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Abstract
In this paper, the effect of the turbulence and swirling of the inlet flow and the diameter of the nozzle on the flow character-
istics and the particles' transport/deposition patterns in a realistic combination of the nasal cavity (NC) and the maxillary 
sinus (MS) were examined. A computational fluid dynamics (CFD) model was developed in ANSYS® Fluent using a hybrid 
Reynolds averaged Navier–Stokes–large-eddy simulation algorithm. For the validation of the CFD model, the pressure dis-
tribution in the NC was compared with the experimental data available in the literature. An Eulerian–Lagrangian approach 
was employed for the prediction of the particle trajectories using a discrete phase model. Different inlet flow conditions 
were investigated, with turbulence intensities of 0.15 and 0.3, and swirl numbers of 0.6 and 0.9 applied to the inlet flow at 
a flow rate of 7 L/min. Monodispersed particles with a diameter of 5 µm were released into the nostril for various nozzle 
diameters. The results demonstrate that the nasal valve plays a key role in nasal resistance, which damps the turbulence and 
swirl intensities of the inlet flow. Moreover, it was found that the effect of turbulence at the inlet of the NC on drug delivery 
to the MS is negligible. It was also demonstrated that increasing the flow swirl at the inlet and decreasing the nozzle diameter 
improves the total particle deposition more than threefold due to the generation of the centrifugal force, which acts on the 
particles in the nostril and vestibule. The results also suggest that the drug delivery efficiency to the MS can be increased 
by using a swirling flow with a moderate swirl number of 0.6. It was found that decreasing the nozzle diameter can increase 
drug delivery to the proximity of the ostium in the middle meatus by more than 45%, which subsequently increases the 
drug delivery to the MS. The results can help engineers design a nebulizer to improve the efficiency of drug delivery to the 
maxillary sinuses.
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List of symbols
Cd  Drag coefficient [−]
Cf   Fullness coefficient ( DN∕Din ) [−]
Cp  Concentration of particles [%]
dae  Equivalent aerodynamic diameter [m]
dp  Particle diameter [m]
Din  Diameter of inlet (nostril) [m]
DN  Nozzle diameter [m]
Δ  Maximum length of hexahedral cell [m]
�  Turbulence kinetic energy per unit mass 

 [m2s−2]
�i  Local deposition efficiency per unit of area 

[%/m]

�T  Total deposition efficiency [%]
f   Frequency of breathing [Hz]
FC  Centrifugal force [N]
Fg  Gravitational force [N]
FD  Drag force [N]
fs  Shielding function
g  Gravitational acceleration [m/s2]
IP  Inertial parameter [µm2  cm2/s]
k  Turbulent kinetic energy  [m2/s2]
L  Characteristic length [m]
mp  Particle mass [kg]
�  Dynamic viscosity of fluid [kg/m.s]
N

dep
p   Number of deposited particles [−]

Np  Number of particles [−]
Nr
p
  Number of particles released at the inlet [−]

N∗
p
  Particles’ retention criterion [s]

�f   Density of fluid [kg/m3]
�p  Density of particle [kg/m3]
ω  Specific dissipation rate [1/s]
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R  Radius of inlet (nostril) [m]
Sm  Source term
St  Stokes number [−]
Sn  Swirl number [−]
�ij, LES  Reynolds stress tensor
�ij, RANS  Subgrid-scale stress tensor
�n  Kolmogorov time scale [s]
�p  Particle relaxation time [s]
TIin  Inlet turbulence intensity [−]
TImax  Max turbulence intensity [−]
U  Mean fluid velocity [m/s]
u  Fluid velocity [m/s]
ua  Axial velocity [m/s]
up  Particle velocity [m/s]
ut  Tangential velocity [m/s]
W  Womersley number [−]
y+  Normalised wall distance [−]

Abbreviations
ADD  Acoustic drug delivery
CAD  Computer-aided design
CFD  Computational fluid dynamics
LES  Large-eddy simulation
MM  Middle meatus
MS  Maxillary sinus
NC  Nasal cavity
RANS  Reynolds-averaged Navier–stokes
SBES  Stress-blended eddy simulation
SST STL  Shear stress transport stereolithography
WALE  Wall-adapting local eddy-viscosity

1 Introduction

The nasal cavity is an important organ in the human body 
with critical functions such as humidification and heating 
of inhaled air and filtration of pollutants from inhaled air 
(Drettner et al. 1977; Keck et al. 2000). The surface of the 
nasal cavity is mostly lined with mucosa. The mucosa is 
highly vascularized, such that the amount of blood flow to 
the surface of the NC is higher than that of blood flow to 
the brain (Mygind et al. 1978). The mucosal surface of NC, 
which is highly vascularized, provides an attractive route 
for the treatment of sinus-related diseases, such as chronic 
rhinosinusitis (CRS) (Bell et al. 2012; Rissler et al. 2012; 
Wichers et al. 2006).

Human NC is constructed by convoluted airways. The 
maxillary sinus (MS) is located on the lateral side of the 
NC, where it is difficult to access (see Fig. 1b). The only 
opening that can accommodate the delivery of medica-
tion to the MS is the ostium, which is located in the middle 
meatus (MM). The locations of MS contribute to some of 
the challenges for achieving efficient drug delivery to those 
regions because most inhaled medications either deposit in 
the anterior region or pass through the inferior meatus and 
the main passage of the NC, which are far from the target 
site, the middle meatus and the MS (see Fig. 1b) (Bahadur 
et al. 2012; Xi et al. 2015).

For drug delivery to the MS, two components should be 
considered: the delivery of the drug to the MM where the 
ostium is located; and the delivery of the drug particles from 
the MM to the MS (see Fig. 1b). The latter component has 
already been investigated in previous studies, which showed 
that nasal sprays and standard nebulisers (either jet or mesh 
nebulisers) are not able to efficiently deliver aerosolised 
medications to the MS (Berger et al. 2007; Hilton et al. 
2008b; Möller et al. 2014; Wofford et al. 2015). Instead, 

Fig. 1  a An overview of the 
NC, representing the vesti-
bule, nasal valve region, the 
respiratory region, olfactory 
region, middle meatus (MM) 
and nasopharynx, adapted from 
Shi et al. (2007) with permis-
sion from Elsevier; b section 
A-A’ representing the maxil-
lary sinuses (MS), ostium, and 
superior meatus (SM), middle 
meatus (MM), main passage, 
(MP), inferior meatus (IM), 
adapted from Xi et al. (2017) 
with permission from Elsevier
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an active drug delivery technique is required to drive the 
drug particles from the MM to the MS. Studies have shown 
that the most efficient, noninvasive, and low-cost method is 
acoustic drug delivery (ADD) (Navarro et al. 2019).

In ADD, an acoustic wave is superimposed on the aero-
sol entering the NC through the nostril. The acoustic wave 
leads to an oscillation of airflow in the NC, which causes a 
pressure difference between the NC and MS, resulting in 
enhanced flow exchange between the NC and MS (Leclerc 
et al. 2015). Momentum exchange between the MS and NC 
is the primary requirement for the delivery of the drug parti-
cles to the MS through the ostium. The performance of ADD 
for MS highly depends on the aero-acoustic parameters such 
as input frequency and sound pressure level (SPL) (Durand 
et al. 2011). Several studies have investigated the aerosol 
deposition in the MS using ADD with different input fre-
quencies and SPL, which demonstrated a three- to fourfold 
increase in the aerosol deposition in the MS compared with 
conventional nebulisation without acoustics (Durand et al. 
2011; Leclerc et al. 2014; Maniscalco et al. 2013, 2006).

Recently, Pourmehran et al. (2021) demonstrated that 
drug deposition in MS can be increased 45-fold using a 
well-designed acoustic wave. They also showed that the 
particle deposition in the MS changes with the mass flow 
rate of particles entering the nostril, even though an opti-
mal acoustic wave was applied to the nostril. This implies 
that the efficiency of ADD depends not only on the aero-
acoustic parameters but also on the retention and concen-
tration (number) of particles passing through the MM-
ostium region because, by changing the nebulisation flow 
rate, the number of particles passing through the MM-
ostium region is likely to vary. MM-Ostium refers to a 
region in the MM where the ostium connects the MM to 
the MS as illustrated in Fig. 2. It is hypothesised that an 
increase in the concentration of particles passing through 
the MM can increase the ADD efficiency proportionally, 
which is related to the former component of drug delivery 

to the MS, as described above. This issue is the main moti-
vation of the current study, which led us to investigate the 
effect of different controllable parameters on the retention 
and concentration of particles in the MM-ostium region. 
To realise these parameters, a comprehensive literature 
review on available drug delivery methods and were car-
ried and a brief summary are presented in the following 
paragraphs. It should be noted that in this study, the term 
particle refers to the droplet generated by a nebuliser.

Various methods and devices are available for nasal 
drug delivery such as nasal sprays and nebulisers. Nasal 
sprays produce particles with diameters in the range of 
50–100 μm, which almost entirely deposit in the anterior 
region of the nasal cavity, and are not capable of delivering 
the particles to the meatuses and posterior regions of the 
NC, which limits their application for delivery of medica-
tion to the MS (Shi et al. 2006, 2007; Tong et al. 2016; 
Xi et al. 2008). The application of nebulisers, however, 
has been shown to be an efficient method to overcome the 
challenges related to the limitation of delivery of parti-
cles to the posterior region of the NC and the meatuses 
(Laube, 2007). Nebulisers produce fine particles in a range 
of 1–30 μm, which enables particle to reach the posterior 
region (Hilton et al. 2008a; Wofford et al. 2015). However, 
particle transport in the middle meatus is considerably 
lower than that of the inferior meatus when a nebuliser 
is used (Zhao et al. 2004). On the other hand, different 
studies showed that particle deposition in respiratory air-
ways is impacted by inhaled flow patterns. Lin et al. (2012) 
examined the effect of nebuliser types and aerosol face 
masks on the efficiency of drug delivery to the NC. They 
reported that the design of an aerosol mask affects the 
dose of the inhaled aerosolised drug for different types of 
nebulisers. Using jet and mesh nebulisers, Ari et al. (2015) 
investigated the impact of airflow rates on particle deposi-
tion in the lung. They demonstrated that the drug deliv-
ery efficiency using a mesh nebuliser was higher than that 
using a jet nebuliser. They also found that the efficiency of 
drug delivery to the lung through the valve mask is higher 
than that of a standard open aerosol mask. Hence, it can be 
inferred that the inlet airflow features, and aerosol distribu-
tion applied at the nostril can have an impact on aerosol 
deposition and transport in different regions of the NC.

To address the existing gaps (i.e. the impact of flow fea-
tures on drug delivery to MM-Ostium region), this study 
instigates the effect of inlet flow turbulence intensity and 
swirl number, and the nozzle diameter in the nostril on the 
drug delivery to the MM-Ostium. To do so, various turbulent 
intensities and swirl numbers were applied at the nostril, 
and their impact on the flow structure in the NC-MS com-
bination, as well as on the transport/deposition patterns of 
the particle in the MM-Ostium region, was quantified. The 
effect of the nozzle diameter (the diameter of injection of 

MM-Ostium region

MS

Inlet

Outlet

MS

Ostium

Fig. 2  The top view of the MC-MS model and the MM-Ostium 
region marked in cyan



852 O. Pourmehran et al.

1 3

particles at the inlet) on the aerosol deposition and transport 
pattern was also studied using computational fluid dynamics 
(CFD) modelling. CFD is an advantageous noninvasive tool 
to study the airflow behaviour and particle transport pattern 
in the upper and lower airways (Inthavong et al. 2021; Islam 
et al. 2021; Rahman et al. 2021; Salati et al. 2021; Singh 
et al. 2020).

2  Methods

2.1  Nasal cavity geometry

In this study, two different nose geometries were used. The 
first geometry (G1), which excludes the paranasal sinuses, 
was used for validation of the CFD model. It was neces-
sary to use G1 since the experimental data for the valida-
tion of the CFD model were available for G1 in a recently 
published article by Van Strien et al. (2021). The second 
geometry (G2), which includes the MS, was used to con-
duct parametric studies. The STL (stereolithography) file 
of G1 was adapted from Van Strien et al. (2021). The STL 

file was imported into ANSYS® SpaceClaim to convert 
the point cloud to a CAD (computer-aided design) format 
using the Shrink Wrap technique to improve the quality of 
the model by smoothening the surfaces. An external facial 
feature (Fig. 3a) in the shape of a hemisphere (Fig. 3b) was 
also added to the computational domain to ensure simu-
lation of a realistic condition for inhalation through the 
nostril (Van Strien et al. 2021). After ensuring the validity 
of the CFD model by comparing the G1 inputs with the 
experimental data, the geometry G2 was used to perform 
parametric studies to investigate the effect of the inlet flow 
parameters and nozzle diameter on the flow features and 
particle transport in the NC. To measure particle deposi-
tion in different parts of the NC-MS combination, G2 was 
segmented into 10 zones (see Fig. 3c, d).

2.2  Case studies

In this study, two different types of inlet flow were consid-
ered: turbulent (2 cases) and laminar (3 cases). For turbulent 
cases, two different turbulence intensities of TIin = 0.15 and 
TIin = 0.3 were considered. Turbulence intensity is defined 

Fig. 3  a Sagittal view and b iso-
metric view of the first geom-
etry (G1) (the STL model of the 
geometry was adapted from Van 
Strien et al. (2021) with permis-
sion; c sagittal and d frontal 
view of the second geometry 
(G2). The NC part of G2 was 
extracted from a CAD model 
of a realistic human respiratory 
system adapted from Tian et al. 
(2008), and the MS part of G2 
was generated based on a realis-
tic nose geometry adapted from 
Kumar et al. (2016). G2 was 
segmented into 10 zones. Each 
zone is defined by a colour and 
a number between 1 and 10
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as the ratio of the standard deviation of the fluctuating flow 
velocity to the mean flow velocity (Kimura 2016). The 
turbulent cases were produced by applying artificial turbu-
lence to the laminar inlet flow with a Reynolds number of 
( Re = 1023 ). The laminar flow cases include a non-swirling 
inlet flow ( Sn = 0) and two swirling inlet flows ( Sn = 0.6 
and Sn = 0.9). The term Sn refers to the swirl number, which 
quantifies the swirl intensity of the swirling flow defined 
as the ratio of the tangential momentum flux to the axial 
momentum flux at the inlet boundary (Hreiz et al. 2011) 
given by:

where r , ut , ua , and R are the radial coordinate, tangential 
velocity, axial velocity, and the radius of the inlet boundary, 
respectively.

To take into account both the instantaneous number of 
particles and their residence time in the MM-Ostium region, 
the particles’ retention criterion was defined by:

where Np is the instantaneous number of particles in the 
target region and t is the time. N∗

p
 is the particles’ retention 

criterion calculated by the integration of the number of par-
ticles in a target region with respect to the particle time in a 
specific time frame. The time commences when the particles 
are released into the inlet.

The effect of how particles are released in the inlet on 
drug delivery to the MM-Ostium region was also studied by 
considering five different fullness coefficients ( Cf  ), defined 
as the ratio of nozzle diameter to the inlet (nostril) diameter 
given by

(1)Sn =
∫ rutuadA

R ∫ ru2
a
dA

(2)N∗
p
= ∫ Npdt

where DN is the diameter of the nozzle for injecting the par-
ticles at the inlet and Din is the diameter of the inlet bound-
ary. Figure 4 illustrates the particle distribution for different 
Cf  in the inlet boundary. The particles were injected into the 
inlet with a random position distribution.

2.3  Governing equations and boundary conditions

2.3.1  Fluid phase modelling

ANSYS® Fluent (2020) R1 was used to simulate the air-
flow and particle transport/deposition patterns in a realistic 
NC-MS model. The working fluid was considered as air, 
which was assumed to be Newtonian and incompressible. 
To investigate the particle deposition and transport pattern, 
as well as to isolate the outcomes independently from the 
oscillation variables, a constant inhalation airflow was used 
instead of a periodic inhalation flow. To ensure the validity 
of the use of a constant inhalation flow, the impact of cyclic 
inhalation on the airflow field was evaluated through the 
Womersley number (W) (Inthavong et al. 2008). W is a non-
dimensional number indicating the effect of oscillatory flow 
on the flow behaviour in an internal flow, such as airflow in 
the NC and blood flow in the blood vessels (Loudon et al. 
1998). The fluid flow behaves similarly to a quasi-steady 
state when W < 1, but the flow behaviour is far from a quasi-
steady state when W > 1 [46]. The W is defined as:

(3)Cf =
DN

Din

(4)W =
L

2

√

(

�f f

�

)

Fig. 4  A snapshot of monodis-
persed particle distribution in 
the inlet for different fullness 
coefficient ( Cf  ). DN : nozzle 
diameter (the diameter of injec-
tion of the particles), Din : inlet 
diameter
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where L is the characteristic length, which is identified as 
the distance between the two walls of the NC (Inthavong 
et al. 2008), �f  is the fluid density, � is the dynamic viscos-
ity of the fluid, and f  is the frequency of breathing, which is 
approximately 15 cycles per minute.

In this study, the characteristic length varies between 1 
and 10 mm for the NC, which results in 0.065 < W < 0.65. 
Hence, the assumption of quasi-steady state used in this 
study is valid for airflow modelling. It is worth mentioning 
that the quasi-steady state does not refer to a constant flow 
field over time, but it implies that the instantaneous flow 
rate is characterised by the instantaneous pressure gradient 
(Loudon et al. 1998). Regarding the effect of periodic flow 
on particle deposition, Haubermann et al. (2002) demon-
strated that the impact of periodic inhalation-exhalation 
flow on particle deposition in NC is similar to the pattern 
of particle deposition under constant inhalation when the 
flow rate is Q = 10 L/min or less (Tian et al. 2008). Given 
that the flow rate used in the current study is Q = 7 L/min, 
the assumption of a constant inhalation flow rate is valid 
for the particle deposition in the NC-MS model (G2).

For cases with turbulent inlet flow, Stress-Blended 
Eddy Simulation (SBES), which is a Hybrid RANS-LES 
(RANS: Reynolds-averaged Navier–Stokes, LES: Large-
Eddy Simulation) turbulence model, was used. In the 
SBES model, LES is used to resolve the flow field beyond 
the near-wall region, while the RANS model is applied to 
the near-wall region, which overcomes the need for very 
small grids in the near-wall region in turbulent modelling 
of LES (Van Strien et al. 2021). The equation of mass 
conservation in an incompressible flow is given by:

where u is the flow velocity and Sm is a source term originat-
ing from the mass added to or subtracted from the fluid due 
to different phenomena, such as vaporisation of the droplets. 
In this study, Sm is zero. The equation describing the conser-
vation for momentum in an incompressible flow is given by:

where �f  , ui , p , �ij , and �ij are the density of the fluid, vec-
tor of the flow velocity, pressure field, stress tensor due 
to molecular viscosity, and the turbulence stress tensor 
�ij = �f

(

uiuj − uiuj
)

 , respectively (Fluent Theory Guide 
2020). The overbar on the velocity and pressure scalars ( ui 
and p ) indicates the Reynolds-averaging and spatial-tem-
poral filtering operations in the RANS and LES models, 
respectively (Van Strien et al. 2021). In the SBES turbulence 
model, a blending function is used to blend the turbulence 
stress tensor, �ij , between the Reynolds and subgrid-scale 

(5)
�ui

�xi
= Sm,

(6)
�

�t

(

�f ui
)

+
�

�xj

(

�f uiuj
)

=
�

�xj

(

�f�ij
)

−
�p

�xi
+

��ij

�xj
,

stress tensors for the RANS and LES formulations, respec-
tively (Fluent Theory Guide 2020). The blending function 
is given by:

where fs is the shielding function with values between zero 
and unity, �ij,RANS is the Reynolds stress tensor, and �ij,LES is 
the subgrid-scale stress tensor.

To implement the SBES turbulent model in ANSYS® 
Fluent, the k-ω SST (Shear Stress Transport) model was uti-
lised because the SBES model is embedded in the k-ω SST 
model. Also, a WALE (Wall-Adapting local Eddy-Viscosity) 
model was used for the subgrid-scale component. A pres-
sure-velocity coupled solver was used to solve the govern-
ing equations. A bounded second-order implicit scheme was 
used for the transient formulation, the second-order scheme 
was employed for the discretisation of the pressure, and the 
second-order bounded schemes were used for the convec-
tive terms. The least-squares cell-based method was used to 
calculate the gradients.

2.3.2  Particle phase modelling

To predict the transport of the particle phase in a fluid, 
two different approaches can be applied: Euler–Euler 
and Euler–Lagrange approaches. In the Euler–Lagrange 
approach, the fluid phase is modelled as a continuum phase, 
while the particle phase is treated as a discretised phase, 
which is tracked in the Lagrangian reference frame (Adam-
czyk et al. 2014). The Euler–Lagrange approach was used in 
this study because the physical description and details of the 
particle transport and deposition patterns can be determined. 
To predict the particle transport and deposition patterns in 
the NC-MS combination, a discrete phase model (DPM) was 
used, where the trajectory of the particle phase can be pre-
dicted by integrating the force balance on the particle. The 
force balance equation on a particle is defined by:

where mp , up , �⃗Fg , and �⃗FD are the particle mass, velocity, 
gravitational force, and drag force, respectively. Other forces 
such as virtual mass, pressure gradient, Basset, Faxen, Saff-
man lift, and Brownian forces were neglected. The virtual 
mass, Basset, and pressure-gradient forces are considered 
when the density of the fluid is much greater than the density 
of the particles (Bassett 1888; Kolev 2011; Maul 2019). In 
this study, the density of the fluid is much smaller than that 
of particles ( �f = 1.225 kg∕m3 vs. �p = 1000 kg∕m3 ); hence, 
the virtual mass, Basset, and pressure-gradient forces can be 
neglected. The Faxen force comes into play when the sizes 

(7)�ij = fs�ij, RANS +
(

1 − fs
)

�ij, LES

(8)mp

du⃗p

dt
= F⃗g + F⃗D,
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of the domains of the particle and fluid are in the same order; 
while in this study, the size of the particle domain is four 
orders of magnitude smaller than the size of the fluid domain 
(Chen et al. 2000). Saffman’s lift and Brownian forces are 
considered when the particles are sub-micrometer in size 
(Ounis et al. 1991; Schwarzkopf et al. 2011), while monodis-
persed particles with a diameter of 5 µm used in this study.

The gravitational, F⃗g , and drag, F⃗D , forces are given by:

where �⃗g , �p , �⃗up and �⃗u are the gravitational acceleration, den-
sity of the particle, velocity of the particle, and the velocity 
of the fluid, respectively. �p is the particle relaxation time 
defined by:

where dp , � , Cd , and Rep are the diameter of the particle, the 
dynamic viscosity of the fluid, the drag coefficient, and the 
particle Reynolds number, respectively. In this study, it is 
assumed that the particles are spherical. For a sphere particle 
with a smooth surface, the drag coefficient can be estimated 
by Morsi et al. (1972):

where the terms a1 , a2 , and a3 are the constant numbers that 
were estimated empirically over different ranges of Rep by 
Morsi et al. (1972) as defined as follows:

(9)F⃗g = mp

g⃗
(

𝜌p − 𝜌f
)

𝜌p

(10)F⃗D = mp

(

u⃗ − u⃗p
)

𝜏r

(11)�p =
�pd

2
p

18�

24

CdRep

(12)Cd = a1 +
a2

Rep
+

a3

Re2
p

(13)a1 = 0;a2 = 24;a3 = 0 0 < Rep < 0.1

(14)a1 = 3.69;a2 = 22.73;a3 = 0.0903 0.1 < Rep < 1

(15)
a1 = 1.222;a2 = 29.1667;a3 = −3.8889 1 < Rep < 10

(16)
a1 = 0.6167;a2 = 46.5;a3 = −116.67 10 < Rep < 100

(17)
a1 = 0.3644;a2 = 98.33;a3 = −2778 100 < Rep < 1000

(18)
a1 = 0.357;a2 = 148.62;a3 = −47500 1000 < Rep < 5000

(19)
a1 = 0.46;a2 = −490.546;a3 = 578700 5000 < Rep < 10000

2.3.3  Boundary conditions

For modelling the airflow in geometry G1, a pressure inlet 
boundary condition was applied to the inlet (the hemisphere 
dome, see, Fig. 3b) with zero gauge-pressure (atmospheric 
pressure), and a mass flow outlet boundary condition was 
implemented to the outlet. A no-slip condition was applied 
to the wall. No particle tracking model was used in G1. For 
modelling the airflow in geometry G2, the mass flow inlet 
boundary condition was applied to the inlet and pressure 
outlet condition that was implemented on the outlet bound-
ary with atmospheric pressure. A uniform velocity profile 
was used at the inlet due to the negligible effect of the fully 
developed inlet flow on the particle deposition in the NC 
(Tian et al. 2008). A no-slip boundary condition was applied 
to the walls. Regarding the particle phase, the inlet and outlet 
boundaries were set as 'Escape' and a 'Trap' boundary con-
dition was applied to the wall to stimulate particle deposi-
tion. Trap wall condition is used to simulate the deposition 
of drug particles on the mucosa in the nasal cavity. 12,000 
inert particles were released with zero initial velocity in the 
nostril through the inlet boundary.

2.4  Validation of CFD model and mesh 
independence test

For validation purposes, pressure at different locations 
in the NC was used using geometry G1. Pressure values 
were recorded at different points along the NC wall. The 
location of the points was selected based on the available 
experimental data and CFD results reported in a recent study 
by Van Strien et al. (2021). Three different flow rates of 
Q = 10 L/min, Q = 15 L/min, and Q = 30 L/min were applied 
to the outlet as a mass flow outlet boundary condition. A 
laminar solver was used for Q = 10 L/min ( Rein,right = 823, 
Rein,lef t  =  359) and Q = 15  L/min ( Rein,right =  1234, 
Rein,lef t = 585), and the SBES turbulent model was employed 
for Q = 30 L/min ( Rein,right = 2529, Rein,lef t = 1271).

Initially, a mesh independence was conducted by compar-
ing the velocity magnitude along a line in a cross-sectional 
plane in the nasopharynx region (see Line 1, Fig. 5b). Using 
the mosaic technology (introduced by ANSYS® (2020)), a 
poly-hexcore meshing model was used for generating the 
meshes. The polyhedral mesh was generated on the surface 
of the NC, while the interior was filled with hexahedron 
meshes. Polyhedral meshes were used to connect the interior 
hexahedrons to the inflation with eight prism layers.

For Q = 30  L/min, the flow is turbulent in the NC, 
hence, to resolve the large eddies using the LES 

(20)
a1 = 0.5191;a2 = −1662.5;a3 = 5416700 10000 < Rep < 50000
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component of the hybrid RANS-LES turbulence model 
(the SBES model) a sufficiently fine mesh is required. To 
meet this requirement, 8 prism layers were generated in 
the near-wall region. The size of the prism layer connected 
to the wall was 10% of the interior hexahedral cell length 
with a growth rate of 1.2. The normalised wall distance 
( y+ ) was less than unity on the NC wall, which satisfies 
the requirement of the k-ω SST model used in this study. 
Four different mesh densities of 1.1 million (Mesh 1), 3.3 
million (Mesh 2), 5.1 million (Mesh 3), and 8.7 million 

(Mesh 4) cells at a maximum hexahedral cell length of 
Δ= 0.5 mm, Δ= 0.3 mm, Δ= 0.25 mm, and Δ= 0.2 mm, 
respectively, were generated to evaluate the mesh size. 
Figure 5d shows the comparison of the velocity magnitude 
on Line 1 obtained from different mesh configurations. 
The meshes with Δ= 0.2 mm and Δ= 0.25 mm (Mesh 1 and 
Mesh 2) yield almost the same distribution of the velocity 
magnitude. Therefore, the mesh model with Δ= 0.25 mm 
was used in this study.

Fig. 5  a Schematic of NC in 
G1; b an overview of the plane 
A-A’ and Line 1; c an overview 
of the meshes on the plane 
B-B’; d zoomed-in view of the 
mesh on plane B-B’ represent-
ing the prism layers; e mesh 
independence test based on the 
velocity magnitude of Line 1 
when the flow rate is Q = 10 L/
min

(e)

(a) (b)

(c) (d)

0 1
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The size of time-step to resolve the eddies containing 
energy; hence, the Kolmogorov time scale was considered 
to calculate the time step size using the following equation 
(Landahl et al. 1989):

where �n , � , �f  , and � are the Kolmogorov time scale, fluid 
viscosity, fluid density, and turbulence kinetic energy per 
unit mass, respectively. The minimum value for Kolmogorov 
time scale was �n = 6 × 10−3 s. However, a smaller time step 
size ( �n = 5 × 10−5 ) was used for the simulations, which can 
guaranty that the spatial resolution was more than sufficient 

(21)�n =

√

�

�f �

to resolve the turbulent flow field. The same time step size 
was also used for the particle tracking simulation.

To ensure that the proposed modelling technique is suit-
able, the flow behaviour in the G1 was modelled for dif-
ferent mass flow outlet rates: Q = 10 L/min, Q = 15 L/min, 
and Q = 30 L/min. The pressure values at 16 different loca-
tions on the NC wall were determined and compared with 
the published data. Figure 6a illustrates the location of the 
points on the NC wall including three points on the floor and 
four points on the lateral walls of both left and right sides 
of the NC as well as two points in the posterior region of 
the nasopharynx. Figure 6b represents the pressure values 
at the pre-defined points at different flow rates. It can be 
observed from this Figure that the agreement between the 
results obtained in this study and the results reported in the 

Fig. 6  a An overview of differ-
ent points defined on the wall of 
the nasal cavity used for predict-
ing the pressure values (the 
model was generated through 
the STL file adapted from Van 
Strien et al. (2021) with permis-
sion); b pressure distribution 
on the wall of the nasal cavity 
obtained by the current CFD 
study compared with the experi-
mental data and CFD results 
reported in (Van Strien et al. 
2021) for a flow rate of 10 L/
min, 15 L/min, and 15 L/min

(a) (b)

(c)
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L3
L4
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literature is reasonably good for both the laminar (Q = 10 L/
min, Q = 15 L/min) and turbulent (Q = 30 L/min) flows.

The validation of the particle tracking model (DPM) 
was examined by comparing the total particle deposition 
efficiency ( �T ) in the NC predicted in this study with that 
reported in the literature. �T is defined by:

where N dep
p

 is the number of particles deposited on the wall 
and Nr

p
 is the number of particles released in the nostril ini-

tially. Generally, the particle transport/deposition behaviour 
in a fluid flow is quantified by the dimensionless Stokes 
number (St), which is the ratio of the particles’ momentum 
response time to the flow-field time scale (Krstić 2006) given 
by:

where U and L are the characteristic velocity and character-
istic length, normally taken as the mean flow velocity and 
the hydraulic diameter of the inlet (or a planar surface in the 
computational domain), respectively. The Stokes number 
is for understanding the particle transport behaviour in the 
fluid flow. It indicates whether the particles are in a kinetic 
equilibrium with the fluid phase (Tian et al. 2005). The 
application of the St depends highly on the characteristic 
length of the domain of interest, which changes throughout 
the different geometries of the NC resulting in a limitation in 
the calculation of Stokes number in different parts of the NC. 
To overcome this limitation of the St , the inertial param-
eter (IP) was used as the criterion for the assessment of the 
validity of the particle phase model used in this study. The 
IP is widely used for the assessment of particle deposition 
in the NC and respiratory airways because the characteristic 
length and the characteristic velocity associated with the St 
are normalised out by using a constant flow rate. The inertial 
parameter is given by:

where Q is the airflow rate and dae is the equivalent aerody-
namic diameter given by (Yang et al. 2012):

where dae is the aerodynamic diameter is defined as “the 
diameter of the spherical particle with a density of 1000 kg/
m3 that has the same settling velocity as the particle under 
study” (Yang et al. 2012). The de and X are the equiva-
lent volume diameter and the shape factor of the particle, 

(22)�T =
N

dep
p

Nr
p

× 100%,

(23)St =
�pd

2
p
U

18�L

(24)IP = Qd2
ae

(25)dae = de

√

�p

1000X

respectively (Yang et al. 2012). For a spherical particle, the 
de equals to the particle diameter and X is unity (Yang et al. 
2012). In this study, the spherical particles are assumed 
with a density of �p = 1000kg∕m3 ; hence, the equivalent 
aerodynamic diameter is identical to the particle diameter. 
The IP is a convenient parameter that is normally used for 
comparing the effect of dp and Q on the deposition efficiency. 
However, the use of a constant flow rate is a limitation of 
the inertial parameter, since it does not take into account 
the complicated shape of the geometry of the NC. Despite 
this limitation, the inertial parameter is normally used for 
the demonstration of deposition efficiency of particles, par-
ticularly where the determination of characteristic length is 
limited due to the geometry variation.

The effect of the inertial parameter of the total deposition 
efficiency in G2 was predicted using the CFD model in this 
study. The results were compared with the experimental and 
numerical data reported in the literature (Cheng et al. 2001; 
Kelly et al. 2004; Pattle 1961; Shang et al. 2015; Huawei Shi 
et al. 2007; Tian et al. 2008). Figure 7 shows that the trend 
of the deposition efficiency predicted in this study is similar 
to that of the previous studies, which implies the validity of 
the particle tracking model of this study. The variation in 
the deposition efficiency between the current and previous 
studies is rooted in the differences between the NC geometry 
of the current study and the previous studies.

3  Results and discussion

3.1  Effect of inlet flow parameters on the flow 
structure in the NC

To investigate the effect of inlet flow parameters on the 
flow structure, several cross-sectional planes across the 

Fig. 7  A comparison between the CFD results in the current study for 
total deposition efficiency ( �T ) as a function of the inertial parameter 
( IP ) and available data in the literature (Cheng et al. 2001; Inthavong 
et al. 2011; Kelly et al. 2004; Pattle 1961; Shang et al. 2015; Shi et al. 
2007; Tian et al. 2008)
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NC were created in critical locations as presented in 
Fig. 8a. Figure 8b shows the comparison of the maxi-
mum turbulence intensity ( TImax) between the cases with 
TIin=0.15 and TIin=0.3 on planes P1-P9 for the inlet flow 
rate of Q = 7 L/min. Although the flow at 7 L/min is lami-
nar in nature, an artificial turbulence intensity was added 
to the inlet in the Fluent software, which is hypothesised 
to be applied to the inlet flow in the real world using a 
vibrating blade at the nostril. The instantaneous contours 
of turbulence intensity on planes P1-P7 across the NC are 
presented in Fig. 8c, d. From Fig. 8b, it can be seen that 
the maximum turbulence intensity decreased remarkably 
on planes P1–P4 for both cases. However, from P5-P9 
the TImax remains relatively constant. For example, in a 
case with TIin=0.3 , the maximum turbulence intensity is 
reduced to TI=0.045 in P5. This means that NC operates 
similar to a settling chamber transforming a turbulent 
flow to near laminar flow. By comparing the contours of 
turbulence intensity on plane P6 between the cases with 

TIin=0.15 and TIin=0.3 , it can be seen that in both cases the 
turbulence intensities in the ostium and the MM-Ostium 
region are negligible ( TI ≅ 0 ). It can be inferred that the 
implementation of turbulence to the inlet flow has not had 
a significant effect on the airflow behaviour in the MM-
Ostium region (see Fig. 8c, d).

Figure 9a–e presents the instantaneous streamlines and 
the velocity magnitude contours in plane P6 for different 
inlet flow parameters. As it is shown in Fig. 9a–c, in the 
plane P6 the flow structure after introducing turbulence at 
the inlet is identical to the laminar inlet flow. Based on the 
streamlines illustrated in Fig. 9d, e, the flow structure in 
the MM-Ostium region under the effect of swirling inlet 
flows ( Sn = 0.6 and Sn = 0.9 ) is also essentially identical to 
those of non-swirling inlet flows. Therefore, it is inferred 
that due to the large volume of the NC and the resistance 
of the nasal valve the flow stabilises and hence, the inlet 
flow preconditioning does not affect the flow features in the 
MM-Ostium region. When a swirling flow is applied to the 

Fig. 8  a Illustration of the 
location of different cross-
sectional planes in the NC-MS 
combination G2); b maximum 
turbulence intensity for different 
cross-sectional planes; c instan-
taneous turbulence intensity 
(TI) contour demonstrated for 
different cross-sectional planes 
(P1–P7) in the NC-MS combi-
nation when the inlet turbulence 
intensity is TIin = 0.15; and d 
TIin = 0.3. The inlet mass flow 
rate was Q = 7 L/min

(a) (b)

P1 P2 P3 P4 P5 P6 P7

(c)

(d)
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inlet, the flow structure in the inferior meatus (marked IM 
in Fig. 9) undergoes some change in the number of vortices 
(i.e. secondary flows) due to the curvature of the anterior 
region. The anterior region includes the nostril and vesti-
bule. Figure 9a–e shows that the swirling flow can influ-
ence the flow structure in the NC but mostly in the inferior 
meatus, where the width of the airway is wider than in the 
middle and superior meatuses.

To better understand the role of the nasal valve as an 
airway resistance, Fig. 10a–c illustrates the streamlines on 
planes P2–P4 for different inlet flow parameters. The ves-
tibule is located between P2 and P3, and the nasal valve is 
located between P3 and P4. It is clear from this Figure that 
there are no significant changes in the flow streamlines in 
planes P2–P4 under the effect of turbulent inlet flows when 
compared with the laminar non-swirling inlet flow. In con-
trast, the flow structure in planes P2 and P3 changed signifi-
cantly under the effect of swirling inlet flows. By increasing 

the swirl intensity of the inlet flow, the number of vortices 
(i.e. secondary flows) on plane P3 is increased, which dem-
onstrates the impact of swirling flow on the flow structure 
in the nostril and vestibule regions. However, the influence 
of all inlet flow parameters on the flow structure in the plane 
P4 (except the IM region of P4) is negligible compared 
with plane P3. This implies that the constrictive nasal valve 
region significantly changes the flow features and reduces 
the effect of turbulence and swirling flow implemented to 
the inlet, confirming the airway resistance of the nasal valve. 
Hence, it might be expected that inlet flow preconditioning 
does not affect the efficiency of drug delivery to the MS 
significantly.

Fig. 9  Instantaneous flow 
streamlines and velocity contour 
on plane P6 under the effect 
of non-swirling a laminar inlet 
flow; b inlet turbulence intensity 
of TIin = 0.15; c inlet turbulence 
intensity of TIin = 0.3; and 
swirling flow with d inlet swirl 
number of Sn = 0.6; e inlet swirl 
number of Sn = 0.9. Artificial 
turbulence was applied to the 
inlet for the turbulent inlet flows

(a) (b) (c)

(d) (e)
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3.2  Effect of inlet flow parameters on particles’ 
transport

Particle tracking simulation provides a detailed understand-
ing of particle transport and deposition. To increase the effi-
ciency of ADD to the MS, the number of particles in the 
MM-Ostium region should be increased and the retention of 
particles in that region should also be enhanced. When the 
ADD technique is applied, the particles are transferred to 
the MS through the oscillation of the air plug in the ostium. 
To be more specific, by the oscillating air plug during every 
cycle, some of the particles in the MM-Ostium region are 
trapped after several cycles and then, transported to the MS 
(Pourmehran et al. 2020). Therefore, to increase the num-
ber of particles transported to the MS through ADD, the 
total number of particles trapped in the oscillating air plug 

in several consecutive cycles should be increased, which 
requires longer particle retention in the MM-Ostium. To 
consider both the number of particles and the retention of 
particles in the MM-Ostium, the particles’ retention criterion 
( N∗

p
 ) were estimated using Eq. (2).

Figure 11a, b represents the number of particles in the 
MM-Ostium region, as a function of particle time, and the 
related N∗

p
 under the effect of turbulent and swirling inlet 

flows when Cf = 1 and dp = 5μ m. From Fig. 11b, it can be 
seen that there are no significant differences in N∗

p
 between 

the cases with turbulent inlet flows and the laminar non-
swirling inlet flow in the MM-Ostium region. This behaviour 
originates from an identical flow behaviour between those 
cases (see Figs. 9 and 10).

According to Fig. 11a, b, the particle retention criterion 
for a swirling inlet flow with Sn = 0.6 is greater than for a 

Fig. 10  Instantaneous flow 
streamlines and velocity contour 
on a plane P2; b plane P3; and c 
plane P4 under the effect of dif-
ferent inlet flow parameters

(a)

(b)

(c)
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non-swirling inlet flow ( Sn = 0 ). Therefore, the efficiency 
of drug delivery to the MS (through the MM-Ostium using 
ADD) is expected to increase when a swirling flow (i.e. 
Sn = 0.6 ) is applied to the inlet. The differences in the N∗

p
 in 

the cases with swirling and non-swirling flows might take 
place due to the variations of the flow fields in the nostril and 
vestibule regions (zones 1 and 2 depicted in Fig. 3e), which 
is discussed in the following paragraphs.

Given the cross-sectional area of the nostril zone (zone 
1 depicted in Fig. 3e) is almost constant, the Stokes number 
in this region can be calculated using Eq. (23), which yields 
St = 0.0115 . Figure 12 presents the Stokes number on planes 
P1-P9 for different inlet flow parameters. It is clear from 
this Figure that the Stokes number along the NC is much 
lower than unity; hence, the particles almost follow the fluid 
streamlines. When a swirling flow is applied to the inlet, 
the airflow in the nostril swirls around the centreline of the 
nostril (z-axis); hence, the particles released at the nostril 
also swirl around the centreline of the nostril. When the 
particles swirl around an axis, a centrifugal force acts on the 
particles and drives them towards the wall. The centrifugal 
force has a direct relationship with the tangential velocity 
and particle mass.

The centrifugal force, Fc , can be calculated by:

where mp is the particle mass, ut is the tangential velocity, 
and r is the radial coordinate. An increase in the swirl inten-
sity of the swirling inlet flow increases the tangential flow 
velocity, which increases the centrifugal force acting on 
the particles (see Fig. 13). Therefore, increasing the swirl 
number of the inlet flow increases the concentration of par-
ticles that are driven towards the wall, which can lead the 
particles to deposit on the wall. Figure 14a, b presents the 
total and local deposition efficiencies for different inlet flow 
parameters. This Figure shows that the swirling flow has the 
effect of increasing the deposition of particles on the wall, 
where the maximum total deposition efficiency occurs when 
Sn = 0.9 . Figure 14b reveals that the maximum particle dep-
osition in zones 1 and 2 (nostril and vestibule, respectively) 
occurs in Sn = 0.9 , which implies the effect of centrifugal 
force on the particles in these regions, contributing to an 
increase in total deposition efficiency.

The effect of the centrifugal force on the particles can be 
seen in Fig. 15a. This Figure illustrates the distribution of 
the particles in plane P2 for different inlet swirl numbers. 
According to this Figure, the application of swirling inlet 
flow led the particles in the central area of the nostril to 
move towards the wall due to the centrifugal force. Also, 
the central area of the nostril, which is empty of particles, 
becomes wider by increasing the swirl number from Sn = 0.6

–0.9 . This implies that the centrifugal force on the particles 
was also enhanced when the swirl number increased. The 
results showed that, despite the approximately similar flow 
behaviour in the NC-MS geometry on planes P4–P9 (i.e. 
zones 4–9) for all the inlet flow preconditioning, the particle 
transport patterns under the effect of swirling inlet flow and 
non-swirling inlet flow are not identical. This could be due 
to the effect of flow behaviour on particle transport patterns 
in the first two zones (i.e. nostril and vestibule).

Figure 15a, b compares the particle distribution pattern 
between the non-swirling and swirling inlet flows in planes 
P2 and P3. The particle distribution patterns in planes P2 

(26)Fc =
mpu

2
t

r
,

Fig. 11  a The effect of inlet 
flow parameters on the number 
of particles (Np) in the MM-
Ostium region in every time-
step when Cf = 1; b particle 
retention criterion (Np ∗) in 
the MM-Ostium region under 
the effect of different inlet flow 
parameters when dp = 5 μm and 
Cf = 1

(a) (b)

Fig. 12  Stokes number (St) along the nasal cavity on planes P1-P9. 
The locations of P1-P9 are illustrated in Fig. 8a
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(a) (b)

(c) (d)

Fig. 13  a An overview of NC-MS geometry (G2) representing two 
cross sections (CS1 and CS2) on nostril; b a top view of the cross 
section representing the rotation of the inlet flow; c tangential veloc-

ity contours in CS1 and CS2 for different swirl numbers (Sn); d tan-
gential velocity profiles on Lines 1 and 2 for different Sn

Fig. 14  The effect of inlet flow 
parameters on a total deposi-
tion efficiency ( �T ); and b local 
deposition efficiency per unit of 
area ( �i)

(a) (b)
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and P3 are similar to the flow streamlines in those planes 
(see Fig. 10a, b), where the Stokes number is very lower 
than unity. For swirling inlet flows, the particle distribution 
patterns in plane P4 (see Fig. 15c) are not similar to the 
flow streamlines in plane P4 (see Fig. 10c), even though the 
highest Stokes number in the nasal valve (the zone between 
P3 and P4) is much lower than unity ( St = 0.02 ). The reason 
for the differences between the particle distribution patterns 
and flow streamlines in plane P4 are rooted in the parti-
cle distribution pattern formed in the upstream flow in the 
vestibule (zone 2). In other words, the particle distribution 
patterns that were formed under the effect of swirling flow 
in the nostril (zone 1) and vestibule regions were partially 
extended to the nasal valve.

Comparing the particle distribution patterns illustrated in 
Fig. 15b, c, it can be seen that the areas in plane P3 that are 
empty of particles, due to the swirling flow, were extended 
to plane P4. Figure 15d shows that for the cases with swirl-
ing inlet flow there is an area in the main passage of plane 
P5 that is almost devoid of particles, while no swirling flow 
in that region is observed in the streamlines of that plane 
(Fig. 15e). Hence, it can be inferred that the particle trans-
port pattern in the vestibule was extended not only to the 
nasal valve but also to the areas beyond the nasal valve (zone 
3).

In conclusion, the swirling inlet flow undergoes many 
changes when it passes through the nasal valve where the 
swirl intensity of the inlet swirling flow is almost damped. 
The effect of swirling flow on the particles before entering 
the nasal valve forms a specific particle distribution pattern. 
The particle distribution pattern in the nostril and vestibule 
not only does not disappear in the nasal valve but also partly 
extends to the regions beyond the nasal valve. Accordingly, 
the differences in N∗

p
 between the non-swirling inlet flow and 

swirling flows presented in Fig. 11a, b) can be explained: the 
concentration of particles ( Cp ) in the upper part of the plane 
P3 for Sn = 0.9 ( Cp = 7.8% ) is lower than that of Sn = 0.6 
( Cp = 11.6% ) (see Fig. 15b). So, they contribute to a lower 
concentration of particles in the MM-Ostium region for 
Sn = 0.9 given that the particle distribution pattern in plane 
P3 is partly extended to the regions beyond the nasal valve. 
Therefore, the particle retention criterion in the MM-Ostium 
region for Sn = 0.9 is lower than for other cases, as presented 
in Fig. 11a, b).

(a)

(b)

(c)

(d)

(e)

Fig. 15  Accumulative particle distribution and instantaneous velocity 
contours under the effect of non-swirling and swirling flows on differ-
ent planes: a P2, b P3, c P4, and d P5; e instantaneous flow stream-
lines and velocity contours on plane 5

▸
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3.3  Effect of fullness coefficient on the particles’ 
transport pattern

The effect of the fullness coefficient ( Cf  ) on the particle 
transport/deposition pattern in the NC-MS combination (G2) 
was investigated under the effect of non-swirling ( Sn = 0 ) 
and swirling ( Sn = 0.6 ) inlet flows. Figure 16 illustrates an 
overview of the accumulative particle distribution in plane 
P3 for different swirling numbers and Cf  . According to this 
Figure, when Cf  decreases the concentration of particles in 
the core flow increases. In this study, the core flow is defined 
as the part of the flow where the velocity magnitude and 
the velocity gradient are significantly higher and lower than 
other parts of the flow, respectively. The core flow regions 
in plane P3 for Sn = 0 and Sn = 0.6 are illustrated in Fig. 16.

Given the Stokes number in this study is much lower than 
unity along the NC region, the particles in the NC can follow 
the flow. Accordingly, when the concentration of particles 
in the core flow region increases, the number of particles 
that can be transported beyond the anterior region increases. 
When a portion of the particles is distributed out of the core 
flow region, they need a longer time to be transported to 
the location beyond the anterior region because the velocity 
magnitude in that region is much lower than the core flow. 
To better understand the effect of Cf  on the particle transport 
pattern in the NC, Fig. 17a, b presents an instantaneous par-
ticle distribution in the NC for different fullness-coefficient. 
The particles were coloured, based on the particle velocity 
magnitude.

Figure 17a, b shows that all the injected particles were 
transported beyond the anterior region for Cf ≤ 0.7 , demon-
strating that the particles were almost transported through 
the core flow region. However, for Cf = 0.9 and Cf = 1 , 

some particles remained in the anterior region with very low 
velocity, which shows these particles were not in the core 
flow in the anterior region (see the colour of particles in the 
anterior region in Fig. 17a, b). The particles that are not in 
the core flow region are likely to deposit on the wall due to 
the low velocity-magnitude, which contribute to moving the 
particles towards the wall and eventually depositing there.

Figure 18 presents the effect of Cf on the total deposition 
efficiency ( �T ) and the local deposition efficiency per unit 
of area ( �i ) for different inlet flow parameters. It can be seen 
from Fig. 18a that for non-swirling flows, an increase in Cf  
increases the total deposition efficiency from an increased 
concentration of the particles in the region outside of the 
core flow. This Figure also shows that the total deposition 
efficiency in swirling inlet flows is higher than for non-swirl-
ing flows. This is due to the centrifugal forces acting on the 
particles in the core flow, which drive them towards the wall.

In continuous drug delivery, such as drug delivery using 
nebulisers, the deposition of the particles in the anterior 
region increases gradually, which can contribute to form-
ing droplets dripping from the nostril as waste. To over-
come this problem, a 70% decrease in Cf  is recommended 
for the NC-MS geometry of this study. To generalise this 
result, a series of different realistic NC-MS models should 
be analysed.

Figure 19a–c illustrates the number of particles in the 
MM-Ostium region (as a function of particle time) and the 
related N∗

p
 under the effect of swirling and non-swirling 

inlet flows for different Cf  when dp = 5μ m. It can be seen 
from Fig. 19c that the effect of Cf  on N∗

p
 for swirling inlet 

flows is different from non-swirling inlet flows in the MM-
Ostium region. This Figure shows that N∗

p
 has an inverse 

Fig. 16  Accumulative particle 
distribution and instantaneous 
velocity contours in plane P3 
for different fullness coefficient 
( Cf  ) under the effect of non-
swirling and swirling inlet flows
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relationship with Cf  when Sn = 0.6 . However, N∗
p
 mono-

tonically increases by increasing Cf  for non-swirling inlet 
flow ( Sn = 0 ). According to Fig. 19c, the highest N∗

p
 for 

the MM-Ostium region ( N∗
p
= 8.55s ) when Cf = 0.3 and 

Sn = 0.6 is approximately 45% greater than a case with 
Sn = 0 , Cf = 1 (a common inlet configuration). Therefore, 
we can infer that when Cf = 0.3 and Sn = 0.6 , the efficiency 
of acoustic drug delivery to the MS might be increased by 
up to 45% when compared with an acoustic drug deliv-
ery with a common inlet configuration. Pourmehran et al. 

(2021) demonstrated that using a tailored acoustic wave 
onto the nostril can increase the efficiency of drug deliv-
ery to the MS by more than 45-fold. Accordingly, using a 
swirling inlet flow (with Sn = 0.6 ) and fullness coefficient 
of Cf = 0.3 , it might be expected that the efficiency of drug 
delivery the MS can be increased by more than 65-fold 
( 1.45 × 45 ) when compared with a normal inlet flow pre-
conditioning. It should be noted that these results are valid 
for the NC-MS geometry (G2) of this study. A series of 
different realistic NC-MS models should be analysed to 

Fig. 17  Instantaneous particle 
distributions in the NC for 
different particles’ fullness coef-
ficient ( Cf  ) under the effect of 
a non-swirling inlet flow, and b 
swirling inlet flow

Velocity magnitude [m/s]

(a) (b)
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Fig. 18  a The effect of full-
ness coefficient ( Cf  ) and inlet 
flow parameters on the total 
deposition efficiency ( �T ); b the 
effect of Cf  on local deposition 
efficiency per unit of area ( �i ) 
for a non-swirling inlet flow 
( Sn = 0 ); c the effect of Cf  on �i 
for a swirling inlet flow when 
Sn = 0.6 . The particle diameter 
of dp=5 � m was used for these 
cases

(a)

(b) (c)

Fig. 19  The effect of fullness 
coefficient ( Cf  ) on the number 
of particles that exist in the 
MM-Ostium region in every 
time-step when a Sn = 0 ; and b 
Sn = 0.6 ; c the effect of Cf  on 
the particles’ retention criterion 
( N∗

p
 ) in the MM-Ostium region 

for non-swirling and swirling 
inlet flows

(a) (b)

(c)



868 O. Pourmehran et al.

1 3

generalise the effect of the particles’ release diameter and 
inlet flow parameters on drug delivery efficiency.

4  Conclusion

The main aim of the present study is to investigate the 
effect of inlet flow parameters and nozzle diameter (char-
acterised by fullness coefficient) at the inlet on the airflow 
behaviour and drug (particle) delivery to the maxillary 
sinus (MS). For parametric studies, two CFD models were 
developed using a hybrid RANS-LES model and laminar 
solver and validated against the available experimental 
data. Artificial turbulence with intensities of TIin = 0.15 
and TIin = 0.3, as well as two swirl intensities with swirl 
numbers of Sn = 0.6 and Sn = 0.9, were applied at the 
inlet flow with a flow rate of 7 L/min. The effect of these 
parameters, as well as the effect of fullness coefficients 
of Cf=0.3, 0.5, 0.7, 0.9, and 1 on the flow behaviour, par-
ticle retention criterion ( N∗

p
 ), and particle deposition in 

the MM-Ostium region, were investigated. The results 
were compared with a laminar non-swirling inlet flow for 
Cf = 1. An increase in particle retention criterion in the 
MM-Ostium region was calculated to quantify the increase 
in drug delivery to the MS region. The significant findings 
emerging from this study are as follows:

• The turbulence and swirl applied to the inlet flow were 
significantly damped when the flow passed through the 
nasal cavity. This implies that the nasal valve plays the 
role of airway resistance.

• A turbulent inlet flow has a negligible effect on par-
ticle deposition in the NC, and drug delivery to the 
MM-Ostium regions is negligible. However, the dep-
osition of particles increases with an increase in the 
swirl intensity of the inlet flow, which comes from the 
increasing effect of centrifugal force acting on the par-
ticles in a swirling flow.

• The drug delivery (quantified by N∗
p
 ) to the MM-

Ostium region increases by using a swirling inlet flow 
at a moderate swirl number, i.e. Sn = 0.6. It was also 
found that the variation of the fullness coefficient sig-
nificantly affects the drug delivery to the MM-Ostium 
region. N∗

p
 in the MM-Ostium region increases with a 

decrease in the fullness coefficient.
• In continuous drug delivery, such as drug delivery 

using nebulisers, the deposition of the particles in the 
anterior region increases gradually, which can contrib-
ute to the formation of droplets dripping from the nos-
tril as waste. To overcome this problem, a decrease in 
Cf  is recommended.

5  Limitations

The outcome of the current study is subject to the fol-
lowing limitation: air humidity in the nasal cavity was 
neglected, nebulised droplets were considered as inert par-
ticles, and an isothermal condition was assumed. Also, the 
particles were released at the initial time step while they 
were monodispersed. Moreover, zero initial velocity was 
used for injecting particles into the nostril, which allowed 
to isolate the results from the particles initial velocity; 
this assumption was adopted since the initial velocity of 
particles injected into the nostril is different for various 
nebulisers.

Acknowledgements Financial support for the project has been pro-
vided by the Australian Government Research Training Program 
(RTP), and the Beacon of Enlightenment PhD Scholarship provided 
by the University of Adelaide. The authors would like to acknowl-
edge the support of the School of Mechanical Engineering, Phoenix 
High-Performance Computing (HPC). The authors are grateful to A/
Prof Kiao Inthavong (RMIT University, Australia) and Dr Haribalan 
Kumar (Aukland University, New Zealand) for the provision of STL 
files related to the nose geometry.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adamczyk WP, Klimanek A, Białecki RA, Węcel G, Kozołub P, Czaki-
ert T (2014) Comparison of the standard Euler-Euler and hybrid 
Euler-Lagrange approaches for modeling particle transport in a 
pilot-scale circulating fluidized bed. Particuology 15:129–137

Ari A, de Andrade AD, Sheard M, AlHamad B, Fink JB (2015) Per-
formance comparisons of jet and mesh nebulizers using different 
interfaces in simulated spontaneously breathing adults and chil-
dren. J Aerosol Med Pulm Drug Deliv 28(4):281–289

Bahadur S, Pathak K (2012) Physicochemical and physiological con-
siderations for efficient nose-to-brain targeting. Expert Opin Drug 
Deliv 9(1):19–31

Bassett AB (1888) A treatise on hydrodynamics, vol 1. Dover, New 
York

Bell IR, Koithan M (2012) A model for homeopathic remedy effects: 
low dose nanoparticles, allostatic cross-adaptation, and time-
dependent sensitization in a complex adaptive system. BMC 
Complement Altern Med 12(1):1–21

http://creativecommons.org/licenses/by/4.0/


869The effect of inlet flow profile and nozzle diameter on drug delivery to the maxillary sinus  

1 3

Berger WE, Godfrey JW, Slater AL (2007) Intranasal corticosteroids: 
the development of a drug delivery device for fluticasone furo-
ate as a potential step toward improved compliance. Expert Opin 
Drug Deliv 4(6):689–701

Chen SB, Ye X (2000) Faxen’s laws of a composite sphere under creep-
ing flow conditions. J Colloid Interface Sci 221(1):50–57

Cheng Y, Holmes T, Gao J, Guilmette R, Li S, Surakitbanharn Y, Rowl-
ings C (2001) Characterization of nasal spray pumps and deposi-
tion pattern in a replica of the human nasal airway. J Aerosol Med 
14(2):267–280

Drettner B, Falck B, Simon H (1977) Measurements of the air con-
ditioning capacity of the nose during normal and pathological 
conditions and pharmacological influence. Acta Otolaryngol 
84(1–6):266–277

Durand M, Pourchez J, Aubert G, Le Guellec S, Navarro L, Forest V, 
Rusch P, Cottier M (2011) Impact of acoustic airflow nebuliza-
tion on intrasinus drug deposition of a human plastinated nasal 
cast: new insights into the mechanisms involved. Int J Pharm 
421(1):63–71

Fluent Theory Guide. (2020). ANSYS® Fluent, Release 2020 R1, Help 
System, ANSYS, Inc. In.

Haubermann S, Bailey A, Bailey M, Etherington G, Youngman M 
(2002) The influence of breathing patterns on particle deposition 
in a nasal replica cast. J Aerosol Sci 33:923–933

Hilton C, Wiedmann T, Martin MS, Humphrey B, Schleiffarth R, 
Rimell F (2008a) Differential deposition of aerosols in the max-
illary sinus of human cadavers by particle size. Am J Rhinol 
Allergy 22(4):395–398

Hilton C, Wiedmann T, Martin MS, Humphrey B, Schleiffarth R, 
Rimell F (2008b) Differential deposition of aerosols in the max-
illary sinus of human cadavers by particle size. Am J Rhinol 
22(4):395–398

Hreiz R, Gentric C, Midoux N (2011) Numerical investigation 
of swirling flow in cylindrical cyclones. Chem Eng Res Des 
89(12):2521–2539

Inthavong K, Wen J, Tian Z, Tu J (2008) Numerical study of fibre 
deposition in a human nasal cavity. J Aerosol Sci 39(3):253–265

Inthavong K, Tu J, Heschl C (2011) Micron particle deposition 
in the nasal cavity using the V2F model. Comput Fluids 
51(1):184–188

Inthavong K, Shang Y, Del Gaudio JM, Wise SK, Edwards TS, 
Bradshaw K, Wong E, Smith M, Singh N (2021) Inhalation and 
deposition of spherical and pollen particles after middle turbi-
nate resection in a human nasal cavity. Respir Physiol Neurobiol 
294:103769

Islam MS, Larpruenrudee P, Hossain SI, Rahimi-Gorji M, Gu Y, Saha 
SC, Paul G (2021) Polydisperse aerosol transport and deposition 
in upper airways of age-specific lung. Int J Environ Res Public 
Health 18(12):6239

Keck T, Leiacker R, Heinrich A, Kühnemann S, Rettinger G (2000) 
Humidity and temperature profile in the nasal cavity. Rhinology 
38(4):167–171

Kelly JT, Asgharian B, Kimbell JS, Wong BA (2004) Particle deposi-
tion in human nasal airway replicas manufactured by different 
methods. Part I: inertial regime particles. Aerosol Sci Technol 
38(11):1063–1071

Kimura K (2016) Wind loads. In: Pipinato A (ed) Innovative bridge 
design handbook. Butterworth-Heinemann, Boston, pp 37–48

Kolev NI (2011) Drag, lift, and virtual mass forces. In: Kolev NI (ed) 
Multiphase flow dynamics 2. Springer, Berlin, Heidelberg, pp 
31–85

Krstić M (2006) Mixing control for jet flows. In: Roy GD (ed) Combus-
tion processes in propulsion. Butterworth-Heinemann, Burlington, 
pp 87–96

Kumar H, Jain R, Douglas RG, Tawhai MH (2016) Airflow in the 
human nasal passage and sinuses of chronic rhinosinusitis 

subjects. PLoS ONE. https:// doi. org/ 10. 1371/ journ al. pone. 01563 
79

Landahl MT, Mollo-Christensen E, Korman MS (1989) Turbulence 
and random processes in fluid mechanics, 2nd edn. Cambridge 
University Press, Cambridge

Laube BL (2007) Devices for aerosol delivery to treat sinusitis. J Aero-
sol Med 20(1):5–18

Leclerc L, Pourchez J, Aubert G, Leguellec S, Vecellio L, Cottier M, 
Durand M (2014) Impact of airborne particle size, acoustic airflow 
and breathing pattern on delivery of nebulized antibiotic into the 
maxillary sinuses using a realistic human nasal replica. Pharm 
Res 31(9):2335–2343

Leclerc L, El-Merhie A, Navarro L, Prévôt N, Durand M, Pourchez J 
(2015) Impact of acoustic airflow on intrasinus drug deposition: 
new insights into the vibrating mode and the optimal acoustic 
frequency to enhance the delivery of nebulized antibiotic. Int J 
Pharm 494(1):227–234

Lin H-L, Wan G-H, Chen Y-H, Fink JB, Liu W-Q, Liu K-Y (2012) 
Influence of nebulizer type with different pediatric aerosol masks 
on drug deposition in a model of a spontaneously breathing small 
child. Respir Care 57(11):1894–1900

Loudon C, Tordesillas A (1998) The use of the dimensionless Womer-
sley number to characterize the unsteady nature of internal flow. J 
Theor Biol 191(1):63–78

Maniscalco M, Sofia M, Weitzberg E, Lundberg J (2006) Sounding 
airflow enhances aerosol delivery into the paranasal sinuses. Eur 
J Clin Invest 36(7):509–513

Maniscalco M, Pelaia G, Sofia M (2013) Exhaled nasal nitric oxide 
during humming: potential clinical tool in sinonasal disease? Bio-
mark Med 7(2):261–266

Maul GA (2019) Pressure gradient force. In: Finkl CW, Makowski 
C (eds) Encyclopedia of coastal science. Springer International 
Publishing, Cham, pp 1390–1392

Möller W, Schuschnig U, Bartenstein P, Meyer G, Häussinger K, 
Schmid O, Becker S (2014) Drug delivery to paranasal sinuses 
using pulsating aerosols. J Aerosol Med Pulm Drug Deliv 
27(4):255–263

Morsi S, Alexander A (1972) An investigation of particle trajectories 
in two-phase flow systems. J Fluid Mech 55(2):193–208

Mygind N, Vesterhauge S (1978) Aerosol distribution in the nose. Rhi-
nology 16(2):79–88

Navarro L, Leclerc L, Pourchez J (2019) Does acoustic overlay of 
music improve aerosol penetration into maxillary sinuses? Online 
J Otolaryngol Rhinol 1(4):1–3

Ounis H, Ahmadi G, McLaughlin JB (1991) Brownian diffusion of 
submicrometer particles in the viscous sublayer. J Colloid Inter-
face Sci 143(1):266–277

Pattle R (1961) The retention of gases and particles in the human nose. 
Inhaled Part Vap 1:302–309

Pourmehran O, Cazzolato B, Tian Z, Arjomandi M (2020) Acous-
tically-driven drug delivery to maxillary sinuses: aero-acoustic 
analysis. Eur J Pharm Sci 151:1–14

Pourmehran O, Arjomandi M, Cazzolato B, Tian Z, Vreugde S, Javadi-
yan S, Psaltis AJ, Wormald P-J (2021) Acoustic drug delivery to 
the maxillary sinus. Int J Pharm 606:120927

Rahman MM, Zhao M, Islam MS, Dong K, Saha SC (2021) Aging 
effects on airflow distribution and micron-particle transport and 
deposition in a human lung using CFD-DPM approach. Adv Pow-
der Technol 32(10):3506–3516

Rissler J, Swietlicki E, Bengtsson A, Boman C, Pagels J, Sandström 
T, Blomberg A, Löndahl J (2012) Experimental determination of 
deposition of diesel exhaust particles in the human respiratory 
tract. J Aerosol Sci 48:18–33

Salati H, Khamooshi M, Vahaji S, Christo FC, Fletcher DF, Inthavong 
K (2021) N95 respirator mask breathing leads to excessive carbon 

https://doi.org/10.1371/journal.pone.0156379
https://doi.org/10.1371/journal.pone.0156379


870 O. Pourmehran et al.

1 3

dioxide inhalation and reduced heat transfer in a human nasal cav-
ity. Phys Fluids 33(8):081913

Schwarzkopf JD, Sommerfeld M, Crowe CT, Tsuji Y (2011) Mul-
tiphase flows with droplets and particles, 2nd edn. CRC Press, 
Boca Raton

Shang Y, Inthavong K, Tu J (2015) Detailed micro-particle deposition 
patterns in the human nasal cavity influenced by the breathing 
zone. Comput Fluids 114:141–150

Shi H, Kleinstreuer C, Zhang Z (2006) Laminar airflow and nanoparti-
cle or vapor deposition in a human nasal cavity model. J Biomech 
Eng 128(5):697–706

Shi H, Kleinstreuer C, Zhang Z (2007) Modeling of inertial particle 
transport and deposition in human nasal cavities with wall rough-
ness. J Aerosol Sci 38(4):398–419

Singh P, Raghav V, Padhmashali V, Paul G, Islam MS, Saha SC (2020) 
Airflow and particle transport prediction through stenosis airways. 
Int J Environ Res Public Health 17(3):1119

Tian Z, Tu J, Yeoh G (2005) Numerical simulation and validation of 
dilute gas-particle flow over a backward-facing step. Aerosol Sci 
Technol 39(4):319–332

Tian Z, Inthavong K, Tu J (2008) Deposition of inhaled wood dust in 
the nasal cavity. Inhal Toxicol 19(14):1155–1165

Tong X, Dong J, Shang Y, Inthavong K, Tu J (2016) Effects of nasal 
drug delivery device and its orientation on sprayed particle 
deposition in a realistic human nasal cavity. Comput Biol Med 
77:40–48

Van Strien J, Shrestha K, Gabriel S, Lappas P, Fletcher DF, Singh N, 
Inthavong K (2021) Pressure distribution and flow dynamics in 
a nasal airway using a scale resolving simulation. Phys Fluids 
33(1):1–14

Wichers LB, Rowan WH III, Nolan JP, Ledbetter AD, McGee JK, Costa 
DL, Watkinson WP (2006) Particle deposition in spontaneously 

hypertensive rats exposed via whole-body inhalation: measured 
and estimated dose. Toxicol Sci 93(2):400–410

Wofford M, Kimbell J, Frank D, Dhandha V, McKinney K, Fleischman 
G, Ebert CS, Zanation AM, Senior B (2015) A computational 
study of functional endoscopic sinus surgery and maxillary sinus 
drug delivery. Rhinology 53(1):41–48

Xi J, Longest PW (2008) Numerical predictions of submicrometer 
aerosol deposition in the nasal cavity using a novel drift flux 
approach. Int J Heat Mass Transf 51(23–24):5562–5577

Xi J, Zhang Z, Si X (2015) Improving intranasal delivery of neurologi-
cal nanomedicine to the olfactory region using magnetophoretic 
guidance of microsphere carriers. Int J Nanomed 10(1):1211–1222

Xi J, Si X, Peters S, Nevorski D, Wen T, Lehman M (2017) Under-
standing the mechanisms underlying pulsating aerosol delivery to 
the maxillary sinus: in vitro tests and computational simulations. 
Int J Pharm 520(1):254–266

Yang Y, Sze To GN, Chao CY (2012) Estimation of the aerodynamic 
sizes of single bacterium-laden expiratory aerosols using stochas-
tic modeling with experimental validation. J Aerosol Sci Technol 
46(1):1–12

Zhao K, Scherer PW, Hajiloo SA, Dalton P (2004) Effect of anatomy on 
human nasal air flow and odorant transport patterns: implications 
for olfaction. Chem Senses 29(5):365–379

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	The effect of inlet flow profile and nozzle diameter on drug delivery to the maxillary sinus
	Abstract
	1 Introduction
	2 Methods
	2.1 Nasal cavity geometry
	2.2 Case studies
	2.3 Governing equations and boundary conditions
	2.3.1 Fluid phase modelling
	2.3.2 Particle phase modelling
	2.3.3 Boundary conditions

	2.4 Validation of CFD model and mesh independence test

	3 Results and discussion
	3.1 Effect of inlet flow parameters on the flow structure in the NC
	3.2 Effect of inlet flow parameters on particles’ transport
	3.3 Effect of fullness coefficient on the particles’ transport pattern

	4 Conclusion
	5 Limitations
	Acknowledgements 
	References




