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INTRODUCTION
The aerodynamics inside a human nasal cavity domain are
complex due to its complicated internal geometry. The airflow
patterns (laminar or turbulent) inside are mainly determined
by two factors, namely nasal cavity morphology and flow rate.
The generation of turbulence inside the nasal cavity can be
due to the orientation of the nares, existences of the nasal sill,
the nasal valve and the projected conchae (1). Moreover, nasal
obstruction can also significantly affect the nasal cavity mor-
phology. It is one of the most common symptoms encountered
in both primary care and in the Ear Nose & Throat (ENT) spe-

cialist clinics. In addition to anatomical malformation, inflam-
mation of the nasal mucosa due to infection or allergy is the
most common pathological cause of nasal obstruction that is
commonly seen by edema and congestion of the nasal mucosa
and inferior turbinates.

In a normal condition, inspiratory flow rate for an adult can
range from 5 L/min to 12 L/min for calm breathing and
increases to 40 L/min for abnormal conditions, such as exer-
tion and physical exercise. An extreme flow rate can be as
large as 150 L/min (2). With such a range of flow rate, the
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Reynolds number (Re) can range from 4×102 to 1.2×104. From
the aspect of numerical simulation, turbulent flow happens
when Re is larger than 2000 (30 L/min) inside a straight pipe.
The onset of turbulence has been reported to occur at lower
Re in complex geometries such as the respiratory tract com-
pared with straight pipes (3). Moreover, with nasal obstruction,
the cross section along the nasal cavity is decreased, which
may also increase the local flow intensity and greatly induce
local turbulence. Thus it is reasonable and necessary to imple-
ment a turbulent flow model for the simulation for a large flow
rate, e.g. 30 L/min inside the nose. 

This study aims to investigate the effects of morphological
variation (hypertrophy of inferior turbinate) on the aerodynam-
ic flow pattern compared with a normal nose by using
Computational Fluid Dynamics (CFD) tools including the
effects of turbulence. CFD models enable detailed predictions
of airflow patterns within the anatomically identical numerical
models in a relatively shorter time. Such a method with turbu-
lent models has been reported by many in vitro studies to pre-
dict the airflow patterns with respect to the effect of various
anatomical factors on the patency of the nose. Examples
include the study of general nasal turbulent flow pattern (4),
aerosol deposition (5), obstruction sleep apnea (6), and nose
sniffing (7) each using different turbulent models. However, the
effect of inferior turbinate hypertrophy on the airflow pattern
and its related nasal physiology with a turbulent model has not
been well studied. 

Based on our previous CFD study in nasal obstruction induced
by inferior turbinate hypertrophy with laminar flow assump-
tion (8), a turbulence model with a higher flow rate is added
and the existence and distribution changes of turbulence with
the two different severities of inferior turbinate expansion are
investigated. The outcome on the functional performance or
patency of the nose is examined and discussed.

MATERIALS AND METHODS
Model construction

The nasal airway geometry is constructed from MRI scans of a
healthy human subject, who has been selected based on med-
ical history, endoscopic nasal examination, and measurements
of active rhinomanometry and acoustic rhinometry. The
results of these assessments are within the normal range of our
previous studies (9-11). The scan images appear at an interval of
1.5mm along the vertical direction. 
The segmentation was performed using Mimics version 12.0
(http://www.materialise.com/). The main passageway has been
properly captured in the three dimensional model such as infe-
rior, middle and superior turbinates, and nasopharynx.

3D computation

Thereafter a high-resolution 3D volume mesh comprising
computational domain in the nasal cavity, as well as a sur-

rounding air volume extending 10 cm outside the nostril, was
constructed. A typical computational model would comprise
about 2 million 3D tetrahedral grids and was generated by
combination of several commercially available pre-processing
software programs, including Mimics 12.0, Hypermesh 9.0 and
TGrid 4.0. Besides that, an in-house code was also developed
for the arbitrary shape modification to the inferior turbinate
that would mimic various degrees of severity of nasal obstruc-
tion. The computational fluid dynamics simulations were per-
formed using Fluents 6.3.22 (http://www.fluent.com/).

Computational fluid dynamic simulations 

For the computational fluid dynamic simulations, the flow was
assumed to be incompressible and quasi-steady. To account
into the possible existences of turbulence, the Reynolds aver-
aged Navier-Stokes equations were solved for the turbulence
flow with a standard κ - ε model (12-14).  The turbulent intensi-
ty was set to be 6% and the dissipation rate was set at a dissipa-
tion length scale of 0.1 cm at the inlet and outlet boundaries. 
A constant flow rate of 4.35, 8.7, 17.4, 34.8 or 52.2 L/min at the
nasopharynx area was applied. At the external enclosure of the
face, the pressure inlet boundary condition was applied with
zero gauge pressure (atmospheric pressure). 

MCA determination

The minimum cross sectional area (MCA) from the front end
of nostril was found to be a cut plane located at 2.35 cm along
the airflow direction. This location is compatible with the
results obtained from acoustic rhinometric (A SRE 2100
acoustic rhinometer, Rhinometrics A/S, Lynge, Denmark)
measurement from the same person prior to MRI examina-
tion. The method for turbinate expansion has been detailed in
a previous paper (8). It is performed in such a manner that the
whole inferior turbinate is enlarged homogeneously outwards
by about 1 mm and 2 mm for moderate and severe obstruc-
tion, respectively. These classifications can also be document-
ed by approximately one-third reduction of the MCA (1.453
cm2 in the healthy nose) for the moderate (0.873 cm2) and two
third (0.527 cm2) for the severe obstruction. The ratio of MCA
reduction in moderate and severe obstruction is similar to our
previous study of nasal obstruction after nasal allergen chal-
lenge in patients with allergic rhinitis (11).   

Table 1. Comparison of the flow properties for a healthy nasal cavity
with different inhalation flow rates.
Flow rate Maximum Maximum Volume Volume
(L/min) velocity wall shear average average

(m/s) stress turbulence turbulence 
(pascal) intensity kinetic 

energy (m2/s2)
4.35 0.851 0.132 0.01% 1.10x 10-5

8.7 1.53 0.301 0.10% 9.0x10-3

17.4 3.17 0.520 1.08% 0.0271
34.8 5.69 1.48 7.11% 0.135
52.2 9.63 2.74 16.2% 1.56
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RESULTS
We first tested different flow rates of 4.35, 8.7, 17.4, 34.8 or
52.2 L/min (at the nasopharynx area) in the healthy nose
model to configure a consistent flow rate that is able to gener-
ate turbulent flow in following experiments. It is noted that
with a flow rate of 17.4 L/min (or smaller), there is low or no
turbulent as the volume average turbulence intensity is 1.08%
(Table 1). Therefore, a flow rate of 34.8 L/min has been cho-
sen for all experiments in this study, as it allows a study of the
changes of flow patterns in the nasal cavity more clearly with
the presence and distributions of turbulent airflow. 

Figure 1 shows the streamlines of both inspiratory (Figure 1A)
and expiratory (Figure 1B) airflow that are found to occur
mainly in the middle portion of the airway (between the inferi-
or and middle turbinates and the septum). However, they
(both in inspiration and expiration) have been redirected into
the upper or superior part of the nasal airway in the moder-
ately and severely blocked nose, due to the expansion (hyper-
trophy) of the inferior turbinate. Meanwhile, several vortex
areas are detectable especially in the severely blocked nose
(Figure 1).

Figure 2 shows the contour of turbulent kinetic energy for dif-
ferent degrees of patency at a coronal cross section with a con-
sistent flow rate (34.8 L/min) during inspiration and expiration.
It is noticeable that turbulent airflow is larger in intensity dur-
ing inspiration than expiration in the healthy nose (Figures 2A-
1 and 2B-1). The peak kinetic energy value of the turbulent air-
flow during inspiration is found to be in front of the anterior
head of inferior turbinate, the area that is so called the func-
tional nasal valve region (23,26). However, this phenomenon
does not exist anymore in both the moderately and severely
blocked nose, probably due to the changes in aerodynamic pat-
tern. Furthermore, in the healthy nose, turbulent airflow
appears to be more prominent on the surface of the inferior
turbinate mucosa and septum in the middle airway (Figure
3A). However, the intensity of turbulent airflow has increased
and being moved upward into the upper or superior nasal cavi-
ty in the moderately (Figure 3B) or severely (Figure 3B)
blocked nose. This phenomenon can be confirmed by distribu-
tion of the wall shear stress in the nasal cavity during inspira-
tion (Figure 4).

To understand the relationship between airflow rates and
intensity of turbulence under different conditions (a healthy,

Figure 1. Inspiratory (A) and expiratory (B) nasal airflow (flow rate of

34.8 L/min) displayed in three types of nose mode. The vortex areas

are circled.

Figure 2. Contour of turbulent kinetic energy κ (m2/s2) with different

degrees of patency at a coronal cross section during inspiration (A) and

expiration (B). The flow rate implied is 34.8 L/min. Figure (A-1) has

been published as a normal contour in Ref. 26.

Figure 3. Contour of turbulent kinetic energy κ (m2/s2) with different

degrees of patency at minimum cross section area during inspiration

(with a flow rate of 34.8 L/min). (A) Healthy nose; (B) Moderately

blocked nose; (C) Severely blocked nose. The arrows direct to the area

with high levels of turbulence.

Figure 4. Wall shear stress (Pascal) of nasal cavity with different

degrees of patency during inspiration. The flow rate is 34.8 L/min.
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moderately and severely blocked nose) in the nasal cavity, a
fixed area of MCA (2.35 mm from the nostril) has been chosen
in all three models. Figure 5 shows the average (average mean
surface) intensity of turbulent airflow differs obviously among
the healthy (0.76%), moderately (6.10%) or severely (22.34%)
blocked nose during inspiration (flow rate of 17.4 L/min), it
increases proportionally when the flow rate is increased. 

Figure 6 shows the total pressure loss (increase of negative
pressure) in three conditions of nasal cavity with the changes
of the intensity of inspiratory airflow rates. Total pressure is
defined as the sum of dynamic pressure (½ρv2) and static pres-
sure (ρ). So the total pressure loss is the difference of total
pressure at the inlet and outlet, and can be described with the
following formula:
ΔPtotal = (½ρv2 +ρ)inlet - (½ρv2 +ρ)outlet.

There was a much higher negative pressure in the moderately
(17.79 ΔP) or severely (30.12 ΔP) blocked nose than in the
healthy (9.57 ΔP) nose when there was a flow rate of 17.4
L/min. This difference increased proportionally when the flow
rate increased. 

DISCUSSION
Recently, we have reported the changes of airflow pattern in
inferior turbinate hypertrophy using a computational fluid
dynamics (CFD) model (8). In that study, a laminar flow rate of
17.4 L/min was used in all CFD models. There may be criti-
cism that the nasal airflow was not laminar and was a mixture
of turbulent and orifice flow (19,21,22). The existence of local tur-
bulence in the nasal cavity is a controversial issue due to its
complex geometry inside (1,5,7,15). The wide range of flow rates
from normal to abnormal breathing and the changes of
turbinate morphology due to different physiological or patho-
phyiological conditions increase the degree of complexity for
the flow patterns inside the nasal cavity. It has been reported
experimentally that for a healthy nasal cavity with a flow rate
smaller than 24 L/min, the flow inside is still laminar (16). Thus
it is reasonable and accurate enough to assume a laminar flow
in a model when the flow rate is lowe than 20 L/min for
numerical simulation (8). 

Different from the previous paper (laminar flow assumption)
(8), the current model focused on the existence and distribution
changes of turbulence inside the nasal cavity with different
severities of inferior turbinate expansion (Figure 2), which
could affect the normal physiological functions, such as tem-
perature and humidity distributions greatly (18). Thus a larger
flow rate than the one used in the previous paper (8) has been
implemented to obtain better images of these results, although
it may not be a normal breathing rate for the situation of rest.
A similar distribution of turbulence and flow pattern were
maintained with a smaller flow rate, however, the configura-
tions and trends were less noticeable. 

The existence of turbulence destabilizes the fluid boundary
layer, which can maintain a steeper heat gradient or moisture
transfer at the mucosal surface. Thus, heat and mass transfer
can be enhanced and help particle deposition and removal of
soluble gasses (7,12).  In the literature, however, there is neither
quantitative nor qualitative data explaining the healthy status
of a turbulent airflow as it can be largely influenced by the
breathing pattern and internal structure of the nose, which is
important for understanding of the physiological functions of
the nose. 

In this study, we are able to show some interesting characteris-
tics of turbulent airflow. 
1) In the healthy nose the average turbulent intensity is rather
low during a calm breathing (Figure 5). However, it increased

Figure 5. Average turbulent intensity (%) at minimum cross section

area with different inspiration flow rates for different degrees of nasal

patency.

Figure 6. Total pressure loss (Pascal) with different inspiration flow

rates for different degrees of nasal patency. 
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rapidly, especially in a severely blocked nose (by almost 30-
fold) at a fixed flow rate of 17.4 L/min. These differences can
even be larger if the flow rate has increased in the moderately
of severely blocked nose. It means that turbulent airflow
occurs more frequently in subjects with nasal obstruction
and/or during exertion and physical exercise. 
2) The most intensive turbulent flow in the healthy nose is
found in the functional nasal valve region that is a critical
region for control of respiratory airflow (23). However, it will
not exit anymore in the presence of nasal obstruction due to
inferior turbinate hypertrophy. 
3) In the healthy nose, there is a diffused turbulent airflow
with a moderate intensity on the surface (or boundary) of the
inferior turbinate. It is known that the inferior turbinate has
important physiological functions, as it constitutes a large area
of respiratory mucosal with an extensive vascular bed in the
nose. The presence of turbulent airflow will provide a better
contact of the respiratory air with the functional airway
mucosa, which is probably the most critical criterion for
achieving the basic functions of the nose (e.g., air conditioning,
heating, humidifying and clearing of the respiratory air). As the
intensity and density of the turbulent flow increase in inferior
turbinate hypertrophy, more studies are needed in order to
understand the optimal range of the turbulent airflow, which is
most favorable for achieving these functions.

Similar to our previous report, this study confirms an increased
total negative pressure through out the nasal cavity during
inspiration in moderately and severely obstructed nose, even
during a calm breathing status (8). It will increase even more
rapidly when the flow rate is increased. Furthermore, an
increased shear stress is also found, which is closely associated
with the distribution and intensity of the turbulent airflow.
However, it is still not fully understood how the qualitative
and qualitative relationship is between the pattern and physical
status of the respiratory air (e.g., flow rate, presence and loca-
tion of turbulent airflow, pressure of the internal nasal cavity,
wall shear stress), and all other known physiological functions
of the nose. 

Computational turbulent flow is much more of an art than
laminar flow modeling (5,7,12,17,19,20). It provides a more realistic
and dynamic model for in vitro studies of the normality and
relationship between morphological variations in the nasal cav-
ity and their influence on respiratory airflow, which is some-
what difficult to be carry-out in vivo human studies. However,
one shortcoming in this study is that the model of enlarging
inferior turbinate was homogeneously and artificially through-
out the entire turbinate on both sides. Such an artificial change
of inferior turbinate was also previously implemented with a
partial reduction (24) and complete removal on one side (18,25).
These papers reported a greatly disturbed intranasal airflow
pattern and air-conditioning with sinus surgery, which helped
to understand and interpret in vivo measured data. In the

future, more histological and imaging studies are needed to
have a realistic and statistical view of mucosa swelling in
patients with inferior turbinate hypertrophy.

CONCLUSION
In conclusion, the presence of turbulent airflow is a crucial
condition for achieving basic physiological functions of the
nose. The location and strength of turbulent flow are very
much influenced by the breathing pattern and anatomical con-
ditions of the nasal cavity. Data of this numerical study provide
qualitative and quantitative information of the impact of inferi-
or turbinate hypertrophy on the airflow aerodynamic patterns,
especially for the existence and distribution changes of turbu-
lence inside the nasal cavity with different severities of inferior
turbinate hypertrophy, which is difficult and relatively impossi-
ble to obtain from in vivo human studies. The nasal inspiration
flow rate, presence and location of turbulent airflow, pressure
of the internal nasal cavity, wall shear stress distribution can be
influential for different physiological symptoms with realistic
clinical scenarios (for example, breathing difficulty, local tissue
blooding and sense of dryness or wetness). These data may be
used in predicting the aerodynamic effects for the noses with
inferior turbinate hypertrophy and give advisable hints on
proper surgerical routes for correction in the future.
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