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Prediction of aerosol deposition in the respiratory system is important for improving the
eﬃciency of inhaled drug delivery and for assessing the toxicity of airborne pollutants.
Deposition is typically reported as a function of a global Stokes number which is based on a
reference ﬂow timescale, or the ratio of the characteristic ﬂow length and velocity scales. In
reality, however, particles experience varying ﬂow timescales as they are advected through the
airways, which motivates the use of an instantaneous Stokes number based on the local
properties of the ﬂow ﬁeld. We then deﬁne the eﬀective Stokes number as the time-average of the
instantaneous value. This eﬀective Stokes number thus encapsulates the ﬂow history and
geometric variability, and provides a more detailed account of the particle trajectory in the ﬂow.
Laminar and turbulent ﬂows in a curved pipe are examined ﬁrst and provide a simpliﬁed, or
canonical, conﬁguration of the ﬂow in the upper airways. They are followed by a study of
turbulent ﬂow in an idealized mouth–throat geometry. Our results demonstrate that the eﬀective
Stokes number can deviate signiﬁcantly from the traditional value based solely on the reference
ﬂow timescale. In addition, the eﬀective Stokes number shows a clear correlation with deposition
eﬃciency and can therefore be used to determine optimal aerosol release locations in order to
minimize extrathoracic losses.

1. Introduction
Inhaled drug delivery is the main form of treatment for a number of respiratory diseases, such as asthma and chronic obstructive
pulmonary disease (COPD). Knowledge of the aerosol deposition in the extrathoracic, or upper, airways is critical in the design of
eﬀective inhalation devices for optimum delivery to the lungs. The deposition is, however, highly dependent on the ﬂow regime. In
the upper airways, where the ﬂow is turbulent or transitional, deposition occurs primarily via impaction as well as turbulent
dispersion for the smaller particles. As the airways become smaller and the air velocity decreases, the ﬂow laminarizes and
deposition tends to occur due to sedimentation. For submicron particles in the small airways, Brownian diﬀusion becomes the
dominant mechanism. The ﬂow dynamics also vary signiﬁcantly across subjects due to geometric variation of the airways, thereby
resulting in large deviation in the deposition patterns and eﬃciencies (Grgic, Finlay, Burnell, & Heenan, 2004; Nicolaou & Zaki,
2013; Stahlhofen, Gebhart, & Heyder, 1981).
For eﬃcient drug delivery to the target areas in the lung, the inhaled aerosol must ﬁrst clear the mouth and throat. Often,
however, large aerosol losses occur in this region. Therefore, in the optimization of inhaled drug delivery, many studies have focused
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on understanding and minimizing extrathoracic deposition. A number of in vitro experiments have examined the eﬀects of particle
size and ﬂow rate on deposition in the mouth and throat (Cheng, Zhou, & Chen, 1999; Grgic, Finlay, & Heenan, 2004), as well as
the eﬀect of geometric variation (Grgic, Finlay, Burnell, et al., 2004; Heenan, Finlay, Grgic, Pollard, & Burnell, 2004). Advances in
computing and numerical modelling techniques in the last decade have enabled increasingly more accurate simulations of the ﬂow
(Ball, Uddin, & Pollard, 2008; Heenan, Matida, Pollard, & Finlay, 2003; Lin, Tawhai, McLennan, & Hoﬀman, 2007; Nicolaou &
Zaki, 2013) and aerosol deposition in the airways (Debhi, 2011; Jayaraju, Brouns, Verbanck, & Lacor, 2007; Kleinstreuer & Zhang,
2003; Li, Kleinstreuer, & Zhang, 2007; Matida, Finlay, Lange, & Grgic, 2004). The simulations can provide a detailed
representation of the ﬂow and the particle trajectories, compared to in vitro and in vivo studies. However, accurate and eﬃcient
prediction of the deposition remains challenging, due to the complexity of the airway geometries and of the ﬂow. For this reason,
many of the numerical studies on extrathoracic deposition have focused primarily on examining the suitability of various turbulence
models and particle-tracking schemes (Debhi, 2011; Jayaraju et al., 2008; Matida et al., 2004; Stapleton et al., 2000).
Aerosols produced by inhalation devices are dilute dispersed ﬂows which can be modelled using an Eulerian or a Lagrangian
approach. The Eulerian, or two-ﬂuid, approach treats the dispersed phase as a continuum, solving the conservation equations of
particle mass and momentum. On the other hand, the Lagrangian approach treats the dispersed phase as a set of individual pointparticles in a continuous carrier phase. The particles are tracked through the ﬂow ﬁeld by solving the equations of motion for each
particle with the relevant forces acting on it. Description of turbulent dispersion and collision of particles with the airway walls is
more natural with this approach. For this reason, the Lagrangian approach has featured prominently in studies of aerosol deposition
in the airways (Debhi, 2011; Jayaraju et al., 2007; Kleinstreuer & Zhang, 2003; Li et al., 2007; Matida et al., 2004).
In order to characterize deposition in the extrathoracic airways a ‘lumped’ reference Stokes number, which is based on the mean
diameter and mean ﬂow velocity, is typically adopted in the literature. The deposition eﬃciency versus reference Stokes number,
which follows an ‘S’ curve (Cheng et al., 1999; Grgic, Finlay, Burnell, et al., 2004), and deposition patterns for diﬀerent particle sizes
have been examined (Grgic, Finlay, Burnell, et al., 2004; Jayaraju et al., 2007; Zhang et al., 2002). Scatter in the deposition data can
be observed when plotted against Stokes number, and is often attributed to the qualitative diﬀerences in the ﬂow at diﬀerent ﬂow
rates, and across subjects as a result of geometric variation. In vitro experiments performed by Grgic, Finlay, and Heenan (2004) in
an idealized mouth–throat geometry showed that results at diﬀerent ﬂow rates appeared to lie on diﬀerent curves, indicating a
possible dependence on the Reynolds number. An empirical Reynolds number correction, Re0.37 , was applied to the Stokes number,
collapsing their data onto one curve. Examination of the ﬂow ﬁelds in a number of realistic mouth–throat geometries allowed
Nicolaou and Zaki (2013) to explain the physical signiﬁcance of this Reynolds number correction, which was attributed to at least
two contributing factors: (1) the qualitative diﬀerence in the mean ﬂow characteristics and (2) the diﬀerence in turbulence intensity.
Using the viscous particle relaxation time, τp+ , they provided an explanation of the Reynolds number dependence.
The reference Stokes number, and even the Reynolds number correction, do not take into account the varying ﬂow timescales
that particles experience as they are advected through the ﬂow. In order to better characterize the particle transport and deposition
we therefore propose the use of an instantaneous Stokes number based on the local ﬂow properties. We subsequently deﬁne the
particle's eﬀective Stokes number as the time-average of the instantaneous value. This eﬀective Stokes number thus encapsulates the
ﬂow history and geometric variability, and is more representative of the particle trajectories. Laminar and turbulent ﬂow cases in a
curved pipe are considered ﬁrst, followed by turbulent ﬂow in an idealized mouth–throat geometry. In all cases, direct numerical
simulations are performed and a Lagrangian–Eulerian approach is adopted for computing the particle trajectories.
The paper is organized as follows: In Section 2, the numerical method adopted for the solution of the ﬂow equations and the
particle tracking is described in detail, and the deﬁnitions of the instantaneous and eﬀective Stokes numbers are introduced. In
Section 3, results are presented for laminar and turbulent ﬂow in a bent pipe, and for turbulent ﬂow in an idealized mouth–throat
geometry. Finally, Section 4 is a summary of the work and main ﬁndings.
2. Numerical method
2.1. Flow ﬁeld
The Navier–Stokes equations are solved using a ﬁnite volume formulation, following the method by Rosenfeld, Kwak, and
Vinokur (1991). Time integration is performed via a second-order semi-implicit fractional step method that uses Crank–Nicolson for
the diﬀusive terms and Adams–Bashforth for the convective terms. The pressure Poisson equation is solved using a multi-grid
algorithm with line-relaxation. Parallelism is achieved using message-passing interface (MPI). The algorithm has been adopted in a
number of studies of transitional ﬂows where accurately capturing the growth of ﬂow instabilities is a primary consideration (Jung
& Zaki, 2015; Zaki, 2013) and in direct numerical simulations of fully-turbulent ﬂows where all the ﬂow scales must be resolved
(Jelly, Jung, & Zaki, 2014; Lee, Jung, Sung, & Zaki, 2013). Here too we perform direct numerical simulations which resolve all the
ﬂow scales, and therefore no turbulence modelling is necessary.
In order to model the complex airway geometries, a direct-forcing immersed boundary (IB) method developed for curvilinear
grids is adopted (Nicolaou, Jung, & Zaki, 2015). The no-slip boundary condition at the airway walls is enforced via a momentum
forcing term and mass conservation is satisﬁed via a mass source term in cells containing the immersed boundary. The discretized
equations are given by

⎞
⎞
⎛1
u − un −1
1
1 ⎛3
1
= −⎜ N (un −1) + N (un −2 ) ⎟ − ∇p n −1 +
⎜ L (u ) − L (un −1) ⎟ + f n
⎠
⎠
⎝2
Δt
2
Re ⎝ 2
2
106

(1)
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1
(∇·u − q n )
Δt

(2)

un = u − Δt ∇ϕ n

(3)

p n = p n −1 + ϕ n

(4)

where f is the momentum forcing vector added on the boundary and outside the ﬂuid in order to satisfy no-slip at the immersed
boundary, q is the mass source/sink applied to cells containing the immersed boundary in order to ensure mass conservation, N (u)
are the convective terms and L (u) are the implicit diﬀusive terms.
The main advantage of the IB approach is that it allows the use of relatively simple structured grids to model complex geometries,
such as the respiratory airways. We herein adopt a curvilinear implementation of the IB method. Use of a curvilinear grid, rather
than the commonly used Cartesian grids, improves computational eﬃciency by minimizing the number of grid points outside the
ﬂuid domain (see Figs. 1 and 18). This choice also provides a better wall-normal resolution, which is particularly beneﬁcial in
simulations of turbulent ﬂows. For full details of the IB method, the reader is referred to Nicolaou et al. (2015).
2.2. Particle tracking
A Eulerian–Lagrangian approach is adopted to model the particle transport and deposition. The aerosol/air mixture is a dilute
dispersed ﬂow with particle volume fraction, αp < (10−6). It therefore lies in the one-way coupling regime: the ﬂow aﬀects the
particles, but the eﬀect of the particles on the ﬂow is negligible (Elghobashi, 1994). Additionally, inter-particle interactions can be
neglected. The aerosol particles are tracked through the ﬂow ﬁeld by solving their equation of motion:

mp

dup
dt

=

∑ F,

(5)

where mp and up denote the particle mass and velocity respectively and ∑ F represents all the forces acting on the particle. For
particles in the micrometer range, the dominant forces are the aerodynamic drag and gravity. The particles are assumed to be
spherical, which is justiﬁed for small liquid aerosols. For dry powder aerosols, the drag acting on the particles is similar to that on a
sphere since the particles are compact. Hence, the balance of forces acting on the particles is given by

mp

dup
dt

=

ρp − ρf
3 ρf mp
CD |uf − up |(uf − up ) + mp g
,
4 ρp dp
ρp

(6)

where ρf is the ﬂuid density and CD is the drag coeﬃcient. The correlation proposed by Schiller and Naumann (1933) is adopted for
the drag coeﬃcient:

CD =

24
(1 + 0.15Rep0.687),
Rep

(7)

where Rep is the particle Reynolds number:

Fig. 1. The geometry and grid employed for the curved pipe simulations. Every eighth gridline has been plotted. A–A is the diameter of the cross section at the
symmetry plane and B–B is the diameter perpendicular to it.
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ρf dp |uf − up |

Rep=

μf

.

(8)

Note that in the canonical pipe conﬁguration in Section 3.1, gravity is not considered in keeping with the setup of earlier studies. It
is, however, retained in the extrathoracic airways.
Integration of the particle equations of motion is performed using a fourth-order Runge–Kutta (RK4) scheme implemented in
physical space. The ﬂuid velocity at the particle location, required for the computation of the drag force, is evaluated using trilinear
interpolation of the Cartesian velocities in computational space, where the grid is uniform and orthogonal. In order to determine the
host cell {i , j , k}, of a particle on a curvilinear grid, a local search method combined with tetrahedrization (Shirayama, 1993) is
adopted. Finally, deposition is assumed once a particle comes into contact with the wall of the geometry.
2.3. The eﬀective Stokes number
An important parameter which characterizes the motion of particles is the non-dimensional Stokes number, deﬁned as the ratio
of the particle response time, τp, to the characteristic time scale of the ﬂow, τf:

Stk ≡

τp

where τp =

τf

ρp dp2

18μf

.

(9)

For small Stokes numbers, Stk⪡1, the particle velocity is nearly that of the ﬂuid and the particles follow the streamlines. As the Stokes
number exceeds unity, the particle motion becomes increasingly insensitive to the ﬂow, and particles deviate from the streamlines.
This suggests that the larger the Stokes number the more likely a particle will undergo inertial impaction onto the airway walls.
Typically a reference Stokes number is deﬁned, based on the characteristic ﬂow velocity U and length scale D:

ρp dp2 U

Stkref ≡

18μf D

.

(10)

In the extrathoracic airways, U is often chosen to be the mean ﬂow velocity and D the mean airway diameter.
Here we propose the use of a Stokes number based on the local ﬂow properties (Trujillo & Parkhill, 2011). This local, or
instantaneous, Stokes number is deﬁned as

Stkinst ≡

ρp dp2

18μf

max ∥ Λi ∥ (i = 1, 2, 3),
i

(11)

where Λi are the eigenvalues of the velocity gradient tensor.
In order to understand the origin of Stkinst, the eigenvalues of the inertial and passive particle advection equations are compared
(Trujillo & Parkhill, 2011). These equations are, respectively,

dup
dt

=

uf − up
τp

+g

ρp − ρf
ρp

,

(12)

up = uf .

(13)

The Lagrangian equivalents of Eqs. (12) and (13) are
d

u0 + ∇u0 ·Δxp + t dt u0
ρp − ρf
d2
1 d
Δxp +
Δxp =
+g
,
2
dt
τp dt
τp
ρp

(14)

d
d
Δxp = u0 + ∇u0 ·Δxp + t u0 ,
dt
dt

(15)

where Δxp is the displacement of the particle from an initial point, xp (0), and u0 is the initial ﬂuid velocity, uf (xp (0), 0).
The eigenvalues of the passive system, {Λ1 , Λ2 , Λ3 }, are simply the eigenvalues of the velocity gradient tensor, ∇uf . The
eigenvalues of the inertial system are given by

λ1,2 =

−1 ±

1 + 4Λ1 τp
2τp

,

λ3,4 =

−1 ±

1 + 4Λ2 τp
2τp

,

λ5,6 =

−1 ±

1 + 4Λ3 τp
2τp

.

(16)

If |Λi τp | ≤ 1/4 , a Taylor expansion yields

1 + 4Λi τp = 1 + 2Λi τp −

(4Λi τp )2
8

+⋯=1 + P (Λi τp ).

(17)

Discarding the initial transient (t ≳ 3τp ) and substituting (17) into (16) yields

λ1 =

P (Λ1 τp )
2τp

,

λ3 =

P (Λ2 τp )
2τp

,

λ5 =

P (Λ3 τp )
2τp

.

(18)
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The ratios of the inertial and passive time scales are given by

2τp / P (Λ1 τp )
1/ λ1
,
=
1/ Λ1
1/ Λ1

2τp / P (Λ2 τp )
1/ λ3
,
=
1/ Λ2
1/ Λ2

2τp / P (Λ3 τp )
1/ λ5
.
=
1/ Λ3
1/ Λ3

(19)

For each ratio, as Λi τp becomes smaller P (Λi τp ) → 2Λi τp , resulting in matching timescales. In this limit, inertial particles adopt
passive advection. The maximum value of the modulus of the eigenvalues is considered as the limiting factor. Therefore the
instantaneous Stokes number is deﬁned as

Stkinst ≡ max ∥ Λi ∥ τp
i

(i = 1, 2, 3).

(20)

An eﬀective Stokes number can be computed as the time-average of the instantaneous value:

Stkeff =

1
T

∫0

T

Stkinst dt ,

(21)

where T is the period during which a particle remains in the ﬂow. It is also helpful to deﬁne the mean eﬀective Stokes number for a
population of particles, which is given by

Stkeff =

1
np

np

∑ Stkeff (n),

(22)

n =1

where np is the size of the population.
3. Results and discussion
3.1. 90° circular bend
We ﬁrst consider ﬂow and particle deposition in a circular pipe with a 90° bend, which resembles the geometry of the
extrathoracic airways. The ﬂow is characterized by the Dean number, which provides a measure of the inertial and centrifugal forces
relative to the viscous forces. The Dean number is De ≡ ReD (D /2Rc )1/2 , where ReD ≡ρf UD / μf is the Reynolds number, D is the pipe
diameter and Rc is the radius of curvature of the pipe axis. The radius of curvature was set to Rc = 2.8D , and two cases were
considered: (i) laminar ﬂow at ReD =1000 and (ii) turbulent ﬂow at ReD =10, 000 , which correspond to De=422.6 and De=4226,
respectively.
The IB method, rather than a cylindrical body-ﬁtted grid, was adopted for this conﬁguration and serves as a validation step as
well as a canonical test case before proceeding to the airways. A curvilinear grid with 769 × 385 × 1025 points in the streamwise ξ,
cross-stream η, and spanwise z, directions was employed. The grid spacing in wall-units for the high Reynolds number case was
3.93 < Δξ + < 9.62 (near the outﬂow), 0.50 < Δη+ < 3.00 , Δz+ = 0.91, which is suﬃcient to resolve the turbulence (Eggels et al., 1994;
Kim, Moin, & Moser, 1987). The grid and domain setup are shown in Fig. 1. For the laminar ﬂow case, a parabolic inﬂow proﬁle was
prescribed at the inlet, and a convective boundary condition was adopted at the exit for all ﬂow conditions. For the turbulent ﬂow
simulation, a time-dependent inﬂow turbulent proﬁle was obtained from a precursor direct numerical simulation of pipe ﬂow at
ReD =10, 000 . The length of the pipe in the precursor simulation was L x = 25D . Taylor hypothesis was invoked to transform the axial
coordinate into time at the inlet plane of the main bent-pipe simulation.
Particles were released at the inlet plane at random locations drawn from a uniform distribution and tracked through the ﬂow
ﬁeld until they exited the bend or deposited on the wall. The initial particle velocity was set equal to the ﬂuid velocity at the release
location. The density ratio was set to ρp / ρf = 755 and gravitational acceleration was neglected for comparison with studies in the
literature (Breuer, Baytekin, & Matida, 2006; Cheng & Wang, 1981; Tsai & Pui, 1990). The Stokes number was varied from
Stk=0.001 to 1.4, and approximately 100,000 particles were tracked for each size. In the laminar case, the ﬂow is steady and
therefore particle tracking is computationally eﬃcient as it is performed on a frozen ﬁeld. In the turbulent case, particles were
released into the ﬂow at regular intervals, Δtrelease = 0.0375D /U , during a period of 2.5 time units (half a ﬂow-through time) in order
to ensure results were independent of release time. The main ﬂow and particle parameters adopted in each case are summarized in
Table 1.
Table 1
Flow and particle parameters in the curved pipe simulations.
Parameter

Laminar case

Turbulent case

ReD
De

1000
422.6
{1, 2, 4, 6, 8, 10,
14, 16, 20, 28, 34, 40,
50, 60, 80, 100, 120, 140}
755

10,000
4226
{1, 5, 10,
20, 30, 40,
50, 60, 80, 100,120,135,150}
755

Stkref × 10 2
ρp /ρf
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3.1.1. Laminar ﬂow
The velocity ﬁelds in two cross-ﬂow planes are shown in Fig. 2. The contours represent the streamwise velocity and the
streamlines are constructed from the in-plane components. At θ = 45° the secondary ﬂow is clearly visible in the streamlines
(Fig. 2a), in the form of a pair of symmetric counter-rotating vortices. The streamwise velocity contours show that the high velocity
ﬂuid is shifted from the centre of the duct towards the outer wall (Fig. 2c). The secondary ﬂow advects this high-momentum ﬂuid
along the side walls towards the inner wall. Further along the bend, at θ = 90°, the trend intensiﬁes. The strong secondary ﬂow
causes the ﬂuid to swirl, and three pairs of vortices are visible (Fig. 2b). These results are in agreement with theoretical predictions
for large Dean numbers, De ≥ 370 (Pui, Romay-Novas, & Liu, 1987) and numerical results in the literature (Breuer et al., 2006;
Pilou et al., 2011). Similar dynamics have also been observed in realistic extrathoracic airways, in particular the presence of strong
secondary ﬂow and the formation of Dean-like vortices in some subjects (Nicolaou & Zaki, 2013).
Radial proﬁles of streamwise velocity at the two streamwise locations in the symmetry plane (A–A) and perpendicular to the
symmetry plane (B–B) are shown in Fig. 3, and are compared to numerical results from the literature (Pilou, Tsangaris, Neofytou,
Housiadas, & Drossinos, 2011). In addition to our ﬁne-grid resolution, the comparison also includes a coarser grid simulation with
6% of the total number of grid points (19 × 10 6 versus 300 × 10 6 grid points). Grid independence is demonstrated, and excellent
agreement is observed between our immersed-boundary simulation and the body-ﬁtted data.
The focus is now placed on the transport and fate of particles that are released in the ﬂow. They will be classiﬁed into two groups:
(i) deposited and (ii) not deposited; where the undeposited population can be further sub-divided into (iia) particles that remain in
the ﬂow domain and (iib) particles that have exited the geometry. Fig. 4 shows the deposition eﬃciency versus reference Stokes
number. The percentages of particles that remain and that exit the pipe within 40 convective time units, t = 40D / U , are also shown.
The blue line represents all the particles that have not deposited, i.e. particles that have exited as well as those remaining in the ﬂow.
Here the reference Stokes number is based on the mean bulk velocity and radius of the pipe, Stkref =

2

ρp dp U
.
18μf D / 2

A trend similar to the S-

curve in the extrathoracic airways is observed. Three regimes can be distinguished: (i) low Stkref regime where there is a weak

(a)

ro

(c)
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ro

(b)

ro

(d)
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ri

ri

u/ubulk
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0

Fig. 2. Laminar ﬂow in curved pipe at ReD=1000 : Secondary ﬂow streamlines (top) and streamwise velocity contours (bottom) at two cross-ﬂow planes inside the
bend: (a and c) θ = 45° and (b and d) θ = 90°.
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Fig. 3. Laminar ﬂow in curved pipe at ReD=1000 : Proﬁles of velocity magnitude at (a and c) θ = 45° and (b and d) θ = 90° cross-ﬂow planes inside the bend, along the
Pilou et al.
diameters A–A (top) and B–B (bottom). - - - coarse grid simulation (513 × 193 × 193 points); — ﬁne grid simulation (769 × 385 × 1025 points); and
(2011).

Percentage of particles

100
80
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20
0

0

0.2
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0.6

0.8

1

1.2

1.4

Fig. 4. Laminar ﬂow in curved pipe at ReD=1000 : Deposition eﬃciency versus reference Stokes number.
coarse grid simulation;
ﬁne grid simulation; - - not deposited;
still in the ﬂow
Tsai and Pui (1990); ⋯· Breuer et al. (2006); -·-· Cheng and Wang (1981); ; ; • Pui et al. (1987). Percentage of particles
domain;
that have exited the pipe.

dependence on the Stokes number; (ii) intermediate regime where there is a marked increase in deposition with Stokes number; and
(iii) high Stkref regime where deposition plateaus as particles display ballistic behaviour and therefore the majority deposit.
Comparison of the deposition eﬃciency results from the coarse-grid and ﬁne-grid simulations shows that particles in the low-tointermediate Stokes number regime are most sensitive to the grid resolution, and the results demonstrate good agreement with
111

L. Nicolaou, T.A. Zaki

Journal of Aerosol Science 102 (2016) 105–127

numerical and experimental studies in the literature.
Particle trajectories and the deposited particles are shown in Figs. 5 and 6, and are coloured by their instantaneous Stokes
number. The two ﬁgures correspond to Stkref = 0.2 and Stkref = 1.0 . For both particle sizes, an increase in Stokes number is observed
as the particles approach the bend and the highest instantaneous Stokes numbers are experienced along the outer wall (Figs. 5a and
6a). Inside the bend, the light particles (Stkref = 0.2 ) move along the side walls from the outer to the inner wall due to the eﬀect of the
secondary ﬂow (Fig. 5a–c). Deposition is shown to occur in the regions of high instantaneous Stokes number: the outer bend due to
impaction and on the side walls due to the inﬂuence of the secondary ﬂow (Fig. 5d–f). The heavier particles (Stkref = 1.0 ) experience a
more signiﬁcant shift towards the outer wall due to their high inertia. This region also hosts the highest Stokes numbers (Fig. 6a–c).
Therefore, high deposition via impaction occurs along the outer wall, where the particles' Stokes numbers are highest (Fig. 6d–f).
The distribution of the eﬀective Stokes number is examined in Fig. 7, where particles are visualized at the inlet plane, coloured by
their Stkeﬀ. The results are reported for three reference values of Stkref, or equivalently particle sizes. At left all particles are plotted,
while at right only the deposited particles are displayed. At Stkref = 0.2 , qualitative agreement of the penetration/deposition regions
with those by Breuer et al. (2006) is observed. The discrepancy between the two results can be attributed to the diﬀerent deposition
criteria and particle-tracking schemes adopted. A signiﬁcant spread in eﬀective Stokes number is observed across all three particle
sizes. Depending on their initial release position, particles experience very diﬀerent Stokes numbers as they are advected through the
ﬂow. A clear correlation between high Stkeﬀ and deposition is also observed. This knowledge is beneﬁcial in selecting optimal release
locations in order to minimize deposition.
Further detail on the distribution of the eﬀective Stokes number for each particle size can be gathered from the probability
density functions (pdf) of Stkeﬀ shown in Fig. 8. It is evident that the bimodal distribution of the total set of particles is composed of
two distinct pdfs: (i) particles that deposit and (ii) particles that do not deposit as shown in red and blue, respectively. The mean
d
eﬀective Stokes number for the deposited particles, Stkeff
, is higher than that for particles that remain undeposited, Stkefff , which
reaﬃrms the correlation between high Stkeﬀ and deposition. The diﬀerence between the two values increases as particle size
decreases.
Finally, the deposition eﬃciencies versus eﬀective Stokes number for each particle size are shown in Fig. 9. The plots display a
much steeper rise compared to the original S curve based on Stkref, which is also shown in the ﬁgure for comparison. Two main
regimes can be observed: low and high deposition. Each particle size has its own S-curve of deposition versus Stkeﬀ, which is

Fig. 5. Laminar ﬂow in curved pipe at ReD=1000 : Particle trajectories (a–c) and deposited particles (d–f) coloured by their instantaneous Stokes number for
Stkref = 0.2 . (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this paper.)
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Fig. 6. Laminar ﬂow in curved pipe at ReD=1000 : Particle trajectories (a–c) and deposited particles (d–f) coloured by their instantaneous Stokes number for
Stkref = 1.0 . (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this paper.)

reﬂective of the diﬀerent particle trajectories depending on their insertion location. As size increases, this curve shifts to higher
Stkeﬀ. Along each Stkeﬀ curve, the particle relaxation time remains constant while the ﬂow time scale varies, and in this manner the
deﬁnition of Stkeﬀ takes into account the eﬀect of the ﬂow history on deposition.
3.1.2. Turbulent ﬂow
We now turn to the turbulent-ﬂow conﬁguration at ReD =10, 000 . Beyond the initial transient period, statistical averaging of ﬂow
quantities is performed for 20 convective time units. Figs. 10a and b show the streamlines of the time-averaged ﬂow and contours of
the mean pressure in the central spanwise plane. These results are in very good agreement with the literature (see e.g. Breuer et al.,
2006). A snapshot of the instantaneous velocity magnitude is shown in Fig. 10c.
The mean secondary-ﬂow streamlines in two cross-ﬂow planes inside the bend are shown in Fig. 11. Note that the ﬂow does not
exhibit perfect symmetry about the vertical axis. The strength of Dean vortices in turbulent ﬂows varies with time, with each vortex
dominating the secondary ﬂow alternately. This oscillatory behaviour known as ‘swirl switching’ is at very low frequency and, as a
result, a very long averaging period is required in order to obtain symmetric secondary-ﬂow statistics. Nevertheless, the results in
Fig. 11 show the main secondary ﬂow structures, and a long averaging period is not needed in the present study where the focus is on
particle trajectories and deposition rather than a statistical description of the ﬂow ﬁeld. At θ = 45° a pair of small vortex cells is
observed at the inner radius, due to separation of the secondary boundary layer which can occur at high Dean numbers (Pui et al.,
1987). Further along the bend, the centres of the main vortices shift towards the side walls as the high momentum ﬂuid shifts closer
to the outer wall and swirls along the side walls.
The deposition eﬃciency versus reference Stokes number at ReD =10, 000 is shown in Fig. 12. The percentage of particles that
remain in the ﬂow and that have exited the pipe after 20 convective time units are also shown. Although the percentage of deposited
particles follows a similar trend to the laminar case, some clear diﬀerences exist. The S-curve no longer has a ﬂat section at low
Stokes numbers, because deposition in this regime is higher by virtue of turbulent dispersion. Also, in the intermediate Stokes
number regime, the slope is more gentle than in the laminar case. In this regime, deposition is due to both impaction and turbulent
dispersion. Impaction, which is dominant, increases with particle size. On the other hand, deposition due to turbulent dispersion
decreases with particle size resulting in a more gentle overall increase in deposition with particle size compared to the laminar case
where deposition is via impaction alone. Since particle trajectories are strongly dependent on their insertion location and time in the
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Fig. 7. Laminar ﬂow in curved pipe at ReD=1000 : Particles at inlet coloured by eﬀective Stokes number: (a) Stkref = 0.2 ; (b) Stkref = 0.34 ; and (c) Stkref = 1.0 . On the
left: all particles; on the right: deposited particles only. (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of
this paper.)

turbulent conﬁguration, deposition patterns are expected to change appreciably relative to the earlier laminar conditions. The
instantaneous and eﬀective Stokes numbers provide an informative account of these changes.
Fig. 13 shows contours of |Λ|max in the central spanwise plane and a cross-section near the inlet, along with the particle trajectories
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Fig. 8. Laminar ﬂow in curved pipe at ReD=1000 : Pdf of eﬀective Stokes number for (a) Stkref = 0.2 ; (b) Stkref = 0.34 ; (c) Stkref = 1.0 .
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Fig. 9. Laminar ﬂow in curved pipe at ReD=10, 000 : Deposition eﬃciency versus Stokes number.
order. (Particle sizes are listed in Table 1.).
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Fig. 10. Turbulent ﬂow in curved pipe at ReD=10, 000 : (a) Streamlines of the time-averaged ﬂow; (b) contours of the mean pressure and (c) contours of the
instantaneous velocity magnitude, in central spanwise plane.

Fig. 11. Turbulent ﬂow in curved pipe at ReD=10, 000 : Secondary ﬂow streamlines of time-averaged ﬂow at two cross-ﬂow planes inside the bend: (a) θ = 45° and (b)
θ = 90°.
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Fig. 12. Turbulent ﬂow in curved pipe at ReD=10, 000 : Deposition eﬃciency versus reference Stokes number:
, • experimental data (Pui et al., 1987); - - - curve ﬁt (Pui et al., 1987);
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Fig. 13. Turbulent ﬂow in curved pipe at ReD=10, 000 : (a) Snapshot of |Λ|max and particle trajectories coloured by their instantaneous Stokes number for (b)
Stkref = 0.05; and (c) Stkref = 0.4 and (d) Stkref = 0.8. (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of
this paper.)

coloured by their instantaneous Stokes number for three diﬀerent sizes of particles. As in the laminar case, the eﬀect of the secondary
ﬂow on the trajectories is evident, with particles travelling from the outer to the inner radius along the side walls (Figs. 13b–d). In
addition, the turbulent ﬂuctuations also have a visible eﬀect on the trajectories, in particular for the small particles (Fig. 13b). In
terms of the evolution of the instantaneous Stokes numbers along the particle trajectories, clear diﬀerences with the laminar case are
evident (cf. Figs. 5 and 6). In the laminar case Stkinst is low at the inlet, increases as the particles approach the bend (with the
highest Stkinst observed near the outer wall) and then decreases again in the straight section of the bend. In the turbulent case,
‘streaks’ of high instantaneous Stokes number which begin at the inlet are observed near the wall. These correspond to the regions of
highest |Λ|max which occur within the buﬀer layer.
The deposition patterns for ﬁve diﬀerent sized particles are shown in Fig. 14. The particles are coloured by their instantaneous
Stokes number at the time of deposition. For small particle sizes (Fig. 14a) deposition is low, and occurs mainly on the side walls due
to the eﬀect of the secondary ﬂow motion, similar to the small particles in laminar ﬂow. As particle size increases, deposition
increases along the outer wall of the bend as particle inertia increases and particles deposit in this region via impaction. Along the
inner wall of the bend, there is a thin strip of negligible deposition for all particle sizes. This zone was also observed by Breuer et al.
(2006) and was attributed to the pair of small counter-rotating vortices at the inner radius.
Next we examine the inﬂuence of release location on the eﬀective Stokes number and deposition. Fig. 15 (left column) shows
contours of eﬀective Stokes number at the inlet location for four diﬀerent sizes of particles. For all sizes, particles released near the
top and side walls experience much higher Stkeﬀ than those released elsewhere at the pipe inlet. This is due to the combined eﬀect of
the high-Stkinst streaks near the walls, observed in Fig. 13, and the centrifugal force. Although in a straight pipe the distribution of
Stkeﬀ should be axisymmetric, in the present setting particle trajectories shift towards the outer wall due to the bend. Therefore,
particles released near the inner wall will be advected through the pipe core inside the bend where ﬂow timescales are larger (or
Stkinst are smaller), resulting in lower Stkeﬀ compared to those particles released near the outer and side walls.
Contours of deposition and penetration fraction plotted at the particles' inlet locations are shown in the middle and right columns
of Fig. 15 respectively. These are very diﬀerent from the laminar case where the deposition/penetration regions were sharply
deﬁned; the diﬀerences are due to turbulent dispersion. The highest levels of deposition across all particle sizes, occur when particles
are released in the top half of the pipe inlet. This is the region where eﬀective Stokes numbers are higher, and where high Stkinst
streaks are observed (Fig. 13).
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Fig. 14. Turbulent ﬂow in curved pipe at ReD=10, 000 : Deposited particles coloured by their instantaneous Stokes number for (a) Stkref = 0.05; (b Stkref = 0.2 ; (c)

Stkref = 0.4 ; (d) Stkref = 0.8 and (e) Stkref = 1.35. (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this
paper.)
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Fig. 15. Turbulent ﬂow in curved pipe at ReD=10, 000 : (a) Stkref = 0.05; (b) Stkref = 0.2 ; (c) Stkref = 0.4 ; and (d) Stkref = 0.8. On the left: particles at inlet coloured by
eﬀective Stokes number; middle: deposition percentage based on release location; and right: penetration percentage based on release location. (For interpretation of
the references to colour in this ﬁgure caption, the reader is referred to the web version of this paper.)

The probability density functions of Stkeﬀ for the four particle sizes are shown in Fig. 16. The separate probability distributions
for particles that deposit and particles that do not deposit are also shown in red and blue, respectively. In all cases, the mean eﬀective
Stokes number is signiﬁcantly higher than the reference value. As particle size increases, the spread in Stkeﬀ increases but the
d
diﬀerence between the mean eﬀective Stokes number for particles that deposit, Stkeff
and particles that remain undeposited, Stkefff ,
decreases. Generally, a much larger spread in Stkeﬀ is observed across all particle sizes compared to the laminar case, since particles
experience a wider range of ﬂow timescales. Use of the instantaneous Stokes number based on the local properties of the ﬂow ﬁeld
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Fig. 16. Turbulent ﬂow in curved pipe at ReD=10, 000 : Pdf of eﬀective Stokes number for (a) Stkref = 0.05; (b) Stkref = 0.2 ; (c) Stkref = 0.4 ; and (d) Stkref = 0.8.
particles;

particles not deposited;

All

deposited particles; lines as in Fig. 8.

allows us to extract these diﬀerences between the laminar and turbulent regimes, which are not taken into account in the reference
Stokes number.
The deposition eﬃciencies versus Stkeﬀ for each particle size are shown in Fig. 17. Signiﬁcant diﬀerences with the laminar case
are observed in the intermediate Stokes number regime (0.3 Stkref 1.0 ). For small particle sizes (Stkref < 0.3), deposition versus
Stkeﬀ follows the typical S-curve, which was also observed in the laminar case. For large particle sizes (Stkref > 1.0 ), deposition
plateaus as the eﬀective Stokes numbers are high and all particles deposit via impaction in this regime. In the intermediate range
(0.3 Stkref 1.0 ), both impaction and turbulent dispersion contribute appreciably to deposition. The deposition eﬃciency versus
Stkeﬀ in this regime follows a ﬂat ‘U’ curve as the eﬀect of dispersion diminishes with increasing Stkeﬀ.

3.2. Extrathoracic airways
Here we consider the ﬂow and particle deposition in an idealized geometry of the extrathoracic airways (ETA). The adopted
geometry is based on the model developed at the Aerosol Research Laboratory of Alberta (Stapleton, Guentsch, Hoskinon, & Finlay,
2000). It is representative of an average adult ETA with inhalation through a circular mouthpiece. Although it is a simpliﬁed model,
it possesses all the basic anatomical features of realistic extrathoracic airways, and has been used in both in vitro (Grgic, Finlay, &
Heenan, 2004; Heenan et al., 2003; Shinneeb & Pollard, 2012; Zhou, Sun, & Cheng, 2011) and numerical studies (Ball et al., 2008;
Debhi, 2011; Matida et al., 2004).
A ﬂow rate of Q=51.5 L/min was assumed, which corresponds to a Reynolds number of Reinlet =ρf Uinlet Dinlet / μf = 3784 , based on
the inlet diameter and inlet velocity. The grid consisted of 513 × 257 × 385 points in the streamwise ξ, cross-stream η, and spanwise z
direction, respectively. The grid spacing was 0.015 < Δξ < 0.05 (near the outﬂow), 0.003 < Δη < 0.01 and Δz = 0.0064 . This
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Fig. 17. Turbulent ﬂow in curved pipe at ReD=10, 000 : Deposition eﬃciency versus Stokes number.
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corresponds to 3.86 < Δξ + < 12.87 (near the outﬂow), 0.76 < Δη+ < 2.60 and Δz+ = 1.64 , based on the friction velocity at the inlet
pipe. A simulation with double the number of grid points was also performed, but diﬀerences in the ﬂow ﬁeld and particle statistics
were negligible. The grid and ETA geometry are shown in Fig. 18. A steady laminar inﬂow was prescribed, although the ﬂow quickly
transitions to turbulence towards the back of the oral cavity. Convective outﬂow conditions were applied at the exit plane.
Particles with diameters ranging from dp = 2 μm to 22 μm were released at uniformly distributed random locations over the
inﬂow plane and tracked dynamically. The density ratio was set to ρp / ρf = 766 , which corresponds to di-ethylhexyl sebacate (DEHS)
particles in air at room temperature. The particles were released into the ﬂow at regular intervals, Δtrelease ∼ 0.075Dinlet /Uinlet , during a
period of 4.95 time units, and advected for an additional four ﬂow-through times. Approximately 105 particles were tracked for each
size.
Contours of the mean velocity magnitude and turbulent kinetic energy per unit mass in the idealized ETA geometry are shown in
Fig. 19. Due to the airway curvature, the ﬂow entering the mouth shifts towards the outer wall, with recirculation regions forming
above and below the incoming jet (Fig. 19a and b). The ﬂow accelerates at the back of the mouth as the cross-sectional area
decreases, developing a pharyngeal jet which impinges onto the epiglottis. Further downstream, a pronounced separated shear layer
develops due to the bend in the airway, and impinges on the anterior wall of the trachea. A recirculation region can also be observed
near the outer wall of the trachea, under the ‘sharp step’ in the larynx. The maximum kinetic energy occurs in the pharynx near the
jet, and in the trachea near the location of the separated shear layer (Fig. 19c). The ﬂow features in the idealized model are similar to
those observed in realistic extrathoracic airway geometries (Heenan et al., 2004; Jayaraju et al., 2007; Nicolaou & Zaki, 2013).

oral cavity
circular
tube inlet

epiglottis

pharynx

larynx

trachea

Fig. 18. The idealized geometry and curvilinear grid adopted for the extrathoracic airways. Every fourth grid line in ξ and eighth grid line in η has been plotted.
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Fig. 19. (a) Contours of mean velocity magnitude; (b) streamlines of the time-averaged ﬂow coloured by mean velocity and (c) contours of turbulent kinetic energy
per unit mass in central sagittal plane of idealized ETA geometry. (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web
version of this paper.)

The deposition eﬃciency versus Stokes number with Reynolds number correction, StkRe0.37 , is shown in Fig. 20 alongside in vitro
and numerical results from the literature. Note that the Reynolds number used in this plot is Remean =ρf Umean Dmean / μf , which is based
on the mean equivalent diameter and corresponding mean velocity. In the current simulation, Remean =3421. The current study and
that by Debhi (2011) were performed in the same idealized geometry. In their study a slightly smaller mouthpiece of diameter
17 mm was employed, in comparison to ours (Dinlet = 19 mm ). Nonetheless, there is good agreement between the two studies.
Signiﬁcant scatter is observed, however, across the in vitro data and other numerical results. This scatter can be attributed primarily
to the geometric variability across subjects' extrathoracic airways. Geometric variation has a signiﬁcant eﬀect on the ﬂow ﬁeld, and
can lead to qualitatively diﬀerent ﬂow features in diﬀerent airways. Therefore, even with the same particle Stokes number and mean
ﬂow Reynolds number, deposition eﬃciencies will vary across geometries (Nicolaou & Zaki, 2013).
The particle trajectories in the idealized geometry, coloured by the instantaneous Stokes number, are shown in Fig. 21 for two
particles sizes. A snapshot showing contours of |Λ|max in the central sagittal plane is also displayed in Fig. 21a. It is evident that the
initially laminar ﬂow rapidly becomes turbulent inside the oral cavity. The early section resembles the laminar bent pipe. As ﬂow
transitions downstream, the particle Stokes numbers increase. The highest Stokes numbers are experienced in the larynx and
trachea, where the velocity gradients increase signiﬁcantly. The trajectories of the small particles are inﬂuenced by the velocity
ﬂuctuations (Fig. 21b), whereas the larger particles display a more ballistic behaviour, as can be seen in the larynx and trachea in
Fig. 21c. A more pronounced shift towards the front wall of the trachea is also observed for the larger size, as the particles are unable
to respond to the sudden change in ﬂow direction due to their high inertia.
Fig. 22 shows the deposition patterns for the two particle sizes. The deposited particles are shown coloured by their
instantaneous Stokes number at the time of deposition. For both particle sizes, the larynx is a main region of deposition. This
corresponds to the region of highest Λmax, as seen in Fig. 21a.
For the small particles, high deposition is also observed in the trachea, with particles uniformly deposited in this area. The large
particles, on the other hand, exhibit a pronounced hotspot on the front wall of the trachea and negligible deposition along the back

Fig. 20. Deposition eﬃciency versus StkRe0.37 for idealized ETA geometry. Current simulation shown in red. Numerical results at Q=60 L/min: - - - (Jayaraju et al.,
2007) and — (Debhi, 2011). Symbols are in vitro data across a number of geometries (Grgic, Finlay, Burnell, et al., 2004); ⋯· in vitro data ﬁt. (For interpretation of the
references to colour in this ﬁgure caption, the reader is referred to the web version of this paper.)
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Fig. 21. (a) Snapshot of |Λ|max and particle trajectories coloured by their instantaneous Stokes number for (b) dp = 6 μm (Stkref = 0.012 ) and (c) dp = 18 μm
(Stkref = 0.107). (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this paper.)

wall. Light particles enter the recirculation region behind the separated shear layer and eventually deposit on the back wall of the
trachea whereas the large particles have a higher inertia and so deposit on the front wall, where the separated shear layer impinges.
At the larger particle size, a signiﬁcant increase in deposition is observed, particularly along the upper wall of the mouth and
upper pharynx (Figs. 22d–f). Larger particles experience higher Stkinst in this area, which causes them to deposit via impaction on
the outer wall. Deposition can also be observed on the lower wall of the inlet tube and mouth. These deposited particles, however,
exhibit relatively low instantaneous Stokes numbers. Deposition in this region is via sedimentation rather than impaction, as lowspeed particles travelling near the wall have time to settle onto the bottom wall due to gravity.
The eﬀective Stokes number of the particles is visualized at their initial location in Fig. 23 for four diﬀerent particle sizes.
Contours of the deposition fractions are displayed in the middle column, and the insertion locations which lead to deposition are
visualized at right. As observed in the bent pipe, a signiﬁcant spread in eﬀective Stokes number exists across all particle sizes. For a
given size, particles experience very diﬀerent values of Stkeﬀ depending on their initial release position. The smaller particles
(Figs. 23a and b) experience generally low Stokes numbers and so travel further downstream before depositing. Deposition for these
two particle sizes occurs primarily in the larynx and trachea. For the 12 μm particles (Fig. 23c), higher levels of deposition are
recorded in the mouth and pharynx as particles begin to deposit earlier on, due to their increased inertia. As particle size increases
even further, the majority of deposition occurs in the mouth (Fig. 23d). Here, the relatively low values of Stkeﬀ observed at the centre
of the inlet are due to the particles depositing before reaching the regions of high velocity gradients and, as a result, high
instantaneous Stokes numbers (i.e. the larynx and trachea).
Fig. 24 shows the probability distributions of Stkeﬀ for the four particle sizes. The separate probability distributions for particles
that have deposited, particles that remain in the ﬂow domain and particles that have exited the trachea are also shown in red, green
and cyan, respectively. The blue line represents the probability density of all particles that have not deposited, i.e. particles that have
exited the trachea as well as those remaining in the ﬂow. In all cases, the mean eﬀective Stokes number is considerably higher than
the reference Stokes number based on the bulk velocity and mean diameter of the ETA geometry. As expected, for small particle
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Fig. 22. Deposition patterns in the extrathoracic airways. Particles coloured by their instantaneous Stokes number for (a–c) dp = 6 μm (Stkref = 0.012 ) and (d–f)

dp = 18 μm (Stkref = 0.107 ). (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this paper.)

sizes, the majority of particles exit the trachea and only a small percentage deposit (Fig. 24a and b). As particle size increases, this
trend reverses, with a larger proportion of the particles depositing and a small amount exiting the airways (Fig. 24c and d). Across all
sizes, the particles that remain suspended in the ﬂow domain are those with low eﬀective Stokes numbers. These are low-speed
particles travelling near the airway walls. At dp = 18 μm , a small peak in deposition is observed at very low Stkeﬀ (Fig. 24d). This
peak corresponds to the particles depositing on the inlet tube and bottom wall of the mouth via sedimentation (see Fig. 22d–f).
The instantaneous and eﬀective Stokes numbers provide a more detailed view of the deposition trends in the extrathoracic
airways, which is informative in the optimization of inhaled drug delivery. The results presented in this section demonstrate that it is
not suﬃcient to simply choose a particular reference Stokes number, or particle size, in order to minimize extrathoracic losses.
Deposition varies signiﬁcantly depending on the release location of the particles, and the deposition/penetration zones diﬀer across
particle sizes. Additionally, intersubject variation, which is known to have a signiﬁcant eﬀect on the ﬂow characteristics, is also
expected to have a considerable impact on optimum release locations.
4. Summary
Aerosol deposition in the airways is typically described as a function of the reference Stokes number, based on a global length and
velocity scale for the ﬂow ﬁeld. Most commonly, the mean ﬂow velocity and mean airway diameter are used. This reference Stokes
number does not, however, capture the inﬂuence of ﬂow history or geometric variability. The ﬂow time scales experienced by
particles as they are advected through the ﬂow are expected to deviate signiﬁcantly from the reference value, and geometric
variability can lead to qualitatively diﬀerent ﬂow features and as such alter particle deposition appreciably. In order to characterize
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Fig. 23. Extrathoracic airways: (a) dp = 2 μm (Stkref = 0.0013); (b) dp = 6 μm (Stkref = 0.012 ); (c) dp = 12 μm (Stkref = 0.0647 ); and (d) dp = 18 μm (Stkref = 0.107 ). On
the left: particles at inlet characterized by eﬀective Stokes number; middle: deposition percentage based on release location; and right: region of deposition based on
release location.

particle transport and deposition, the use of an instantaneous Stokes number was proposed, based on the local properties of the ﬂow
ﬁeld. Time-averaging this instantaneous value yields the eﬀective Stokes number of the particle which is better representative of its
trajectory.
Particle dynamics were examined in three diﬀerent ﬂow conﬁgurations: (i) laminar and (ii) turbulent ﬂows in bent pipes and (iii)
turbulent ﬂow in the extrathoracic airways. The bent pipe serves as a canonical test case for the extrathoracic region, which enables
us to examine the eﬀect of the ﬂow history on the particles without the complexity of the geometry. The eﬀective Stokes number was
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Fig. 24. Extrathoracic airways: probability density function of eﬀective Stokes number for (a) dp = 2 μm ; (b) dp = 6 μm ; (c) dp = 12 μm ; and (d) dp = 18 μm .
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shown to vary signiﬁcantly between the laminar and turbulent ﬂow cases: A particle with the same size and same release location
experiences signiﬁcantly diﬀerent local Stokes numbers as it is advected through the ﬂow in the two conﬁgurations. Therefore, the
penetration/deposition regions also diﬀer appreciably between the two ﬂows. In the laminar case, these regions were sharply deﬁned
and a clear correlation between eﬀective Stokes number and deposition was observed. In the turbulent case, these regions were less
distinct as a result of turbulence mixing. In both cases, the eﬀective Stokes number was shown to deviate considerably from the
reference value. Signiﬁcant variance in the distribution of the eﬀective Stokes number, Stkeﬀ, was also observed, with Stkeﬀ
depending on the release location of the particle.
The idealized extrathoracic airway model adopted in the present study is representative of an average adult upper airway
geometry. A laminar inﬂow was prescribed with a ﬂow rate of 51.5 L/min, and the ﬂow rapidly became turbulent inside the oral
cavity. The larynx, where local Stokes numbers were highest, was found to be a main region of deposition across all particle sizes. For
increasing particle size, higher levels of deposition were observed in the mouth and pharynx as particles experienced higher Stokes
numbers earlier on, thereby depositing via impaction. Across all particle sizes examined, the mean eﬀective Stokes number was
shown to be considerably higher than the reference value. Similar to the bent pipe, a signiﬁcant spread in eﬀective Stokes number
was observed.
The cases presented herein have adopted steady inﬂow (constant ﬂow rate) and idealized geometries. The eﬀective Stokes
number will vary for diﬀerent airway geometries and ﬂow conditions. Nevertheless, the results demonstrate the value of this
parameter in characterizing deposition. The use of the eﬀective Stokes number in patient-speciﬁc geometries, and for inhalation
characteristics, can provide a richer representation of the eﬀect of geometric variation and of the ﬂow on the particle dynamics. By
encapsulating the inﬂuence of the ﬂow history, the eﬀective Stokes number provides a better account of the particle trajectories
within the airways, for both steady and unsteady inhalation. This parameter also demonstrates how the combined choice of particle
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size and release location has a signiﬁcant eﬀect on deposition. As such, it can assist in the assessment of inhaled drug delivery and it
can guide the choice of particle release locations, particle size distribution and ﬂow conditions for optimum delivery to the lungs.
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