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The engineering discipline of in silico fluid dynamics delivers quantitative information on airflow beha-
viour in the nasal regions with unprecedented detail, often beyond the reach of traditional experiments.
The ability to provide visualisation and analysis of flow properties such as velocity and pressure fields, as
well as wall shear stress, dynamically during the respiratory cycle may give significant insight to clini-
cians. Yet, there remains ongoing challenges to advance the state-of-the-art further, including for exam-
ple the lack of comprehensive CFDmodelling on varied cohorts of patients. The present article embodies a
review of previous and current in silico approaches to simulating nasal airflows. The review discusses
specific modelling techniques required to accommodate physiologically- and clinically-relevant findings.
It also provides a critical summary of the reported results in the literature followed by an outlook on the
challenges and topics anticipated to drive research into the future.
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1. Introduction

Over the past decades, in silico computational modelling of
nasal flows has steadily increased. The recent advancement of this
discipline is attributed to availability of Computational Fluid
Dynamics (CFD), and advances in computer science and clinical
imaging modalities. Among the earliest computational studies of
airflow through a human nasal cavity are Elad et al. (1993), and
Keyhani et al. (1995). From these two works, the number of com-
putational studies, and the modelling complexity therein, has con-
sistently grown owing primarily to faster and more powerful
computing resources.

A comprehensive survey of in silico studies on nasal flows
between 1993 and 2018 was performed. The survey searched the
keywords ‘nasal CFD’ using the internet search engine ‘Google
Scholar’. The search results were evaluated to determine if a pub-
lication addressed any aspect of fluid flow in human nasal cavities
using in silico techniques. Typically, this meant reviewing approx-
imately 200 publications for each year. Fig. 1 shows the number of
Number of published articles of relevance to the computational modelling of
namics in the human nasal cavities, as obtained in the literature using the
d search nasal CFD in Google Scholar database, and nasal AND Computational
ynamics in SCOPUS (Web of Science) database.

Example of the typical image contrast obtained from (a) CT and (b) MRI modalities
. CT scans provide sharp contrast at the nasal airway-wall interface, while the MR
hallenging.
articles (of relevance to this review) published annually between
1993 and 2018. It is worth noting that between 2004 and 2009,
there was a surge in the number of articles published, with contin-
ued growth up until the present culminating in nearly 80 related
publications in both 2017 and 2018. As a correlation, a search using
SCOPUS database (Web of Science) was performed using the key-
words ‘nasal’ AND ‘Computational Fluid Dynamics’ and the results
were directly used without any scrutiny.

This review summarizes past and current progress in the field
beginning with CFD modelling techniques. This is followed by a
discussion of the physiologically- and clinically-relevant findings
arising from the computational modelling. In particular, the results
follow the journey along the inhaled flow from the entrance of the
nostrils, through to the nasopharynx. The review culminates with a
discussion on anticipated future progress and applications.

2. Creating the computational model

2.1. Airway reconstruction

2.1.1. Image acquisition
Airway geometry data are typically obtained through medical

images acquired from computed tomography (CT) or magnetic res-
onance imaging (MRI). Although non-invasive, CT scans send X-ray
beams through the body and therefore ionizing radiation exposure
is a concern. MRI uses magnetic fields and radio frequency pulses
to produce images, and does not suffer from the limitations of ion-
izing radiation exposure. While MRI distinguishes mucosal struc-
tures well, the nasal turbinate bone location often needs to be
inferred from its surrounding mucosa, since actual bone structures
appear dark (low-signal) on MRI scans and may not be visible (see
Fig. 2). The predominance of air in the nasal cavity, and the long
scan time makes MRI susceptible to low signal-to-noise ratio dur-
ing the respiration cycle where the airway geometry changes with
time.

Recently four-dimensional computed tomography (4D-CT), was
used where a moving structure is imaged over a period of time
(Kwong et al., 2015; Miyawaki et al., 2016), while four-
dimensional magnetic resonance imaging (4D-MRI) has also
emerged (Cai et al., 2011). Long-range optical coherence
. The scans are coronal planes of the main nasal passage at the level of the maxillary
scans show darker greyscale values for the cartilage, and bone, making segmentation
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tomography (LR-OCT) is another technique that provides an outline
of the airway, buts it is yet to be applied to imaging nasal cavities.
2.1.2. Segmentation
Reconstruction of the nasal passages involves image segmenta-

tion, which is the partitioning of scanned images into a number of
homogeneous segments, such that any two neighbouring segments
yield a heterogeneous segment. Some common algorithms include
thresholding, edge detection, and region characteristics (Pal and
Pal, 1993; Zhang, 2001). Automated segmentations have been
developed where Neelapu et al. (2017) and Bui et al. (2015) pre-
sented an automatic segmentation algorithm to segment
pharyngeal- and sino-nasal airway sub-regions on 3D-CT imaging
datasets. Cercos-Pita et al. (2018) released an open-source tool,
i.e. NASAL-Geom, consisting of an automated 3D segmentation
tool. Similarly, Burgos et al. (2017) integrated a segmentation tech-
nique into a software package with CFD analysis tool for rhinolo-
gists. While the segmentation is automated, there is a reliance on
the scan quality, and pre-processing the data files to ensure the
automated segmentation produces the correct volume of interest.

Some accuracy issues include image slice thickness where
1 mm or less provides good contrast for defining airway bound-
aries, but increases radiation exposure and image noise in CT. Pos-
tural position is known to affect nasal patency (Zubair et al., 2013b;
Roithmann et al., 2005), where Kase et al. (1994) found a decrease
in airway dimension of about 16% in 8 young adult subjects 6 min
after changing from seated to supine position. Patient movement
can also be a factor to consider in MRI scans as these require
approximately 10 min of continuous acquisition.

Physiological variations involve the health and state of the nasal
cavity at the time of scan; this is mostly influenced by congestion
and nasal cycling. The nasal cycle represents a periodic, alternating,
asymetric congestion and decongestion of each nasal chamber. As a
result, reconstructed computational models often depict asymmet-
ric volumes between the left and right nasal chambers. Inthavong
et al. (2017) reported six nasal cavity volumes which showed a
mean of 10.8 cm3 with asymmetric distribution between nasal
Fig. 3. Number of mesh cell elements reported in the literature in the period between
Inthavong et al. 2012; Schroeter et al., 2011). The studies with very large number of ce
modeling using Large Eddy Simulations (LES) or Direct Numerical Simulations (DNS).
chambers of 45% and 55%, respectively. To avoid this asymmetry,
many researchers routinely have test subjects use nasal deconges-
tants prior to scanning (Negley et al., 1999; Adil et al., 2012; Corey
et al., 1997). While this avoids cyclic asymmetry, it does result in a
nasal cavity volume that is larger than the physiological norm.

Subjective variations arise from an operator’s decision-making
process of defining the nasal wall boundaries. Scans with thick
slices produce successive slices that need to be connected by inter-
polation using, for example, cubic splines, followed by a smoothing
process. Doorly et al. (2008) highlighted that smoothing steps
result in volume shrinkage, especially in regions of high curvature
that are commonplace within the nasal passages.
2.2. CFD and mesh independence

The segmented airway is converted into a geometric model
which is then meshed. Typically, a larger number of mesh elements
in the model translates to smaller scales of flow that can be
resolved. An indication of how the number of mesh elements has
increased over the last three decades is shown in Fig. 3 (obtained
from the literature survey). The early studies of Elad et al. (1993)
used just under 10,000 mesh elements and Keyhani et al. (1995)
used approximately 77,000 mesh elements. In general, early stud-
ies (prior to 2003) typically used less than 1 million elements,
while this increased up to as high as 44 million elements by
Calmet et al. (2016). The large variations in mesh numbers among
different studies has led to investigations of what constitutes a suf-
ficient mesh. Vinchurkar and Longest (2008), Frank-Ito et al.
(2015), and most recently Bass and Worth Longest (2018) recom-
mended the use of hybrid tetrahedral-prism meshes to resolve
the near wall boundary layers, with Frank-Ito et al. (2015) suggest-
ing the use of 4 million tetrahedral cells with three prism layers
(for near wall resolution), in line with studies by Schroeter et al.
(2011), Shang et al. (2017), and Tong et al. (2016).

The optimum number of mesh elements to be used depends on
the flow variable to be predicted, for example with integrated pres-
sure loss less demanding than regional wall shear stress
1993 and 2017. Examples of some high meshed nasal models are highlighted (e.g.
lls (e.g. Calmet et al. 2016; Li et al. 2017) are linked to high-fidelity turbulent flow



Fig. 4. Plane subtraction of velocity fields between nasal cavity models with 1-million and 2-million cells. The subtracted results shows large differences (red) versus little or
none (blue). Reproduced from Inthavong et al. (2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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distribution. In each case it can be determined by a mesh indepen-
dence study, i.e. when the results from a simulation do not vary sig-
nificantly with successive mesh refinements. Estimates of the
discretization error may be performed by Richardson extrapolation
(Richardson, 1910), although such estimates can be quite inaccurate
if not applied carefully. More recently, the Grid Convergence Index
(GCI) was introduced by Roache (1994) as a method for uniform
reporting of CFD results.

A simpler method widely adopted is plotting a flow variable
against the number of cells and comparing its trend over succes-
sively refined models. This could be in the form of a local parame-
ter such as velocity along a selected line profile (Inthavong et al.,
2008). A drawback to this method, however, is that specific line
locations are arbitrary and it only characterizes local mesh inde-
pendence. This is unsuitable for representing the entire flow
domain. Alternatively, an averaged global parameter such as pres-
sure drop or averaged wall shear stress across the entire domain
may also used (King Se et al., 2010). However, this global evalua-
tion can mask local regions that have large flow gradients and
may not be sufficiently resolved.

An alternative is to use a 2D cross-sectional plane subtraction
method, where scalar values (e.g. velocity magnitude) from a
cross-sectional plane are interpolated onto a regularly spaced grid.
The interpolated grid values from any two meshed models can
then be compared through subtraction. (see Fig. 4). Details of this
method are given in Inthavong et al. (2018) where it was found
that 6 planes across the nasal cavity were suitable for representing
the entire domain. An extension to 3D volume subtraction was also
proposed. The method quantified incremental changes for each
successive refined mesh, and found the posterior choanae was
the last region to reach mesh convergence. This suggests mesh
refinements can be targeted locally thereby reducing the number
of cells, when compared to performing global mesh refinement.

2.3. Influence of meshing on CFD solutions

In the following discussion, we limit ourselves to meshing of the
Finite VolumeMethod because of its widespread prevalence in CFD
simulations of the nasal cavities since its adoption by major com-
mercial software (e.g. Ansys-Fluent, Ansys-CFX, Star-CCM), and by
OpenFoam� (a major open source software). Unstructured tetrahe-
dral cells are widely used for mesh generation since they allow
maximum flexibility in fitting to the complex nasal cavity geome-
try (Shi et al., 2006; Schroeter et al., 2011; Calmet et al., 2016;
Goodarzi-Ardakani et al., 2016). However, such cells are prone to
high aspect ratios that affect the cell skewness, leading to poor
solution convergence and at worst, solution divergence. Addition-
ally, cells are not guaranteed to align with the flow direction lead-
ing to false numerical diffusion. Increasing the mesh resolution can
fix skewed cells, while higher order discretization schemes can
minimize the likelihood of false diffusion (Anderson, 1995;
Fletcher, 2013; Tu et al., 2012).



Fig. 5. (a) A quadtree subdivision concentrating only on the bottom right corner region. A criterion of whether a region is filled by the interior of the 90� bend is used. During
subdivision, a region that is outside of the domain is neglected. (b) Cartesian meshing from Lintermann and Schröder (2017).

Fig. 6. Hybrid mesh types using prism layers plus (a) tetrahedral; (b) polyhedral; and combinations of (c) tetrahedral with hexahedral-core (d) polyhedral with hexahedral-
core.
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Unstructured mesh elements are also ineffective in resolving
wall-boundary layers since tetrahedrals do not deform (i.e. stretch
or bend) during local refinement to make cells very small. Instead,
prism layers are used to resolve the near-wall boundary layers
(Frank-Ito et al., 2015; Vinchurkar and Longest, 2008; Zubair
et al., 2013a). One error that arises with prism layers is the presence
of high-aspect ratio cells. When this exists round-off errors evolve
from the conservation properties of the equations (large differences
in flow length scales or large variations in flow variables also con-
tribute). In such cases double-precision numbers should be used
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to minimize possible round-off errors from perpetuating
(Anderson, 1995; Fletcher, 2013; Tu et al., 2012); however, whether
a simulation uses single or double precision is rarely reported in the
literature.

Structured mesh elements are essentially rectangular or hexa-
hedral cells, where flow conservation properties are easily defined
because each face must have four nodes and four lines. Thus, a pair
of inlet/outlet fluxes can be defined on the six faces of a cube. These
grids are also referred to as Cartesian grids as they maintain their
x-y-z (or i-j-k) mesh index notation. To overcome the challenge of
fitting the curvilinear nasal cavity geometry within Cartesian grids,
a quadtree/octree subdivision method is used. This is also called a
‘cutcell’ method or the divide-and-conquer principle, illustrated by
Tucker and Pan (2000). As an outcome, a staircase jagged shape is
produced around the curvilinear boundaries, however, very fine
mesh elements can be used to minimize this effect.

Examples of cartesian meshing include the work by Lintermann
and Schröder (2017) (on a nose-like model, see Fig. 5) and Kimura
et al. (2019), although the CFD approaches used were not Finite
Volume Method but rather a Voxel-based simulation and Lattice
Boltzman Method, respectively. Recently there has been rapid
adoption of polyhedral (and poly-hexcore) cells to fill the interior
domain (Dong et al., 2018a; Bates et al., 2017; Inthavong et al.,
2017; Tian et al., 2017). It allows the flexibility of an unstructured
mesh to be applied to a complex geometry with improved mesh
skewness. Typically, a smaller number of mesh elements is used
and faster convergence is obtained when compared to tetrahedral
cells. Fig. 6 illustrates the different meshes possible.
3. Modelling nasal airflows

3.1. Existence of laminar and turbulent flows

In smooth regular pipes, the onset of turbulence is identified by
the Reynolds number, Re ¼ qUDh=l where q is density, U is veloc-
ity, Dh is hydraulic diameter, and l is dynamic viscosity. Studies
have defined the hydraulic diameter Dh as either the nostril inlet
(Inthavong et al., 2008; Subramaniam et al., 1998), or the internal
nasal valve (Taylor et al., 2009; Calmet et al., 2016). The nasal
geometry consists of irregular cross-sections, 90�-like bends at
the nasal vestibule and nasopharynx, converging and diverging
sections, and mixing flows - all contributing to flow disturbances.
Therefore, the Reynolds number criteria based on regular smooth
pipe flows is unreliable for identifying the onset of turbulence,
but perhaps more useful as a reference.

Flow in the nasal cavity is most likely to experiences both lam-
inar and turbulent regimes. Doorly et al. (2008) stated that transi-
tion from laminar to turbulence is unclear in nasal flows, and flows
may actually never become fully turbulent, nor are they ever fully
laminar; rather they constitute a disturbed laminar flow. Experi-
mental measurements from Hahn et al. (1993) showed that at a
flow rate of 180 mL/s through a single nasal chamber (21.6 L/min
for both chambers), a disturbed laminar flow was found, while at
a flow rate of 560 mL/s (67.7 L/min in two chambers) the flow
behaviour was mostly turbulent. Churchill et al. (2004) found that
at the lowest flow rate of 0.1 L/min for water (equivalent to 1.5 L/
min of inhaled air), either turbulent or ‘transitional’ flow was found
in four cadaver replicate models. However, their working definition
of a turbulent flow was based on visual inspection of whether
eddies, cross-currents or mixing of dye were present.

Li et al. (2017) compared turbulence models against the experi-
mental work of Hahn et al. (1993) replicating the geometry and
conditions. The results confirmed that a laminar flow model was
most suitable for 180 mL/s flow rate through a single nasal chamber
(21.6 L/min for both chambers), and turbulent models were better
suited for flow rates of 560 mL/s and greater. The study’s single
nasal chamber geometry omits the choana where flow streams
from the left and right nasal chambers converge, and mix as two
impinging jets. The nasopharynx was also omitted, where sec-
ondary flows, Dean vortices, and flow separation are found.

In previous work, a laminar flow assumption (Zhao et al., 2004;
Subramaniam et al., 1998; Shang et al., 2015; Garcia et al., 2007;
Elad et al., 2008; Ge et al., 2012; Goodarzi-Ardakani et al., 2016)
was used for flow rates of 15 L/min or less. For higher flow rates
(> 20 L/min), a turbulent flow field was assumed with varied selec-
tions of turbulent models. Early studies applied RANS (Reynolds
Averaged Navier-Stokes) models including k-e (Inthavong et al.,
2006; Lindemann et al., 2005), k-x models (Hörschler et al.,
2006; Wen et al., 2008) and v2-f (Inthavong et al., 2011).
Kleinstreuer and Zhang (2003) demonstrated that to capture a
laminar-transitional turbulent flow, a low-Reynolds-number
(LRN) k-xmodel was suitable. This model captures the transitional
flow phenomena in the human airways and has since been adopted
by other researchers (Zhu et al., 2013; Inthavong et al., 2014; Zhao
and Jiang, 2014; Kim et al., 2012). At present, this model is
accepted as one of the more suitable forms of RANS turbulence
models, along with its variations (e.g. LRN k-e and other transition
models).

The Large Eddy Simulations (LES) (Calmet et al., 2016; Lee et al.,
2010) and Direct Numerical Simulations (DNS) (Li et al., 2017)
require significant computational resources and remain out of
reach for large parametric studies or rapid clinical and engineering
investigations. Moreover, these simulations require special care to
define a high-quality mesh with high-order discretization schemes
to minimise numerical diffusion, very small time-steps, and correct
definitions of turbulence at the boundaries.
3.2. Steady versus unsteady flows

Breathing is a cyclic, oscillatory process. However, inhalation
studies have predominantly simulated steady flow scenarios due
to computational simplicity. A steady flow solution is representa-
tive of the mean flow field, smearing out any fluctuating or oscillat-
ing behaviour found in real cases. The significance of the
fluctuations from the breathing cycle on the flow field can be esti-
mated by examining the Womersley number, Wo or similarly the
Strouhal number, St, defined as

Wo ¼ D
2

x
m

� �0:5
St ¼ xD

uave

where x ¼ 2pf ¼ 1:57 s�1 is the nominal breathing frequency cor-
responding to approximately 15 breaths per minute (f); D is the
characteristic length scale and can be defined by the average
hydraulic diameter of 30 cross sections taken throughout the nasal
cavity (Wen et al., 2008); uave is the average velocity through the
nasal passage, which for a flow rate of 15 L/min is approximately
0.9 m/s. Wen et al. (2008) report Wo = 1.68 and St ¼ 0:01, while
Doorly et al. (2008) report Wo ¼ 3:0 and t ¼ 0:25 in their respective
studies. The low Strouhal number, St < 1 along with the findings
that oscillatory effects are not present until Wo > 4. (Isabey and
Chang, 1981), suggest that the flow could be considered quasi-
steady at low flow rates. This can be further emphasized from the
study of Shi et al. (2006), who evaluated the influence of a wave-
form profile and showed only minor differences in the velocity con-
tours between the accelerating and decelerating periods.

Unsteady flowmodelling has been performed by Se et al. (2009)
using a low-Reynolds Shear Stress Transport (SST) model, Kumar
et al. (2016, 2017) used a laminar model, while Lee et al. (2010),
Bahmanzadeh et al. (2015), Kumar et al. (2016), Calmet et al.
(2016), and Bates et al. (2017) used an LES model. The justification
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for laminar and low-Reynolds SST model comes from the predomi-
nantly lower flow rates during the respiration cycle. The exact
breathing profiles are unique to an individual; in turn, Se et al.
(2009), Lee et al. (2010), Calmet et al. (2016) applied profiles based
on measured data while Kumar et al. (2016), Naseri et al. (2017),
Bahmanzadeh et al. (2015) used a symmetrical sine wave formwith
a period of four seconds. If the simulations start from a zero (quies-
cent) state, two or three cycles are typically required to remove the
start-up effects (hysteresis) to establish the transient solution.

3.3. Thermal models

An early study of the air conditioning capability of the nasal
cavity was by Lindemann et al. (2004) accounting for temperature
only. Lienar et al. (2003) also measured local nasal mucosal wall
temperatures after exposure to air at different climatic conditions,
which ranged between 32.3 �C and 34.7 �C for normal air and 30.6
�C and 33.7 �C for cold dry air conditions, respectively. These values
were used as a baseline to define a uniform surface temperature of
32.6 �C (Garcia et al., 2007) and 32.1 �C (Inthavong et al., 2007).
Burgos et al. (2014) found a linear relationship between the ambi-
ent temperature and the air average temperature reached along
Fig. 7. Velocity contours and flow streamlines passing through the nostrils. The flow rat
velocity. (For interpretation of the references to colour in this figure legend, the reader
different cross sections in the nasal cavities.Other studies have
included species transport equations for humidity as a concentra-
tion fraction (Naftali et al., 2005; Inthavong et al., 2007; Garcia
et al., 2007). Kumahata et al. (2010) and Hanida et al. (2013)
improved the modelling by using a wall boundary model that
accounted for the latent heat in the heat exchange process, as well
as moisture exchange. The results showed latent heat was most
significant in the case of cold-dry inhaled air, and less significant
for hot-humid inhaled air.

4. Nasal flow characteristics

The diverse nasal cavity morphology is influenced by demo-
graphic variations among subjects, which include age, sex, weight,
and ethnicity (Zhu et al., 2011). It is also much more dynamic than
computational models have been able to capture to date. For exam-
ple, the airway continuously changes in shape and size from
infants to adults, and then again in the elderly (Lindemann et al.,
2008). In the shorter term, the geometry is subject to nasal cycling
where partial congestion and decongestion alternate between the
left/right nasal chambers. The nasal cycle is reported to occur on
average every 4 h (Gyehwan et al., 2015), although its range was
e used was 10 L/min and the colour scheme uses blue = low velocity and red = high
is referred to the web version of this article.)



Fig. 8. Flow streamlines in ten nasal airway geometries extracted from Inthavong et al. (2017) and Wen et al. (2008). Geometries characterized by the presence of a notch in
the anterior geometry. NN = ‘no-notch’, UN = ‘Unilateral Notch’; BN = ‘Bilateral Notch’. The suffixes 1 and 2 represent two different subjects within each category.
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found between 25 min to 8 h with peak interval between 1.5–4 h
during an awake state (Kahana-Zweig et al., 2016). It’s also influ-
enced by many factors including body posture (Eccles, 2000),
sleep/awake state (Kahana-Zweig et al., 2016), and age (Mirza
et al., 1997). Therefore, when scanned images of a patient are
acquired, it is both patient specific and time dependent.

Geometry variations during breathing may include nasal valve
collapse in the flexible cartilaginous walls of the external nose
(Wittkopf et al., 2008), caused by sufficient pressure difference to
trigger a venturi effect and, nasal valve enlargement through the
actions of the nasal dilator muscles (Wustrow and Kastenbauer,
1995). Within the internal nasal cavity, the mucosal lining has
the capacity to expand and contract. In particular, the inferior tur-
binate mucosa, along with the mucosa of the septal swell body
(Mamikoglu et al., 2002), contains vascular erectile tissue that
has the greatest capacity for fluctuation in size.

4.1. Entry into the nasal cavity

The nostrils are entry portals connecting the external environ-
ment with the internal nasal anatomy. The nostril inlet is typically
non-planar, and its velocity distribution is also non-uniform. Fig. 7
presents a non-uniform velocity distribution on fitted surfaces
(using a NURBS surfacing technique) of the nostril inlets. For the
case shown, there is a clear bias to one corner in the left nostril,
while for the right nostril, the contour is more evenly distributed.
The flow streamlines show that the surrounding air converges into
the nostril and rises upwards with an accelerated flow.

Results from Doorly et al. (2008) and Shang et al. (2015) have
highlighted the need to include the external facial features and
nostril as it helps reproduce the natural flow behaviour and inlet
conditions. Xi et al. (2016) demonstrated the influence of nostril
orientation on heat exchange and particle deposition using a range
of angles from horizontally aligned to its more natural vertical ori-
entation, recommending that the actual nostril angle should be
preserved to predict more accurately respiratory functions.
4.2. Anterior nasal flow

After entering the nostrils, the vestibule area increases abruptly
which produces flow separation and this can result in the forma-
tion of vortices (Zhao and Jiang, 2014). Fig. 8 shows a comparison
of flow pathlines where the geometry BN2, and results from
Subramaniam et al. (1998) exhibited vortices, but was absent in
other models. The flow rapidly changes direction shifting to hori-
zontal or at least angled towards the horizontal direction. As it
enters the nasal valve region, which is the smallest cross sectional
area, the flow accelerates. Studies (Doorly et al., 2008; Taylor et al.,
2006; Zhao and Jiang, 2014) reported that a significant amount of
pressure drop occurs in the nasal valve region and that the size and
orientation of the nasal valve influences the downstream flow
Doorly et al. (2008).

Ramprasad and Frank-Ito (2016) identified three distinct varia-
tions in the human nasal vestibule airspace among sixteen subjects
with normal radiographic sinonasal images. Within each respec-
tive unilateral nasal cavity, the vestibule was classified as Notched,
Standard, or Elongated phenotype based on nasal vestibule mor-
phology, respectively. They found significant differences in flow
resistance in localized regions of the different nasal vestibule phe-
notypes, but global comparisons from nostril to choana showed
that average resistance was not significantly different. Similarly,
for local differences in heat and mass transfer (Ma et al., 2018;
Inthavong et al., 2018), and nanoparticle deposition in the upper
passage and olfactory regions (Dong et al., 2018a), globally, both
effects were less sensitive to the nasal vestibule phenotype.

Variations of the nose also include the outer nose geometry
where its shape is characterised by the ratio of the width to the
height of the external nose, called the nasal index, whichwas linked
to ethnicity in Zhu et al. (2011). Zhao et al. (2004) and Li et al. (2018)
found a significant correlation between nasal index and notch index
where a narrower and taller external nose wasmore likely to have a
pronounced notch, which may in turn lead to flow separation and
formation of the vortex. Patki and Frank-Ito (2016) showed that



Fig. 9. Examples of velocity contours in the posterior nasal cavity. Flow direction is from left to right.
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nasal index and nasal resistance were weakly correlated, and that a
snasal index <80 had stronger correlations with wall shear stress
and heat flux compared with a nasal index >80.

4.3. Flow in the main nasal passages

As air passes through the nasal valve, it enters the main nasal
passage where the geometry diverges and expands. In many stud-
ies, this created a recirculating region (Fig. 8) or vortex in the upper
anterior end of the nasal cavity (Wen et al., 2008; Doorly et al.,
2008; Taylor et al., 2006; Zhao and Jiang, 2014). Lateral passages
are formed by the turbinate bone protrusions where the flow is
distributed between the inferior, middle and the superior meatus.
Elad et al. (1993) found the airflow more streamlined due to the
presence of turbinates since the flow was constrained in the nar-
rowed passages, but some flow instabilities were found in dye
visualization experiments in Doorly et al. (2008). Generally, airflow
through the superior meatus is low while a more significant frac-
tion passes through either the middle or the inferior meatus
(Elad et al., 1993; Doorly et al., 2008; Zhu et al., 2011; Zhao and
Jiang, 2014). The air also flows along the floor of the nasal cavity.
These flow characteristics were subject to change depending on
ethnicity where Zhu et al. (2011) found the middle passage of
the nasal airway experienced more airflow in a Caucasian patient
model whereas more flow passed through the inferior part for an
Indian patient model. While the cross-sectional area increased
after the nasal valve constriction, airflow velocities were similar
or even higher compared to the anterior regions because of the
narrowed passages.

4.4. Posterior nasal flow

The posterior nasal region consists of the choana where the two
chambers merge and form a single conduit, and then turns 90� into
the nasopharynx. Fig. 9 (slice a-a’) shows that as the chamber
merges, the flow streams remain separated with low velocities in
the center. The merged air flow streams mix (slice b-b’) with the
flow shifting towards the posterior wall. Slice c-c’ shows the devel-
opment of weak secondary flows which produce the characteristic
Dean vortices that are found in tubular bends geometries. Flow
through the nasopharynx can therefore be characterised similar
to a 90� bend with the key geometry feature being the bend curva-
ture, and ellipsoidal diameter.

An important consequence of the nasopharynx bend is that it
captures larger foreign particles at the posterior nasopharynx wall
through inertial impaction. The geometry is also critical in deter-
mining the nature of airflow during expiration, when it acts as
the upstream inlet condition to the nasal passage (Doorly et al.,
2008). This can be important in drug delivery applications, which
focus on delivering inhalation aerosols to targeted locations in
the nose during expiration (Calmet et al., 2016).

5. Nasal cavity: physiology and function

The nasal airway geometry has evolved into a highly optimised
structure that is efficient in many functions. The following section
briefly summarises the functions of filtration, olfaction and air
conditioning.

5.1. Filtration function

While, the major defense mechanism for trapping large partic-
ulates are the nasal vibrissae (hairs in the nostrils), the nasal vesti-
bule bend into the main nasal passage also plays a role in particle
capture. Large particles deposit onto the walls by inertial impac-
tion when flow streamlines curve around bends too rapidly. This
suggests that sharper nasal vestibule bends will contribute greater
filtration capability Xi et al. (2016). The second bend at the
nasopharynx acts as a second filter. Fig. 10 shows particle trajecto-
ries of 2.5, 10, and 20 lm and their deposition in a human nasal
cavity as presented in Shang et al. (2015), where local concentra-
tions of deposition caused by impaction of high inertial particles
are found at the entrance into the main nasal passage and the
nasopharynx.

The inertial parameter is used to describe inertial impaction
caused by airway geometry, flow rate and particle size as a general
prediction of particle filtration (Garcia et al., 2009; Tian et al., 2007;
Liu et al., 2007; Shi et al., 2007). Fig. 11 shows the inertial parameter



Fig. 11. Deposition efficiency curve for micron-sized particles as a function of the Inertial Parameter (IP) for various reported data.

Fig. 10. Micron particle deposition by impaction (Shang et al., 2015).
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results from different studies (Hsu and Chuang, 2012; Kelly et al.,
2004; Schroeter et al., 2011; Shang et al., 2015; Cheng et al.,
2001; Inthavong et al., 2011; Shi et al., 2007) which exhibits a sig-
moidal profile. The inertial parameter (or impaction parameter) is a
function of the particle size to the power 2, and the averaged inhala-
tion flow rate (cm3/s), suggesting a high sensitivity to particle size.
Since the nasal cavity exhibits highly diverse anatomical variations,
Garcia et al. (2009) proposed a modified Impaction Parameter as a
function of the Stokes number to account for inter-individual vari-
ability in nasal filtration (see Fig. 12).

5.2. Olfaction function

Odorant perception is formed through interactions between air-
borne volatile chemical and olfactory receptors which are found on
the olfactory epithelium, which is approximately a small 20 cm2
patch of tissue buried in an aqueous mucus layer. Block (2015) sta-
ted that the olfactory region is found on the roof of the nasal cavity
behind each nostril, while Leopold et al. (2000) found that the
olfactory epithelium appeared to be distributed more anteriorly
than the usual boundaries of the olfactory cleft depicted in text-
books. As inhaled odorant comes into contact with the mucus
layer, it dissolves and passes through the mucus layer, and is
detected by receptors that send electrical signals to the brain to
provide the perception of smell.

Slow flows that move past the olfactory epithelium (see Fig. 8)
increase residence times for gas uptake, since gas departure from
the airflow must occur by a diffusion process. Zhao et al. (2004)
and Wang et al. (2012) both state that lower flow rates allow more
time for more odorant to be absorbed by the nasal/olfactory
mucosa. Zhao et al. (2004) showed that small changes in the anat-
omy of nasal cavity at specific locations (e.g. nasal valve, turbinates)



Fig. 12. Heat transfer in three nasal cavity models reported in Ma et al. (2018).
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can induce large changes in the airflow affecting the odorant uptake
on the olfactory mucosa. This has also been underlined in cases of
moderate and severe nasal blockade (Lee et al., 2009) or as a conse-
quence of middle turbinectomy (Alam et al., 2018), where higher
velocities found in the olfactory groove led to negligible particle
residence times, thus reduced odorant uptake. Nishijima et al.
(2018) showed the olfactory airflow and olfaction were differen-
tially affected by nasal polyp location. There has also been recent
interest in the deposition of gases and particles targeting the olfac-
tory region using computational studies focussing on toxicology
(Tian et al., 2016) and drug delivery (Dong et al., 2018b), including
magnetophoretic-guided drug particles (Xi et al., 2016). In both
contrasting cases the deposition of gases and particles can lead to
particle translocation into the brain.

5.3. Air conditioning function

The principles of heat (or mass) transfer take place in the pres-
ence of a temperature (or concentration) gradient. In the nasal cav-
ity, this occurs through interaction between the inhaled air and the
Fig. 13. (a) Heat transfer flux contour obtained from Zhao et al. (2011), and (b) Norm
mucosal surface which is at a temperature of approximately 36 �C
and at fully saturated state. Both surface temperature and moisture
are regulated by a network of thin-walled blood vessels that lie
underneath the nasal epithelium. The heat transfer rate is gov-

erned by _Q ¼ UADT where U is the overall heat transfer coefficient,
DT is the temperature difference between the inhaled air and the
surface temperature, and A is the surface area. The latter parameter
explains the influence of the turbinates that protrude into the main
passage which increases the mucosal surface area, enhancing the
heating and conditioning of the inspired air.

CFD simulations of the air conditioning capability under differ-
ent cases have been performed focussing on: air conditioning
capacity (Naftali et al., 2005), septal perforation (Pless et al.,
2004), atrophic rhinitus (Garcia et al., 2007), inferior turbinectomy
(Lindemann et al., 2005; Chen et al., 2010), and inhalation of cold
dry air (Inthavong et al., 2007). The results showed that the inter-
nal protrusions of the turbinates were vital to increase the heating
and conditioning surface area in distributing the flow through dif-
ferent passages (i.e. meatii). A unanimous finding among the stud-
ies is the remarkable air conditioning capability of the nasal cavity
alised temperature profile for any inhalation condition from Burgos et al. (2014).
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where the highest heat transfer rate takes place in the anterior
regions of the nasal cavity (Fig. 13a), and in the inferior turbinate
region.

Burgos et al. (2014) reported that air-conditioning along the
depth of the nasal cavity takes place asymptotically. This is due
to the diminishing temperature difference between the inhaled
air and the mucus surface temperature through the nasal cavity,
which is the driving contributor for heat transfer. They proposed
a hyperbolic function (Fig. 13b) to characterize the temperature
variation through the human nasal cavity, for both laminar and
turbulent flows which could be used as a benchmark against a
large population study.
6. Future research directions

6.1. Multiphysics applications

Complex models incorporating multiphysics are now within
reach with advanced physics models and computational resources
being made available. Transient flowmodelling coupled with fluid-
structure-interactions or at least moving (dynamic) mesh motion
can provide dynamic modelling of physiological functions that
are transient in nature. Application of elastic surfaces will be
important for understanding the influence, and effective treatment
of nasal valve collapse and collapse of the alae nasi.

Particle interaction with the mucus layer may also provide fur-
ther analysis of drug delivery efficacy based on deposition rate. The
nose’s mucociliary function serves as a defense mechanism that
provides a pathway for eventual dissolution into the mucus sub-
layers. Kirch et al. (2011) provided an early study on the effect of
mucociliary clearance on nanoparticle deposition, while Rygg and
Longest (2016) and later Shang et al. (in press) provided newmeth-
ods for modelling the mucus motion and its influence on clearance
mechanisms. An alternative technique is the Physiologically Based
PharmacoKinetic (PBPK) model for predicting the absorption
dosimetry analysis. Studies have incorporated PBPK with CFD
(Yoo and Ito, 2018; Kimbell and Subramaniam, 2001; Schroeter
et al., 2008) in toxicology studies where dosimetry flux can be
determined through particle deposition rates onto the boundary
walls.
Fig. 14. Liquid jet penetration through a sino-nasal cavity
6.2. Multiphase flows

Many fluid-particle studies (Naseri et al., 2017; Dong et al.,
2019; Phuong et al., 2018; Inthavong, 2019) use one-way coupled
Lagrangian models, but in nasal spray drug delivery, the region
where spray atomization takes place, the particle/droplets are den-
sely packed which influences the surrounding flow field. Future
models will make use of different techniques e.g. dense-discrete-
particle-modelling, two-way coupling, Eulerian-Eulerian multi-
phase, or even Volume-of-Fluid, to evaluate the fluid-particle and
particle-particle interactions. A particle subject to shear will
deform,and with sufficient deformation, will lead to particle
breakup which needs to be quantified in spray models.

Studies have demonstrated the applicability of Volume-Of-Fluid
modelling to investigate the liquid interface of nasal irrigation. This
involves liquid flow entering the nasal cavity by a jet stream. Zhao
et al. (2016) demonstrated its use to visualise sinus irrigations
before and after surgery to evaluating irrigant penetration of indi-
vidual sinus cavities. As an example, Fig. 14 shows our preliminary
results using the Volume-Of-Fluid model to predict the sinus pene-
tration of a liquid jet. The Volume-of-Fluid model can also track the
interface in spray atomizers (Laurila et al., 2018; Belhadef et al.,
2012). The model is limited for tracking individual particles since
atomized particles are typically micron-sized and require mesh ele-
ments similar in size. A coupled Volume-of-Fluid and Discrete-
Particle-Model (Liu and Luo, 2018) can be used to investigate in
detail the particle behaviour for drug delivery in the nasal cavity.
6.3. CFD-assisted surgical planning

Diagnosis of disordered nasal airway for surgical planningmay be
assisted by objective tests, such as rhinomanometry which provide
limited insight into thespecificcauseor site ofobstruction.Asa result,
they provide little guidance to the appropriate choice of surgical
interventions andmost surgeons rely on clinical experience to deter-
mine the appropriate surgical interventions to consider.

Early attempts to model commonly-performed surgical proce-
dures have been undertaken, including the effects of nasal airway
surgery such as turbinate reduction surgery (Chen et al., 2010;
Hariri et al., 2015; Lee et al., 2018) and septoplasty (Burgos et al.,
2018; Frank-Ito et al., 2019) to improve nasal airflow and sinus
model using the Volume-of-Fluid multiphase model.
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surgery (Zhao et al., 2006) to improve sinus ventilation in chronic
rhinosinusitis. However, in these instances, researchers have
broadly only assessed the results of ”virtual surgery” on CFD mod-
els. Post-operative changes have been modelled in cadaveric spec-
imens in patients with unilateral sinus surgery (Chen et al., 2011),
in single case reports of NAO surgery (Rhee et al., 2012; Zhu et al.,
2014) and in small-scale series of patients undergoing NAO surgery
(Sullivan et al., 2014).

One of the challenges of assessing the results of virtual surgery
is in defining normal nasal airflow in healthy subjects (Zhao and
Jiang, 2014) and the ideal or ”gold standard” outcome. Ideally, vir-
tual surgery should be performed on pre-operative CFD models of
actual patients, then compared with post-operative CFD models of
the same patients, along with clinical measures of nasal airflow, for
a prospective cohort of patients. Other limitations of virtual sur-
gery methods have been discussed: Quadrio et al. (2014) discussed
procedural and modeling challenges that still prevent CFD, while
(Pawar et al., 2010) emphasised that the integration of patient-
reported outcome measures with objective data would certainly
bring a new dimension to the analysis of nasal form and function
in aesthetic and functional nasal surgery. The need for software
to effectively translate virtual surgery steps into computational
models has been discussed (Frank-Ito et al., 2014) and early
attempts at such software have been recently described (Burgos
et al., 2018; Cercos-Pita et al., 2018).

Early studies of virtual surgery include the effects of septal surgery
and, turbinate surgery (Chen et al., 2010). Rhee et al. (2011) applied
virtual surgery on 3D nasal airway models to assess functional out-
comes of nasal surgery through CFD, and showed its potential as a
predictive tool to enable surgeons to perform personalized nasal sur-
gery. Burgos et al. (2018) developed an integrated computational
platform to perform virtual surgery to choose the best improvement
in nasal flow. Vanhille et al. (2018) showed that using a virtual sur-
gery planning tool had a potential role for patient counselling, and
identifyingwhich anatomical structures should be targeted for surgi-
cal correction. These studies suggest that future surgical planning
may eventually adopt some form of CFD-assistance.
6.4. Applications of big data in nasal airway modelling

A drawback of CFD modelling is the high need for computa-
tional storage and lengthy computational time, particularly for
transient flows. The prospect of using Artificial Neural Network
(ANN) may provide rapid results as an alternative to CFD models.
Its accuracy is reliant on training samples and the algorithm used
for machine learning to describe the fluid dynamics behaviour.
Its application includes automated airway segmentation from CT/
MRI scans, and virtual surgery to determine an optimal surgical
strategy. Eventually, machine learning could suggest the best sur-
gical technique simply from scanned CT/MR data.

Optimised and personalised health care will rely on massive
data (e.g. Big Data concept) leading to the next revolution in health
care in the so-called Digital Twin. This term refers to the digital
representation of a physical product such as the human anatomy.
With the development of the Internet of Things (IoT), digital twins
are becoming a potential across many industries, including health-
care, and it is expected that with machine learning, this will
become a reality. However, its success is anticipated to rely on
large data sets and well established results to ensure that the com-
putational analysis will provide reliable results.
7. Conclusion

The growing research interest in computational fluid modelling
of the nasal airway coincides with the 25th year landmark since
the first few computational studies were published. As this
multi-disciplinary field emerged, computational modelling tech-
niques also advanced. This review showed that there were new
methods that were pertinent to accuracy - such as influence of seg-
mentation, mesh independence evaluations, and inclusion of the
external face and nostril openings. Flow regime (i.e. laminar vs.
turbulent) and the applicability of steady or unsteady flow repre-
sentations remain controversial, such that best practices should
be applied for either cases used.

The future of computational modelling of the airway will be dri-
ven by advances in multiphysics. It will also be swept along with
the current explosion in Artificial Intelligence which have already
impacted the CFD field. The growth in this discipline and computa-
tional advancements will bring new opportunities and significant
breakthroughs in this exciting field.
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