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The flow and transport in an alveolus are of fundamental importance to partial liquid ventilation,
surfactant transport, pulmonary drug administration, cell-cell signaling pathways, and gene therapy.
We model the system in which an alveolus is partially filled with liquid in the presence of
surfactants. By assuming a circular interface due to sufficiently strong surface tension and small
surfactant activity, we combine semianalytical and numerical techniques to solve the Stokes flow
and the surfactant transport equations. In the absence of surfactants, there is no steady streaming
because of reversibility of Stokes flow. The presence of surfactants, however, induces a nontrivial
cycle-averaged surfactant concentration gradient along the interface that generates steady streaming.
The steady streaming patternsse.g., number of vorticesd particularly depend on the ratio of
inspiration to expiration periodssI :E ratiod and the sorption parameterK. For an insoluble
surfactant, a single vortex is formed when theI :E ratio is either smaller or larger than 1:1, but the
recirculations have opposite directions in the two cases. A soluble surfactant can lead to more
complex flow patterns such as three vortices or saddle-point flow structures. The estimated unsteady
velocity is 10−3 cm/s, and the corresponding Péclet number for transporting respiratory gas isOs1d.
For a cell-cell signaling molecule such as surfactant-associated protein-A for regulating surfactant
secretion, the Péclet number could beOs10d or higher. Convection is either comparable to or more
dominant than diffusion in these processes. The estimated steady velocity ranges from
10−6 to 10−4 cm/s, depending onI :E andK, and the corresponding steady Péclet number is between
10−8/Dm and 10−6/Dm sDm is the molecular diffusivity with units of cm2/sd. Therefore, forDm

ø10−8 cm2/s, the convective transport dominates. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1830487g

I. INTRODUCTION

Alveoli are the major units responsible for gas exchange
in the lung. A normal lung produces surfactants to reduce
surface tension in the alveolus, making the lung more com-
pliant to aid in breathing. The typical diameter of an alveolus
is 250mm. In a normal lung a liquid layer of average thick-
ness 0.1mm coats the interior of the alveolus.1 The transport
of oxygen and carbon dioxide in the alveolar gas is domi-
nated by diffusion. However, for respiratory diseases or dis-
orders due to Acute Respiratory Distress SyndromesARDSd
or the lung injury, alveoli often collapse or are damaged. The
remedy often involves surfactant replacement therapysSRTd
or partial liquid ventilationsPLVd. In the former, liquid is
either instilled into the airways in the form of boluses to
deliver macromolecules or clinical agents into the lung; in
the latter, a liquid with high gas solubilityse.g., PFCd is used
for expanding those shrunken alveoli in order to improve
compliance and gas exchange in the lung. In these clinical

applications, when such liquid reaches the respiratory bron-
chioles or alveolar levels, it may partially fill the alveolus
and act as a diffusion barrier to transport. Therefore the con-
vection due to alveolar breathing motions may play an im-
portant role in determining molecular transport within the
alveolus. In addition, alveolar motions could cause a nonuni-
form interfacial surfactant distribution, generating a surface
tension gradient forcesMarangoni effectd that modifies the
convective processes within the alveolar liquid layer. Thus
the presence of surfactant in liquid-filled lungs influences not
only the lung compliance, but also the details of the transport
processes within alveoli. It is therefore important to address
the issues of surfactant transport and its effects on convective
processes within alveoli in order to gain further understand-
ing of transport mechanisms in fluid-filled lungs.

Thin-layer flows in an alveolus often occur in a normal
lung. Podgorski and Gradon2 investigated the mechanism of
flow clearance due to the presence of surfactant in an alveo-
lus. Their analysis focused on the type “B” alveolus that are
directly connected to airwaysssee Fig. 1d. They showed,
using lubrication theory, that there is a net flow pumping
from the less stiff endscenterline of the alveolusd to the
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stiffer endsthe alveolar openingd of the alveolar wall. That
is, the net flow tends to be pumped out of the alveolus. This
is a result of an imbalance of flow pumping out during ex-
piration and pumping in during inspiration. Similar features
are also seen in the studies for clearance flow in small
airways.3 However, without additional mass sources, the
study by Podgorski and Gradon leads to inevitable losses of
fluid and surfactant within an alveolus. Zelig and Haber4

accounted for additional mass sources to regulate the leakage
of fluid and surfactant in the type B alveolus by considering
the effects of permeable alveolar walls and the production of
natural surfactant. Even though all of these previous studies
have accounted for the interfacial deformation, the surface
tension force was excluded. That is, they only considered the
interplay between the wall stretching motions and the Ma-
rangoni effect. The latter is the major mechanism responsible
for clearance processes.

However, the role of surface tension in determining al-
veolar flow may not be simply negligible, particularly for
respiratory diseases, e.g., ARDS due to surfactant deficiency.
For normal respiratory rate of 12 times/min, a typical capil-
lary number Ca ranges from 10−5 to 10−4 for surface tensions
from 10 to 1 dyne/cm. The resulting capillary pressure aris-
ing from the interfacial deformation is so substantial that it is
not only comparable to the viscous force due to very thin
fluid layer, but also competes with the existing Marangoni
force. It is thus necessary to incorporate the surface tension
force into the alveolar flow analysis, particularly for respira-
tory diseases due to the deficiency of surfactant.

Wei et al.5 included the effect of surface tension on the
flow and transport of alveolar liquid lining. In addition, they
first pointed out the distinction between different types of
alveoli in a viewpoint of physiology. That is, the types of
alveoli are distinguished by if they are influenced by the
airway-alveolar proximity. Their analysis focused on the type
“A” alveolus that is not directly connected to an airway, but
is found in a cluster of alveolissee Fig. 1d. In contrast to type
B alveoli, flow and transport is not possible between adjacent
type A alveoli since it can lead to the formation of “dry
spots” which are physiologically less plausible in the context
of no new sources of lining fluid. This study found that

strong surface tension forces can weaken flow clearance pro-
cesses. The cycle-averaged streamlines exhibited different
patterns, depending on surface tension and solubility of sur-
factant. In the limit of low surface tension, their study cap-
tured similar qualitative flow features or tendency as the pre-
vious study.2

In application such as PLV the fluid thickness may be
comparable to the size of an alveolus. This leads to funda-
mental differences compared to the thin-layer case. First, for
a small Ca, capillary force dominates throughout the fluid
layer. When the variation of surface tension due to surfactant
is smallsi.e., a small surfactant activityd, the interface shape
satisfies the Young–Laplace equation. In contrast to the thin-
layer problems where interfacial displacements are compa-
rable to the fluid thickness and strongly couple with the flow
field, a small deformation of the interface from its equilib-
rium shape only induces a correction to the flow field of the
thick-layer problem. Second, the surfactant transport for the
thick-layer problem may have different dominant mecha-
nisms compared to the thin-layer problem. In the thin-layer
problem the surfactant transport is dominated by surface
convection. In the thick-layer problem, the change in the
local surface area due to expansion/compression can com-
pete with surface convection. Therefore surfactant transport
in the thick-layer problem may share features similar to
surfactant-laden bubble formation.6 Finally, for gas transport
within an alveolus, the fundamental difference between the
thin-layer and the thick-layer problems becomes even more
pronounced. For an alveolus with a thin layer as in a normal
lung, it is entirely filled with air; air flow apparently has no
impact on the gas transport since the Péclet number Pe is
small fOs10−3dg. For a liquid-filled alveolus, however, the
estimated Pe could beOs10d or larger, revealing the impor-
tance of convection to the gas transport. More importantly,
PLV sometimes also serves a means to deliver pulmonary
drugs or genes that often exhibit surface-active characteris-
tics. The Marangoni effects induced by surface-active agents
can modify the detailed flow features and affect the corre-
sponding gas transport in the lung. Since it is not clear if the
Marangoni effect could encouragesdiscouraged the convec-
tion to improvesimpeded the gas transport, it is essential to
study the thick-layer alveolar flow, particularly in the pres-
ence of surfactant prior to analyzing the corresponding gas
transport.

Previous studies have examined airflow in alveoli with-
out an air-liquid interface.7,8 It would be interesting to exam-
ine the effect of such an interface on the flow fields deter-
mined in those works. In these studies, the alveolus remains
a self-similar shape during breathing, and the associated fluid
motions are governed by quasisteady Stokes flows. The re-
sulting flow field exhibits self-similar patterns with a zero
cycle-average due to reversibility of Stokes flow. For the
transport of large particles such as aerosols, such flow fields
result in chaotic mixing as demonstrated by particle
trajectories.8 In this regard, we are also interested in how the
presence of the liquid layer modifies the mixing features for
the transport of large particles, particularly in the presence of
surfactant. This again requires the flow analysis prior to fur-
ther addressing the above question.

FIG. 1. Respiratory bronchiole and alveoli. The alveolus “A” is in a cluster
of alveoli. The alveolus “B” is directly attached to airway.
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The present paper investigates the flow and surfactant
transport in a thick fluid layer in an alveolus with prescribed
breathing motions. The paper is organized as follows. We
present the model formulation in Sec. II. In Sec. III we com-
bine analytical and numerical techniques to solve for the
flow field and surfactant concentration. The results and dis-
cussion are presented in Sec. IV. We also compare with pre-
vious studies and discuss physiological applications in Sec.
V. Conclusion is in Sec. VI.

II. MATHEMATICAL MODEL

Consider a thick fluid layer coating the interior of a
single alveolus shown in Fig. 2. The model system is two
dimensional. The alveolus is assumed to be a circular cap
with an opening widtha*st*d=a0f1+Dfst*dg, wherea0 is the
mean opening width,a0 D is the breathing amplitude, and
fst*d is a time-dependent function prescribed for breathing.
Following the alveolar model of Haberet al.,8 the motion of
the alveolar wall during breathing is self-similar, so the al-
veolar opening angle remains constant during breathing. We
further assume that the fluid is pinned at the alveolar opening
and the volume of the fluid during breathing is thus con-
served. This pinned condition for the fluid motions is a rea-
sonable approximation for an alveolus with sufficient liquid
volume since the flow rate across the liquid layer at the prox-
imity of the alveolar rim is expected to be negligible.

For nondimensionalizing the flow system, leta0, v−1,
va0, and mv be length, time, velocity and pressure scales,
respectively. Also lets0

* be the surface tension at the refer-
ence state and the corresponding surfactant concentration be
G0

* . Since a0,100 mm, both Reynolds number Re
=rva0

2/m sr is the fluid densityd and Bond number Bo
=rga0

2/a0
* sg is the gravitational accelerationd are small, fluid

inertia and gravitional effects are negligible. For sufficiently
strong surface tension and small surfactant activity, the inter-
face shape remains circular, as we shall justify later. As such,
it is convenient to use two-dimensional bipolar coordinates
to describe the flow system. Letsj ,hd denote two directions

in the bipolar coordinates shown in Fig. 2. The geometrical
relation betweensj ,hd and Cartesian coordinatessx,yd is
also depicted. Then positions of the liquid-gas interface and
alveolar wall are given byj=j1std andj=j2sj1.j2d, respec-
tively. It can be shown thatj2 is equal to half of the opening
angle 2a and remains fixed during self-similar breathing.8

Let the sdimensionlessd velocity vector bev=su,vd, where
velocity componentssu,vd correspond tosj ,hd directions,
and the pressure bep. Therefore, the governing equations are
the continuity equation and the quasisteady Stokes flow
equation:

= ·v = 0, s1d

¹2v = = p. s2d

Similar to Haberet al.,8 the boundary condition at the mov-
ing wall boundary is given by

v = Ṙ2fs1 + cosu2 cosj2di r − sinu2 cosj2iu2
gr=R2

. s3d

R2std is the time-dependent radius of the circular wall. Dot
denotes the time derivative. The origin of the polar coordi-
nate systemsr ,u2d is located at the center of the circular wall
surface.u2 is measured in the clockwise sense from they
axis. Evaluating the velocity at the alveolar openingsu2=p
−j2d using s3d is

vfx = astd,y = 0g = ȧix. s4d

It is convenient to assume the moving line containing the
alveolar entrance to have a velocity

vsx,y = 0d =
ȧ

a
xix. s5d

This velocity is purely horizontal and varies linearly with
respect to the distance to the plane of symmetry so as to
maintain a uniform strain in the alveolar tissue. Notice that
s4d is also a consequence ofs5d.

At the air-liquid interface, the no-penetration condition
yields

v ·n = Ṙ1i r at r = R1std, s6d

wheren is the unit normal to the interfacespointing outwardd
andR1std is the radius of curvature of the interface.R1std or
j1std can be determined by the conservation of the fluid vol-
ume, i.e., flow rates across the wall and the interface are
equal. The normal stress condition along the interface is
given by

− p + n · f=v + s=vdTg ·n =
1

Ca
ssGd¹s ·n at r = R1std.

s7d

The capillary number is Ca=mva0/s0
* . the surface tensions

is a function of the surface concentrationG and a linear
equation of state is applied:

s = 1 −EsG − 1d. s8d

The surfactant activity is measured by the elasticity number
E=−G0

*s]s* /]G*dG0
* /s0

* . For a smallE and moderate varia-

FIG. 2. The geometry for modeling thick-layer alveolar flows. The motion
of the alveolar wall is self-similar such that the opening anglea remains
fixed during breathing.
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tion of G, the variation ofs is expected to be small and the
linear forms8d may be proper. In addition, since Ca is small
in the alveoluss10−5d, the interfacial curvature dominates in
s7d and is spontaneously constant along the interface. Bal-
ancing the pressure ins7d givesp,OsCa−1d. Thus the pres-
sure dominates the viscous term ins2d and the equation of
motion is quasistatic. Consequently, the interface is governed
by the Young–Laplace equation and has a circular equilib-
rium shape.

The tangential stress condition along the interface is

n · f=v + s=vdTg · t = Ma¹sG · t at r = R1std, s9d

where t is the unit tangent along the interface and the Ma-
rangoni number is Ma=E/Ca. The right-hand side ofs9d is
the Marangoni stress.

Finally, the surfactant distribution is governed by the
conservation equation9

Gt − Ẋ ·¹sG + ¹s · svsGd + uns¹s ·ndG −
1

Pes
¹s

2G = j , s10d

whereX is the interface position in the Cartesian coordinate
systemsFig. 2d. vs is the tangential fluid velocity,un is the
normal component of the surface velocity, Pes=va0

2/Ds is
the surface Péclet numbersDs is the surface diffusivityd, and
j is the sorptive flux which is zero for insoluble surfactant.
Note that as pointed out by Wong, Rumschitzki, and
Maldarelli,9 combining the first and second terms ofs10d
represents taking the time derivative along the direction nor-
mal to the surface.

We defines to be the arc-length variable along the inter-
face measured from the line of symmetry. Then the boundary
condition for s10d at the symmetry line is]G /]s=0. The
boundary condition at the alveolar opening could depend on
types of an alveolus of interest. For the type A alveolus, we
assume no surfactant or liquid transport between adjacent
alveoli. Therefore the total amount of surfactant in the alveo-
lus must be conserved. We show in Sec. III that the boundary
condition ]G /]s=0 at the alveolar opening satisfies this re-
quirement. For the type B alveolus that is directly connected
to an airway, a thin liquid layer along an airway could carry
surfactant in or out of the alveolus. In this case we fix the
surfactant concentration at the alveolar opening and setG
=1. It also worth pointing out that applying the pinned con-
dition for the interfacesi.e., conserving the liquid volumed
for solving the flow field is a good approximation since, for
an alveolus with sufficient liquid volume, the flow rate
across the thin liquid layer in the proximity of the alveolar
opening is expected to be negligible. In this paper, we should
apply both types of the boundary conditions forG at the
alveolar opening to examine how they affect the features of
flow and transport.

III. SOLUTION METHOD

With the general formulation above, we seek the solution
of the system in the bipolar coordinatessj ,hd. A description
of this system is given by Happel and Brenner:10

x = astd
sinhh

coshh − cosj
, y = astd

sinj

coshh − cosj
. s11d

The wall and the interface locations are given byj=j2 and
j=j1std. The line of symmetry is ath=0. The alveolar open-
ings are located ath= ±`. We then introduce a stream func-
tion c defined by

u = −
scoshh − cosjd

astd
]c

]h
, v =

scoshh − cosjd
astd

]c

]j
,

s12d

which satisfies the continuity equations1d. The Stokes equa-
tion s2d for c reduces to

¹2¹2c = 0, s13d

where the Laplacian in the bipolar coordinates is given by

¹2 =
scoshh − cosjd2

astd2 S ]2

]j2 +
]2

]h2D .

Rewriting boundary conditions in terms of the bipolar
coordinates and the stream function equations3d for the nor-
mal velocities at the wall yields

csj = j2d = aṘ2 sinj2htan−1fcotsj2/2dtanhsh/2dg + Fsj2,hdj,

s14ad

where

Fsj,hd =
sinhh

scoshh − cosjd

+ 2 cotj tan−1fcotsj/2dtanhsh/2dg.

Sincecsj2,h=0d=0, csj2,h→`d then should represent half
the flow rate across the wall:

csj2,h → `d → R2Ṙ2fsp − j2d + 1
2 sins2j2dg . s14bd

The tangential velocity on the wall yields

cjsj = j2d = − aṘ2 sinj2 cosj2
sinhh

scoshh − cosj2d2 . s15d

At the interface, the no-penetration conditions5d yields

csj = j1d = asṘ1 secj1 − ȧ tanj1dFsj1,hd

+ 2aȧ tan−1fcotsj1/2dtanhsh/2dg. s16ad

The quantity

csj1,h → `d → asṘ1 secj1 − ȧ tanj1d + R1Ṙ1sp − j1d

s16bd

represents half the flow rate across the interface. The right-
hand sides ofs14bd ands16bd are equal since the liquid vol-
ume is conserved. The tangential stress condition at the in-
terface,s9d, becomes

031510-4 Wei et al. Phys. Fluids 17, 031510 ~2005!



]u

]h
+

]v
]j

+
1

scoshh − cosjd
su sinhh + v sinjd = − Ma

]G

]h
,

s17d

whereu andv are defined in terms ofc in s12d.
We follow the approach similar to Haberet al.8 to con-

struct the solution of the Stokes flow. In order to obtain a
convergent numerical solution,c is decomposed into two
parts,

c = c1 + c2. s18d

c1 represents the flow contribution without the alveolar wall
while c2 is the disturbance flow field caused by the alveolar
boundary.c1 is chosen based on the flow mechanism. The
wall motion induces a flow entering or leaving out of the
alveolus. Alternatively, the wall motion can be regarded as a
response to an external imposed flow such that the total flow
rate across the wall is the same as that of the external source
in order to conserve the liquid volume. When the wall
boundary is absent, the flow field is equivalent to flow
through a time-varying slit, i.e., two-dimensionals2Dd
Sampson flow.11 This suggests that the Sampson flow should
be included inc1. In addition, the speed of the opening lin-
early varies inx as indicated bys5d and the motion of the
opening does not induce a flow rate across the alveolar en-
trance. These effects can be incorporated intoc1 by using an
ideal stagnation flow. Thus

c1 = QF1 −
2

p
fsin−1 Z − Zs1 − Z2d1/2gG − aȧxy, s19d

where

Z =
1

astdÎ2
fa2 − x2 − y2 + Îsx2 + y2 − a2d2 + 4a2y2g1/2.

For s19d the first and the second terms are the 2D Sampson
flow11,12 and an ideal stagnation flow, respectively.s19d can
be written in terms ofj andh using s11d to substitute forx
and y. The disturbance partc2 can be written as an infinite
series,

c2 =
1

scoshh − cosjdon=1

`

f̂nsjdsinsknhd, s20ad

f̂n = AnF cossj − j2dsinhfknsj − j2dg
cossj1 − j2dsinhfknsj1 − j2dg

−
sinsj − j2dcoshfknsj − j2dg

sinsj1 − j2dcoshfknsj1 − j2dgG
+ BnF cossj1 − jdsinhfknsj1 − jdg

cossj1 − j2dsinhfknsj1 − j2dg

−
sinsj1 − jdcoshfknsj1 − jdg

sinsj1 − j2dcoshfknsj1 − j2dgG
+ CnFcossj − j1d

sinhfknsj − j2dg
sinhfknsj1 − j2dgG

+ DnFcossj2 − jd
sinhfknsj1 − jdg
sinhfknsj1 − j2dgG , s20bd

wherekn=np /hm andhm corresponds to the location of the
alveolar opening. While the exact location of the alveolar
opening is athm→`, in practice,h,5 has already reached
the location of at most 0.5%sbased on the opening width 2ad
away from the edge of the alveolar rim, i.e.,y,0.01a or
less. The chosen valuehm=10 is sufficiently large to ensure
desired numerical accuracy. The time-dependent coefficients
An, Bn, Cn, and Dn are determined by boundary conditions
s14d–s17d with a given surfactant concentration distribution.
The system is coupled to the surfactant transport equation,
s10d, through the tangential stress condition,s17d.

The form ofs10d in the polar coordinates with respect to
the center of the circular interface is much simpler than in
the bipolar coordinates. For an insoluble surfactant,s10d in
the polar coordinates is

]G

]t
+

Ḣ1 sinu

R1

]G

]u
+

1

R1

]

]u
susGd +

G

R1
sṘ1 + Ḣ1 cosud

−
1

PesR1
2

]2G

]u2 = 0, s21d

where u is an azimuthal angle along the interface, and is
measured fromu=0 at the symmetry line tou=p−j1std at
the alveolar opening. Since theu domain is time dependent,
it is more convenient to introduce a variables=u / sp−j1d
s0øsø1dto have a fixed computational domain. This trans-
forms s21d to become

]G

]t
+

]

]s
sfGd + GS Ṙ1

R1
−

j̇1

p − j1
D −

1

PesR1
2sp − j1d2

]2G

]s2 = 0,

s22d

where

f =
us

R1sp − j1d
+

sj̇1

p − j1
+

Ḣ1 sinussd
R1sp − j1d

.

Obviously, fss=0d=0 at the symmetry line. At the alveolar
opening, it can be shown that the surface velocityusss=1d is

usss= 1d = − ȧ cosj1, s23d

which is just a projection of the velocitys5d at the alveolar
entrance to the interface. With the aid of the geometrical
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constraintsR1 sinj1=H1 andR1 sinj1=a, the first term off
cancels the rest of the terms exactly at the alveolar opening,
i.e., fss=1d=0. Therefore, for no surfactant flux boundary
condition at the alveolar opening, integratings22d along the
entire interface in conjunction withf =0 at s=0 and 1 for
ensuring the conservation of the surfactant mass requires no
diffusive flux at the moving alveolar opening, i.e.,]G /]s
=0 at s=1.

As such,s22d is subject to the following boundary con-
ditions for G. At the symmetry lines=0,

]G

]s
ss= 0d = 0. s24d

At the alveolar openingss=1, the boundary condition is

]G

]s
ss= 1d = 0 for type A alveolus, s25ad

Gss= 1d = 1 for type B alveolus. s25bd

The numerical procedures for solving the flow field and the
surfactant concentration distribution are as follows. For a
given surfactant concentration distributionG at a timet, we
calculate the surface tension gradientsi.e., Marangoni stressd
along the interface. We then calculate the corresponding flow
field using the stream function formulation. This flow field is
applied to updateG at t+Dt by solving the surfactant trans-
port equations22d numerically. The implicit Euler method is
employed to discretize the time derivative. To discretize the
spatial derivatives, we apply finite volume scheme13 in com-
bination with upwind and central differences used for the
first and second spatial derivatives, respectively. The form of
s22d and the boundary conditions25ad makes the finite vol-
ume scheme more appealing than finite differences because
the latter is less reliable to control a possible leakage of
surfactant mass due to the spatial discretization.

Starting with a uniform surfactant distributionG=1 com-
putations are performed till a time periodic oscillation is
reached. For a typical simulation, the number of the spatial
grid points Ns=20 and the time stepDt=0.01 were used.
Solutions converged in 600–2000 times stepss1–3 cyclesd.
Convergence was achieved when doubling Ns and halving
Dt yielded relative errors of less than 5%. For the system
with s25ad, grid sizes and time steps were chosen to satisfy
the conservation of the surfactant mass to within 1.5%.

IV. RESULTS AND DISCUSSION

In this paper, we would like to take an initial step to
understand qualitative flow and transport features that de-
pend on the liquid volumeV, the opening anglej2, the
breathing amplitudeD, the Marangoni number Ma, the sur-
face Péclet number Pes, and the ratio of inspiration to expi-
ration periodssI :Ed. We are more interested in a diseased
situation where the lung is filled with PFC liquid in a level of
90% of the functional residual capacity 30 ml/kgffunctional
residual capacitysFRCd, the volume at the end of expirationg
during PLV. If the lung is ventilated with the tidal volume
ranging 2.5–25 ml/kg under normal respiratory rate
s12 breaths/mind, and delivered pulmonary drugs are

surface-active agents withOs1d Ma, V=0.9, D=0.2, j2

=p /2, Ma=4.0, and Pes=10.0 are chosen to represent such a
situation. Since theI :E in particular plays a critical role in
determining the flow and transport features, variousI :E ra-
tios s1:1, 1:2, and 2:1d sRef. 14d are also chosed in order to
demonstrate interesting results and subsequent physiological
implications. As discussed in Sec. II, type A and B alveoli
have different boundary conditions for the surfactant concen-
tration at the alveolar opening. We shall present the results of
each case separately to see the role of surfactant and different
parameters in determining the flow and transport in different
types of alveoli. We first examine the system with an in-
soluble surfactant and then extend the analysis to the case
with a soluble surfactant.

A. Type “A” alveolus: No surfactant flux at the
alveolar opening

1. Unsteady streamlines and surfactant concentration
distribution

We first examine flow and surfactant transport in the
type A alveolus for which a zero surfactant flux is applied at
the alveolar opening. The results that we present here have
reached time periodic states. For convenience, we chooset
=0 s2pd to be the moment at the beginningsendd of inspira-
tion sexpirationd. Figure 3 shows a series of snapshots of
typical unsteady streamlines during the breathing cycle for
I :E=1:1 in which inspirationsexpirationd occurs duringt
=0–p sp–2pd.

During inspiration fFigs. 3sad–3scdg, the alveolus ex-
pands. Since both the wall and the interface move, the
streamlines cross these boundaries. Also since the liquid vol-
ume is conserved, whatever streamlines enter the flow do-
main through the interface leave through the wall. Notice
that, at the end of inspirationt=p fFig. 3sddg, the streamlines
show a vortex pattern even though the boundaries are at rest.
As the alveolus contracts during expirationfFigs. 3sed–3sgdg,
streamline patterns are similar to those during inspiration,
but with the opposite flow directions. Again, at the end of
expiration t=2p fFig. 3sbdg, a vortex appears with its flow
direction opposite to that at the end of inspiration. The pres-
ence of vortices at end inspiration and end expiration when
the boundaries are at rest suggests that flows are driven by
Marangoni stresses along the interface due to nonuniform
surfactant concentrations at these instants. Figure 4 confirms
this by showing the corresponding surfactant concentration
distribution at different instants during the breathing cycle.
Since the total amount of surfactant is conserved, the surfac-
tant concentration becomes lowershigherd as the alveolus
expandsscontractsd during inspirationsexpirationd. At the
end of inspiration, the surfactant concentration is higher near
the symmetry line. Since boundaries are stationary at this
moment, this nonuniform surfactant distribution drives a sur-
face flow from the symmetry line toward the alveolar open-
ing, and thus induces a flow recirculation with a counter-
clockwise direction shown in Fig. 3sdd. At the end of
expiration, the interfacial surfactant gradient and the surface
flow are in the opposite direction leading to a clockwise
vortex fFig. 3shdg.
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2. Cycle-averaged streamlines and surfactant
concentration distribution

In the absence of surfactant, there is no cycle-averaged
flow for any I :E ratio because the flow system is linear. In
the presence of surfactant, a nonlinearity arises from the cou-
pling of the flow field and surfactant concentration in the
surface convection terms ins22d. The resulting flow contri-
butions during inspiration and expiration are unequal, lead-
ing to a nonzero cycle-averaged flow.

We adopt the following procedure to calculate cycle-
averaged streamlines. The cycle-averaged wall velocity and
normal velocity at the interface are zero. Therefore, the only
driving force comes from a nonzero cycle-averaged Ma-
rangoni stress along the interface, which is calculated from
the cycle-averaged surfactant concentration distribution. The
governing equations and boundary conditions for the stream
function s13d–s17d are averaged over a cycle. The cycle-
averaged stream function can be expressed in terms of an
infinite series as ins20d and the coefficients are solved ana-
lytically with the previously determined surfactant concen-
tration.

We are particularly interested in the effect ofI :E on the
cycle-averaged flow and surfactant transport. Figure 5 shows
the cycle-averaged steady streamlines for differentI :E ra-
tios. ForI :E=1:1 fFig. 5sadg, a two-vortex flow structure is
seen where the upper vortex has a counterclockwise direction
and vortex has a clockwise direction. Thus the surface flow
is driven from both the alveolar opening and the symmetry-
line end, and moves towards the stagnation point at the
middle of the interface. This suggests that the surfactant con-
centrations at both the alveolar opening and the symmetry
line are higher than at other points of the interface, and that
the minimum surfactant concentration occurs at the stagna-

tion point along the interface. Figure 5sbd shows the case of
I :E=1:2 in which the expiration period is longer than inspi-
ration. The resulting cycle-averaged streamlines show a
single vortex with clockwise direction. Therefore, the surface
flow is driven from the alveolar openingshigher Gd to the
symmetry lineslower Gd. When theI :E ratio is changed to
2:1 the flow still exhibits a single vortex structurefFig. 5scdg,
but its direction is opposite to that ofI :E=1:2.

Figure 6 shows the corresponding surfactant concentra-
tion distributions for differentI :E ratios. ForI :E=1:1, the
surfactant concentration only varies slightly along the inter-
face. It has a minimum ats,0.7 that corresponds to the
stagnation point seen in Fig. 5sad. The Marangoni stress
drives the surface flow toward the stagnation point from both
ends of the interface, and thus is consistent with the flow
pattern of Fig. 5sad. Similarly, the surfactant distributions for
I :E=1:2 andI :E=2:1 support the flow fields seen in Figs.
5sbd and 5scd, respectively. Thus the appearance of vortices is
the result of flow being driven from regions of high surfac-
tant concentration to low surfactant concentration.

Figures 5 and 6 suggest that the cycle-averaged flows are
rather sensitive toI :E ratios. To understand howI :E plays a
role in determining the cycle-averaged flow, it is instructive
to examine the surfactant transport equations22d. As inspect-
ing the left-hand side ofs22d, the effect of the surface con-
vectionsthe second termd competes that arisen from the sur-
face area expansion/contractionsthe third termd during
breathing in a following manner. During inspiration, the sur-
face flow tends to sweep surfactants from the alveolar open-
ing toward the symmetry line. On the other hand, the expan-
sion of the surface area tends to diminish surfactant

FIG. 3. Snapshots of streamlines during a breathing cycle for the type A alveolus in the presence of an insoluble surfactant.V=0.9, D=0.2, a=p /2, Ma
=4, Pes=10, andI :E=1:1. The alveolus expands during inspirationfsad–sddg, while it contracts during expirationfsed–shdg. sdd corresponds to the moment of
the end of inspiration andshd is at the end of expiration. Though the alveolus has no motions at the instant ofsdd andshd, there are still flows induced by the
Marangoni stresses via nonuniform surfactant concentrations along the interface.
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concentration to a greater extent at the symmetry-line end
than that at the alveolar opening. During expiration the
trends are reversed.

We note that forI :E=1:1, thesurfactant concentration
at the symmetry line is higher than that at the alveolar open-
ing during most of the inspiration period, while the opposite
is true during expirationsFig. 4d. The distribution of the sur-
factant concentration during a cycle is a result of competition
between the surface convection and the surface area
stretching/contraction. To illustrate such a competition, the
local contribution from each effect is identified via integrat-
ing the corresponding term of Eq.s22d. The local contribu-
tion from the surface convection is indicated by Ic
=−es

s+Ds] /]ssfGdds=sfGds−sfGds+Ds, and the corresponding

surface area part is reflected by Is=−fṘ1/R1− j̇1/ sp
−j1dges

s+DsGds. Note that the minus sign in front of each
integral is used for representing the net change of surfactant
mass due to the respective effect. The local contribution Ic
and Is forI :E=1:1 arethen depicted in Figs. 7sad and 7sbd

FIG. 4. The surfactant concentration distribution during a breathing cycle
for the alveolus A in the presence of an insoluble surfactant.V=0.9, D
=0.2, a=p /2, Ma=4, Pes=10, andI :E=1:1. During inspiration as insad,
the alveolus expands and the surfactant concentration level falls as a result
of the conservation of the surfactant mass. Similarly during expiration as in
sbd, the concentration level rises. Notice that though att=0 orp the alveolus
has no instant motions, the surfactant concentration distribution is uneven,
and thus can induce Marangoni flows as in Fig. 3sdd or 3shd.

FIG. 5. The cycle-averaged streamlines for the alveolus A in the presence of
an insoluble surfactant. The effects ofI :E are sad I :E=1:1, sbd I :E=1:2,
scd I :E=2:1. V=0.9, D=0.2, a=p /2, Ma=4, Pes=10. For I :E=1:1, the
streamlines exhibit a two-vortex structure.I :E=1:2 hasonly one vortex
with a clockwise flow direction.I :E=2:1 also shows a one-vortex pattern,
but it has a opposite flow direction toI :E=1:2. To explain various flow
patterns can be seen in Fig. 6 for the cycle-averaged surfactant concentration
distribution.
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for inspiration and expiration, respectively. During inspira-
tion as in Fig. 7sad, Is,0 arises from the dilution due to the
surface expansion. Notice that fromt=p /4 to t=p /2, Ic
,0 for s.0.7, creating the tendency to lowerG near the
opening end. This tendency persists throughout the rest of
inspiration, thusG is higherslowerd near the symmetry line
sthe opening endd during most of inspiration as already re-
vealed in Fig. 4sad. During expiration as in Fig. 7sbd, Is.0
due to surface contraction. Since Ic.0 for s.0.7 during
most of expiration, the resulting surfactant distribution
shows higherslowerd G near the opening endsthe symmetry
lined. This also can be seen in Fig. 4sbd. All above suggest
that the surface convection plays a more important role than
the surface area in determining the surfactant distribution.
Since the cycle-averaged flow patterns derive from the cycle-
averaged Marangoni effect that arises from the competition
between opposing trends of the surfactant distribution during
inspiration and expiration, the role ofI :E in determining the
cycle-averaged flow patterns now becomes evident. Since
longer inspirationsexpirationd tends to yield lowershigherd
surfactant concentration at the alveolar opening, promoting
Marangoni flow towards the alveolar openingsthe symmetry
lined, the cycle-averaged flow forI :E=2:1 s1:2d has a coun-
terclockwisesclockwised vortex structure.

B. Type “B” alveolus: Fixed surfactant concentration
at the alveolar opening

The unsteady stream patterns here are similar to those in
the no flux case during most of the breathing cycle. How-
ever, at end inspiration and end expiration, the flow fields
behave differently, as seen in Figs. 8sad and 8sbd for I :E
=1:1. A single vortex is seen in each case with clockwise
send inspirationd and counterclockwisesend expirationd di-
rections. These directions are opposite to those in Figs. 3sdd
and 3shd of the no flux case and indicate that the surfactant

concentration is higher at the alveolar opening at end inspi-
ration and at the symmetry line at end expiration and varies
monotonically in space.

As mentioned earlier in Sec. IV A, surfactant transport
mechanisms involve competition between the surface flow
and surface area stretching. To understand how the interplay
of these mechanisms gives rise to the observed flow patterns,
we again examine the surfactant concentration profiles dur-
ing the cycle, plotted in Fig. 9. At the start of inspiration, the
surfactant concentration at the symmetry line is greater than
the fixed concentration at the alveolar-opening end, but be-
comes lower at end inspiration. It then increases during ex-
piration and becomes greater than the alveolar-opening end
concentration at end expiration. This explains the flow pat-
terns seen in Fig. 8. To further elucidate the above via iden-
tifying how the surface convection and the surface area com-
pete during inspiration and expiration, we again plot the

FIG. 6. The effect ofI :E on the cycle-averaged surfactant concentration
distribution for the alveolus A.V=0.9, D=0.2, a=p /2, Ma=4, and Pes
=10. The zoom-in view is forI :E=1:1. Uneven cycle-averaged surfactant
concentrations induce Marangoni stresses that drive flow from the higher
concentrationslower tensiond regions to the lower concentrationshigher
tensiond regions, leading to the vortices seen in Fig. 5.

FIG. 7. The local contribution from the surface convection Icsdash dottedd
and the one from the surface area Isssymbold for the alveolus A in the
presence of an insoluble surfactant.V=0.9, D=0.2, a=p /2, Ma=4, Pes
=10, andI :E=1:1. sad Inspiration.sbd Expiration.
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local contribution from the surface convection Ic and the
surface area Is in Figs. 10sad and 10sbd. As in Fig. 10sad for
inspiration, Is,0 is again expected. Fort,p /4, Ic,0 for
s.0.5, leading to higherG near the symmetry line as shown
in Fig. 9sad. However, for tùp /4, Ic generally.0 for s
.0.4, resulting in lowerG near the symmetry line as de-
picted in Fig. 9sbd. These explain Fig. 9sad and also reveal
that the states of lowerG near the symmetry line seem to be
favorable during inspiration. With similar explanations to the
process during expiration as in Fig. 9sbd, in contrast to the
situation during inspiration, expiration is more favorable to
create lowerG near the opening.

With the above observations in mind, we now turn our
attention to the cycle-averaged quantities. Figures 11 and 12
show the cycle-averaged streamlines and surfactant concen-
tration distributions, respectively, for different I:E ratios. In
contrast to the no flux case, there is only one vortex for
I :E=1:1 fFig. 11sadg whose direction is opposite to that of
the primary vortex in the no flux case. AtI :E=1:2 and 2:1
fFigs. 11sbd and 11scdg, a single vortex is present and their
flow directions are opposite to the corresponding no flux
cases. Cycle-averaged surfactant concentrations are plotted
in Fig. 12 and show that longer inspirationsexpirationd leads
to lower shigherd surfactant concentration at the symmetry
line. In conjunction with the results suggested by Fig. 9 and
10 that the symmetry-line end tends to favor lower surfactant
concentration during inspirationsexpirationd, longer inspira-
tion sexpirationd thus promotes the tendency to create lower
shigherd surfactant concentration at the symmetry line. This
thus explains how I:E affects the cycle-averaged surfactant
concentration and the resulting streamlines.

C. Extension to bulk soluble surfactants

The discussion so far has been based on insoluble sur-
factants. Here we extend our analysis to the case with soluble
surfactants. In this case, for simplicity, the dimensional sorp-
tion flux j * is

j * = kaCs
* − kdG* = − Dsn * · =*C*ds, s26d

whereka and kd are adsorption and desorption parameters,
respectively, andD is the molecular diffusivity. Note thatCs

*

is the sublayer bulk concentration underneath the interface.
We choose the concentration scales as the bulk concentration
C0

* =G0
*kd/ka, which is in equilibrium withG0

* . The dimen-
sionless form ofs26d can be written as

j = KsCs − Gd = −
1

bPe
sn · = Cds, s27d

whereK=kd/v is the sorption parameter,b=ka/ sa0kdd is the
solubility, and Pe=va0

2/D is the bulk Péclet number. The
dimensionless governing equation for the bulk surfactant
concentration is

]C

]t
+ v · = C =

1

Pe
¹2C. s28d

The boundary condition along the symmetry line requires

]C

]h
sh = 0d = 0. s29d

We assume that there is no surfactant flux across the alveolar
wall, namely,

]C

]j
sj = j2d = 0. s30d

At the alveolar opening, similar to the boundary condi-
tions for G, the boundary condition forC could be either

]C

]h
sh → `d = 0 s31ad

or

Csh → `d = 1. s31bd

FIG. 8. The streamlines of the alveolus B in the presence of an insoluble surfactant.V=0.9, D=0.2, a=p /2, Ma=4, Pes=10, andI :E=1:1. sad andsbd are
at the end of inspiration and expiration, respectively. The flow directions are opposite to those in the alveolus A at the same instantsfFigs. 3sdd and 3shdg.
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The boundary conditionss31ad and s31bd for C corre-
spond tos25ad ands25bd for G, respectively. It is difficult to
solve the general problem with soluble surfactant due to the
coupling between the flow field, the surface concentration
and the bulk concentration. It requiresspontaneouslysolving
for the flow field, the interfacial, and the bulk transports of
surfactant. This not only needs a more sophisticated numeri-
cal scheme, but also implementation becomes more time
consuming. To assess the effect of a soluble surfactant with-
out the above difficulties, we consider the case in the limit of
fast bulk diffusion. As such, both analyses for insoluble sur-
factant and soluble surfactant with fast bulk diffusion at least
could complementarily capture qualitative features prior to
performing a more complete analysis. The former can be
regarded as a limiting case of slow bulk diffusionsPe→`d

while the latter can be viewed as the limit of fast bulk diffu-
sion sPe→0d. Therefore, the effect of bulk diffusion on the
qualitative flow and transport features should lie between
these two limiting cases.

If the bulk diffusion at the interface is sufficiently fast
such thatsbPed−1 is large enough, then the diffusive flux
n ·¹C in s28d is OsbPed!1. This indicates that, at the lead-
ing order inbPe, there is no surfactant flux at the interface.
Below, we again examine two situations corresponding to the
boundary conditionss31ad and s31bd, respectively.

1. Type “A” alveolus: No surfactant flux at the alveolar
opening

For the system with the boundary conditionss30d and
s31ad, there is no surfactant flux across the boundaries any-
where at the leading order inbPe. This suggests that, if the

FIG. 9. The surfactant concentration distribution during a breathing cycle
for the alveolus B in the presence of an insoluble surfactant.V=0.9, D
=0.2,a=p /2, Ma=4, Pes=10, andI :E=1:1.sad Inspiration.sbd Expiration.

FIG. 10. The local contribution from the surface convection Icsdash dottedd
and the one from the surface area Isssymbold for the alveolus B in the
presence of an insoluble surfactant.V=0.9, D=0.2, a=p /2, Ma=4, Pes
=10, andI :E=1:1. sad Inspiration.sbd Expiration.
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initial bulk concentration is uniform, then it remains un-
changed for all times, i.e.,C=1 everywhere. Therefore, the
sublayer concentrationCs=1 and

j = Ks1 − Gd. s32d

The surfactant transport across the interface is thus dictated
by a sorption process. Note that the discrepancy in surfactant

conservation isOfsbPed−1g. The cycle-averaged streamlines
with I :E=1:1 for different K are shown in Fig. 13. The
results for insoluble surfactantfFig. 5sadg correspond toK
=0. Figure 13 shows that an increase inK diminishes the size
of the vortex near the alveolar opening, and the flow patterns
eventually become one-vortex structures with clockwise flow
directions.

The corresponding cycle-averaged surfactant distribution
is presented in Fig. 14. AsK increases, the surfactant con-
centration level not only has a smaller deviation from the
equilibrium G=1, but also has a less variation so that the
local minimum concentration as in the insoluble case no
longer appears. This is because a soluble surfactant tends to
diminish the surfactant concentration gradients due to con-
stant supply of surfactant from bulk, so does for the Ma-
rangoni stress. The resulting surfactant concentration be-
comes higher as approaching the alveolar opening, and thus
induces one-vortex cycle-averaged streamlines.

2. Type “B” alveolus: Fixed surfactant concentration
at the alveolar opening

For the system with the boundary conditions31bd there
is no flux across the boundaries, except at the alveolar open-
ing, and as a resultC=1 everywhere. Therefore the sorptive
flux is given bys32d in this case also.

Figure 15 shows the cycle-averaged streamlines for
I :E=1:1 for increasing values ofK. Recall that for the in-
soluble casesK=0d there is only one vortex as in Fig. 11sad.
However, a soluble surfactant can dramatically modify the
flow patterns from one vortex to two or even three vortices,
depending onK. WhenK=0.5, a small secondary vortex is
seenfFig. 15sadg. It is likely that for smallerK the flow still
shows one recirculation with clockwise flow direction simi-
lar to the insoluble case. More interestingly, forK=0.7 fFig.
15sbdg, the flow develops three vortices. WhenK is increased
to 0.8 fFig. 15scdg, the size of middle recirculation becomes

FIG. 11. The cycle-averaged streamlines for the alveolus B in the presence
of an insoluble surfactant. The effect ofI :E: sad I :E=1:1, sbd I :E=1:2, scd
I :E=2:1. V=0.9, D=0.2, a=p /2, Ma=4, and Pes=10. All flow patterns
exhibit one-vortex structures. To explain various flow patterns can be seen in
Fig. 12 for the corresponding cycle-averaged surfactant concentration
distributions.

FIG. 12. The effect ofI :E on the cycle-averaged surfactant concentration
distribution for the alveolus B.V=0.9, D=0.2, a=p /2, Ma=4, and Pes
=10. Uneven cycle-averaged surfactant concentrations induce Marangoni
stresses that drive flow from the higher concentrationslower tensiond re-
gions to the lower concentrationshigher tensiond regions, leading to the
vortices seen in Fig. 11.
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smaller. At a critical valueK=1 fFig. 15sddg, the flow pattern
forms a saddle point and an “eye” structure whose two vor-
tices have the same flow direction. At largeK the flow again
exhibits two vorticesfFig. 15sedg. These results indicate a
transition between three-vortex and two-vortex flow patterns
occurs atK=1.

The above flow patterns can be explained using the
cycle-averaged surfactant concentration distribution in Fig.
16. WhenK=0, the surfactant concentration increases mono-
tonically with increasings in the vicinity of the alveolar
opening. ForK=0.5, the surfactant concentration shows a
maximum near the alveolar opening, which thus induces a
two-vortex cycle-averaged flow pattern as in Fig. 15sad. For
K=0.6–0.8, there is a local minimum and maximum for the
surfactant distribution. Such surfactant distributions induce
three-vortex cycle-averaged flow streamlines. ForK=1, the
surfactant concentration decreases as approaching the alveo-
lar opening. A saddle point occurs ats,0.75 where both the
first and second derivatives]G /]s and ]2G /]s2 are zero.
Since the surfactant concentration has neither a local maxi-
mum nor local minimum along the interface, the resulting
surface flow is driven only in the direction toward the alveo-
lar opening. The corresponding flow within the liquid layer
tends to be slower as it approaches the saddle point and
faster away from it. Thus the flow pattern forms an eye-like,
two-vortex structure.

V. COMPARISON WITH PREVIOUS STUDIES
AND PHYSIOLOGICAL APPLICATIONS

We compare our results to previous studies of thin liquid
films in alveoli to see how alveolar flow and transport be-
have differently in the two cases. Results for the two types of
alveoli with different boundary conditions are compared
separately. Weiet al.5 examined thin-layer alveolar flows in
type A alveoli and showed that forI :E=1:1 andinsoluble
surfactant, the cycle-averaged flows are directed toward the
alveolar opening when the surface tension is sufficiently
small. The corresponding cycled-averaged velocity is about
10−5 cm/s. However, our thick-layer results for the type A
alveolus demonstrates that forI :E=1:1 thecycle-averaged
flow could exhibit a two-vortex structure having a stagnation

FIG. 13. The cycle-averaged streamlines for the alveolus A in the presence
of a soluble surfactant. The effect of sorption parameterK: sad K=0.1, sbd
K=0.2, scd K=0.5. V=0.9, Ma=4.0, Pes=10, andI :E=1:1.

FIG. 14. The effect ofK on the cycle-averaged surfactant concentration
distribution for the alveolus A in the presence of a soluble surfactant.V
=0.9, D=0.2, a=p /2, Ma=4, Pes=10, andI :E=1:1.
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point on the interface. The surface flow is directed toward
the stagnation point from both the alveolar opening and the
symmetry line. The estimated cycle-averaged velocity is
10−6 cm/s slower than the thin-layer case.

Podgorski and Gradon15 used a two-dimensional model

to examine the flow and transport in a type B alveolus with
insoluble surfactant. Their results also suggested that the
flow direction is toward the alveolar opening. Similar results
were seen in their later three-dimensional, axisymmetric al-
veolar model.2 Our thick-layer analysis for the type B alveo-

FIG. 15. The time-averaged streamlines for the alveolus B in the presence of a soluble surfactant. The effect of sorption parameterK: sad K=0.5, sbd K
=0.7, scd K=0.8, sdd K=1.0, sed K=10. V=0.9, Ma=4.0, Pes=10, andI :E=1:1. For aninsoluble surfactantsK=0d as in Fig. 11sad, there is only one
recirculation. As increasingK, the streamlines can appear three recirculationssbd and scd, or even exhibit a saddle-point structuresdd.
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lus shows that forI :E=1:2, thesurface flow has a similar
tendency as the thin-layer case while the opposite is true for
I :E=1:1.

With the above analyses of the flow and transport in an
alveolus, it is instructive to apply them in a viewpoint of
physiology. However, prior to inferring any further physi-
ological implication from the current analysis, we should no-
tice the following fact. Although the present analysis is based
on the fluid-pinned alveolar opening end that does not allow
the fluid to enter or leave out of an alveolussdespite of the
fact that surfactant molecules can move in or out of an al-
veolusd, in practice, the fluid thickness in the proximity of
the alveolar opening is finite but thin. The pinned condition
assumed for the fluid motions at the alveolar opening can be
regarded as a condition for theouterflow to which theinner
part, the detailed flow solution near the alveolar opening, is
required to match. It could be a good approximation when
the inflow or outflow contribution to the entire fluid mass is
negligible during a cycle if a sufficient amount of liquid is
present in an alveolus. This also implies that the qualitative
flow features could be insensitive to the detailed flow condi-
tions at the alveolar opening. The study by Weiet al.5 for
thin-layer alveolar flows implies that the qualitative flow fea-
tures could be insensitive to the detailed flow conditions at
the alveolar opening. The influence of the alveolar opening
on thick-layer alveolar flows could be even less important
than that on the thin-layer case. Therefore, although we ap-
ply the pinned condition for approximating the flow situation
in the proximity of the alveolar opening, the resulting cycle-
averaged interfacial flows could provide tendency for par-
ticle transport such as particle cleansing or pulmonary drug
delivery, in particular when particles or drugs approach to the
alveolar rim. As such, the implication from the current study
to particle transport should be treated in the “outer” sense.
How detailed particle transport occurs at the alveolar open-
ing should be acquired from the inner solution in which a
finite fluid thickness must be taken into account.

The system depends on physiological parameters such as
the lung volume at end expiration, i.e., FRC, tidal volume
VT, respiratory rate, andI :E. For a normal lung,VT

=500 ml and FRC=2100 ml, the breathing amplitudeD

,VT/6FRC=0.04. However, we are more interested in a dis-
eased lung whose FRC could be smaller. In this case,D

could be as large as 0.2. A typical respiratory rate is
12 breaths/min and givesv,1.26. The size of an alveolus
is about 2a0=250mm. The surface tension of the liquid used
for PLV or SRT is about 20–40 dyne/cm. Thus Ca is about
Os10−5d. We use a pulmonary surfactant withOs1d Ma. A
typical liquid dose in PLV is close to FRC, we choose the
system having liquid filled with 90% of the end-expiration
volume of the alveolussV=0.9d to qualitatively describe
such situation. With the above parameters, the estimated
steady velocity is an order of magnitude between 10−6 and
10−4 cm/s over the range ofI :E. For faster steady velocity
via properly controllingI :E, it could take about 10 min to
deliver pulmonary drugs from a terminal bronchiole into an
alveolus. A similar amount of time is required to cleanse
foreign particles from an alveolus to airways.

For a normal respiratory rateI :E=1:2, atypical steady
velocity for the type A alveolus is about 10−5 cm/s while it is
about 10−4 cm/s for the type B alveolus. More interestingly,
the steady surface flows in the type B alveolus are toward the
alveolar opening, but away from it in the type A alveolus.
This can have a significant impact on alveolar cleansing2 and
delivery of clinical agents such as aerosol particles to alveoli.
The cycle-averaged flow in type A alveoli is more conducive
to delivery deep into alveoli while cleansing processes may
be more effective in type B alveoli.

The estimated unsteady velocity is about 10−3 cm/s. For
the transport of respiratory gas such as oxygen and carbon
dioxide across the alveolar liquid layer, the corresponding
Péclet number isOs1d for a typical diffusivity 10−5 cm2/s of
dissolved gas in liquid. Therefore, convection is comparable
to diffusion for the gas transport. For cell-cell signaling pro-
cesses, the route for alveolar cells to communicate back and
forth via signaling molecules could be through the extracel-
lular alveolar liquid layer. In this case, the signaling process
could be facilitated by transport processes within an alveolus
during breathing. For example, surfactant-associated
protein-A sSP-Ad is a component of pulmonary surfactant
and can serve as a signaling molecule for regulating surfac-
tant secretion.16 SP-A is typically a large molecule and thus
has a low diffusivitysø10−6 cm2/sd. The estimated Péclet
number based on the unsteady velocity isOs10d or larger.
The convection could dominate cell-cell signaling processes
for surfactant secretion in an alveolus.

With the estimated steady velocity 10−6–10−4 cm/s, de-
pending onI :E or K, the corresponding steady Péclet num-
ber ranges from 10−8/Dm to 10−6/Dm, whereDm is the mo-
lecular diffusivity. Therefore, for large molecules such as
drugs or genetic material with low diffusivitiessDm

ø10−8 cm2/sd the convective transport dominates.

FIG. 16. The effect ofK on the cycle-averaged surfactant concentration
distribution for the alveolus B in the presence of a soluble surfactant.V
=0.9, D=0.2, a=p /2, Ma=4, Pes=10, andI :E=1:1.
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VI. CONCLUDING REMARKS

Motivated by the growing recognition of the role of al-
veolar flow on various respiration therapies such as PLV or
SRT, we have developed a model of the flow and surfactant
transport within an alveolus partially filled with liquid. We
combine analytical and numerical techniques to solve for the
flow field and surfactant concentration distribution in an al-
veolus subject to prescribed breathing motions.

We apply our alveolar flow model to study flow and
transport in two types of alveoli with different boundary con-
ditions. The type A alveolus is present in an alveolar cluster
in which fluid and surfactant exchange is not possible be-
tween adjacent alveoli. The type B alveolus is directly con-
nected to an airway from which surfactant and liquid can be
delivered into the alveolus. Cycle-averaged streamlines and
surfactant concentration profiles are calculated to character-
ize the transport features. The stream patterns show various
vortex structures and are highly sensitive to theI :E ratio. In
the presence of an insoluble surfactant, the cycle-averaged
flow for the type A alveolus is generally weaker than that for
the type B alveolus.

We extend the analysis to soluble surfactants by assum-
ing a sorption-controlled surfactant transport between the in-
terface and the bulk. Though the presence of soluble surfac-
tants reduces the surfactant concentration gradient and
results in relatively weak cycle-averaged streaming, the
stream patterns could have complicated features. For ex-
ample, for the type B alveolus, over a certain range of the
sorption parameterK, the cycle-averaged stream pattern
shows an interesting flow structure transition from two-to
three-vortex formation and even exhibits “cat eyes” with a
saddle point within the layer.

We have compared the present thick-layer model with
previous results for the thin-layer alveolar flows. The thick-
layer model could have a different flow tendency compared
to the thin-layer model. This suggests that the amount of
liquid in an alveolus is an important factor to determine
properI :E in order to achieve the desired molecular delivery
or particle cleansing. Our present study may provide guid-
ance to choose a proper amount of liquid or dosage of sur-
factant instilling into the lung.

Our present model is based on the assumption that the
alveolar walls are impermeable. We have neither accounted
for intercellular water penetration nor for natural surfactant
generated by epithelial cells of the alveolar walls. Such a
permeable-wall condition not only modifies the boundary

conditions, but also provides an extra source of fluid and
surfactant and may qualitatively affect flow and transport
features in the system. While a recent theoretical study4 has
considered the effect of a permeable alveolar wall, it was
restricted to a thin-layer alveolar flow model. Future work
should incorporate permeable alveolar walls to explore their
effects on the flow and surfactant transport within an alveo-
lus.
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