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Customized Three-dimensional Computational Fluid
Dynamics Simulation of the Upper Airway of

Obstructive Sleep Apnea

Sang-Jin Sunga; Soo-Jin Jeongb; Yong-Seok Yuc; Chung-Ju Hwangd; Eung-Kwon Paee

ABSTRACT
Objective: To use computer simulations to describe the role of fluid dynamics in the human upper
airway.
Materials and Methods: The model was constructed using raw data from three-dimensional (3-
D) computed tomogram (CT) images of an obstructive sleep apnea (OSA) patient. Using Bionix�
software (CantiBio Inc., Suwon, Korea), the CT data in DICOM format was transformed into an
anatomically correct 3-D Computational fluid dynamic (CFD) model of the human upper airway.
Once constructed, the model was meshed into 725,671 tetra-elements. The solution for testing
was performed by the STAR-CD software (CD adapco group, New York, NY). Airflow was as-
sumed to be turbulent at an inspiration rate of 170, 200, and 230 ml/s per nostril. The velocity
magnitude, relative pressure, and flow distribution was obtained.
Results: High airflow velocity predominated in medial and ventral nasal airway regions. Maximum
air velocity (15.41 m/s) and lowest pressure (negative 110.8 Pa) were observed at the narrowest
portions of the velopharynx. Considering differences in model geometry, flow rate, and reference
sections, when airflow patterns in nasal cavity were compared, our results were in agreement with
previous data.
Conclusions: CFD analyses on airway CT data enhanced our understanding of pharyngeal aero-
dynamics in the pathophysiology of OSA and could predict the outcome of surgeries for airway
modification in OSA patients.
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INTRODUCTION

Soft tissue compliance and reduced intraluminal
pressure in the airway during inspiratory effort may
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play a crucial role in airway occlusion in the pathogen-
esis of obstructive sleep apnea (OSA).1–3 A lengthened
pharyngeal airway4–6 and a reduced velopharyx to hy-
popharynx cross-sectional area ratio6–8 contribute to
the pathogenesis of OSA. Nasal obstruction may ag-
gravate the symptoms of OSA as well.9,10

Because maximum airflow velocity and pressure
gradients are found at the minimal cross-sectional
area of a conduit, compensatory effort to overcome a
narrow airway and to maintain tidal volume becomes
critical in OSA patients.11 When a given air volume
must traverse a smaller cross-sectional area more rap-
idly, pressure may be further reduced.4 Pressure be-
comes an important factor in mediating airway ob-
struction because reduced pressure in the presence
of rapid airflow leads to adduction of the surrounding
tissue.

Flow patterns in nasal airway have been studied us-
ing a plexiglas model with dye injection at steady flow
or by Computational Fluid Dynamics (CFD). Hahn et
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Table 1. Physical and Sleep Characteristics of the Subjecta

Physical Data Sleep Data

Height, 169.3 cm RDI (counts/h), 9.4
Weight, 66 kg AI (counts/h), 9.47
BMI, 23.8 Desaturation index (desat/h), 3.2

Number of desaturations, 22
Desaturation minimum (%), 82.9
Desaturation maximum (%),86.7

a RDI indicates respiratory disturbance index; BMI, body mass in-
dex; weight, kg/height2 in m2; AI, Apnea index.

al12 used a 20-fold enlarged model to measure the air-
flow pattern. Keyhani et al13 constructed a CFD model
of the same geometry and compared the experimental
and calculated outcomes. The CFD model by Subra-
maniam et al14 studied another clinically relevant as-
pect, a human nasopharynx with a significant bend.
To our knowledge, despite all previous efforts, no com-
putational study exists which analyzes a three-dimen-
sional (3-D) upper airway model including the nasal
cavity and pharynx.

Fluid dynamics examines parameters such as ve-
locity and flow path.12–16 In humans, turbulent flow is
generated in the airflow path from the nostrils to the
hypopharynx by several anatomical structures, includ-
ing the two nasal valves, three turbinates, and the epi-
glottis.12,17 The turbulent flow exhibits a flow regime
characterized by pressure and velocity variations with
time (ie, nonpredictable swirl).

The pathophysiology of OSA is not yet fully under-
stood. Previous modeling was limited to unilateral na-
sal cavity or part of the upper airway.13,18,19 3-D CFD
models, including the nasal cavity and pharynx, were
previously constructed, yet without computational sim-
ulation.20 One of the constructed models was analyzed
as a function of flow rates.13,14,18 This study uses 3-D
human pharyngeal airway CFD models automatically
generated using commercial software and a finite vol-
ume method based on the CT of an OSA patient. The
airflow velocity, particle streak line, and negative pres-
sure in the upper airway were calculated and com-
pared with previous studies to validate our CFD anal-
yses.

MATERIALS AND METHODS

Computed tomogram (CT) data obtained from a 37-
year-old male patient with mild OSA symptoms were
examined by computer modeling for this study (Table
1). Protocols for the study were approved by the local
hospital committee on clinical investigation, and in-
formed consent was obtained from the patient.

3-D CT scanning was performed on a General Elec-
tric Light Speed QX/i (Wis) scanning station with the
following parameters: 120 kVp, 360 mA, rotation time

of 0.5 seconds, pitch 3, thickness 1.25 mm, HQ mode.
Scanning was conducted (the patient was awake and
reclining) at the end point of the expiration from the
supraorbital margin through the two cm inferior to the
hyoid bone, as described previously.21

Computer Modeling and 3-D Mesh Generation

The scanned images were transferred to Bionix
Body builder software (version 3.0, CANTIBio Inc, Su-
won, Korea). The segments of interest were recon-
structed into 3-D images. The airway region was iso-
lated from other structures by the built-in threshold and
segmentation function. The range of 0 to 800 threshold
level was applied to the area consisting of air. The
frontal, ethmoidal, and paranasal sinuses and oral
cavity were erased by manual editing.22

HyperMesh software (version 5.0, Altair Engineer-
ing, Troy, Minn) was used to mesh the inside of the 3-
D surface with the tetrahedron element with the op-
tions of standard growth and normal mesh generation.
The finished original upper airway model was com-
posed of 725,671 elements with 167,089 nodal points.

Representative Sections and Anatomy of Nasal
Airway

The magnitude of airflow velocity in the nasal cavity
was calculated at the five different cross-sections
shown in Figure 1, panel A. The regions of the nasal
airway were designated using nomenclature proposed
by Proctor.17 Section 1 is located between the end of
the nasal vestibule and the beginning of the main na-
sal passage. The middle and inferior turbinate begin
at section 2, whereas section 3 is located in the middle
of the nasal passage showing the most convoluted
cross-section. The two nasal cavities merge posterior
to section 4, and section 5 constitutes the end of the
nasal passage and the beginning of the nasopharynx.
Directional airflow changes from horizontal to vertical
toward the oropharynx. Additional cross-sections were
selected to inspect the obstruction area of the pharynx.
The narrowest portion of the velopharynx was ob-
served in lateral view, and section 6 was constructed
perpendicular to the longitudinal axis of the airway
(Figure 1, panel A). Section 7 shows the midsagittal
plane of the upper airway as it extends from the na-
sopharynx to the hypopharynx.

Each element on the entrance of each nostril was
considered a flow inlet and the elements on the exit
plane of the hypopharynx were defined as flow outlets
(Figure 1, panels B and C). The medial airways (close
to the nasal septum) were subdivided into middle me-
dial airway (mma) and inferior medial airway (ima)
(Figure 1, panel D). The orientation of the CFD model
is also depicted in Figure 1, panels A and B.
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Figure 1. Anatomy of the nasal airway for the CFD model. (A) Lateral view of the nasal cavity and the pharynx with six representative sections.
(B) Inferior view of the nostrils, ie, flow-inlet areas divided by six particle-releasing compartments. (C) Flow-outlet area of the hypopharynx. (D)
The nasal airway was subdivided into mma, middle medial airway; ima, inferior medial airway; mla, middle lateral airway; ila, inferior lateral
airway. OR, Olfactory region; mT, middle turbinate region; iT, inferior turbinate region; NS, nasal septum; v, ventral; and d, dorsal sides are
shown.

Computational Approach

The Governing equations and Boundary conditions
are detailed in the Appendix 1. Our study simulates
turbulent flow to estimate virtual airflow patterns in the
pharyngeal airway. The simulations were performed
by the STAR-CD software (CD Adapco group, New
York, NY) and run on a PC, Pentium 4 CPU (2.66
GHz) with 1 G byte RAM and calculated at a flow rate
of 170, 200, and 230 ml/s.

Validation of the Airflow Patterns in the Nasal
Cavity

To examine the validity of our CFD results, the air-
flow patterns in the nasal cavity were compared with
the previously published data at a flow rate of 200 mL/
s. The axial airflow velocity (Vx) in the nasal cavity
represents the velocity component for the ventrodorsal
direction. The velocity magnitude was calculated by
integrating the velocity for the x, y, z directions
(� ). Particle streak lines visualiz-2 2 2�Vx � Vy � Vz
ing the airflow path were computed as visualized pat-
terns formed by dye or buoyant particles released into
the nostril of the model at steady flow. Six compart-
ments were used in our nasal cavity model (Figure 1,
panel B). An isovelocity surface contour was used to
demonstrate distribution patterns of airflow velocity on
the surface of CFD models calculated by interpolation
of the velocity on the airway wall and on the inside of
the airway.

RESULTS

Airflow Pattern in the Nasal Cavity at a Flow Rate
of 200 mL/s

The maximum velocity magnitude that is integrated
velocity in section 1 was 3.267 m/s in the left nasal
cavity at 8 mm above the nasal floor and 1.867 m/s in
the right nasal cavity at 11.3 mm above the nasal floor
as shown in Figure 2. The maximum axial velocity
(Vx), however, was 2.695 m/s in the left nasal cavity
and 1.403 m/s in the right. As a consequence of the
secondary flow (Vy, Vz) developed because of airway
geometry, the maximum axial velocity was lower than
the maximum velocity magnitude. The secondary
flows provide an indication of swirling airflows in the
nasal cavity. In section 2, the maximum velocity was
reduced to 2.691 m/s. High velocity magnitude was
observed in the inferior medial airway and inferior lat-
eral airway.

Although the cross-section of the nasal cavity in
section 3 was more complex, the maximum velocity
magnitude calculated at the junction of the middle me-
dial and middle lateral airway and inferior medial air-
way was reduced to 1.922 m/s. The maximum axial
velocity was 1.904 m/s and the amount of secondary
flow was also reduced. This airflow pattern occurred
similarly in section 4. The maximum velocity magni-
tude (2.735 m/s) of section 5 was observed at the na-
sal floor, but the velocity magnitude (0.195 m/s) was
significantly reduced near the roof of the airway. As
the secondary flows increased, the difference between
the maximum velocity magnitude and the maximum
axial velocity was increased to 0.48 m/s as well.
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Figure 2. Isovelocity contours for velocity magnitudes in the nasal cavity (expressed in m/s) for the five sections. L and R indicate left and
right sides.

Figure 3 exhibits simulated particle streak lines gen-
erated by the particles released from compartment 1–
6 (See Figure 1, panel B). The particles from com-
partment 1 in Figure 1B were initially directed upward
toward the olfactory region and deflected toward the
nasopharynx. The particle streak lines generated by
the particles from compartment 2 demonstrated evenly
distributed flows toward the nasal roof and over the
nasal floor. All particle streak lines for compartment 3
float immediately above the nasal floor. Airflow paths
for compartment 4 were distributed in the nasal roof,
yet the particle streak lines show the air stream from
compartment 6 passes mainly over the nasal floor.

The particle streak lines on the ventral side of the
pharynx originated from compartments 1 and 3 and
mainly from compartments 4 and 5 on the dorsal side,
as shown in Figure 3. The shortest flow path from the
nostril to the hypopharynx originated from compart-
ment 3 and the longest path from compartment 4.

Airflow Pattern in the Pharynx at a Flow Rate of
200 mL/s

The maximum velocity magnitude (15.41 m/s) in the
pharyngeal airway was observed at the level of section
6 (Figure 1, panel A) and was located in the right side
of the ventral surface of the model (Figure 4, panels
A and C). Relatively high velocities were observed in
the uvula region as Figure 4, panel A indicates. The
isovelocity contour of section 6 was circular, and the
fluid velocity approaches zero close to the wall (Figure
4, panel C), presumably because of the air viscosity
to the pharyngeal wall. The maximum negative pres-
sure (�110.8 Pa) also occurs on section 6. The iso-
pressure contour, as well as the isovelocity magnitude
contour, was eccentrically layered as shown in Figure
4, panel D.

As shown in Figure 5, as the airflow rate increased
from 170 to 230 ml/s, the maximum velocity magnitude
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Figure 3. Particle streak lines from six particle-releasing compartments.

Figure 4. Airflow patterns of the pharynx at a flow rate of 200 ml/s. Velocity magnitudes (unit: m/s) of the ventral surface (A), of section 7 (B),
and of section 6 (C). Pressure distribution, section 6 (D). L, R, d, and v represent left, right, dorsal, and ventral sides.
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Figure 5. Comparisons of the maximum velocity magnitude and
negative pressures on section 6 at a flow rate of 170, 200, and 230
mL/s.

Table 2. Comparison of the Airflow Velocities in the Nasal Cavity with the Previous Studiesa

Geometry Method
Flow rate

(ml/s)

Maximum Flow Velocity
at Cross-section (m/s)

A B C D

Hahn et al (12) Rt Experiment 180 2.6 1.8 1.47 1.25
Keyhani et al (13) Rt CFD 180 2.5 1.9 1.54 1.38
Subramaniam et al (14) Rt and Lt CFD 250 3.89 3.34 2.73 2.59
This study Rt and Lt CFD 200 2.8–3.2 1.9–2.1 1.51–1.65 1.2–1.3

a Flow rate: ml/s per nostril. Cross-section: A, B, C, and D represent Sections 1 to 4 in this study. Rt: Right nasal cavity, Lt: Left nasal cavity.
This study: velocity of this study was cited from contour plot in Figure 3 and described as range. All velocity values of the other studies observed
near our cross-sections were chosen.

increased from 12.73 to 17.31 m/s and the negative
pressure decreased from �73.57 to �151.6 Pa. The
change of the velocity magnitude and negative pres-
sure were not in proportion to the increase of flow rate.

DISCUSSION

Analysis of the anatomically correct CFD computer
models of the human upper airway based on CT im-
ages may provide a unique opportunity to study airway
aerodynamics in OSA patients. Customized CFD mod-
eling is less invasive because studying in vitro models,
after once constructed, no longer involves human sub-
jects and is versatile because it allows studying inter-
individual variations. Despite differences in model ge-

ometry, flow rate, and reference sections, our results
on airflow patterns in nasal cavity are in agreement
with previous data (Table 2).

Air flow in the region below the inferior turbinate ap-
peared to originate from the posterior part of the nos-
tril. Air streams close to the nasal septum around the
anterior portion of the nostril tend to rise vertically,
then deflect toward the floor. Most dorsal streams ap-
pear to originate from the anterior portion of nostril.
Our study confirms previous findings that airflow in the
nasal floor originates from the dorsal half of the nostril
and the flow in the nasal roof area, including dorsal
olfactory region, from the ventral half.13,14,23

The nasal valve area is considered the narrowest
and most collapsible region in the nasal cavity. The
nasal valve cross-sectional area that is 55–100 mm2

per side acts as a flow-limiting structure when inspi-
ratory rates exceed 500 ml/s.24,25 In contrast, the ve-
lopharynx in OSA patients is regarded as the most
collapsible region of the upper airway and the flow-
limiting structure during sleep. Schwab et al21 reported
CT data showing that the retropalatal area was ap-
proximately 90 mm2 for a snorer/mild apneic subject
and 50 mm2 for an apneic subject, whereas the cross-
sectional areas for the velopharynx in our model was
approximately 52 mm2. As Poiseuille’s law states, air-
flow through a conduit is inversely proportional to the
fourth power of the radius.26 The reduced cross-sec-
tional area at the velopharyngeal area in OSA patients
is expected to have an exponential effect on airflow
and airway resistance.11 Thus, inspiratory effort to
maintain tidal volume against increased airway ob-
struction would further decrease intrathoracic pres-
sure.10,27 Our results suggest that reduced cross-sec-
tional area at the velopharyngeal area appears to be
a major contributor in the pathophysiology of OSA.

Our results show that the maximum velocity mag-
nitude in the nostril (3.4 m/s from surface velocity con-
tour) increased markedly at the minimum cross-sec-
tional area at the velopharyngeal area (15.27 m/s, sec-
tion 6), as expected; the maximum negative pressure
was �110.8 Pa (Figure 4, panels C and D). The se-
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verely decreased upper airway pressure may result in
a collapse of the velopharynx in OSA patients.

The eccentrically distributed velocity and pressure
observed in section 6 (Figure 4, panels C and D) could
be caused by the airflow passing through different ge-
ometries of the right and left nasal cavity, swirling of
right and left nasal airflows joining into the nasophar-
ynx, and the flow change at the transition of the na-
sopharyngeal area into the oropharynx at an angle of
approximately 90�.

Our study reports the dynamic changes of airflow
pattern during inspiratory phase in a given static ge-
ometry, not in dynamic changes of the geometry dur-
ing inspiration and expiration. Although CFD meshing
with a hexahedron element may be a current trend,
our meshing technique using tetraheadron elements
shows an advantage of anatomically correct, auto-
matic and rapid meshing. Nevertheless, our results
suggest that customized CFD simulation models for
the upper airway may be a useful tool to study OSA
and predict the treatment outcome of multilevel airway
modifications in OSA patients.

CONCLUSIONS

CFD analyses on airway CT data enhance our un-
derstanding of pharyngeal aerodynamics in the path-
ophysiology of OSA and could predict the outcome of
surgeries for airway modification in OSA patients.
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APPENDIX 1

Nomenclature

�: Angular breathing frequency
L: Axial length of the model
Uin: Average velocity at the inlet
�: Air mass density
�o: Intrinsic air viscosity
v: Air velocity vector
k: Turbulent kinetic energy
	: Dissipation rate of turbulent kinetic en-

ergy

mol: Molecular dynamic viscosity
C�, C	1, C	2: 0.085, 1.42, and 1.68, respectively
kin: Turbulence energy at inlet
I: Intensity of turbulence (�0.12)
	in: Turbulence energy dissipation at inlet
C�: Experimental constant (�0.09)
R: Characteristic length (� )�A /�in

Ain: Area at inlet section
P: Pressure (Pa in atmosphere)
ui: Mean velocity components in Cartesian

coordinates
x, y, z: Coordinate axes
xi: Coordinate direction

Governing Equations

Airflow inside a human nasal cavity is in a dynamic
state; ie, it decelerates and accelerates from a resting
state during normal breathing.12 For a quiet restful
breathing frequency of 0.25 Hz and half-nasal flow rate
of less than 200 mL/s, the Strouhal number (� �L/Uin),
from which the importance of unsteadiness for the de-
veloping flow in the finite length of the nasal cavity can
be estimated, is less than 0.2, indicating that a quasi-
steady approximation is reasonable.13 Other previous
study has also concluded that nasal airflow can be
considered as steady or quasisteady in most condi-
tions.28 For an incompressible steady flow with con-
stant viscosity, Reynolds-averaged governing equa-
tions for momentum can be written in the following
form:

� � �ui� (u u ) � � � S (1)j i � ��x �x �xj j i

where

�u�p � jS � � � � � ��x �x �xi j i

The above equations, called Navier-Stokes equations,
have been altered from their laminar counterparts by
replacing the intrinsic shear viscosity �o with the ef-
fective (time-averaged) viscosity

� � � � �o t

where

2k
� � �ct � 	

is the turbulent viscosity. To compute variables k and
	, the RNG k � 	 turbulent model29 was used:

�(u k) �u� �k �u �uj ji i� � � �� � �� � � �	 (2)k t� � � ��x �x �x �x �x �xj j j j i j

�(u 	) �u� �	 	 �u �uj ji i� � � �
 � C �� �	 eff 	1 t� � � ��x �x �x k �x �x �xj j j j i j

2	
� C � � R (3)	2 k

where

�
3C �� 1 �� � �2 4.38 3�
 	t


 � 
 1 � , R � ,eff mol 3� �
 1 � 0.012� kmol

�u1 �u kj i� � �� �2 �x �x 	i j

Turbulent airway flow governed by the above equa-
tions (1) to (3) was calculated by a CFD package,
STAR-CD version 3.15 of Adapco, UK,30 finite volume
solver using body-fitted grids. The grids are nonstag-
gered and all variables are to be evaluated at the cen-
ter of each cell. The Rhie and Chow algorithm31 was
used to calculate the velocity at the cell faces. A
MARS (Monotone advection and reconstruction
scheme), second-order accurate differencing scheme
was used in the ‘‘discretization’’ of the governing equa-
tions 1–3.30 Of all differencing schemes available in
STAR-CD, MARS was chosen for its optimal sensitiv-
ity to the solution accuracy for the mesh structure and
skew. The Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) algorithm32 was used to manage
the pressure-velocity coupling. To stabilize the solu-
tion, underrelaxation factors were used for all the basic
variables.
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Boundary Conditions

We assumed that the uniform velocity profile and the
axial component of velocity were perpendicular to the
flow inlet faces. At the inlets, the turbulence kinetic en-
ergy k and its dissipation rate 	 were calculated as

0.753 C ·k� in2k � (I ·U ) , 	 �in in in2 0.007R

A No-slip condition was imposed on the walls, and the

standard wall function33 was used with the RNG k �
	 model. A constant atmospheric pressure condition
was imposed at the outlet boundary. The velocities at
outlet were linked to the local pressure gradients by
special momentum equations whose coefficients were
equated to those at the cell center. These equations,
together with the continuity constraint, effectively al-
lowed the magnitude and direction of the local flow
(which may be inwards or outwards) to be calculated.30
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