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We are interested in the mathematical modeling of the deformation of the human lung
tissue, called the lung parenchyma, during the respiration process. The parenchyma is
a foam-like elastic material containing millions of airfilled alveoli connected by a tree—
shaped network of airways. In this study, the parenchyma is governed by the linearized
elasticity equations and the air movement in the tree by the Poiseuille law in each airway.
The geometric arrangement of the alveoli is assumed to be periodic with a small period
€ > 0. We use the two—scale convergence theory to study the asymptotic behavior as ¢
goes to zero. The effect of the network of airways is described by a nonlocal operator and
we propose a simple geometrical setting for which we show that this operator converges as
€ goes to zero. We identify in the limit the equations modeling the homogenized behavior
under an abstract convergence condition on this nonlocal operator. We derive some
mechanical properties of the limit material by studying the homogenized equations: the
limit model is nonlocal both in space and time if the parenchyma material is considered
compressible, but only in space if it is incompressible. Finally, we propose a numerical
method to solve the homogenized equations and we study numerically a few properties
of the homogenized parenchyma model.

Keywords: Mathematical modeling; Periodic homogenization; Two—scale con-
vergence method; Fluid—structure interaction.

Introduction and Motivation

Breathing involves the transport of air through the respiratory tract from its ex-
ternal entries, the nose and the mouth. During inspiration, the airflow moves down
the pharynx and the trachea, where it is divided between left and right bronchi and
enters the lungs. It is then distributed by the bronchial tree to the acini or alveolar
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sacs, embedded in a viscoelastic tissue, made in particular of blood capillaries and
a network of elastic fibers. The alveoli are tiny bubble-like units where the gaseous
exchanges occur. Thus, it is the function of the bronchial tree to efficiently supply
them with fresh air via a tree-shaped structure. The coupled movement of air and
tissue is achieved by displacement of the diaphragm and of the connective tissue
framework of the lungs, which is usually called the parenchyma, [41]. Our motiva-
tion concerns the mathematical modeling of the human respiratory system and our
interest here is to provide a simple model for the behavior of the alveolar region
coupled with the bronchial tree during the respiration.

Modeling the mechanical behavior of the lungs, including both the air flow in the
airway network and the 3D displacement of the parenchyma is difficult because of
the complexity of the bronchial tree geometry and the porous, foam-like structure
of the parenchyma. Moreover, for the time being it is far from possible to compute
3D Navier—Stokes airflow simulations on such a complex fractal geometry as that
of the full airway tree, let alone a full fluid—structure interaction problem modeling
the whole ventilation process on a realistic geometry of the lung.

It is thus necessary to develop models of reduced complexity, both to further
the understanding of the lungs’ mechanics and to be able to compute numerical
simulations of the ventilation process. A possible choice is to describe the evolution
of the air flux by a simple ODE model, as presented e.g. in [27]. Such models are
certainly helpful for understanding the respiration mechanisms, but cannot yield
precise information on the coupled 3D displacement of the parenchyma and airflow.
Fully resolved flow computations are possible for the upper airways and the proximal
part of the bronchial tree [7,15, 23|, but usually choose a set of ad hoc boundary
conditions on the part of the tree which has been cut off. In [4], a coupled ventilation
model was developed to include the parenchyma, represented by a simple spring
model and connected to the ends of the upper part of the bronchial tree by a
resistance. To couple such models of the bronchial tree with a three-dimensional
representation of the parenchyma, the mechanics of the set of acini have to be
represented by a reduced model. The purpose of the present work is to obtain
rigorously such a model of reduced complexity for the alveolar region by using the
tools of two—scale periodic homogenization, involving fluid—structure interaction in
the porous domain and flow of air through the bronchial tree.

Other works related to multiscale modeling of the lungs’ parenchyma include [33]
and [36], where the alveoli structure is considered as a porous media and a formal ho-
mogenization approach is applied to a system coupling the linearized Navier—Stokes
equations for air and linear viscoelasticity for the solid tissue. Other approaches
have been proposed, such as discrete spring-mass systems [19] or equations em-
pirically derived at the continuous level [22]. For the periodic homogenization of
fluid—structure interaction systems, one may refer in particular to [14, 16, 32, 35],
where the homogenization of the Stokes equations coupled to an elastic frame is
performed. A homogenized model for the propagation of sound waves in cancellous
bone is obtained in [13].



A mathematical description of the airflow in the bronchial tree as an abstract
dyadic resistive tree was studied in depth in [39], and especially the asymptotic be-
havior as the number of generations of the tree grows to infinity. Moreover, this de-
scription has been used in [18] to obtain a one-dimensional model of the parenchyma
by connecting a dyadic resistive tree with a system of springs and masses. The aim
of this paper is then to extend this one-dimensional model to a multi-dimensional
setting.

Our approach is based on a series of simplifying assumptions of the description
of the lung mechanics. We assume that the alveoli are periodically arranged with
a small period € > 0, as is suggested by the spatial arrangement of the acinus.
To obtain a macroscopic description of the parenchyma, we are going to let the
size of the microstructure, denoted by &, go to zero and study the convergence
of the displacement of the structure. Our aim is to obtain an homogenized model
for the displacement of the parenchyma that takes into account the effect of the
ventilation by the bronchial tree. As the number of alveoli grows to infinity, so does
the number of generations of the airway tree that is feeding them with air. In order
to describe the airflow through the airway tree we will assume that the Poiseuille law
is satisfied in each airway. The bronchial tree can then be modeled as a branching
network of airways, represented as a dyadic resistive tree (see e.g. [28,29]). The
airflow through the tree is then completely characterized by the knowledge of the
individual resistances of the branches, which depends only on the dimensions of the
bronchi and can be computed from available anatomical data [40]. Strictly speaking,
the Poiseuille law is not valid for the first generations of the bronchial tree where
one needs to take into account inertial effects. We will nevertheless assume here, for
simplicity, that this description is valid for the whole airway tree.

We propose to model the alveoli as closed cavities in an elastic matrix, filled with
air, as in the static parenchyma model proposed in [3]. Following [38], each alveolus
is then connected to one end of our abstract dyadic resistive tree representing the
bronchial tree. The air can flow in and out of the alveolus through this terminal
branch of the tree. We assume also the parenchyma behaves like a linearized elastic
material (i.e. the deformations are small). We propose to study the two cases of a
compressible and an incompressible wall material. In both cases, we obtain boundary
value problems (1.14) and (1.15) respectively in the compressible and incompressible
case. Note that the well-posedness of this problem in the compressible case was
studied in [38].

Once the geometric setting and the model are in place, we study the asymptotic
behavior of the displacement fields as the microscale parameter € goes to zero and
the number of generations of the tree goes to infinity. Unlike in the one—dimensional
setting proposed in [18], there are many ways of connecting a tree to the periodically
distributed alveoli in a three-dimensional domain. To deal with this difficulty, we
define a Dirichlet-to-Neumann operator representing the action of the tree by relat-
ing the fluxes and the pressures in the alveoli, which can be seen as constant—by—cell
functions in the domain €2 representing the parenchyma. This resistance operator



is then a linear operator in £(L?(£2)). We propose to use the strong convergence
of the sequence of these resistance operators in the space £(L?(f)), as ¢ goes to
zero, as an abstract condition to model the convergent behavior of the sequence of
trees ventilating our parenchyma domain. This allows us to divide the theoretical
analysis in two parts.

In the first part, we build a connection between the sequence of trees and the
alveoli such that, under some conditions on the geometry and the resistances of
the tree, the abstract convergence condition holds true. In this paper, we present
a practical example of such a construction, extending the one-dimensional analysis
presented in [18]. A more generic analysis will be presented in a forthcoming paper,
based on the construction proposed in [39].

In the second part, we present the main results of this paper as we show that
this condition is sufficient to pass to the two-—scale limit and obtain a homoge-
nized model of the lung. This analysis is presented in Sections 3 and 4. First, we
study the well-posedness for both problems and we show a priori bounds indepen-
dent of e. Then, using the two—scale homogenization method [1,31] we analyze the
asymptotic behavior of the displacement field solution of (1.14) and (1.15) as the
micro—scale parameter ¢ goes to zero. We focus in particular on the convergence
of the non—standard terms describing the interaction of the tree and the structure.
The main results of the paper are the convergence Theorems 3.2 and 4.2, which
describe the macroscopic homogenized problems in the case of a compressible and
an incompressible parenchyma structure, respectively.

We can analyze physically the mechanical behavior of the homogenized material
we obtain in each case. When we suppose that the wall material is compressible,
the homogenized parenchyma behaves like a compressible viscoelastic material with
non-local damping both in space and time, thus showing some long—term memory
effects. On the other hand, when the wall material is supposed to be incompressible,
the homogenized material is compressible and viscoelastic with non-local damping
in the space variable only. The non—local behavior is due to the effect of the abstract
resistive tree which connects the different points of the domain. In this case, the loss
of the long-term memory effect comes from the incompressibility of the constitutive
elastic media.

Finally we conclude this work by a numerical study of our homogenized ventila-
tion model, presented in Section 5. We present a finite elements numerical method
designed to tackle the homogenized problems obtained in Sections 3 and 4. The
main difficulty is the need to deal with the non—local operator associated with the
tree as it writes as a full matrix in the finite elements basis. Our method is based
on fast algorithms which take advantage of the tree structure to compute quickly
the matrix—vector products associated with the viscous non-local operator. We
present then some numerical simulations. The results show that we can make our
parenchyma model breathe and that we can study the effects of the modification of
some parameters, like the distal resistances or the stiffness of the material.



The paper is organized as follows. In Section 1, we describe precisely the geom-
etry and then write the equations of the coupled fluid—structure interaction models
that we shall study. In Section 2, we introduce the resistance operators describing
the action of the tree and an abstract convergence condition which we verify in a
particular case. In Section 3, we derive the homogenized limit of the compressible
model (1.14) by the method of two—scale convergence. In Section 4, we work out
the same analysis for the incompressible model (1.15). Finally, in Section 5, we
present a numerical method adapted to the homogenized model, and we present a
few examples of numerical simulations with parameters inspired by realistic human
lung’s anatomical data.

Notations We use the common Kronecker symbol §;; = 1if¢ = jand 0if ¢ # j, and
the Einstein summation convention with repeated indices. The symbol Id denotes
the identity matrix, and given two tensors of order 2 A and B, we denote the
contraction of tensors as

A:B= aijbji.
We will denote with bold characters vectors, vector—valued fields and functional

spaces of vector-valued fields. Given any vector field v, we denote e(v) its sym-
metrized gradient

e(v) = % (Vv + (Vv)T).

1. Description of the model
1.1. Geometric setting

The parenchyma model we propose to study is a porous media, homogeneously com-
posed as a periodic arrangement of closed pores (modeling the alveoli), connected
in an abstract way by a dyadic resistive tree modeling the pulmonary airways. Let
us give a formal description of this material.

Let d be the dimension, d = 2, 3. First, we describe the geometrical setting of
the alveoli by defining an open periodic cell Y, normalized so that |Y| = 1. This
unit cell is associated with a periodic array Z of R%, which is the discrete set of
translation vectors such that ) + Z is a tiling of the whole space.

Remark 1.1. The standard and most simple such unit cell is a square or a cube,
associated with Z = Z¢. However other structures are more representative of the
geometry of the alveoli, in particular the truncated octahedron is often used in the
biology literature [37].

We further divide ) into two open sets: Vg that represents an air cavity and
Vs that represents the elastic walls of the alveolus. Let § = |Vs| be the volume
fraction of the elastic material. More precisely, we suppose that Vg is smooth,
simply connected and that:

VrUYs =D, VN Vs =0, VrC.
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Figure 1: Parenchyma model

We also define I' = 9Yr as the interior fluid—structure interface in the unit cell with
unit normal n® pointing into the fluid part.

Next, we model the space occupied by the lungs’ parenchyma (or portion of
the parenchyma) as 2, a nonempty bounded open domain in RY with Lipschitz
boundary 902 and unit outward normal n. An example is given in Figure 1. The
boundary is decomposed as 92 = I'p ULy where Iy NTp = 0 and |T'p| > 0. We
will suppose that the parenchyma is fixed at the portion of the boundary I'p.

Given a small parameter € > 0 and a multi-index k € Z, we define

VE=c(V+k), Vi . =c(Vr+k), Vi =c(Vs+k), I'“=¢l+k),

that is a translation and a homothetic transformation of the reference cells ), Vr,
Ys and of the fluid-structure interface I'. Furthermore, by introducing the set of
multi-indexes Z¢ as:

722 ={keZ| Yk cq}, (1.1)

we define the periodically perforated structure domain and the interior interface as

Q. =0\ |J ¥k, .= (JrIk (1.2)

keZ$ keZ$

We define a unit normal vector n. defined on the fluid—structure interface I'. and
pointing to the exterior of the structure domain €2.. Let xr and yg be the charac-
teristic functions of Yr and Vs respectively, xre, Xs,c the characteristic functions
of 2\ Q. = UkeZ? ﬁks and ), respectively, and x¥ the characteristic function of
VE.

Finally, we connect the alveoli y;e filled with air to an abstract finite dyadic
tree 7. representing the geometrical connections of the bifurcating airway tree (see
Figure 2). The tree 7: is a subtree of the larger, infinite dyadic tree T characterized



by the set of nodes
V:X()U{Xn’kt n €N, 0§k§2n—1}

Xy : root

Tree 7,

Outlets :  (2,0)  (2,1) (1,1)

Figure 2: Finite dyadic tree

The tree 7 is supposed to be full, meaning that if X, ;, € V is a node of 7, then
either both children of X,  belong to 7 (X, x is then called an internal node of
7T2), or neither does and X, j is a terminal node (or a leaf) of 7.. We define the set
of indexes 7. and £. C N2, indexing respectively the internal and terminal nodes of

Te:
I. = {(n,k) € N*, X, ;, is an internal node of the tree 7:},
& ={(n,k) € N?, X, is a leaf of the tree 7.}, (1.3)

and we suppose that & and Z? have the same number of elements. Let w. be a
one-to—one mapping

Z8 — &,
We : (1.4)
k — (nk).

The mapping w. describes the connection between the tree and the alveoli. This
lets us enumerate the cells of the periodically perforated domain €. following either
the tree indexing by &, or the spatial indexing by Z?, and as long as there is no
possible confusion we will use either set of indexes indifferently, for example:

Y=Yk where (n, k) = w.(k) € & for k € Z. (1.5)



Remark 1.2. A more precise description of the relation between the geometric
arrangement of the alveoli and their positions at the ends of the tree is given later
in Section 1.1 with an example. We refer to a forthcoming paper for a complete
description in a generic setting.

The key goal for obtaining a two-scale continuum is to derive a macroscopic
description of the material from the description of the microstructure, here the
alveolar set. The assumption of a small parameter, ¢ > 0, implies that the fields
depends on two spatial variables which belong to well-separated scales: the ordinary
position vector x € {2, and the position vector in a stretched coordinate system
y = ¢ 'x. The variable x will be called slow and the variable y fast. By performing
the asymptotic analysis when € goes to zero, we expect the two sets of variables to
become independent.

1.2. Description of the parenchyma model

We now turn to the description of the mechanical behavior of the parenchyma. Here
€ is fixed, and we suppose that ). is a reference configuration for the elastic media.
We shall analyze two cases: first, we will consider a linear homogeneous elastic
material and then we will add to this model an incompressibility constraint.

We denote by u. the displacement field of the elastic media filling the perforated
domain €).. We are interested in small displacements around the reference config-
uration and we suppose that the material obeys the laws of linearized elasticity,
see [8]:

popu, — dive = f| in Q.,
on, = —pl;n67 on Flg‘, Vke Z?, (16)

on = —pyn, on ['y,

u. =0, on I'p,

Here, in the compressible case, o stands for the stress tensor associated with the
displacement u., i.e.

o(ue) = Adiv(u)Id + 2pe(u.) (Hooke’s law), (1.7)

where the parameters A > 0 and p > 0 are the Lamé constants, constitutive of the
elastic media, and e(-) denotes the symmetrized gradient.

Additionally, p > 0 is the density of the elastic media and f is a volumic force
acting on the structure (the gravity field, for example). In the incompressible case
that we will study separately, the stress tensor writes

U<u5> 776) = —nld + 2;1,6(115), (1'8)

where 7. is the Lagrange multiplier, homogeneous to a pressure, associated with the
additional incompressibility constraint div u. = 0, and Id the identity operator.



In both cases, initial conditions on the displacement and velocity complete the
system. On the external boundary I'pp, we impose no—slip boundary conditions on
the displacement. On the external boundary I' y and the internal alveolar boundaries
I'%, we consider a pressure force exerted on the boundary. The external pressure
pn is given, modeling the action of the diaphragm, whereas the pressures p¥, which
denote the uniform air pressure inside each alveolus y;s, are unknowns and depend
on the airflow through the dyadic tree, which we describe next.

1.3. Poiseuille flow through a finite resistive dyadic tree

Xo

ro Resistive
<«— finite tree 7.

X1 Branches of the infinite
SN resistive tree

Figure 3: Resistive finite and infinite trees

We consider here the circulation of air through a tree of connected pipes. First,
let us consider the flow of an incompressible, viscous, non—inertial fluid through a
single pipe. According to Poiseuille’s law, which we assume is valid in all branches,
the flow rate ® through the pipe is proportional to the pressure drop between its
two end points, which is expressed by the equation

Py, — Pour = 19,

where r is the resistance of the pipe, a positive coefficient which varies with the
fluid viscosity and with L/D*, where L is the length of the pipe and D is its width.
According to this description, we can fully characterize the airflow through the full
dyadic tree T: by introducing a fixed sequence of resistances

Trg >0 forneNand 0 <k <2" -1, (1.9)

which are associated with each edge of the trees 7: and T as in Figure 3. We suppose
that these resistances do not depend on the parameter €. We call such trees resistive
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dyadic trees, and will still denote by 7: and T the set of vertices and the associated
resistances when no confusion is possible.

Given a set of pressures at the outlets, it is now possible to compute the corre-
sponding set of fluxes thanks to Poiseuille’s law, and vice versa. Let the pressure at
the root node be denoted by p.. Let

Pe = (p?’k)n,k’ega and ¢5 = ((bg’k)n,kegs

be the pressure and flux vectors at the outlets of the tree, with the convention that
the fluxes are considered positive when air is entering the tree through the corre-
sponding outlet. Since Poiseuille’s law is linear, there exists also a linear relation
between p. and ¢, i.e. a matrix A° indexed by &£. and such that

P: —pel = A%, (1.10)

where 1 is the vector (1,...,1). The appearance of this unit vector follows from the
observation that at rest, when there are no air fluxes in the tree, the air pressure is
equal at all the outlets including the root node. Then the left—hand side of Eq. (1.10)
must be zero.

Proposition 1.1. The matriz A° is symmetric definite positive.

We do not give the details of the proof here, but we refer to [18] for a proof
which extends readily to our setting. With a slight abuse of notation, we will also
call A° the same matrix reindexed by Z¢ as an alternate numbering of the alveoli,
with the convention that

k1 = Agp for a = w.(k) and b = w.(1), (1.11)

where w, is the one—to—one mapping defined in (1.4).

1.4. Coupling the elastic structure and the resistive dyadic tree

We are now in a position to write the fully coupled fluid—structure interaction model.
We model the air in the alveoli as incompressible, so when the volume of the holes
changes the air escapes through the tree. The pressures generated by this flow are
related to the change in volume of the alveoli by (1.10).

We recall the convention that the flux is positive when air enters the tree through
the outlet, so we obtain, at first order, the flux of air ¢¥ associated with the alveolus
y};e by the formula, see e.g. [3,8]:

ok = oiu, - ng, (1.12)

€ k
Fs

where we recall that the normal vector n. points out into J)11§7E. Moreover, using
Eq. (1.10) and the matrix A% introduced in (1.11), we can write the pressure pX
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inside each hole y;gs for k € Z£ as a function of the normal displacement field u,.
on the whole interior interface I'.:

K —p. = Z Af ) (/Fl oy, - n5> . (1.13)

ISV AL

We now state two models we will analyze in the next two sections. In the first
case we shall study, corresponding to a compressible structure, the displacement
field u. satisfies the system:

popu. —divo(u.) =1, in Q., (1.14a)
— € k
o(us)n, = — | pe + Z AkJ/ Oiue - n, | ng, on all 'Y, (1.14b)
1€22 I
o(us)n = —pyn, on 'y, (1.14c¢)
u. =0, on I'p, (1.14d)
u:(0) =ug, 0pu(0) =uy, in Q.. (1.14e)

We recall that the stress tensor o(u.) introduced in (1.7) reads
o(ue) = Adiv(u)Id + 2pe(u,),

and ug, u; are initial conditions describing the state of the elastic media at t = 0,
chosen independently of the microscale parameter € and thus defined on the whole
domain 2.

In the second case we shall study, corresponding to a linear incompressible struc-
ture, the unknowns of the model are the displacement field u. and the scalar—valued
unknown 7)., homogeneous to a pressure and satisfying:

pOnu. — divo(ug,ne) =1, in Q., (1.15a)

divu, = 0, in Q., (L.15b)

o(ue,ne)ne. = — | pe + Z Ag1 [ O -n. | ng, onall T¥,  (1.15¢)
1€Z2 T

o(ue,ne)n = —pnm, on Ty, (1.15d)

u. =0, onT'p, (1.15¢)

u:(0) =ug, Ou(0) =uy, in Q., (1.15f)

where the stress tensor o(7., u.) introduced in (1.8) now reads:

U(uea 776) = —nld + 2/16(118)'

Remark 1.3. This kind of averaged boundary conditions, non—local at the alveolar
level, appears in other fluid—structure models, such as in the static foam model
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studied in [3] or when studying vibrations of rigid tubes immersed in a fluid [2].
Here we deal with a special case where the boundary conditions are also globally
coupled by the matrix A%, so in addition to being non—local at the microscopic level
there is a non—local coupling at the macroscopic level between the alveoli.

2. Resistance operators: coupling domain and resistive dyadic tree

Our goal in this paper is to perform the asymptotic analysis of the problems (1.14)
and (1.15) as the parameter € goes to zero and the number of generations of the
tree goes to infinity. The relation (1.10) describes the action of the tree at a discrete
level, using a matrix A° whose dimension depends on €. We are going to introduce
an equivalent description at the continuous level, in order to effectively study the
coupling between the airflow in the tree and the displacement of the structure in a
fixed setting, as a linear operator on L?(€2).

2.1. Definition

Recall that thanks to (1.5), we have a one-to—one mapping between the leafs of T¢
and the alveoli Y _ which allows us to identify the outlets of the resistive dyadic
tree and the alveoli. This motivates the introduction of the following projection
operator, recalling that |Y| = 1:

Definition 2.1. Let II, be the L>—projector on the set of functions taking constant
values on each cell VX for k € Z$:

RS MES 2
q k;; /ygq X

Given a continuous flux function ¢. € L%(Q), we define a vector of discrete fluxes
as

b = (¢¥)pego, with ¢¥ = /k Pe. (2.2)
€ yE
The corresponding pressure vector is defined as

Pe = (pls()kezsg = Aad)ev (23)

where A° is the matrix indexed by Z¢ defined in (1.11). Finally we introduce the
pressure function p. € L?(f) as the function which takes constant value p¥ in each
cell VX for k € Z£, and 0 elsewhere. We denote by R. the following operator

{L?(ﬂ) — L2(9),
be > Pe.

Now, using the resistance operator R. we can rewrite the problem (1.14) with a
new expression of the non—local boundary conditions on the boundary of the holes:
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popu. —divo(u,) =1, in Q,, (2.4a)
o(u.)n, = — (pe + O Redivu,) n, on all T, (2.4Db)
o(us)n = —pyn, on I'y, (2.4c)
u. =0, on I'p, (2.4d)
u:(0) =ug, Ou.(0) =uy, in Q.. (2.4e)

A similar strong system of equations can easily be derived in the incompressible case
from problem (1.15). In order to study the asymptotic properties of the solutions
of problem (2.4), let us detail some useful properties of the operator R..

Proposition 2.1. The resistance operator R. can be expressed as a kernel integral
operator:

Pe = Retpe = pe(x1) = / Ko (x1,%2)pe(x2)dx2 Vx1 €,  (2.5)
Q
where K. € L*(Q x Q) is a piecewise constant function defined as:

A, ifxi € VK x5 € V! for some k € Z9, 1 € Z9,

(2.6)
0 elsewhere.

Ks (le x2) = {
Remark 2.1. The operator R. sums up the interaction of the tree with the struc-
ture, acting as a Dirichlet to Neumann operator by relating the rate of compression
of the structure to the pressure forces on the boundary of the holes in a non—local
way.

Note that since the matrix A° is symmetric and positive, these properties are
transposed to the operator R.: for all ¢, ¥ in L?(Q) we have

| ®Royw= [ ®Reyo wd [ ®o0z0 (2.7)

As a consequence, the following Cauchy—Schwartz inequality holds: for all ¢, ¥ in

12(0),
/ <R5¢>w2s( / (me)( / (st)w) (2.8)

In order to give a better understanding of the nature of the operator R. and its
kernel K., we recall here the construction presented in [39]. Each airway of the
bronchial tree, represented by an edge of the infinite dyadic tree T, say X, , ir-
rigates a portion of the parenchyma, which we denote by 2, , C {2. Moreover, for
a given € > 0 each end indexed by (n, k) € & of the finite tree T¢ is associated to
a terminal airway. Thus €, ; should contain exactly one cell y;‘ so as to define a
one-too—one mapping (n, k) = we(k) as in (1.4). This irrigation process follows a
hierarchical structure, and induces a sequence of domain decompositions satisfying

the following properties:
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Definition 2.2. Multi-scale dyadic decompositions of the domain (2

Let (Qn’k)n>07 k=0,...2n—1 be a sequence of open non—empty connected subsets of
Q. We say that O = (Q,, %)
for every n > 0,

n>0, k=0, 2n_1 15 @ multi-scale decomposition of € if

(1) Uizo' Qnr =9,
(2) Q,,;NQ, =0 as soon as j # k,
(3) ﬁn+1,2k U§n+1,2k+1 = ﬁn,ka for all k£ € {O, e, 2 — 1}.

Then we have the following result, which can be verified as in the one-
dimensional case [18]:

Proposition 2.2. The kernel K. writes

K (x1,%2) = Z kX (X1) X0 (x2),  for x1, X3 in 9,
(n,k)EZ.UE,

where x* is the indicator function of the subdomain Q1 and the sets of indexes &
and Z. are defined by (1.3).

2.2. Asymptotic study: an example

The convergence properties of R, as € goes to zero are the key to understanding
the asymptotic behavior of the solutions of problem (2.4). Some of these properties
have been studied extensively in the 1D case in [18] and in a more generic setting
in [39]. For the sake of simplicity, we present here a particular construction which is
based on the symmetric model of the bronchial tree developed by Weibel [40] and
allows us to extend to our multi-dimensional setting the results obtained in [18].

2.2.1. Geometry: connecting the domain to the tree

We consider a square or cubic domain Q = (0, 1)d, d = 2 or 3, and a lattice
Z = Z¢ associated with a unit square or cubic periodic cell Y = (0, 1)d. Clearly,
for any integer n > 0, the domain € can be tiled by 29" translated copies of Y
rescaled by a factor 27". To organize these cells in a multi—scale decomposition, we
suppose that we are given a bifurcating space—filling tree in 2 which is a geometrical
representation of a dyadic resistive tree T .

Building a space—filling tree Space-filling bifurcating trees are geometrical ob-
jects, which can be constructed by recursion, whose canopy (the branch tips) be-
comes dense in ), see e.g. the H—-tree depicted in Figure 4 or other examples in [26].
To comply with the periodic geometry, we propose the following construction for a
square, which can be readily extended to the cube.

One starts with a "trunk", a segment joining a point located on the border of
the square Q, for example (0,1/2), to the center of 2 at (1/2,1/2) which is a fertile
"bud". This bud then generates two branches, on which only two terminal buds are
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Figure 4: Perforated square domain €2,, connected by a H-tree, for n = 2

fertile. These buds again generate each two branches, on which one has now four
terminal buds which are located at the centers of the four squares paving Q2. One
can then repeat the process for each little square, and so on ad infinitum.

By construction, the buds obtained after an even number 2n of bifurcations
are located at the center of the square cells 3};‘ for e = 27™ (or a number 3n of
bifurcations for the three—dimensional cubes). Note that the branches of the tree

are bounded in length, but become infinite in number.
Building the multi—scale decomposition The next step is to use the space—

filling tree to build a multi-scale decomposition O of the square €2 such that for
each n > 0, the subdomains {14y, ;, coincide with a rescaled periodic cell. To do this,
we simply associate each bud of the tree obtained after dn bifurcations and the
unique cell V¥ with ¢ = 27" located by construction around this bud. Then, using
the correspondence between the spacefilling tree and the abstract dyadic tree T,
we create a one-to-one mapping, noted w,, between the cells ¥ indexed by k in
Z? for e = 27", and the nodes Xgy, 1, indexed by £in 0 < k < 247 _ 1. This allows
us to define the subdomains of generation dn of O as:

Qun.k = VX for k = w,(k), for k € ZE, with e = 27" (2.9)

£

Subdomains belonging to an intermediate generation, e.g. m with dn < m < d(n+1)
for n > 0, are then defined recursively by the relation

Qm,k = Interior (Qm+1,2k U Qm+172}€+1)
Reparameterization In this example, the parameter € > 0 is only allowed to take

the values 27" for positive integers n. For simplicity, we will index in this example
the variables and unknowns by n instead of e: Q. = Q,,, R. = R, etc.
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2.2.2. Definition and convergence of the resistance operators

To completely define the resistance operator R,, we also have to describe the resis-
tances of the tree. In particular, we are interested in conditions on these resistances
implying the convergence of the sequence K, in an appropriate space. Note that
T is a dyadic tree with dn full generations. By Prop. 2.2 the kernel K,, associated
with R,, is defined by:

dn 2N -1
K, (x1,%x2) = Z Z ok X h (X1) X (x2),  for x1, x in Q. (2.10)
N=0 k=0
We also define the limit kernel K associated with the infinite resistive tree 7 and
the dyadic multi-scale decomposition O as

+oo 2N 1 k k if
K(sx1,%5) = {OZH b0 T ()X () 73 2.11)
else.

Note that the sum in (2.11) is in fact finite since x; and x5 eventually belong to
different cells of the multi-scale decomposition.

We consider in particular the case where the resistances of the tree are regular
and follow a geometric law.

Definition 2.3. A resistive dyadic tree is called regular if all resistances associated
with branches located at a common generation of the tree have a common value,
i.e. there exists a sequence (ry,)n>0 with r,, > 0 such that:

Tk = Tn, foralln >0, ke{0,---,2" —1}.

A regular resistive dyadic tree is called geometric if there exists a real constant
o > 0 such that:

T = roa” for all n > 0.

Remark 2.2. Measures by Weibel [40] show that the resistances in the human
bronchial tree are approximately geometric, with the scaling factor oo ~ 1.63.

Note that the difference K,, — K is in this case similar to the remainder of
a geometric sum. Extending to the multi-dimensional setting the arguments pre-
sented in the proof of Prop. 1.1 in [18], it is straightforward to obtain the following
convergence properties for the sequence of operators R,,:

Proposition 2.3. In general, if the resistances of the tree satisfy the condition

00 1 B
— max r 0,
= 2" ke{0, 2n 1) ek

then:

o K, converges to K in L>=(Q, L*()),
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e R, converges to an operator R in L(L?(), L?(Q)), which is also an integral
operator with associated kernel K.

In particular, if the resistive dyadic tree is reqular and geometric with scaling factor
0 < a < 2 then the previous convergences hold and:

o o dn—+1
R~ Rl = 10 (2)"
” HE(L (€2)) 1_ a/2 9

2.3. General case and abstract convergence condition

In the setting of this explicit construction, the sequence of operator (R, )n>0 con-
verge strongly. We propose to extend this observation to the more generic setting
described in Section 1 as the following abstract condition:

There exists R € £ (L*(Q); L*(Q)) such that

, ; ) (2.12)

R. — R strongly in £ (L*(Q); L*(2)),
where L (LZ(Q); L? (Q)) is equipped with the strong topology associated with the
operator norm. In particular, we show in this paper that this condition is sufficient in
order to derive rigorously homogenized models corresponding to (1.14) and (1.15).

Remark 2.3. An immediate, but important consequence of the condition (2.12) is
that the limit resistance operator R is a compact and positive operator in L?(£2),
since the operators R. are definite positive and have finite rank.

Remark 2.4. The results of Prop. 2.3 are a direct consequence of a particular
property of the construction proposed in Section 2.2: for any n > 0, the periodic
paving of the domain €2 by the cells YX matches exactly the decomposition of the
domain induced by the subdomains Qg 1, see (2.9). This is not true for any multi—
scale decomposition, or possible for any periodic cell (e.g. for an hexagon). Much
more generic conditions on a given multi—scale decomposition and set of resistances,
sufficient to build a sequence of operators R. strongly converging to the associated
operator R will be described and studied in a forthcoming paper, see also [6].

3. Study in the compressible case: homogenization limit

Let us now turn to the asymptotic analysis of the problem (2.4) under the condi-
tion (2.12). We will proceed in several steps: first, we prove that (2.4) is well-posed
and we derive a priori estimates independent of the parameter €. Then, we study
the limit as € goes to zero, and we obtain the two-scale problem and rigorously
justify the asymptotic limit in a single step thanks to the two—scale convergence
method. Finally, we study the limit problem and describe its specificities, and we
show that it is well-posed.
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3.1. Variational formulation and a priori estimates

In this part, we write the variational formulation associated with problem (2.4) and
derive an existence and uniqueness result for it. Then we introduce an extension
operator for functions defined on the parameter—dependent domain 2. to functions
defined on the fixed domain €2 that allows us to obtain a priori estimates indepen-
dent of € on the weak solutions of (2.4).

3.1.1. Variational formulation

Let V. = {v € H}(Q.) | vI[r, = 0} and V = {v € HY(Q) | v|[r, = 0} where
v|r,, denotes the trace of v on I'p, and X. = L2(£2.), X = L%(2). Let us denote by
|-lo.. and [|-||o, the respective L*-norms in Q. and 2, and by |-|1,0. = [|V(-)lo.0.
and |- 1.0 = [|[V( - )|lo.o the respective H' Sobolev semi-norms.

Let T > 0 be an arbitrary time. We make the following assumptions on the
data:

fc L2((0,7) x Q), pn, pe € H(0,T), up €V and u; € L?(Q). (3.1)

We obtain a variational formulation associated to (2.4) by using test functions
in V.: find u, € L*(0,T;V,.) with 9;u. € L*>(0,T;X,) such that:

For all v. € V,
d d .
a(ﬂﬁtusyve)o,ﬂs + ars(ue,va) +ac(u.,ve) =Lle(ve), inD(0,T), (3.2)

115(0) = o, atus(o) = u,

where (+,-)o.q. is the L?-scalar product in X, ac(-,-) : V. x V. — R and
re(-,+) : Ve X Vo = R are the bilinear forms defined by:

ac(ue, ve) :/ Adiv(ug)div(ve) + 2pe(ue) @ e(ve), (3.3)
Q.
re(ug, ve) = Z A1 </ us.n5> </ vE.nE>
Kk,1€Z9 re I
—/t/an( div &) 211 (xpdiv ¥2) (3.4)
—OQatEXF,a VuaatEXF,aVav .

with the projector II. defined by (2.1), and finaly ¢.(-): V. — R is the linear form

Ee(ve):/ f-v€+/ pNV€~Il—/ PeVe - D (3.5)
Qs 1—‘N I

€

For a given € > 0, this problem has been studied in [38], Section 6.2. The variational
formulation (3.2) holds at least in H~'(0,7), and the initial conditions have a
meaning in a weak sense under the assumptions of Prop. 3.1 below. We have the
following existence and uniqueness result:
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Proposition 3.1. Under hypothesis (3.1), the variational problem (3.2) has a
unique solution u. with:

u. € L>*(0,T;V,), and OJpu. € L*™(0,T;X,).

The proof of existence and uniqueness is given in details in [38] and follows the
classical Faedo—Galerkin method, see [24,25] for reference. The key of the proof is
the coercivity of the symmetric bilinear form a., which results from the fact that
A, > 0 and that the Poincaré’ and Korn’s inequalities hold in V. since [I'p| > 0
(see [11]), and also the positivity of the term associated to R..

3.1.2. Extension operator and a priori estimates

Because u. is defined on the porous domain €2, and belongs to the e—dependent
space V., the estimates derived in [38] or the one we could compute directly
from (3.2) depend a priori on e. We are going to prove a priori bounds that are
uniform in e. As is standard when dealing with porous multiscale domains, we in-
troduce an extension operator - from functions defined on 2. to functions defined
on ). In the remainder of this section, C' will denote a constant independent of &
unless otherwise explicitly specified.

Lemma 3.1. There ezists a linear continuous extension operator denoted by~ be-
longing to the space £ (L>(0,T;H*(2.)); L (0, T; H*(Q))) for k = 1,2 such that
for any v. € L>=(0,T; H*(Q.)) N W1°(0, T; L2(2.)),

(1) vi =v. a.e. in Q. x (0,T),

(2) 9v. = 0,(V2) ace. in Q. x (0,T),

(3) IVellez) < Cllvellza.) a-e. in (0,7),

(4) 119evellL2 (o) < CllosvellLz(a.) a-e. in (0,T),

(5) IV (ve) llz2(e) < ClIVVelr2(a.) a-e. in (0,T),

(6) Moreover, if v. € V, a.e. in (0,T),

le(Vo)llzz(o) < Clle(ve)llrz(a.)- (3.6)
Proof. The proof is the same as for Lemma 2.1 in [9]. O

We are now in a position to obtain uniform a priori estimates for the sequence
(U2)e>0, defined on the fixed space V:

Proposition 3.2. Under hypothesis (3.1), the sequence of solutions u. of prob-
lem (2.4) is such that

@2 o + 10 ]Zo+V-(t) <C, ae te(0,T), (3.7)

where

¢ 0 0
Ve(t :/ /—RE ediv u.) =II, ediv u.). 3.8
()= [ [ 5Re (emediv ) ST (crodiv ) (38)



20

Remark 3.1. The quantity V. measures the dissipation of energy by the viscous
forces in the bronchial tree. It is positive, since the operator R. is positive.

Proof. Let us describe the main ideas of the proof of (3.7) by taking formally
ve = Oyu,. as a test function in (2.4). We get the following identity:

1d

Sdr (p”atuEH(%,QE + a(ug,ug))
¢ 0 . 0 o~
+ A &RE (xFediv u;) aﬂs (xFediv uy) (3.9)
:/ f'atus+/ pNOiu. -n — Z / PeOiU, - D¢
Qe Iy kezo /1E
This equality leads us to introduce the energy term, defined for any ¢ € [0, 7] by:
1 9 1
We(t) = ipHatueﬂoﬂs + iag(ug,ug). (3.10)

Note that, since the Lamé parameters A, p are strictly positive, we have

a-(u,u.) = / Adiv e + 2 e(us)? > 2ulle(us) .0,

€

Hence, thanks to the properties of the extension operator -, see Lemma 3.1, and
since Korn’s inequality holds in the space V, we know that there exists constants
Y1, v2 > 0 independent of € such that

n (10l o + @R e) < W) <% (100l + & Re) . (311)
Let ¢ € [0, 7], integrating (3.9) from 0 to ¢ we obtain:

t
Wa(t)—Wa(O)—s—Va(t):/ /f-@tus—i—pN du. - (3.12)
0 Qe

I'n

—DPe Z /Flgatus'ns

keZ$

Let us evaluate each term in the right—hand side of (3.12). Firstly, we obtain using
the Cauchy—Schwartz and Young inequalities:

t tl — o tl )
[ gom< [ 1o [ Sl (3.13)
0 Qe 0 0

Secondly, integrating by parts we write:

t t t
/ / PNOU. - N, = U pN(S)us(S)-n] —/ OpN U - 1.
0 FN FN s=0 0 FN
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Using the continuity of the trace operator on I'y in the space V, we obtain:

pNatus RS

t
<C (|PN(t)| [uz(t)|1,0 + [pn(0)] [0z(0)|1,0 +/ |0ipN | |UA5|1,Q) .
0

I'n
Using Hoélder’s and Young’s inequality, we write for any 5 > 0:
29—1

C
pde ne| < D@ o+ S0 o o)

I'n
_ 1 ) 1 [f
+C (v (0)] [0 (00 + 510N lIz20.0) + 5 ; luclie ) -

Finally, thanks to the initial conditions, we get for any 5 > 0,

pNatuE s e

B, —— c [t
<@+ | Wk

I'n
Cﬁ_l
¢ (Inw(0) Nl + 5 10w 0+ 5 Ion(0) . (310

To obtain for the third term an estimate independent of ¢ we use the formula:

E / uE-nE:/ div u;.
Ik Q\Q.

keZ$

This leads us to the estimate, valid for all 5 > 0:

8 5 N2 c [ =2
pe Z tUe - N | S E‘us(t)|1,9+§ ) |u6‘1,Q

keZ

Cﬁmanﬁ. (3.15)

Finally, combining (3.12) and all three estimates (3.13), (3.14) and (3.15), we get:

ch<nqu+ 10200 +

- b1 —~ _
w%w+w@SBMﬁm@+A(y&we%+cmﬁQ+K;

where K is a constant depending on the initial conditions and the parameters of
the problem, but independent of £ thanks the hypothesis (3.1):

1 1
= §||f||%2((O,T)><Q) +C <(||PN||L°°(0,T) + [Ipell o< 0,1) [wol1,0 + §|pN|%Il(O,T)

1 cp! 2 2
+§‘p6|§{1(0,T) T (HPNHLoo(o,T) + Hpe||L°°(O,T))

+72(| 2, )

Using the bound (3.11), we choose now 3 = 71 /2. Gathering all the constants into
C, we obtain the following estimate, which holds a.e. t € (0,T):

t
(OB + @R+ V0 <C (14 [ (10010 + 1E8a) )
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We can then apply Gronwall’s Lemma to the real-valued function ¢ +—
[0ruc ()15 + [0z (t)[F o + V=(t). We obtain a.e. t € (0,T),

|Beuc (£)]13 o + [8=(8) 2.0 + Ve(t) < C. O

3.2. Two—scale convergence

To prove the main convergence results of this paper, we use the method of two—scale
convergence introduced by G. Nguetseng [31] and then generalized and applied to
several important cases by G. Allaire [1], including the case of perforated domains.
For the sake of completeness, we recall here some results we will use throughout the
Sections 3 and 4. The basic idea is to formalize an asymptotic expansion such as

ue (x) = u(x,x/e) + eut (x,x/¢) + e2u?(x,x/e) +

where the functions u(x,y), u¥(x,y) are assumed to be Y-periodic in the fast

variable y. In this expansion, we can consider u as the macroscopic unknown, while

u', u? are the microscopic correctors. We denote by the subscript "#" the property

of Y-periodicity for functions defined on ). We recall the definition, extended to
account for time dependence (see [30]):

Definition 3.1. Let (u.) be a sequence of functions in L?((0, 7)) x ). This sequence
is said to two-scale converge to a limit u € L2((0,7) x Q x ) if we have:

Y (t,x,y) € L*((0,T) x Q;Cx()),

lim/ /uE t,x)1) t X, dx-/ // (t,x,y)¢(t, x,y)dydx, (3.16)
e—0

and we denote this convergence by a double arrow:
Ue = U.
The definition extends readily to vector— or tensor—valued functions.

From the analogous results in [1], we extend to time-dependent functions the
following compactness result as in [16]:

Lemma 3.2.

a) Each bounded sequence in L?((0,T) %)) contains a subsequence which two—
scale converges to a limit u € L*((0,T) x Q x Y).

b) Let (u:) be a bounded sequence in L(0,T; H(Q)). Then, there exists u €
L*(0,T; H'(Q)) and u' € L*((0,T) x Q HL(Y)/RY) such that up to a
subsequence,

u: — u and Vue — Vyu(t,x) + Vyu' (t,x,y).
If in addition dyu. is bounded in L?((0,T) x Q), then d,u € L?((0,T) x Q)

and

8tu5 —» atu.
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3.3. Two—-scale convergence procedure
3.3.1. Convergence of the sequence of solutions

We apply now the two-scale convergence method with the framework described
in Section 3.2 to obtain and rigorously justify the homogenized problem as the
microscale parameter € goes to zero. We focus in particular on the behavior of the
functions describing the flow of the air component across the domain, for which
the two—scale convergence has not been studied in other papers. In addition to
the structure displacement u. solution of the problem (2.4), we will use two new
piecewise constant quantities related to the movement of the air and defined as

follows:
¢ = —I.(xFdiv ug), (3.17)
Te = Rege. (3.18)

The field ¢g. describes the local change in volume of the individual air cavities: we
have

/kqugdqa(x):/kug-na for all k € Z¢ and x € YX.
ya FE

This expression can be compared to (1.12). Remembering (1.13) and the link be-
tween A, and R. (see Prop. 2.1), 7. is then a primitive with respect to the time
variable of the difference between the fluid pressure field and the pressure at the
root node. Moreover, the quantity V. (t) writes simply:

t t
V.(t) = / / (R.0ha.) Dua. / / 0. (3.19)
0 Q 0 Q

We deduce from the previous energy estimate (3.9) the following result:

Lemma 3.3. The function q. belongs to L?(0,T;L?*(Q)), and w. belongs to
HY0,T; L?(Q)). Moreover, there exists C > 0 independent of ¢ such that:

lgellz2(0,7;22()) + IR0 || 20,1522 (02)) < C. (3.20)

Proof. We obtain the uniform bounds on ¢. in L?(0,7;L?(f2)) as an immediate
consequence of the a priori bounds (3.7). To bound uniformly R.0:q., we use the
Riesz representation in the L? spaces. Let 1) € L?((0,T) x ), the Cauchy—Schwartz
inequality (2.8) yields:

[ ®eoao w|2 ([ fmawan) ([ [mor)

<Ve(DIRell 22 @) 191172 0,1 x )

But we know that V. (T) is uniformly bounded thanks to the a priori bounds (3.7),
and that the sequence (R.).., converges strongly in £(L?(Q)), hence it is also
uniformly bounded in the operator norm, with respect to e.
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Therefore, the linear form ¢ fOT Jo (Rediqe) b is uniformly bounded in
L2((0,T) x Q)" so R.9:q. belongs and is uniformly bounded in L2((0,T) x ),
with respect to €. As a consequence, 07, is equal to R.0;¢. and 7. belongs to
HY(0,T; L*(Q)). O

Then, we have the following result:

Proposition 3.3. Suppose that (3.1) and (2.12) hold. Then, there exists u €
L2(0,T; V) with dya € L*(0,T;X) and there exists u' € L*((0,T) x Q; HY (V)/RY)
such that up to a subsequence, still denoted by €,
u. — u,
Vu: - Vyu+ Vyu', (3.21)
3/15\115 — Jgu.

Moreover, the function q. converges up to a subsequence to a function q €
L2((0,T) x Q):

ge = q=— ((1 — 6)diveu — / u'- nS) , weakly in L*((0,T) x ), (3.22)
r

where we remind that 8 = |Ys| is the proportion of structure in the material, and
the function m. converges up to a subsequence to m € H(0,T; L*()):

Te = Reqe > ™ =Rq strongly in L*((0,T) x Q), (3.23)
e = ReOiqe — Oy = 0¢ (Rq) weakly in L?((0,T) x Q). (3.24)

Proof. Thanks to the a priori bounds (3.7), we can apply Lemma 3.2. We deduce
that (3.21) holds. Moreover, due to this two-scale convergence of u. (3.21), we have
the following weak convergence result:

xredivu; — (diveu + divyu'), weakly in L2((0,T) x ).
Yr
It is then easy to verify that
qe — (diveu + divyu') = |Yp|divyu — / u'-n®,  weakly in L2((0,T) x Q).
Yr r

Now, let us write
Reqe — Rqg = (Ra _R)QE +R(QE _Q)~

Thanks to the compactness of R (see Remark 2.3), we deduce that, up to a sub-
sequence, R(g. — q) converges strongly to zero in L?((0,T) x ). Moreover, the
uniform bounds on ¢. (3.20) combined with the strong convergence of the sequence
(R:).so imply that (R. — R) e converges strongly to zero in L*((0,T) x ). Thus,
we obtain the desired result:

R-q- — Rq strongly in L*((0,T) x Q).
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As a consequence,

R-0tq: — 0; (Rq) in D'(0,T; L*(Q)). (3.25)

We know thanks to (3.20) that the sequence of pressure fields (R.0:q.) is uniformly
bounded in L2((0,T) x Q), so it converges weakly up to a subsequence in that
space. Combined with (3.25), we can identify this weak limit with J; (Rq) so we
have obtained:

Rq € H'(0,T;L*(Q)) and R.9;q- — 0; (Rq)  weakly in L*((0,T) x Q). O

3.3.2. The two-scale limit problem: main result

Define the Hilbert space H = L*(Q; H), (Vs)/R%)). We are now in a position to show
how the two—scale convergence process sketched in Prop. 3.3 gives us an effective
macroscopic model of the parenchyma mechanical behavior. First, let us write the
two—scale problem obtained by taking the two-scale limit term by term in the
variational formulation (3.2). Let ¢ be a test function in D ([0,7"))and v in V N
C>(Q), v! in D(Q;0F(Y)). We will denote the time derivative of ¢ by ¢’ to
simplify notations.

As is standard when using two-scale convergence, we choose the test function
v. € V. in the variational formulation (3.2) defined by:

ve(x) = v(x) +ev! (x, ?) :

We integrate in time against ¢ and we use the extension operator = to write all
integrals over ). in variational formulation (3.2) as integrals over Q. Since ¢ has
compact support in [0,7T):

T
7/ d)// patuAs‘VsXS,stdt
0 Q

- ¢(0)/ puy 'VEXS,EdX
Q
/ (/5/ Mdivuzdiv (ve) xse + 2ue (uz) @ e(ve)xs,cdxdt

/ / Re (xFediv ug) I, (xFediv vo) dxdt

(3.26)

- (b(O)/ Re (xFediv ug) I, (xF.ediv vo)dx
Q

T
:/ ¢/ f-voxsdxdt
0 Q

T
—|—/ 10} PNV - ndt
0 'y

T
_/ ¢/ DeVe - ncdt.
0 e
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Using the definition of two—scale convergence (3.16) and the convergences obtained
in Proposition 3.3, it is standard to pass to the limit in the first three terms in
the left—-hand side and in the first two terms in the right-hand side of (3.26). Note
that to compute the limits the indicator function xg. of the structure domain is
associated with the test function.

We now focus our analysis on the remaining, non—standard terms. Using the
function ¢. introduced in Prop. 3.3, we have:

/ R. (xrediv @) IL (xp.div v3) dx = / Req 1L (xpodiv 97) dx.
Q Q

We recall the following technical Lemma (see e.g. [3]):

Lemma 3.4. Let 11, be the projection operator defined in Definition 2.1. Then, for
all $ € D(Q,CF(Y)),

He <¢(7g)) — A¢(7y)dya L2(Q)fst7“0ngly,
ML (xred( ) = | oCy)dy  L2(Q)-strongly

Then thanks to the convergence of 7. presented in Prop. 3.3 we have:

T
/ ¢’ / 71l (xpediv ve) dxdt —
0 Q

T (3.27)
/ (b’/ T ((1 — 0)divyv — / v! ~ns> dxdt.
0 Q r
Next, since R is a compact operator,
Re (xFediv ug) — R ((1 — 0)diveug) strongly in L*(Q),
S0
#(0) /Rs (xpediv ug) I (xpediv vo) dxdt —
¢ (3.28)

#(0) /9(1 — 0)R (divyug) ((1 — B)divev — /Fvl ~ns) dxdt.

Similarly we pass to the limit in the last term of (3.26). We rewrite the boundary
integral using the divergence theorem:

/ PeVe - Ndx = pe/ div(v.)dx = pe/ div(ve)xredx.
r. YVF,e Q

Hence:

T T
/ qb/ PeVe - Ndxdt — / ¢/ De ((1 — 0)divev — / vl ns) dxdt. (3.29)
0 r. 0 Q r
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Thus u and u! satisfy:
T
¢'(0pu, v)o.a — ¢(0)(Opur, v)o o

0

—/ 'ry ((w,u'), (v,vh)) = ¢(0)rg ((uo,0), (v, v")) (3.30)

/d)a# u,ul), (v,v! /d)é#vv

where we have introduced the two bilinear forms ax, r» and the linear form ¢4 on
V x H defined as:

ax((u,ut), (v,vh) = / /y AM(diveu + divyu')(divyv + divyv?) (3.31)
+ 24 (ex(u) + ey (u')) : (ex(v) + ey (vh)),
ry((u,ut), (v,v')) = /QR ((1 — 0)diveu — /Fu1 ~ns) (3.32)

. ((1 — B)divyev — /Fvl . ns) :

E#(v,vl):/ﬁf-v+/ PNV -1 (3.33)
Q 'y

f/Qpe <(19)divxv/rv1~ns).

Since u and u' satisfy the equation (3.30) for all test functions ¢ € D ([0,T)), we
are now in a position to show that they are the solution of a well-posed two—scale
problem, which is as a first step identified as follow.

Initial conditions. Thanks to the regularity of u and 7 presented in Prop. 3.3 we
can identify some initial conditions satisfied by the limits u and u' from the limit
system 3.30. Using the Stokes formula, we identify

6tu(0) = ul,

and also

m(0) =R ((1 — 0)diveu — /Ful - ns)

In addition, we know also that W1>°(0,T; X)N L>(0,T; V) is compactly imbedded
in C([0, T]; X). Therefore, since (U;).~o is a bounded sequence in W>°(0, T; X) N
L*>(0,T;V), up to a subsequence we have the strong convergence of u; to u in

= R((1 - 0)divyu).
t=0

C(0,7;X). As a consequence, u.(0) converges strongly to u(0) in X. Moreover, we
know that:

ﬁZ(O)XS,s =UoXS,e;
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so by taking the two—scale limit in both sides of the latter identity, we obtain
u(0)xs = upxs in Q x V.
We obtain thus the initial condition:
u(0) = ug a.e. in Q.

Notice that the latter identity results in an additional initial condition for the two-
scale limits u and u! compared to the system (3.2).

Two-scale problem. Using arbitrary test functions ¢ in D(0,7) C Hg(0,T), the
following result holds by a density argument in identity (3.30) and thanks to the
regularity in the time variable of the unknowns obtained in Prop. 3.3:

Proposition 3.4. The limits u, uy are solutions of the two—scale variational prob-
lem: for allv eV, vl € H,
d

d
&(Qpatuv V)O,Q + &T#((uv ul)v (Va Vl))

in H=1(0,T), (3.34a)
+ag((uut), (v,vh) = ly(v,v),
with the initial conditions
{u(O) =1y, Ou(0) =ul!,

mn Q. (3.34b
7(0) = R ((1 — O)diveu — [u' - n¥) ( )

|,—o = R ((1 = 0)divyup)

We have the following result:

Proposition 3.5. The variational problem (3.34) has a unique solution in the space
of pairs (u,u') such that

ue L%0,T;V)N HY(0,T); X),
ul € L2(0,T;H),
=R ((1—0)divxu— [ u'-n%) € H(0,T; L*(Q)).
Proof. Let (u;,ul) and (ug,ul) be two solutions of (3.34) and let (w,w!) =

(u; —ug,ul —u3). Let s € [0, T). We introduce the following test functions, following
a classical idea (see [25]):

—ffw 0<t<s L =Wt o<t <s
v = , v o= .
0 t>s 0 t>s

Then we have, using (3.34a) with zero right—hand side,

T
/0 (0p0uw,v) + az ((W,Wl), (V,Vl))

+/OT/Q %R <(1 — 0)divew — /le ~ n5> ((1 — O)divyev — /FV1 'ns> =0,
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where (-, ) is the duality pairing between V' and V. Integrating by parts in time,
we obtain:

T
/0 — (0pOyw, 01v)o,0 + ag ((w,wh), (v,v"))

_ /OT/QR ((1 — 6)diview — /le .HS) % ((1 — O)diviev — /Fvl .ns> o,

where we have used the fact that
ow(0)=u; —u; =0, v(T)=0, v(T)=0,

and also

R ((1 — 0)divew — /le - ns)

Since R is a positive operator and 9;v = w, 9,;v! = w!, this yields:

=R ((1—0)divg(ug —ug)) =0.  (3.35)
t=0

f1d
/0 537 (COPIWlG g + ax (v v, (v, vh))) = 0.

Hence, because w(0) = ug — ug = 0:

~0plw(s)lI o — ax ((v(0),v'(0)), (v(0),v'(0))) > 0.

Since a4 is positive, we obtain w(s) = 0 for all s € (0,T). We conclude that the
solution of (3.34) is unique. O

The following Theorem is the main result of this section and is obtained as an
immediate consequence of the previous results:

Theorem 3.1. (Asymptotic two—scale formulation)
Suppose conditions (2.12) and (3.1) hold. Let (u.)c>o be the sequence of solutions
of the family of problems (2.4) when e varies.

Then the three sequences (UzXs,c)e>0, (a/t-EEXS,E)E>O and (V(0z)xs,e)e>0 two—
scale converge respectively to uys, Oyuxs and (qu—l—Vyul) xs in L2((0,T) x
QO xY), where (u,ul|oxys) is the unique solution of the two-scale variational prob-
lem (3.34).

3.4. Cell problems, correctors and the homogenized problem

In this part, we are going to eliminate the microscopic additional unknown u! from
the two-scale variational problem (3.34). This is a standard step to exhibit the
macroscopic properties (memory effects, effective elastic tensor...) of the homoge-
nized material associated with the homogenized problem. For simplicity, we will
consider from now on that u' is defined on Q x Vg only.
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Cell problem Taking the test function v to be 0 in Eq. (3.34), we obtain a non—
standard cell problem:

For all vl € H, a..tc (0,T),

/Q /y | (divy (u)divy (1) + 2pey (u') ey (1)

—/QgtR ((I—G)divxu—/ru1~ns>/Fvl-ns
//ys Mivy (u)divy (v1) + 2uex(u) : ey (v /pe/v -n®

Note that all the cell problems are coupled across {2 by the non-local operator R
which acts on the corrector ul. In order to decouple the cell problems, we need
to use 7 as an additional macroscopic unknown in the system. Then this problem
can be transformed into a family of problems parameterized by the x variable by a
density argument, using test functions of the form w!(x,y) = ¢(x)v!(y):

For all v! € Hy,(Vs)/R?, ae. (t,x) € (0,T) x €,

[ vty i (1) + 2y () 5 3 (41)

— (O — po) </F ny ns) (3.36)

— (Adive(w)Id + 2pex (1) : ( /y S ey(v1)> .

This is now a linear elliptic problem, parameterized by ex(u) and 97 — p.. Also 7
depends itself on ul, see (3.24):

T=-R ((1 — f)divyu — /Ful : n5> : (3.37)

Thus, this introduction of the unknown 7 in the problem will give us a coupled sys-
tem with unknowns (7, u') where the cell problems (3.36) are local. As is standard,
we are going to take advantage of the superposition principle by introducing the
so—called correctors. We define the auxiliary functions p* € H!(Ys) by:

1
p(y) = 5 (yre' + yie®) for 1 < k,l<d, (3.38)

where the vectors e for 1 < k < d are the unit vectors of R% whose components are
ef = 0y for 1 < k, [ < d. We recall that we use the Einstein convention for summing
here. In view of (3.36), we can decompose the solution u! using the superposition
principle:

u' = ex(u)klxkl + (0ym — pe) X, (3.39)
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where the functions x*

cell problems:

are correctors in HglﬁyE (Vs)/R%, solution of the variational

For all v! € HY (Vs)/R?,
/y (Adivy (x™)Id + 2pey (x™)) ey (V') (3.40)
S
= —/ ()\divy(pkl)ld + Q,uey(pkl)) ey (vY),
Vs
and the corrector x° in H# (Vs)/R? is associated with the variational cell problem:

For all vi € HY(Ys)/R?,

/ (Adivy x°Id + 2pey (X)) @ ey (v') = / vl.n%. (3.41)

Vs r

These problems are elliptic thanks to Korn’s inequality on Vg, so it is standard to
show that they have a unique solution.

Macroscopic homogenized problem We now use the decomposition (3.39) to
write the homogenized problem uniquely in terms of u and 7. Using test functions
v € V and ¢ € L?(Q) with v! = 0 in (3.34), we find that u. and 7 satisfy the
following identity:

d :
&<9p8tu, v)—i—/@ex(u)kl (/y Adivy (P + x*) Id + 2pey (P + xkl)> Dex(V)
S

—— |7 ((1 —O)Id + Adivyx°1d + 2pey(xo)> sex(V)
dt Q Vs

:/9f~v—|—/ PNV -1
Q Iy
—/pe ((1—0)1d—|—/ ()\divyxold+2,uey(xo))> Dex(V),
Q Vs

and by using the expression (3.39) of u! in equation (3.37):

m=-R Zd: ex (W) ((10)5kz/rx’”~ns) +(5t7rfpe)/rx0~ns

k=1

These expressions motivate the introduction of the homogenized coefficients: the
fourth-order elasticity tensor

hom — /y (Adivy (P* + x*)Id + 2pey (p™ + Xkl))ij , (3.42)
S
the cell relaxation constant

Thom = / XO : nS7 (343)
I
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and the fluid flux matrix
Bl™ = (1-0)5;; — /F X7 -n®. (3.44)
The following properties of the homogenized coefficients are classical:
Proposition 3.6. The fourth-order tensor A™™ defined in (3.42) has the following
properties:
a) Symmetry:

Ahom hom hom

ijkl = klig — ijlk -
b) Ellipticity: there exists > 0 such that for any d x d symmetric matriz &,
(AMome) € > BE €
¢) Positive definiteness:
Ateme e =0 iff ¢ =0.
Moreover, the cell relaxation constant defined by (3.43) satisfies
Thom > 0,
and the matriz B"°™ defined by (3.44) is symmetric, and its entries satisfy:

Ble™ = (1 - 0)5;; — /

X7 -0 = (1-0)6;; + / (Adivy x"Td + 2pey (x°))
T

Vs

Remark 3.2. The coefficients A" and B"*™ appear also in the homogenization
of porous elastic solids filled with slightly viscous fluids, see [35]. In our case, we
do not require a particular scaling of the fluid viscosity but the abstract tree con-
vergence (2.12) to preserve a relative motion through the homogenization process,
described here by the new macroscopic pressure 0;7.

Proof. The properties of AM™ and B"*™ are classical and we do not reproduce
the proof here, see e.g. Lemma 5.1 in [35] or [32].

To show that Thom is positive, we compute, using x° as a test function in the
cell problem (3.41),

Thom = / XO : nS
r
- / (Adivyx®Id + 2pey (X)) ey (x°)
Vs

:/y A (divy (x°)* + 2pey (X°) < ey (X)

> 2ley (X3 ps-

Since x° # 0 and Korn’s inequality holds on H;& (YVs), we have Tpom > 0. ]
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Using these homogenized parameters, we are able to write and describe the
macroscopic limit problem verified by (u,7) when the tree operator converges:

Theorem 3.2. Suppose (3.1) and (2.12) hold. Then the pair (u,w) is the unique
weak solution in the space L>(0,T;V) N W1L>(0,T;X) x HY(0,T; L*(Q)) of the
coupled homogenized problem:

0pdyu — div ¢"°™ (u) = 6f, in (0,T) x Q, (3.45a)
T4 ThomOt (RT) =R (Thompe — phom . e(u)) , in (0,7) x Q, (3.45Db)
oM (u)n = — (pnId — peBhom) n, on (0,T) x 'y, (3.45¢c)
u=0, on (0,T) xT'p, (3.45d)
where o™ (u) = A" e(u) — OymBh™ | with the initial conditions:
u(0) = uo, Ou(0) = uy, m(0) = —(1 — O)R(divxuy), in Q. (3.45¢)

Remark 3.3. We recognize in the system (3.45) the usual linearized elasticity
equation perturbed by a viscous pressure term. Observe that the effective elastic
tensor A"°™ is the same as for the elliptic (static) case without a tree, see [1,3]. The
input of the tree appears through the evolution of the pressure field 9;7. Eq. (3.45Db)
describes a nonlocal relaxation effect on the fluid pressure and also induces dissi-
pation of energy in the material. Hence the homogenized material behaves like a
viscoelastic material with fading memory depending on the history of displacement,
see e.g. [12,20] but an unusual one since the dissipation is non—local.

Remark 3.4. We can make a few observations on the physical behavior of the
homogenized material. There is no added mass effect from the fluid onto the struc-
ture, as it can be seen in the inertial term which is the same as in the original
formulation (3.2). In addition, the instantaneous elastic response of the material
differs from the static case presented in [3], because the compressibility of the air
in the alveoli is not taken into account here: if the air does not have time to escape
through the tree, each air cavity acts as if it is incompressible.

Proof. We know by construction that (u,n) satisfy the homogenized prob-
lem (3.45). Hence, we do not have to prove existence of a solution of the ho-
mogenized problem. Let us check that this solution is unique. Let (uj,7) and
(ug, ) in L°(0,T; V) N WL>(0,T;X) x H'(0,T; L?(Q2)) be two weak solutions
of problem (3.45) with the same initial conditions. Then the difference (w,v) =
(u; — ug, m — ma) satisfies, for all v € D([0,T); V) and ¢ € D([0,T); L*(Q)):

T
/ / —0p0yw - 0pv + (A" e(w) — 0 B"™) e(v) = 0, (3.46a)
o Ja

T
/ /Q‘Wb + R(Thomat/(/) + Bhom : €(W))¢ =0. (346]:))
0
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By a density argument, this variational formulation is also valid for v.€ H'(0,T; V)
with v(T) = 0 and ¢ € L2((0,T) x Q). Let s € (0,T). We introduce the following
test functions in the variational formulation (3.46):

S .f <
v(t) = {ft W=y in H(0,T;V),
0 else,
¢ = ThomOi¥ + Bhom : €(W) in L2((0,T) x Q).

Since ¥(0) = 0, w(0) = 0 and 9y v(t) = w(t) for 0 < ¢ < s, this yields:

/ 0porw - w — Ame(0,v) 1 e(v) — B s e(w) = 0,
0o Jo

/ /Q hom T+ EBrom : e(w) + R($)9 = 0.
0

Adding the two equations, we obtain:

1 /°d g
3 |5 (001wt mnllola [ aomewysem) + [ [ mies=o.

Using the fact that 1(0) = 0, w(0) = 0, v(T") = 0 and the positivity of the operator
R, we obtain:

0pw()15.0 + Thoml[¥(s)I[5 0 + /Q A"Me(v(0)) : e(v(0)) < 0.

Since s is arbitrary, w and v are identically equal to zero. O

4. Study in the incompressible case

We now turn to the study of the case where the elastic media is assumed to be
incompressible. This hypothesis is nearly satisfied in the human lungs’ case. To
the displacement, we add a new unknown, the pressure 7., which is the Lagrange
multiplier associated with the incompressibility constraint (not to be confused with
the fluid pressure, which is related to 7.). The model now reads as the system (1.15)
and we recall that the stress tensor is now defined by:

U(ua7 7]5) = —nld + Q,Ue(ua)'
We proceed as in the previous Sec. 3 and use the same notations: first, we write
the mixed variational formulation and prove that problem (1.15) is well-posed and
the solutions satisfy a priori bounds independently of ¢; then, we use the two—scale

convergence method in order to pass to the limit as € goes to zero; and finally we
exhibit the homogenized model.

4.1. Mixed variational formulation

Let M, = L2(.), M = {¢ € L2(Q) | [, ¢ = 0}, Ve = {v. € V. | div(v.) =
0ae x€Q.}and V" ={v eV |div(v) =0 ae x € Q}.
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We make the following assumptions, in similar way as we did for the compressible
case:

f € L2((07T);X)a PN, Pe S HI(O,T), ug € \/vinC and u; € LQ(Q) (41)

The mixed variational formulation associated to (2.4) is as follows. Find a pair
u. € L>(0,T;V.) and n. € H~1(0,T; M.) such that:

For all v. € V., ¢. € M,

d d
- (patus7 VE)O,QE + —re (usa Vs)

dt dt ‘ in D'(0,T), (4.2a)
+a*(ue, ve) + b (ne, ve) = Le(ve),

b (e, u) = 0, (4.2b)

u:(0) =uy and Jru.(0)=uy, (4.2¢)

where ai¢(-,-) : Vo x V. — R and b¢(,-) : M. x V. — R are the bilinear forms

€

defined by:
al"(u.,v.) = / 2ue(u.) :e(ve),
Qe

b (6, v.) = — /Q gdiv(ve),

and the forms r.(-,-), £.(-) are as in the Section 3, defined in (3.4) and (3.5) respec-
tively.

4.2. Pressure extension and a priori estimates

The variational formulation (4.2) of the system (1.15) is similar to the variational
formulation (3.2) studied in Section 3 but for the introduction of the pressure term.
We introduce an extension operator for the pressure defined on €. as follows. Given
ne € M, we extend it by (see [3,10]):

ne(x) if x € Q.,

e [ i xema. 09

(%) =

This extension is such that 7. € M, and:
17ellas < Clinellas.

with C' independent of €. We have the following existence and uniqueness result:

Proposition 4.1. Under hypothesis (4.1) and (2.12), the problem (1.15) has a
unique weak solution (ug,n.), which satisfies:

u. € L*°(0,T;V,) and O, € L>(0,T;X,), (4.4a)

ne € H1(0,T; M.). (4.4b)
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In addition, the sequence of extended solutions (Uz, 1) satisfies the a priori bounds:

W3 o + 1o o + Ve(t) < C, ace. t€[0,T], (4.5a)
7l z-10,700) < €, (4.5b)

for some C > 0 independent of e, where V(t) is defined as in Section 3 by (3.8).

Proof. As a first step, we study the auxiliary variational formulation obtained by
using only divergence—free test functions in (4.2a): find u. € L>(0,T; Vi"¢) such
that

For all v, € Ve,

g(('9u Ve) —ﬁ-gr(u ve)
g Potte Velo.e T g Teltle, Ve in D'(0,7), (4.62)
+ as(uaave) = Ea(va)a
ug(O) = U and 6tu8(0) = 4uj. (46b)

By using the classical Galerkin method, as in the compressible case (see [38]), we can
prove that there exists a unique solution to the auxiliary variational problem (4.6)
such that (4.4a) and (4.5a) hold.

Next, we prove the existence of a pressure 7. in H~1(0,7; M.) such that the full
formulation (4.2) is satisfied. Integrating (4.6) in time we see that for a.e. t € (0,7)

(patusvvs)o Qe +r€(u€)vé) (pulavs 0,0 _TE(UOaVs)

Vv, € Vire,
+ a. </ u@vE) /E (ve) =

Using classical arguments (see e.g. [17]) we know then that a.e. ¢ € (0,7, there
exists a unique Lagrange multiplier P.(t) € L?(€2.) = M, such that

(pOruc(t),ve)o0. + re(us(t), ve) — (pui, ve)oo. — re(uo, ve)

Moreover, there exists a constant C, which can be shown to be independent of 2.
and dependent only on Q (see e.g. [3]) such that a.e. t € (0,7)

1P-(O)llar. < C ([lucllzeo,miv.) + [0ruc(B)lloe + [tollvine + [lurllz2(s)
Il L2 0.m)x) + lon o,y + 1| pellaio,r)) -
It is then a consequence of (4.5a) that P. belongs to L?(0,7T; M.) and satisfies a
uniform bound with respect to €. Let us define . = ;P € H=1(0,T;V.). Then

it is clear that the pair (ug,7.) is the unique solution of the problem (4.2) and
furthermore 7). satisfies the uniform bound (4.5b). O



37

4.3. Two-scale convergence

As in the compressible case, we apply the two-scale convergence method to find
the homogenized problem. To deal with the pressure term we define the two—scale
convergence in H~1(0,T) as follows:

Definition 4.1. Let (¢.).~0 be a sequence in H~1(0,T; M). We say that ¢. two—
scale converges to ¢ in H~1(0,T; L(Q x V)) when:

Vab(t,x,y) € Hy((0,T); L*(€; Cx(Y))

giL%/ /¢8tx (1% dx—/ //¢txy (t,x,y)dydx.  (47)

Since the time variable is only a parameter in the two—scale convergence de-
fined by (4.7) and H~1(0,T) is separable, the weak two—scale convergence defined
by (4.7) has the same compactness property as in the square—integrable in time case
(Lemma 3.2).

4.3.1. Convergence of the sequence of solutions

As in the compressible case, we define ¢. and 7. as:
g- = —I.(xrpedivaz) € H'(0,T; L*(2)) (4.8)
e = Reqe € HY(0,T; L*(2)).
We obtain also the convergence results:

Proposition 4.2. Suppose (4.1) and (2.12) hold. Then, there exists u €
L?(0,T;V), ut € L*((0,T) x Q;H;&()})/Rd) and n € H™Y0,T;M) such that
Oy € L*(0,T;X) and up to a subsequence, still denoted by e,

u: —»u
Vu; —» V,u+ V,u! two—scale in L*((0,T) x Q x ), (4.10)
3:\115 — Jsu

e =1 two-scale in H1(0,T; L*(2 x V)).

There exists ¢ € L*(0,T; L3(Q)), m € H*(0,T; L*(2)) such that:

g — q, weakly in L?((0,T) x Q), (4.11)
Te = Reqe = ™ =Rq strongly in L*((0,T) x Q), (4.12)
Oyme = Re0iqe — Oy = 0¢ (Rq) weakly in L?((0,T) x Q). (4.13)
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4.3.2. The two—scale limit problem

Next, we deduce from Prop. 4.2 the asymptotic two—scale formulation satisfied by
u, u! and 7 as in Sec. 3:

ForallveV, vl € H, ¢ € L*(Q x Ys),

d d 1 1
dt(ﬁpatu v)o,n + 3 ((w,ut), (v,vh) in D/(0.7), (4.14a)
+ a2 ((uw,uh), (v, vh) + b (n, (v, v1)) = ly(v,v!),

bire(¢, (u,u')) =0, (4.14b)

with the initial conditions

{u(O) =ug, 9u(0) = uy,

in Q. 4.14c
7(0) = R ((1 = 0)divyu — fru' - n) (4.14c)

|t=0 =0,

where we have used the bilinear form aigc on V x H and the mixed bilinear form
b;’;;c on L?(Q x Ys) x (V x H) defined by:

a;fc((u u! / /y 2u ex(u) + ey (u )) : (ex(v) +ey(v1)), (4.15)
b;f“(n, v, vl / /y (divev + divyv') . (4.16)

We recall that r4 and ¢4 are defined respectively by (3.32) and (3.33).
Performing the same computations as in the proof of Prop. 3.5, we also obtain
the two key results:

Proposition 4.3. The variational problem (4.14) has a unique solution in the space
of triplets (u,ul,n) such that

ue L%(0,7;V)N HY(0,T); X),

u' € L2(0, T; H),

=R ((1—6)divxu— [ru'-n%) € H(0,T; L*(Q)),
ne H0,T; L2(Q x Vs)).

Theorem 4.1. Suppose (2.12) and (4.1) hold. Let (u.,n:)->0 be the sequence of
solutions of the family of problems (1.15) when e varies.

Then the fu” Sequences (u/\EXS,E)E>0; (a/tHEXS,s)5>Oy ( (ue)XS,e)e>0 and
(MeXs.e)e>0 two—scale converge respectively to uxs, dyuxs, ( wu—i—Vyu )XS m
L2((0,T) x 2 xY) and nxs in H-1(0,T; L?(Q x V), where (0, u!|oxys,nlaxys)
is the unique solution of the two—scale variational problem (4.14).

In the following discussion, for simplicity, we denote u' and 7 their respective
restriction to € x Vg, which is also equal to u! and 7.
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4.3.3. Cell problems and the homogenized law

As in the compressible case, we use appropriate test functions v, v! and ¢ to identify
two strong differential problems from the two-scale variational problem (4.14), one
in the microscopic variable and one in the macroscopic variable. Note that the
two—scale incompressibility condition (4.14b) implies that

divxu + divyu' =0 in Q x Vs.

Then, the non—local viscous term can be written without the microscopic unknown
u' thanks to the resulting relations:

/u1 -n® :/ divyu1 = f/ divyu = —6fdiveu.
r Vs Vs

As a consequence, we have the following expression:

ry((u,ut), (v,v')) = / (Rdivyu) ((1 — O)divyv — /PV1 : ns) .

Q
This is different from the compressible case, where the equivalent term couples the
values of u' globally across 2. Indeed, we can write directly the unknowns ¢ and 7
defined in the compressible case by Prop. 3.3: we have

q = —diveu and 7 = —R(divgu).
Cell problem First, we write the local cell problem by taking the test function
v to be 0 in the two-scale variational formulation (4.14a). Then u! and 7 are the

solution of a mixed variational problem on )s parameterized by the macroscopic
displacement u:

For all (v!,¢) € H;g(ys) x L*(Ys),
/ 2uey(uh) ey (v —/ ndivy v
Vs

Vs
= —/ 2uex(u) : ey (v?) (4.17a)
Vs
9 o1
+ [ =R(divxu) — pe divyv-,
ot Vs
pdivyu' = — [ ¢divyu. (4.17b)
Vs Vs

This is a standard cell problem where the variable x appears only as a parameter.
Now, we introduce the correctors as is standard. Let us denote by (xX ., n*) the
solutions of the auxiliary local problems:

—divy (—1"1d + 2pey (x}1.)) = 0, in Vs, (4.18a)
divyx¥ = 6, in Vg, (4.18b)
(—n*'1d + 2pey (xFL,)) n° = —2pey (P )n?, onT,

Kl Kl ST
Xine, M Y—periodic,
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where 1 < k,I < d and p* is the polynomial introduced in (3.38). Using the
superposition principle in (4.17) we have that:

u' = e (wuxtl,, (4.19a)
9
n = ex(W)pn — <atR(d1qu) - pe) . (4.19b)

Remark 4.1. If we compare the incompressible cell problem (3.40) to the compress-
ible case (3.36), it is clear that there is a major simplification in the incompressible
case: the problems are no longer coupled across space and time, thanks to the in-
compressibility condition (4.14b). This is reflected in the decomposition of u! and
7 on the basis of the correctors as in (4.19): we do not need the introduction of the
fluid pressure unknown 7 as in the compressible case (3.39). This simplification is
a consequence of the coupling in our model of an incompressible structure with an
incompressible fluid in the bronchial tree: information is propagated instantly and,
as a result, the time delay term disappears compared to the compressible case.

Homogenized problem Thanks to the decomposition (4.19) we can now identify
the macroscopic problem. Using a test function v € V with v! and ¢ equal to zero
in (4.14a), we obtain the following variational problem for u:

Forallve 'V,

d d . .
&(Qpatu, V)o.a + T /Q(l — 0)R (divxu) divxv

+/ ex(u)g (/ —n1d + 2pey (P + Xf,lw)) tex(v)  in D'(0,T),
Q Vs

:/9f~v—|—/ (pN — pe)V - 1,
Q I'n
u(0) = ug, dyu(0) =u; in .

Let us introduce the homogenized elasticity tensor:

(A?'r(;;n)ijkl = /y _nkléij + 2/1‘65’ (pkl + Xﬁlzc)ij (420)

S

As in the compressible case, the tensor A" has the following properties:

Proposition 4.4. The fourth-order tensor A°™ defined in (4.20) is symmetric,

mc

elliptic, positive definite.

The proof is classical and follows the same line as in [3,35]. Then, we can describe
the limit problem verified by the macroscopic displacement u as follows:

Theorem 4.2. Suppose that (2.12) and (4.1) hold. Then u is the unique weak
solution in the space L>(0,T;V) N Wh>(0,T;X) of the following homogenized
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problem:
0pOyu — divelo™ (u) = 0f in (0,T) x Q, (4.21a)
o (wn = (p. — py)m, on (0,T) x I'y, (4.21Db)
u =0, on (0,T) x I'p, (4.21¢)
where
alom(u) = Alome(u) + (1 — 0)9;R (div u)Id, (4.21d)

with the initial conditions:
u(0) = uy, Opu(0) = uy, in Q. (4.21e)
The proof is exactly the same as in the compressible case.

Remark 4.2. Let us compare the compressible (3.45) and incompressible (4.21)
homogenized problems. As in the static case [3], we can obtain the incompress-
ible homogenized coefficients by taking the limit A — oo in the compressible cell
problems (3.40) and (3.41). In particular, we see that ;.. takes the value 0 in the
incompressible case, which is why the memory effect in time disappears. The matrix
B™ also converges to (1 — 6)Id.

Remark 4.3. In the study of a one-dimensional model for the lungs, the authors
of [18] also obtain a non-local viscoelastic constitutive law with no fading memory
effects. The extension of the tree embedding and of the tree operator R to a mul-
tidimensional framework is described in [39], where (4.21d) is proposed, without
proof, as the constitutive law for an elastic material irrigated by a dyadic tree. Here
we obtain rigorously a generalization of [18] in the three-dimensional context.

5. A numerical strategy

We present in this section the numerical approach we adopted to simulate a material
which obeys the homogenized parenchyma models (3.45) or (4.21) obtained in the
Sections 3 and 4. The main difficulty is the numerical treatment of the non-local
operator in space which appears in the homogenized problems, which is represented
by a full matrix in the finite elements basis. In order to obtain an efficient numerical
scheme, we propose to use an iterative method and to compute efficiently the matrix-
vector products associated to the non—local operator by algorithms which make use
of the tree structure to obtain a linear complexity.

5.1. Discretization of the homogenized problem

We present first the discretization scheme of the homogenized system of equations.
For simplicity, the volumic force f and the pressure at the root of the tree p. will
be zero in this section, and the system is driven by the pressure applied on the
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external boundary py. Keeping the notations of the homogenized problem in the
compressible case, we can write the problem as a first-order mixed coupled problem.

Recall that u is the displacement of the homogenized material, the unknown 7 is
a primitive in time of a pressure as the homogenized limit of the air pressure in the
alveoli, and let us also introduce as an additional unknown the velocity, denoted
v, of the homogenized material. Then the triplet (u,v,7) satisfies the following
formulation:

Ju=v, in ©, (5.1a)

0poyv = div (Ahome(u) - &ﬂrBhom) , in Q, (5.1b)

T+ Thom%Rﬂ' =R (B"™ :e(u)), in ©, (5.1¢)
(A"™D(u) — 9;mB"™)n = —pyn, on 'y, (5.1d)
u=0, onI'p, (5.1e)

u(0) =ug, w(0)=uy, 7(0)=(1—0)R(divxug). in . (5.1f)

Remark 5.1. This formulation holds also in the incompressible case, where the
parameters A" Bh™ and 1,0, are identified as:

Ahom _ A?T?;m, Bhom = (1 — 0)Id, Thom = 0.

Time discretization We introduce At > 0 a timestep, t, = nAt and, for any
vector w, w"(x) = w(t,,x). We use a two-stage, second order singly diagonally
implicit Runge-Kutta scheme (SDIRK) to discretize the system (5.1).

The properties of this method are detailed for example in [34]. In particular, it
is only necessary to know how to solve a single implicit Euler step for the system
(5.1) to apply this Runge-Kutta scheme, for which the semi-discretized variational
formulation reads as follows. We write

't =u” + Atk,, v"T'=v"+Atk, and "M ="+ Atk,,
where k,, k, € V and k, € L?() solve, for all w € V:

/ Opk, -w = / Arom (e(u™ 4 Atk,,)) : e(w)
+/ kB - e(w) —l—/ PNW -1, (5.2a)
Q I'n
k, = v" + Atk,, (5.2b)
(A + ThomR) kr = —7" — R (Bhom re(u” + Atky)) . (5.2¢)

Space discretization To discretize correctly the non-local operator R using a
uniform mesh size h > 0, we begin by introducing a well-chosen truncation Oy,
of the infinite dyadic decomposition O = (€, ) associated with the non-local
operator R (see Definition 2.2). We make the assumption that the domain 2 and
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/

One terminal subdomain €2,, ;

Figure 5: Mesh compatible with a 4-generation dyadic decomposition of the square.

all subdomains of the truncated, finite multi—scale decomposition Oy, are polygonal
and can be meshed uniformly with the mesh size h. We will then approximate the
limit resistance operator R by a truncated operator Ry. Note that R is obtained
as the operator R. in Prop. 2.1, only truncating the dyadic decomposition at the
mesh size h instead of the alveolar length scale €. The convergence of both these
truncated operators can be obtained using the same methods (see also Remark 2.4).

As in Section 2, let us denote by T the finite dyadic tree associated with the
dyadic decomposition Oy, and &, (resp. Zp,) the set of indices for the terminal (resp.
interior) nodes of Tp,.

We introduce the following discretization spaces for the displacement and the
pressure:

e the discrete finite elements space V C V, composed of P1 elements,
e the discrete pressure space M), as the set of functions which are constant
by cell on the subdomains Q, , with (n,k) € &,.

We now express the approximate solution as uj, vj € V,, and ;) € Mj,. For any
given function w in V, or ¥ in M}y, we denote by w or ¢ the corresponding vector
of unknowns.

5.2. Numerical scheme

We propose an algorithm that enables us to approximate efficiently the solution of
problem (5.2). The matrix associated with Ry in M}, is a symmetric definite pos-
itive matrix A" D}, where A" is the matrix associated with the resistances of the
tree (see Prop. 1.1), and Dy, is the diagonal mass matrix of the triangulation Mj,.
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Let us introduce the elastic FEM matrix Ea¢ p, which is associated with the follow-
ing bilinear form on Vy,, and involves coefficients computed by solving cell problems:

(up, wp) — / Opuy, - wy, + At2/ Ahome(uh) ce(wy).
Q Q
Let Bj, be the FEM matrix associated with the bilinear form on V; x My:

(Wh, k‘h) — / khBhom : e(wh).
Qn,k

We derive from (5.2) a symmetric linear system with unknowns Ru, RU and ];37”
from which we eliminate k,, using (5.2a) and then k. by using a Schur complement
approach. This results in the following linear system:

(Em,h + AtBy, (Id + %Ahph) ' AH%,{) k, = F7, (5.3)
where the right—-hand side FZ is the vector obtained by collecting known terms
corresponding to the previous timesteps as well as source terms.

The matrix appearing on the left-hand side of (5.3) is symmetric and positive
definite. We use the conjugate gradient algorithm to solve the linear system, precon-
ditioning by the matrix E; j corresponding to the purely elastic problem. Note that
in the incompressible case (Thom = 0), this method is the Uzawa algorithm applied
to (5.2). Let us stress that the resistance matrix A" is not assembled: matrix-vector

products involving A" or (Id + %Ahi)h)fl are computed as follows.

Tree-based algorithms

e First, we propose an efficient algorithm for computing the product p = A"q,
where p stands for a vector of pressures and q stands for a set of fluxes (see
Section 1.3). Both p and q are indexed by &. Let N = max{n | (n,k) €
En} be the maximum length of the tree.

Given q = (q”a’f)(n,k)esh7 compute p = A"q as follows:

(1) For n = Np—1,...,0, evaluate and store the fluxes for all k such that (n,k) €
I, thanks to the flux conservation law:

n,k = Qn+1,2k + Qnt-1,2k+1-

(2) Set po =0 and po,0 = r0go,0-
(3) For n =1,..., Ny, evaluate the pressures for all k such that (n,k) € Z), U &,
thanks to the relation:

Pnk = Pn—1,k/2 + Tn,kqn, k-

(4) Obtain the vector p = (pn.k)(n,k)ee, -

Algorithm 5.1: Pressure algorithm
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e Next, we propose an efficient algorithm for computing q =
(Id + %A’LD;L) -t p as follows. Recall that Dy, is a diagonal matrix whose
entries are the volumes |, |. Given w > 0, we define the symmetric defi-
nite positive matrix AZ = D;l + wA". Then, thanks to the Prop. 1.1, we
observe that A" also represents the flux—to-pressure relation in the tree 7y,

with modified resistances (ry, ;) defined by:

Tk = Wrnk for (n, k) € Iy, Tok = \Qn’k|_1 + wry i for (n, k) € &,.

An idea to compute the set of fluxes q exiting this modified tree for a
given set of pressures p is based on the concept of equivalent pressure and
resistance of a subtree, similar to the concept of equivalent resistance in
electric networks. Define recursively from the ends of the tree the equivalent
resistance Rﬁ,k of the subtree stemming from the edge X,,_1 /2—Xy 1 as:

Tk (n,k) € &,

—1
Tk T (1/R:+1,2k + 1/RZ+1,21€+1) (n, k) € Iy,

w —
n,k —

Given p = (pnvk)(n,k)eg;ﬂ compute q = D; ! (AZ)_l p as follows:
(1) Initialize the equivalent pressures at the ends of the tree as P, j = pn i, for
(n7 k) € &y.
(2) For n = Np —1,...,0, evaluate the equivalent pressures for all k£ such that
(n, k) € Iy, defined as:

w w
Rn+1,2k+1 Rn+172k

Pn,k =

Poyiok+

Pt ok+1
w w w w ’ ?
Rn+1,2k + Rn+1,2k+1 Rn+1,2k + Rn+1,2k+1
and store the flux deviation defined as:

Poii1,2k — Poyi12k+1

dnr = .
s w w
Rn+1,2k: + Rn+1,2k+1

(3) Set ¢o,0 = Po,o/R -
(4) For n =0,...,N, — 1 and for all k such that (n,k) € Zj, evaluate the fluxes
On+1,2k and Py 1 2x+1 thanks to the relation:

w
_ Rn+1,2k+1 d
¢n+l,2k = Rv + R% ¢n,k + n,ks
n+1,2k n+1,2k+1
w
_ Ry 1 ok d
P12k = Gk — dn k-

w w
Ry o) T Ry ok

(5) Obtain the vector q = (‘ngk|_1¢n’k)(n’k)€gh.

Algorithm 5.2: Flux algorithm
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Clearly, the cost of both algorithms and the memory requirements are linear with
respect to the number N of degrees of freedom of Mj,, since the tree T;, contains at
most 2N vertices.

5.3. Numerical results

We present in this section a few numerical results. We used the finite element
software FreeFem++ [21] to perform all computations.

Choice of parameters. In order to test our model, the domain 2 is a two—
dimensional square domain with a side measuring 40 cm, and the mesh size h
is chosen so that the truncated dyadic decomposition O can be associated to a
geometric resistive tree with 12 generations as described in Section 2.2.1. The right
side of the square domain is chosen as the Dirichlet boundary I' 5. The computation
of the homogenized elastic coefficients was performed on an hexagonal periodic cell
for an incompressible material, as presented on Figure 6. To obtain the entries of
the elastic tensor A"°™ we solve numerically the elliptic cell problems (4.18). We
refer the reader to [3] for a detailed numerical study of the homogenized coefficients
as a function of the Lamé parameters. We remind that the parameter a controls
the geometric increase of resistances in the tree with the generation number, see
Definition 2.3.

Remark 5.2. In this numerical section, we do not restrict ourselves to the partic-
ular geometric setting used to prove the convergence of R. in Section 2. This allows
us for example to use a hexagonal periodic cell ensuring an isotropic homogenized
medium, which is not the case for a square cell. This choice is also a better fit to the
geometry of the alveoli. Rigorous proofs of convergence in this case will be detailed
in a forthcoming paper.

Remark 5.3. We assume a constant 5cm height in the computations used to con-
vert the variations in area to more usual volume units for the figures.

Figure 6: Cell geometry and periodic correctors, x!'! (left) and x? (right)
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H >\hom Hhom Thom 4 « To
le5 Pa 2820 Pa 637 Pa 0Pa"! 0.15 1.63 3200 Pa-s/m?

Table 1: Parameters for the numerical computations (incompressible case)

Academic test cases. We present here a few snapshots of the propagation of a
pressure wave for different values of the parameters 73, and « in Figure 7 in order
to better understand the homogenized model (5.1). These computations are based
on some numerical values of the parameters presented in Table 1 as a reference,
corresponding to the incompressible case. Note that incompressibility of the alveolar
wall material is a reasonable assumption in the case of the human lung since it is
composed mainly of water. These test cases are obtained as follows: starting at
t = 0, a sine pressure wave with frequency 50Hz is applied to the left side of the
domain filled with the homogenized material, which is initially at rest. Snapshots
of the fluid pressure field at ¢ = 0.045s are presented in Figure 7.

o We observe that when 7j,,, increases from 0 to 1072 with o = 1.6 fixed,
the wavelength decreases and the amplitude of the wave diminishes. Indeed,
when 740, = 0 (incompressible case) the pressure wave propagates at in-
finite velocity and there are no nonlocal effects in time, see Remark 4.2.
When 714, > 0, pressure waves can propagate inside the homogenized
material at a finite velocity, which depends inversely on 70, .

e When « decreases from 1.6 to 1 with 73,,, = 0 fixed, we observe that the
distribution of pressure inside the material is less regular and that there
appear important nonlocal, long-range effects in space. Indeed, when « is
small the air can easily flow through the airways, so the alveolar pressure
in distant parts of the material tends to balance.

Simulation of spirometry experiments We have performed some numerical
experiments using the pressure profile presented in Figure 8 which we discuss next.
The corresponding medical test would run as follows.

e The "patient" breathes normally for a few seconds.
e After a short while, the "patient" takes a deep inspiration, and then tries
to exhale as fast as possible.

The phase portrait (instantaneous flux vs. inhaled volume) obtained in these con-
ditions is the curve obtained by spirometry, and provides pneumologists with infor-
mation useful to diagnose some respiratory pathologies presented by the patient.

Reference case The curves in Figure 8 agree very closely with the results obtained
with a simple linear one—compartment model for the lung, see [5]. This is a conse-
quence of the perfect symmetry of the domain and tree used in the computations,
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Figure 7: Snapshots of the propagation of a pressure wave in the homogenized
medium for various sets of parameters, taken at the same time ¢ = 0.045s.



49

modeling a perfectly homogeneous lung.

Remark 5.4. We are limited by the linearity of the mechanical model, in partic-
ular in this scenario of forceful expiration. For example, it would be necessary to
solve the full Navier-Stokes equations in the first generations of the bronchial tree
to capture the nonlinearities due to inertial effects at such high Reynolds numbers.
In particular, the real pleural pressure during forceful expiration is ten times higher
that the values used here, see Figure 8. Nevertheless, some interesting aspects can
already be seen from the simulations obtained here. We refer e.g. to [4] for simu-
lations obtained by computing the airflow in this complex geometry, but modeling
the elastic behavior of the parenchyma by a single spring.

Parametric study The model allows us to investigate the influence of local pertur-
bations on the phase diagram, and in particular the effect of random local changes
in the parameters. As an example, we show in Figure 9 the different effect of ran-
dom perturbations on the airway diameters in the reference case compared to a
case where the diameters are also systematically reduced by 40% in one half only
of the domain. The first case can be associated to a normal lung while the second
represents a diseased lung with bronchitis or some localized asthma.

e Even without random perturbations, maximal flow and change in volume
are reduced in the asthmatic case. We also observe that the asymmetry
induces a concave profile because each side empties or fills at a different
rate.

e In addition, there is a marked difference in the effect of the random diameter
perturbations in each case. In the normal case, the maximal expiratory flow
is reduced but the maximal and minimal total lung volume are not effected.
In the diseased case however, the random perturbations induce a marked
reduction in both flow and lung volume: some parts of the lung become
closed to the ventilation process.

Such examples show that this model could be useful in reproducing some spatially
localized pathological features (emphysema, bronchitis, tumors...)
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Figure 8: Pressure vs time (up) and phase portrait (down)
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Figure 9: Phase diagrams in the reference case (a) and asthmatic case (b)
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