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A B S T R A C T

This work describes an extensive numerical investigation of thermal water delivery for the treatment of in-
flammatory disorders in the human nasal cavity. The numerical simulation of the multiphase air-droplets flow is
based upon the Large Eddy Simulation (LES) technique, with droplets of thermal water described via a
Lagrangian approach. Droplet deposition is studied for different sizes of water droplets, corresponding to two
different thermal treatments, i.e. aerosol and inhalation. Numerical simulations are conducted on a patient-
specific anatomy, employing two different grid sizes, under steady inspiration at two breathing intensities.

The results are compared with published in vivo and in vitro data. The effectiveness of the various thermal
treatments is then assessed qualitatively and quantitatively, by a detailed analysis of the deposition patterns of
the droplets. Discretization effects on the deposition dynamics are addressed. The level of detail of the present
work, together with the accuracy afforded by the LES approach, leads to an improved understanding of how the
mixture of air-water droplets is distributed within the nose and the paranasal sinuses.

1. Introduction

Inflammatory disorders affecting the upper respiratory tract are
among the most common conditions for which treatments with thermal
waters are advised. Such treatments are typically administered as in-
halations. Several thermal centers around the world offer inhalation
therapy to patients, and propose natural thermal waters with different
characteristics and composition. Sulfurous waters are one of the most
popular choice in inhalation therapy [1,2].

Relatively recent laboratory tests have shown definite positive ef-
fects from sulfurous water, including mucolytic and trophic action on
the respiratory mucosa and anti-oxidant and anti-elastase activity.
Therefore, scientific evidence presently supports an anti-inflammatory
action of thermal waters which effectively helps controlling the in-
flammatory processes of the upper respiratory tract [3–6]. Various
techniques and devices have been developed to properly deliver dif-
ferently fractionated thermal waters and their gaseous content to the
respiratory tract: inhalations, aerosols (also in their more recent sonic/
ionized variant), humages, nebulizations and nasal douches are the
most common ones [1,2].

Among these, douche-based techniques, based on saline or different
solutions, have a scientifically proven efficacy [7]. Irrigations and
douches effectively wash the nasal cavity, although inhalations and
nebulizations too do deliver water to the nasal cavity to some extent,
thus providing a sort of nasal douching. It should also be noted that

douches and irrigations are frequently performed in thermal centers
where professional devices are available. Such devices have been de-
monstrated to provide a more effective delivery compared to douching
performed by patients at home [8]. On the other hand, aerosols and
humages do not provide douching at all, since the water delivery to the
nasal cavities is minimal, and the gaseous phase largely prevails.

Even though literature studies describing the clinical effectiveness
of these techniques are available, an in-depth knowledge of their de-
tails, as for example the spatial pattern of deposition of thermal water
droplets over the mucosal lining of the nasal cavities, the pharynx and,
broadly speaking, the upper respiratory tract is still lacking. Such
knowledge would for example enable tuning and optimizing the design
of thermal water diffusors for active droplets distribution, capable to
target a specific district of the airway depending on the specific clinical
condition. Therefore, a better understanding of the deposition pattern,
and how it depends on the particular technique, combined with the
type of breathing, would be useful from a clinical as well as a scientific
standpoint.

A large number of in vivo [9–11] and in vitro [12–15] studies have
addreseed the problem during the recent years. The difficulties in car-
rying out in vivo studies are obvious. Significant recent advances in
Computational Fluid Dynamics (CFD) techniques for the study of the
nasal airflow are improving the general picture, by providing a quan-
titative analysis tool with unprecedented analytic power. Such ad-
vances are briefly reviewed in the next section, with specific reference
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to the problem at hand.
The present work is an extensive numerical study, based upon the

LES technique and a Lagrangian approach for tracking water droplets,
of the delivery of thermal waters in a complete, patient-specific model
of a human nasal cavity which includes the anatomical details of the
paranasal sinuses. The study builds upon a procedure, entirely based on
open-source software, which is under development by our group since
some time [16–18]. The goal of the study is to describe, with a high
level of detail, the process of delivery of thermal waters to the human
nasal cavities. We expect our work to help improving the current un-
derstanding of how the mixture of air and droplets is distributed within
the nose, and where the droplets are preferentially deposited. At the
same time, assessing the effect of the main computational parameters
on the deposition pattern is useful to carry out such simulations effec-
tively and reliably. Such predictive capability is deemed to be useful for
the development of next-generation thermal devices, allowing a more
effective treatment of the inflammatory nasal disorders.

The paper is organized as follows. After a brief literature review
presented in Sec.2, Sec.3 describes the main features of the geometrical
and numerical model, and in Sec.4 the main results are presented. In
Sec.5 results are discussed and compared with the literature data, and
conclusions are given in Sec.6.

2. Literature review

During the last years, CFD is quickly becoming a powerful tool to
investigate the physical phenomena characterizing the respiratory
process, see e.g. Refs. [19–22], and more recently [23–26]. Among the
most recent contributions, examples can be found in the framework of
surgery planning [27,28], and for the pre- and post-surgery analysis
[29–32]. Moreover, CFD is becoming a valuable research tool to drive
the development and optimization of devices for the treatment of in-
flammatory disorders [33–36].

Several CFD studies have been devoted to assessing the efficiency of
droplet deposition in the human nasal cavity, by comparing the beha-
vior of different types of droplets in different anatomies. Many of them
consider the nasal airflow to be laminar [37–42]; others classically
solve the Reynolds-Averaged Navier–Stokes equations (RANS), where
turbulence effects are indirectly accounted for through a suitable tur-
bulence model. In particular, different studies have employed the so-
called −k ω model [43–50]. Few are the studies employing the Large
Eddy Simulation technique (LES), which implies larger computational
costs compared to RANS, but brings about a potentially higher fidelity
of the results; despite its widespread use within the CFD community at
large in a vast range of applied problems, LES is not routinely employed
yet in computational studies of the nasal airflow. Moreover, the existing
examples [44,51–56] often consider simplified or idealized anatomies,
excluding the anatomical details of the frontal and maxillary sinuses,
despite their importance for the treatments of many inflammatory
disorders.

3. Methods

The numerical simulation of the two-phase air-droplets flow in the
reconstructed nasal cavities of an anatomically normal subject is per-
formed by means of the open-source CFD software OpenFOAM [57].
The three-dimensional computational domain is reconstructed, ac-
cording to the procedure illustrated in Ref. [16], from a CT scan via the
open-source software package 3D-Slicer [58]. The snappyhexmesh
utility available in OpenFOAM is used for the generation of the volume
mesh where the equations of motion are discretized, and OpenFOAM
itself is used for the actual numerical solution of the discretized equa-
tions in the LES framework and for tracking the water droplets.

3.1. The geometrical model

The procedure starts with an accurate reconstruction of the anatomy
of the upper airways, including nasal sinuses, from a standard CT scan.
After approval by the internal Institutional Review Board (IRB) of the
San Paolo Hospital, University of Milan, the scan of a 67-years-old male
presenting a normal sinonasal anatomy was selected. The whole CT
scan contains 348 DICOM images; in each image the spatial resolution
is 0.5mm × 0.5mm in the sagittal–coronal directions, and a 0.6mm
axial gap separates consecutive slices. 3DSlicer [58] is used to convert
the CT images into an accurate geometrical model of the bone-air
boundary by means a proper choice of a radio-density threshold.

Fig. 1 shows a sample of the original CT images, encoded in
grayscale, and the same image after the segmentation process, carried
out with a threshold of = −HU 218 Hounsfield units. This particular
HU value is selected to yield the best anatomical reconstruction as
judged from expert ORLs. For further discussion on this fundamental
step of the procedure see e.g. Ref. [18]. The reconstructed three-di-
mensional geometry is then exported into a STereoLithography (STL)
file, to be used as input for the subsequent steps. As our interest is fo-
cused on the nasal region, the connection between epiglottis and mouth
and the pyriform sinuses have been removed from the STL model.

The model is complemented with an external air volume, where the
droplets to be inhaled are uniformly distributed at the beginning of the
simulation. To this aim, the STL anatomical surface is intersected with a
carefully placed external spherical volume placed around the nostrils.
As shown in Fig. 2 (left), the union of the sphere and the inner airways
constitutes the computational domain proper. Size and position of the
sphere are designed to minimize the computational overhead while at
the same time still providing an high-quality mesh. The snappy-
HexMesh utility is then used to generate a computational finite-volumes
mesh from the complete STL file. The quality of the mesh has been
carefully assessed with both non-orthogonality and skewness criteria,
by using a max orthogonality angle of ∘60 and imposing a max skewness
of 4 and 6, for the boundary and the internal face, respectively. Fig. 2
(right) shows the final STL model, the whole computational domain for
a mesh with approx. 25 × 106 cells (the finest mesh employed here),
with emphasis on two representative sagittal and coronal sections.

Fig. 1. Representative CT images (top) and their segmentation obtained with a
threshold value of = −HU 218 (bottom), after removal of the connection be-
tween epiglottis and mouth. Black regions correspond to the air-filled volume.
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3.2. The mathematical model

3.2.1. Air
The governing equations expressing conservation of mass and mo-

mentum balance for the continuous phase (i.e. air) are the in-
compressible Navier–Stokes and continuity equations:

∇⋅ =u 0 (1)

∂
∂

+ ⋅∇ − ∇ +
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in which u denotes the velocity vector, p is pressure, ρ the (constant)
density, and ν the kinematic viscosity.

According to the LES approach [59], the filtered form of the gov-
erning equations is used:
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where the decomposition = +∼u u u' is introduced, the symbol ⋅̃ de-
notes the filtered (or resolved) component, a prime denotes the subgrig-
scale (SGS) component, and τsgs is the subgrid stress tensor.

In the present work, emphasis is not placed on the choice of the
specific subgrid turbulence model. In fact, the employed meshes are
typically quite fine; as a consequence, the contribution of the subgrid
model is of modest importance, as shown later on. Hence, τsgs is mod-
elled via the simplest and cheapest available model, i.e. the static
Smagorinsky model [60]:

= − ∼τ ν D2 .sgs sgs (5)

The above expression specifies the tensor τsgs as proportional to the
strain tensor ∼D of the filtered velocity field, defined as

= ∇ + ∇∼ ∼∼D u u( )T1
2 , via a scalar function νsgs, the so-called subgrid eddy

viscosity, taken as:

= =ν S C Sℓ ( Δ)͠ ͠sgs s s
2 2

in which S͠ is the characteristic filtered rate of strain, = ∼ ∼S D D(2 : )͠ 1/2,
and ℓs is the Smagorinsky lenghtscale, assumed to be proportional via
the Smagorinsky coefficient ≈C 0.17s to the filter width Δ. This quan-
tity, defined as = x y zΔ (Δ Δ Δ )1/3, in which xΔ , yΔ , zΔ are the grid spa-
cing in the three spatial directions, is a length scale associated to the
size of the computational grid. To avoid non-zero values of νsgs at solid
boundaries, we use a van Driest damping function [61] to specify ℓs as

= f Cℓ Δs d s , in which fd stands for the damping function, varying along
the wall-normal direction.

3.2.2. Droplets
For the dispersed phase, the motion of the water droplets is de-

scribed by means of a Lagrangian approach. Due to the very low volume
fraction occupied by the droplets, that never exceeds 0.1% and is often
much lower, droplets are assumed to possess a one-way coupling to the
velocity field, as discussed in Ref. [62], i.e. their dynamics is affected by
the flow, but not vice-versa. Position and velocity of each droplet are
computed by a set of differential equations where droplets are con-
sidered as rigid spheres, neglecting heat and mass transfer. As every
droplet is a simple point mass, its dynamics is expressed as:

=
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where xp is the position vector of the droplet, up is its velocity and mp is
its mass. The term ΣFi expresses the sum of all the relevant forces acting
on the droplet, and includes the dependence on the fluid velocity. In the
present study, we only consider 3 forces: FD, the drag force exerted on
the droplet by the continuous phase; FB, the buoyancy force; and FG, the
gravitational force. Due to the small air-droplets density ratio equal to
≈ −10 3, and the low flow acceleration rate, these three forces alone
influence the droplet dynamics, while other forces, such as the Basset
history term, can be safely neglected [62].

The total drag force experienced by a droplet is expressed as:

= − −
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m
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where dp is the droplet diameter, and ρp is its density. The drag coef-
ficient Cd depends upon the flow regime, and is a non-linear function of
the Reynolds number = −Re ρd μu u( )/p p p based on droplet diameter
and the relative velocity. Here we employ the following empirical re-
lationship valid for spherical particles [62]:
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Since for the cases considered in the present work Rep ranges from
10−2 to 1, the expression above is not too far from the laminar law

=C Re24/d p.
Finally, the buoyancy and gravitational force are defined together

as:
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where g is the gravitational acceleration.

3.3. The computational setup

The LES cases considered in the present work describe the steady
inhalation of water droplets suspended in air, for a total duration of
0.6 s.

The discretized version of the governing equations for air is solved
with the stock finite-volumes OpenFOAM solver pimpleFoam, which is
based on a mixed PIMPLE-PISO approach for the pressure-velocity
coupling [63]. The discretized equation that computes the trajectories
of the droplets is coupled to the equations of the continuum phase by
means of the OpenFOAM function object icoUncoupledKinematicCloud.
All the numerical simulations are performed with fully second-order
discretization schemes in space and time.

The boundary of the computational domain is split into three por-
tions, where different boundary conditions are applied: the outlet sec-
tion at the throat, the inlet section at the outer surface of the spherical
region outside the nose, and the whole mucosa-lined surface of the
internal nasal cavities. Air and droplets are driven through the system

Fig. 2. Left: the whole computational domain, made by the inner airways plus
the outer spherical volume. Right: sagittal (blue) and coronal (red) sections,
showing the volume mesh for the finest mesh employed in this work, made by
approximately 25M cells. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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by an imposed pressure difference pΔ between inlet and outlet, i.e.
between the external ambient and the throat, as done e.g. in Ref. [64].
Two values of pΔ , namely =pΔ 10 Pa and =pΔ 20 Pa are considered in
the present work, with =p 0 at the inlet and total pressure set at − 10
Pa or − 20 Pa on the outlet. This yields flow rates of approx. =Q 13 L/
min and =Q 20 L/min. Such flow rates are typical of low- and medium-
intensity physical activity [38,65–67]. The boundary conditions for the
velocity vector are homogeneous Dirichlet (i.e. no-slip) on the mucosa,
treated as a solid wall, and homogeneous Neumann at the outlet. On the
inlet surface, i.e. the outer surface of the spherical region, an homo-
geneous Neumann boundary condition for the normal velocity com-
ponent is used, and an homogeneous Dirichlet for the tangential com-
ponent. An homogeneous Neumann condition for turbulent viscosity is
used everywhere but on the mucosa, where νsgs is set to zero. Initial
conditions for the velocity and pressure fields are trivially set to zero,
with the turbulent viscosity equal to the molecular viscosity. Before the
simulation proper is run and droplets are placed in the flow field, a
preliminary simulation brings the flow to a statistically steady solution.
As far as droplets are concerned, their velocity is set to zero whenever
they reach the mucosa and stick to it, by imposing a Dirichlet boundary
condition. On the outlet surface, i.e. the throat section, the outgoing
droplets are removed from the computation as soon as they cross the
boundary. At the initial time droplets are placed in the spherical volume
with zero velocity, and quickly adapt to the steady outer flow field,
where velocity magnitude is minimal. To some extent, this represents
an approximation, but the flow conditioning properties of the nasal
valve render the present approach significant for all those cases where
an inhaler is not used.

The calculations start from developed velocity and pressure fields,
and are advanced in time with a time step of × −5 10 5 sec. This choice
descends from a balance between the accuracy of the (implicit) second-
order temporal integration scheme and computational cost. Time steps
ranging from O(104) to O(106) are indeed generally reported in the
literature for simulations involving mesh size with millions of cells
[44,55,68]. At =t 0 more than 105 droplets are placed into the spherical
volume of the computational domain and then followed during their
evolution. The number of droplets inserted at =t 0 has been de-
termined by extrapolating data available in the literature, see e.g. Refs.
[69–71], and is meant to reproduce as closely as possible the droplets
inhalation rate obtained with medical devices. In particular, the
number of droplets is ×2.5 105 for aerosol, and ×3.2 105 for inhalation.

Two mesh sizes (with approximately ×8 106 and ×25 106 cells) are
considered, to investigate potential effects of the discretization on de-
position statistics. Moreover, three different droplet sizes are con-
sidered, with diameter dp of 5, 10 and 50 μm. The first two values are
representative of the average diameter of water droplets for aerosol and
inhalation, respectively [1]. The largest value, that corresponds to the
droplet size of the atomized nasal douche, is given here for reference
purposes only.In fact, although the initial droplet density is matched to
the actual device in this case too, it is important to point out that here
the water droplets are at rest at the beginning of the simulation. This is
an acceptable hypothesis for the smaller droplets, but becomes ques-
tionable if the largest ones are to be connected with the nasal douche.
Indeed, in the atomized nasal douche the droplets are usually injected
into the nasal cavity with a strong velocity by using thermal devices
[1,2]. As a consequence, the deposition statistics for the largest droplets
should be interpreted with care, and their link to the treatment of
atomized nasal douche is qualitative only, although they provide a
qualitative idea of the behavior of larger particles that might be pro-
duced by some inhalation devices.

The entire set of simulations is composed by 14 cases summarized in
Table 1. For convenience, each computational setup is identified by a
three-letters acronym according the following rules: l = low (10 Pa) or
high (20 Pa) pressure drop; a = aerosol, i = inhalation, d = atomized
nasal douche; c = coarse mesh, f = fine mesh. Two additional cases
with the fine mesh, labeled haf- and haf+, are carried out to explore

the effect of spatial resolution in the near-wall region via an increase/
decrease of the number of near-wall cells while the global mesh size is
kept at 25 M.

All numerical simulations have been performed on the Galileo
system (2 8-cores Intel Haswell processor per node, running at
2.40 GHz) of the CINECA supercomputing center, by using 32 to 96
processors. The computational cost of the entire study is approximately
40000 CPU hours. The whole computational procedure presented in
this work is efficient enough for us to consider O(105) droplets with a
negligible computational overhead, even on the smallest mesh size,
when compared to the single-phase simulation alone. Increasing the
mesh size decreases the relative overhead further, as the lagrangian
calculations do not see their cost increase with the mesh size.

4. Results

In this section the results of our computational study are presented.
In a first step, a general description of the solution is provided, where
the velocity and pressure fields of the continuous phase are described
for the most computationally demanding case (largest mesh and highest
flow rate). Next, the way droplets are deposited across the nasal cavity
and the paranasal sinuses is addressed; lastly, results are expressed in
terms of deposition fraction, and the effects of the various parameters at
play, either physical or discretization-related, are described.

4.1. Velocity and pressure fields

In this section some general features of the solution are described,
with reference to the case with the largest mesh and the highest flow
rate (cases h*f in Table 1).

It is well know that LES simulations produce time-dependent results.
In the following the key features of the time-averaged velocity and
pressure fields are described, as well as those of derived vector fields
like the time-averaged vorticity field. Moreover, once the time-average
is known, fluctuations around the mean value can be computed, to
provide a statistical indication of the fluctuating character of the flow in
terms of variances. We indicate the time-averaged fields with an
overbar, so that e.g. u is the time-averaged velocity vector. Averages
and variances of fluctuating quantities are computed runtime by ac-
cumulating them during the simulation.

In Fig. 3 contours of the mean pressure p (top) and the mean ve-
locity magnitude u (bottom) fields are plotted. The two sagittal (left)
and coronal (right) sections already highlighted in Fig. 2 are re-
presented. In the sagittal view, the largest velocity values, about 5m/s,
are observed to occur close to the throat region, as a consequence of the
reduction of the cross-sectional area. It can be appreciated that con-
siderably large values occur in the meati region too, where the velocity

Table 1
List of the numerical simulations.

Case Δp Particle Grid size

[Pa] Diameter [μm] [M cells]

lac 10 5 8
lic 10 10 8
ldc 10 50 8
hac 20 5 8
hic 20 10 8
hdc 20 50 8
laf 10 5 25
lif 10 10 25
ldf 10 50 25
haf 20 5 25
haf- 20 5 25
haf+ 20 5 25
hif 20 10 25
hdf 20 50 25
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magnitude reaches about 3m/s. Moreover, particularly in the sagittal
section, low but definitely non-zero mean velocity levels in some of the
ethmoidal cells are observed. The sagittal section highlights how the
mean pressure gradually decreases along the airways, reaching its
minimum in the throat region. Indeed, the true minimum takes place
just beneath the larynx. Note that the lowest value of pressure is ob-
served downstream of the epiglottis, and slightly exceeds the imposed
global Δp=20 Pa. A look at the mean pressure in coronal view presents
an asymmetrical behavior, with larger pressure values on the left side;
similar observations can be drawn by looking at the velocity contours.
A more detailed, component-wise description of the mean velocity field
is given in Fig. 4, w.r.t the sagittal (first column) and coronal (second
column) sections, for the u (top row), v (middle row), and w (bottom
column) component. The largest values, about 5m/s, are observed for
the vertical w component close to the throat section. Large velocity
values also occur for v , about −3m/s, in the meati region. Further-
more, the presence of the small but non-zero velocity is evident for all
the components in the volume of the paranasal sinuses.

Besides the mean flow field, with a LES one can easily access the
variance of velocity fluctuations, quantities that in a RANS-based si-
mulation are completely left to the model equations, and often not
distinguished from the turbulent kinetic energy, thus missing the ani-
sotropic character of the flow. In Fig. 5 the turbulent kinetic energy, i.e.
the kinetic energy of the fluctuating velocity field, as reconstructed
from the variance of the velocity components is illustrated, by plotting
it on the same sagittal and coronal sections of the previous figure. We
notice the largest values of the turbulent kinetic energy downstream the
epiglottis in the sagittal section, where the kinetic energy reaches up to
1.8 m2/sec2, thus pointing to an highly 3-dimensional flow.

The shear layer detaching from the epiglottis, which can be ob-
served in the field of turbulent kinetic energy, is much better visualized
on the next Fig. 6, which focuses on the regions of the flow field with
large velocity gradients by plotting contours of the vorticity magnitude
ω . Besides the high values near the wall, related to the wall gradient of
the mean and instantaneous velocity field, the sagittal section

emphasizes the strong shear layers in the bulk flow. They appear to
detach both from the nasal concha in the nasopharynx, and from the
epiglottis in the throat region. The two magnified views in the lower
part of Fig. 6 highlight the recirculation region close to the nasopharynx
and the development of a shear layer downstream of the epiglottis.

An alternative and perhaps more significant view of the vortical

Fig. 3. Contours of the mean pressure field (top) and of the magnitude of the
mean velocity (bottom), shown in the same sagittal (left) and coronal (right)
sections visible in Fig. 2. Isoline increment is 0.7 m/s for velocity, and 1.0 m2/
sec2 for pressure.

Fig. 4. Contours of the mean velocity field in sagittal (left) and coronal (right)
sections; u component (top), v component (center), w component (bottom).
Isolines increment is 0.5 m/s.

Fig. 5. Contours of the turbulent kinetic energy in sagittal (left) and coronal
(right) sections; Isoline increments by 0.25m2/sec2 and 0.02m2/sec2 in the
sagittal and coronal views, respectively.
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structures in the flow is proposed in Fig. 7, where the focus is on the
upper region of the nasal cavity. Here we plot, for an instantaneous flow
field, an isocontour of the scalar quantity λ2, which is defined as the
intermediate eigenvalue of the velocity gradient tensor, and is often
used to highlight [72] the presence of vortices. λ2 is computed by
subtracting the mean velocity field from the instantaneous one. The
figure features an axial (top) and a perspective (bottom) view, in which
the mucosa is shown in transparency. The λ2 isosurface is colored ac-
cording to the magnitude of the local velocity vector. The structures
present along the meati, and especially the inferior meatus, are clearly
convected away by a relatively large velocity. Moreover, the perspec-
tive view emphasizes the recirculation region close to the nasopharynx,
where intense vortical structures reside. In both views some evidence of
λ2-identified vortical structures is observed for the paranasal sinuses,
especially in the region of the ostii, although the structures are char-
acterized by low values of local velocity.

4.2. Droplet deposition

The process of deposition of droplets of thermal water upon the
nasal mucosa is now assessed, both qualitatively and quantitatively, for

the entire set of simulations reported in Table 1. In Fig. 8 the spatial
distribution of the liquid droplets deposited on the nasal mucosa is
represented, by visualizing with a blue dot every droplet that, during
the duration of the simulation, ends up sticking to the mucosal lining.
Of all the droplets present at the beginning of the simulation, those that
have exited through the outflow as well as those that are still in flight at
the end of the simulation are not plotted. The two cases considered,
both for the finest mesh with the largest pressure difference, are the two
extrema of the smallest droplets (aerosol) and the largest one (loosely
corresponding to the atomized nasal douche) (cases haf, hdf in Table 1).
The mucosal lining is shown with partial transparency, and colored by
the value of the mean pressure p .

The most striking difference between the deposition pattern of the
two droplet sizes is the extent of the region reached by droplets. The
finer aerosol particles appear to spread over the entire mucosal lining,
from the anterior part of the nose up to the throat region, with pre-
valence for the nasal concha and the region between nasopharynx and
throat. Conversely, the large droplets with 50 μm diameter are all

Fig. 6. Magnitude of the vorticity field. Top: sagittal section. Bottom: same
section, with zoom on the nasopharynix (left) and on the larynx (right) regions.
Isolines every 333.0 sec−1. Fig. 7. Isosurface for =λ 600002 sec−2 in an instantaneous velocity field, after

0.2 s of inspiration, colored by the value of the local velocity magnitude. Top:
axial view; bottom: prospective view.
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deposited just downstream the nostrils and at the beginning of the nasal
concha. In both cases, the particles injected on the spherical volume are
roughly ×2 105. At the end of the simulation, i.e. after 0.6 s, ×1.6 105

particles have been inspired and ×8.3 104 deposited on the mucosa for
the aerosol, whereas ×8.8 104 of the largest droplets have been in-
spired, but they are completely deposited.

In order to perform an extensive quantitative analysis and to com-
pare with literature data, the entire surface of the internal nasal cavity
has been subdivided in 43 consecutive slabs, as shown in Fig. 9, where,

for clarity, only the odd slabs are drawn. Each slab is defined within the
Paraview visualization software [73], by means of two consecutive
cutting planes; the thickness of each slab is approximately 5mm, and
the orientation of the cutting planes is such that every slab is ap-
proximately normal to the local axis of the nasal passageway. Various
statistical quantities are then examined after volume or surface in-
tegration over each slab, to assess their variation along the main airway
axis.

The surface density of droplets deposited upon the external contour
of each slab is considered first. The density Di in slab i is defined as:

=D P
A

,i
i

i

where Pi denotes the number of particles deposited on the mucosal
lining in slab i, and Ai is the slab area, expressed in mm2. Since slabs
from 11 to 23 include portions of the sinuses, for them we can ad-
ditionally compute the droplet density over the mucosa of the nasal
concha only, by excluding the sinuses. This is defined as =D P A/i i i,0 ,0 ,0,
where the additional subscript 0 indicates quantites computed ex-
cluding the sinuses, and <A Ai i,0 for < <i12 23.

Fig. 10 compares the behaviour of the deposited droplets per unit
area for all the treatments (cases haf, hif, hdf in Table 1). The first row
shows how Di changes over the entire nasal cavity, whereas on the
second row a close comparison of Di vs Di,0 is presented for each droplet
size, only in the portion of the passageway where the slabs contain
paranasal sinuses. In agreement with the qualitative observations put
forward for Fig. 8, for the largest droplets the deposition occurs almost
entirely in the small anterior region contained between slabs 5 and 11,
with densities Di ranging from about 10 to 64mm−2 and being up to 10
times larger than those typical of the other treatments.

Conversely, for the smaller droplets corresponding to aerosol and
inhalation, droplet deposition tends to occur over the entire domain.
Indeed, the largest densities are observed over the region downstream
the nasopharynx, approximately from slabs 28 to 39. For both treat-
ments, maxima of about 30–40 droplets per mm2 are observed on slabs
38–39. Aerosol and inhalation appear as qualitatively similar, if ex-
ception is made for slabs 14–17, corresponding to the anterior part of
the nasal concha, and for slabs 28–31, 33–35 and 38–39 downstream
the nasopharynx, where inhalation shows densities 2–5 times larger
than those of aerosol.

Focusing now on the paranasal sinuses, we observe that for each
treatment >D Di i,0 almost everywhere, indicating that, as expected,
globally deposition on the nasal concha prevails over that in the si-
nuses, but the latter is non-negligible. In slabs 18, 19, and 21–23,
however, <D Di i,0 is observed for aerosol. Droplets densities in the si-
nuses-related region for aerosol are more uniform along the slabs than

Fig. 8. Axial (top) and sagittal (bottom) views of droplets deposition: every
blue dot represents a droplet that has been deposited to the mucosa. Left:
droplets with 5 μm diameter (aerosol); right: large droplets with 50 μm dia-
meter. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 9. Partition of the internal surface of the nasal cavity into slabs. For clarity,
only the odd slabs are drawn.

Fig. 10. Density Di of droplets deposited upon slab i, for =pΔ 20 Pa. Top:
variation of Di along the whole nasal cavity, in dependence of the thermal
treatment. Bottom: differences between Di and Di,0 (sinuses removed), for
droplet diameter of μ5 m (aerosol, left), 10 μm (inhalation, center) and 50 μm
(right).
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those for inhalation, and for the largest droplets they are zero almost
everywhere, except on slab 12 where D12 and D12,0 are about 0.22 and
0.38mm−2 respectively. The largest densities for aerosol and inhala-
tion occur on slab 14 and 16, where major differences between Di and
Di,0 are observed: densities are about 2.0, 4.0 mm−2 and about 6.0,
13.0 mm−2 for the aerosol and inhalation on the slab 14, respectively,
and about 2.5, 3.5 mm−2 and 10.0, 13.5 mm−2 for the aerosol and
inhalation on the slab 16, respectively.

In Fig. 11 an alternative assessment for the droplet density is pro-
posed, focusing on the area ranging from slabs 14 to 43, for aerosol and
inhalation. The droplet density has been assessed as =D M A/i i i, in
which Mi stands for the total mass of droplets deposited in the slab i,
expressed in kg and calculated as =M mPi i, where m denotes the mass
of a single particle. Fig. 11 shows a qualitatively similar behaviour for
aerosol and inhalation, but the inhalation droplet density is approxi-
mately one order of magnitude larger than the aerosol one, quite con-
sistently along the entire nasal passage.

To quantitatively assess the effect of the breathing regime on the
surface particle density, in Fig. 12 the statistics of Fig. 10 are re-
produced for the lower breathing rate driven by a pressure difference of

=pΔ 10 Pa, i.e half the pressure difference (cases laf, lif, ldf in Table 1).
The behaviour of Di is quite similar, but the number of deposited dro-
plets per unit area is generally much smaller. The largest density values
for aerosol and inhalation are 20–50mm−2, in slabs 38–39. Only in
these slabs, differences between inhalation and aerosol are higher than
the previous case at =pΔ 20 Pa. Over the region downstream the na-
sopharynx, from slabs 27 to 37, the aerosol particle density reaches
values up to about 4mm−2, whereas the inhalation up to about
15mm−2, moreover the differences between such treatments are
smaller than in the previous case with =pΔ 20 Pa. We point out that
over the entire mucosa Di for inhalation is larger than that for aerosol,

except on slabs 1–3. As in the previous case, on the sinuses region the
larger values of Di and Di,0 occur for aerosol and inhalation on the slabs
14 and 16. Di and Di,0 are about 0.7, 1.5mm−2 for aerosol and 4,
8mm−2 for inhalation on the slab 14, and 1.25, 1.6 mm−2 for aerosol
and 8.2, 12mm−2 for inhalation on the slab 16, respectively. The be-
havior of the largest droplets follows what has been observed for the
higher pressure drop case, and the surface densities D12 and D12,0 are
about 0.45 and 0.8mm−2, respectively. It is worth noting that in this
case >D Di i,0 everywhere.

4.3. Deposition fraction and effects of computational parameters

The effects of computational parameters on the droplets deposition
are now assessed.

If Pd denotes the number of particles deposited on the nasal mucosa
during the simulation time, and Ptot is the total number of particles
which have entered the volume of the nasal cavity, the deposition
fraction DF is defined as

=DF P
P

.d

tot

To separate the effect of droplet size and mesh resolution, Fig. 13
plots DF versus droplet size, and reveals that the impact of the grid size
and inhalation rate on the deposition fraction DF is larger for small
droplets. DF for the largest droplets is equal to 1, independent on
breathing regime and grid size.

The dependence of DF on the mesh size is addressed again in
Fig. 14, where changes in DF are observed in detail on a slab-by-slab
basis. The surface density of deposited droplets is observed for aerosol,
with two computational grids and two values of pΔ . At the lower
breathing regime we note that Di for the finer mesh is consistently
lower than Di for the coarser mesh, except at slabs 34–37 and 39–42,
i.e. close to the epiglottis and the throat section. The largest differences
are observed downstream the nostrils and in the nasopharynx region.
Similarly, in the higher-intensity breathing Di on the finer mesh is ev-
erywhere lower than Di on the coarser one, except downstream the
nasopharynx and close to the throat. The region for which Di is over-
estimated by the coarser mesh is wider for =pΔ 20 Pa. As in the pre-
vious case, =pΔ 10 Pa, we observe the largest difference in Di between
coarse and fine mesh to be located in the slabs 1, 5, 7, 9 downstream the
nostrils, and in slabs 25, 27, 29, 30 in the nasopharynx region. In

Fig. 11. Mass-weighted density Di for aerosol and inhalation droplets, at
=pΔ 20 Pa. Note the logarithmic scale of the vertical axis.

Fig. 12. Density Di of droplets deposited upon slab i, for =pΔ 10 Pa. Top:
variation of Di along the whole nasal cavity, in dependence of the thermal
treatment. Bottom: differences between Di and Di,0 (sinuses removed), for
droplet diameter of μ5 m (aerosol, left), 10 μm (inhalation, center) and 50 μm
(right). Fig. 13. Deposition fraction DF versus particle size.
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general, such differences are more evident in comparison with to the
case at lower pressure difference.

5. Discussion

The flow in the nasal cavities is one where extreme geometrical
complexity is accompanied by a transitional behavior: the flow is three-
dimensional and unsteady, but becomes fully turbulent only in limited
portions of the computational domain. The RANS approach, widely
used in the CFD community due to its relatively low computational
cost, is outperformed by LES at capturing the fine spatio-temporal de-
tails and at predicting droplet deposition characteristics [44,51,74].
The present case, where geometry is already strongly three-dimensional
and rich with fine details, is one where the extra computational burden
brought about by LES is also at its minimum. Furthermore, LES lends
itself perfectly to describing unsteady effects on the time-dependent
flow which develops under the steady inspiration considered here. It is
experimentally shown in Ref. [75] that, for particles of the size con-
sidered in the present work, a constant flow produces deposition sta-
tistics that compare correctly with those of the full breathing cycle.

The results presented for cases h*f, see Figs. 3 and 4, evidence large
velocity values close to the regions of the throat and the meati, whereas
low velocity levels are observed in the paranasal sinuses. Moreover,
velocity and pressure fields are non-symmetrical when observed in
coronal view, owing to anatomy-related asymmetries. The high three-
dimensionality of the flow field downstream of the epiglottis is revealed
by the larger values of turbulent kinetic energy in Fig. 5 and is some-
what expected, as the region below the epiglottis is the most turbulent
region. The smaller but still significant levels of fluctuations in the
meati, where the flow is laminar or nearly so, are more interesting, and
suggest the existence of an unsteady flow. This challenges the most
popular modelling approaches, where the flow is considered to be ei-
ther laminar and steady, or fully turbulent. Another noteworthy result
is the observation, in both views of Fig. 7, of significant vortical
structures in the paranasal sinuses. Despite of the low velocity values
associated to such structures, this suggests the importance of carrying
out CFD studies on anatomically complete models, although the issue
remains open of a faithful representation of the small ostii from the CT
scan.

The main focus of the present work is on the deposition of water
droplets. The validation of such statistics is not straightforward, owing
to the patient-specific nature of the present and the available literature
studies. The computed deposition fraction DF can be compared to es-
timates via empirical correlations available in the literature, as well as
to existing in-vivo and in-vitro data. A number of empirical correlations

is available; one of the most widely used has been proposed by Cheng
[76], and consists in the following formula:

= − − ′DF a d Q1 exp( ).a
2 (7)

In this expression Q is the inhalation rate expressed in L/min and ′a
is an experimentally determined constant (discussed below) possessing
physical dimensions; da is the aerodynamic diameter of the particle,
expressed in μm and defined as

=d ρ ρ d( / ) ,a p w p
1/2

where ρp and ρw denote the particle density and the water density, re-
spectively, and dp is the particle diameter. As it is customary in the
literature, in Figs. 15 and 16 DF is plotted against the impaction
parameter IP, defined as:

=IP d Qa
2

and compared to Eq. (7) and to published in-vivo and in-vitro data, re-
spectively. In his study Cheng [76] observes a significant inter-study
variability of DF, suggesting for the constant ′a values ranging from
0.00128 to 0.00839, with a mean value of 0.00309. In Figs. 15 and 16
the lower-bound, the upper bound and the mean value of ′a are used to
draw the three lines. Our data agree quite well with the curve plotted
with the lower value of ′a . For each combination of computational
parameters, the 3 droplet sizes correspond to 3 different values of IP.
The largest droplets, with the largest IP values, yield a virtually com-
plete deposition. The lower values of DF are observed, as expected, for
the smaller droplets (aerosol) and the smaller inhalation rate. The
larger the droplets, the larger the deposition fraction becomes for a
given value of IP. Both plots also suggest an effect of the grid size: a
finer grid seems to reduce DF, and the effect is more noticeable for the
droplets with smaller diameter. A comparison with in vivo data [9–11]
is proposed in Fig. 15. It shows how these data are scattered near the
lower and mean curves of the Cheng correlation, hence in good
agreement with our results. The comparison with in vitro experiments
[12–15] proposed in Fig. 16 shows instead a larger variability, owing to
the increased difficulty of precisely controlling the test conditions.
However, with the exception of the experiment [12], all the in-vivo data

Fig. 14. Density Di of droplets deposited upon slab i, for aerosol at =pΔ 10 Pa
(top) and =pΔ 20 Pa (bottom): effect of the spatial resolution.

Fig. 15. Deposition fraction DF versus impaction parameter IP: comparison
with in vivo data [9–11]. Present results are for 8M (large open symbols) and
25M (large filled symbols) grids, for =pΔ 10 Pa (squares) and 20 Pa (triangles).
The Cheng correlation [76] is also plotted, with the empirical constant ′a cor-
responding to the maximum (dash-dotted line), mean (continuous line) and
minimum (dotted line) values.
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follow a similar trend and fall below the mean Cheng correlation curve.
Moreover, Fig. 16 and in particular the dataset by Garcia et al. [15] put
in perspective the importance of inter-subject variability of the de-
position fraction, which is probably one of the main reasons why the
available information is so scattered.

Beyond DF, the present study has assessed the details of the droplet
deposition process both quantitatively and qualitatively. The qualita-
tive analysis has led to visually identifying the deposition pattern across
the nasal cavities, whereas the quantitative assessment allowed us to
capture the slab-by-slab details of the deposition in terms of surface
droplets density. An extensive analysis, obtained by partitioning the
computational domain in to 43 adjacent regions, extends the available
literature information, see e.g. Refs. [39,44,54,55] to a higher level of
detail. Figs. 10–12 suggest that inhalation produces a more efficient
deposition than aerosol. Since the mass of the smaller aerosol droplet is
8 times lower, deposition via inhalation is even more effective. More-
over, a separate assessment of the surface droplet density with and
without sinuses has been carried out: only few existing studies include
anatomical details of the maxillary and frontal sinuses, see e.g. Refs.
[77,78], and such works are not specifically focused on a in-depth
analysis of regional particle deposition. The paranasal sinuses are ob-
served to receive a non-negligible amount of water droplets, see
Figs. 10 and 12. This is an interesting outcome since the importance of
sinuses is well known in the development of inflammatory disorders.

Overall, both Figs. 10 and 12 indicate that particle mass has a
central role in determining the deposition pattern along the nasal air-
ways. Small droplets (aerosol and inhalation) show a tendency for lo-
calized deposition at the present values of flow rate. If the local peak
around slabs 38–39 can be linked to the artificial removal of the to-
pological connection between the epiglottis, the oral cavity and the
piryform sinuses, the local peaks in regions ranging from slab 14 to 17
and after slab 28 can be related to the droplets' inertia in presence of
local streamline curvature. In Fig. 17 streamlines of an instantaneous
flow field are drawn along the cavity, and colored according to the
value of the local velocity magnitude with the mucosal lining shown in
partial transparency. It can be appreciated that significant streamline
curvature is observed just upstream of the local deposition peaks

mentioned above, confirming that inertia effects are responsible for the
detailed deposition micro-patterns.

Limited information, see e.g. Refs. [44,54,79], is available regarding
the effects of grid resolution on the deposition efficiency. In our work
the dependence of DF upon the mesh size has been evaluated slab-by-
slab. One could ask whether such resolution effects are related to the
reduced capability of the coarser mesh to capture the flow details and
the consequent larger role played by the LES model, or to the altered/
degraded description of key anatomical features of the nasal cavities
induced by the coarser mesh. To address this question, case haf in
Table 1, presenting significant changes of DF when the mesh size is
varied, has been compared with two additional cases (labeled haf- and
haf+) where the computational mesh still possesses 25 M cells, but the
number and size of near-wall cells is either decreased or increased to
alter the mesh ability to describe the anatomy. Fig. 18 compares the
slab-by-slab behavior of the three simulations. In all cases the particles
injected in the domain are approximately ×2 105; after 0.6 s ×8.37 104

droplets have deposited on the mucosa using the baseline 25M mesh,
whereas ×8.51 104 and ×8.27 104 have deposited by decreasing or in-
creasing the near-wall resolution (cases haf- and haf+). Hence a better
near-wall resolution seems to slightly decrease the number of deposited
droplets. However, Fig. 18 does not highlight a clear trend. It can be
thus deduced that resolution-induced changes in DF can be explained
by the lower degree at which the coarser meshes is able to reproduce
the flow physics satisfactorily. This confirms recent information [79]

Fig. 16. Deposition fraction DF versus impaction parameter IP: comparison
with in vitro data [12–15]. Present results are for 8M (large open symbols) and
25M (large filled symbols) grids, for =pΔ 10 Pa (squares) and 20 Pa (triangles).
The Cheng correlation [76] is also plotted, with the empirical constant ′a cor-
responding to the maximum (dash-dotted line), mean (continuous line) and
minimum (dotted line) values.

Fig. 17. Streamlines along the nasal cavity, for =pΔ 20 Pa, colored by the
value of the local velocity magnitude, sagittal view. The largest curvature is
observed upstream of the local concentration peaks observed in Figs. 10 and 12.

Fig. 18. Density Di of droplets deposited upon slab i, for aerosol at =pΔ 20 Pa:
effect of decreasing/increasing the near-wall resolution.
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obtained in the context of a laminar steady simulation, where DF has
been observed to decrease with increasing mesh resolution, with an
effect that becomes more evident for smaller particles.

6. Conclusions

The present work is a numerical study, based on Large-Eddy
Simulation (LES), of the deposition of droplets of thermal waters upon
the mucosa of the human nasal cavities, as reconstructed in detail from
the CT scan of a specific patient. To the authors' knowledge, for the first
time such study has been carried out with a LES, coupled with a
Lagrangian approach, on a complete anatomy by using open-source
software only.

The deposition pattern of droplets has been assessed both qualita-
tively and quantitatively for a steady inspiration. Two droplet sizes
have been considered, corresponding to the thermal treatments of
aerosol and inhalation. (A third, larger droplet size, loosely corre-
sponding to the atomized nasal douche, has also been considered in the
numerical experiments. However, since the douche inhaler is not pre-
sent in the simulations, the results concerning the largest droplets
cannot be easily extrapolated to the actual thermal treatment, although
they provide a qualitative indication of the behavior of inhalation de-
vices producing larger droplets.) The obtained results are found to be in
good agreement with published in vivo and in vitro data, although a
patient-specific comparison is clearly not possible.

The number of deposited particles is large enough that a 3-dimen-
sional view of the anatomy depicting the deposition pattern has been
obtained. The spatial distribution of the deposited droplets is also
quantitatively studied by discretizing the computational domain into a
large number of axial slabs, thus observing with unprecedented detail
where along the main axis of the nasal passageways droplets show a
statistical tendency to deposit. The presence in our model of the vo-
lumes of the paranasal sinuses allows the separate assessment of the
amount of droplets that enter the sinuses. It should be remarked,
though, that in such CT-based reconstructions the results within the
sinuses should be considered with care, as the typical CT resolution
precludes an accurate reconstruction of the tiny ostii connecting the
large volume of the sinuses to the main passageways.

Remarkable differences in the deposition patterns are observed
among the various thermal treatments, with larger droplets depositing
on the anterior part of the nasal fossae, and the smaller ones spreading
over the whole mucosa. Droplets entering the sinuses are obviously less
than those depositing in the nasal fossae, confirming the importance of
an accurate design for devices delivering thermal waters for treating
sinusitis. Nevertheless, their number is not negligible in the present
simulation where an ad-hoc device is absent.

The effect of the size of the computational grid and of the breathing
intensities on the deposition fraction are separately investigated. It is
found that the effects of the size of the computational grid is non-
negligible, and its importance becomes larger for smaller droplets and
at higher breathing intensities. Both observations are consistent with
the increased role played by the turbulence model. Indeed, a further
analysis, carried out for the smaller droplets at higher breathing in-
tensity, has investigated a possible dependency of droplets deposition
on the near-wall grid resolution, suggesting that this may not be a
primary factor.

While the reliability of the present results still remains to be pre-
cisely assessed in absolute terms, we believe that the present level of
detail, together with the relative accuracy implied by a LES simulation
carried out on a fine enough mesh, could improve the current under-
standing of how the mixture of air-water droplets is distributed within
the nose, thus contributing to the development of a more advanced CFD
procedures for the analysis of the nasal airflow.
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