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Particle depositional studies from nasal sprays are important for
efficient drug delivery. The main influences on deposition involve
the nasal cavity geometry and the nasal spray device of which its
parameters are controlled by the product design. It is known that
larger particle sizes (�10 µm) at a flow rate of 333 ml/s impact
in the anterior portion of the nose, leaving a significant portion of
the nasal cavity unexposed to the drugs. Studies have found corre-
lations for the spray cone angles and particle sizes with deposition
efficiencies. This study extends these ideas to incorporate other pa-
rameters such as the insertion angle of the nasal spray and the
injected particle velocity to observe its effect on deposition. A nu-
merical method utilizing a particle tracking procedure found that
the most important parameter was the particle’s Stokes number
which affected all other parameters on the deposition efficiency.

INTRODUCTION
Nasal drug delivery is a popular way to treat respiratory ail-

ments such as congestion and allergies. It has become an alter-
native to oral and injection routes of delivering systemic drugs
for a variety of diseases and its advantages have been well doc-
umented (Hinchcliffe and Illum 1999; Djupesland et al. 2003).
Information regarding particle deposition within the nasal cav-
ity can be used for effective design of a nasal sprayer device to
deliver drugs to specific targeted sites. Various studies adopting
human subjects or nasal cavity replicas have found relationships
for particle deposition efficiencies with nasal spray parameters,
such as spray cone angle and the particle size distribution pro-
duced (Cheng et al. 2001; Suman et al. 1999; Cheng et al. 1996).
However in-vivo and nasal cavity replica methods used, limit the
scope of studies due to their tendency to be intrusive, time con-
suming and expensive in implementation. Numerical analysis
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allows a wider range of studies (e.g., repeatability and accuracy
of a nasal spray injection released from the same location) that
is based on advancements in computational models employing
Computational Fluid Dynamics (CFD) techniques (Hörschler
et al. 2003; Yu et al. 1998; Keyhani et al. 1995). The main ad-
vantages include the graphical representation of results such as
local particle deposition sites, particle and air flow path, velocity
contours and vectors at any location. However one disadvantage
of CFD is the reliability of results, which is dependent on the cor-
rect mathematical formulation for the process under simulation,
i.e., the more realistic boundary conditions imposed along with
greater degree of accuracy in the numerical algorithms of the sys-
tem of equations, the more precise the solution will be. Further-
more, there is no single turbulence model that can reliably predict
all turbulent flows found in practical applications with sufficient
accuracy, thus more efforts are still required to improve this CFD
aspect.

Spray particle deposition is determined by several parame-
ters: (1) gas phase flow field such as velocity and turbulence
effects; (2) deposition mechanisms involving the interaction be-
tween particles and its continuum; (3) particle material proper-
ties and initial spray conditions such as particle density, size,
and spray cone angle.

Firstly, knowledge of the flow field allows the prediction of
particle deposition which is determined by the complex geome-
try of the nasal cavity. Kelly et al. (2000) presents detailed flow
patterns within a replica cast of a human nasal cavity. It was
found that a small standing eddy was formed in the olfactory re-
gions, low flow occurred in the turbinate regions and the highest
velocities were reached along the floor of the nasal cavity and at
the nasal valve where the cross-sectional area is smallest. This
confirmed with Keyhani et al.’s (1995) numerical simulation
of airflow in the human nasal cavity. Furthermore, Kublik and
Vidgren (1998) point out that due to sudden changes in geome-
try, turbulence production is enhanced, causing high deposition
to occur at the nasal valve and at the atrium.

Secondly, particle depositional studies also involve the inter-
action of particles with its continuum. Lippman et al. (1980)
discusses three main mechanisms for deposition of inhaled
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SPRAY PARTICLE DEPOSITION IN HUMAN NASAL CAVITY 1035

drug particles: inertial impaction, gravitational sedimentation,
and Brownian diffusion. Particles in the sub-micron range
will deposit by Brownian diffusion (Gonda and Gipps 1990),
whilst inertial impaction is the dominant mechanism for par-
ticles larger than 1 µm. Where the probability of inertial
impaction,

I = Qd2
p [1]

is a function of the aerodynamic diameter and air stream ve-
locity, (Kublik and Vidgren 1998). Further studies from Kelly
et al. (2004) and Eck et al. (2000) show high deposition efficien-
cies (>95%) for inertial parameter values greater than 3 × 104

µm2cm3/s.
Finally, the nasal spray device initializes the drug delivery

process setting the particle’s initial conditions. Recent studies
have measured spray characteristics, such as particle size and
spray cone angle (Suman et al. 2002; Dayal et al. 2004; Eck
et al. 2000). A nasal spray produces drug particles in the range
of 5 µm up to 200 µm with a mean of 45–65 µm and spray cone
angles ranging from narrow sprays at 35◦ to wide sprays at 70◦.
Newman et al. (1998) found that an increase in spray cone angle
from 35◦ to 60◦ showed a reduction in size of the deposition area
as less of the spray was able to penetrate the narrow nasal valve.
Cheng et al. (2001) found that deposition in the anterior region
increased with an increase in cone angles. In contrast, Suman
et al. (2002) found that there wasn’t a significant difference in
deposition patterns with respect to spray cone angles. It is argued
that the changes in spray angle is unlikely to alter the distribution
of droplets in the nose due to the narrow passageway of the
nasal valve, compared with the spray plumes which are ten times
greater. Thus the emitted plumes never have the opportunity to
freely develop in the nasal cavity as they would in an unconfined
space.

The differences in arguments stem from the numerous vari-
ations that exist in studying nasal spray deposition efficiencies
(Tu et al. 2004). Moreover, the effects of the insertion angle
of the spray device, the location of the insertion and the ini-
tial particle velocity were not discussed. It is the aim of this
study to examine these parameters and the influence it has on
the deposition of particles in the nasal cavity by numerical
analysis.

GEOMETRY AND NUMERICAL METHODS

Nasal Cavity Geometry Construction
A nasal geometry was obtained through a computed tomog-

raphy (CT) scan of the nose of a healthy 25 year old, healthy
non-smoking Asian male (170 cm height, 75 kg mass). The
constructed geometrical model of a human nasal cavity was
created using the solid modelling tool GAMBIT. Slices of the
three-dimensional CT image were taken at different positions
from the entrance of the nasal cavity to just anterior of the
larynx. The image analysis data consisted of xyz coordinates

FIG. 1. Nasal cavity models of different mesh resolutions, 82,000, 286,000,
586,000 and 822,000 cells.

of airway perimeters for cross-sections spaced at intervals of
1 to 5 mm depending on the complexity of the anatomy. A
computational mesh was generated enveloping the anatomi-
cal geometry, which was used to simulate the airflow. The
mesh generation step presented the most labor-intensive part
of the simulation process because of the requirement of mesh-
ing the intricate surface topology of the airway geometry. A
denser mesh distribution was concentrated near the surface
boundaries in regions where relatively large velocity gradients
exist.

A preliminary model was created with a mesh cell count of
82,000. This coarse mesh underwent enhancement techniques to
address quality criteria such as cell skewness, y+ wall boundary
conditions and cell-to-cell volume change. Three further models
were created, each retaining the same geometry but differing in
their mesh sizes (286,000 cells, 586,000 cells, and 822,000 cells)
for computation to check for grid independency through conver-
gence of results. Figure 1 shows the resolution of the original
coarse mesh (82,000 cells) and compares it with the enhanced
models. An additional frontal view (looking into subject’s face)
of a coronal section, close to the beginning of the turbinate region
is included.

It is known that the accuracy of results increase for finer
mesh, however at higher computational costs. A grid inde-
pendence test, allows for the optimum mesh grid size to be
determined. The Navier-Stokes equations for the gas phase
were solved at 20 L/min and a velocity profile near the con-
stricting nasal valve area was undertaken for each model and
compared. Figure 2 shows the velocity profile converge at a
mesh resolution of 586,000 cells and a further increase to
822,000 cells shows no further improvement. Therefore the
nasal cavity model with 586,000 cells is used for further
analysis.
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1036 K. INTHAVONG ET AL.

FIG. 2. Velocity profiles of a coronal section near the nasal valve region for
the four different nasal cavity models. The profile is taken along the line shown
on the coronal section.

Numerical Methods
A generic CFD commercial code, FLUENT 6.1.2, was used to

predict the flow field of the continuum gas phase under steady-
state conditions by solving the full Navier-Stokes equations.
These equations were discretized using the finite volume ap-
proach. The QUICK scheme was used to approximate the mo-
mentum equation while the pressure-velocity coupling was re-
alized through the SIMPLE method. The presence of turbulent
flow has been confirmed in the human nasal cavity where the flow
velocity can reach as high as 22 m/s (Tu et al. 2004). Additionally
turbulent flow was assumed and the k-ε turbulence model was
used for flows around 200–300 ml/s (Keyhani et al. 1995; Yan
et al. 2004). The k-ε models are the most commonly used turbu-
lence model, based on the assumption of isotropic turbulence and
a single eddy viscosity for all three components of the velocity
vector. This can cause inaccuracies for flows with high swirling
action which makes the turbulence anisotropic. However for
flows in the nasal cavity that exhibit low levels of swirl the k-ε
approximation may be sufficient given the low computational
costs compared with more sophisticated approaches such as
Large Eddy Simulations and the Reynolds Stress Model. The gas
phase Reynolds-Averaged conservation equations along with the
equations for the turbulent kinetic energy and its dissipation rate
can be cast in the general form:

∂

∂x j
(Aiφ) − ∂

∂x j

(
�

∂φ

∂x j

)
= S [2]

continuity equation (φ = 1)

Ai = ρgug
j , � = 0, S = 0; [3]

momentum equation (φ = ug
i )

Ai = ρgug
j , � = ρgνg,t , S = −∂ P/∂x j ; [4]

turbulent kinetic energy equation (φ = κg)

Ai = ρgug
j , � = ρgνg,t/σk, S = Pk − ρgεg; [5]

dissipation equation (φ = εg)

Ai = ρgug
j , � = ρgνg,t/σε;

S = C1ρg
(
2S2

i j

)1/2 − C2ρg

ε2
g

κg + √
νεg

where Si j = 1

2

(
∂ug

i

∂x j
+ ∂ug

j

∂xi

)
[6]

The realizable κ-ε model proposed by Shih et al. (1995) was
intended to address deficiencies experienced in the standard
and RNG κ-ε models. The term “realizable” means that the
model satisfies certain mathematical constraints on the normal
stresses, consistent with the physics of turbulent flows. The de-
velopment involved the formulation of a new eddy-viscosity
formula involving the variable Cµ in the turbulent viscosity
relationship: νg,t = Cµκ2

g/εg and a new model for the ε-
equation based on the dynamic equation of the mean-square
vorticity fluctuation. The variable constant C1 can be expressed
as:

C1 = max

[
0.43,

η

η + 5

]
and η = κg

εg

(
2S2

i j

)1/2
[7]

The variable Cµ, no longer a constant, is computed from:

Cµ = 1

A0 + As
κgU∗
εg

; U∗ ≡
√

S2
i j + 
̃2

i j ;


̃i j = 
i j − 2 εi jkωk; 
i j = 
̄ij − εi jkωk [8]

while the model constant A0 and As are determined by:

A0 = 4.04 ; AS =
√

6 cos ϕ ; ϕ = 1

3
cos−1(

√
6W );

W = Si j S jk Ski

S̃3
; S̃ =

√
S2

i j [9]

Other constants in the turbulent transport equations are given
to be C2 = 1.9, σκ = 1.0, and σ ε = 1.2, respectively.

Lagrangian Particle Tracking Model
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
prediction of particle flows because it can easily be combined
with a stochastic Discrete Random Walk (DRW) scheme,
albeit with high computational costs (Tu 2000). Trajectories
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SPRAY PARTICLE DEPOSITION IN HUMAN NASAL CAVITY 1037

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

du p

dt
= FD(ug − u p) + g(ρp − ρg)

ρp
[10]

FD(ug − u p) is the drag force per unit particle mass where

FD = 18µg

ρpd2
p

CDRep

24
[11]

where ρ p denotes the density of particle material and dp is the
particle diameter. u p presents the particle velocity. Rep is the
particle Reynolds number defined as

Rep = ρpdp|u p − ug|
µg

[12]

The drag coefficient CD is given as:

CD = a1 + a2

Rep
+ a3

Re2
p

[13]

where the a’s are empirical constants for smooth spherical par-
ticles over several ranges of particle Reynolds number (Morsi
and Alexander 1972). The particle phase defined is sufficiently
dilute and particle-particle interactions and the effects of the par-
ticles on the gas phase are negligible, and one way coupling is
assumed.

The CFD code, FLUENT, handles the turbulent dispersion
of particles by integrating the trajectory equations for individ-
ual particles, using the instantaneous fluid velocity, ug

i + u′
i (t),

along the particle path during the integration process. Here, the
DRW is utilized where the fluctuating velocity components u′

i
that prevail during the lifetime of the turbulent eddy are sampled
by assuming that they obey a Gaussian probability distribution,
so that

u′
i = ζ

√
u′ 2

i [14]

where ζ is a normally distributed random number and the
remaining right-hand side is the local root mean square
(RMS) velocity fluctuation can be obtained (assuming isotropy)
by:

√
u

′ 2
i = √

2κg/3 [15]

The interaction time between the particles and eddies is smaller
of the eddy lifetime τe and the particle eddy crossing time tcross .
The characteristic lifetime of the eddy is defined as:

τe = −TL log(r ) [16]

where TL is the fluid Lagrangian integral time, TL≈ 0.15κg/

κgεg . The variable r is a uniform random number between 0 and

1. The particle eddy crossing time is given by:

tcross = −tp ln

[
1 −

(
Le

tp

∣∣ug
i − u p

i

∣∣
)]

[17]

where tp is the particle relaxation time (= ρpd2
p/18ρgυg) , Le

is the eddy length scale and |ug
i − u p

i | is the magnitude of the
relative velocity. The particle interacts with the fluid eddy over
the interaction time. When the eddy lifetime is reached, a new
value of the instantaneous velocity is obtained by applying a
new value of ζ in Equation (14). However there are known
problems with the DRW method in the way it takes into
account the effects of turbulence. The method overestimates
deposition for the smaller range of particles (�10 µm) due to
the calculation of the normal component of fluctuating velocity
from turbulence effects in the near wall region (Wang and James
1999; Zhang et al. 2004; Maccinnes and Bracco 1992). This
overestimation at the near wall region increases in sensitivity for
smaller particles that have a shorter relaxation time. This effect
is compounded by the geometry, which is similar to that of very
narrow duct flows where the effects of the walls are emphasized.
An improved model for the random walk method is proposed
by Wang and James (1999). However, limitations in accessing
and making the necessary modifications to the commercial code
FLUENT restricts the evaluation of this method. As Tu (2000)
mentions, there is an urgent need for a more manageable,
user-friendly, defined function model in FLUENT in order to
incorporate and assess other phenomological models such as
that proposed by Wang and James (1999). To overcome this,
the present study incorporated a hybrid tracking method that
uses both the DRW and mean flow tracking (which infers no
turbulent particle dispersion) for the full particle size range.

Boundary Conditions
The nasal cavity was subjected to constant air flow rates of

20–40 L/min. The internal walls were modelled using an “en-
hanced wall treatment” function to consider the no-slip condition
on the air flow. The particles adopted the properties of spheri-
cal water droplets, as most drug formulations are diluted with
water. Initial particle conditions are assumed by analytical meth-
ods due to a lack of experimental data. The conditions for the
release of particles into the constant flow rate differed for the
parameter under investigation and are elucidated upon, within
the relevant sections. The internal walls of the nasal cavity were
set to a “trap” condition, meaning that particles touching a wall,
deposit at that location.

RESULTS AND DISCUSSION

Validation using a Hybrid Method
Monodispersed particles in the range of 1 µm to 30 µm

were initially tested at gas flow rates, 20 L/min and 40 L/min.
Two tracking methods, DRW tracking and mean flow tracking
were applied. The results found were qualitatively similar to that

D
ow

nl
oa

de
d 

by
 [

R
M

IT
 U

ni
ve

rs
ity

] 
at

 1
2:

58
 1

4 
M

ay
 2

01
3 



1038 K. INTHAVONG ET AL.

FIG. 3. Deposition efficiency for monodisperse particles released passively
from the nostril inlet subjected to airflow rates of 20 L/min, 30 L/min and
40 L/min using a hybrid tracking technique.

(A) (B)

(C)

FIG. 4. (A) A velocity vector field in the horizontal plane for inlet flowrate of 20 L/min. A region of recirculation is found near the roof of the nasal cavity. The
normalised distance spans from the average center of the two nostril openings in the x-axis, to the nasopharynx where the two cavities have joined completely. (B)
Velocity contours at different cross-sections through the cavity. The cross-sections correspond to the normalised distance from the nasal inlet. (C) Area averaged
velocity profile inside the nasal passage. Maximum averaged area occurs around 0.10–0.15, near the nasal valve region. An increase in the velocity occurs at the
nasopharynx region where the cross-sectional area decreases.

found in Zhang et al. (2004). The DRW tracking grossly overes-
timates particle deposition for I < 10,000 and underestimates
deposition for I > 20,000, while the mean flow tracking over-
estimates particle deposition for I < 8,000 and underestimates
deposition for I > 10,000. It is suggested that a hybrid track-
ing method be used where the DRW tracking is used for larger
particles where I > 10,000 and a mean flow tracking be used
for I < 10,000, equivalent to dp ≈ 5.5 µm for a flowrate of
20 L/min. Thus further analysis of deposition of particles will
focus on particles in the range of 10–50 µm. This ideal model
is sufficient for the study of nasal spray particles given that its
mean particle sizes are in the range of 50–70 µm (Cheng et al.
2001).

The results were compared against Kelly et al. (2004) ex-
perimental results (Figure 3). The numerical hybrid tracking
simulation overestimated deposition for I > 10,000 and un-
derpredicted deposition for I < 10,000. One reason for the
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SPRAY PARTICLE DEPOSITION IN HUMAN NASAL CAVITY 1039

discrepancy is the intersubject variability between the nasal
cavity models that Kelly et al. (2004) obtained (53-year-old,
non-smoking Caucasian male, 73 kg mass, 173 cm height) as
opposed to the model used in the present study. Differences
in the comparison of particle deposition efficiencies with the
inertial parameter is discussed by Häußermann et al. (2002),
such as the limitation of the inertial parameter not taking into
account the changes in airway geometry. This constant air flow
rate is a measure of the average impactability of the particle over
the entire domain, as it doesn’t factor in the changes in veloc-
ity which is significant when the geometry under consideration
is highly convoluted, narrow and complex. Furthermore, nasal
cavity replicate casts with wider airways as in Swift’s (1991) case
might cause less deposition due to secondary flow (Häußermann
et al. 2002). This provides some reasoning for variations in
data for deposition efficiency versus inertial parameter charts.
In addition Häußermann et al.’s (2002) study showed that a
lower flow rate (i.e., 10 L/min) had lower deposition efficien-
cies than a higher flow rate (i.e., 20 L/min) for the same inertial
parameter.

Air Flow Analysis
A lot of literature has covered air flow patterns within the

nasal cavity, Zwartz and Guilmette (2001), and Hörschler et al.
(2003), to name a few, thus a comprehensive discussion will not
be undertaken in the present study. The total air flow rate through
both nostrils was 20 L/min which produced an inlet velocity
uin = 2.1 m/s. The flow increases at the nasal valve where the
cross-sectional area is smallest and reaches a maximum area-
averaged velocity of 2.28 m/s (Figure 4a, b, c). Entering the
atrium, the velocity decreases as the nasal cavity opens up. The
flow remains along the middle and lower regions of the nasal
cavity and close to the septum walls rather than diverging out
towards the outer meatus. A region of recirculation appears in
the expanding region of the cavity near the top (olfactory region).
At the nasal pharynx the velocity increases once more where a
decrease in area exists.

Initial Particle Velocity
The initial particle velocity can be controlled in many ways

such as changing the nozzle diameter and the actuation mech-
anism. Monodispersed particles were released uniformly in a
normal direction to the inlet surface of each nostril and the
average deposition within the left and right nasal cavity was
recorded. Injected particle velocities were calculated based on
mass conservation, assumed nasal spray geometries and our own
preliminary experimental work on nasal spray nozzles, which
found velocities ranging between 10 m/s to 20 m/s for 200 kpa
to 500 kpa pressure actuations, respectively. Quantitatively, the
results obtained by using a uniform surface injection, normal
to the nostril inlets, will differ from a real nasal spray appli-
cation that possesses an injection from a very small diameter.

However it does provide a basis for the impactability of spe-
cific particles at different injection velocities on a qualitative
level.

The injected particles have an increase in their kinetic energy,
resulting in a higher initial momentum for the intended trajec-
tory. However this energy is degenerated by the drag force acted
on by the gas phase. The amount of influence the gas has on the
particle is dependent on the particle Stokes number. Crowe et al.
(1998) presents a relationship for the particle-gas velocity ratio

(A)

(B)

FIG. 5. (A) The anterior third of the nasal cavity that has been split into
three zones for investigation. Zone 1 consists of the nostril inlet surface, zone
2 includes the nasal valve region and zone 3 is the beginning of the main nasal
airway-the turbinate region. (B) Total deposition in zone 1 and zone 2 of the nasal
cavity for different particle injection velocity. Particles were uniformly released
from the nostril inlet surface, in the normal direction at different injected particle
velocities, u∗. Where u∗ = u pi /ug .
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1040 K. INTHAVONG ET AL.

as a function of the Stokes number:

u∗ = u p

ug
≈ 1

1 + St
[18]

where

St = ρpd2
p

18µg

U

D
= τ

U

D
[19]

(A) (B)

(C)

FIG. 6. (A) Deposition patterns for 10 µm particles released uniformly from the inlet surface normal to the nostril openings at u∗ = 1 and u∗ =10. (B) Deposition
patterns for 15 µm particles released uniformly from the inlet surface normal to the nostril openings at u∗ = 1 and u∗ = 10. (C) Deposition patterns for 50 µm
particles released uniformly from the inlet surface normal to the nostril openings at u∗ = 1 and u∗ = 10.

Which suggests that for small Stokes numbers (i.e., St → 0),
the particle velocity approaches the gas phase velocity quickly.
Large Stokes numbers (i.e., St → ∞ ) suggests that u∗ ap-
proaches zero. This means that the particle velocity is unaffected
by the gas.

It is expected that the dynamic change in the particle ve-
locity will occur within the anterior section of the nasal cav-
ity given the order of magnitudes of the particles. The ante-
rior third of the nasal cavity is divided into three zones and
particle flow visualization and deposition patterns within this
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SPRAY PARTICLE DEPOSITION IN HUMAN NASAL CAVITY 1041

region are observed with results displayed in Figure 5b and
Figure 6a, 6b, 6c.

The front three zones are shown in Figure 5a, where they
conform to that of a 90◦ bend. Zone1 is similar to a vertical
column, Zone2 is where the particles begin to change its velocity
with the gas phase whilst Zone3 will indicate those particles
that were able to follow the gas phase. Figure 5b shows the total
particle deposition in the first two zones of the nasal cavity at
different particle injection velocities. A small influence on the
impactability of a 10 µm particle is observed when there is an
increase in the initial particle velocity and is seen by the slight
increase in deposition. The low Stokes number brings about
a rapid decrease in velocity and the particle assumes the gas
phase velocity before the change in direction of the flow. The
influence of u∗ amplifies as the particle size increases, where
a large proportion of particles deposit more readily in the two
frontal zones.

About 70% of 15 µm particles are able to follow the curved
streamlines when u∗ = 1 as particle impactablility is dominated
by the Stokes number. However significant deposition increases
when u∗ > 4. The Stokes number, a ratio of the particle’s relax-
ation time to the flow characteristic time, indicates how long it
takes for the particle to adjust to the gas phase conditions. For
a fixed distance (nostril opening to the top of the vestibule), an
increase in u∗ will decrease the time taken to cover this distance.
This leads to a shorter time and distance for the particle to adapt
to the gas phase conditions and presents a higher impactability
than that calculated by the Stokes number alone. The influence
of the injected particle velocity is still felt as the gas phase be-
gins to curve. As particle size increases, so does the relaxation
time that the particle needs to adapt to flow changes. As a re-
sult significant deposition increases occur at lower u∗ values for
larger Stokes numbers. The larger particles exhibit much higher
Stokes numbers which prevents the particles from following the
curved streamlines. It is observed that 50 µm particles entrained
in the flow (u∗ = 1) is an example of this. Therefore an injected
50 µm particle (u∗ = 10) exhibiting a greater amount of initial
momentum will only exacerbate the linear projectile motion of
the particle. Thus it is evident that there are two forces acting
against each other during the initial injection of the particles. The
initial momentum force that is counteracted by the drag force
which is inversely proportional to the particle Stokes number.

Figure 6a, b, c displays the deposition sites for the two ex-
treme cases, dp = 10 µm and dp = 50 µm and a mid-range
particle, dp = 15 µm subjected to u∗ = 1 and u∗ = 10. 50 µm
particles impact at the top of the vestibule at u∗ = 10, and
at u∗ = 1, only a small proportion begin to curve albeit for a
short distance before impaction. In contrast 10 µm particles are
barely affected by the increase in injection velocity with local
deposition sites being concentrated near the nasal valve region
and septum walls which is a qualitatively similar to Zwartz and
Guilmette (2001). The difference in deposition occurs at the en-
trance region where entrained particles released near the wall
deposit readily through fluctuations in the flow whereas parti-

cles at higher velocities overcome this region. The particle flow
for u∗ = 10 enable the particles to travel further linearly which
is evident in the particles adapting to the flow changes at a later
stage than particles at u∗ = 1. This later adaption to the flow
causes the particles to assume those streamlines closer to the
ceiling of the nasal cavity compared with particles at u∗ = 1.
Beyond the first two zones of the nasal cavity deposition sites
are similar, locally.

Deposition of 15 µm particles at u∗ = 1 are mainly con-
centrated within the vestibule, nasal valve regions and along
the septum walls. Differences appear between the left-side and
right-side of the cavity which is due to anatomical variations.
The concentration of particles within the middle passage of the
nasal cavity is lighter than that shown in 10 µm particles as the
larger particles have a higher concentration within the anterior
section of the nasal cavity. When u∗ is increased to 10 the parti-
cle is no longer just governed by its Stokes number, but also by
the driving force of the initial injected velocity that adds initial
momentum to the particle. This increase in momentum is dissi-
pated by the difference in velocities of the gas and particle phase.
The particles travel further linearly, in the normal direction to the
nostril inlet with 88% impacting at the top of the vestibule. Only
12% of particles are able to adjust to the curvature in time and
these particles remain in the upper regions of the nasal cavity
throughout the flow.

Insertion Angle (α)
The insertion angle, α, is the angle the nasal spray device

makes away from the horizontal position (0◦ in the x-y plane),
when looking into the side of a person’s face. Particle sizes of
10 µm to 50 µm were used at an initial velocity of 10 m/s. A
uniform surface injection released from the inlet was used to

FIG. 7. Deposition in zone 1 and zone 2 for monodispersed particles released
uniformly from the inlet surface at 10 m/s for different insertion angles. The
insertion angle begins at 0◦ degrees for a horizontal direction aimed towards the
nasal valve region and increasing through a counter-clockwise direction in the
x-y axis (see Figure 4a).
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1042 K. INTHAVONG ET AL.

eliminate variables such as location of the nozzle tip, nozzle
diameter, and spray cone angle.

Higher deposition occurred at 100◦ for most particles
(Figure 7) as the particles are discharged directly into the
anterior-most wall of the nasal cavity with an initial velocity
of 10 m/s, affecting greatly the particles located wall-side of
the inlet release. This concentration of particles can be seen in
Figure 8 a for 15 µm particles. Minimum deposition for smaller
sized particles, 10 µm and 15 µm, was found when α = 70◦.
The 70◦ direction of particles enhances the ability of turning, as

(A)

(B)

FIG. 8. (A) Deposition patterns for 15 µm particles released uniformly from
the inlet surface uniformly from the inlet surface at insertion angles 100◦ and
90◦. (B) Deposition patterns for 15 µm particles released uniformly from the
inlet surface uniformly from the inlet surface at insertion angles 70◦ and 30◦.

more particles assume the streamlines that exist on the inside cur-
vature. Less particles deposit vertically above the release point
(Figure 8a, b) when α = 70◦ compared with α = 90◦. Further
decreases in α, where the direction of discharge approaches the
horizontal increases deposition of particles as a higher propor-
tion of particles are now directed at the adjoining wall of the
nostril, albeit a small margin. The deposition sites for α = 30◦

and α = 70◦ are similar in that particles that flow with the gas
phase beyond Zone3 will behave similarly, since at this stage the
particle’s initial momentum generated by the injection will have
been dissipated by the drag force. However the concentration of
particles depositing on the adjoining wall to the nostril inlet is
much greater for α = 30◦ than α = 70◦ but Figure 8b is able to
capture this.

The deposition curve for 20 µm, behave similarly to 10 µm
and 15 µm particles, but at lower α (Figure 7). Minimum
deposition in the two frontal zones was found at α = 45◦.
Although more particles are directed into the adjoining wall, this
is offset by more particles penetrating into the curvature instead
of impacting straight into the roof of the vestibule as is the case
when α = 90◦. These larger particles require a sharper angle
of insertion to avoid impacting with the roof of the vestibule,
thus aiding the alignment of the particles with the 90◦ bend and
reducing the amount of deviation required in turning. The larger
the particle (20 µm and 50 µm), the more effective the decrease
in α is. Another insertion angle that can be considered is the ori-
entation when looking into a person’s face, front-on, in the y-z
plane. This was not investigated as the same ideas regarding the
particle size with its dependency on initial flow conditions exist.

Full Spray Cone Angle (β)
The full spray cone angle, β, is the dispersion of particles

exiting from the nozzle tip. Particles had to be released from a
small diameter compared with previous particle release which

FIG. 9. Total deposition in zone 1 and zone 2 for monodispersed particles
released at 10 m/s from a small internal diameter at the center of the nostril inlet
surface. The spray cone angles ranged from 20◦ and 80◦.
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SPRAY PARTICLE DEPOSITION IN HUMAN NASAL CAVITY 1043

used a uniform inlet release at the nostril openings to allow ob-
servation of the physical differences when changing β. Particles
were released at 10 m/s from the centralized location of the nos-
tril inlet, with a diameter of 0.8 mm and a range of β between
20◦ to 80◦.

The smaller ranged particles, that follow the gas phase veloc-
ity more readily, are optimized when released with a narrow β as
a wider β gives rise to a larger range of dispersion of particles due
to the nature of a 360◦ spray cone. The larger dispersion creates
a low ratio of favorably dispersed particles (those pointing with

(A)

(B)

FIG. 10. (A) Deposition patterns for 15 µm particles released at 10 m/s from
a small internal diameter at the center of the nostril inlet surface. The spray cone
angles ranged from 20◦ and 80◦. (B) Deposition patterns for 20 µm particles
released at 10 m/s from a small internal diameter at the center of the nostril inlet
surface. The spray cone angles ranged from 20◦ and 80◦.

the flow) to those being dispersed away from the curvature (i.e.,
in the opposite direction) of the gas flow (Figure 9). The effect
of this becomes apparent as particle size increases. Figure 10a
shows the flow for 15 µm being centralized when β = 20◦

and the increase in deviation from the center when β = 80◦.
Deposition for β = 20◦ remains along the roof of the nasal cav-
ity and near the septum walls with 28% depositing in the first
two zones. At β = 80◦ deposition in the two frontal zones is
increased to 47%, where a larger deposition area, due to the
particle dispersion, occurs.

The internal location of injection is closer to the roof of the
vestibule than from the surface nostril inlets. This reduces the
allowable distance for particles to relax their initial conditions
to the gas phase conditions, thus enhancing impaction on the
roof of the vestibule. As seen earlier 20, 50 µm particles have
near 100% deposition in the front two zones. Subsequently any
particle dispersion that is favorable will project the particles into
the already curved streamlines, allowing them to travel further,
albeit a small distance. Figure 10b compares the two deposi-
tion patterns for 20 µm particles at β = 20◦ and β = 80◦. At
β = 20◦, impaction occurs directly above the injection release
point in a concentrated area. When β = 80◦, a wider area of
deposition is observed in the frontal zones, whilst those par-
ticles projected favorably towards the nasal valve are able to
travel beyond the 90◦ bend. However its deposition is imminent
and this occurs within the middle sections of the nasal cavities.
Therefore an optimum β, is based on the ratio of the change in
favorably dispersed particles to the number of particles that are
predestined to impact on the roof of the vestibule because of
their particle size.

CONCLUSION
This study demonstrates the significant influence the Stokes

number plays in deposition of particles in the nasal cavity. For
a flow rate of 20 L/min 10–20 µm particles were sensitive to
initial injection velocity, insertion angle, and spray cone angle
as its size increased. Larger particles exhibited very high Stokes
numbers which caused it to be insensitive to these parameters.

Current commercially available nasal sprays produce mean
size particles of 45–60 µm which presents a problem as larger
particles (≥20 µm), are relatively insensitive towards initial in-
jection conditions and are likely to deposit in the anterior portion
of the nose decreasing the drug delivery’s efficiency. Producing
smaller particles (≤20 µm) during atomization is an option for
designers, however smaller particles are more inclined to fol-
low the gas phase flow, which can lead to deposition beyond the
nasal pharynx.

This study also demonstrates the numerous variables that
exist during a physical actuation of a nasal spray, which are sig-
nificant given the order of magnitudes that the analysis deals
within. The study isolated the parameters to investigate their
effects, however in reality, these parameters and more are com-
bined during an actuation, which maybe an explanation for the
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1044 K. INTHAVONG ET AL.

differences in results of Suman et al. (2002), Cheng et al. (2001),
and Newman et al. (1998).

The ideas formulated can be used as a basis for improv-
ing the design of nasal spray devices to achieve better drug
delivery such as (1) redirecting the release point of the spray
(i.e., the insertion angle) to be align with the flow streamlines,
(2) controlling the particle size distribution, and (3) controlling
the particle’s initial velocity. In the attempt to replicate actual
nasal spray applications whilst isolating the investigating param-
eters, idealized injected conditions for the particles were used,
along with the idealized nasal cavity. Further studies are needed
to extend the results to other nasal cavities, to include the per-
meability effects of nasal hairs, and establishing more accurate
initial particle conditions such as the instantaneous velocity at
injection that can include swirl effects.

NOMENCLATURE
Ai convective flux
A0, As model constants for realizable κ-ε turbulence

model
a1, a2, a3 constants for drag coefficient equation
C1, C2 model constants for realizable k-ε turbulence

model
Cµ coefficient in the k-ε turbulence mode
CD coefficient of drag
D, d diameter
d̄ mean diameter
Fx additional forces
FD drag forces
g gravitational acceleration
I inertial parameter
k kinetic turbulent energy
LDE local deposition efficiency
Le eddy length scale
N total number of particles trapped within total sec-

tions
n distribution constant, number of particles trapped

within a local section
P pressure
Q flow rate
Re Reynolds number
r uniform random number
S source term
Si j , Sjk, Ski , strain rates
TL fluid Lagrangian integral time
tcross eddy crossing time
tp particle relaxation time
u velocity
u∗ particle/gas velocity ratio
xi , x j , xk Cartesian coordinate system
yd mass fraction of droplets with diameters greater

than d

Greek Letters
α insertion angle
β spray cone angle
� diffusion coefficient
σ turbulence Prandtl number
ε turbulent dissipation rate
ζ normally distributed random number
κ turbulent kinetic energy
ν kinematic viscosity
ρ density
τ eddy characteristic lifetime
φ governing variable

Subscripts and Superscripts
eff effective
ε dissipation rate of turbulent kinetic energy
g gas phase
k turbulent kinetic energy
p discrete particle phase
t turbulent phase
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