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Effects of replacing the nasal cavity with a
simple pipe like structure in CFD simulations
of the airflow within the upper airways of OSA
patients with patient individual flow rates
Abstract: OSA is characterized by repetitive collapses of the

upper airways during sleep. Computational fluid dynamics
can be used to investigate the abnormal pressure distribution
in the patient’s airways. The computational costs and model
reconstruction effort can be reduced by focusing the
simulations on the pharynx and replacing the nasal cavity by
a simple pipe structure. In this work, the effects of the
mentioned replacement on the simulated flow are evaluated.
Airflow simulations using the - turbulence model are
performed in the anatomically correct airway of a patient
having a high difference in the inspiratory volume flow rates
of both nostrils, as well as in a model with replaced nasal
cavity by a simple pipe structure. The simulated pressure
distributions of both models are in very good agreement
indicating the acceptability of replacing the nasal cavity by
simple pipe structures in in-silico airflow analyses of OSA
patients.
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1 Introduction
The obstructive sleep apnea syndrome (OSA) is a common
sleep-related breathing disorder that affects up to 23.4 % of
women and 49.7 % of men [1]. It is characterized by
repetitive closure of the pharyngeal lumen due to reversible
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soft tissue deformation resulting in cessations in breathing.
The patients suffer from a disturbed sleep, daytime sleepiness
and have a higher risk for cardiovascular diseases and
depression.
Pharyngeal collapses are caused by a combination of the loss
of tone in the upper airway musculature during sleep and the
aerodynamic forces promoting the collapse [2]. A narrow
airway is an anatomical feature predisposing for OSA [3-4].
The pathophysiological airflow situation due to anatomical
predisposition of the airway can be investigated using airflow
simulations in the upper airways by performing
computational fluid dynamics (CFD). CFD analyses can
become a powerful tool in diagnosis and therapy planning of
OSA. For example, it has been shown with CFD that invasive
mandibular distraction leads to a reduction in the upper
airway resistance [5], and wearing of mandibular
advancement appliances reduces the pressure drop in the
human pharynx [6].
The area of interest for investigations of OSA
phenomena is the pharynx as it is the collapsing part. The
nasal cavity is often assumed to contribute to the upper
airway flow as inspiratory airflow conditioner giving rise to
turbulences that are conducted to the following airway path.
The nasal cavity has a very complex shape that is difficult to
reconstruct from tomographic images and it has a very
complex flow pattern [7]. Hence, it is hard to acquire fully
accurate numerical simulations of the nasal airflow and it
dramatically increases the computational costs of the
simulation. Due to these limitations the nasal cavity is often
excluded in numerical simulations of upper airway flow [56]. It is important to validate the effects of omitting the nasal
cavity on the flow features in the pharynx, especially on the
acting pressure forces. In [8] it has been shown, that omitting
the nasal cavity decreases the precision of flow modelling in
the pharyngeal part, but replacing the nasal cavity by a
simple pipe results in neglectable changes of the flow
patterns in the pharynx. But, the numerical simulations in [8]
were performed with steady flow conditions and a nonpatient-specific inflow rate of 21.2 L min-1 equally
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distributed through both nostrils, although nasal obstructions
have been identified as predisposing factor for OSA [9]. The
investigation misses the patient-specific contributions of
individual flow rates especially for significant differences in
left to right nostril ventilation typical for nasal obstructions.
In the present study, the investigation of simplifying the
nasal cavity by pipes from [8] is extended to one subject with
patient specific inspiratory flow rates that are significantly
different from the left to the right side. This is performed by
analysing the results of steady numerical simulations in the
patient-specific upper airway geometry including the nasal
cavity with patient individual different left and right nostril
inspiratory flow rates in comparison to the anatomically
accurate pharyngeal and laryngeal parts extended by a simple
pipe structure replacing the nasal cavity and using the sum of
each nostril flow rate as inlet boundary condition.

2 Material and methods
2.1 Subject
The subject considered in this study was a 39 year old man
with BMI of 26.2 and moderate sleep apnea (23 apnoic
events per hour). The subject was recruited from patients
undergoing surgery for placing a hypoglossal nerve
stimulation device. This patient was chosen due to his ride
side nasal obstruction. By rhinomanometry a mean
inspiratory flow rate of 141 mls-1 for the right side and of 263
mls-1 for the left side were determined pre-operatively
accompanied by a pressure loss of 35.1 Pa over the nasal
cavity. A drug deswelling the nasal mucosa has been given to
the patient before the measurement to ensure that no
temporarily swelling of the mucosa affects the measurement.

2.2 Airway model reconstruction
An MR image of the subject was acquired using a 1.5 T MR
unit (Achieva, Philips Medical Systems, Amsterdam, The
Netherlands). 228 transversal slices with a slice spacing of
1.3 mm were generated, each slice consisting of 320×320
pixels with a pixel spacing of 0.78 mm × 0.78 mm. The open
source software ITK-SNAP [10] was used for a manual
segmentation of the airway and the generation of a surface
representation, see figure 1. A second model was generated
using the surface representation of the first model by cutting
the airway in the nasopharyngeal part and replacing the nasal
cavity by a simplified extension of 80 mm length forming a
circle of 15 mm diameter at the inlet.

2.3 Airflow simulation
The flow within the human upper airways is in the laminarto-turbulent transitional regime. Therefore, turbulence
modelling is adopted for the airflow simulation. The
Reynolds averaged Navier-Stokes (RANS) equations

are used, where is the velocity vector, pressure, identity
matrix, dynamic viscosity of air (
.
Pa s)
and
its density (
kgm-3). These are averaged
versions of the conservation laws of mass and momentum
suited for Newtonian fluids. The turbulence effects are
incorporated by the eddy viscosity, . The eddy viscosity is
modelled by the two-equation turbulence model - , so that
where is the turbulent kinetic energy and
the specific
dissipation rate.
In both models three different boundary conditions are
applied:
– Zero pressure outlet boundary conditions,
– no-slip conditions at the airway walls and
– velocity inlet conditions
with 5 % turbulence
intensity, where is the inlet volume flow rate and A
the inlet area. In this case the flow rate is
o
263 mls-1 for the left nose inlet and
141
mls-1 for the right nose in the case of the model with
nasal cavity and
o
404 mls-1 for the circular inlet of the simplified
model.
The governing equations are discretized with the finite
element method. The discretized equations are numerically
solved using a segregated solution process solving for the
velocity and the pressure on the one hand and the turbulence
variables and on the other hand separately by a damped
newton algorithm. The grid independence has been approved
by demanding a change in the maximal flow velocity of
smaller than 1 %. Equation (1) is only dependent on the
gradient of the pressure, so a shift of the pressure has no
influence on the other flow parameters. Hence, the equations
can be solved using the zero pressure outlet boundary
condition and the pressure is shifted afterwards so that the
pressure at the beginning of the nasopharynx matches the
patient specific pressure of -35.1 Pa. The simulations were
computed using the commercial available software
COMSOL Multiphysics (COMSOL Inc.).
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Figure 1: On the left hand side, a sagittal slice of the MR image is shown and the anatomically accurate model of the nasal cavity. On
the right hand side, the model with simplified inlet area is depicted.

3 Results
The pressure distribution resulting from the airflow with
patient-specific inspiratory flow rates is simulated. For the
evaluation, eight different planes (I-VIII) along the pharynx
and larynx are chosen. The positions of these planes are
depicted in figure 1.

Figure 2: The mean pressure of eight planes along the pharynx is
shown for both models.

The mean pressure values for these planes are plotted in
figure 2 against the distance to the first plane. An image of
the surface pressure distribution of both models is given in
figure 3.

Figure 3: The surface pressure distribution in the pharyngeal
and laryngeal part is depicted for the model including the
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nasal cavity on the left hand side and with simplified pipe
inlet on the right hand side.

4 Discussion
The surface pressure depicted in figure 3 shows a great
pressure drop in a small region from the end nasopharyngeal
to beginning oropharyngeal part in both models. This
pressure drop is also indicated by the mean pressures in the
different planes. The pressure drops approximately about 30
Pa from plane I to plane II. The surface pressure also shows
a small area of very high negative pressure of about -100 Pa
that could correspond to the area of collapse.
There are no significant differences in the simulated
pressure distributions of both models. The maximal
difference of the mean pressure values along planes I to VIII
is 2.7 % in plane I, which is the nearest one to the inlet area.
The mean differences along the planes is 0.6 %.
The meaningful pressure drop in its spatial distribution
as well as in its quantity is in very good agreement in both
modelled geometries.

5 Conclusion
The replacement of the nasal cavity by a simple pipe
structure does not significantly affect the pressure
distribution in airflow simulations of patients with nasal
obstructions having high differences in left to right nasal
inspiratory flow rates.
The proposed replacement can therefore act as a
powerful tool to decrease computational costs and effort of
accurately reconstructing nasal cavity models and solving for
the airflow within.
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