the double-film theory of the water
exchange model.

Nares:
Free Inlet

100

90

=
7

D e "3 ek T g o Keck
%‘ 32 i ——1mm| 2 ——1mm
2 / —~-2mm| g 70 —%-2mm
® 30 =1
bl / l 3mm % 60 3mm
% 28 4mm | = 4mm
& / —=—5mm % 50 —=—5mm

2 1 % 40

24 . : ; . . 30 ; ; ! . . .

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Location [cm] Location [cm]
(a) Temperature (b) Relative Humidity

Fig. 9 Temperature and Relative Humidity Distribution:
Horizontal axis represents the location (distance from nares). Vertical axis represents temperature (a) and
relative humidity (b). In the simulation results, the plotted temperature and relative humidity values are the
spatial averages in each cross section located on the blue points in the Fig.7

Figure 9(a) shows the measured and simulated temperature distribution. The horizontal
axis represents the location (distance from the nares) and the vertical axis represents
temperature. For the results reported by Keck et al., the measured temperatures and error
ranges were plotted. The temperature values of the simulated result on each location were
the spatial averaged values in each cross section vertical to the direction from nares to
pharynx, located on the blue points specified by Fig.7. In all cases, the measured and
simulated values exhibited the same tendency: the temperature increased rapidly within 2.5
cm of the nares. Farther away, the temperature increased slowly, and the inhaled air was
heated enough to approximate the body temperature, 34 °C. Furthermore, the tendencies
observed for various 3., values were different; the rate of temperature increase decreased
with an increase in Openyp. This implies that a thicker membrane disturbed the heat
transmission. For a thicker dyemp, the simulation results were within the error range of the
measurement. As mentioned above, the simulation results were the averaged temperature in
the cross section at a specified location. Because the air temperature increased near the
nasal cavity wall because of the high organ-side temperature of 34 °C, the averaged
temperature was higher than the temperature of a point at the center of the flow.
Considering this tendency of the averaged temperature, although the simulation results
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seemed to be higher than the measured results at a first glance, they were in fact found to
agree with the measured results.

Figure 9(b) shows the measured and simulated relative humidity distributions. The
horizontal axis represents the distance of a point from the nares. The vertical axis represents
the relative humidity. For the results reported by Keck et al., the measured relative humidity
and error ranges were plotted. The relative humidity values of the simulated result on each
location were the spatial averaged values in each cross section vertical to the direction from
nares to pharynx, located on the blue points specified by Fig.7. In all cases, the measured
and simulated values exhibited the same tendency: the relative humidity increased rapidly
within 2.5 cm of the nares. Farther away, the relative humidity increased slowly and the
inhaled air was sufficiently humidified to approximately 100%. In addition, the tendencies
observed for various Oyem, Values were different; the rate of relative humidity increase
decreased with an increase in Opemp,. This implies that a thicker membrane disturbed water
transport. Furthermore, for the thicker dyemy, the simulation results were within the error
range of the measurement. For the same reason as that mentioned earlier for temperature,
the averaged relative humidity was higher than the relative humidity of a point at the center
of the flow. Therefore, although the simulation results appeared to be higher than the
measured results at first glance, they were in fact found to agree with the measurement
results.

These results demonstrated that the heat and water exchange models could be used to
simulate nasal flow with heat and humidity transport reasonably well. In the following
subsection, we present simulation results for the cases of hot-wet and cold-dry inhaled air.

5.2 Simulation of Hot-Wet and Cold-Dry Inhaled Air

Here, to observe temperature adjustment and humidity adjustment functions of the nasal
cavity, two cases of the inhaled air’s properties were simulated. In case A, to observe these
functions when the inhaled air was hot and wet, its temperature and relative humidity were
set to 50 °C and 100%, respectively. In case B, to observe these functions when the inhaled
air was cold and dry, its temperature and relative humidity were set to —10 °C and 10%,
respectively. Thus, the mass fraction of water contained in the inhaled air was 7.95% for
case A and 0.0175% for case B. Furthermore 8¢, was 3.0 mm. The other parameters were
the same as those used in the abovementioned verification simulations.

0.00 [m/s] 0.82 [m/s] 1.65 [m/s] 2.47 [m/fs] 3.30 [mfs] 0.00 [m/s] 0.82 [m/s] 1.65 [m/s] 247 [m/s] 3.30 [m/s]

(a) Case A (b) Case B
Fig. 10 Flow in the Nasal Cavity:
Most air flowed through the middle and inferior meatuses. A small amount of air flowed through the
superior meatus.

Figure 10 illustrates the flow in the nasal cavity by using streamlines. In both cases, the
middle meatus, that is, the region between the inferior and middle nasal conchae, passed the
maximum amount of air, and the flow velocity was high. The inferior meatus, that is, the
region below the inferior nasal concha, passed the second-highest amount of air. The
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superior meatus, that is, the region above the middle nasal concha, passed a small amount of
air, and the flow velocity there was quite low. In case A, the air velocity in the nasal
vestibule, that is, the region located immediately after the nares, was higher than that in case
B, which was attributed to the total energy difference arising from the difference in the
temperature of the inhaled air between cases A and B.

34.0[C] 38.0 [C] 420 [C] 46.0 [C] sooc) [ -10.0(c] 10[C] 12.0 [C] 230 [C] 34.0[C]

(a) Case A (b) Case B
Fig. 11 Temperature Distribution:
Temperature adjustment function of the nasal cavity works well in the front and narrow regions.

Figure 11 shows the temperature distribution in the nasal cavity by using contours. In
case A, the air was cooled because it supplied heat to the organ side via the membrane.
Figure 11(a) for case A indicates that the air temperature decreased with increasing distance
from the nares. Most temperature change occurred in the front region of the nasal cavity. In
addition, at a point located near the pharynx and at the narrow region of the nasal cavity, the
hot inhaled air was sufficiently cooled to approximately the organ side temperature, 34 °C.
In case B, the air became hot by absorbing heat from the organ side via the membrane.
Figure 11(b) for case B indicates that the air temperature increased with increasing distance
from the nares. Most temperature change also occurred in the front region of the nasal
cavity. Furthermore, at a point located near the pharynx and at the narrow region of the
nasal cavity, the cold inhaled air was sufficiently heated to approximately the organ side
temperature, 34 °C.

1

ot

/ Q\\

450 [%] 5.67 [%] 6.83 [%] 8.00 %] [ 0.00 %] 0.83 [%] 1,67 [%] 2,50 [%]

(a) Case A (b) Case B
Fig. 12 Mass Fraction of Water Distribution:
Humidity adjustment function of the nasal cavity works well in the front and narrow regions.

Figure 12 shows the mass fraction of water distribution in the nasal cavity by using
contours. In case A, the air became dry because it supplied water into the organ side via the
membrane. Figure 12(a) for case A indicates that the air became increasingly dry with
increasing distance from the nares. Most of the change in the mass fraction of water
occurred in the front region of the nasal cavity. Furthermore, at a point located near the
pharynx and at the narrow region of the nasal cavity, the humid inhaled air was sufficiently
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dried to approximately the organ side mass fraction of water, 3.34%. In case B, the air
became humid by absorbing water from the organ side via the membrane. Figure 12(b) for
case B indicates that the air became increasingly humid with increasing distance from the
nares. Most of the change in the mass fraction of water also occurred in the front region of
the nasal cavity. At a point located near the pharynx and at the narrow region of the nasal
cavity, the dry inhaled air was sufficiently humidified to approximately the organ side mass
fraction of water, 3.34%.

Figure 13(a) shows the temperature distribution for both cases. The horizontal and
vertical axes represent the distance from the nares and the temperature, respectively. In case
A, most temperature change occurred in the front region of the nasal cavity. The averaged
temperature decreased to approximately the organ side temperature of 34 °C up to the
pharynx. Similarly, in case B, the averaged temperature increased approximately to the
organ side temperature of 34 °C. This change also occurred in the front region of the nasal
cavity. Figure 13(b) shows the mass fraction of water distribution for both cases. The
horizontal and vertical axes represent the distance from the nares and the mass fraction of
water, respectively. In case A, similar to the temperature change, most of the changes in the
mass fraction of water occurred in the front region of the nasal cavity. The averaged mass
fraction of water decreased approximately to the organ side mass fraction of water, 3.34%
up to the pharynx. In case B, the averaged mass fraction of water increased to
approximately the organ side value of 3.34%. This change also occurred in the front region
of the nasal cavity.

These results show that the temperature and humidity adjustment functions of the nasal
cavity work efficiently in the front and narrow regions of the cavity.
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Fig. 13 Temperature and Mass Fraction of Water Distribution:
Horizontal axis represents the distance form the nares. Temperature and mass fraction of water reached
values that were approximately equal to the corresponding organ-side values.

6. Summary

To understand the temperature and humidity adjustment functions of the nasal cavity,
heat and water exchange models were constructed for simulating the heat and water
exchanges occurring on the nasal cavity wall. Because heat and water exchanges occur
between the organ side and the air side via the mucous membrane in the nasal cavity, in our
model, heat is transmitted between the organ side and the air side via the membrane by
diffusion driven by a temperature difference. This model was incorporated into the
computational fluid analysis as the boundary condition of the energy transport equation.
Furthermore, water moves between the organ side and the air side via the membrane by
diffusion driven by the water concentration difference, and this model was incorporated into
the analysis as the boundary condition of the water transport equation by the double-film
theory.
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The simulation results obtained using the above models and a realistic nasal cavity
shape reconstructed from CT images were compared with the measurements, and the
reliability of these models was verified. Furthermore, by simulating two cases, hot-wet and
cold-dry inhaled air, both air temperature and humidity were found to be described by
values that were approximately equal to their respective organ side values. A significant
change in the temperature and the mass fraction of water occurred in the front and narrow
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regions of the nasal cavity.
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