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A model of flow and surfactant transport in an oscillatory alveolus partially
filled with liquid
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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 patteriis.g., number of vorticgsparticularly depend on the ratio of
inspiration to expiration period$l:E ratio) and the sorption parametd¢. For an insoluble
surfactant, a single vortex is formed when th& 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° cm/s, and the corresponding Péclet number for transporting respiratory@és is

For a cell-cell signaling molecule such as surfactant-associated protein-A for regulating surfactant
secretion, the Péclet number could®€LO) or higher. Convection is either comparable to or more
dominant than diffusion in these processes. The estimated steady velocity ranges from
106 to 10% cm/s, depending ol E andK, and the corresponding steady Péclet number is between
108/D,, and 10%/D,, (D, is the molecular diffusivity with units of cAis). Therefore, forD,,

<108 cn?/s, the convective transport dominates.2@05 American Institute of Physics

[DOI: 10.1063/1.1830487

I. INTRODUCTION applications, when such liquid reaches the respiratory bron-
) ) _ ] chioles or alveolar levels, it may partially fill the alveolus
Alveoli are the major units responsible for gas exchangeé,ng act as a diffusion barrier to transport. Therefore the con-

in the lung. A normal lung produces surfactants to reducgaction due to alveolar breathing motions may play an im-

surface tension in the alveolus, making the lung more comy,iant role in determining molecular transport within the

pllant to aid in breathing. The tYF"C,a' diameter of an alve,OIUSalveolus. In addition, alveolar motions could cause a nonuni-
is 250 um. In a normal lung a liquid layer of average thick-

0 ts the interior of the alveoldshe : form interfacial surfactant distribution, generating a surface
ness 0.1um coats the interior of the alveolus.he transpor .tension gradient forcéMarangoni effedt that modifies the

of oxygen and carbon dioxide in the alveolar gas is dOm"convective processes within the alveolar liquid layer. Thus

nated by diffusion. However, for respiratory diseases or dis;

orders due to Acute Respiratory Distress Syndr¢ARDS) the presence of surfactant in liquid-filled Iur_lgs influences not
L ; only the lung compliance, but also the details of the transport
or the lung injury, alveoli often collapse or are damaged. The

. processes within alveoli. It is therefore important to address
remedy often involves surfactant replacement the(&®T) ; . .
AN o A the issues of surfactant transport and its effects on convective
or partial liquid ventilation(PLV). In the former, liquid is

either instilled into the airways in the form of boluses to processes within alveoli in order to gain further understand-

deliver macromolecules or clinical agents into the lung; in'9 of transport mechamsms in fluid-filled Iungs:

the latter, a liquid with high gas solubilitye.g., PFCis used Thin-layer ﬂows n an allveolu_s often occur in & _normal

for expanding those shrunken alveoli in order to improvelung' Podgorski and Gradg)rmvestlgated the mech_amsm of

compliance and gas exchange in the lung. In these cIiniceﬂOW clez_irance d_ue to the presence of surfactant in an alveo-
lus. Their analysis focused on the type “B” alveolus that are

irectl nn irw Fig. L Th how
dauthor to whom correspondence should be addressed. Present addregs:ecty connected to a aySsee 9 1 €y sho ed,

Department of Chemical Engineering, National Cheng Kung University,usmg IUbrication_ theory, that '_[here is a net flow pumping
Tainan 701, Taiwan. from the less stiff endcenterline of the alveolysto the
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respiratory strong surface tension forces can weaken flow clearance pro-
bronchiole 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’

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 small(i.e., a small surfactant activitythe interface shape
satisfies the Young—Laplace equation. In contrast to the thin-
layer problems where interfacial displacements are compa-
FIG. 1. Respiratory bronchiole and alveoli. The alveolus “A” is in a cluster Fable to the fluid thickness and strongly couple with the flow
of alveoli. The alveolus “B” is directly attached to airway. 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
stiffer end(the alveolar openingof the alveolar wall. That thick-layer problem may have different dominant mecha-
is, the net flow tends to be pumped out of the alveolus. Thisiisms compared to the thin-layer problem. In the thin-layer
is a result of an imbalance of flow pumping out during ex-problem the surfactant transport is dominated by surface
piration and pumping in during inspiration. Similar featuresconvection. In the thick-layer problem, the change in the
are also seen in the studies for clearance flow in smallocal surface area due to expansion/compression can com-
airways® However, without additional mass sources, thepete with surface convection. Therefore surfactant transport
study by Podgorski and Gradon leads to inevitable losses of the thick-layer problem may share features similar to
fluid and surfactant within an alveolus. Zelig and Héber surfactant-laden bubble formatiSrinally, for gas transport
accounted for additional mass sources to regulate the leakagéthin an alveolus, the fundamental difference between the
of fluid and surfactant in the type B alveolus by consideringthin-layer and the thick-layer problems becomes even more
the effects of permeable alveolar walls and the production opronounced. For an alveolus with a thin layer as in a normal
natural surfactant. Even though all of these previous studieking, it is entirely filled with air; air flow apparently has no
have accounted for the interfacial deformation, the surfacémpact on the gas transport since the Péclet number Pe is
tension force was excluded. That is, they only considered themall [O(107%)]. For a liquid-filled alveolus, however, the
interplay between the wall stretching motions and the Ma-estimated Pe could b®(10) or larger, revealing the impor-
rangoni effect. The latter is the major mechanism responsibleance of convection to the gas transport. More importantly,
for clearance processes. PLV sometimes also serves a means to deliver pulmonary

However, the role of surface tension in determining al-drugs or genes that often exhibit surface-active characteris-
veolar flow may not be simply negligible, particularly for tics. The Marangoni effects induced by surface-active agents
respiratory diseases, e.g., ARDS due to surfactant deficiencgan modify the detailed flow features and affect the corre-
For normal respiratory rate of 12 times/min, a typical capil-sponding gas transport in the lung. Since it is not clear if the
lary number Ca ranges from 10to 10 for surface tensions Marangoni effect could encouragdiscouragg the convec-
from 10 to 1 dyne/cm. The resulting capillary pressure aristion to improve(impedg the gas transport, it is essential to
ing from the interfacial deformation is so substantial that it isstudy the thick-layer alveolar flow, particularly in the pres-
not only comparable to the viscous force due to very thinence of surfactant prior to analyzing the corresponding gas
fluid layer, but also competes with the existing Marangonitransport.
force. It is thus necessary to incorporate the surface tension Previous studies have examined airflow in alveoli with-
force into the alveolar flow analysis, particularly for respira- out an air-liquid interfacé? It would be interesting to exam-
tory diseases due to the deficiency of surfactant. ine the effect of such an interface on the flow fields deter-

Wei et al® included the effect of surface tension on the mined in those works. In these studies, the alveolus remains
flow and transport of alveolar liquid lining. In addition, they a self-similar shape during breathing, and the associated fluid
first pointed out the distinction between different types ofmotions are governed by quasisteady Stokes flows. The re-
alveoli in a viewpoint of physiology. That is, the types of sulting flow field exhibits self-similar patterns with a zero
alveoli are distinguished by if they are influenced by thecycle-average due to reversibility of Stokes flow. For the
airway-alveolar proximity. Their analysis focused on the typetransport of large particles such as aerosols, such flow fields
“A” alveolus that is not directly connected to an airway, butresult in chaotic mixing as demonstrated by particle
is found in a cluster of alveolisee Fig. 1 In contrast to type trajectoriess. In this regard, we are also interested in how the
B alveoli, flow and transport is not possible between adjacenpresence of the liquid layer modifies the mixing features for
type A alveoli since it can lead to the formation of “dry the transport of large particles, particularly in the presence of
spots” which are physiologically less plausible in the contextsurfactant. This again requires the flow analysis prior to fur-
of no new sources of lining fluid. This study found that ther addressing the above question.

alveolus (B)

“alveolar
duct

~

alveolar sac N
alveolus (A)



031510-3 A model of flow and surfactant transport Phys. Fluids 17, 031510 (2005)

in the bipolar coordinates shown in Fig. 2. The geometrical
relation between¢, ) and Cartesian coordinatdg,y) is
also depicted. Then positions of the liquid-gas interface and
alveolar wall are given b§=¢&,(t) andé=&,(&,> &), respec-
tively. It can be shown thaf, is equal to half of the opening
angle Zr and remains fixed during self-similar breathﬁwg.
Let the (dimensionlessvelocity vector bev=(u,v), where
velocity componentgu,v) correspond ta(é, ) directions,
and the pressure ke Therefore, the governing equations are
the continuity equation and the quasisteady Stokes flow

Ry (1) = R, (1+ A7 (1))

equation:
V. .v=0, (1)
V&=V p. (2)

a(t)

Similar to Haberet al,? the boundary condition at the mov-

FIG. 2. The geometry for modeling thick-layer alveolar flows. The motion INg wall boundary is given by
of the alveolar wall is self-similar such that the opening angleemains .
fixed during breathing. Vv =Ry[(1 + cosf, cos&,)i; = Sin 6, COS&i g ]i=r,- (3)

R,(t) is the time-dependent radius of the circular wall. Dot

The present paper investigates the flow and surfactardenotes the time derivative. The origin of the polar coordi-
transport in a thick fluid layer in an alveolus with prescribednate systentr, 6,) is located at the center of the circular wall
breathing motions. The paper is organized as follows. Weaurface.#, is measured in the clockwise sense from the
present the model formulation in Sec. II. In Sec. lll we com-axis. Evaluating the velocity at the alveolar openiitg=m
bine analytical and numerical techniques to solve for the-£,) using(3) is
flow field and surfactant concentration. The results and dis- .
cussion are presented in Sec. IV. We also compare with pre- VIX=a(),y =0]=aiy. 4)

vious studies and discuss physiological applications in Seqt is convenient to assume the moving line containing the
V. Conclusion is in Sec. VI. alveolar entrance to have a velocity

a
Il. MATHEMATICAL MODEL V(X,y = 0) = 5Xixl (5)

Consider a thick fluid layer coating the interior of a
single alveolus shown in Fig. 2. The model system is twoThis velocity is purely horizontal and varies linearly with
dimensional. The alveolus is assumed to be a circular capespect to the distance to the plane of symmetry so as to
with an opening widtha'(t") =ag[1+Af(t")], wherea, is the ~ maintain a uniform strain in the alveolar tissue. Notice that
mean opening widtha, A is the breathing amplitude, and (4) is also a consequence ().
f(t") is a time-dependent function prescribed for breathing. At the air-liquid interface, the no-penetration condition
Following the alveolar model of Habet al.? the motion of  yields
the alveolar wall during breathing is self-similar, so the al- -
veolar opening angle remains constant during breathing. We VN = Rur atr =Ry(t), (6)
further assume that the quiq is pir_med at the_ alvgolar opening,heren is the unit normal to the interfad@ointing outward
and the volume of the fluid during breathing is thus con-gngR,(t) is the radius of curvature of the interfad@y(t) or
served. This pinned condition for the fluid motions is a rea-¢ () can be determined by the conservation of the fluid vol-
sonable approximation for an alveolus with sufficient liquid ume, i.e., flow rates across the wall and the interface are

volume since the flow rate across the liquid layer at the ProXaqual. The normal stress condition along the interface is
imity of the alveolar rim is expected to be negligible. given by
1

For nondimensionalizing the flow system, l&f, «™,
wa,, and uw be length, time, velocity and pressure scales,
respectively. Also Ietrg be the surface tension at the refer-
ence state and the corresponding surfactant concentration be (7)

I',. Since a;~100um, both Reynolds number Re
:pwa(z)/,u (p is the fluid density and Bond number Bo The capillary number is Ca,eswaolog. the surface tensioor
=pgasl a, (g is the gravitational acceleratipare small, fluid is a function of the surface concentratidhand a linear
inertia and gravitional effects are negligible. For sufficiently equation of state is applied:
strong surface tension and small surfactant activity, the inter- 1 _

. . I o=1-E(I'-1). (8)
face shape remains circular, as we shall justify later. As such,
it is convenient to use two-dimensional bipolar coordinatesThe surfactant activity is measured by the elasticity humber
to describe the flow system. Léf, ) denote two directions E:—Fg(aa*/al“*)rglag. For a smallE and moderate varia-

1
—p+n-[Vv+(VV)]-n= aa(r)vs -n atr =Ry(t).
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tion of I', the variation ofo is expected to be small and the sinhy siné
linear form(8) may be proper. In addition, since Ca is small x=a(t) y=a®
in the alveolug107®), the interfacial curvature dominates in
(7) and is spontaneously constant along the interface. Baffhe wall and the interface locations are given &yé, and

ancing the pressure ifY) givesp~O(Ca™). Thus the pres-  ¢=¢ (). The line of symmetry is ay=0. The alveolar open-

sure dominates the viscous term(®) and the equation of ings are located a=+%. We then introduce a stream func-
motion is quasistatic. Consequently, the interface is governegon y defined by

by the Young—-Laplace equation and has a circular equilib-

(11

coshz - cos¢’ coshz - cosé’

rium shape. _ (coshzn - cosé) ayr _ (coshn - cosé) gy
; - . . u=——m——>—, p=————
The tangential stress condition along the interface is a(t) an a(t) 9E
n-[Vv+(Vv)T]-t=MaVJ -t atr =Ry(t), 9) (12)

wheret is the unit tangent along the interface and the Ma-Which satisfies the continuity equatiof). The Stokes equa-
rangoni number is MaE/Ca. The right-hand side d®) is  tion (2) for ¢ reduces to
the Marangoni stress.

Finally, the surfactant distribution is governed by the
conservation equati8n

V2vZy=0, (13
where the Laplacian in the bipolar coordinates is given by
- 1
=X VI + V- (vd) +uy(Vg-n)I = P—Vgr =i, (10 vos (coshn - cos§)2< K .\ P )
8 - a(t)? o2 agt)

Rewriting boundary conditions in terms of the bipolar
coordinates and the stream function equat®nfor the nor-
mal velocities at the wall yields

whereX is the interface position in the Cartesian coordinate

system(Fig. 2). v is the tangential fluid velocity, is the

normal component of the surface veIocity,SPaaélDS is

the surface Péclet numbéD;, is the surface diffusivity, and

j is the sorptive flux which is zero for insoluble surfactant. e\ ab 1,

Note that as pointed out by Wong, Rumschitzki, andw(g_ €2) = aRp sin tan ot &2)tanf7/2)] + F(&z i,

Maldarelli® combining the first and second terms (f0) (149

represents taking the time derivative along the direction nor-

mal to the surface. where
We defines to be the arc-length variable along the inter-

face measured from the line of symmetry. Then the boundary F(&,7) =

condition for (10) at the symmetry line is['/ds=0. The

boundary condition at the alveolar opening could depend on + 2 coté tar [ cot(&/2)tanH 7/2)].

types of an alveolus of interest. For the type A alveolus, we

assume no surfactant or liquid transport between adjacef@incey(&,, n=0)=0, ¥(&,, n— ) then should represent half

alveoli. Therefore the total amount of surfactant in the alveothe flow rate across the wall:

lus must be conserved. We show in Sec. Il that the boundary ]

condition dT'/3s=0 at the alveolar opening satisfies this re- (&, 7— ) — RyRy| (= &) + 3 sin(2&) . (14b)

quirement. For the type B alveolus that is directly connected

to an airway, a thin liquid layer along an airway could carry The tangential velocity on the wall yields

surfactant in or out of the alveolus. In this case we fix the

surfactant concentration at the alveolar opening andl'set Yé=&) =~ aRz sing, coséy———.

=1. It also worth pointing out that applying the pinned con- (coshn - cosé,)

dition for the interface(i.e., conserving the liquid volume

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 ~ ¥(€=¢1) =a(Ry secé; —atan&y)F(éy, 7)

opening is expected to be negligible. In this paper, we should + 2aatar{cot(£/2)tanh(7/2)]. (168

apply both types of the boundary conditions fdrat the

alveolar opening to examine how they affect the features ofThe quantity

flow and transport.

sinh
(coshzn - cos¢)

sinhn (15)

At the interface, the no-penetration conditi(@) yields

Wé,m— =) — a(Rl secé; —atané;) + R1R1(7T -£1)
(16b)

Ill. SOLUTION METHOD _ _
represents half the flow rate across the interface. The right-

With the general formulation above, we seek the solutiorhand sides of14b) and(16b) are equal since the liquid vol-
of the system in the bipolar coordinatg€s 7). A description  ume is conserved. The tangential stress condition at the in-
of this system is given by Happel and Brennr: terface,(9), becomes



031510-5 A model of flow and surfactant transport Phys. Fluids 17, 031510 (2005)

w w1 o aall 5 | codé- E)sintiky(E - &)]
an " o€ " (coshzn - cosé) (usinhz+v sing) = Maﬁn, n= A”{ cogé; - &)sinfk (& - &)]
(17) _ sin(é- &)coshiky(é - £)] ]
sin(é; — &)coshiky (&~ &)]
whereu andv are defined in terms af in (12). N [ cogé; = §)sintky (& - §)]
We follow the approach similar to Habet al® to con- " codé; ~ &)sintky (&~ £)]
struct the solution of the Stokes flow. In order to obtain a sin(&, — &costik,(& - 8] }
;gr;t\frgent numerical solutiony is decomposed into two - Sin(§1—§2)005'ikn:[§1—§2)] |
. sintky(¢- &)
’ C”{C"“ U Sintik (€ - @)J
V=t . (18)

M} (200

sini{kn(é, - &)1

y, represents the flow contribution without the alveolar wall Whereky=na/ 7y, and z, corresponds to the location of the
alveolar opening. While the exact location of the alveolar

while ¢, is the disturbance flow field caused by the alveolar . . .
opening is aty,,— %, in practice,n~5 has already reached

boundary.lpl 1S chosen based on _the flow m_echamsm. Thethe location of at most 0.5%based on the opening widttap
wall motion induces a flow entering or leaving out of the away from the edge of the alveolar rim, i.g.~0.01a or

alveolus. Alternatively, the wall motion can be regarded as ¢5s” The chosen valug, =10 is sufficiently large to ensure
response to an external imposed flow such that the total floyesired numerical accuracy. The time-dependent coefficients
rate across the wall is the same as that of the external sourge B C, andD, are determined by boundary conditions
in order to conserve the liquid volume. When the wall (14)—(17) with a given surfactant concentration distribution.
boundary is absent, the flow field is equivalent to flow The system is coupled to the surfactant transport equation,
through a time-varying slit, i.e., two-dimension&D)  (10), through the tangential stress conditi¢h?).
Sampson flow! This suggests that the Sampson flow should ~ The form of(10) in the polar coordinates with respect to
be included inyg;. In addition, the speed of the opening lin- the center of the circular interface is much simpler than in
early varies inx as indicated by(5) and the motion of the the bipolar coordinates. For an insoluble surfact&b®) in
opening does not induce a flow rate across the alveolar eﬁhe polar coordinates is
trance. These effects can be incorporated ity using an T |'_|1 singal 1 9 r - .
ideal stagnation flow. Thus P R, a6 + R_la_a(“sr) + El(Rl +H; coso)
LA
PeRZo?

+ Dn[COifz -&)

(21)
— E i1l — _72\1/ — -

1=Q1- W[sm Z-2(1-29"] | - aaxy, (19 where 6 is an azimuthal angle along the interface, and is

measured fromg=0 at the symmetry line t@=m—¢&(t) at

the alveolar opening. Since tiedomain is time dependent,

where it is more convenient to introduce a varialde 0/ (- &)
(0=<s=<1)to have a fixed computational domain. This trans-
forms (21) to become

7= F[az_xz_yz+v,/(xz+yz_ 22 + 422 2]12, £+i(ff)+F<&— &1 )_ 21 2ﬂ=0,
a(t)v2 at s R, 7-&/ PeRi(m—§&)?ds
(22
For (19) the first and the second terms are the 2D Sampsowhere
flow'"*? and an ideal stagnation flow, respectiveli9) can - o
. . . . Ug s& Hyisind(s)
be written in terms o€ and » using (11) to substitute forx f= + + .
andy. The disturbance past, can be written as an infinite Ri(m=§&) 7-§& Ry(m=§&)
series, Obviously, f(s=0)=0 at the symmetry line. At the alveolar
opening, it can be shown that the surface velouifg=1) is
U(s=1) =-acosé, (23
o > do(Osin(k,7), (209  Which is just a projection of the velocit{p) at the alveolar

(coshn—cosé) 1o entrance to the interface. With the aid of the geometrical
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constraintsR; sin&,=H; andR; sin &;=a, the first term off surface-active agents witlo(1) Ma, V=0.9, A=0.2, &
cancels the rest of the terms exactly at the alveolar opening; /2, Ma=4.0, and P& 10.0 are chosen to represent such a
i.e., f(s=1)=0. Therefore, for no surfactant flux boundary situation. Since thé:E in particular plays a critical role in
condition at the alveolar opening, integrati®p) along the determining the flow and transport features, varibLs ra-
entire interface in conjunction witi=0 ats=0 and 1 for tios (1:1, 1:2, and 2:L(Ref. 14 are also chosed in order to
ensuring the conservation of the surfactant mass requires rdemonstrate interesting results and subsequent physiological
diffusive flux at the moving alveolar opening, i.ell'/ds  implications. As discussed in Sec. Il, type A and B alveoli

=0 ats=1. have different boundary conditions for the surfactant concen-
As such,(22) is subject to the following boundary con- tration at the alveolar opening. We shall present the results of
ditions forI'. At the symmetry lines=0, each case separately to see the role of surfactant and different
o parameters in determining the flow and transport in different
—(s=0)=0. (24)  types of alveoli. We first examine the system with an in-
& soluble surfactant and then extend the analysis to the case
At the alveolar openings=1, the boundary condition is with a soluble surfactant.
£(s: 1) = 0 for type A alveolus, (253 A. Type “A” alveolus: No surfactant flux at the
Js alveolar opening

1. Unsteady streamlines and surfactant concentration

I'(s=1) =1 for type B alveolus. (250 gistribution

The numerical procedures for solving the flow field and the

surfactant concentration distribution are as follows. For a We :‘lrstlexa;mlneh.flﬁw and sun;actant ftlranfsport lm dthe
given surfactant concentration distributibnat a timet, we type A alveolus for which a zero surfactant flux is applied at

calculate the surface tension gradiéire., Marangoni stregs the alveolar opening. The results that we present here have

along the interface. We then calculate the corresponding ﬂo\x_;eached time periodic states. For convenience, we chbose
field using the stream function formulation. This flow field is =0 (27) to be the moment at the beginnifend of inspira-

applied to updatd at t+At by solving the surfactant trans- tON (expiration. Figure 3 shows a series of snapshots of
port equation(22) numerically. The implicit Euler method is YPical unsteady streamlines during the breathing cycle for
employed to discretize the time derivative. To discretize thd :E=1:1 in which inspiration(expiration occurs duringt
spatial derivatives, we apply finite volume schéfia com- ~ =0-7 (m=2m).
bination with upwind and central differences used for the ~ During inspiration[Figs. 3a)-3(c)], the alveolus ex-
first and second spatial derivatives, respectively. The form opands. Since both the wall and the interface move, the
(22) and the boundary conditiof253 makes the finite vol- strear_nlmes cross these boundaries. A_Iso since the liquid vol-
ume scheme more appealing than finite differences becau$n® iS conserved, whatever streamlines enter the flow do-
the latter is less reliable to control a possible leakage offi@in through the interface leave through the wall. Notice
surfactant mass due to the spatial discretization. that, at the end of inspiratidre  [Fig. 3(d)], the streamlines
Starting with a uniform surfactant distributidh= 1 com- show a vortex pattern even though the boundaries are at rest.
putations are performed till a time periodic oscillation isAS the alveolus contracts during expiratidfigs. 3e)-3(g)],
reached. For a typical simulation, the number of the spatia$treamline patterns are similar to those during inspiration,
grid points Ns=20 and the time stejt=0.01 were used. but with the opposite flow directions. Again, at the end of
Solutions converged in 6002000 times stéps 3 cycley.  expirationt=2m [Fig. 3b)], a vortex appears with its flow
Convergence was achieved when doubling Ns and hah,ingirection opposite to that at the end of inspiration. The pres-
At yielded relative errors of less than 5%. For the systenfnce of vortices at end inspiration and end expiration when
with (253, grid sizes and time steps were chosen to Satisf)}he boundaries are at rest suggests that flows are driven by

the conservation of the surfactant mass to within 1.5%.  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.

In this paper, we would like to take an initial step to Since the total amount of surfactant is conserved, the surfac-
understand qualitative flow and transport features that detant concentration becomes lowérighep as the alveolus
pend on the liquid volumeV, the opening anglé&,, the  expands(contract$ during inspiration(expiration. At the
breathing amplitudé\, the Marangoni number Ma, the sur- end of inspiration, the surfactant concentration is higher near
face Péclet number Beand the ratio of inspiration to expi- the symmetry line. Since boundaries are stationary at this
ration periods(l:E). We are more interested in a diseasedmoment, this nonuniform surfactant distribution drives a sur-
situation where the lung is filled with PFC liquid in a level of face flow from the symmetry line toward the alveolar open-
90% of the functional residual capacity 30 ml/Kgnctional  ing, and thus induces a flow recirculation with a counter-
residual capacityFRC), the volume at the end of expiratibn clockwise direction shown in Fig. (8). At the end of
during PLV. If the lung is ventilated with the tidal volume expiration, the interfacial surfactant gradient and the surface
ranging 2.5-25ml/kg under normal respiratory rateflow are in the opposite direction leading to a clockwise
(12 breaths/min and delivered pulmonary drugs are vortex[Fig. 3h)].

IV. RESULTS AND DISCUSSION
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FIG. 3. Snapshots of streamlines during a breathing cycle for the type A alveolus in the presence of an insoluble sWHdc8=0.2, a=7w/2, Ma
=4, Pe=10, andl:E=1:1. The aleolus expands during inspiratip(@—(d)], while it contracts during expiratidrie)—(h)]. (d) corresponds to the moment of
the end of inspiration anth) is at the end of expiration. Though the alveolus has no motions at the instahtasfd (h), there are still flows induced by the
Marangoni stresses via nonuniform surfactant concentrations along the interface.

2. Cycle-averaged streamlines and surfactant tion point along the interface. Figurél® shows the case of
concentration distribution I:E=1:2 inwhich the expiration period is longer than inspi-
In the absence of surfactant, there is no cycle-averagethtion. The resulting cycle-averaged streamlines show a
flow for any | :E ratio because the flow system is linear. In single vortex with clockwise direction. Therefore, the surface
the presence of surfactant, a nonlinearity arises from the codtow is driven from the alveolar openinghigherI') to the
pling of the flow field and surfactant concentration in thesymmetry line(lower I'). When thel : E ratio is changed to

surface convection terms i22). The resulting flow contri- .7 the flow still exhibits a single vortex structUifig. 5c)],
butions during inspiration and expiration are unequal, leady, .+ its direction is opposite to that 6fE=1:2.

ing to a nonzero cycle-averaged flow.
We adopt the following procedure to calculate cycle- . . . . . e,
. . Hon distributions for different :E ratios. Forl :E=1:1, the
averaged streamlines. The cycle-averaged wall velocity an

normal velocity at the interface are zero. Therefore, the onlf‘uncaCtant concentration only varies slightly along the inter-

driving force comes from a nonzero cycle-averaged Ma-ace- It has a minimum as~0.7 that corresponds to the

rangoni stress along the interface, which is calculated fronftagnation point seen in Fig.(#. The Marangoni stress
the cycle-averaged surfactant concentration distribution. Thérives the surface flow toward the stagnation point from both
governing equations and boundary conditions for the strearinds of the interface, and thus is consistent with the flow
function (13)<(17) are averaged over a cycle. The cycle- pattern of Fig. $a). Similarly, the surfactant distributions for
averaged stream function can be expressed in terms of dnE=1:2 andl:E=2:1 support the flow fields seen in Figs.
infinite series as irf20) and the coefficients are solved ana- 5(b) and 5c), respectively. Thus the appearance of vortices is
lytically with the previously determined surfactant concen-the result of flow being driven from regions of high surfac-
tration. tant concentration to low surfactant concentration.

We are particularly interested in the effectloE on the Figures 5 and 6 suggest that the cycle-averaged flows are
cycle-averaged flow and surfactant transport. Figure 5 Showr%ther sensitive to: E ratios. To understand hoWE plays a
the cycle-averaged steady streamlines for diffeleid ra-

Figure 6 shows the corresponding surfactant concentra-

role in determining the cycle-averaged flow, it is instructive

tios. Forl:E=1:1[Fig. 5a)], a two-vortex flow structure is ) ) :
seen where the upper vortex has a counterclockwise directio.tﬁ) examine the surfactant transport equafidh). As inspect-
ing the left-hand side of22), the effect of the surface con-

and vortex has a clockwise direction. Thus the surface flow”

is driven from both the alveolar opening and the Symmetry_vection(the second terincompetes that arisen from the sur-

line end, and moves towards the stagnation point at théaCe area expansion/contractidithe third term during
middle of the interface. This suggests that the surfactant corfpreathing in a following manner. During inspiration, the sur-
centrations at both the alveolar opening and the symmetrface flow tends to sweep surfactants from the alveolar open-
line are higher than at other points of the interface, and thaing toward the symmetry line. On the other hand, the expan-
the minimum surfactant concentration occurs at the stagnasion of the surface area tends to diminish surfactant



031510-8 Wei et al. Phys. Fluids 17, 031510 (2005)

12 .
! &,
1F t=0 P e
09) H
0 1|: 2n
075f t
08p

025

\1[ 00 0:25 0.5 0.75 1
X
'] A 'l
% 0.5 05 0.75 1 @
s
@
12 2n
1 v-__—_’///:r’__
08}
I o6 S
af T 777
_ 3m2 -
________________ i,
02f === 55’\— = .
11 1
O A '] 1
0 0.25 05 0.75 1
s
075 m
FIG. 4. The surfactant concentration distribution during a breathing cycle >05

for the alveolus A in the presence of an insoluble surfact¥nt0.9, A

=0.2, a=m/2, Ma=4, Pg=10, andl:E=1:1. Duing inspiration as ina),

the alveolus expands and the surfactant concentration level falls as a result 025
of the conservation of the surfactant mass. Similarly during expiration as in

(b), the concentration level rises. Notice that thougt— or 7 the alveolus

has no instant motions, the surfactant concentration distribution is uneven, . -
and thus can induce Marangoni flows as in Figd)3r 3(h). 0 025 05 075 1

©

concentration to a greater eXter_]t at the_symme_try'_”ne er‘gIG. 5. The cycle-averaged streamlines for the alveolus A in the presence of
than that at the alveolar opening. During expiration thean insoluble surfactant. The effects o are (a) |:E=1:1, (b) I:E=1:2,
trends are reversed. (c) 1:1E=2:1.V=0.9,A=0.2, a=7m/2, Ma=4, Pg=10. Forl:E=1:1, the

We note that forl:E=1:1. thesurfactant concentration streamlines exhibit a two-vortex structureE=1:2 hasonly one vortex

. o with a clockwise flow directionl:E=2:1 also shows a one-vortex pattern,

_at the s_ymmetry line |s_h|gher _than th_at at th? alveolar Op_enbut it has a opposite flow direction taE=1:2. To exylain various flow
ing during most of the inspiration period, while the oppositepatterns can be seen in Fig. 6 for the cycle-averaged surfactant concentration
is true during expiratioriFig. 4). The distribution of the sur- distribution.
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, thesurface area part is reflected by I§R/R—&/(m
local contribution from each effect is identified via integrat- —gﬂ]fﬁ“sfds Note that the minus sign in front of each
ing the corresponding term of E(R2). The local contribu- integral is used for representing the net change of surfactant
tion from the surface convection is indicated by Ic mass due to the respective effect. The local contribution Ic
:—f?ASa/as(fF)ds:(fF)S—(fF)S+AS, and the corresponding and Is forl:E=1:1 arethen depicted in Figs.(@d and 7b)
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FIG. 6. The effect ofl:E on the cycle-averaged surfactant concentration k (@
distribution for the alveolus AV=0.9, A=0.2, a=x/2, Ma=4, and Pg
=10. The zoom-in view is fof:E=1:1. Uneven cycle-averaged surfactant 0.4
concentrations induce Marangoni stresses that drive flow from the higher
: : . . 32
concentration(lower tension regions to the lower concentratiathigher
tension regions, leading to the vortices seen in Fig. 5. 03
/4 PR
02} -
) %
for inspiration and expiration, respectively. During inspira- 01k s ]
tion as in Fig. Ta), Is<O0 arises from the dilution due to the ;4 e
surface expansion. Notice that frote 7/4 to t=m/2, Ic o\';- e ST .
<0 for s>0.7, creating the tendency to lowér near the Il =27 .
opening end. This tendency persists throughout the rest of ~ -01f 54 /_,-/'//,/ N
inspiration, thud" is higher(lower) near the symmetry line "371:'/2“"/ e
(the opening endduring most of inspiration as already re- 02 7
vealed in Fig. 4a). During expiration as in Fig. (®), Is>0 03 | 7w
due to surface contraction. Sincex® for s>0.7 during '
most of expiration, the resulting surfactant distribution 0.4} L : .
shows higheflowen T near the opening endhe symmetry 025 o> 0.78 1
line). This also can be seen in Fig(b}. All above suggest ®)

that the surface convection plays a more important role than
the surface area in determining the surfactant diStril:)l*"[ionlzlG. 7. The local contribution from the surface convectioridash dotteg
Since the cycle-averaged flow patterns derive from the cycleand the one from the surface area(symbo) for the alveolus A in the
averaged Marangoni effect that arises from the competitiomresence of an insoluble surfactaMt=0.9, A=0.2, a=7/2, Ma=4, Pe
between opposing trends of the surfactant distribution during 10 and!-E=1:1.(@ Inspiration.(b) Expiration.

inspiration and expiration, the role bfE in determining the

cycle-averaged flow patterns now becomes evident. SinCg,ncentration is higher at the alveolar opening at end inspi-

longer inspiration(expiration) tends to yield lowerthighe)  ation and at the symmetry line at end expiration and varies
surfactant concentration at the alveolar opening, promo“”?nonotonically in space.

Marangoni flow towards the alveolar openifige symmetry As mentioned earlier in Sec. IV A, surfactant transport
line), the cycle-averaged flow far E=2:1(1:2) has & coun-  nechanisms involve competition between the surface flow
terclockwise(clockwise vortex structure. 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
The unsteady stream patterns here are similar to those Burfactant concentration at the symmetry line is greater than
the no flux case during most of the breathing cycle. How-the fixed concentration at the alveolar-opening end, but be-
ever, at end inspiration and end expiration, the flow fieldscomes lower at end inspiration. It then increases during ex-
behave differently, as seen in Figs@Band 8b) for |:E piration and becomes greater than the alveolar-opening end
=1:1. Asingle vortex is seen in each case with clockwiseconcentration at end expiration. This explains the flow pat-
(end inspiration and counterclockwis¢end expiratioh di- terns seen in Fig. 8. To further elucidate the above via iden-
rections. These directions are opposite to those in Figh. 3 tifying how the surface convection and the surface area com-
and 3h) of the no flux case and indicate that the surfactanipete during inspiration and expiration, we again plot the

B. Type “B” alveolus: Fixed surfactant concentration
at the alveolar opening
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FIG. 8. The streamlines of the alveolus B in the presence of an insoluble surfatt&h®, A=0.2, «=7/2, Ma=4, Pg=10, andl:E=1:1.(a) and(b) are
at the end of inspiration and expiration, respectively. The flow directions are opposite to those in the alveolus A at the sanié-igsta&ds and 3h)].

local contribution from the surface convection Ic and the :kacz_kdr* =-D(n* - V'C),, (26)
surface area Is in Figs. (&) and 1@b). As in Fig. 1qa) for

inspiration, 1s<0 is again expected. Far< /4, Ic<0 for ~ wherek, andky are adsorption and desorption parameters,
s>0.5, leading to higheF near the symmetry line as shown respectively, an® is the molecular diffusivity. Note that

in Fig. 9a). However, fort=/4, Ic generally-0 for s is the sublayer bulk concentration underneath the interface.
>0.4, resulting in lowerd” near the symmetry line as de- We choose the concentration scales as the bulk concentration
picted in Fig. 9b). These explain Fig. @) and also reveal Cy=Tgka/K, which is in equilibrium withT'y. The dimen-
that the states of loweF near the symmetry line seem to be sionless form of26) can be written as

favorable during inspiration. With similar explanations to the 1

process during expiration as in Fig(hd, in contrast to the j=K(Cs-T)==——(n- VC),, (27)
situation during inspiration, expiration is more favorable to pPe

create lower” near the opening. whereK=ky/ w is the sorption parameteB=Kk,/ (agky) is the

W.Ith the above observations in mlpd, we how turn our olubility, and Pe®a3/D is the bulk Péclet number. The
attention to the cycle-averaged quantities. Figures 11 and 1 ; . .
imensionless governing equation for the bulk surfactant

show the cycle-averaged streamlines and surfactant CONCeN . ~ontration is
tration distributions, respectively, for different I:E ratios. In

contrast to the no flux case, there is only one vortex for  sC 1,

I:E=1:1[Fig. 11(a)] whose direction is opposite to that of o TV VC=g Ve (28)

the primary vortex in the no flux case. AtE=1:2 and 2:1

[Figs. 11b) and 11c)], a single vortex is present and their The boundary condition along the symmetry line requires
flow directions are opposite to the corresponding no flux

cases. Cycle-averaged surfactant concentrations are plotted ﬁ( -0)=0 (29)

in Fig. 12 and show that longer inspiratiéexpiration leads an g ’

to lower (highep surfactant concentration at the symmetry ]

line. In conjunction with the results suggested by Fig. 9 ang/Ve assume that there is no surfactant flux across the alveolar
10 that the symmetry-line end tends to favor lower surfactanfV@ll, namely,

concentration during inspiratiof@xpiration, longer inspira- C

tion (expiration thus promotes the tendency to create lower —(é=&,)=0. (30)
(highen surfactant concentration at the symmetry line. This

thus explains how I.E affects the cycle-averaged surfactant At the alveolar opening, similar to the boundary condi-
concentration and the resulting streamlines. tions forT", the boundary condition fo€ could be either

i JC
C. Extension to bulk soluble surfactants (o) =0 (319

The discussion so far has been based on insoluble sur- 7
factants. Here we extend our analysis to the case with solubls;
surfactants. In this case, for simplicity, the dimensional sorp-
tion flux j* is C(p—»)=1. (31b)
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and the one from the surface area(symbo) for the alveolus B in the
FIG. 9. The surfactant concentration distribution during a breathing cyclePresence of an insoluble surfactam=0.9, A=0.2, e=7/2, Ma=4, Pg
for the alveolus B in the presence of an insoluble surfactert0.9, A =10, andl:E=1:1. (a) Inspiration.(b) Expiration.
=0.2,a=m/2, Ma=4, Pg=10, and :E=1:1.(a) Inspiration.(b) Expiration.

while the latter can be viewed as the limit of fast bulk diffu-

The boundary condition§318 and (310 for C corre- sion (Pe— 0). Therefore, the effect of bulk diffusion on the
spond to(25a and (25b) for T, respectively. It is difficult to qualitative .ﬂo.vx_/ and transport features should lie between
solve the general problem with soluble surfactant due to thé&€se two limiting cases. _ _ o
coupling between the flow field, the surface concentration If the bulk diffusion at the interface is sufficiently fast
and the bulk concentration. It requiregontaneouslgolving ~ such that(8Pe™ is large enough, then the diffusive flux
for the flow field, the interfacial, and the bulk transports of N-VC in (28) is O(8Pe <1. This indicates that, at the lead-
surfactant. This not only needs a more sophisticated numerild order ingPe, there is no surfactant flux at the interface.
cal scheme, but also implementation becomes more timBelow, we again examine two situations corresponding to the
consuming. To assess the effect of a soluble surfactant witfoundary condition$31a and(31b), respectively.
out the above difficulties, we consider the case in the limit of
fast bulk diffusion. As such, both analyses for insoluble sur-1- Type “A” alveolus: No surfactant flux at the alveolar
factant and soluble surfactant with fast bulk diffusion at least®P€/""9
could complementarily capture qualitative features prior to  For the system with the boundary conditiof&)) and
performing a more complete analysis. The former can bé31a, there is no surfactant flux across the boundaries any-
regarded as a limiting case of slow bulk diffusitPe— =) where at the leading order i@Pe. This suggests that, if the
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FIG. 12. The effect ol :E on the cycle-averaged surfactant concentration
distribution for the alveolus BV=0.9, A=0.2, a=7/2, Ma=4, and Pge
=10. Uneven cycle-averaged surfactant concentrations induce Marangoni
stresses that drive flow from the higher concentrafiomver tension re-

2 gions to the lower concentratiothigher tensioh regions, leading to the
vortices seen in Fig. 11.

conservation iO[(BPe™]. The cycle-averaged streamlines
with 1:E=1:1 for different K are shown in Fig. 13. The
results for insoluble surfactafifig. 5a)] correspond taK

=0. Figure 13 shows that an increaseinliminishes 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. AK increases, the surfactant con-
centration level not only has a smaller deviation from the
equilibrium I'=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 conditi@ilb) there
is no flux across the boundaries, except at the alveolar open-
FIG. 11. The cycle-averaged streamlines for the alveolus B in the presend®ld, and as a resuf=1 everywhere. Therefore the sorptive
of an insoluble surfactant. The effectlofE: (a) I:E=1:1,(b) I:E=1:2,(c) flux is given by(32) in this case also.
1:E=2:1.V=0.9,4=0.2, a=m/2, Ma=4, and Pg10. All flow patterns  Figyre 15 shows the cycle-averaged streamlines for
exhibit one-vortex structures. To explain various flow patterns can be seen T' —1:1 fori . | | that f he i
Fig. 12 for the corresponding cycle-averaged surfactant concentration- ==1:1 forincreasing values oK. Recall t at. Ol"t e in-
distributions. soluble cas€K=0) there is only one vortex as in Fig. ().
However, a soluble surfactant can dramatically modify the
initial bulk concentration is uniform, then it remains un- flow patterns from one vortex to two or even three vortices,
changed for all times, i.eC=1 everywhere. Therefore, the depending orK. WhenK=0.5, a small secondary vortex is
sublayer concentratio6,=1 and seen[Fig. 15a)]. It is likely that for smallerK the flow still
i=K(1-T) (32) shows one recirculation with clockwise flow direction simi-
J ’ lar to the insoluble case. More interestingly, #r0.7 [Fig.
The surfactant transport across the interface is thus dictatetb(b)], the flow develops three vortices. WhKris increased
by a sorption process. Note that the discrepancy in surfactano 0.8[Fig. 15c)], the size of middle recirculation becomes
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FIG. 14. The effect oK on the cycle-averaged surfactant concentration
distribution for the alveolus A in the presence of a soluble surfac¥nt.
=0.9,A=0.2, a=7/2, Ma=4, Pg=10, andl :E=1:1.

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(al5For
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. Rerl, the
surfactant concentration decreases as approaching the alveo-
lar opening. A saddle point occursst 0.75 where both the
first and second derivativedl’/ds and #°I'/ds® 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-
FIG. 13. The cycle-averaged streamlines for the alveolus A in the presencB@ve differently in the two cases. Results for the two types of
of a soluble surfactant. The effect of sorption paraméteta) K=0.1, (b) alveoli with different boundary conditions are compared
K=0.2,(c) K=0.5.V=0.9, Ma=4.0, Pg=10, and:E=1:1. separately. Weet al> examined thin-layer alveolar flows in

type A alveoli and showed that fdrE=1:1 andinsoluble
smaller. At a critical valu& =1 [Fig. 15d)], the flow pattern  surfactant, the cycle-averaged flows are directed toward the
forms a saddle point and an “eye” structure whose two voralveolar opening when the surface tension is sufficiently
tices have the same flow direction. At largehe flow again  small. The corresponding cycled-averaged velocity is about
exhibits two vorticegFig. 15e)]. These results indicate a 10°° cm/s. However, our thick-layer results for the type A
transition between three-vortex and two-vortex flow patternslveolus demonstrates that forE=1:1 thecycle-averaged
occurs atk=1. flow could exhibit a two-vortex structure having a stagnation
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FIG. 15. The time-averaged streamlines for the alveolus B in the presence of a soluble surfactant. The effect of sorption Kar@nkten.5, (b) K
=0.7, (c) K=0.8, (d) K=1.0, (e) K=10.V=0.9, Ma=4.0, Pg=10, andl:E=1:1. For aninsoluble surfactanfK=0) as in Fig. 11a), there is only one
recirculation. As increasing, the streamlines can appear three recirculatihsnd (c), or even exhibit a saddle-point structui.

point on the interface. The surface flow is directed towardto examine the flow and transport in a type B alveolus with
the stagnation point from both the alveolar opening and thénsoluble surfactant. Their results also suggested that the
symmetry line. The estimated cycle-averaged velocity idlow direction is toward the alveolar opening. Similar results
1078 cm/s slower than the thin-layer case. were seen in their later three-dimensional, axisymmetric al-
Podgorski and Graddnused a two-dimensional model veolar modef Our thick-layer analysis for the type B alveo-
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1.004 The system depends on physiological parameters such as
the lung volume at end expiration, i.e., FRC, tidal volume

1.003 V;, respiratory rate, and:E. For a normal lung,Vy
=500 ml and FRC=2100 ml, the breathing amplitude
1.002 ~V;/6FRC=0.04. However, we are more interested in a dis-
eased lung whose FRC could be smaller. In this case,
1.001 could be as large as 0.2. A typical respiratory rate is
T 12 breaths/min and gives~ 1.26. The size of an alveolus
1 is about 2y=250 um. The surface tension of the liquid used
for PLV or SRT is about 20—40 dyne/cm. Thus Ca is about
0.999 0O(107%). We use a pulmonary surfactant wi(1) Ma. A
typical liquid dose in PLV is close to FRC, we choose the
0.998 - system having liquid filled with 90% of the end-expiration
volume of the alveolugV=0.9) to qualitatively describe
0.997 5 055 05 055 1 such situation. With the above parameters, the estimated

s steady velocity is an order of magnitude between®lhd
FIG. 16. The effect ofk on the cycle-averaged surfactant concentration 10 cm/s over the range df:E. For faster steady velocity
distribution for the alveolus B in the presence of a soluble surfackéant. via properly controllingl :E, it could take about 10 min to
=0.9,4=0.2,a=7/2, Ma=4, Pe=10, andi:E=1:1. 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.
lus shows that fot:E=1:2, thesurface flow has a similar gnp . . y .
; ) o For a normal respiratory rateE=1:2, atypical steady
tendency as the thin-layer case while the opposite is true for ) _ o
"E=1-1 velocity for the type A alveolus is about T0cm/s while it is

With the above analyses of the flow and transport in arpbout 10 cm/s for the type B alveolus. More interestingly,
alveolus, it is instructive to apply them in a viewpoint of the steady surface flows in the type B alveolus are toward the
physiology. However, prior to inferring any further physi- alveolar opening, but away from it in the type A alveolus.
ological implication from the current analysis, we should no-This can have a significant impact on alveolar clearfsimgi
tice the following fact. Although the present analysis is basedlelivery of clinical agents such as aerosol particles to alveoli.
on the fluid-pinned alveolar opening end that does not allowThe cycle-averaged flow in type A alveoli is more conducive
the fluid to enter or leave out of an alveol(despite of the  to delivery deep into alveoli while cleansing processes may
fact that surfactant molecules can move in or out of an alhe more effective in type B alveoli.
veolus, in practice, the fluid thickness in the proximity of The estimated unsteady velocity is about3ém/s. For
the alveolar opening is finite but thin. The pinned .c:onditionthe transport of respiratory gas such as oxygen and carbon
assumed for the fluid motions at the alveolar opening can bSioxide across the alveolar liquid layer, the corresponding

regarded as a condition for Fhmterflow to which themngr . Péclet number i©(1) for a typical diffusivity 10° cn?/s of
part, the detailed flow solution near the alveolar opening, is

required to match. It could be a good approximation Whendissplve_d gas in liquid. Therefore, convection i§ comparable
the inflow or outflow contribution to the entire fluid mass is © diffusion for the gas transport. For cell-cell s.|gnal|ng pro-
negligible during a cycle if a sufficient amount of liquid is C€SSes. the route for alveolar cells to communicate back and
present in an alveolus. This also implies that the qualitativdorth via signaling molecules could be through the extracel-
flow features could be insensitive to the detailed flow condilular alveolar liquid layer. In this case, the signaling process
tions at the alveolar opening. The study by Veial® for  could be facilitated by transport processes within an alveolus
thin-layer alveolar flows implies that the qualitative flow fea- during breathing. For example, surfactant-associated
tures could be insensitive to the detailed flow conditions aprotein-A (SP-A) is a component of pulmonary surfactant
the alveolar opening. The influence of the alveolar openingind can serve as a signaling molecule for regulating surfac-
on thick-layer alveolar flows could be even less importantant secretiort® SP-A is typically a large molecule and thus
than that on the thin-layer case. Therefore, although we aps55 a3 jow diffusivity (<107 cm?/s). The estimated Péclet
ply the pinned condition for approximating the flow situation number based on the unsteady velocityOLO) or larger.

in the proximity of the alveolar opening, the resulting cycle- . . . .
. . - The convection could dominate cell-cell signaling processes
averaged interfacial flows could provide tendency for par- o
or surfactant secretion in an alveolus.

ticle transport such as particle cleansing or pulmonary dru ) i X

delivery, inpparticular Whpen particles or d?ugs gpproachyto the W'th the estimated steady veloc!tyml(T“ cm,/ s, de-
alveolar rim. As such, the implication from the current studyPending onl:E or K, the corresponding steady Peclet num-
to particle transport should be treated in the “outer” sensel€r ranges from I8/Dy, to 10°°/Dy, whereDy, is the mo-
How detailed particle transport occurs at the alveolar openlecular diffusivity. Therefore, for large molecules such as
ing should be acquired from the inner solution in which adrugs or genetic material with low diffusivitiegDy,
finite fluid thickness must be taken into account. <108 cn/s) the convective transport dominates.
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VI. CONCLUDING REMARKS conditions, but also provides an extra source of fluid and
Motivated by the growing recognition of the role of al- surfactant and may qualitatively affect flow and transport

veolar flow on various respiration therapies such as PLV OFeatures in the system. While a recent theoretical Stig

SRT, we have developed a model of the flow and surfactan‘fonSidered the effect of a permeable alveolar wall, it was

transport within an alveolus partially filled with liquid. We restricted to a thin-layer alveolar flow model. Future work

combine analytical and numerical techniques to solve for thf§hOUId incorporate permeable alveolar walls to explore their

flow field and surfactant concentration distribution in an al-ﬁjf;eCts on the flow and surfactant transport within an alveo-

veolus subject to prescribed breathing motions.
We apply our alveolar flow model to study flow and
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