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A B S T R A C T

A numerical study using the lattice-Boltzmann method is conducted to investigate the conditioning
ability of the human nose, where a boundary treatment is implemented to model the latent heat
effect. The humidity exchange at the wet surface of the nasal mucosa influences the wall temperature,
imitating the thermal inertial effects of the mucosa tissue. To capture the curvature of the cavity geom-
etry, interpolated bounce-back schemes are used to set the wall temperature and water concentration
computed by the boundary model. The impact of evaporation on the conditioning ability is investigated
for pre- and post-surgery cavity geometries of a patient that was diagnosed with enlarged turbinates and
underwent turbinectomy. The widening of the nasal passages in the course of the turbinectomy cause a
reduced pressure loss between the inlets (nostrils) and the outlet (pharynx), but also dry air streaming
towards the back part of the airway-throat interface. This coincides with the patient’s perception, who
reported less efforts for breathing in, but at the same time a dry and sometimes painful feeling at the
back of the throat.

1. Introduction
Clinical investigations of the conditioning ability of the

nose demonstrate a challenge due to the difficult access of the
nasal cavity with measurement equipment. Computational
fluid dynamics (CFD) enables in-depth studies of the nasal
conditioning ability, allowing to obtain velocity, pressure,
temperature, and humidity concentration distributions inside
the cavity. The lattice Boltzmann method (LBM) has proven
to be a popular approach to address fluid flow problems
in the medical field [1, 2] due to the adaptability towards
complex geometries and easy extension to solve transport
phenomena.

This article presents numerical studies on the influence
of the latent heat effect of evaporation on the inhalation
process through the nose. The nasal cavity geometry is
obtained via computer tomography scans converted into a
surface model with the automated machine learning-based
pipeline described in [3]. CFD simulations are conducted for
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the pre- and post-surgical anatomy of a patient that under-
went turbinectomy, a surgical intervention to treat enlarged
turbinates. Whereas previous attempts for estimating and
planning surgical interventions with an LBM mainly focus
on a surgery’s influence on the pressure or temperature dis-
tributions [4, 5], the current study allows to analyze the main
complication of a turbinectomy, i.e., a decreased capability
to humidify incoming air. On the one hand, turbinectomy is
known to reduce nasal resistance and ease breathing [6]. On
the other hand, it alters nasal conditioning, since less heat ex-
change and humidification are possible, resulting in streams
of significantly colder and dryer air in the nasopharynx [7].

2. Numerical Method
For solving each macroscopic equation, i.e., Navier-

Stokes equation (NSE) for the airflow and advection-diffusion
equations (ADE) for the heat and humidity transfer, the LBM
implemented in the open source multiphysics solver frame-
work m-AIA 1 (multiphysics - Aerodynamisches Institut
Aachen, formerly known as Zonal Flow Solver (ZFS) [8])
is employed where the temperature and water concentration
distribution are computed via passive scalar transport. The
velocity discretization model is the D3Q27 lattice and the
second-order equilibrium distribution is used for the BGK-
collision operator for all solved equations. The boundary
treatment for the NSE system, in- and outflow for the ADE
systems are chosen similarly as in [5]. The interpolated

1https://git.rwth-aachen.de/aia/MAIA/Solver
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(a) Water flux at the mucosa wall
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(b) Heat flux at the mucosa wall

Figure 1: The heat and water flux are evaluated at the mucosa wall to obtain the temperature and concentration at the wall.
The computed latent heat flux depends on the passed water flux from the mucosa to the fluid.

bounce-back scheme for the ADE [9] is applied for the heat
and humidity transport to compute the missing boundary
populations to account for the boundary curvature of the
nasal cavity wall, i.e.,

𝑔𝑖(x, 𝑡 + Δ𝑡) =
{

−2𝑞𝑔̃𝑖(x, 𝑡) + (2𝑞 − 1)𝑔̃𝑖(x − c𝑖Δ𝑡, 𝑡) +
1
4
Φ𝑊

𝑖 , q < 0.5
− 1

2𝑞
𝑔̃𝑖(x, 𝑡) +

2𝑞−1
2𝑞

𝑔̃𝑖(x, 𝑡) +
1
8𝑞
Φ𝑊

𝑖 ,0.5 ≤ 𝑞 ≤ 1 , (1)

where q is the normalized distance between the boundary
node and wall intersection point in the discrete velocity di-
rection 𝑖, and Φ𝑊

𝑖 the desired value for the wall temperature
𝑇𝑊 and water concentration 𝐶𝑊 prescribed by the scheme.
This scheme uses neighboring populations and the exact
boundary distance in contrast to the simple bounce-back
scheme which enables to prescribeΦ𝑊

𝑖 at the boundary wall.
In order to computeΦ𝑊

𝑖 , the wet surface model from [10]
is used. The wet surface model assumes an additional outer
layer with a uniform thickness in the normal direction to
the geometry wall, modeling the nasal mucosa, which is
referred to as the membrane layer. The temperature at the
outside wall of the membrane layer is called the organ-side
temperature 𝑇𝑂, which is assumed to be constant due to the
continuous heat supply by the blood capillaries. For the same
reason, the organ-side water concentration 𝐶𝑂 is assumed to
be fully saturated at the outer layer. To approximate 𝐶𝑂, the
fully saturated water concentration of air as a function of the
temperature 𝑇 is computed via 𝐶 = 𝑤𝜌𝑇 , where 𝜌 is the
density of air and 𝑤 is the water fraction (kg water vapor per
kg dry air), given by the empirical function [10, 11]

𝑤(𝑇 ) = 1
1000

⋅ (2.027 + 0.0006312𝑇 3

− 0.010972𝑇 2 + 0.6036𝑇 ). (2)

To compute the missing wall temperature 𝑇W and water
concentration 𝐶W, the energy and mass balance at the nasal

wall are evaluated as depicted in Fig. 1. The heat flux 𝑞 and
water flux 𝑗 are computed by using linear approximations for
the gradients, i.e., the fluxes on the membrane side are

𝑞𝑀𝑖 = 𝑘𝑀
𝑇𝑂 − 𝑇𝑊

𝑖

𝛿𝑀𝑖
and (3)

𝑗𝑀𝑖 = 𝐷𝑀 𝐶𝑂 − 𝐶𝑊
𝑖

𝛿𝑀𝑖
, (4)

where 𝑘𝑀 is the heat conductivity, 𝐷𝑀 is the diffusivity
constant of water, and 𝛿𝑀𝑖 is the distance in the membrane
layer along the discrete velocity direction. At the opposite
side of the nasal cavity wall, the airflow, heat, and concen-
tration transport are simulated. The heat and water flux from
a boundary lattice node with the fluid cell temperature 𝑇 𝐹

and water concentration 𝐶𝐹 to the wall are approximated by

𝑞𝐴𝑖 = 𝑘𝐴
𝑇𝑊
𝑖 − 𝑇 𝐹

𝛿𝐴𝑖
and (5)

𝑗𝐴𝑖 = 𝐷𝐴𝐶
𝑊
𝑖 − 𝐶𝐹

𝛿𝐴𝑖
, (6)

where 𝛿𝐴𝑖 is the distance between the fluid cell center and
the wall surface in the opposite discrete velocity direction of
the missing population. Note, that in Eq. (6) the convective
part is neglected due to the assumption of low flow velocities
in the wall vicinity. An additional term in the energy bal-
ance is introduced, which imitates the heating and cooling
of the mucous layer due to condensation and evaporation,
respectively. The heat flux of the latent heat is computed by
𝑞𝐿𝑖 = −𝑗𝐴𝑖 ℎ

𝐿
𝑖 , where ℎ𝐿𝑖 is the specific latent heat in kJ/kg,

given as a function of the temperature [11]

ℎ𝐿(𝑇 ) =2500.8 − 6.1434 ⋅ 10−6 ⋅ 𝑇 3
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Figure 2: Comparison of the intranasal mucosa temperature concentration at the positions 1.5 cm, 2.5 cm, and 6 cm between
the simulation and measurements from [12]. The influence of the latent heat effect is shown.

+ 1.5893 ⋅ 10−3 ⋅ 𝑇 2 − 2.3641 ⋅ 𝑇 . (7)

Evaluating the energy and mass balances as 𝑞𝐴𝑖 = 𝑞𝑀𝑖 + 𝑞𝐿𝑖
and 𝑗𝐴𝑖 = 𝑗𝑀𝑖 along the missing population direction yields
the missing wall values Φ𝑊

𝑖 for Eq. (1).

3. Results
The wet surface model was first sanity-checked in a wet

pipe flow simulation in [13], similarly as in [10, 11]. Then,
the impact of the latent heat on the mucosa surface is com-
pared against the experimental data of [12]. That is, the nasal
mucosa temperature is compared at three nasal locations
shown in Fig. 2. Therein, it is shown that by considering the
latent heat effect, the simulated nasal mucosa temperature
approaches the trend of the experimental results. Note that
a perfect match is not to be expected, since the nasal cavity
model in the current study is different from the model in [12].
More details regarding the conducted tests of the wet surface
model are given in the work of [13].

The flow simulations were conducted on 8 nodes of
the graphics processing unit (GPU) partition of JURECA-
DC [14], i.e., on a total number of 32 NVIDIA A100
GPUs. Traditionally, m-AIA was developed to run CFD
simulations in parallel on central processing unit (CPU)
partitions of high-performance computing (HPC) systems.

However, recently GPU partitions on HPC systems are gain-
ing popularity. To allow computations on both partitions, the
lattice-Boltzmann method has been ported to GPUs using
the parallel Standard Library (pSTL) algorithms of C++17 in
combination with NVIDIA’s NVHPC compiler.

The simulation domain is resolved by about 220 ⋅ 106
cells, using mesh resolutions of Δ𝑥 = 0.1 𝑚𝑚. The grid
resolution is finer than the spatial resolution of the CT data
to resolve all relevant flow features to analyze the flow.
Especially thin wall-bounded shear layers which are relevant
to simulate the right heat transfer are resolved accurately this
way [1]. The patient has undergone turbinectomy in the left
nasal passage (from the patient’s view).

The surgical intervention reduces the total pressure loss
between the inlets (nostrils) and outlet (pharynx) from
10.02 𝑃𝑎 before the surgery to 7.11 𝑃𝑎 afterwards (−31%).
At the same time, the temperature difference between the
incoming air at the inlets and outlet is reduced from 304.8𝐾
to 295.8 𝐾 (−3%), and the humidity concentration from
96.2% to 90.0% (−7%). Figure 3a illustrates the total pres-
sure loss to the inflow areas for a cross-sectional area through
the left nasal passage. It is clearly shown how the removal
of parts of the inferior and middle turbinates widen the
nasal passage and, therefore, decrease the pressure loss.
Figure 3b shows the humidity distribution for the same
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(a) Total pressure loss to the inflow areas (nostrils) for a cross-sectional area through the left nasal passage (from the patient’s view) of the
pre-surgical (left) and the post-surgical (right) cases.
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(b) Humidity distribution for a cross-sectional area through the left nasal passage (from the patient’s view) of the pre-surgical (left) and the
post-surgical (right) cases.

cross-sectional area. The narrowed passages in the pre-
surgical case allow closer contact between the incoming air
and the airway-nose interface, and, therefore, an increased
heat exchange and humidification. In contrast, the widening
of the nasal passages in the course of the turbinectomy cause
dry air streaming towards the back part of the airway-throat
interface. This coincides with the patient’s perception, who
reported less efforts for breathing in, but at the same time a
dry and sometimes painful feeling at the back of the throat.
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