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Abstract

Experimental images from particle/droplet image analyser (PDIA) and particle image velocimetry (PIV) imaging techniques of particle
formation from a nasal spray device were taken to determine critical parameters for the study and design of effective nasal drug delivery
devices. The critical parameters found were particle size, diameter of spray cone at a break-up length and a spray cone angle. A range of values
for each of the parameters were ascertained through imaging analysis which were then transposed into initial particle boundary conditions
for particle flow simulation within the nasal cavity by using Computational Fluid Dynamics software. An Eulerian–Lagrangian scheme was
utilised to track mono-dispersed particles (10 and 20 �m) at a breathing rate of 10 L/min. The results from this qualitative study aim to assist
the pharmaceutical industry to improve and help guide the design of nasal spray devices.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Nasal drug delivery provides an alternative approach to tra-
ditional delivery methods such as oral drug routes that fail in
the systemic delivery of compounds due to its dissociation by
the digestive system. Additionally, it has a good level of patient
compliance when compared with intravenous methods and pro-
duces faster pharmacological action. The nasal airway is dom-
inated by the nasal turbinates; three bony, soft-tissue structures
lined with highly vascularised mucosa that contain openings to
the paranasal sinuses. Because of these characteristics, it is hy-
pothesised that drug delivery to combat health problems such
as lung diseases, cancers, diabetes, sinus infections, etc. may be
viable if the drug formulation can be deposited in the turbinate
region [1]. However, this requirement tends to be poorly im-
plemented where a large proportion of the drug particles are
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known to deposit in the anterior regions of the nasal vestibule,
attributed to the sprayed particles existing in a high inertial
regime [2–4]. Therefore, studies into local particle deposi-
tion are of great significance in the delivery of drugs via the
nasal airway. The knowledge of initial conditions from the
atomised drug particles introduced into nasal cavity as well as
the deposition mechanisms caused by the interaction of drug
particles with the airflow field is required in order to develop
optimised delivery devices (nasal sprays) and correct drug
formulations.

The function of the delivery device is to atomise the liquid
formulation into a fine spray made up of small micron-sized
particles. Although the physics of sprays and atomisation has
been studied quite extensively, the majority of the research
has focussed on industrial applications, such as fuel injectors
[5] and spray dryers [6], resulting in a lack of experimental
data for nasal spray applications. Moreover, there exists a
great difficulty in the ability to capture detailed measurements
of the dense spray found at the near-nozzle region which
has hindered the understanding of the atomisation process.
Despite this, there have been numerous experimental studies
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Table 1
Variables related to the actuation of a nasal spray

Consumer variables Parameter affected

Increased/decreased inhalation Airflow rate
Nostrils opened (one or two) Airflow pattern
Head tilt back/forward Insertion angle inwards
Spraying away from septum walls Insertion angle sideways
Strength of actuation Particle size and velocity
Speed of actuation Particle size and velocity
Insertion location Surrounding geometry

documenting nasal particle deposition in the inertial regime by
in vivo [7,8] as well as in vitro [3,4,9] methods. From these
studies, deposition efficiencies were correlated with an inertial
parameter that is a function of the flow rate, particle diameter
and density. However, these studies investigated the natural in-
halation of suspended particles from the surrounding air which
was drawn into the nasal cavity through an extended pipe con-
nected to the nares.

Nasal particle deposition delivered by a spray device was
performed by Cheng et al. [10] using a multi-sectional nasal
airway replica model and found deposition patterns from four
different nasal spray pumps. The results showed the particles
deposited mainly in the anterior and turbinate regions and that
deposition in the anterior region increased with an increase in
spray cone angles and larger particles. Suman et al. [11] investi-
gated deposition patterns in relation to in vitro measurements of
two different nasal spray pumps having different performance
characteristics. It was found that spray characteristics, such as
spray angle and plume geometry, did not affect the distribution
of droplets in the nose. The discrepancy between the two cor-
relations may be attributed to numerous variations that exist in
nasal spray applications that are hard to quantify experimen-
tally (Table 1). Furthermore, in vivo methods are not able to
provide precise and detailed information regarding initial par-
ticle conditions and its relationship to the specific deposition
site within the nasal passage.

An alternative approach to complement in vivo obtained data
that lack precise details is to use computational techniques
such as computational fluid dynamics (CFD). With the in-
crease in computing power coupled with advances in numerical
algorithms, CFD techniques have readily been used to exam-
ine critical information, such as the air velocity profile [12,13],
particle trajectories and localised deposition sites [14,15]. How-
ever, these past studies focussed on the inhalation of suspended
particles in the air. Therefore, this study aimed to investigate
the capabilities and techniques of CFD to examine the effects
of relevant spray device parameters, which were determined
experimentally. Additionally, the influence that the spray pa-
rameters had on the deposition of particles within the nasal
cavity was predicted and discussed. The scope of the exper-
imental work solely aimed at providing a qualitative insight
to determine what parameters exist in the atomisation of drug
formulations from a nasal spray device; thus, a full quantita-
tive analysis of the spray dynamics was left for a future report.
The preliminary results were used to provide numerical initial

boundary conditions for the inlet-sprayed particles and it is ex-
pected that these results will assist in future for a fully deter-
ministic understanding of nasal spray atomisation. Moreover,
the final computational results may be used to complement cur-
rent data relating to nasal spray performance to assist the phar-
maceutical industry in the design of an optimised nasal spray
device.

2. Experimental and numerical methods

2.1. Experimental apparatus

The experimental setup employed for this study is shown
in Fig. 1 which includes a test chamber, a pressurised water
supply system, a liquid collection system and a visualization
system. The test chamber was constructed of clear perspex box
enclosing the spray nozzle that pointed downwards. Water was
stored in a pressure tank and was fitted with a pressure line
that had an allowable maximum operating pressure of 600 kPa
at one end and a pressure regulator fitted at the outlet end. The
maximum pressure was applied at the upstream and a pressure
regulator was used to monitor a constant pressure in the system.
The pressure at the spray nozzle would be slightly smaller than
the reading at the regulator due to head losses; however, this
was not significant as the primary aim was to obtain qualitative
images.

Two visualization systems were employed: (i) a parti-
cle/droplet image analyser (PDIA) which enables detailed
imaging of the spray and the formation of droplets and
(ii) particle image velocimetry (PIV) which will provide
an approximate velocity field. An ILA 2D PIV system was
used, consisting of a SensiCam 12-bit digital CCD camera
(1280 × 1024 pixels), which was synchronised with a New
Wave 120 mJ double-cavity Nd:YAG Laser. In the PIV mea-
surement, 800 pairs of successive images were taken at the
laser repetition rate of 4 Hz. Hence, a mean velocity flow
pattern was obtained by statistically averaging 800 successive
instantaneous velocity vector maps over approximately 3 min.

For capturing of the spray, an Oxford Laser PDIA system
was used. The CCD camera was situated approximately 10 cm
from the test chamber which was dependent on the cam-
era focal length. A long distance microscope lens provided
a magnification of 2.46, offering a resolution of approxi-
mately 3.01 �m/pixel. Thus, each image, at 1280 × 1024
pixel resolution, was only able to capture a physical region of
3.85 mm × 3.08 mm. The camera was mounted on a traversing
unit which allowed precise movements in all three coordinates
to reposition the camera in order to capture the spray in full.
A constant upstream pressure of 600 kPa was applied and the
water was released through a pressure regulator valve and
allowed to reach steady conditions before the images were
taken. A single run was limited to approximately 3 min in
order to avoid pressure variations associated with a decreas-
ing liquid volume within the pressure tank. The spray nozzle
used in this study was a nasal spray device kindly provided by
Saint-Gobain/Calmar, Product Number 43110-016.
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Fig. 1. Schematic of the experimental setup for spray visualization.

2.2. Nasal cavity geometry and grid generation

A nasal cavity geometry was obtained through a computed
tomography (CT) scan of the nose of a healthy 25-year-old,
Asian male (170 cm height, 75 kg mass). The reconstruction of
the nasal cavity for the study of airflow and particle deposition
in the literature has traditionally been performed using CT scans
[14,16–19]. CT scans are useful as they have the ability to
visualise bone structure directly which MRI scans do not do
well. However, MRI scans are also used as they are better for
imaging mucosal structures that are important factors in nasal
patency and volume [20,21]. The CT scan was performed using
a CTI whole body scanner (General Electric). The single-matrix
scanner was used in helical mode with 1-mm collimation, a 40-
cm field of view, 120 kV peak and 200 mA. The scans captured
outlined slices in the X–Y plane at different positions along the
Z-axis from the entrance of the nasal cavity to just anterior of the
larynx at intervals of 1–5 mm depending on the complexity of
the anatomy. The coronal-sectioned scans were imported into a
3D modelling program called GAMBIT which created smooth
curves that connected points on the coronal sections. Surfaces
were then created and stitched up to create a computational
mesh. An initial model with 82,000 cells was created initially
and used to solve the airflow field at a flow rate of 10 L/min. The
original model was refined by cell adaptation techniques that

included refining large volume cells that displayed high velocity
gradients and near wall refinements. This process was repeated
twice, with each repeat producing a model with a higher cell
count than the previous model. Subsequently, four models were
produced: 82,000, 586,000, 950,000 and 1.44 million cells. A
model containing 950,000 cells is shown in Fig. 2 with three
coronary slices showing the internal mesh with a dense region
near the walls. A grid independence test found the results for
average velocity taken along lines A and B converge around
950,000 cells (Fig. 3).

2.3. Gas phase modelling

Due to the complex geometry of the anatomically real
nasal cavity a commercial CFD code, FLUENT was utilised
to predict the continuum gas phase flow under steady-state
conditions through solutions of the conservation equations of
mass and momentum. These equations were discretised using
the finite volume approach. The third-order accurate QUICK
scheme was used to approximate the momentum equation
while the pressure–velocity coupling was realized through
the SIMPLE method. Flow rates of 5, 7.5, 10 and 15 L/min
were used to simulate the range of adult breathing under a
resting condition. At a flow rate of 15 L/min it was first deter-
mined by Swift and Proctor [22] that a laminar flow regime
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Line B – right cavity Line A – left cavity 

Fig. 2. Mesh resolution for 950,000 cell model. Three coronary sections aree displayed and lines A and B are taken in the spanwise direction at the nasal
valve region.

0

0.5

1

1.5

2

2.5

-0.01
Distance From Centre

V
el

oc
ity

 M
ag

ni
tu

de
 (m

/s
)

82000 cells 586000 cells 950000 cells 1.44mil cells

Line A - left cavity Line B – right cavity

-0.006 -0.002 0.002 0.006 0.01

Fig. 3. Grid independence test based on a velocity profile taken at the contracting nasal valve region of both cavities.

persisted through the main nasal passage while for a flow rate
of 25 L/min a transition to turbulence occurred downstream
of the nasal valve. Hahn et al. [23] using PIV measurements
on a scaled-up model reported a predominantly laminar flow
for a breathing rate of 15 L/min while a flow rate of 33 L/min
was considered moderately turbulent. The nature of the flow
is often characterised by the dimensionless value called the
Reynolds number (Re), which is the ratio of inertia to viscous

forces:

Re = �guD

�g
(1)

where �g =gas density, �g =gas viscosity, U =gas velocity and
L = a characteristic length. Taking the inlet nostril diameter as
the characteristic length the calculated Re for the nasal cavity
at 15 L/min is 1000 while for straight internal pipe flows a
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laminar flow regime exists for Re < 2000. The nasal cavity
with its convoluted narrow passageways will always exhibit
disruptions to the flow causing regions that exhibit turbulent
flow characteristics such as flow separation and recirculation
despite the low velocities. The strength and the significance of
these disruptions to the overall flow field are dampened as the
velocity decreases allowing the fluid viscosity to dominate. This
study considered the multiphase (gas and particle) flow to be in
a laminar flow regime similar to past simulations which have
successfully implemented a laminar flow for similar airflow
rates [13,14,24,25]. This was deemed appropriate as the flow
disturbances occurring within the passageways will have a small
effect on the overall flow field due to the low velocities being
dampened by viscous forces.

A steady flow rather than a cyclic unsteady flow was used
in this case to allow the results to emphasize the airflow dy-
namics and patterns independent from cyclic conditions. More-
over, the significance of the fluctuating sinusoidal pattern of the
inhalation–exhalation breathing cycle on the nasal airflow can
be estimated by examining the Womersley number, �, and the
Strouhal number, S. The calculated Womersley number

� = D

2

√
�

�g
(2)

was 1.68 while the Strouhal number

S = �D

uave
(3)

was 0.01. D is equal to 0.01 m and is the characteristic length
which was taken as the average hydraulic diameter of 30 cross-
sections taken throughout the nasal cavity. �g is the kinematic
viscosity of air and � is the breathing frequency equal to � =
2�f = 1.57/s and uave is the average velocity through the
nasal passage under the flow rate of 15 L/min which is equal
to 0.9 m/s. Although the Womersley number is greater than 1,
it is not much greater; while the low value for S suggests that
the flow may be assumed to be quasi-steady. It has, however,
been shown experimentally that the oscillatory effects are not
present until ��4 [16]. Additionally, other studies have also
concluded that under most conditions especially low flow rates,
the nasal airflow can be considered quasi-steady [23,26,27].
The steady-state continuity and momentum equations for the
gas phase (air) in Cartesian tensor notation are
�

�xi

(�gu
g
i ) = 0 (4)

�gu
g
j

�u
g
i

�xj

= −�pg

�xi

+ �

�xj

(
�g

�u
g
i

�xj

)
(5)

where u
g
i is the ith component of the time-averaged velocity

vector and �g is the air density.

2.4. Particle phase modelling

A Lagrangian particle tracking method is used to trace the
dispersion of particles about the trajectory. The Lagrangian
scheme is most popular in engineering applications for the pre-
diction of particle flows because of its ability to track particles

individually. Trajectories of individual particles can be tracked
by integrating the force balance equations on the particle:

dup

dt
= FD(ug − up) + g(�p − �g)

�p
(6)

where up is the particle velocity and �p is the particle density. It
is noted that the gravity term ‘g’ was taken as −9.81 m/s2 taken
in the Y-axis and hence is applicable for an upright position.

Additional source terms for the particle equation such as
Brownian force and Saffman lift force are not included as the
particles concerned are substantially greater than submicron
particles that are influenced by their mean free path. Addition-
ally, the particles are far denser than air, causing terms that de-
pend on the density ratio, such as the pressure force, buoyancy
force, virtual mass effect and Basset force, to be very small
[28]. The drag force per unit particle mass is FD(u

g
i − u

p
i ) and

FD is given by

FD = 18�g

�pd
2
p

CDRep

24
(7)

where dp is the particle volume equivalent diameter. up presents
the particle velocity. �g is the molecular viscosity of the fluid.
Rep is the particle Reynolds number, which is defined as

Rep ≡ �pdp|up − ug|
�g

(8)

2.5. Boundary conditions and assumptions

Although the atomisation of the drug formulation in a
nasal spray produces a particle size distribution, mono-sized
particles were used in this study to investigate the effects of
particle size which is a dominant parameter when dealing
deposition by inertial impaction. Two particle sizes were in-
vestigated, 10 �m for its low Stokes number characteristics
and 50 �m which is typical of the mean particle size produced
from nasal sprays [10]. Other approximations include isother-
mal flow and smooth, rigid, aerodynamic walls, which have
been found to be sufficient [3] for parametrical studies. The
wall boundary condition for the particles was set to ‘trap’,
meaning that once the particle hits the wall it is trapped there
and the effects of accretion and erosion of particles at the walls
are not considered. A dilute void fraction for the spray was
utilised; thus, one-way coupling was enabled and each particle
was tracked individually and no particle–particle interactions,
such as collisions and break-up that are more relevant to larger
particles, occur.

3. Results and discussion

3.1. Spray characterisation

Fig. 4 shows two images of the spray that include (a) a
single image at the near-nozzle region and (b) a portrait of the
spray from the merging of all single images taken at different
areas of the spray. It was observed that the pressure induced
by the nasal spray actuation caused the liquid to emerge form
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Fig. 4. (a) Single image at the near-nozzle region showing a swirling hollow sheet of liquid. (b) Collated image from the individual single images to create
the entire spray field.

the orifice under the action of both radial and axial forces.
A swirling thinning sheet of liquid was formed which was
unstable, breaking up into ligaments before forming particles at
a distance, called the break-up length, from the nozzle (Fig. 4b).
A hollow spray cone was produced at the break-up length with
the majority of particles located at the periphery of the hollow
cone. This atomisation process is typically found through the
use of pressure-swirl-type atomisers that are contained within
the spray nozzle. Theory of pressure-swirl atomisation has been
studied extensively for the last century with the vast majority of
literature focussed on high pressure applications, such as fuel
injectors found in the automotive industry. Although little has
been researched on nasal spray applications it is evident that
the key parameters that may influence nasal drug deposition
are nozzle diameter, spray cone angle, swirl effects and break-
up length. The diameter at the break-up length is important in
terms of particle initialisation in the computational model as the
particles need to be defined at the break-up length rather than at
a point source at the nozzle exit. This can be approximated by

dbul = 2(dn + Lbu tan �) (9)

where dbul is the diameter at the break-up length, � is the half
angle between the spray sheet and the spray centreline (Fig. 4a),
Lbu is the break-up length and dn is the nozzle diameter. How-
ever, this linear approximation does not take into account any
momentum losses during the entire spray penetration and gives
an over-prediction of the diameter as Lbu is further downstream.
Because of sensitive information regarding corporate patents
over the design of nasal spray devices, detailed information is
not attainable to quantify some of the design parameters such as
the nozzle diameter, pressure-swirl chambers and cone angles.
By applying the camera magnification ratio 1 pixel: 3 �m to
the images, and using imaging analysis software (Adobe Pho-
toshop CS) measurements for the cone angle, nozzle diameter
and break-up length were ascertained and are summarised in
Table 2.

The 2D velocity field produced by the PIV system found that
the exit velocity from the nozzle was approximately 15 m/s. The

Table 2
Spray device parameters for investigation

Measured parameters Value

Nozzle diameter ≈ 0.5 mm
Diameter at break-up length ≈ 4 mm
Spray cone angle ≈ 30◦
Initial particle velocity ≈ 15 m/s
Break-up length ≈ 3.5 mm

maximum velocity reached 17 m/s in the region around 0.1 m
downstream. It should be noted that this value is a consequence
of a continuous spray which induces a continuous momentum
force applied to the bulk spray flow caused by the upstream
pressure. For nasal spray applications where the upstream pres-
sure is applied in a short instance, the continuous momentum
does not exist. The development of the spray is therefore an
unsteady characteristic which is beyond the scope of this inves-
tigation. The initial velocity however is more applicable as the
atomisation near the nozzle is the same for a continuous spray
as it is for a pulsed spray. This is due to the atomisation depen-
dence on the hydraulics of the flow within the atomiser, which
governs the emerging liquid stream and the final disintegration
into droplets.

These measured values along with the observed images from
Fig. 4 enabled confidence in determining the appropriate pa-
rameters and setting a corresponding range of realistic values.
The chosen parameters were the swirl fraction, particle size,
spray cone angle and the spray diameter at break-up length as
summarised in Table 3. The swirl fraction parameter was in-
cluded as the amount of swirl exerted onto the particles can be
controlled by the internal swirl chamber design of a pressure-
swirl atomiser [29]. The swirl fraction sets the fraction of the
velocity magnitude to go into the swirling component of the
flow where the direction of the swirl component is defined us-
ing the right-hand rule about the axis (a negative value for the
swirl fraction can be used to reverse the swirl direction).

The spray cone angle defines the degree of dispersion of the
spray into the airway. Studies have shown that the spray angle
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Table 3
Spray device parameters for investigation

Parameter for investigation Values

Swirl fraction 0.1 0.5 0.9

Particle size 10 �m 20 �m

Spray cone angle 20◦ 60◦

Spray diameter at break-up length 2 mm 4 mm

is influence by the nozzle dimensions, upstream pressure, liquid
properties and the density of the medium into which the liquid
is sprayed [30,31]. Its effect on particle deposition has been
previously discussed by the authors in [2] where it was found
that a wider spray cone angle dispersed more particles further
towards the walls. This increases deposition of smaller particles
as the particles are projected into streamlines that exist closer
to the walls. For the numerical simulation, mono-sized particles
were released as a hollow spray cone from the centre location
of the each nostril. The spray cone angle was fixed at 40◦ and
the distance of the release location from the nostril inlet was
approximately 3 mm which assumes that the nasal spray device
is actuated at the inlet. Different locations as well as different
insertion angles and spray cone angles have previously been
discussed by the authors in [2] and this variable was made
constant by using the one location with a vertical insertion
orientation.

3.2. Validation by particle deposition efficiency

In particle deposition studies, the Stokes number (St)
given by

St = �pd
2
p

18�g

U

D
(10)

is a ratio of the relaxation time

	 = �pd
2
p

18�g
(11)

to the particle’s characteristic time D/U , where U is the air
phase system characteristic velocity normally taken as the air
phase inlet value and D is the characteristic length. The Stokes
number is a measure of the influence of the inertial effects
during a particle’s trajectory. However, its application to nasal
cavity geometries does not give a fair representation as the
characteristic length, D, and flow rate changes dynamically
due to sharp changes in the nasal cavity geometry. Another
parameter used for normalizing impaction-dominant deposition
studies is the inertial parameter, I , given by

I = Qd2
ae (12)

where Q is the airflow rate. It is a convenient parameter that
compares deposition against different flow rates and particle
sizes at aerodynamic diameters, although it also has drawbacks
in its use of a constant flow rate which does not take into
account the airway geometry. Despite its drawbacks it is widely
used for presenting particle deposition efficiencies, especially
for in vivo data, where it is difficult to determine an adequate
characteristic length for realistic human airways.
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Monodispersed particles in the range of 1.30 �m were re-
leased passively into the nasal cavity with flow rates of 5, 7.5,
10 and 15 L/min. The deposition of particles as a function of the
inertial parameter is shown in Fig. 5 which displays the char-
acteristic curve associated with inertial deposition. The results
from the simulation are compared with the empirical equation


 = 1 − exp(−(5.86E − 0.5 · d2
aeQ)2.1892) (13)

obtained by Kelly et al. [3] experimental studies using a nasal
replica dubbed the Viper model. Differences in deposition may
be attributed to the inter-subject variability between the nasal
cavity models obtained by Kelly et al. [3] (53-year-old Cau-
casian male) with the model used in the present study (25-
year-old Asian male), while Häußerman et al. [32] also states
that nasal cavity replicate casts with wider airways can cause
less deposition due to secondary flow. Furthermore, Kelly et
al. [3] points out that differences in comparison of particle
inertial deposition with different models can be explained by
inertial impaction considerations. For d2

aeQ values less than
2000 �m2 cm3/s particles have a short relaxation time, which
allows the particles to adjust to flow streamlines and hence the
effect of different geometries is less significant. Accordingly,
the comparison between the deposition curve of the CFD sim-
ulation and the experimental data [12] is fairly similar. As the
value of d2

aeQ increases the particles relaxation time increases
and the particles are more likely to continue a linear trajec-
tory that deviates from a curving streamline. The differences
in geometries that cause curvatures in streamlines are therefore
significant for larger inertial particles (Fig. 6).

3.3. Velocity flow field

The flow field in the right nasal cavity was investigated at a
flow rate of 10 L/min. Streamlines passing through four cross-
sections labelled from A.A′ through to D.D′ alphabetically
within the nasal cavity are shown in Fig. 7a. Air enters the
nostril inlet at a velocity of 1 m/s before encountering a 90◦
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Fig. 7. Airflow streamlines passing through velocity contours taken at different coronal sections in the right nasal cavity.

curve. The air then accelerates as it squeezes through a nar-
rowing region called the nasal valve and a maximum velocity
of 2.18 m/s is reached in this region (Section A.A′). This ac-
celeration and high velocity region will enhance a particles’
impactability. Beyond the nasal valve the nasal airway expands
and the air experiences a large deceleration. Regions of recir-
culation are found in the upper regions of the cavity known as
the olfactory region. The streamlines separate into three main
regions of flow with the majority passing through the middle
airway and along the floor of the airway in the septum side of
the nasal cavity. A smaller proportion of air passes through the
upper region of the airway (Section C.C′). This division of
air after the nasal valve expansion is also seen in Hahn et al.
[23] where it was found that ≈ 50% of the inspired air flowed
through the combined middle and inferior airway while ≈ 14%
through the upper olfactory region. Similarly, simulations by
Zamankhan et al. [14] and Subramanian et al. [25] also noted
similar flow paths as well as regions of recirculation. At the
nasopharynx (Section D.D′) the left and right cavities have
merged into one enlarged conduit where the airflow from both
cavities merge and intense mixing occurs.

3.4. Swirl fraction (�)

The swirl fraction sets the fraction of the velocity magni-
tude to go into the swirling component of the flow; thus, a
higher fraction will produce a greater tangential velocity com-
ponent. This increases the time taken to travel a given axial
distance as the particle is swirling more and its residence time
is longer. Additionally, the induced drag from the cross-flow
of air helps to reduce the initially high momentum of the par-
ticle and the chances of particles travelling through the frontal
regions of the nasal cavity increases. Fig. 8 shows high deposi-
tion of particles occurring in the frontal regions (Regions 1–3).
The amount of swirl has a different effect for the two different
particle sizes. For 10 �m particles with �=0.9 deposition in the
frontal zones increases, while for �=0.5, a higher percentage of
particles escape. Conversely for 20 �m particles, an increase in
the swirl fraction decreases the deposition in the frontal zones.
Some deposition in the middle zones occurs and 2.2% escape
when �=0.9. The reason for these localised deposition patterns
can be better understood by observing the particle trajectories
(Fig. 9). It is known that larger particles that possess high inertia
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Fig. 8. Particle deposition within different sections of the nasal cavity. Sections 1–3 are the frontal region, Sections 4–7 are the middle region and Sections
8–10 are the posterior region.

(i.e. Stokes number characteristics) need to be aligned with the
flow streamlines to avoid impaction. This implies that the par-
ticles need to be projected at a clear unobstructed path in the
nasal airway rather than be projected at walls.

When � → 0, the velocity magnitude is entirely composed
of an axial velocity, which projects the particles vertically. High
inertia particles are projected directly at the roof of the nasal
vestibule and do not have enough time to slow down, let alone
adapt to the gas phase streamlines. However, smaller inertia
particles can adapt to the flow streamlines more readily. One
idea to overcome this was discussed by Inthavong et al. [2]
which was to insert the nasal spray at an angle (insertion angle)
that would provide such alignments with the flow streamlines.
However, this technique is dependent on the user upon the
application of the nasal spray device as well as the precise
location of the nozzle.

When � → 1, the velocity magnitude is entirely composed of
a tangential velocity and the particles are projected at a perpen-
dicular direction to the nasal spray insertion angle. For 10 �m
particles, deposition increases in the frontal zones as more par-
ticles are pushed towards the wall. For 20 �m particles this is
also the case; however, instead of impaction into the upper roof
when � = 0.1, impaction is on the side walls. The horizontal
projection of a small proportion of particles is then enhanced
by the gas phase velocity which carries the particles along the
floor of the nasal cavity. Without any obstructions to the flow,
the particles are transported through to the nasopharynx area.
A small increase in deposition within the middle and ante-
rior regions is observed. At the nasopharynx, the flow changes

direction at 90◦ which acts as another filter to capture high in-
ertia particles that impact at the back. Although a swirl frac-
tion of 1 is extreme and difficult to create within the atomiser
design, its use in the present investigation provides a deeper
understanding of the effects of the swirl fraction. The particle
trajectories demonstrate that the swirling motion decreases the
particles’ initially high inertia due to the difference in the air
and particle velocities.

3.5. Spray diameter at break-up length

The diameter of the spray cone at the break-up length can
be controlled by the design of the atomiser. For example, the
spray formation having a shorter/longer break-up length would
produce a smaller/larger diameter at break-up. Additionally, the
design of the nozzle diameter and spray cone angle produced
from the nozzle has an effect on the spray diameter at break-
up. For 10 �m particles, a larger diameter is shown to increase
deposition in the frontal sections (Fig. 9a). As a result deposi-
tion in the middle and sections decreases as well as the number
of particles escaping which is brought about by the initialized
particles existing closer to the walls. This effect is similar to
the spray cone angle effects where particles are projected out-
wards. Therefore, a design that couples a wide spray cone an-
gle with a large spray diameter at break-up would bring about
high frontal deposition. For 20 �m particles, the high inertial
properties of the particle dominate the effect of the diameter at
the break-up length and negligible change occurs (Fig. 10b).
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Fig. 9. Particle trajectories for 10 and 20 �m particles at different swirl fractions.

3.6. Implications for nasal drug delivery

The results from this study were aimed at gaining a greater
insight into what parameters are important in the design of nasal
drug delivery devices. The results revealed high deposition oc-
curring in the frontal regions of the nasal cavity. It is well recog-
nized that one of the functions of the nose is to filter out foreign
particulates during inhalation, which was mainly thought to be
attributed to cilia (nasal hairs) movement within the nose. How-
ever, the filtering function also extends to the airway geometry
at multiple locations in the nasal cavity. In the frontal sec-
tions, Regions 1 and 2, the flow experiences a curvature in the

streamlines which acts similar to inertial impactors that filter
out high inertial, large particles. Another filter is the contrac-
tion of the nasal airway into the smallest cross-sectional area;
the nasal valve region where particles are accelerated increas-
ing their inertial property. Finally, another 90◦ bend exists at
the nasopharynx which acts as a final filter before particles en-
ter the lower airways. This may be one explanation for why pa-
tients experience an undesirable ‘taste’ after taking drugs via the
nasal cavity after patients continually sniff the drug further in.

The filtering curvature in the frontal sections along with the
constricting nasal valve region is most significant for therapeu-
tic drug delivery as it prohibits larger particles to penetrate into
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Fig. 10. (a) Regional deposition of 10 �m particles released at different spray cone diameters. (b) Regional deposition of 20 �m particles released at different
spray cone diameters.

the middle cavity region for deposition onto the highly vascu-
larised mucosal walls. One possible solution is to instruct users
to insert the spray deeper or to develop spray devices that will
naturally be inserted deeper with particles being released be-
yond the frontal curvature. The swirl fraction was used to cre-
ate a vortical flow for the particles. It was found that high swirl
fractions cause the particles to travel tangentially and that the
spray penetration in the axial distance is very flat. This altered
the particle trajectories since the particles reach equilibrium
with the airflow field in different locations and hence differ-
ent flow streamlines, which produces different local deposition
sites. This effect is significant for 10 and 20 �m particles that

exhibit low and high inertial particles. In practical terms, such
an extreme swirl fraction may not be possible without the pro-
duction of a wide spray cone angle in the design of the internal
spray and optimisation studies would be required in the design
process.

4. Conclusion

This study obtained experimental images of a continuous
spray formation from a nasal spray device in order to determine
which parameters were important for studies into the design of
effective nasal drug delivery devices. It was found that there
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Table 4
Particle deposition in different regions of nasal cavity

Particle
(�m)

Swirl
fraction

Front
(%)

Middle
(%)

Anterior
(%)

Escape
(%)

10 0.1 53.8 3.6 3.8 38.8
0.5 51.2 3.1 0.2 45.6
0.9 63.2 0.6 0.2 36.0

20 0.1 100.0 0.0 0.0 0.0
0.5 98.3 1.7 0.0 0.0
0.9 93.8 3.1 0.9 2.2

was a break-up length from the nozzle which is caused by the
internal atomiser of the nasal spray. Particles were formed at
this break-up length at a cone diameter greater than the spray
nozzle diameter. It was found that a larger diameter at the break-
up length led to an increase in particle deposition in the frontal
sections of the nasal cavity (Table 4). The swirl fraction deter-
mined how much of the velocity magnitude went into a tan-
gential component. The effect of the swirl fraction differed for
10 and 20 �m particles since the particles were severely altered
by the swirl fraction and hence local deposition sites are al-
tered. By combining a swirling component along with a narrow
spray into the main streamlines, greater penetration of larger
particles into the nasal cavity may be possible. Therefore, the
results from this qualitative study aimed to assist the pharma-
ceutical industry to improve and help guide the design of nasal
spray devices such as the manipulation of the swirl fraction
parameter which will impart vortical flow on the particles.

5. Summary

This study obtained experimental images of a continuous
spray formation from a nasal spray device in order to determine
what parameters were important for studies into the design of
effective nasal drug delivery devices. An experimental test rig
complete with PIV and PDIA laser visualisation systems was
constructed to identify what parameters were pertinent to nasal
spray applications. Experimental images of particle formation
from a nasal spray device were taken to determine critical pa-
rameters for the study and design of effective nasal drug de-
livery devices. The external parameters that were found to be
significant for nasal spray drug delivery were: particle size, di-
ameter of spray cone at a break-up length and a spray cone
angle. The establishment of these parameters through imaging
analysis allowed appropriate values to be ascertained which
were then transposed into initial particle boundary conditions
for numerical analysis.

The computational fluid dynamics Eulerian–Lagrangian
scheme was utilized to track mono-dispersed particles (10 and
20 �m) at a breathing rate of 10 L/min. One parameter, the
break-up length from the nozzle which is caused by the inter-
nal atomiser of the nasal spray, showed that the particles were
formed at this break-up length at a cone diameter greater than
the spray nozzle diameter rather than from a point source. It
was found that a larger diameter at the break-up length led

to an increase in particle deposition in the frontal sections of
the nasal cavity. The swirl fraction determined how much of
the velocity magnitude went into a tangential component. The
effect of the swirl fraction differed for 10 and 20 �m particles
since the particles were severely altered by the swirl fraction
and hence local deposition sites are altered. By combining a
swirling component along with a narrow spray into the main
streamlines, greater penetration of larger particles into the nasal
cavity may be possible. Therefore, the swirl fraction parameter
presents an opportunity for design engineers to come up with
novel designs that will impart vortical flow on the particles.
The results from this study aimed at providing an insight to
assist the pharmaceutical industry to improve and help guide
the design of nasal spray devices.
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