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ABSTRACT

The present study aims to develop a fundamental understanding of the complex nature of fluid flow and particle transport dynamics
in the alveolar region of the lungs. The acinus has a fine-scaled structure which allows for gas exchange in the blood. We model the
transport characteristics of a single alveolar duct, which represents a single unit of the fine-scale acinar structure. A straight duct, with
an expanding/contracting hemispherical bulb at one end, is used as a simplified approximation of a breathing alveolus. The diffusion of
respiratory gases is considered across the boundary of the hemispherical bulb in order to account for the gas exchange. The transport equations are solved numerically using an Eulerian-Eulerian approach. The transport of aerosol particles could be demarcated into transient
and time-periodic regimes, each with significantly different characteristics. While diffusion is observed to be the main cause of particle
transport in the transient regime, the periodic nature of advective particle motion dominates in the time-periodic regime. Surprisingly,
particle transport toward the acinus is observed even in a time-periodic breathing flow due to the nonlinear advective acceleration. A
reduction in the particle size is observed to substantially aid the transport of aerosols. While gas exchange and increase in breathing frequency aid aerosol transport, the increase in the rate of aerosol transfer is observed to merely lower the aerosol concentration within the
duct.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5127787., s

I. INTRODUCTION
Fluid flow in respiration is governed by the pressure difference between the alveolar region of the lungs and the surroundings.
The pressure difference is established as an outcome of the periodic
expansion/contraction of the alveoli. The expansion of the alveoli
reduces the alveolar pressure and thereby allows fluid flow into the
lungs. This is what we usually refer to as inhalation/inspiration.
The reverse happens during the contraction of the alveoli leading to
exhalation/expiration.1 Fluid motion is inherently unsteady within
the pulmonary system, and the flow direction undergoes periodic
reversals during inhalation/exhalation.2 Airborne particles are also
inhaled/exhaled during breathing along with the fluid motion. A
considerable fraction among the inhaled particles, however, is not
exhaled and gets deposited at different regions of the pulmonary system. The deposition of these particles determines the health risks
associated with air pollutants and also the efficacy of pulmonary
drug delivery mechanisms. Developing a basic understanding of the
mechanisms governing transport of the particles in the deep lungs
is, thus, of immense importance.
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Past research has established that the motion of aerosol particles in the pulmonary system is governed by a combination of the
unsteady convective fluid flow, gravitational settling, and diffusive
motion of the particles.3–5 The extent to which these mechanisms
influence the particle motion is dependent on the fluid flow rate,
airway dimension, particle size and shape, and symmetry of the airways.3,6–8 A wide range of geometrical models, spanning from basic
channels9 and bifurcating ducts10 to more complex bifurcating networks11–13 and anatomically reconstructed geometries of the pulmonary system,3,14 have been utilized in these investigations. These
models, however, either neglect or use some form of a lumped system to model the alveolar region. The reason for this is a lack of
precise morphometric information about the intricate anatomy of
the alveolar region, while the details for the upper branches of the
lungs can be obtained through various imaging techniques.15 Small
dimensions of the alveolar region (diameter of 200–300 μm and
length of 500 μm in an adult human being) are another hindrance,
especially with regard to experimental investigations.
The effectiveness of pulmonary drug delivery mechanisms and
also the health risks from air pollutants are, however, dependent on
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whether the inhaled particles are adequately transported to the alveolar region of the lung where they can be absorbed by the epithelial
tissue and transferred to the blood stream. Understanding the fluid
dynamics and associated particle transport in the alveolar region,
thus, becomes extremely important. Different types of idealized geometrical models have been utilized for studying the transport mechanism in the alveolar region. These include 2D and 3D models of
alveolated ducts modeled as straight channels surrounded by alveoli
of different shapes,16,17,29 as well as alveolated bifurcations18,19 and
bends.20 Most of these studies do not take into account the expansion/contraction of the alveolar region. In contrast, Sznitman et al.21
showed that the periodic expansion/contraction does have substantial influence on the flow patterns in the alveolar region. Darquenne
et al.22 observed that the periodic expansion/contraction greatly
enhances aerosol deposition in the alveolar region. Koullapis et al.14
recently carried out a detailed computational fluid dynamics study
of a simplified branching network of the deep lungs considering wall
expansion/contraction.
There is a vast body of literature on aerosol deposition in the
upper generations of the lungs. However, none of these investigations take into account the effects of respiratory gas exchange in the
lungs although it may substantially influence the fluid motion and,
hence, particle deposition. This may assume an even larger significance when modeling particle transport in the alveolar region, where
the gas exchange actually occurs. In addition, none of the studies on
the alveolar region take into account a situation where the aerosols
are absorbed by the alveolar walls and transported into the blood
stream, which can have a substantial impact on the flow dynamics.
The current understanding is, therefore, unable to precisely predict
if the inhaled aerosol particles will be effective enough in the drug
delivery mechanism or can cause substantial harm in the case of
pollutants.
The present study attempts to address these shortcomings
through a numerical analysis of the transport of aerosol particles
in the terminal generation of the lungs. A simplified structure of
the terminal lung generation, considering a single alveolus instead
of a network of alveoli, is assumed in this respect (see Fig. 1). This
structure is modeled as a straight duct with a hemispherical bulb
at one end. The hemispherical bulb represents the alveolus, while
the straight portion of the duct represents the duct connecting the
alveolus to the preceding lung generations. The hemispherical bulb
is assumed to undergo periodic expansion and contraction, mimicking the respiratory motion of an alveolus. It is assumed that
respiratory gases are exchanged across the boundary of the hemispherical bulb. Aerosols are also assumed to be continually absorbed
at this boundary for mimicking their transfer to the blood stream
across the alveolar wall. The rates of gas exchange and aerosol transfer to the blood stream are assumed to be constant and uniform
over the entire alveolar surface. The reason behind this consideration comes from the structural interaction between the alveoli and
the capillary network. Physiologically, the alveoli are surrounded
by a capillary network, and as such, the gas exchange (as well as
aerosol transfer to the blood) does not occur over the entire alveolar
surface. The respiratory capillaries, however, connect together in a
closely spaced mesh-like fashion, allowing the blood to flow essentially as a thin sheet over the alveolar surface. Thus, gas exchange
between the alveoli and the respiratory capillaries can be assumed
to be largely uniform with minor variations. Fluid flow and the
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FIG. 1. Schematic diagram of the terminal lung generation considering a single
alveolus. Dotted arrows indicate the gas exchange and aerosol transfer occurring
between the alveolus and the blood stream.

associated particle transport in the domain are modeled following an
Eulerian-Eulerian approach, with the fluid (i.e., air) and the particles
modeled as two distinct phases. The fluid phase is further considered to be a mixture of different gaseous species comprising air. The
computational model is used to fundamentally analyze the nature
of fluid flow and particle transport in the domain undergoing periodic expansion/contraction. Parametric studies are also carried out
with respect to different pertinent parameters—respiratory motion,
gas exchange, size of the particle, and the rate of aerosol removal
from the domain—in order to adequately highlight the effect of
these parameters on particle transport characteristics in the alveolar
region.
II. PROBLEM DESCRIPTION
The physical configuration used for the present analysis is
schematically shown in Fig. 2. The two-dimensional duct is modeled as a straight channel (length L = 570 μm), with a uniform cross
section (radius R = 120 μm) and a hemispherical bulb at one end
(radius Rh = 120 μm). These dimensions are commensurate with the
reported dimensions of the terminal generation of a typical human
lung.23 The duct is assumed to remain filled with air at atmospheric
pressure and temperature. Air is assumed to be composed of three
distinct gaseous species—oxygen (O2 ), carbon dioxide (CO2 ), and
nitrogen (N2 )—with corresponding mass fractions determined from
a physiologically relevant situation in a human lung.24 It is also
assumed that no aerosol is initially present within the duct.
The wall at the hemispherical end of the duct is assumed to
undergo periodic oscillatory motion, resulting in the expansion and
contraction of the duct volume. The corresponding phases of the
oscillatory motion are, hence, referred to as the expansion and
contraction phases. The oscillatory motion is constrained to the z
direction only. The oscillating wall also allows diffusion of O2 and

31, 121901-2

Physics of Fluids

ARTICLE

scitation.org/journal/phf

FIG. 2. Schematic representation of the
problem geometry considered for analysis and typical change in the velocity of
the wall due to wall motion.

CO2 present in air as well as aerosols. It is further assumed that
O2 diffuses out of the duct only during the expansion phase of the
oscillatory motion, while CO2 diffuses into the duct only during the
contraction phase—as is the case in a respiratory process. Aerosol
particles are assumed to only diffuse out of the duct. Other walls of
the duct are considered to be rigid and impermeable to such diffusive
exchange. The no-slip velocity boundary condition is additionally
considered at all walls of the duct. In addition, a symmetry condition is imposed about the axis of the geometry. The effects of gravity
are not considered in the present study, and it is assumed that the
process takes place under isothermal conditions.
A constant pressure boundary condition is maintained at the
entrance to the duct, which allows air movement into and out of the
duct depending on fluid pressure inside the duct. Aerosol concentration and mass fractions for the gases comprising air are assumed to
remain constants at this boundary during the expansion phase, while
an outflow boundary condition is considered during the contraction
phase.
Oscillatory motion of the duct wall at the hemispherical end is
modeled by assuming an idealized sinusoidal motion of an alveolar
sac in the human lungs. The instantaneous local position of the wall
[z(t)] is determined following Hofemeier and Sznitman25 as

density and viscosity are determined from
ρm ≙

1
,
Yi
∑
i ρi

(4)

μm ≙ ∑ Yi μi ,

(5)

i

where the suffix i denotes the properties associated with the ith
gaseous species in the mixture. Y i represents the mass fraction of
the ith gaseous species subject to the constraint that ∑Y i = 1. Transi

port of the gaseous species within the air mixture, due to diffusive
exchange across the oscillating wall, is modeled using individual
species transport equations (6),
∂(ρm Yi )
+ ∇ ⋅ (ρm Vm Yi ) ≙ ∇ ⋅ (ρm Di ∇Yi ).
∂t

(6)

The term Di in Eq. (6) represents the diffusivity coefficient of
the ith species. The species transport equation is only solved for
the gaseous species undergoing diffusive exchanges (O2 and CO2 ).
The mass fraction of the third species (N2 ) is determined using the
constraint ∑Y i = 1.
i

β β
π
z(t) ≙ z0 (1 + + sin(ωt − )),
2 2
2

(1)

where z0 refers to the position of the wall at t = 0. β is a length
scale expansion factor which is considered to remain constant in this
study (β = 0.059). ω(=2πf ) is the angular frequency corresponding
to the imposed oscillation frequency (f ) of the wall.
III. GOVERNING EQUATIONS AND MODELING
ASSUMPTIONS
A. Dimensional formulation
1. Air flow
The governing transport equations of mass and momentum
describing the unsteady air motion in the duct are expressed following the Eulerian approach as
∂(ρm )
+ ∇ ⋅ (ρm Vm ) ≙ 0,
∂t

(2)

∂(ρm Vm )
+ ∇ ⋅ (ρm Vm Vm ) ≙ −∇p + ∇ ⋅ (μm ∇Vm ),
∂t

(3)

where ρm , V m , and μm represent the density, velocity, and viscosity,
respectively, of the gaseous mixture comprising O2 , CO2 , and N2 .
t represents the time, while p represents the pressure. The mixture
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2. Aerosol transport
The diluteness of aerosol particle concentration in the alveolar
region (of the order of 10−3 ) and the small size of the aerosol particles assumed (dp ≤ 1 μm) allow the use of the Eulerian approach
for modeling transport of the aerosols in the duct.3 The transport
equation for a monodispersed aerosol population is expressed below,
following the Eulerian approach and neglecting processes such as
growth, coagulation, and nucleation. A one-way coupling is assumed
between the particle phase and the fluid phase such that only the
fluid motion can affect particle motion and not vice versa,
∂c
+ ∇ ⋅ (cVp ) ≙ 0,
∂t

(7)

where c and V p represent the aerosol particle concentration and particle velocity, respectively. V p is estimated following De La Mora26
and Pilou et al.10 as
Vp ≙ Vm − τp Vm ⋅ ∇Vm + Vs + O(τp2 ) − DB ∇ ln c,

(8)

where τ p and DB represent the particle relaxation time and the
Stokes-Einstein diffusion coefficient of the particle phase, respectively. It is evident that the particle velocity can be decomposed into
a convective part (independent of c) and a diffusive part (dependent
on c) that are represented by the first four terms and the last term
in Eq. (8), respectively. Neglecting the settling velocity V s (since the
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effect of gravity is not considered presently) and the fourth term in
Eq. (8) (due to its negligible magnitude), Eq. (7) can be rewritten
using Eq. (8) as
(9)

τ p and DB in the above equations are defined as10
ρp dp 2
Cc ,
18μm χ

kB T
DB ≙
Cc ,
3πμm dp

(10)

(11)

where ρp and dp refer to the density and diameter of the aerosol particles, respectively. χ represents the particle shape factor (unity for
perfectly spherical particles such as those considered in the present
study), kB is the Boltzmann constant, T is the air temperature, and
Cc is the Cunningham slip correction factor. The Cunningham slip
correction factor takes into account the noncontinuum effects when
calculating the drag force on small particles (dp ≤ 1 μm) and is
determined as14
−0.55dp
2λ
Cc ≙ 1 + [1.257 + 0.4exp(
)],
dp
λ

(12)

with λ representing the mean free path of air (λ = 0.07 μm).
B. Initial and boundary conditions
Initially, the whole duct is assumed to be filled with stagnant
air (i.e., V m = 0) having the following composition: YO2 = 0.24,
YCO2 ≙ 0.004. Aerosol concentration is initially assumed to be zero
[i.e., c(z, 0) = 0] within the duct. A no-slip condition is assumed
for the velocity at all walls of the duct. The various other boundary
conditions utilized in this study are summarized below.
Expansion phase of the flow cycle
Duct Entrance: p = 0, c = 10−3 , YO2 = 0.24, and YCO2 = 0.004.
∂YO2
∂YCO2
∂c
≙ −Wa ,
≙ Win ,
≙ 0.
Oscillating Wall:
∂n
∂n
∂n
∂c ∂YO2 ∂YCO2
≙
≙
≙ 0.
Other Walls:
∂n
∂n
∂n
Contraction phase of the flow cycle
∂c ∂YO2 ∂YCO2
Duct Entrance: p ≙ 0,
≙
≙
≙ 0.
∂n
∂n
∂n
∂YO2
∂YCO2
∂c
≙ −Wa ,
≙ 0,
≙ Wex .
Oscillating Wall:
∂n
∂n
∂n
∂c ∂YO2 ∂YCO2
≙
≙
≙ 0.
Other Walls:
∂n
∂n
∂n
The quantity n in the above-stated boundary conditions represents the direction vector. The diffusive fluxes of O2 and CO2
assumed at the oscillating wall (W in = −65 m−1 , W ex = 70 m−1 )
are determined considering physiologically realistic rates of gas
exchange in a human alveolus.27,28 However, no definite data could
be found from the existing literature for ascertaining the diffusive
flux for aerosols (W), although it is expected to be very small. The

Phys. Fluids 31, 121901 (2019); doi: 10.1063/1.5127787
Published under license by AIP Publishing

magnitude W a is, as such, assumed to remain small and vary in the
range of 0–10−1 mol m−4 .
C. Scaling parameters

∂c
+ ∇ ⋅ [c(Vm − τp Vm ⋅ ∇Vm )] ≙ ∇ ⋅ (DB ∇c).
∂t

τp ≙

scitation.org/journal/phf

The dimensional transport equations [(2), (3), (6), and (9)] discussed in Sec. III A can be scaled to a dimensionless form using the
following nondimensional parameters:
(r, z)∗ ≙

ρ
(r, z) ∗
t
V
R ∗
,τ ≙
, V∗ ≙
, Vref ≙
,ρ ≙
,
R
tref
Vref
tref
ρref

p∗ ≙

Vref R
p
Yi ∗
c
, Yi ∗ ≙
,c ≙
, Re ≙
,
2
Yi,ref
cref
ν
ρref Vref

(13)

where cref is taken to be the magnitude of c at the duct entrance during the expansion phase, i.e., cref = 10−3 . Y i,ref is assumed to be unity,
which is the theoretically maximum possible magnitude of Y i . The
magnitude of ρref is assumed to be the density of air. It is to be noted
that a mean value is used for scaling in the case of quantities undergoing a periodic change (DB , ρm , μm ). The dimensionless transport
equations, thus obtained, can be represented as
∂(ρ∗m )
+ ∇∗ ⋅ (ρ∗m Vm∗ ) ≙ 0,
∂τ ∗

(14)

∂(ρ∗m Vm∗ )
1
+ ∇∗ ⋅ (ρ∗m Vm∗ Vm∗ ) ≙ −∇∗ p ∗ + ∇∗2 Vm∗ ,
∂τ ∗
Re

(15)

∂(ρ∗m Yi∗ )
Di
+ ∇∗ ⋅ (ρ∗m Vm∗ Yi∗ ) ≙
∇∗2 Yi∗ ,
∂τ ∗
DB ScRe

(16)

∂c∗
1
∇∗2 c∗ .
+ ∇ ⋅ [c∗ (Vm∗ − τp∗ Vm∗ ⋅ ∇∗ Vm∗ )] ≙
∂τ ∗
ScRe

(17)

Two different time scales are used in the present study for
representing the results. These are denoted as τ D and τ f where
the reference time scales (t ref ) are defined based on particle diffu2

sion (tref ≙ DRB ) and the oscillating frequency of the wall (tref ≙ ω1 ),
respectively. The corresponding Re when considering τ D and τ f
is reduced to Sc1 and Wo2 , respectively, where Sc and Wo represent the Schmidt number (Sc ≙ DνB ) and the Womersley number
√
(Wo ≙ R ων ), respectively.
IV. NUMERICAL PROCEDURE
The dimensional form of the governing transport equations
along with the various closure relations and boundary conditions
is solved utilizing a finite volume based commercial computational
fluid dynamics platform (ANSYS FLUENT ). The transport equations for air flow [Eqs. (2) and (3)] are solved using the predefined
single phase flow equations. The species transport equations (6) and
the aerosol particle concentration equation (9) are, however, solved
using user-defined scalar transport equations. Coupling of the userdefined equations is achieved, and different closure relations are
defined using various user-defined functions. SIMPLE, PRESTO,
and QUICK algorithms are utilized for handling pressure-velocity
coupling, pressure, and momentum terms, respectively, of the transport equations for air. The QUICK algorithm is also utilized for

®
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solving the user-defined equations. The motion of the oscillating
duct wall is implemented through the dynamic meshing technique
available in ANSYS FLUENT . The smoothing algorithm is utilized
for updating the domain mesh at every time step. The motion profile [as defined by Eq. (1)] is implemented through a user-defined
function. All simulations are carried out considering a time step of
10−4 s and a uniform grid comprising 10 μm cells. Grid and timestep independence was ascertained with these values. The solution
is considered to be converged when all the scaled residuals are less
than 10−8 .
One of the major objectives of the present study is to have an
estimate of the time taken for the aerosol concentration to reach a
steady state within the duct. The low particle diffusivity, however,
leads to a very large time requirement (O ∼ 104 s) for the concentration to reach a steady state. The very small time-step requirement to
accurately model the transport characteristics presents considerable
difficulty in carrying out such long simulations. The time-periodic
nature of air flow (as discussed later) and the assumption of oneway coupling between the fluid and particle phase, however, make
it possible to estimate the steady state using the aerosol concentration equation (9) alone. In this respect, the time-periodic air flow
velocity field and other mixture properties—that are obtained from
the CFD solutions—are used as inputs to solve the aerosol transport
equation. The concentration equation (9) is then solved in MATLAB using a second-order accurate finite-difference scheme with the
appropriate boundary conditions. Grid size and time-step size for
the MATLAB simulation are maintained to be the same as that
in the CFD simulation. Salient results obtained from the simulations are represented in a dimensionless manner using the different
scaling parameters, as discussed in Sec. III C.

®

®

A. Comparison with analytical solution
It is necessary to validate the results obtained from the computational model before utilizing it for detailed analyses. However,

FIG. 3. Comparison of the numerical solution with analytically obtained solution for
two different particle size (d p = 0.1, 1.0 μm, dp∗ ≙ dp /R) considering a rigid duct
and zero diffusive flux of aerosols at the wall.
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it is difficult to find comparable data from the existing literature
due to a lack of experimental investigations. The only recourse is to
have a comparison with analytical solutions. Again, the associated
boundary conditions and the changing domain dimensions make
the analytical solution quite complicated. As a result, the comparison
is carried out for a simplified case of a rigid duct (f = 0) considering zero diffusive flux of aerosols at the wall, i.e., Wa∗ ≙ 0 where
Wa∗ ≙ Wcrefa R , for which analytical solutions can be obtained. The result
of this comparison is shown in Fig. 3 in terms of temporal change of
aerosol concentration at z∗ = 1 (i.e., 120 μm within the duct) for two
different aerosol particle sizes. It is evident from this comparison
that the present computational model is able to appreciably capture
the aerosol transport dynamics.
V. RESULTS AND DISCUSSION
The effects of periodic expansion/contraction of the duct on air
flow in the duct are initially discussed. This is followed by a discussion on the basic nature of aerosol transport in the duct. Both these
discussions are considering f = 0.25 Hz and Wa∗ ≙ 0.004 without
considering gas exchange. The impacts of the breathing frequency,
gas exchange, particle size, and aerosol transfer are then discussed
sequentially. The properties of air are considered equivalent to its
properties at 1 atm and 25 ○ C. The density of the aerosol particles
(ρp ) is considered to be 1000 kg/m3 .
A. Air flow in the duct
Air flow within the duct is governed by the rhythmic oscillatory motion of the moving duct wall. The total volume of the duct
undergoes a periodic change as a result of this motion. The volume
increases during the expansion phase, while it decreases in the contraction phase. The change in the duct volume due to the oscillatory
wall motion is shown in Fig. 4(a) for f = 0.25 Hz (Wo = 0.04). This
change in the duct volume establishes a pressure gradient within the
duct, as is evident from Fig. 4(b). A negative pressure gradient is
established during the expansion phase that reaches its peak at the
end of the first quarter-cycle (ϕ = π/2). Thereafter, it decreases to
become zero at the end of the second quarter-cycle (ϕ = π) and,
then, again starts increasing to create a positive gradient during the
third quarter-cycle. It attains a peak value at the end of the third
quarter-cycle (ϕ = 3π/2) and, thereafter, starts decreasing again to
become zero at the end of the cycle (ϕ = 2π). The pressure gradients,
thus, established generate air flow in the duct. Negative pressure
gradient during the expansion phase allows air flow into the duct,
while a reversal of the flow direction takes place during the contraction phase due to the positive pressure gradient. A comparison of
Fig. 4(b) with the velocity change in a cycle [Fig. 4(c)] adequately
highlights this effect. Figure 5(a) shows the air velocity distribution
within the duct during the expansion and contraction phases. The
direction of the streamtraces, superimposed over the velocity distribution, is used to further illustrate the flow reversal taking place
between the expansion and contraction phases of the cycle.
A comparison of the unsteady and viscous effects of the oscillating flow, in terms of the corresponding Womersley number, suggests
that the viscous effects largely dominate the nature of the flow field
(since Wo < 1). This allows the flow field to develop into a fully
developed condition during each oscillation cycle. It is evident from
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FIG. 4. Change in (a) volume of the duct,
(b) pressure difference, and (c) average air flow velocity over a flow cycle
(f = 0.25 Hz, Wo = 0.04) at the midsection of the domain. Increase in volume
during the expansion of the duct creates a decrease in the pressure within
the duct, which induces air flow into the
duct. The reverse happens during the
contraction phase of the cycle.

the comparative plot in Fig. 5(b) that the flow field evolves from
a fully developed condition corresponding to the peak of expansion (ϕ = π/2) to another fully developed condition at the peak of
contraction phase (ϕ = 3π/2) and vice versa, with intermediate developing flow fields. Air flow, as such, continues to oscillate between
two fully developed states corresponding to the peak velocities during the expansion and contraction phases of the flow cycle. Similar
nature of flow is observed for all oscillation frequencies considered
in this study since the corresponding Wo remains less than unity for
all cases.
B. Aerosol transport in the duct
Aerosol particles entering the duct are transported due to
two mechanisms in the absence of gravitational effects—advective

transport due to the prevalent air motion and diffusive transport
due to the Brownian motion of the particles. Figure 6(a) represents
the temporal change in the particle velocity induced by the inertial
effects of air flow for f = 0.25 Hz (Wo = 0.04), without considering diffusive gaseous exchange across the oscillating wall. It can
be observed that the particle velocity follows the air flow velocity
characteristics and that it differs only negligibly from the air flow
velocity due to the small velocity gradients and low τ p (O ∼ 10−6 ).
Aerosol particles undergoing such motion are, as such, not expected
to result in any net transport over a flow cycle, with respect to their
initial position. The aerosol particles, however, also undergo simultaneous diffusive transport as a result of the existing concentration
gradient. The combined effects of the inertial and diffusive transport
mechanisms determine the transport of the aerosol particles in the
duct.

FIG. 5. (a) Air velocity distribution in
the duct, superimposed with streamtraces, at phase angles π/2 and 3π/2 for
f = 0.25 Hz (Wo = 0.04). Reversal of flow
in the domain during the negative halfcycle is clearly evident from the streamtrace directions. (b) Air velocity profiles
at the midsection of the duct along the
radial direction at different phases of a
cycle for f = 0.25 (Wo = 0.04). It is
observed that the flow oscillates between
two fully developed states at π/2 and
3π/2.
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FIG. 6. Temporal change in (a) the average particle velocity at the midsection
of the duct, (b) average aerosol concentration at three different positions in
the duct, (c) advective term in Eq. (17),
and (d) diffusive term in Eq. (17) at
z∗ = 1.67 (200 μm) corresponding to
f = 0.25 Hz (Wo = 0.04). It is observed
that the aerosol concentration at all locations increases with time and reaches a
time-periodic state, although there is no
net particle velocity change over a flow
cycle. The aerosol transport characteristics are also observed to be dependent
upon the relative impacts of the diffusive
and advective transport mechanisms.

Figure 6(b) represents the temporal change in aerosol concentration at three different positions of the duct. It can be observed that
the concentration at all three positions starts increasing as time progresses. A definite time delay is also evident between these curves
due to the difference in the spatial location of the corresponding
positions in the duct. Both of these indicate a progressive transport
of the aerosols toward the end region of the duct. The slope of these
curves is observed to undergo a gradual change with time, and it
finally reaches a time periodic state after a certain initial transient.
The reason for such a change in the slope of the curves is observed
to be the interplay of the advective and diffusive transport mechanisms. It is also observed that the time-averaged magnitude of concentration decreases progressively from the duct entrance toward
the oscillating wall. This suggests the establishment of a concentration gradient along the length of the duct and is due to the effect of
the flux boundary condition for aerosols at the oscillating wall. This
ensures transport of the aerosol particles within the duct and out
of it.
Figures 6(c) and 6(d) show the variation of the advective and
diffusive transport mechanisms in Eq. (17) with time, at one spatial
location in the duct (z∗ = 1.67). A quantitative assessment indicates
that diffusive transport remains substantially small as compared to
advective transport throughout the time period due to small particle
diffusivity DB (O ∼ 10−11 ). Both are, however, observed to exhibit
an oscillatory behavior due to the effects of the imposed oscillation
frequency. Diffusive transport initially increases with time to reach
a peak magnitude and then decreases with time to reach a regime
of time-periodic oscillations. The oscillation amplitude of advective
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transport is also observed to initially increase with time, and then,
it decreases gradually to reach a state of time-periodic oscillations.
A substantial delay is, however, noticed between the time taken by
the advective and diffusive transport mechanisms to reach the timeperiodic state. It is also observed that the time-averaged magnitude
of diffusive transport remains nonzero in the time-periodic state,
while it is zero in the case of advective transport.
A close observation shows that the initial increase in the diffusive and the advective terms exactly corresponds to the initial sharp
rise in the aerosol concentration. The subsequent decrease of the
oscillation magnitude of the advective term and of the magnitude
of the diffusive term corresponds to the change in the slope of the
concentration change curve. It must be noted that the concentration change attains a time-periodic state only when both of these
terms become time-periodic in nature. Interestingly, characteristics
of aerosol transport in the transient and time-periodic regimes are
observed to be markedly different from each other.
Figure 7 represents the transport characteristics in the transient regime, while that in the time-periodic regime is represented by
Fig. 8. In the transient regime, aerosol concentration at a particular
duct location is observed to rise throughout the expansion phase of
the cycle and decrease during the contraction phase [see Fig. 7(a)].
During the expansion phase, the diffusive transport mechanism is
aided by the inertial effects of air motion such that the aerosol particles are dragged along with the air flowing into the duct. Aerosol
concentration, as such, increases during the expansion phase. Reversal of the air flow direction during expiration, however, results in
the aerosol particles being dragged in a direction opposite to that
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FIG. 7. (a) Temporal change in average aerosol concentration at z∗ = 1.67
(200 μm from the duct entrance) in the
transient regime. (b) Profiles of aerosol
concentration along the radial direction
at different phases of a cycle in the transient regime. (c) Distribution of aerosol
concentration in the duct at the end
of two different cycles in the transient
regime corresponding to f = 0.25 Hz
(Wo = 0.04). (d) Change in c∗ along
the centerline of the domain at different time instances. Aerosol concentration is observed to increase throughout
the expansion phase and decrease in
the contraction phase. However, the net
concentration at the end of each cycle
is observed to increase with successive
cycles, and the concentration front is
observed to propagate with increasing
time, both of which indicate a net transport of aerosols toward the end of the
duct.

of diffusive motion. Aerosol concentration, thus, decrease, and the
concentration front shifts backward during the contraction phase.
This is clearly evident from the change in concentration profiles in
the radial direction at different phases of the cycle [Fig. 7(b)]. It can
be also be observed from Fig. 7(b) that the concentration profiles at
the beginning and end of a particular cycle do not coincide with each
other. Concentration at the end of the cycle has a relatively higher
magnitude, as compared to that at the start of the cycle, indicating a
net transport of aerosols over a particular cycle. Aerosol concentration, thus, continues to rise with successive flow cycles as can be seen
in Fig. 7(a). The aerosols continue to be transported with time from
the duct entrance toward its end. This is further highlighted using
the distribution of aerosol concentration within the duct in Fig. 7(c)
and the spatial variation in aerosol concentration at different time
instances in Fig. 8(d).

Once the aerosol concentration reaches a time-periodic state,
the diffusive transport mechanism is expected to have a minimal
impact on the overall transport process due to the negligible concentration gradient. Aerosol transport in the time-periodic regime
is expected to be primarily advection-dominated, in contrast to the
transient regime where diffusion of the aerosol particles is observed
to be the dominant mechanism. Aerosol concentration in the timeperiodic regime is observed to oscillate about a mean value with
the oscillation period corresponding to the flow cycle, as shown in
Fig. 8(a). A Fast Fourier Transform (FFT) of the temporal change in
concentration indicates that the oscillation characteristics are periodic in nature with the fundamental frequency corresponding to
the oscillation frequency of the duct wall (breathing frequency).
In addition, two harmonics of the fundamental frequency are also
observed in the spectrum and are due to the nonlinearity associated

FIG. 8. (a) Temporal change in average aerosol concentration at z∗ = 1.67 (200 μm from the duct entrance) in the
time-periodic regime. (b) Fast Fourier transform of aerosol
concentration variation in the time-periodic regime corresponding to f = 0.25 Hz (Wo = 0.04). It is observed that
the aerosol concentration at a particular location follows
the velocity change characteristics and oscillates about a
mean value, in contrast to that observed in the transient
regime. The concentration is observed to decrease during
the expansion phase, while it increases during the contraction phase. FFT of the aerosol concentration change
indicates that the oscillations are periodic in nature.
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with the advective particle acceleration in the particle concentration
equation (17). However, in contrast to the velocity change characteristics, concentration is observed to decrease during the expansion
phase and increase during the contraction phase of the flow cycle.
This happens due to the effect of the air flow direction. Air flow
into the domain, during the expansion phase, displaces the aerosol
particles from a particular location and causes a decrease in the concentration magnitude. In the contraction phase, air flow takes place
in the reversed direction, and the aerosol particles return back to
their initial positions. The concentration of the aerosols, as a result,
increases to attain the magnitude at the beginning of the cycle.
C. Impact of breathing frequency
The impact of breathing frequency on aerosol transport in the
duct is studied by considering three different oscillation frequencies (f = 0.125, 0.25, 0.5 Hz) and an idealized case of a rigid duct
(f = 0), without considering diffusive gas exchange across the oscillating wall and Wa∗ ≙ 0.004. The corresponding Womersley numbers (Wo) for the nonzero oscillation frequencies are 0.029, 0.04,
and 0.057, respectively. It can be seen that Wo remains less than
unity for all the oscillation frequencies considered in this analysis,
suggesting qualitatively similar impacts of flow oscillation and viscosity on the flow characteristics. The air flow characteristics and,
hence, the particle velocity characteristics corresponding to f = 0.125
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and 0.5 Hz, thus, remain qualitatively similar to that for f = 0.25 Hz
(see Sec. III A 1). Figure 9(a) plots the temporal change in the average
particle velocity for the different oscillation frequencies. Figure 9(b)
compares the radial variation in aerosol concentration in the duct
for the different oscillation frequencies studied, at z∗ = 1.67 (200 μm
from the duct entrance) and at τD∗ ≙ 0.19.
A rigid duct (f = 0) is not associated with any volume changes
of the duct. This does not create any pressure gradients within the
duct. Therefore, no fluid motion is established in the duct. Advective
transport of aerosols is, thus, absent in the case of a rigid duct. This
is evident from a uniformly zero magnitude of the average particle
velocity in Fig. 9(a). Transport of aerosols in a rigid duct is, therefore,
purely diffusive in nature. The concentration profile along the radial
direction remains uniform for such pure diffusive transport, as can
be seen from Fig. 9(b).
In contrast to the case of a rigid duct, breathing establishes
pressure gradients within the duct, which induces fluid motion in
the duct (see Sec. III A 1). Fluid motion in the duct contributes to
advective transport of the aerosol particles within the duct. The magnitude of the air flow velocity and, hence, the particle velocity in the
duct is, however, dependent on the breathing frequency. Since the
volume displaced by the oscillating wall remains invariant with the
frequency, a lower frequency would indicate slower traverse of the
corresponding distance and vice versa. The velocity of the oscillating
wall is, as such, of a smaller magnitude for a lower frequency, and it

FIG. 9. (a) Temporal change in average particle velocity. (b)
Radial variation of aerosol concentration at τ ∗ = 0.19 and
(c) temporal change in average aerosol concentration for
different oscillation frequencies. All data are represented at
z∗ = 1.67 (200 μm from the duct entrance).
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increases progressively as the breathing frequency is increased. The
effects of wall motion are transmitted to the fluid and, hence, to the
aerosol particles such that these also exhibit similar characteristics
[see Fig. 9(a)].
A comparison of the concentration profiles in Fig. 9(b) highlights the change in aerosol transport characteristics due to breathing. The concentration profiles for the breathing case are compared
at the end of the flow cycle corresponding to τD∗ ≙ 0.19, resulting in
a parabolic shape of the profile with maximum and minimum magnitudes near the wall and at the center of the duct, respectively (see
Sec. V B). It can be observed that the minimum concentration for
all oscillation frequencies remain substantially lower than that in the
case of the rigid duct. Maximum concentration remains lower than
that for the rigid duct in the case of f = 0.125 Hz (Wo = 0.029), while
it is greater in the case of f = 0.25 Hz (Wo = 0.04) and f = 0.5 Hz
(Wo = 0.057). The overall effect of such a concentration variation is
a decrease in the average aerosol concentration for all the breathing
frequencies from that observed in the case of the rigid duct. Comparison between the different breathing frequencies indicates that
the minimum aerosol concentration remains close to each other for
all the oscillation frequencies. The maximum aerosol concentration,
however, is observed to progressively increase with rise in breathing
frequency. As a result, the average aerosol concentration is observed
to become larger with the increase in the breathing frequency.
The above discussed effects of breathing on aerosol transport
are clearly evident from inset A in Fig. 9(c). Such effects are, however, observed to remain dominant only in the initial stages of the
transient regime. A close observation indicates small differences in
the slope of the average concentration curves for different frequencies. These differences continue to grow with time such that the average aerosol concentration for f = 0.5 Hz and f = 0.25 Hz becomes
marginally higher than that for the rigid duct after a certain time
period. The concentration for f = 0.125 Hz, however, is observed to
remain lower than that for the rigid duct throughout the time period.
Inset B in Fig. 9(c) represents the time-averaged aerosol concentration for the different breathing frequencies at the time-periodic
state.
D. Impact of gas exchange across the oscillating wall
The impact of gas exchange on aerosol transport characteristics
in the duct is studied for a fixed breathing frequency (f = 0.25 Hz)
and a constant aerosol transfer rate (Wa∗ ≙ 0.004).
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The periodic exchange of the gaseous species results in a change
in the air composition within the duct over time. Figure 10(a) plots
the change in the average mass fractions of oxygen as well as carbon dioxide with time at the midsection of the domain. It can be
observed that the oxygen mass fraction starts reducing with time as
a result of outward diffusion. In contrast, the carbon dioxide mass
fraction begins to increase with time as a result of inward diffusion.
The oscillations observed in these variations are due to the advective effect of the oscillating air flow velocity. After a certain time
interval, however, both these quantities are observed to attain a quasisteady state and undergo periodic oscillations about a mean value.
Composition of the air in the duct, thus, varies in a steady periodic
manner with time except during the initial transience. Such temporal variations also affect the corresponding material properties of air
(density, viscosity, etc.) in the duct which, as a result, exhibit similar characteristics. Gas exchange across the oscillating wall is, thus,
expected to have some impact on the air flow and, hence, on aerosol
transport characteristics within the duct.
The relative change in air properties with gas exchange, however, are very small leading to minor changes in the air flow velocity. Change in particle relaxation time (τ p ) due to gas exchange
is, thus, also very small due to its dependence on the fluid viscosity. No substantial differences are expected in the particle velocity
characteristics—with and without gas exchange—as a result of such
minor variations. Figure 10(b) compares the average particle velocity at the midsection of the duct with and without gas exchange. It
can be observed that the particle velocity characteristics are almost
identical, except that the peak magnitudes of the particle velocity—
during the expansion as well as contraction phases of the flow
cycle—are marginally higher when gas exchange is considered. Such
minor variations in the particle velocity do not cause any significant
change in advective transport characteristics of the aerosol particles
in the duct.
Fluid viscosity also influences the diffusivity of the aerosol particles [see Eq. (11)] such that a decrease in fluid viscosity increases
the particle diffusivity and vice versa. This affects the diffusive transport mechanism of aerosols in the duct. The overall effect of such
changes in fluid properties is a relatively faster transport of aerosols
in the duct, as compared to the case without any gas exchange.
A comparison of the aerosol concentration profiles in Fig. 11(a)
at the same location and time—with and without gas exchange—
adequately highlights this effect. Figure 11(b) gives a comparison
of the temporal change in aerosol concentration at a particular

FIG. 10. (a) Change in O2 and CO2 mass
fractions with time due to gas exchange
across the oscillating wall. (b) Temporal
change in the average particle velocity
with and without gas exchange.
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FIG. 11. (a) Aerosol concentration profiles along the radial direction with and
without gas exchange at z∗ = 1.67 (200
μm from the duct entrance). (b) Temporal change in time-averaged aerosol concentration at z∗ = 1.67 with and without
gas exchange in the transient regime.
(c) Temporal change in time-averaged
aerosol concentration at different locations in the duct with and without gas
exchange.

FIG. 12. Change in aerosol concentration with time for different particle
sizes (d p = 0.01, 0.05, 0.1, 0.5, 1.0 μm,
dp∗ ≙ dp /R) in the transient regime. The
results are shown for locations corresponding to (a) z∗ = 1.67 (200 μm), (b)
z∗ = 3.33 (400 μm), and (c) z∗ = 5 (600
μm) within the duct. It is observed that a
smaller particle size leads to enhanced
transport of the aerosols within the duct,
due to increased diffusivity.
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location in the transient regime. Figure 11(c) gives a comparative picture of the aerosol concentration variation with time over
the entire time period at different locations in the duct. It can be
observed that the time-averaged of aerosol concentrations in the
time-periodic state are larger at all locations—which suggests the
transport of a relatively higher mass of aerosols—when gas exchange
is considered.
E. Effect of particle size
The effects of the aerosol particle size on the transport of the
aerosols in the duct is studied by considering monodispersed particles in the range of 0.01–1.0 μm for a fixed breathing frequency
(f = 0.25 Hz) and Wa∗ ≙ 0.004. Gas exchange is not considered in this
study. The pertinent results obtained from this analysis are shown in
Figs. 12 and 13.
The size of the aerosol particles affects their diffusivity as
well as the particle relaxation time. Both these quantities have an
inverse dependence on the particle size [see Eqs. (11) and (10)].
Hence, a decrease in the particle size leads to greater diffusivity
and relaxation time and vice versa. Although the particle relaxation time changes substantially with variation in the particle size,
its impact on the particle velocity remains negligible due to the
small velocity gradients. Advective transport of the aerosols, as
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such, remains more or less unaffected with change in particle
size.
The impact of the particle size on the diffusive transport mechanism is, however, substantial. Increased diffusivity due to a decrease
in particle size leads to faster diffusion of the aerosol particles in the
duct. This is evident from a comparison of the temporal changes
in time-averaged aerosol concentration at different locations within
the duct, as shown in Fig. 12. Enhanced transport of the aerosols is,
thus, possible with a smaller size of the aerosols. As a result of this
enhanced transport, the time taken for the aerosol concentration in
the duct to reach a time-periodic state becomes progressively shorter
as the particle size is reduced [see Fig. 13(c)]. The time-periodic concentration of aerosols in the duct is observed to increase marginally
with reduction in particle size [see Fig. 13(c)]. Concentration difference between different locations of the duct is also observed to
progressively reduce with reduction in particle size. This suggests
that a relatively larger mass of aerosols can be transported toward
the end of the duct and a more uniform concentration distribution
can be obtained when the particle size is reduced.
F. Effect of aerosol transfer rate
Assessing the impact of the rate at which aerosol is removed
from the duct is necessary due to a lack of sufficient knowledge

FIG. 13. (a) Temporal change in aerosol
concentration for different particle
sizes (d p = 0.01, 0.05, 0.1, 0.5, 1.0 μm,
dp∗ ≙ dp /R) throughout the time period
at z∗ = 5 (600 μm within the duct). (b)
Time-averaged aerosol concentration
in the time-periodic regime for different
particle sizes. (c) Time taken for the
aerosol concentration to reach the
time-periodic regime for different particle
sizes. It is evident from these comparisons that aerosol concentration in the
time-periodic regime decreases with
increase in particle size. The time taken
by the aerosol concentration to reach
a time-periodic regime is observed to
decrease progressively with reduction in
the particle size.
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FIG. 14. Change in aerosol concentration in the time-periodic regime for different
aerosol flux magnitudes at different locations in the duct. The result is presented
in terms of the dimensionless flux Wa∗ (=W a R/cref ). It is observed that the aerosol
concentration, at any particular location, decreases progressively with increase in
the flux magnitude. Differences in aerosol concentration between different locations of the duct are also observed to become larger with increase in the flux
magnitude.

of realistic absorption rates of aerosol in the human alveolus. This
study is carried out by considering three different magnitudes of
aerosol flux (which vary from each other by one order of magnitude) and an idealized situation of no removal. The breathing frequency and particle size are assumed to remain fixed in this study
(f = 0.25 Hz, dp = 1 μm). Gas exchange is not considered in this
study.
The characteristics of aerosol transport in the duct are observed
to remain qualitatively similar with change in the removal rate.
Substantial differences are, however, observed in the magnitudes of
aerosol concentration in the steady-periodic regime. This is clearly
evident from Fig. 14 which represents the aerosol concentration, at
different location within the oscillating duct, in the steady-periodic
regime for different aerosol removal rates. As expected, the concentration is maximum and most uniform when no aerosol is being
removed from across the oscillating wall. Concentration at all locations of the duct decrease progressively with increase in the removal
rate. The concentration difference between different locations of the
duct is also observed to rise with increase in the removal rate.
VI. CONCLUSIONS
The present study analyzes the characteristics of aerosol transport in a straight duct with a hemispherical oscillating wall, simulating breathing in an alveolus. Periodic oscillations of the hemispherical wall result in periodic expansion and contraction of the duct,
thereby causing a change in the duct volume. This establishes a pressure gradient within the duct and drives air flow into and out of the
duct, depending on the phase of oscillation. Aerosols are transported
within the duct by a coupled effect of the advective transport mechanism due to the air flow and the diffusive transport mechanism
due to particle diffusion. It is observed that the temporal change in
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aerosol concentration, at any location in the duct, can be demarcated into a transient regime and a time-periodic regime with significantly different characteristics. The transient regime is observed to
be dominated by the diffusive transport mechanism, while advection
is observed to have the dominating influence in the time-periodic
regime.
The results are analyzed for varying breathing frequencies, different particle sizes, and different aerosol exchange rates at the oscillating wall. In addition, the impact of gas exchange at the oscillating duct wall on aerosol transport in the duct is also analyzed. A
significant observation from these analyses is that the qualitative
characteristics of aerosol transport within the duct remain invariant with change in the parameters. However, significant quantitative
differences are observed with variation in the parameters.
An increase in breathing frequency is observed to marginally
enhance the rate of aerosol transport in the duct. Significantly faster
transport of aerosols is, however, observed when the particle size is
reduced. Both of these indicate that aerosol transport in the duct is
mainly dependent on particle diffusivity and that advective transport only has a minimal effect on the overall transport process.
Additionally, the time-periodic aerosol concentration in the duct is
observed to increase marginally with increase in frequency as well as
reduction in particle size. The impact of aerosol removal rate across
the oscillating duct wall is observed to be limited to reduction in
concentration with increase in the removal rate.
Exchange of gases across the oscillating wall is also observed
to influence aerosol transport. A relatively larger mass of aerosols
are observed to be transported when the gas exchange is taken into
account. As such, computational studies on aerosol deposition in the
alveolar region of the lungs, which usually neglect the gas exchange
process, must take into consideration the gas exchange mechanism
for achieving realistic results.
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