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A Micromechanical Theory of Flow in Pulmonary Alveolar Sheet

Z.Zhong?!, Y. Dait?, C.C. Mei ® and P. Tong"*

Abstract: In this paper we reexamine the sheet-flow
model proposed by Fung and Sobin (1969) for blood
flow in capillaries in the pulmonary aveoli from mi-
cromechanical point of view. The pulmonary alveolar
capillary is assumed to be two parallel membranes con-
nected by periodic tissue posts. Blood is spread out
into the very thin layer or sheet between the two mem-
branes. The pulmonary alveolar sheet thus has a mi-
crostructure of hexagonal cells. A two-scale theory of
homogenization is used to establish the canonical equa-
tionsfor theunit cell. The microscale solutionisobtained
by means of finite element method and the macroscopic
pressure/discharge relationship for the flow in the pul-
monary alveolar sheet is found through an average over
the unit cell. The influence of cell geometry on the per-
meability and geometric friction factor of the cell are dis-
cussed through numerical examples.

The tissue posts have a significant effect on the flow re-
sistance. Reducing either the post diameter or the vas-
cular space tissue ratio will reduce permesbility. For
the post configuration considered, with a post volume of
4.5% of the cell, the ratio of permeability to that of Cou-
ette flow (K11/K®) changes from 0.8 to about 0.3 when
the sheet gap to post diameter ratio (h/a) increases from
1to 5. The reduction in permeability is even more pro-
nounce with denser posts. At h/a =5, K11/KP isonly
about 0.3 for the post volume of 4.5% of the cell. When
the post volume increases to 20% of the cell, K11/K©°
dropsto 0.05.
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1 Introduction

The function of lung is to oxygenate the blood and re-
move carbon dioxide by diffusion and chemical reac-
tions, and for this purpose blood is spread out into very
thin layers or sheets so that the blood-gasinterfacial area
becomes very large. Each sheet of blood, bounded by
two membranes, forms an inter-alveolar septum. Several
billion septa form a space structure like a honeycomb or
a bow! of soap bubbles. The smallest unit of air space
bounded by inter-alveolar septais called the alveolus.

The close interconnectivity among capillaries in the
inter-alveolar septa prompted Fung and Sobin (1969) to
propose a sheet-flow model, which consists of two elastic
and narrowly spaced membranes connected by a uniform
array of tissue posts. Forced by higher pressurein the ar-
teriole, blood plasma and red blood cells enter the sheet
and pass through the tortuous space among the postsand
exit to the venule. Because of the membrane elagticity,
the gap between the two membranes can expand with in-
creasing blood pressure. The flow speed istypically low,
so the fluid mechanical problem isthat of aflow through
a deformable porous medium. Since the exchange of
oxygen or carbon dioxide between air in the aveoli and
blood in the alveolar sheet depends on the blood flow,
the first fluid mechanical task is to determine the pres-
sure/discharge relationship on the macroscale. The sec-
ond task isto model the gas exchange across the alveolar
wallsand inthe plasmaand red blood cells. In either task
simplified models can help qualitative understanding and
guantitative estimation.

In the theoretical model for pure blood plasma flow with-
out red blood cells, Fung and Sobin (1969) began with
Dracy’ law and the macroscopic viewpoint of the charac-
teristics of groundwater seepage, in that only the average
guantities such as pressure and the average seepage ve-
locities (Uy, Uy) parallel to plane of the walls are consid-
ered. A relation between the local pressure gradient and
the seepage velocity is
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where U is the apparent viscosity of blood and n is an
empirical factor depending weakly on the ratio of sheet
thickness h to the interpostal distance L(for all practical
purposes, n can be taken as 12); f;; is a function of the
sheet geometry, which is called geometric friction factor
(Fung, 1997). With an additional approximation on the
wall elasticity that

P> Po

_ J ho+a(p—po)
h_{ 0 p < Po @

where a is called the compliance coefficient of the pul-
monary capillary bed, the governing differential equation
for blood flow is derived as

ulox\nfgox/ oay\nfyay/) ot “p P=P);
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where K is thefiltration coefficient, p* is the pressure in
the alveolar space, and fj; istakento be adiagonal tensor
(fx = fur,fy = ).

The sheet-flow model proposed by Fung and Sobin
(1969) is especialy advantageous for the description of
capillary elasticity. Theoretical predictions based on the
sheet-flow model have shown very good agreement with
experimental measurements over a wide range of condi-
tionsin steady flow (Zhuang, Fung and Yen, 1983; Yen,
Zhuang, Fung and Zeng, 1984; Fung and Yen, 1986; Yen
and Sobin, 1986) and in pulsatile flow (Fung, 1972; Gan
and Yen, 1994; Olman, Gan, Yen, Villespin, Maxwell,
Pedersen, Konopka, Debes and Moser, 1994; Huang,
Tian, Gao and Yen, 1998; Gao, Huang and Yen, 2000).
The geometric friction factor fj; is needed to be exactly
determined before we study the steady flow (dh/dt = 0)
or the pulsatile flow (0h/dt # 0) using Eq. (3). The geo-
metric friction factor fj; have been experimentally ob-
tained (Yen and Fung, 1973) or theoretically approxi-
mated (Lee, 1969).

In this paper we reexamine the sheet-flow model of Fung
and Sobin (1969) from the micromechanical point of
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view and calcul ate the geometric friction factor by anu-
merical approach. The pulmonary alveolar sheet is as-
sumed to be of a periodic microstructure with hexago-
nal cells and then a two-scale theory of homogenization
is used to establish the canonical equations for the unit
cell. The microscale solution is obtained by means of
finite element method and then the macroscopic pres-
sure/discharge relationship for the flow in the pulmonary
alveolar sheet is found through an average over the unit
cell. We find that the posts have a strong nonlinear ef-
fect on the flow resistance. When h/a is large, the flow
resistance is mainly from the posts and the permeability
reduces rapidly as h/a increases. For the post configu-
ration considered, at the post volume of 4.5% of the cell
and h/a =5, the permeability is only about 30% of the
Couette flow. The effect is even more pronounce for the
sheet flow with denser posts. At the post volume of 20%
and h/a =5, the permeability drops to about 5% of the
Couette flow.

2 Formulation

In this paper, to simplify writing, the repetition of a sub-
script in a term will denote a summation with respect
to that subscript from 1 to 3 unless specified otherwise.
We consider the flow of pure plasma so that the Navier-
Stokes eguations for incompressible Newtonian fluids
are appropriate

6ui

— = 4
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where [Listhe viscosity and p the density of pure plasma.
Let w™! be the time scale, U the velocity scale, AP the
scale of pressure variations, | the typical inter-postal dis-
tance, and L the size of the alveolar sheet. Then for low
speed flow we expect the pressure gradient to be compa-
rable to the viscous stress, hence

AP U

L |2
The ratios of acceleration and convective inertia to the
viscous stress are
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(i not summed) where W is the Womersley number and
Re the Reynolds number. Taking for estimate

|I=10"%cm, v=10"%cm?/s, w=2m/s, U=0.1cm/s,

we get Wo ~ 0(1072) << 1and Re= 102 << 1. Nor-
malizing al coordinatesby |, we then have

o APl _ WU LI _ L i
~ 10 = 7o = 1 >> 1, (i not summed).

Since L ~ O(1cm), we define a small parameter € =
I/L << 1, and assume Re = O(¢g) and Wp = O(¢). For
ease of identification, we rewrite Eq. (5) accordingto the
relative magnitude of respectiveterms (using € to express
the relative magnitude) as (Mei, Auriault and Ng, 1996):
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Let the posts be cylindrical and bounded by I'. We as-
sume, by ignoring their transverse deformation,

u=0 on I @)
Let usdefinethesurfacesF = zxh(x,y,t) /2. Thelower
and upper membrane surfaces correspond to F = 0. We
allow seepage at these surfaces and expressthe difference
between the normal components of the blood velocity u
and the membrane velocity q in terms of the pressure dif-
ference on two sides of the alveolar membrane. Accord-
ing to Starling’s hypothesis, thefiltration is

az=+h/2, (8)

where K isthe filtration coefficient and p* isthe pressure
of the alveali.

Equation (8) can be anonlinear function of h. The normal
velocity of the membrane is

p(u—q)-n==K(p-p*)

_q-0OF  oF/ot
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in which we have made use of the kinematic conditionon
the membrane

oF
halll . — 1
S Ta-OF =0 (10)
It followsfrom Eq. (8) that
oF /ot u-0OF
—_= =+—(p-p* 11
or
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on the membrane z= £h/2, where uy = ug,uy = Up,hy =
oh/ox,hy = oh/dy. Aswill be shown shortly, the lead-
ing order of the blood pressure varies according to the
macro length scale L of the sheet. We assume the same
for thelongitudinal variation of hinorder to be consistent
with Eq. (2). Thisamountsto neglecting the local inden-
tations at places where the posts join the sheet. Since
O(h) =1, we have

oh/at W W
u,

U~ Re O®
Also we assume that filtration through the membrane is
dow so that K(p— p*) = O(oh/at). It follows that, on
z= +h/2, Eq. (12) can be rewritten according to the
relative magnitude as follows:

g (0h

g2
isg(p—p*) 1+ 7 (R +h) (13)

It can be found in the next section that the assumption,
K(p— p*) = O(dh/at), will lead to the derivation of the
governing equation for blood flow, Eg. (3) or Eg. (33).



80 Copyright (©) 2002 Tech Science Press

3 Two-scaleexpansions

The important characteristics of the above problem are
the existence of two vastly different length scales: the
microscale |, which characterizes the typical inter-postal
distance, and the macroscale L, which characterizes the
size of the alveolar sheet. The perturbation method of
multiple scales is particularly suitable for problems in-
volving contrasting scales (Mei, Auriault and Ng, 1996;
Tong and Mei, 1992; Bush, 1992; Kaamkarov, 1992;
Parton and Kudryavtsev, 1993; Carvelli, Maier and
Gastaldi, 2000; Michel, Moulinec and Suquet, 2000).
Lete =1/L << 1, weintroduce two coordinates defined

by

X=(XY,2 X=I(gx gy, 2 (14)
where the lower-case and upper-case coordinates repre-
sent microscale (fast) and macroscale (slow) variations
respectively. The two-scale expansions are assumed as

follows:

u = u® +eu™ +e2u? 4 ..

0= pO +ep +£2p@ 1 .. (19

where

u" =y x X1, p"=p(x,X,1), n=123.

Substituting (15) into the continuity equation, Eq. (4), we
obtain the perturbation equations for orders O(1), O(e),
O(€?),..., respectively:

6ui(0)
— 1
% 0, (164)
6ui(1) 6ui(0)
= 1
(2 (1)
ou; o~ 0 (160)

0% %

Similarly, from the momentum eguation, Eg. (6), we get
the perturbation equations of the corresponding orders
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All velocity components vanish on the walls of all posts

WO—uV=u?=-...—0 i=123 on T.

(18)
The boundary conditions on the membranes will be ap-
pliedon z= +h/2. Thusthe horizontal components van-
ishat all orders

=...=0 i=1,2, z==4h/2 (19

Asfor the vertical components, we expand Eq. (13) and
obtain

(20)

onz=+h/2.

Notethat Egs. (6) and (13) includetime dependent terms,
while Egs. (17a) — (17c¢) do not. Thisis because thetime
dependent term is of the order O(£3) and does not appear
in the perturbation equations of lower orders.

Now we can examine the perturbation problems at suc-
cessive orders.

4 Macroscale equations
From Eq. (17a) we get at O(1)
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p'% =p%(X,t) (21)
implying that at the leading order pressureisjust the av-
eraged pressure independent of the microscale coordi-
nates.

At the order O(g), ul” withi = 1,2,3 and p(¥) are gov-
erned by Egs. (16a) and (17b), subject to the non-dlip
boundary conditionon z= +h/2 and I". In addition, we
defineaunit cell Q and require Q-periodicity for ui(o) and
pV). Because of the linearity of (17b), u'” and p® can
be assumed as (Mei, Auriault and Ng, 1996)

Ui i] aXJ (22)
and

opl0
P = A @3

where ki; and Aj are Q-periodic and unknown functions
of x; and X;. It followsfrom (16a) and (17b) that kj; and
Aj must satisfy

oki;

— = 24

5 =0 24
azkil aAJ =& (25)

“axkaxk 3 g

intheunit cell (x; € Q), fori=1,2,3and j=1,2. The
boundary conditions on the boundariesz= +h/2 and I
are

kij=0. (26)

Equations (24) and (25) constitute a set of Stokes prob-
lemsin Q.

The solutionfor A; isuniqueonly to aconstant. Thuswe
impose further

(Aj) =0 (27)
where (f) denotesthe cell average of f defined as

dz / faxd 28

Sbh/ h/2 S y (28)

in which fcan be a scalar, vector or tensor, and S, isthe
base area of Q. This condition ensures that p(¥ is the
average pressure with error at most of O(?).

Once unknown functions kj; and A; are determined, we
obtain Darcy’ law

(0) ap( )
<ui > —Ki; K (29)
where
Kij = (kij) (30)

isthe permeability.
It can be shown that

L oo oon=sy

(31a)
[ Paen=slu] s[5 25 (-]
(31b)

in which we have accounted for the Q-periodicity condi-
tion of ui(o) and ui(l) that

/n-u(o)ds:/ n-ulds=0,
o0 0

where 0Q is the cross-sectional boundary of Q at con-
stant z. It followsfrom Egs. (16b) and (31b) that
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Using Darcy’ law Eqg. (29), we get

O (1 v 0p9) oh k(g
(kB ) =22 )

It can be seen that Egs. (29) and (33) agree with Egs. (1)
and (3) if we express the geometric frictional factor as

(34)

where K;; " istheinverse of the permeabilityK;;.

We have now deduced Fung and Sobin’ macroscale the-
ory of the flow in capillaries in the pulmonary aveolar
sheet from micromechanical point of view. The advan-
tage of the present approach isthetheoretical predictabil-
ity of Kj; by solving Egs. (16a) and (17b) inaunit cell for
any periodic geometry. With predicted K, one can solve
Eq. (34) in the regular manner. Once p'%is solved, the
local velocity field in each cell is known from Eq. (22).
Thus aside from the theoretical advantage of deducing
the macroscale theory from micromechanical approach,
the present technique gives detailed flow information on
the microscale.

It can be shownthat Kjj = K;; and that the quadratic func-
tion KjjxiX; is always greater than zero for any nonzero
X, i.e., Kjj is positive definite. In general, Kjj are not
diagonal .

Note that the assumption, K(p— p*) = O(dh/dt), lead to
the derivation of the governing equation for pulsatile and
permeable blood flow, Eq. (3) or Eq. (33).

5 Numerical solution for unit cell

On the microscale, the posts are assumed to be period-
ically spaced, with a height of h and a circular cross-
section of diameter a, as shown in Fig. 1. A locd
coordinate system is used where the posts are in the
z—direction. There are a number of ways that the pul-
monary alveolar sheet can be divided into periodic unit
cells. In the following calculation, we choose a hexagon
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with a post at the center as aunit cell Q. The dimensions
of the hexagon can be expressed in terms of post spacing
(X07 yO):

1 x5 1 X%)
== 20 [, — = _70y
. 2(y0+yo)7 ? Z(yo Yo
The vascular-space tissue ratio (VSTR), defined as the

ratio of the vascular lumen volume to the circumscribing
volume of the cell (Fung, 1997), can be obtained as

(35)

mz
8xaYo

-,
VSTR=1- -2 1
8(l1+12)%o

(36)

We shall determine the permesbility K;; by solving Egs.
(16@) and (17b) in the unit cell, with non-slip boundary
conditions on the membranes, z= +h/2 and the wall of
the post, I'. It isdifficult to obtain the exact solution to
Egs. (16a) and (17b). Hence, a simple and approximate
solution technique will be proposed as follows:

Combining Egs. (16a) and (17b) leadsto

H(Ui(,?)j - Uﬂ?j)i) - p,(il) +FR =0, (37)
where (.),j=9(.)/0x; and F; = —9p(® /aX;. Note that
F isindependent of the microscale coordinate x; and that
it isto be determined from the macroscal e solution.

Equation (37) isthe same as the Navier equation for elas-
ticity if p (the viscosity coefficient) is taken as the shear
modulus, F; asthe body force per unit volume, ui(o) asthe
displacement and p(Y) as the hydrostatic pressure,

(1 _ _ 0 _ _2u1-v)

u% (38)
with A and v being Lame’s constant and Poisson’sratio.
Therefore the flow of an incompressible Newtonian fluid
can be modeled by the elastic deformation of an incom-
pressible medium subjected to a body force.

In the present study, instead of solving the problem of
an incompressible materia, i.e., Eqs. (16a) and (37),
we treat the material as nearly-incompressible. In other
words, we approximate the problem by Egs. (37) and
(38) with v nearly equal to 0.5. The specific value of
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Unit cell Q

Figure1: Periodically distributed posts and unit cell

v is determined by numerical experimentation of letting
v — 0.5

We use the finite element method to solve the elastic
problem of the unit cell subjected to constant body forces
F = —apl9 /90X, whichis constant in the microscale co-
ordinates. The boundary conditions are zero displace-
ments on the membranes at z= +h/2 and on the walls
of the post I'. The periodic condition required that the
displacements and traction on the opposite sides of the
hexagon be equal. The periodic displacement require-
ment is enforced simply by setting the degrees of free-
dom for nodes on corresponding sides to be the same
(Tong and Mei, 1992). In general the periodic traction
condition is implied by the way the degrees of freedom
for the nodes on the cell boundaries are selected. The
traction condition is satisfied only in mean in the finite
element method. There are three independent constants
for F. This means we have to solve the finite element
equations three times, one for each of the independent
constant. In the present study, we consider only the case
Fa3(= —0p°®/0Z) = 0 that there are only two independent
constants. Once the average displacement <ui(o) is ob-
tained from the finite element solution, the permeability
Kij is easily found from Eq. (29), which is the function
of /N2, yo/%o, h/aand VSTR.

As an illustrative example, we consider a special case
of regular hexagon cell (Fig. 1) with yo/x = v/3,a=
6.43um. We will examine Kj; for different combinations

of h/a and VSTR (vascular-space tissue ratio). The av-
erage displacement ui(o) in the unit cell is calculated

under unit body force using the commercially available
program ANSIS 5.6. The base of the hexagon cell is
divided into 150 8-node quadrilateral elements and then
extruded along z—axis to build (number of elements in
the z-direction) of 20-node hexahedral elements. We
have examined the convergence of the present calcula-
tion by reducing the current element size to /2 and 1/3
of the original element size and found litter changes in
the results. We have also investigated the effect of in-
compressibility. The average displacement in the cell
approaches to a stable value when Poisson’s ratio is be-
tween 0.49990-0.49996. For Poisson’sratio too close to
0.5, the solution deteriorates due to round-off error. Thus
Poisson’sratio equal to 0.4999 is used to assure a nearly
incompressible deformation.

Table 1 gives the calculated K;; for pure blood plasma
flow without red blood cell (u= 1.2 x 10~3Ns/m?) for
ha= 1, 2, 3, 4, 5, yo/% = /3 (regular hexagon) and
VSTR=0.90. The numerical results indicate that K;; =
Koo and K2 = K21 =2 0. This can be expected for aregu-
lar hexagonal cell that it should be transversely isotropic.
That means the flow is insensitive to the flow direction
in the x;, %z-plane. The values of Ky, and K»; are much
smaller than that of Kq1, Ky, and can be taken to be zero
in practice. Thus the average flows along two orthogo-
nal directions are decoupled. In Table 1, e denotes the
maximum absol ute value of volumeric strainsin the cell.
The vanishing values of e indicate that the deformations
inthe cell is nearly incompressible which assures the va-
lidity of the calculation.

Figure 2 shows the variation of K13 normalized by K©°
with increasing ratio of sheet thickness to post diam-
eter h/a, for different values of VSTR. The constant
KO(= {3) is the permeability for the Couette flow (the
case without posts and VSTR=1). The figure shows that
for lower VSTR value, the permeability K11 isalsolower.
The ratio K1/ KO decreases with increasing h/a, which
indicatesincreasing flow resistance for fixed K°. In other
words, permeability decreases (harder to flow) asthe post
diameter decreases for fixed vascular-space tissue ratio
and channel height. For the post configuration consid-
ered, with the post volume of 4.5% of the cell, K11 /K°
changes from 0.8 to about 0.3 as the sheet gap to post di-
ameter ratio (h/a) increases from 1 to 5. The figure also
revedls that the lower the vascular-space tissue ratio is,
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h/a=1 h/a=2 h/a=3 h/a=4 h/a=5
Kig=Kox | 1.78x10°8 | 447x10°8 | 6.30x10°8 | 7.39x 1078 | 8.07x 108
(m*/Ns)
Kio=K [ 3.60x1020 [ 9.95x 100 | 292x 102 | 7.61x 1020 | 1.40 x 10~%0
(m*/Ns)
e 1.73x10°% | 3.09x10°8 | 4.04x10°8 | 450x10°8 | 411x10°8

Table1: Calculated K;; for pure blood plasmaflow (u= 1.2 x 10~3Ns/m?, VSTR=0.90, yo/X = 1.732)

VSTR=0.955
VSTR=0.90
VSTR=0.85
VSTR=0.80

0.8

44080

06 - © ®
v °
X
= 044 o °
M \4
v o) d
0.2 4 v °
y o
\4 v
v v

0.0 4

. . . . .
0 1 2 3 4 5 6
hla

Figure 2 : Variation of Ki;/K® with h/a for regular
hexagon (Yo/xo = 1.732)

the lower the permeability Ky;. Thismeansthat itisaso
more difficult for the blood to flow through a sheet with
denser posts (lower VSTR). The relationship is nonlin-
ear. AtVSTR=0.955withh/a=5, i.e. the postsoccupy
only 4.5% of the vascular-space, the value of K13 /K is
less than 0.3 and for VSTR = 0.8, the value is less than
0.05.

Next we consider the case of a non-regular hexagon
(elongated in the y- direction) with

Yo/ = 3.99, a = 0.643cm, VSTR=0.955, U =
5N s/m?.

This is configuration used by Yen and Fung (1973) to
experimentally determine the geometric frictional factor
fx. Table 2 glves K11, Koo, Kop and K12 for the case of
elongate hexagonal cell whenh/a=1, 2, 3, 4, 5.

The calculated results also show that K11 # K. Clearly
the elongated hexagonal cell is no longer transversely
isotropic, which means the flow is sensitive to the flow
directionin the x;, xo-plane. The calculated K1, and Ky
are practical zero as compared to Ky and Ky,, which

®  Present calculation
Theoretical results (Lee, 1969) O

O  Experiments (Yen and Fung, 1973)

hla

Figure 3 : Comparison of theoretical and experi-
mental results for elongated hexagon (yo/%o = 3.99,
VSTR=0.955)

means the average flows along two orthogonal directions
are decoupled.

Accordingly, the geometric frictional factors, fy and fy
are proportional the reciprocals of Ky1/K® and Kz,/K®,
respectively. From Eq. (34)

h®  12K°

12 P2k
K1 N Ko

Kz~ N K’

y= (39)
because K21 = Ky =2 0. Figure 3 plotsthe calculated fy
vs. theratio of sheet thicknessto post diameter h/a. For
comparison, the figure also givesthe experimental results
of Yen and Fung (1973) as well as the theoretical pre-
dictions of Lee (1969). The present calculated results
are reasonabl e fittingswith Yen and Fung's experimental
data. However, our results are noticeably different from
Lee'stheoretical results. Thisis probably because Lee's
theoretical prediction is based on an approximate solu-
tion valid only for h/a not much larger than unity.

Figure 4 depicts the variation of the normalized per-
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h/a=1 h/a=2 h/a=3 h/a=4 h/a="5

K11 5.02x10°7 | 1.45x10°% | 225x10°° | 2.82x10°° | 3.20x 10°°
(m*/Ns)

Koo 545x 107 | 1.85x 1076 | 3.45x10°® | 5.02x10°°% | 6.38x 10°©
(m*/Ns)

Kot 6.88x 1016 | 6.80x 105 | 2.07x 10" | 3.82x 104 | 5,54 x 1014
(m*/Ns)

Kio 7.42x 10716 | 7.02x10° | 210x107* | 3.85x 10 1* | 556 x 10~ 14
(m*/Ns)

Table?2:

0.9

o K=K,=K,, (y,/x,=1.732)
081 ¢ B KK, (v /x3.99)
] A K=K, (n/x=3.99)
0.7
A
L]
06
A
2 n
K i
S 05
X o N
0.4
[ [ ] A
0.3 4 .
]
0.2 n
0.1

0 i 2 3 4 5 6
hila

Figure 4 : Variation of K/K® with h/a under different

hexagonal shapes (V STR= 0.955)

meability Ki1/K® and Kx,/K® with h/a for two hexag-
ona cells of the same vascular-space tissue ratio
(VSTR=0.955). One cell is the regular hexagon with
Yo/%o = 1.732. Inthis care, K13 = Kx and fy = fy. The
other cell is an elongated hexagon with yo/xo = 3.99. In
thiscase, K11 # Ko and fy # fy. Theresultsindicate that
Ki11(= K22) of the regular hexagon is bounded by Kij
and Ky, of the elongated hexagon. Thus, the shape of
unit cell has an important influence on the permesability.
In both cases, the permeability,K11 and K»,, decreases as
h/aincreases.

6 Conclusion

The sheet-flow model proposed by Fung and Sobin
(1969) for blood flow in capillaries in the pulmonary
alveoli is studied from micromechanical point of view.
The pulmonary aveolar sheet is assumed to have a pe-
riodic microstructure of hexagonal cells. We use atwo-

Calculated K;; for elongate hexagonal cell (yo/%o = 3.99, a= 0.643cm, VSTR=0.955, = 5N s/m?)

scale theory of homogenizationto establish the canonical
equationsfor the unit cell. The microscale solutionisob-
tained by the finite element method and the macroscopic
pressure/discharge relationship for the flow in the pul-
monary alveolar sheet is found through an average over
the unit cell. Up to the order of O(¢), the membrane can
be treated asrigid and its motion can be neglected.

The cell geometry has an important effect on the perme-
ability (geometric friction factor) of the macroflow. For
regular hexagonal unit cell, the permeability tensor is di-
agonal and Ky; = Ky, (i.e., geometric friction factor ten-
sor isalso diagonal and fy = fy). Thismeans that the av-
erage flow isinsensitiveto the flow directionin the sheet
plane. When the unit cell is an elongated hexagon, even
though Ki; is still diagonal, the diagonal components are
no longer equal (Kq1 # K2, fx # fy) and the average flow
isdirectional sensitive. Because Kjj, i.e., fjj, isdiagonal,
the average flows along thex;, xo- directions are till de-
coupled.

The tissue posts make it more difficult for blood to flow
through the two parallel sheets. When h/a is large, the
flow resistance is mainly from the posts. The effect is
quite nonlinear. Reducing either the post diameter or
the vascular space tissue ratio will reduce permeability.
For the post configuration considered, with the post vol-
ume of 4.5% of the cell, the ratio of the permeability to
that of Couette flow (K11/K®) changes from 0.8 to about
0.3 when sheet gap to post diameter ratio (h/a) increases
from 1 to 5. The reduction in permeability is even more
pronounce for denser posts. Ath/a= 5, K11/K° isabout
0.3 for the post volume of 4.5% of the cell. When the
post volume increases to 20% of the cell, K1, /K%drops
to 0.05. The tissue posts have a significant effect on the
flow resistance.
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