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Chapter 1

Fluid-Structure Interaction
Involving Multiple Structural
Layers: Theory and Numerics

S. CANI¢, B. MuHA, M. BUKAC

Fluid-structure interaction (F'SI) problems arise in many applications. They
include multi-physics problems in engineering such as aeroelasticity and propeller
turbines, as well as biofluidic application such as self-propulsion organisms, fluid-
cell interactions, and the interaction between blood flow and cardiovascular tissue.
A comprehensive study of these problems remains to be a challenge due to their
strong nonlinearity and multi-physics nature. To make things worse, in many bio-
logical applications the structure is composed of several layers, each with different
mechanical characteristics. This is, for example, the case with arterial walls, which
are composed of three main layers: the intima, media and adventitia, separated by
thin elastic laminae. A stable and efficient FSI solver that simulates the interac-
tion between an incompressible, viscous fluid and a multi-layered structure would
be an indispensable tool for the computational studies of solutions.

The multi-physics nature of this class of problems suggests the use of parti-
tioned, modular algorithms based on an operator splitting approach that would
separate the different physics in the problem. This chapter presents such a scheme,
which can be used not only in computations, but also to prove existence of weak
solutions to this class of problems. Particular attention will be payed to multi-
physics FSI problems involving structures consisting of multiple layers.
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1.1 Introduction

Fluid-structure interaction (FSI) problems arise in many applications. The widely
known examples are aeroelasticity and biofluids. In aeroelasticity, where the struc-
ture (wing of an airplane) is much heavier than the fluid (air), it is sometimes of
interest to study small vibrations of the structure in which case linear coupling
between the fluid and the structure may be sufficient to capture the main features
of the solutions. In that case the fluid domain remains fixed in the FSI model, and
only the location of the structure is computed based on the fluid loading (one-way
coupling). In biofluidic applications, such as the interaction between blood flow and
cardiovascular tissue where the density of the structure (arterial walls) is roughly
equal to the density of the fluid (blood), the coupling between the fluid and the rel-
atively light structure is highly nonlinear. In that case the fluid domain is not fixed
in the FSI model, and its location is determined by the location of the structure.
The elastodynamics of the structure influences the motion of the fluid through
the contact force exerted by the structure onto the fluid, while the structure loca-
tion is computed based on the fluid loading expressed through the contact force
exerted by the fluid onto the structure (two-way coupling). It has recently been
shown that classical “partitioned” time-marching numerical algorithms, which are
based on subsequent solutions of the fluid and structure sub-problems, are uncon-
ditionally unstable in problems in which the density of the structure and of the
fluid are comparable [30]. The exchange of energy between the moving fluid and
structure is so significant, that a mismatch between the energy of the discretized
problem and the energy of the continuous problem causes instabilities in classical
“loosely coupled” partitioned schemes. The difficulties associated with the signif-
icant energy exchange and the high geometric nonlinearity of the fluid-structure
interface are reflected not only in the design of numerical schemes, but also in the
theoretical studies of existence and stability of solutions to this class of problems.
A comprehensive study of these problems remains to be a challenge due to their
strong nonlinearity and multi-physics nature.

In the blood flow application, the problems are further exacerbated by the
fact that arterial walls of major arteries are composed of several layers, each with
different mechanical characteristics. The main layers are the tunica intima, media,
and adventitia. They are separated by the thin elastic laminae, see Figure 1. Recent
developments in ultrasound speckle tracking methods revealed significant shear
strain between the different layers in high adrenaline situations [2, 41, 42]. It was
noted that the consequences of this phenomenon on cardiovascular disease are yet
to be explored! An example of a disease which is associated with a pathophysiology
of the aortic wall layers is aortic dissection: tears in the intimal layer result in
separation of the aortic wall layers causing blood to flow within the aortic wall.

Until recently, there have been no fluid-structure interaction models or com-
putational solvers of arterial flow that take into account the multi-layered structure
of arterial walls. In this chapter we take a first step in this direction by studying a
benchmark problem in fluid-multi-layered-structure interaction in which the struc-
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Figure 1.1: Arterial wall layers.

ture consists of two layers, a thin and a thick layer. See Figure 2. The fluid flow will
be modeled by the Navier-Stokes equations for an incompressible, viscous, New-
tonian fluid. This is a good approximation for blood flow in major arteries, such
as the aorta or coronary arteries. The thin structural layer will be modeled by the
cylindrical Koiter shell equations, and the thick structural layer will be modeled
by the equations of linear elasticity. The thin structural layer located between the

THIN STRUCTURE

THIN STRUCTURE

Figure 1.2: Left: Reference Domain. Right: Deformed Domain.

fluid and the thick structure, serves as a fluid-structure interface with mass. The
proposed problem is a nonlinear moving-boundary problem of parabolic-hyperbolic

type.

THE BENCHMARK PROBLEM
Fluid: Navier-Stokes equations for an incompressible, viscous fluid;
Thin Structure: Cylindrical Koiter shell equations;

Thick Structure: Classical equations of linear elasticity.

This is a multi-physics problem which constists of three different physical
models: a model for fluid flow, a model describing the elastodynamics of the thin
structure, and a model describing the elastodynamics of the thick structural layer.
The multi-physics nature of the problem strongly suggests the use of a partitioned
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algorithm that would solve the underlying coupled problem by splitting the prob-
lem into sub-problems determined by the different physics. This has the advantage
of allowing modular implementations in both the numerical method development
as well as in constructing the proof of existence for this class of problems. In
this chapter we present a stable, convergent, modular scheme with precisely these
properties, called the Kinematically-Coupled [-Scheme. This scheme was origi-
nally constructed to study fluid-structure interaction problems with a single struc-
tural layer modeled by the cylindrical Koiter shell equations in [85, 86], and then
recently improved for higher accuracy in [19] (Kinematically-Coupled 3-Scheme).
Modifications of this scheme can be applied to a much larger class of multi-physics
problems associated with FSI, such as FSI involving stent-artery-fluid interaction
[123], FSI involving a multi-layered elastic porous medium [23], and FSI involving
a non-Newtonian fluid [94, 95].

In this chapter we present a general “recipe” describing the construction of
the main steps of such a scheme that can be used to:

e prove existence of weak solutions, and/or
e construct a numerical solver
to study a class of FSI problems that include:
e problems with viscoelastic and/or purely elastic structural models,
e problems with different coupling conditions (no-slip, slip),
e problems with nonlinear thin structure models,
e 2D and 3D scenarios.

An interesting new feature of the class of problems studied in this chapter is
the fact that the presence of a thin fluid-structure interface with mass regularizes
solutions of this class of FSI problems. More precisely, the energy estimates pre-
sented in this chapter will show that the thin structure inertia regularizes evolution
of the thin structure, which affects the solution of the entire coupled FSI prob-
lem. Namely, if we were considering a problem in which the structure consisted
of only one layer, modeled by the equations of linear elasticity, from the energy
estimates we would not be able to conclude that the fluid-structure interface is
even continuous. With the presence of a thin elastic fluid-structure interface with
mass (modeled, e.g., by the linear wave equation), the energy estimates imply
that the displacement of the thin interface is in H*(I"), which, due to the Sobolev
embeddings, implies that the interface is Holder continuous C°1/2 (I"). The inertia
of the fluid-structure interface with mass serves as a regularizing mechanism for
the entire FSI problem. It will be shown in Section 0.7 that numerical simulations
confirm this behavior.

This is reminiscent of the results by Hansen and Zuazua [89] in which the
presence of a point mass at the interface between two linearly elastic strings with
solutions in asymmetric spaces (different regularity on each side) allowed the proof
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of well-posedness due to the regularizing effects by the point mass. More precisely,
they considered two elastic strings modeled by the linear wave equations, con-
nected by a point mass, with initial data of different regularity on the left or
right side of the point mass. They showed that the rough waves traveling through
the point mass, which served as an interface with mass between the two elastic
strings, were regularized due to the inertia effects of the point mass. See Sec-
tion 0.7.7 for more details. For a reader with further interest in this area we also
mention [90, 132, 143]. Further research in this direction, directly relevant to the
FSI with multiple layers, is under way by the authors.

We begin by a review of models used in FSI studies to describe mechanical
properties of arterial walls.

1.2 Mathematical Models of Arterial Walls

The walls of blood vessels are composed of three layers: the intima, media and
adventitia. They are separated by thin elastic laminae. See Figure 1. The intima
is the innermost layer and it is mainly composed of endothelial cells. The media
is the middle layer and it is mainly composed of elongated smooth muscle cells,
and also elastin and collagen. Most blood vessels contain smooth muscle arranged
in either circular or spiral layers. The media gives rise to the majority of the
vessel’s viscoelastic behavior. The adventitia is the outermost layer, and it is manly
composed of collagen fibrils, elastic sheets and elastic fibrils. The layers of smooth
muscle and connective tissue surrounding the intima vary in thickness in different
vessels.

The aorta and major arteries are characterized by walls that have a thick
smooth muscle layer and large amounts of elastic and fibrous tissue. Because of the
stiffness of the fibrous tissue, substantial amounts of energy are required to stretch
the walls of an artery outward. This energy comes from the high blood pressure
exerted onto the arterial walls during the systolic part of cardiac cycle, when the
left ventricle of the heart contracts, and squeezes blood through the aortic valve on
to the aorta. Once the artery is distended with blood, energy stored by stretching
elastic fibers is released through elastic recoil. Elastic recoil takes place during the
diastolic part of cardiac cycle, when the left ventricle relaxes and gets refilled by
blood. During that time the elastic recoil of arteries helps propel blood to the far
most parts of the cardiovascular system.

Downstream from the arteries, small vessels called arterioles create a high-
resistance outlet for arterial blood flow. Arterioles direct distribution of blood flow
to individual tissues by selectively constricting and dilating. Arteriolar diameter is
regulated by both local factors, such as tissue oxygen, and by homeostatic control.

Downstream from the arterioles are capillaries. A leaky epithelium in the
capillaries allows exchange of materials between the blood plasma, the interstitial
fluid, and the cells of the body. At the distal end of the capillaries, blood flows
into the venous side of the circulation and from there back to the right heart.
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Depending on the types of questions one is trying to answer, and depending
on the thickness of the vessel wall with respect to the diameter of the correspond-
ing vessel, different arterial wall models can be used to describe the mechanical
properties of arterial walls [72, 73, 87, 140]. Table 1 summarizes the mean diameter
and wall thickness for arteries, arterioles, and capillaries [?].

’ H Artery \ Arteriole \ Capillary H

Mean Diameter 4.0 mm | 30.0 ym 8.0 pm
Mean Wall Thickness || 1.0 mm | 6.0 um 0.5 pm

Table 1.1: Mean diameter and wall thickness for human vasculature.

In fluid-structure interaction studies, the coupling between blood flow and
vascular tissue is so complicated that several simplifying assumptions have to be
taken into account to make the computer simulations feasible. A common set
of simplifying assumptions that captures only the most important physics in the
description of the mechanical properties of arterial walls includes homogeneity and
isotropy, capturing the average mechanical properties of arterial walls. Further
simplifying assumptions that are often used in hemodynamics FSI literature are
“small” displacements and “small” deformation gradients leading to the hypothesis
of linear elasticity.

Depending on the relative thickness of the structure (arterial walls) with re-
spect to the diameter of the cylindrical fluid domain (arterial lumen), different
modes have been used to approximate the overall (average) mechanical behavior
of arterial walls. Three-dimensional equations of elasticity have been used under
the assumption that the thickness of arterial walls is comparable to the diameter
of the vessel lumen, while reduced shell or membrane models have been used under
the assumption that the ratio between the thickness of the vessel wall and the ves-
sel radius is small (e << 1). In the latter case, most FSI hemodynamics literature
assumes that only the radial component of displacement of the thin structural
wall is non-negligible. Recent developments in ultrasound speckle tracking meth-
ods revealed, however, that the axial (longitudinal) component of displacement of
arterial walls may be significant in certain situations. Moreover, it was revealed
that there is significant axial shear strain between the different layers (the intima-
media complex and the adventitia) in high adrenaline situations [41, 42, 129, 135].
It was noted that the consequences of this phenomenon on cardiovascular disease
is yet to be explored. Motivated by these experimental findings, recent progress in
designing a FSI solver capturing both longitudinal as well as radial displacement
of a thin Koiter shell modeling arterial walls, was reported in [19, 20].

Finally, a further simplification that can be utilized in certain situations is
axial symmetry of the loading exerted by the blood flow to the vessel walls in
the approximately straight cylindrical sections, leading to the axially symmetric
models with a potential of further reduction to 1D FSI models.
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We give a brief review of these models next.

1.2.1 Elastodynamics of Thin Structures

The equations of shell theory have been derived by many authors, see [53] and
the references therein. Due to variations in approach and rigor the variety of
equations occurring in literature is overwhelming. Among all the equations of
shell theory the Koiter shell equations appear to be the simplest consistent first
approximation in the general theory of thin elastic shells, [97, 96]. In addition, they
have been mathematically justified using asymptotic methods to be consistent with
three-dimensional elasticity, [39]. Ciarlet and Lods showed in [39] that the Koiter
shell model has the same asymptotic behavior as the three-dimensional membrane
model, the bending model and the generalized membrane model in the respective
regimes in which each of them holds. Motivated by these remarkable properties of
the Koiter shell model, in [26, 27] Cani¢ et al. derived the Koiter shell equations
for the cylindrical geometry with the purpose of using the equations as a model
to study the mechanical behavior of arterial walls. The models in [26, 27], and a
portion of the text presented in this section, were based on the derivations of the
cylindrical Koiter shell equations, obtained by Tambaca in [136]. The cylindrical
Koiter shell equations are a generalization of several classes of models that have
been used in modeling of arterial walls. They include the linear string model
proposed by Quarteroni et al. in [140, 25] as a benchmark problem for testing
numerical schemes for FSI in blood flow, the independent ring model [140], and
the cylindrical membrane model.

In [26, 27] Canié et al. have extended the linearly elastic cylindrical Koiter
model to include the viscous effects of Kelvin-Voigt type, observed in the mea-
surements of the mechanical properties of vessel walls, [3, 4, 11]. It was shown
in [3, 4, 11] that the Kelvin-Voigt model approximates well the experimentally
measured viscoelastic properties of the canine aorta and of the human femoral and
carotid arteries. In [26, 27] it was shown that a reduced FSI model between the
linearly elastic cylindrical Koiter shell and the flow of an incompressible, viscous
fluid, approximates well the experimentally measured data presented in [3, 4, 11].
The Kelvin-Voight model was also used in [130] to model the arterial walls as a
linearly viscoelastic membrane. We summarize the derivation of the Koiter shell
model next.

The Cylindrical Koiter Shell Equations - General Framework

Consider a clamped cylindrical shell of thickness h, length L, and reference radius
of the middle surface equal to R. See Figure 3. This reference configuration, which
we denote by I', can be defined via the parameterization

o:w—R3  ©(z,0) = (Rcosf, Rsinb, 2)",
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Figure 1.3: Left: Cylindrical shell in reference configuration with middle surface
radius R and shell thickness h. Right: Deformed shell.

where w = (0, L) x (0,27) and R > 0. Therefore, the reference configuration is
I'={x=(Rcosf, Rsinf,z) € R* : € (0,27),z € (0,L)}. (1.1)

The associated covariant A. and contravariant A¢ metric tensors of this (non-
deformed) cylinder are given by:

1 0 1 0
A= m)oa=(4 1) (12)
0 R? 0

and the area element along cylinder T' is dS = y/ady := v/det A.dy = Rdy. The

corresponding curvature tensor in covariant components is given by

0 0
B.—(0 n)

We define the elasticity properties of this cylindrical shell by the following elasticity
tensor A:
A\p

E:
A A+ 2u

(A°-E)A® + 4uA°EA°, E € Sym(M,), (1.3)

where p and A are the Lamé coefficients.
Using the following relationships between the Lamé constants and the Young’s
modulus of elasticity £ and Poisson ratio o:

21\ A p E 20\ A+pl A E
+2u=4p = , =4p o,
A+ 2p0 A+2u 1—02" A+2u )\+2u2)\+,u 1-0?
(1.4)
the elasticity tensor A can also be written as:
2FEc 2F

E = A¢-E)A°+ ""—A°EA°, E € Sym (R?).

AE = =7 (A°-B)A + ——A°BA’, B Sym (%)

A Koiter shell can undergo stretching of the middle surface, and flexure
(bending). Namely, the Koiter shell model accounts for both the membrane effects
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(stretching) and shell effects (flexure). Stretching of the middle surface is measured
by the change of metric tensor, while flexure is measured by the change of curvature
tensor. Consider an arbitrary displacement field n = (1, 7g, 7,-) from the reference
configuration I'. Then, the corresponding change of metric, and change of curvature
tensors for the deformed shell, in covariant components, are defined by:

1 1

G(’l) = 5 (Ac(n) - Ac)v and R(’l) = 5 (Bc(n) - Bc) ) (15)

The Change of Metric Tensor The Change of Curvature Tensor

where A.(n) and B.(n) are the covariant metric and curvature tensors, respec-
tively, of the deformed shell. These will be specified below for the problem we
consider in this chapter.

With the corresponding change of metric and change of curvature tensors
we can now write formally the corresponding elastic energy of the deformed shell.
The elastic energy of the cylindrical Koiter shell is given by [35, 36, 37, 97):

/ AG(n n)va + —/ AR(n) : R(n)Va, (1.6)
where : denotes the scalar product
A:B:=Tr (ABT> A,B € M,(R) = R%. (1.7)

Given a force with surface force density f, the loaded shell deforms and the
corresponding displacement 7 of the deformed shell is a minimizer of the energy
functional [35, 36, 37, 97]:

s =4 [ acm):amva+ i [ are:mma- [1oava ()

The corresponding weak formulation can be written as:

h
3 [ Acm) @y [ ARG R@va= [ £uva v e
’ ? (1.9)
where G’ is the Gateux derivative of G.
The weak formulation of the corresponding elastodynamics problem is given
by the following:

3
pch [ B+ 5 [ Ac): @ mwva+ i [ ARm): Rinpva

:/wf-wa Ve CF,

(1.10)
where px and h are the Koiter shell density and thickness.
Associated with this problem are the following physical quantities:
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e Stress Resultant (Internal Force), which relates the internal force with the
change of metric tensor, and is defined by

N = gAG(n), (1.11)

and

e Stress Couples (Bending Moment), which describe the bending moments in
terms of the change of curvature tensor, and are defined by

h3
M = AR(n).

At this point we also introduce the effects of prestress by defining the stress
resultant N,y that relates the reference pressure p,.s with circumferential strain
[47, 113, 114]

b 0 0
2 Nyet = hRAC R | Ac (1.12)
2 0 p'r‘efﬁnr

so that the total stress resultant, including the effects of prestress, reads

e Stress Resultant for a prestressed elastic Koiter shell

h h
N = §AG(77) + 5 Nrey- (1.13)

In what follows, we will be providing more specific details on a few concrete
examples of the general framework described above.

Examplel: The linearly elastic cylindrical Koiter shell with radial displacement.

We present the cylindrical Koiter shell equations without the assumption of axial
symmetry. This means that the displacement 1 can be written as:

n(t, z,0) = (n:(t, 2,0),n0(t, 2,0),n-(t, 2,0)).

However, as is common in the blood flow literature, we will be assuming that the
azimuthal and longitudinal components of the displacement are negligible 7y ~
0,7, =~ 0, i.e., only the radial component of the displacement is different from
zero, so that:

77(1572:9) = (O’OvnT(tvz70)7) = n(tvzre)eT(G)a

where e,(0) is the unit vector pointing in the radial direction. Notice that this
does not mean that the flow is axially symmetric, since the radial displacement is
a function of both 6 and z.
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In this case, the corresponding linearized change of metric, and change of
curvature tensors (5) take the following form:

0 0 —9? —5?
G =| gy | B=| 50 e

The elastic energy of the shell is defined by:

=4 [acw cwva+ i [ ARG RVE 09
where 7 is the scalar displacement function. We will be assuming that the shell is
clamped at the end points, satisfying the following boundary conditions:

—@:0on8w.

" On

The dynamics of the linearly elastic cylindrical Koiter shell is given by the following
weak formulation: find n € H§(w) such that

et [ dinoa+ b [ ac): Gua+ b [ are: m@va= [ rova

(1.16)
for all ¢ € HZ(w), where f is the radial component of the surface force density
applied to the shell. Here, we have used the fact that for linear problems:

G'(n)Y = G(¥).

We define the corresponding linear elasticity operator L;:

(Leim, ) = /AG \f+—/AR (V)Va, Y € Hi (w).

A calculation shows that the operator L; in differential form reads:

h3u
Lon=———((\ A+ R\ *n + 2R%(\ 525?
i 3R4(A+2u)(( + 1) 0n + R* (AN + p)0;n + 2R (A + p)0;0yn
4h (A + p)p
_ 2 2 _ 2 ISR a?d
F2AD2n = 20\ + )00 + (A + ) + 1 A+2#17

By using the relationships between the Lamé constants and Young’s modulus of
elasticity E and Poisson ratio o, given by (4), operator L,; can be written as:

3E
Len h ) (3377 + R48§77 + 2R28§8377 — 26377 + n)

12R4(1 — o2
hE

2SS (1.17)
R(1—o2) "

R~ 1
T SRt
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Example 2: The axially-symmetric Koiter shell allowing both radial and longitu-
dinal displacement.

Here, we assume that nothing in the problem depends on . The problem is axially
symmetric, and the displacement 7 is given by

n(t, 2) = (m:(r, 2), 0 (t, 2)).

The linearized change of metric tensor and the linearized change of curvature
tensor are given, respectively by:

Gln) = { 8zonz R?n ] . R - { —Gazm 73 ] . (1.18)

The elastic energy of the problem is given by:
h L
Eq(n) = 5/ AG(n) : G(n)Rdz + 7/ AR(n (n)Rdz. (1.19)
0

To define a weak formulation of the problem, introduce the following function
space:

Ve= H&(OvL) X Hg(OaL) = {(ﬂ’z,%) € H1(07L) X H2(07L) :
1bz(o) = '(/JZ(L> = ’(/)r(o) = ,(/}’I‘(L) =0, 8z¢r(0) = az"/)r(L) = 0}

Then the weak formulation of the linearly elastic cylindrical Koiter shell is given
by the following: find n = (1., n,) € V. such that

L L
g/ AG(n): G Rdz—l—f/ AR(n (Y)Rdz :/ fYRdz, Vip eV,
0 0

(1.20)

Here f is the surface density of the force applied to the shell, and A is the elasticity
tensor given by (3).

The weak formulation of the associated elastodynamics problem is given by:

L L
prch OEnpRdz + g AG(n) : G(¢Y)Rdz + 7/ AR(n (Y)Rdz

0 0
L
:/ R, VeV,
0

(1.21)
To write the weak form explicitly in terms of displacement, we introduce
a simpler notation for the spatial derivative with respect to z, and for the time
derivative. Namely, in this section we will be using ’ to denote the partial derivative
with respect to z, and " to denote the partial derivative with respect to time.
Namely, for an arbitrary function f:
af . Of

f/::$7 f_i
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Using this notation, the weak formulation written explicitly in terms of the dis-
placement now reads:

L
mm/)mw+mm
0
hof2( 4ux [, 1 , 1
n Zn ) Sy Y vl
+2/0 (/\+2M(nz+Rn) <£Z+R€>+ u( &+ Rwé))
h3 L 4/’(‘)\ 12 " 1 &1 1
+ﬂ 0 <>‘+2,U'< +R277r)'< f +§7‘> <7)r§r+R477r§r>>dZ

L
:/O (fzgz + frgr)dzv v(gmfr) e V..

By using the relationships between A, u and E, o, given by (4), the weak formula-
tion in terms of F and o reads:

L
pKh/ ﬁz¢z + 77!¢7
0

: Ho (L ;1 E
h3 EO' " ]_ 1 E //
Jrﬁ ; (1_02 (Ur + R277r> (fr + R2§T) Tro ( e+ nrfr)>

L
- [ttt rerin €e)en (1.23)

The terms multiplying h/2 account for the stored energy density due to stretching
(membrane effects) and the terms multiplying A% /12 account for the stored energy
density due to bending (flexural shell effects). Integration by parts gives rise to
the following dynamics equilibrium equations in differential form:

LINEARLY ELASTIC, AXIALLY SYMMETRIC CYLINDRICAL KOITER SHELL
- hE Z 1 /
prch nz—m (772 +UE77T = [
hE n h2E 1 1
h i, ( / J) " _ 95 g 4 —p. - f.
PKN T + R(l — O'2> an, + R + 12(1 — 0_2) Ny JRQnr + R477 f
(1.24)

By ignoring the terms accounting for the bending energy (shell effects), the
resulting equations representing a model for the linearly elastic, axially symmetric
cylindrical Koiter membrane take the following form:
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LINEARLY ELASTIC, AXIALLY SYMMETRIC
CYLINDRICAL KOITER MEMBRANE
hE 1
hil: = ——— (W +opn) = f
prchil: = 3 (nz+0Rm> f
hE n
P+ g (ol +2) = o,
PK 77+R(1_02) UUZ+R f
(1.25)

Example 3: A Nonlinearly Elastic, Axially Symmetric Koiter Membrane with Only
Radial Displacement.

As in the previous example, we assume that nothing in the problem depends on
f. Also, for simplicity, we will be assuming that only the radial component of the
displacement is different from zero, so that

n=mn(t z) =ne,.

Therefore, we consider axially symmetric deformations of a nonlinearly elastic Koi-
ter membrane from the reference configuration I" given by (1), with only the radial
component of displacement different from zero. See Figure 4. The corresponding

il s --- displacement n

Q“(t) Lout
T, L

\/_\

Figure 1.4: A sketch of an axially-symmetric fluid domain with radial displacement
7.

z

change of metric tensor capturing membrane effects is given by

_ 1 (@) 0
G(n) = 5 ( 0 9By +n? ) (1.26)
The elastic energy of the Koiter membrane is given by the following:
h L
B = [ AG)- ) Ra: (127

We consider the dynamics of the Koiter membrane with fixed end points, modeled
by the boundary conditions
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Following (10), the variational formulation for the nonlinearly elastic Koiter mem-
brane problem is given by the following;:

L h L L
| pxchotng Bz 5 [ AG) - @/ )¢ Rz = [ g6 R, v < HEO.L)
0 2 0 0

(1.28)
where G’ is Gateux derivative of G given by:
0.m0,€ 0 )
G’ = .
()¢ ( 0 (R+n)e
This defines the following (nonlinear) differential operator £}
n oL
(L. €) =g [ AGE) - G/n)E Rz, ¥ € CF(0. L),
0
Integration by parts yields the following formula:
e hE ,  hEv 1 1,
a"(m) = -0, [(2(1 — Vg)(azn) t1 2 (Rn+ 572" ))3277}
hE 1 1 hEv 1 1 2.4
(71 —5 (Gn+5mn’) + 57 (9-n)?) (5 + ) neWg*(0,D),
(1.29)

With this notation, the corresponding differential formulation of (28) can be writ-
ten as:

prch On+ LY ™ (n) = f. (1.30)

Here, pg is the structure density, h is the structure thickness, and f is the force
density in the radial (vertical) e, direction acting on the structure.

Example 4: A linearly viscoelastic Koiter shell

We introduce the viscoelastic effects to the linearly elastic Koiter shell by consider-
ing viscoelasticity of Kelvin-Voigt type in which the stress is linearly proportional
to strain plus the time derivative of strain. For this purpose we introduce the
following equivalent of the elasticity tensor A given by (3), which we denote by B:

ANy fhy

BE =
Ay + 2Ly

(A°-E)A° + 44, AEA°, E € Sym(My), (1.31)

where A, and u, are the viscoelastic counterparts of the Lamé constants of elas-
ticity. Here A€ is the contra variant metric tensor of the reference configuration
I, given in (2).

Given the force density f, the displacement of the deformed linearly viscoelas-
tic Koiter shell can be found by solving the following variational formulation for
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h

N |

[ cac + e @@iva+ b [ arm) +BRG) : R@)Va
:/f-fz,b\/a, Vip € C

where px and h are the Koiter shell density and thickness, respectively. 132
The energy of this problem is given by:

-5 [ Acm: f+—/AR< ) R(n)Va
+Z£/BG f+%£/BR n)Va (1.33)
= Ea(n) + 5 &Ems(n),

where
m =g [ AGW): Gmva+ / AR():Rm)va  (134)
g/w nva+ — / BR(n n)Va (1.35)
The corresponding elastodynamics problem is given by:
pch [ Opmipa+ 5 [ (AG) + BG() s Gw)va o
+ [ (ARG + 8RO ROoa = [ £pva v e Y

Introduce the following notation for the corresponding elastic and viscoelastic
operators:

(Lo, ) = g [Aco)awiva+ ' [ arm) R@va

(LoyisT, ) /BG f+—/BR P)Va. (1.38)

Then, we can write (36) as

pich [ O+ (Lam ) + (Lot = [ £ v € O

w

We now write the explicit form of these equations for the case when the
structure displacement is independent on 6 so that:

n(tv Z) - (Uz(t, Z)a nr(tv Z))>
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and with the boundary conditions corresponding to a clamped shell

n(0) = 9.n(0) = n(L) = d.n(L) = 0.

Therefore, to simplify the form of the explicit equations, we assume axial symmetry
of the problem. In this case, we look for a weak solution which is in the space

Ve = H;(0,L) x H§(0,L) = { (=, ) € H'(0,L) x H*(0,L) :

The corresponding weak formulation is given by (36), where we can replace the test
space C° by the space V.. We write the differential form of the elastodynamics
equations in terms of the Young’s modulus of elasticity F and Poisson ratio o, and
the corresponding viscoelastic equivalents, which we denote be E, and o,. The
relationship between A\, u and F,o is given by (4). The same relationship holds
between the corresponding viscoelastic constants A,, p, and F,,, o,,.

After writing out the weak form (36), and after performing integration by
parts, the corresponding dynamic equilibrium equations for the linearly viscoelas-
tic Koiter shell in differential form are given by:

0n. am 9?2 772 0?n, 0.,
h - C - C — — = f,, 1.39
PR 5 — 22y p) 2510: ~ Pigigaz — o (139)
9%n 8nz ot I Iy nr
h——— + Con, C C D —
PK 8152 =+ Con 175 2 L+ Cy 92 + 15 + Do ot 151052
6 n. 0%,
D Dy = fr, (1.40
D2, + Piggar = fr (1:40)
where
h® _ Eo h _Eo
Co = R2(1 <72)(1 + 12R2) G = ?31%2(1—02)’ Co = R1-062
C3 = 1]15-2a C14 = %%7
2 3 (1.41)
Dy :%Cq)(1+ 15}.32)3 D, :%}%7 Dy :%7
D; = hcv; D, = %Cva
and g 5
o
Cp:=—"- D,:=-"T2.
1—-o02 1— o2
We can write this problem using the operators L.; and L,;s as:
82 an
= 1.
3t2 + Lo + Lyis— 5 =f, (1.42)
where )
_Czam _Cgé) s
Lan = 827782 877822 847] » (1'43)
C C 0L+ C "
07r 15,2 + C2 92 + Cy 94
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and
0%, 0,
on _ —Ds t0z  °otz2
Lois 3¢ = Dam_Df£h+Di%h+D8%r (1.44)
0ot Yoto2 T TPot0: T Tt oton

The typical values of the model parameters for the aorta and iliac arteries
are given in Table 2

l PARAMETERS [ AORTA/ILIACS ]
Char. radius R(m) 0.006-0.012 [140]
Wall thickness h(m) 1—2 x 1073[140]
Wall density pg (kg/m?3) 1.1 x 103[140]
Young’s modulus E(Pa) 105 — 109140, 3, 11]
Wall viscosity coef. hCy /R(Pa-s) | 103 — 8 x 103[3, 4, 11]
Poisson’s ratio o 0.5

Table 1.2: Table with typical wall parameter values for the aorta and iliac arteries.

Example 5: The Linearly Elastic String Model

We present here a model which has been used by several authors to test numerical
solvers for FSI in blood flow [9, 126, 8, 139, 85, 19]. This model problem was first
introduced by Formaggia et al. in [71]. The structure model for this benchmark
problem is of the form

>ny Eh ny P ny

0%n,
P TR e YT e T Vg (1.45)

Here G = ﬁ is the shear modulus and k is the Timoshenko shear correction

factor. The values of the model parameters used in [71] are given in Table 3.

l PARAMETERS [ VALUES FOR MODEL PROBLEM ]

Shear mod. G(dynes/cm?) 0.25 x 108

Timoshenko factor k 1

Viscoelasticity v (poise cm) 0.01

Radius R (cm) 0.5

Wall density ps (g/cm?) 1.1

Wall thickness hs (cm) 0.1

Young’s mod. E(dynes/cm?) 0.75 x 108

Poisson’s ratio o 0.5

Table 1.3: Structure parameters for Example 5.
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Notice that this model can be recovered from the linearly viscoelastic Koiter shell
model (42) by taking the longitudinal component of displacement to be equal to
zero, and by choosing the following values for the coefficients in (43), (44):

Eh

C = = o2y

C1 = —kGh, Dy = —7,

with all the other coefficients equal to zero. The typical values of the parameters in
this model are given in Table 3 [71]. The Young’s modulus E and viscoelasticity ~y
are smaller than the physiological values. This means that the arterial wall in this
example is rather elastic. The relatively large value of the coefficient in front of the
second-order derivative with respect to z (describing bending rigidity), minimizes
the oscillations that would normally appear in such structures. For the typical
physiological values of these parameters see Table 2.

Example 6: The Independent Ring Model

The independent ring model has been extensively used in modeling elastic prop-
erties of arterial walls. See e.g., [140, 25], and the references therein. The model
is particularly suitable to study blood flow in compliant arteries using a reduced,
1D model, studied in, e.g., [25].

The independent ring model reads

hE

D — DPref = mn, (1-46)

where p,. is the reference pressure, i.e., the pressure at which the displacement
from the reference configuration is equal to zero.

Notice that this model is included in the Koiter shell equations (182), (183).
Indeed, if we ignore the longitudinal displacement and take only the terms that
follow from the membrane effects (£ [ AG(n) : G(n)) we obtain exactly the Inde-

pendent Ring Model:
hE
fr = ot = o= o)

We conclude this example by proposing a Nonlinear Independent Ring model
consistent with the Koiter membrane theory. To obtain this model, consider the
nonlinearly elastic Koiter membrane model (29), (30), which assumes axial sym-
metry, and only the radial component of displacement to be different from zero.
By assuming, additionally, that the gradient of the radial displacement d,n is
negligible, one obtains the following Nonlinear Independent Ring Model:

hE n 39> 1n
o= e (L 20 2T ) 1.4
P Pref (1—02)R<R+2R2+2R3 (1.48)

n. (1.47)

For the parameter values given in Table 2, we calculated the pressure-displacement
relationship for this model, which is depicted in Figure 5. This figure also shows
the pressure-displacement relationship for the Linear Independent Ring model.
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€ NONLINEAR
1

L " LINEAR

0.002 0.004 0.006 0.008 001 0.012
displacement(m)

Figure 1.5: The pressure-displacement relationship for the nonlinear Independent
Ring Model (48), and the linear Independent Ring Model (46).

We conclude this section by a remark on the nonlinearly elastic independent
ring model of the form

8
P Pres = R(lhiQ) ((R;"> —1>, (1.49)

which was used by certain authors to model the nonlinearly elastic properties
of arterial walls. For § > 1, this model is not consistent with the linearly elas-

x10°

o
NONLINEAR
2s) beta-model
g ¢
=
o
& 15k
WL
0.5
" ) L , .
0.002 0.004 0.006 0.008 0.01 0012

displacement(m)

Figure 1.6: The pressure-displacement relationship for the nonlinear Independent
Ring Model (49), shown in dashed line, superimposed over the plots of the linearly
elastic and nonlinearly elastic Independent Ring models (46) and (48). Notice how
the slope at zero for the nonlinear Independent beta-model (49) does not coincide
with that of (46) and (48).

tic Independent Ring model, since its linearization does not coincide with the
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linearly elastic Independent Ring model. Figure 6 shows the plot of the pressure-
displacement relationship given by (49) with 8 = 3, for the same values of the
parameter, given in Table 2 as the plot shown in Figure 5. Notice how the slope
of the pressure-displacement curve for model (49), evaluated at n = 0, differs from
the slope of the linearly elastic and nonlinearly elastic Independent Ring models
given by (46) and (48). This means, in particular, that the leading-order coeffi-
cient modeling the stiffness of arterial walls for small displacements, is different
for the S-model (49), and cannot be approximated for small displacements by the
physically reasonable one stated in the linearly elastic Independent Ring model.

Example 6: A Koiter shell model with prestress

We follow the general description provided in (13) and calculate the differential
form of the linearly elastic Koiter shell. The only difference with the examples
presented above is in the coefficient multiplying the non-differentiated term, which
will now have an extra term p,.¢/R. Therefore, in Example 1, the linear operator
L., given by equation (17) now becomes

WE
- (98 + R0ty + 20202030 — 200 + )

82 re

6RE(1 —o2) = T (R2(1 —5 "R ) g

In Example 2, this gives rise to the following linearly elastic Koiter membrane
equations with prestress:

‘Celn

hE 1
Wit — —— (W +o5) = f
prchil: — 17— (nz+0Rm) f
hEo , hE Ny
R(l_o_g)nz+ (R(].—O’2) +p'ref> R f7‘~
In Example 4, the prestress changes the constant Cy in (41) , which now becomes

hE h? Dref
1 .
Ei-o t et R

(1.50)

pKh 772+

Co =

1.2.2 Elastodynamics of Structures with Finite Thickness
(“Thick Structures”)

The equations modeling elastodynamics of a structure are typically given in terms
of the displacement vector field d = d(t, x). Vector field d denotes the displacement
from a given reference configuration 2g. We will be assuming that the reference
configuration of the thick structure is given by a straight cylinder of radius R,
length L and thickness H. See Figure 2. The elastodynamics equations describe
the second Newton’s law of motion

Ps 8ttd =V-S in Qs, t e (O,T), (151)
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where p; denotes density of the thick structure, and S is the first Piola-Kirchhoff
stress tensor.

To close the system, we need to specify the dependence of S on d. The
relationship between S and d depends on the material under consideration. In
this chapter will be assuming that our thick elastic structure is

e homogeneous, i.e., the material properties do not depend on x, and

e isotropic, i.e., the response of the material deformation is the same in all
directions.

Additionally, we will be assuming that
o the displacement gradient is small (i.e., Vd << 1).

Under these assumptions, one of the simplest constitutive models for the me-
chanical behavior of linearly elastic structures, called the linearized Saint-Venant
Kirchhoff model, takes the following form:

S =pu (Vd+ (VA)") + AV - d)I, (1.52)

Here, A and p are the Lamé constants, accounting the compression and distortion
of the structure, respectively,

Writing a constitutive model for the behavior or elastic structures in general
is a bit more involving. Arterial walls are, in fact, nonlinear. The linear approxima-
tion written above is good as long as the displacement gradient and displacement
are not too large, which in the blood flow application means displacement not
larger than roughly 5% of the reference radius of an artery. A typical displace-
ment in a healthy artery under normal physiological conditions is between 5%
and 10%. Thus, many physiological and pathophysiological situations can exceed
the linearly elastic regime. Depending on what types of questions is one trying to
answer, linear or nonlinear models may be appropriate.

A typical assumption in biomedical literature on soft tissue mechanics is that
arterial walls behave as a hyperelastic material. This means that the relationship
between stress and strain in the structure can be written as the derivative of the
energy density function with respect to strain. More precisely, if we denote by

e TII- the second Piola-Kirchhoff stress tensor,
e FE— the Green-Lagrange strain tensor, and
o W— the energy density function,

then, for a hyperelastic material

ow
II(E) = 3E (E).

What is the relationship between the first and second Piola-Kirchhoff stress
tensors S and II, and between the Green-Lagrange strain tensor E and displace-
ment d? To explain these relationships we need to recall the notion of deforma-
tion. For each point & € (25 belonging to an undeformed, reference configuration
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Qg, deformation is a mapping ¢ which to each point @ € g associates a point
@(x) = x + d(x), where d denotes the displacement of . Deformation gradient
will be denoted by F' = V. Namely,

i (9wj ’

F:VSOZ&B
J

=I+Vd=1I+

(1.53)

F plays a key role in specifying the relationship between the first and second Piola-
Kirchhoff stress tensors, and in the relationship between strain and displacement.
The first and second Piola-Kirchhoff stress tensors are related through the gradient
of deformation as follows:

S = FII. (1.54)

While the first Piola-Kirchhoff stress tensor is not generally symmetric, the
second Piola-Kirchoff stress tensor is, and is, therefore, more suited for the de-
scription of physical properties of materials in terms of constitutive relations.

Constitutive relations, which specify the material properties of a structure,
typically express a relationship between stress and strain, more precisely, between
the second Piola-Kirchhoff stress tensor IT and the Green-Lagrange strain tensor
E:

Il - I(E),

where the Green-Lagrange strain tensor is defined via deformation gradient as
Lor
E:=; (F F- I) . (1.55)
A calculation shows that in terms of the displacement gradient, F is given by:
1
E:=; (Vd +vd" + VdVdT) . (1.56)
Therefore, a general relationship between strain and displacement gradient is

quadratic. For small displacement gradients, the quadratic term can be neglected,
and the relationship becomes linear:

1
E~ei=; (Vd + VdT) = D(d), (1.57)
where D is known as the symmetrized gradient of displacement.

Therefore, in summary, the elastodynamics of elastic structures is described
by the second Newton’s law of motion

Ps 6ttd =V-S in QS X (O,T),

where

e S = FTI is the first Piola-Kirchhoff stress tensor,
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e II is the second Piola-Kirchhoff stress tensor,

o =V =1+ Vd is the deformation gradient,

o p(xr) =x+d(x),z € Qg is deformation of g, and
e d is displacement from the reference configuration.

To close the system, a constitutive relation needs to be specified:
- 1(E) |
where

o F = (F TFP—1 ) is the Green-Lagrange strain tensor, also expressed as

1
2
o E= % (Vd +vd” + VdVdT> in terms of displacement gradient.
Therefore, the elastodynamics equations in closed form can be written as

ps Oud =V - [(I + VA)II((Vd 4+ Vd")/2 4+ Vdvd’ /2)],

E

where IT is a given function via a constitutive relation.
For hyperelastic materials we have

II(E) = OW/OE.
Examples of hyperelastic materials include:

e The Saint-Venant Kirchhoff model for which

W(E) = %[trE}Q + ultr(E?)], andso II(E)= \[trE|l +2uE.

e The linearized Saint-Venant Kirchhoff model for which
E ~ D(d) = (Vd + Vd")/2
and so
1 ~ II(D(d)) = MtrD(d)|I+2uD(d), and S ~ pu (Vd+(Vd)T)+A(V-d)I,
where D(d) is the symmetrized gradient of displacement.

e The exponential stiffening stress-strain law of Fung [72, 73], providing a more
realistic model of the mechanical properties of arterial walls, for which

W(E) = Cexp(ai Ejy + a2 E?. + a3EgyE..),
where Fgg and E.. are strains in the circumferential direction () and longi-
tudinal direction (z), respectively, and C, a1, as,as are constants.

In the rest of this chapter we will be working with the linearized Saint-Venant
Kirchhoff model.
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1.3 The Benchmark Problem

In this section we focus on a benchmark problem in fluid-multi-layered structure
interaction. The problem consists of studying FSI between an incompressible, vis-
cous fluid, and a structure consisting of two layers: a thin layer modeled by the
Koiter shell equations, and a thick layer modeled by the equations of linear elas-
ticity. The methods presented in this chapter work for an entire class of problems
in which the thin structural layer can be described by either the full cylindrical
linearly elastic Koiter shell model, described in Examples 1 and 2 of Section 92,
the linearly elastic membrane equations, presented in Example 2 of Section 92,
the nonlinearly elastic Koiter membrane/shell model, described in Example 3 of
Section 92, the cylindrical linearly viscoelastic Koiter shell model, presented in
Example 4 of Section 92, or the elastic string model described in Example 5 of
Section 92,

1.3.1 The Model Equations

The thin structural layer is modeled by the reduced equations of linear (visco)elasticity,
discussed in Section 0.2.1, which take the general form:

0? 0
THIN STRUCTURE : pKha—t;’ + Lea(n) + Em-sa—;? =f, onI'x(0,7),
(1.58)
These equations are defined on the reference domain which is a cylinder of radius
R:
I' = {(Rcos, Rsinf,z) € R®: 2 € (0,L), 6 € (0,2m)}.

As discussed in Section 92, L.; may be a linear or a non-linear operator modeling
the elastic properties of shells or membranes, and L,;s. denotes a linear operator
modeling their viscoelastic properties. Operator L,;s may be equal to the zero
operator. The methodology presented in this chapter is robust in the sense that
it can be applied to solving both the viscoelastic and purely elastic thin structure
models.

The thick structural layer is modeled by the equations of linear elasticity,
discussed in Section 0.2.2:

f psOud = V-8, onQg x(0,T), where
THICK STRUCTURE : { S — u(vd+ (Vd)T) LAV - d)L
(1.59)

These equations are defined on the reference domain

Qs = {(z,y,2) ER*:2€ (0,L), R< /22 +y2 <R+ H)}.

The flow of an incompressible, viscous fluid is modeled by the Navier-Stokes
equations. They are defined on a time-dependent cylindrical fluid domain Qg(t),
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which is not known a priori:

pr(Opu+u-Vu)
V-u

V.o,

FLUID : 0

} in Qp(t), te (0,T), (1.60)

where pr denotes the fluid density; u the fluid velocity; o = —pI + 2urpD(u) is
the fluid Cauchy stress tensor; p is the fluid pressure; pp is the dynamic viscosity
coefficient; and D(u) = 3(Vu + V7u) is the symmetrized gradient of u. The
typical values of the parameters pr and pr for blood are given in Table 4.

Blood density pp (%) 1.1 x 103[140]
Blood dynamic viscosity pp (<) 1050 [140]

ms

Table 1.4: Blood density and dynamics viscosity coeflicients.

We will be working with the fluid equations written in Cartesian coordinates
(z,y, z), while the structure equations will be written in cylindrical coordinates
(r,0,z). For any function f given in Cartesian coordinates, we define f to be the
corresponding function given in cylindrical coordinates:

f(r,0,z2) := f(z,y, 2).

For simplicity, in the rest of this chapter, we drop the tilde notation.

I n(t,z,0)
3

Figure 1.7: Domain sketch and notation.

The cylindrical fluid domain is of length L, with reference radius r = R. See
Figure 7. The thin structure, described by equation (58), serves as a fluid-structure
interface. The non-zero inertia term pxhd?n/0t? indicates that our fluid-structure
interface has mass. This has important implications for the analysis and numerical
simulation of FSI problems, discussed in Section 0.7.7.

For simplicity, in the rest of this chapter, we will be assuming that only the
radial component of the displacement of the thin structure is different from zero,
i.e., we will be assuming

ASSUMPTION : n=0n,1.) = (n-,0,0) =: ne,, (1.61)
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where e, = e,.(0,z) is the unit vector in the r-direction. This is a common as-
sumption in the literature on FSI in blood flow. For problems with non-zero radial
and longitudinal displacement n,., 7, # 0, please see [19, 20].

The radius of the deformed domain is equal to R + (¢, 6, z). Thus, the fluid
domain, sketched in Figure 7, is given by

Qp(t) ={(z,y,2) e R*: 2 € (0,L), Va2 +y2 < (0, R+n(t,0,2))},

where the lateral boundary of the cylinder corresponds to fluid-structure interface,
denoted by

I'(t)={(z,y,2) €R*: 2 € (0,L), Va2 +y2 < (0,R+n(t,0,2))}.

The inlet and outlet boundary of the fluid domain will be denoted by I';,
and T',y¢, respectively.

1.3.2 The Coupling Conditions

Since we have three different physical models describing three different physical
processes which are coupled, we need to describe the physics of the coupling be-
tween all of them. This includes prescribing coupling conditions between the fluid
and structure, and prescribing coupling conditions between the thin and thick
structure.

The coupling between the fluid, the thin structural layer, and the thick struc-
tural layer is achieved via two sets of coupling conditions: the kinematic coupling
condition and the dynamic coupling condition. The kinematic coupling condition
addresses the coupling of kinematic quantities, such as velocity. The dynamic cou-
pling condition describes balance of forces that occurs at the interface between
different physical models. These two sets of conditions give rise to a well-defined
mathematical problem, while, at the same time, they capture the basic physical
laws of the coupling.

In our problem, the thin structure serves both as a fluid-structure interface,
and as a structure-structure interface. In this chapter we will be assuming that the
kinematic coupling condition is the no-slip boundary condition between both the
fluid and thin structure, as well as between the thin and thick structural layers.

Concerning the dynamic coupling condition, since I'(t) is a fluid-structure
interface with mass, the dynamic coupling condition is simply the second Newton’s
Law of motion. It states that mass times acceleration of the interface is balanced
by the sum of total forces acting on, or within, I'(¢). This includes the contribution
due to the elastic energy of the structure, and the balance of contact forces exerted
by the fluid and the thick structure onto I'(¢). More precisely, we have the following
set of coupling conditions written in Lagrangian framework:
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¢ KINEMATIC COUPLING CONDITION:

on(t,0,z)er(0,2) =u(t,R+n(t,0,2),0,z), (continuity of velocity)
n(t,0,2)e (0,z) =d(t,R,0, z), (continuity of displacement)
(1.62)
where e,.(0, z) is the unit vector in the r-direction.

¢ DYNAMIC COUPLING CONDITION:

On
X2 at

Here J = J(t,0,2) = \/[1 + (0.17)?][R + 1]2 + 9pn? denotes the Jacobian of
the composit function which includes the transformation from Eulerian to La-
grangian coordinates, and the transformation from cylindrical to Cartesian
coordinates; the R in front of S in (63) denotes the Jacobian of the transfor-
mation from cylindrical to Cartesian coordinates evaluated at r = R, and n
evaluated at (¢, R+mn, 6, z) is the outward unit normal vector to the deformed
fluid-structure interface I'(t). As before, n = 7(t,0,z), and e, = e.(0,z) is
the unit vector in the r-direction.

prchOyn+Le(n)+L = —J(on)|(t,R4n,0,2)-€r+RS|(,r 06,2 €r€r. (1.63)

If we did not have the thin structure with mass present, i.e., if we only had
the fluid and thick structure interacting with each other, the dynamic coupling
condition would look slightly different. The balance of contact forces at the fluid-
structure interface would be given by the following:

_J(Un)|(t,R+n,0,z) -e, + RS|(t’R’9’Z)eT e = O, onI' x (0, T).

Namely, the dynamic coupling condition in this case reads that the normal stress
exerted by the fluid onto the thick structure is balanced the normal stress exerted
by the thick structure onto the fluid.

1.3.3 The Boundary and Initial Conditions

To get to a well-defined mathematical problem, equations (58)-(63) need to be
supplemented with initial and boundary conditions.

Fluid inlet and outlet boundary conditions: Examples of the inlet and outlet
boundary conditions for the fluid include the following:

e Dynamic pressure data: In the existence proof presented later in the chapter,
we will be working with the following inlet/outlet data:

PFE
p+ 7|u|2 = Pin/out(t)v

u = Uz€y,

} on iy, /outs (1.64)

where Py, /out € Li,.(0,00) are given, and e, is the outer unit normal to

Lin/jout- Therefore, the fluid flow is driven by a prescribed dynamic pressure
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drop, and the flow enters and leaves the fluid domain orthogonally to the
inlet and outlet boundary.

e Normal stress data: In the section on numerical simulations, presented later
in this chapter, we will be using the following inlet/outlet data:

Un‘l—‘m = B (t)v
on|r = P, (7).

out

(1.65)

Structure inlet and outlet boundary conditions: Examples of the boundary condi-
tions for the structure at the inlet and outlet ends of the tube include the following:

e The thin structure data. At the end points of the thin structure we prescribe
zero displacement:

n(t,r,0,0) =n(t,r,0,L) =0, r € (0,R), 6 € (0,2m),t € (0,T). (1.66)

If 4-th order derivative terms with respect to z appear in the model (i.e.,
if bending rigidity is included in the model), we consider a clamped Kotier
shell with the additional boundary conditions

n.(t,r,0,0) =n.(t,r,0,L) =0, r€ (0,R), 0 € (0,27),t € (0,T). (1.67)

e The thick structure data. At the end points of the annular sections of the
thick structure we prescribe zero displacement:

d(t,r,0,0) =d(t,r,0,L) =0, forre (R, R+ H),0 € (0,2n).

The external boundary condition. We will be assuming that the external boundary
of the thick structure

Pewr = {(2,y,2) €R®: 2 € (0,L),2% +y* = (R+ H)*}
is exposed to an external ambient pressure P.:

Se, = —P.e,, on ;. (1.68)

Initial data. The initial fluid and structure velocities, and the initial displacements,
are given by

u(07 ) = Uo, 77(07 ) =To, 3t77(0a ) = Yo, d(O’ ) = dy, afd(ov ) = Vo, (169)

and are assumed to belong to the following spaces: ug € L?(2£(0)), no € H(0,1),
Vo € LQ(O,].), Vo € LQ(Qs), dy € Hl(Qs)
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A summary of the benchmark problem. The benchmark problem in fluid-multi-
layered-structure interaction that we are interested in studying is given by the
following:

Find u, p, n and d such that:

pr(Qpu+ (u-V)ju) = V.o
\Y

Y27} ma. te 0.1

psattd =V-S in QS X (O,T),

81&7797“ = u|R+na

ne, = d|g, onT x (0,7).
pKhattT/ + Eel(n) + ‘Cvis% = _J(Un)‘RJrn cep + RS'Rer s er

where o, S, L and L,;s are defined above. In this formulation, the fluid and thick
structure equations are defined in Cartesian coordinates, while the thin structure
model is given in cylindrical coordinates. Furthermore, the fluid equations are
given in Eulerian framework, while the structure equations are given in Lagrangian
framework. To account for the different coordinates, J in the dynamic coupling
condition denotes the Jacobian of the transformation from the Eulerian to the
Lagrangian framework, and from Cartesian to cylindrical coordinates. Similarly,
the factor R in front of the first Piola-Kirchhoff stress tensor S is the Jacobian of
the transformation between the Cartesian and cylindrical coordinates. While the
coupling conditions are calculated at the deformed interface I'(t), they are written
in terms of the reference configuration of the fluid-structure interface, namely, they
are written in terms of points on I'.

Supplemented with initial and boundary conditions, this problem defines a
nonlinear, moving boundary problem of mixed, parabolic-hyperbolic type. Hyper-
bolicity is associated with the thick structure problem and with the thin structure
problem when no viscoelastic effects are taken into account, i.e., when L,;s = 0.
Parabolicity describes the properties of the fluid problem.

We will be studying this class of problems from both numerical, as well as
theoretical point of view. Numerical method development for this class of problems
will be presented in Section 0.7, while existence of solutions will be studied in
Section 0.6. In those sections, concrete examples of this class of problems will
be presented and studied. A simplified version of these equations in 2D will be
presented.

1.4 FSI Literature Review

Fluid-structure interaction problems have been extensively studied for the past
20 years by many authors. The focus has been exclusively on FSI problems with
structures consisting of a single material, except for the numerical simulations us-



1.4. FSI Literature Review 31

ing the Immersted Boundary Method which is particularly suitable to deal with
structures composed of fibers. The field has evolved from first studying FSI be-
tween an incompressible, viscous fluid and a rigid structure immersed in a fluid,
to considering compliant (elastic/viscoelastic) structures interacting with a fluid.
Concerning compliant structures, the coupling between the structure and fluid was
first assumed to take place along a fixed fluid domain boundary (linear coupling).
This was then extended to FSI problems in which the coupling was evaluated at a
deformed fluid-structure interface, giving rise to an additional nonlinearity in the
problem (nonlinear coupling).

1.4.1 Analysis Literature

Well-posedness results in which the structure was assumed to be a rigid body
immersed in a fluid, or described by a finite number of modal functions, were
studied in [18, 43, 48, 51, 52, 61, 74, 133]. FSI problems coupling the Navier-Stokes
equations with linear elasticity where the coupling was calculated at a fixed fluid
domain boundary, were considered in [55], and in [12, 13, 100] where an additional
nonlinear coupling term was added at the interface. A study of well-posedness for
FSI problems between an incompressible, viscous fluid and an elastic/viscoelastic
structure with nonlinear coupling evaluated at a moving interface started with the
result by daVeiga [17], where existence of a strong solution was obtained locally in
time for an interaction between a 2D fluid and a 1D viscoelastic string, assuming
periodic boundary conditions. This result was extended by Lequeurre in [109, 110],
where the existence of a unique, local in time, strong solution for any data, and the
existence of a global strong solution for small data, was proved in the case when the
structure was modeled as a clamped viscoelastic beam. D. Coutand and S. Shkoller
proved existence, locally in time, of a unique, regular solution for an interaction
between a viscous, incompressible fluid in 3D and a 3D structure, immersed in the
fluid, where the structure was modeled by the equations of linear [45], or quasi-
linear [46] elasticity. In the case when the structure (solid) is modeled by a linear
wave equation, [. Kukavica and A. Tufahha proved the existence, locally in time,
of a strong solution, assuming lower regularity for the initial data [101]. A similar
result for compressible flows can be found in [102]. A fluid-structure interaction
between a viscous, incompressible fluid in 3D, and 2D elastic shells was considered
in [34, 33] where existence, locally in time, of a unique regular solution was proved.
All the above mentioned existence results for strong solutions are local in time. We
also mention that the works of Shkoller et al., and Kukavica at al. were obtained
in the context of Lagrangian coordinates, which were used for both the structure
and fluid problems.

In the context of weak solutions, the following results have been obtained.
Continuous dependence of weak solutions on initial data for a fluid structure in-
teraction problem with a free boundary type coupling condition was studied in
[84]. Existence of a weak solution for a FSI problem between a 3D incompressible,
viscous fluid and a 2D viscoelastic plate was considered by Chambolle et al. in
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[32], while Grandmont improved this result in [78] to hold for a 2D elastic plate.
These results were extended to a more general geometry in [103], and then to
the case of generalized Newtonian fluids in [104], and to a non-Newtonian shear
dependent fluid in [92, 94]. In these works existence of a weak solution was proved
for as long as the elastic boundary does not touch ”the bottom” (rigid) portion of
the fluid domain boundary.

Muha and Canié recently proved existence of weak solutions to a class of
FSI problems modeling the flow of an incompressible, viscous, Newtonian fluid
flowing through a cylinder whose lateral wall was modeled by either the linearly
viscoelastic, or by the linearly elastic Koiter shell equations [119], assuming non-
linear coupling at the deformed fluid-structure interface. The fluid flow boundary
conditions were not periodic, but rather, the flow was driven by the dynamic pres-
sure drop data. The methodology of proof in [119] was based on a semi-discrete,
operator splitting Lie scheme which we discuss later in this chapter, and which was
also used in [85] to design a stable, loosely coupled partitioned numerical scheme,
called the kinematically coupled scheme (see also [19]). Ideas based on the Lie
operator splitting scheme were also used by Temam in [137] to prove the existence
of a solution to the nonlinear Carleman equation.

1.4.2 Numerical Simulation Literature

The development of numerical solvers for fluid-structure interaction problems has
become particularly active since the 1980’s. Among the most popular techniques
are the Immersed Boundary Method [127, 128, 60, 70, 111, 117, 79, 80, 81, 82, 83]
and the Arbitrary Lagrangian Eulerian (ALE) method [54, 93, 91, 107, 108, 140,
131]. We further mention the Fictitious Domain Method in combination with
the mortar element method or ALE approach [7, 106], and the methods recently
proposed for the use in the blood flow application such as the Lattice Boltzmann
method [59, 62, 98, 99], the Level Set Method [44] and the Coupled Momentum
Method [69].

Until recently, only monolithic algorithms seemed applicable to blood flow
simulations [49, 69, 76, 125, 142, 15, 16]. These algorithms are based on solv-
ing the entire nonlinear coupled problem as one monolithic system. They are,
however, generally quite expensive in terms of the computational time, program-
ming time and memory requirements, since they require solving a sequence of
strongly coupled problems using, e.g., the fixed point and Newton’s methods
[31, 125, 49, 64, 91, 115], or the Steklov-Poincaré based domain decomposition
methods [50].

The multi-physics features of the blood flow problem strongly suggest to
employ partitioned (or staggered) numerical algorithms, where the coupled fluid-
structure problem is separated into a pure fluid sub-problem and a pure structure
sub-problem. The fluid and structure sub-problems are integrated in time in an al-
ternating way, and the coupling conditions are enforced asynchronously. When the
density of the structure is much larger than the density of the fluid, as is the case in
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aeroelasticity, it is sufficient to solve, at every time step, just one fluid sub-problem
and one structure sub-problem to obtain a solution. The classical loosely-coupled
partitioned schemes of this kind typically use the structure velocity in the fluid
sub-problem as Dirichlet data for the fluid velocity (enforcing the no-slip boundary
condition at the fluid-structure interface), while in the structure sub-problem the
structure is loaded by the fluid normal stress calculated in the fluid sub-problem.
These Dirichlet-Neumann loosely-coupled schemes work well for problems in which
the structure is much heavier than the fluid. Unfortunately, when fluid and struc-
ture have comparable densities, which is the case in the blood flow application,
the simple strategy of separating the fluid from the structure suffers from severe
stability issues [30, 116]. This is because the energy of the discretized problem in
Dirichlet-Neumann loosely-coupled schemes does not approximate well the energy
of the continuous problem. A partial solution to this problem is to iterate sev-
eral times between the fluid and structure sub-solvers at every time step until the
energy of the continuous problem is well approximated. These strongly-coupled
partitioned schemes, however, are computationally expensive and may suffer from
convergence issues for certain parameter values [30].

To get around these difficulties, and to retain the main advantages of loosely-
coupled partitioned schemes such as modularity, simple implementation, and low
computational costs, several new loosely-coupled algorithms have been proposed
recently. The method proposed in [9] uses a simple membrane model for the struc-
ture which can be easily embedded into the fluid problem where it appears as a
generalized Robin boundary condition. In this way the original problem reduces to
a sequence of fluid problems. A similar approach was proposed in [125] where the
fluid and structure were split in the classical way, but the fluid and structure sub-
problems were linked via novel transmission (coupling) conditions that improve the
convergence rate. A different approach to stabilization of loosely coupled schemes
was proposed in [24] where a stabilization based on Nitsche’s method [88] was
used. We further mention the scheme proposed in [10] where a Robin-Robin type
preconditioner was combined with Krylov iterations for a solution of an interface
system. For completeness, we also mention several semi-implicit FSI schemes. The
schemes proposed in [65, 5, 6] separate the computation of fluid velocity from the
coupled pressure-structure velocity system, thereby reducing the computational
costs. Similar schemes, derived from algebraic splitting, were proposed in [8, 131].
We also mention [118] where an optimization problem was solved at each time-step
to enforce the coupling conditions.

Recently, a novel loosely coupled partitioned scheme, called the “kinemat-
ically coupled f-scheme”, was introduced by Bukaé¢, Canié et al. in [19], and
applied to FSI problem with thin elastic and viscoelastic structures, modeled by
the membrane or shell equations. This scheme successfully deals with stability
problems associated with loosely-coupled schemes in a way different from those
reported above. Stability is achieved by combining the structure inertia with the
fluid sub-problem to mimic the energy balance of the continuous problem. It was
shown in [29] that the scheme is unconditionally stable even for the parameters
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associated with the blood flow applications. Additionally, Cani¢ and Muha showed
that a version of this scheme with 8 = 0 converges to a weak solution of the fully
nonlinear FSI problem [119]. This result uses energy estimates combined with com-
pactness arguments to show that the approximate solutions converge to a weak
solution of the problem as the time discretization tends to zero. This is a signif-
icant result since it proves the existence of a (weak) solution to a nonlinear FSI
problem in a constructive way, by using a computational scheme to construct a
solution. See [56, 57] for the related results concerning linear FSI problems.

The case 8 = 0 considered in [119] corresponds to the classical kinematically-
coupled scheme, first introduced in [85]. Parameter S was introduced in [19]
to increase the accuracy of the scheme. It was shown in [19] that the accu-
racy of the kinematically-coupled (-scheme with 8 = 1 was comparable to that
of monolithic scheme by Badia, Quaini, and Quarteroni in [8] when applied to
the nonlinear benchmark FSI problem in hemodynamics, introduced by Formag-
gia et al. in [71]. A different approach to increasing the accuracy of the clas-
sical kinematically-coupled scheme was recently proposed by Ferndndez et al.
[66, 67, 68]. Their modified kinematically-coupled scheme, called “the incremental
displacement-correction scheme” threats the structure displacement explicitly in
the fluid sub-step and then corrects it in the structure sub-step. Fernandez et al.
showed that the accuracy of the incremental displacement-correction scheme is
first-order in time. The results were obtained for a FSI problem involving a thin
elastic structure.

These recent results indicate that the kinematically-coupled scheme and its
modifications provide an appealing way to solve FSI problems using partitioned ap-
proach. This scheme it is particularly suitable for problems in which the structure
consists of several layers, since modeling each additional layer can be accomplished
by adding a new module to the partitioned scheme. Indeed, in the sections that
follow, we present the kinematically coupled scheme, discuss the numerical results,
and show the main steps in the proof of the existence of a weak solution to the
class of fluid-multi-layered structure interaction problems discussed in Section 0.3.

1.5 Solution Framework

To study numerical simulation and existence of solutions to the class of problems
(58)-(63) we present here a stable, partitioned approach that splits the fluid from
the structure problem by using the Lie splitting, also known as the Marchuk-
Yanenko scheme. The Lie splitting scheme has been widely used in numerical
computations, see [77] and the references therein. Here we discuss an extension
of this approach to study fluid-multi-layered structure interaction problems via
the Kinematically-Coupled Scheme, which is based on the time-discretization via
Lie splitting. The time-dependent coupled problem is discretized in time (semi-
discretization) in such a way that at each time step the coupled problem is split
into a fluid and a structure subproblem in a particular way so that the energy of
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the discretized problem mimics the energy of the continuous problem. As we shall
see later, this guarantees stability of the scheme.

1.5.1 The Energy of the Coupled Problem

We present here a general approach to deriving an energy estimate of the coupled
FSI benchmark problem, described in Section 0.3, for the class of problems in
which the Koiter shell is linear. Thus, we consider a clamped linearly (visco)elastic
Koiter shell (58), coupled with the equations of linear elasticity (59), and the flow
of an incompressible, viscous fluid modeled by the Navier-Stokes equations (60).
The inlet and outlet data are given by the dynamic pressure data, specified in
(64).

We first recall from Section 92 that the linear operators L. and L,;s are
defined as follows:

3
(an) =5 [ AGE): G)a+ T [ ARG R@)Va v e CF.
N N (1.70)
3
Cairw) =5 [ Bati) s Gty [ BRO):R@)WVE W e €, (1)

where G and R are the change of metric, and change of curvature tensors, re-
spectively, and A and B are the elasticity tensor and the viscoelasticity tensor,
respectively, defined in Example 4 of Section 92. This will be used to obtain the
following energy estimate for the coupled problem:

Proposition 1.5.1. The coupled FSI benchmark problem (58)-(69) with multiple
structural layers satisfies the following energy estimate:

d
% (Ekin(t) + Eel(t)> + D(t) < C(Pzn(t)a Pout(t))7 (1'72)
where
Eyin(t) = % (PFHUH%?(QF(@) + PKhHat’?HQL?(r) + PSHatd”%z(Qs)) )
(1.73)
Ealt) = 3 (Bam) +20ID@)/Baq, + MV - dla,, )

denote the kinetic and elastic (internal) energy of the coupled problem, respectively,
and the term D(t) captures viscous dissipation:

D(t) == Eyis(0rm) + prlD)| 720, 0))- (1.74)

The constant C(Piy(t), Pout(t))) depends only on the inlet and outlet pressure data,
which are both functions of time.
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The expressions for the energy associated with the Koiter shell are given by:

f@/Amm R+—/AR (MR,
o (9im) = / BG(9m) : GOm)R + = / BR(0m) : R(Om)R

Notice that, due to the presence of an elastic fluid-structure interface with
mass, the kinetic energy term FEy;,,(t) contains a contribution from the kinetic en-
ergy of the fluid-structure interface ||8m||%2(r) incorporating the interface inertia.
Furthermore, the elastic energy FE.;(t) of the FSI problem accounts for the elastic
energy ||8Z77||2L2(F) of the interface. If a FSI problem between the fluid and a thick
structure was considered without the thin FSI interface with mass, these terms
would not be present. In fact, the traces of the displacement and velocity at the
fluid-structure interface of that FSI problem would not have been even defined for
weak solutions.

Proof. A formal calculation of the energy estimate for this class of problems typ-
ically entails multiplying the fluid and structure equations in differential form
by the fluid and structure velocities, respectively, and performing integration by
parts. Integration by parts of the fluid equations takes into account the bound-
ary conditions, which are the conditions at the inlet and outlet boundary of the
fluid domain, and the conditions at the lateral boundary of the fluid domain. At
the lateral boundary of the fluid domain, the normal fluid stress is coupled with
the structure equations, and here is where the dynamic and kinematic coupling
conditions come into play. By taking these coupling conditions into account, the
energy of the fluid and the energy of the structure are coupled together into the
total energy of the coupled FSI problem.

More precisely, we first multiply equation (60) by u, integrate over Qp(t),
and formally integrate by parts to obtain:

/ PR (8tu-u+(u-V)u-u)+2,uF/
QF(t)

Qr (t)

D@ [ (-p2urDw)a(u =0
OQF(t)

(1.75)
To deal with the inertia term we first recall that Qp(t) is moving in time and
that the velocity of the lateral boundary is given by u|p(). The transport theorem
applied to the first term on the left hand-side of the above equation then gives:

1d 1
/ ou-u=—-— \u\Q—f/ lul*u - n(t).
Qp(t) 2dt Jonm 2 Jre

The second term on the left hand side can can be rewritten by using integration
by parts, and the divergence-free condition, to obtain:

1 1
/ (u-Vju-u= f/ lul*u-n(t) = f(/ lu*u - n(t)
(1) 2 Joar 25 e
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- / ufu, + / )
Tin T

These two terms added together give

d
pp/ (Ou-u+(u-Viu-u) = pr 2 |u|2—p—F/ |u\2uz—|—p—F lul?u,.
QF(t) 2 dt QF(t) 2 in 2 out
(1.76)
Notice the importance of nonlinear advection in canceling the cubic term [ ) lul?u-
n(t)!

To deal with the boundary integral over 9Qp(¢), first notice

/ (—pI+2upD(u))n-u = / (—pI+2upD(u))n-u.  (1.77)
OQF(t) Cin/out UT'(t)

To calculate the contribution of the integral over I';, /o4, notice that on Ty, /oue
the outward unit normal is given by +e,. Furthermore, the boundary condition
(64) implies u, = ug = 0, or, in Cartesian coordinates u, = u, = 0. Combined
with the divergence-free condition one obtains d,u, = 0. This implies D(u) = 0
on Iy /ous- Therefore,

J

What is left is to calculate the remaining boundary integral over I'(¢), namely

(—pI+2uFD(u))n-u:/ puz—/F D Uy. (1.78)

in/out Lin out

—/ (=pI4+2upD(u))n(t) -u= —/ on(t) - u.
I'(t) ()
By enforcing the dynamic and kinematic coupling conditions (62), (63), we obtain

_/F(t) on(t) -u=— /F Jon-u= /wR(f — Se, - e,.)0n, (1.79)

where f is the function appearing on the right hand-side of the Koiter shell equa-
tion (58).

The rest of the proof entails calculating the right hand-side of (79) in terms
of the energy of the thin and thick structure problems. We begin with the Koiter
shell problem:

pKhattT’ + £eln + Evisat'r’ - f
Multiply this equation by 0;n and formally integrate by parts, using, on the way,

the definition of operators L.; and L,;s, given in (70), and (71), respectively. The
resulting equation is given by the following:

1d

Sd prch (m)2 R+ < Len, 0 > + < L4is0m, Oy >= / fomR,
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or, by expanding the operators L and L,;s, and using 1) to denote 0yn:
1d

= pKhmt)QRﬂ/AG(n) R+—/AR (iR

g/wzs(;(h): R+—/BR )Rz/wfﬁmR- (1.80)

By recalling the definitions of the elastic and viscous energy of the Koiter shell:
/ AG(n n)va+ — / AR(n (n)Va,
Bustn) = s [ BGm) G+ [ BRO): Rn)Va,

equation (80) can be written as
hd 1d
oot ol + 5 G Ealn) + Busom) = [ Rfom. (8

Next, consider the elasticity equation (59), multiply it by d;d and integrate
by parts to obtain:

1d
371 (510l + 2ID@ ) + X1V - (o) = = [ Se- 0

7/ R Se, - 9,d. (1.82)

Now, the right hand-side of equation (79) can be calculated by combining
(81) and (82) to obtain

—FEeq(n) + Evis(0im)

pich d 1d
— t) - 0
[, oo w= P ol + 5

1d
2dt

By combining (75) with (76), (77), (78), and (83), one obtains the following
energy equality:

(Ps||atd||L2 (@s) T 20D( )||2L2(QS) + AV dHQLZ(QS))- (1.83)

1d
Sq {PFHUH%F(t) + prchl|0m| 720y + psl0kdl|72 g + Ba(n) + 2pD(d) 1720y

+ >\Hv : dH%2(QS)} + 2/’[’FHD(U)||522p(t) + Evis(atn) = iP%n/out(t)/F Uy
in/out

Finally, by using the trace inequality and Korn inequality one can estimate:

o out (0) / el < O1Pan ol N2 ) < 1 Prsont 5 1D

in/out
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By choosing € such that % < pr we get the energy inequality

1d
Sq {pF”uH?ZF(t) + prchl|0m| 72y + psl0:dll72 g + Ba(n) + 2pD(d) 1720y

+AIV- dHQLZ(QS)} +pr D&, 1) + Buois(9im) < C(Pin(t), Pour (1))

O

1.5.2 ALE Formulation

Since the fluid-structure coupling studied in this chapter is preformed along the
moving fluid-structure interface, the fluid domain Q(t) is not fixed. This is a prob-
lem from many points of view. In particular, defining the time discretization of
the time derivative Ou/dt, for example Ou/dt ~ (u(t"*1 ) —u(t",.))/(t" Tt — "),
is not well-defined since u(t"*!,.) and u(¢",.) are not defined on the same domain
at two different time-steps. To resolve this difficulty, often times the fluid domain
is mapped onto a fixed, reference domain via a smooth, invertible ALE mapping
[54]:

An example of such a mapping is the harmonic extension of the boundary 9Qg(t)
onto the fluid domain. See Section 0.7. Another example is a mapping particu-
larly convenient for the existence proof, presented in Section 0.6. This introduces
additional nonlinearities into the equations, reflecting the geometric nonlinearities
of the moving interface. The transformed gradient, which we denote by V7, will
depend on the fluid-structure interface 1. Furthermore, by using the chain rule,
one can see that the the time derivative of the transformed fluid velocity will have
an additional advection term with the coefficient given by the domain velocity
w := A; o A~!, where A; denotes the time derivative of A. Finally, the mapped
fluid equations in Qg read:

pr (Ou+ (u—w)-VNHu) = V.07

o g }in Qp % (0,7). (1.84)

Here, the notation o reflects the dependence of D" (u) = 1 (V"u + V') on 7.
Therefore, our problem in ALE formulation reads as follows:
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THE COUPLED PROBLEM IN ALE FORM DEFINED ON Qp

Find u, p, n and d such that:

— .V = n.og"
prioms ) T = S g 0.1)
psﬁ'ttd =V-S in QS X (O,T‘)7

atner = U|R+na
ne, =d, onT x (0,7).
prhOun + Lei(n) + LyisOim = —J(on)|p4y - € + R Se, - e,

As we shall see in Section 0.7, the actual numerical simulations at each time
step are typically performed on the current (fixed) domain Q% (¢), with only the
time-derivative calculated on 2, thereby avoiding the need to calculate the trans-
formed gradients V7. The corresponding continuous problem in ALE form can be
written as follows:

THE COUPLED PROBLEM IN ALE FORM DEFINED ON Qp(t)

Find u, p, n and d such that:

PFr (atll|QF + ((U_W) : g)uu z (Y o } in QF(t) X (O,T)7

psattd =V-S in QS X (0,11)7
8257767' = u|R+77a
ner =d, onT x (0,7).
prhOun + Lei(n) + LyisOim = —J(on)| g4y - € + R Se, - e,

Here, d;u|q, denotes the time derivative calculated on Qp. This approach is
standard in ALE methods applied to partitioned schemes. In our existence proof,
and in our definition of the splitting scheme, however, it will be convenient to use
the fully mapped problem onto the fixed reference domain Q.

1.5.3 The Splitting Scheme — General Framework

To apply the Lie splitting scheme the problem must first be written as a first-order
system in time:

9¢

S HA@) = 0, in(0,7), (1.85)

¢(0) = o, (1.86)
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where A is an operator from a Hilbert space into itself. Operator A is then split,
in a non-trivial decomposition, as

A=A (1.87)

The Lie scheme consists of the following. Let At > 0 be a time discretization step.
Denote t" = n/At and let ¢™ be an approximation of ¢(t"). Set ¢° = ¢g. Then,
for n > 0 compute ¢"+! by solving

I
ot

+ Ai(¢s) = 0 in (", t"Th), (1.88)
gi(t") = gt/ (1.89)

and then set ¢" /1 = ¢;(t"*1), for i = 1,....I. Thus, the value at t = "+ of the
solution of the i-th problem is taken as the initial data for the (i + 1)-st problem
on (", t" 1),

This method is first-order accurate in time. More precisely, if (85) is defined
on a finite-dimensional space, and if operators A; are smooth enough, then ||¢(¢")—
6"/l = O(At) [77].

To solve the class of problems (58)-(63), we split the fluid from the structure
subproblem to separate the different physics in the coupled problem. Thus, the
coupled problem, which defines operator A, is split into a sum of two operators:

1. An elastodynamics problem for the thick structure, and

2. A fluid problem with suitable boundary conditions involving structure veloc-
ity and fluid stress at the boundary.

The thin-structure problem will enter through the boundary conditions, enforcing
the dynamic coupling condition between the fluid and thick structure.

Thus, this scheme works as follows: first the structure problem is solved on
the time-interval (¢",¢" 1) with the initial data obtained from the previous time-
step. Then, the fluid problem is solved on the same-time interval (¢",¢"*1), but
with the initial data obtained from the just calculated solution in the first step.

Not every splitting of this kind would lead to a stable, convergent scheme.
Our strategy is to split the fluid from the structure subproblem in such a way
that the energy of the discretized problem approximates well the energy of the
continuous problem. To achieve this goal, a key role is played by the kinematic
coupling condition, which will be enforced implicitly in both steps of the splitting
scheme, keeping the two sub-problems tightly coupled at all times.

Before we apply the Lie splitting, we rewrite our coupled problem in first-
order form with respect to time. For this purpose we introduce the following
notation:
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e the trace of the fluid velocity at the moving interface I'(¢t) will be denoted by
v, i.e.,
ver 1= ulp(y).

Namely, v, which is defined on I, is equal to the trace of u evaluated at R+n.
The kinematic coupling condition (no-slip) then reads 9;n = v.

e the thick structure velocity will be denoted by:

V= @

ot
The system in ALE form is now rewritten by using the above-mentioned notation,
and by employing the kinematic coupling condition in the thin structure model.
This way the kinematic coupling condition will be enforced everywhere, in all the
steps of the splitting scheme. The resulting coupled problem in first-order ALE
form is given by the following:

THE CoUPLED PROBLEM IN FIRST-ORDER ALE ForM

Find u, p, n, d, v, and V such that:

—w) V" — V7.g7
pr B+ ((u =) gn).uli = OV 7 } in Qp x (0,7),
psat;[ i ‘V/_-S } in Qg x (0,7),
t = )
3,577 =,
Z‘;’” _ 3’ onT x (0,7).

prhow + Lo(n) + Lyisv =—J 0c"™n-e. + R Se, - e,

Notice that we have enforced the kinematic coupling condition both in the
thin structure acceleration term, and in the viscous part of the thin structure
equation.

We are now ready to split the problem. For this purpose, observe that the
portion pxh Oyv+L,;sv = —Jon-e, of the dynamic coupling condition is all given
in terms of the trace v of the fluid velocity on T' (recall, o depends on v.) We can,
therefore, use this as a lateral boundary condition on I' for the fluid sub-problem.
This observation is crucial because keeping the structure inertia term pxhdpv
together with the inertia of the fluid in the fluid sub-problem is of paramount
importance for designing a stable and convergence scheme.

This is different from the classical loosely coupled schemes. In classical Dirichlet-
Neumann loosely coupled scheme, the boundary condition for the fluid subproblem
is the Dirichlet condition for the fluid velocity v on I' given in terms of the struc-
ture velocity dn/0t, namely v = 9n/0t, where On/0t is calculated at the previous
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time step! This inclusion of the structure inertia from the previous time step (ex-
plicitly) makes the fluid subproblem unstable for certain parameters values [30].
The main reason for this is that the kinetic energy at this time step, includes only
the fluid kinetic energy from the current time step, and not the thin structure
kinetic energy, since the thin structure velocity enters from the previously calcu-
lated time step. For strong geometric nonlinearities, which often happen when the
fluid and structure densities are comparable, this miss-match between the kinetic
energy of the discretized problem (where only the fluid kinetic energy appears in
the current time-step), and the kinetic energy of the continuous problem (where
both the fluid and structure kinetic energy are tied together in a strongly coupled
FSI problem) gives rise to an unstable numerical scheme [30].

Therefore, the strategy of our splitting, mentioned above, to keep the thin
structure inertia together with the fluid inertia in the fluid sub-step, will give rise
to the kinetic energy of the discretized problem that approximates well the kinetic
energy of the continuous problem, giving rise to a scheme that is unconditionally
stable for all the parameters in the problem [29]. In Section 0.6 we prove that the
scheme converges to a weak solution to the underlying FSI problem.

We therefore define the operators A; and As as follows:

Problem Al : STRUCTURE
psoV = V-8, in Qg
8td = V, in QS
d = ne,, on I’
on = v, onT
pkhoww = Lg(n)+ RSe.-e. onl

Here, of course, the PDE system in Q25 can be solved just as a single second-order
PDE for d: psd;; = V - S. Problem Al is solved with the initial data (d, V,n,v)
given by the solution from the previous time-step. This means, in particular, that
the thin structure velocity v is set to be equal to the trace of the fluid velocity on
T, calculated in the previous time-step. Thus, we are solving the elastodynamics
problem for the linearly elastic thick structure in 2g, with the boundary condition
at the lateral boundary I' given by a PDE that determines the motion of the lateral
boundary. The motion of the lateral boundary in this sub-problem is driven by the
normal component of the first Piola-Kirchhoff stress tensor S, and by the initial
data for the velocity of the thin structure, which is given by the trace of the fluid
velocity, just calculated in the previous time-step. In this step we also calculate
the domain velocity w, which is given by the time-derivative of the ALE mapping,
associated with Problem Al.



44 Chapter 1. Fluid-Multi-Layered Structure Interaction

Problem A2 : FLUID
ou+ ((—w)-VHu = V7.0, in Qp
Vi-u = 0, in Qp
u = ve,, onTI
phow+ Lysv = —Jom-e. on T

Here 1 is the value of u from the previous time step, and w, which is the domain
velocity (the time derivative of the ALE mapping), is obtained from the just
calculated Problem Al. Furthermore, V" is the transformed gradient, which is
based on the value of 1 from the previous time-step. The initial data for u is given
from the previous time step, while the initial data for the trace of the fluid velocity
v is given by the just calculated velocity of the thin structure 0;7.

This concludes our description of the general framework based on the Lie
splitting scheme for solving the class of fluid-structure interaction problems (58)-
(63) with multiple structural layers.

Before we continue, several remarks are in order:

e The splitting works as well when the thin structure is purely elastic, i.e.,
when L,;s = 0.

e Switching the order of solution (fluid step first, structure second) works as
well. The corresponding algorithm is explicitly shown below in the corre-
sponding block-diagram.

e The symmetrized Lie splitting obtained by solving the structure problem,
followed by the fluid problem, and then the structure problem, increases the
accuracy of the scheme to second-order in time.

e A version of Strang splitting for this problem was performed by Lukacova et
al. in [95, 94] achieving second-order accuracy in time.

e Adding additional modules to capture different physics in a given multi-
physics problem can be accomplished in a similar way. See [23] for an appli-
cation of this scheme to a FSI problem with multiple poroelastic structural
layers. Also, see [123] for an application of this scheme to a FSI between a
vascular device called stent, elastic arterial wall, and the flow of an incom-
pressible, viscous fluid.

e A modification of this scheme to achieve higher accuracy within the class
of first-order schemes, was introduced in [19, 20]. Details of this modified
scheme, called the Kinematically-Coupled -scheme, are presented next.
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1.5.4 A Modified Splitting Scheme achieving Higher Accuracy

To increase the accuracy, the kinematically-coupled [-scheme is based on addi-
tionally splitting the normal fluid stress as follows:

on = on+ fpn —fGpn,
——— ——
(€] (1)

where 8 € [0,1]. Part I of the fluid stress is treated with the fluid sub-problem,
while Part IT with the structure sub-problem. The new boundary condition for the
fluid sub-problem, written in the framework in which the entire fluid sub-problem
is considered on the fixed, reference domain 2z, becomes

pShatv + Lyisv = —J (o'nn + 6[)11) e, onl,

where p denotes the explicit use of the pressure calculated from the previous step.
Part II of the fluid stress is then used to load the structure so that the new
boundary condition for the structure sub-problem becomes

prhow = Lo (n) + (R Se,. — BJpn) -e, on . (1.90)

A block diagram shown in Figure 8 below summarizes the splitting in each itera-
tion.

The main reason for the increase in accuracy of the S-scheme is the inclusion
of the pressure loading SJpn by the fluid onto the structure in the structure sub-
problem. This way the structure “feels” the fluid not only through the kinematic
coupling condition enforced via the initial condition for the structure sub-problem
(0yn = v), but also through the leading contribution of the normal stress, i.e. the
pressure, exerted by the fluid onto the structure. Typically, the highest accuracy
is achieved for § = 1. The accuracy of this modified scheme is still first-order, but
the error is closer to the error of a monolithic scheme, as we shall see in Section 0.7.

Numerical Implementation. Typically, numerical implementation of the fluid sub-
problem entails solving the fluid equations on the “current domain”. Namely,
numerical implementation is performed for the ALE problem written on Qg(¢),
and not Qp, as was discussed at the end of Section 0.5.2. In this case, the fluid
sub-problem written above takes the following form:

Problem A2 (FLUID)

ulg, + (0 —w™).V)u = V.o, in Q.
V-u = 0, in QF
(pKhatu‘RJ,-n + ‘Cvisu|R+n) e, = —J (Un + /BPHH) ‘R+n © €  on FIII:'
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Domain Update: Q%, '

)
Problem A1 (STRUCTURE)
psattd =V-S in QS
d = ne,
pxhdun = Le(n)+ (R Se.—FJp™n)-e,. ponTl
on = v
|
dn+1 — d(tn+1)7nn+1 — n(tn—i-l)
vn+1/2 — U(tn+1) n=n+t1

Calculate ALE mapping A™*! and
domain velocity w1 = 9,47 1!

v
Problem A2 (FLUID)
ou+ (Ut —wrth) . v u = V.o ) .
V" ou = 0 in Qp
(PKhatu + Evisu) e, = —J (0'77 n -+ /Bpnn) - e, } on T
u = ve,
v
u11+1 — u(ﬁn—‘rl)’pn+1 — p<tn+1)
vt = (et

Figure 1.8: A block diagram showing the main steps of the Kinematically Coupled
[-Scheme.
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1.6 Existence of a Weak Solution

In this section we present details of the analysis of the existence of a weak solution
to a previously discussed FSI problem with a multi-layered structure in two space
dimensions. For related results in 3D, please see [121]. The most difficult case
from the analysis point of view, is the case when the viscoelastic effects in the
thin structure model are ignored, and the highest order spatial derivatives (the
4-th order spatial derivatives) in the Koiter shell have the coefficients equal to
zero. The resulting thin-structure model is the linear wave equation. Thus, in this
section we study fluid-structure interaction between an incompressible, viscous
fluid flowing through a 2D cylinder with compliant walls, consisting of a thin and
a thick layer, modeled by the linear wave equation, and the equations of linear
elasticity, respectively. As before, we will also be assuming that only the radial
displacement in the thin structure is different from zero.

The existence result for the FSI problem in which the thin structure is mod-
eled by the full linearly elastic/viscoelastic Koiter shell equations, and the thick
structure is modeled by the equations of linear elasticity, can be obtained by com-
bining the results of [119] and the results of [122].

1.6.1 Problem definition

We consider the flow of an incompressible, viscous fluid modeled by the Navier-
Stokes equations in a 2D, time-dependent cylindrical fluid domain Qg(¢), which
is not known a priori:

pr(u+u-Vu)
V-u

V.o,

FLUID : 0

} in Qp(t), te (0,T), (1.91)

where pr denotes the fluid density; u the fluid velocity; o = —pI + 2urpD(u) is
the fluid Cauchy stress tensor; p is the fluid pressure; p is the kinematic viscosity
coefficient; and D(u) = £(Vu + V7u) is the symmetrized gradient of u.

The cylindrical fluid domain is of length L, with reference radius r = R.
The radial (vertical) displacement of the cylinder radius at time ¢ and position
z € (0, L) will be denoted by 7(t, z), giving rise to a deformed domain with radius
R+ n(t, z). Thus, the fluid domain, sketched in Figure 9, is given by

Qp(t) ={(z,r) eR*: 2 € (0,L), r € (0, R+ n(t,2)},

where the lateral boundary of the cylinder corresponds to the fluid-structure in-
terface, denoted by

I'(t)={(z,r)eR?*:2€(0,L), r=R+n(t2)}.

Without loss of generality we only consider the upper half of the fluid cylinder,
with a symmetry boundary condition prescribed at the axis of symmetry, denoted
by T'y in Figure 9.
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I'(t) THIN STRUCTURE

Figure 1.9: 2D Domain sketch.

The fluid is in contact with a thin elastic structure, which is located between
the fluid and the thick structural layer. The thin structure thereby serves as a
fluid-structure interface with mass. We will be assuming that the elastodynamics
of the thin elastic structure is governed by the 1D wave equation

THIN STRUCTURE :  pxh 0yn=c?0..n+ f, z€(0,L), t € (0,T),
(1.92)
where 7 denotes radial (vertical) displacement. Here, pk is the structure density,
h denotes structure thickness, and f denotes force density in the radial (vertical)
direction acting on the structure. The wave equation can be viewed as a special
case of the linearly (visco)elastic cylindrical Koiter shell model

prhd?n 4+ Con — C10%n + Cod%n + Dodyn — D10,0°n + Dyd0%n = f,  (1.93)

with Cy = Cy = Dy = D1 = Dy = 0. See Section 92.
The thick structural layer will be modeled by the equations of linear elasticity

THICK STRUCTURE:  ps9yd=V-S inQg, t€(0,T), (1.94)

where d(t,2,7) = (d.(t,2,7),d-(t,z,7)) denotes structural displacement of the
thick elastic wall at point (z,7) € Qg and time ¢, S is the first Piola-Kirchhoff
stress tensor given by S = p (Vd + (Vd)T) + A(V - d)I, where A and p are the
Lamé constants, and pg is density of the thick structure. Domain g corresponds
to a fixed, reference domain which is independent of time, and is given by

Qs = (07L) X (R5R+H)

A deformation of Qg at time ¢ is denoted by Qg(¢) in Figure 9.

THE COUPLING between the fluid, the thin structural layer, and the thick struc-
tural layer is achieved via
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e the kinematic coupling condition:

(On(t, 2),0) = u(t, z, R+ n(t,z)), (continuity of velocity) (1.95)
(n(t, 2),0) =d(t, z, R), (continuity of displacement) '

e the dynamic coupling condition:
ps hdm = 20..m — J(t,2)(0m)| (¢ 2 Rn(t.2)) - € + S(t, 2, R)e, - e, (1.96)

Here J(t,2) = /1 + (9:n(t, 2))? denotes the Jacobian of the transformation
from Eulerian to Lagrangian coordinates, and e, is the unit vector associated
with the vertical, r-direction.

Notice that in this 2D problem both the structure and fluid equations are written
in Cartesian coordinates, and so the Jacobian of the transformation between the
cylindrical and Cartesian coordinates does not appear in these equations. This
means, in particular, that the factor R that appears in equation (63) does not
appear in (96).

THE BOUNDARY AND INITIAL CONDITIONS:
At the inlet and outlet boundaries to the fluid domain we prescribe zero
tangential velocity and a given dynamic pressure p + %f|u|2:

p
p+?f|u|2 = Pin/out(t)y

} on Fin/outa (197)
u = 0,

where Py, /our € L%OC(Opo) are given. Therefore, the fluid flow is driven by a
prescribed dynamic pressure drop, and the flow enters and leaves the fluid domain
orthogonally to the inlet and outlet boundary.

At the bottom boundary we prescribe the symmetry boundary condition:

Uy = Opu, =0, on Iy. (1.98)
At the end points of the thin structure we prescribe zero displacement:
n(t,0) = n(t, L) = 0. (1.99)

For the thick structure, we assume that the external (top) boundary r = H
is exposed to an external ambient pressure P,:

Se, = —P.e,, on ., (1.100)

S

while at the end points of the annular sections of the thick structure, I'; Jout?

assume that the displacement is zero

we

d(¢,0,7) =d(t,L,r) =0, forre (R,H).
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The initial fluid and structural velocities, and the initial displacements are
given by

u(0,.) = ug, n(0,.) =no, 9n(0,.) =wg, d(0,.) =dy, 0:d(0,.) =V, (1.101)

and are assumed to belong to the following spaces: ug € L?(2r(0)), no € H(0,1),
vo € L2(0,1), Vo € L?(Qg), dy € H'(Qg), satisfying the following compatibility
conditions:

(770(2)3 O) = dO(Z7 R)a
n0(0) = no(L) = v0(0) = vo(L) = 0 =do(0,.) = do(L,.) = Vo(0,.) = Vo(L,.),
R+mno(2) >0, z¢€]0,L].
(1.102)

We study the existence of a weak solution to the nonlinear FSI problem (91)-
(102), in which the flow is driven by the time-dependent inlet and outlet dynamic
pressure data.

For simplicity, in the rest of this section, we will be setting all the parameters
in the problem to be equal to 1. This includes the domain parameters R and L, the
Lamé constants A and p, and the structure parameters pg, ps and h. Furthermore,
we will be assuming that the external pressure, given in (100), is equal to zero.
Alternatively, we subtract the constant external pressure data from the inlet and
outlet dynamic pressure data to obtain an equivalent problem.

1.6.2 The energy of the coupled problem

By using the same approach as described in Section 0.5.1, one can now show that
the following energy estimate holds:

d

a (Ekin(t) + Eel(t)) + D(t) S C(Rn(t)a Pout(t))a (1103)
where
Brin®) = 3 (a0, + 10011220 + 10:d)220,) )
(1.104)
Ba(t) = & (11000 + 2D@)35 0y, + 1V - dl0,) ) -

denote the kinetic and elastic energy of the coupled problem, respectively, and the
term D(t) captures viscous dissipation in the fluid:

D(t) = D)7, 1) (1.105)

The constant C(Py,(t), Pout(t))) depends only on the inlet and outlet pressure
data, which are both functions of time.
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1.6.3 The ALE formulation and Lie splitting
First order ALE formulation

As mentioned earlier, since we consider nonlinear coupling between the fluid and
structure, the fluid domain changes in time. To prove the existence of a weak
solution to (91)-(102) it is convenient to map the fluid domain onto a fixed domain
Qp. The structural problems are already defined on fixed domains since they are
formulated in the Lagrangian framework. We map our fluid domain Qg(¢) onto
Qr by using an Arbitrary Lagrangian-Eulerian (ALE) mapping [19, 85, 54, 131,
140]. We remark here that in our problem it is not convenient to use Lagrangian
formulation for the fluid sub-problem, as is done in e.g., [46, 34, 101], since, in our
problem, the fluid domain consists of a fixed, control volume of a cylinder, with
prescribed inlet and outlet pressure data, which does not follow Largangian flow.
We begin by defining a family of ALE mappings A, parameterized by #:

Ap(t) s Qp = Qp(t), A, (t)(5,7) = < ( i ) (3,7) € Qp, (1.106)

where (Z,7) denote the coordinates in the reference domain Qp = (0,1) x (0,1).
The mapping A, (t) is a bijection, and its Jacobian is given by

|detV A, ()] = |1+ n(t, 2)|. (1.107)
Composite functions with the ALE mapping will be denoted by
u’(t,.) =u(t,.) o A,(t) and p(t,.) =p(t,.) o A,(t). (1.108)
The derivatives of composite functions satisfy:
Opu = o — (w"-Vhu', Vu=V", (1.109)

where the ALE domain velocity, w”, and the transformed gradient, V", are given
by:

0,
0; — F0;
w' = dnie,, V= LT . (1.110)
9
1+n
One can see that Vv = Vv(VA,)~!. For the purposes of the existence proof we
also introduce the following notation:

1
0" = —p"T +2D"(u"), D"(u") = §(V"u” (V) Tul).
We are now ready to rewrite problem (91)-(102) in ALE formulation. However,

before we do that, we will make one more important step in our strategy to prove
the existence of a weak solution to (91)-(102). Namely, as mentioned earlier, we
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would like to “solve” the coupled FSI problem by approximating the problem using
the time-discretization via Lie operator splitting. Since Lie operator splitting is
defined for systems that are first-order in time, see Section 0.5.3, we have to replace
the second-order time-derivatives of n and d, with the first-order time-derivatives
of the thin and thick structure velocities, respectively. In Section 0.5.3 we use the
kinematic coupling condition (62) to achieve this goal. The kinematic coupling
condition states that the fluid-structure interface velocity is equal to the normal
trace of the fluid velocity on I',(t), and so we will introduce a new variable, v, to
denote this trace, and replace d;n by v everywhere in the structure equation. We
also introduce another new variable V = 0;d which denotes the thick structure
velocity. This enables us to rewrite problem (91)-(102) as a first-order system in
time.

Thus, the ALE formulation of problem (91)-(102), defined on the reference
domain Qp, and written as a first-order system in time, is given by the following
(we drop the superscript 7 in u” to simplify notation):

Find u(t, z,7),p(t, z,7),n(t, 2), v(t, 2), d(t, 2) and V (¢, Z) such that

—wh) .Y = Y1.g"
a+ ((u W)VV,L)E - OV o5 }in(O,T)xQF, (1.111)
(8 0,
0,1, 0 }on (0,T) x Ty, (1.112)
12 — p
r 2|uu| = OPZ"/OUt(t)’ }On (07T) ><1—‘in/outh (1113)
u = ve,,
3(717 — e on (0,T) x (0,1), (1.114)
t - ’
Oww—09?n = —Jon-e.+Se,-e,
58:3 _ \Vf’-s } on Qg, (1.115)
n = 0on(0,T)xdT,
d = 00n(0,7)xT3, ., (1.116)
Se, = 0on (0,7) x Ly (1.117)
u(0,.) = ug,7(0,.) = no,v(0,.) =vp,d(0,.) =do,V(0,.) = Vo at t=0.
(1.118)

This defines a parabolic-hyperbolic-hyperbolic nonlinear moving boundary prob-
lem. The nonlinearity appears in the equations (111), and in the coupling condi-
tions (114) where the fluid quantities are evaluated at the deformed fluid-structure
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interface n(t, z). Parabolic features are associated with the fluid problem (111)-
(113), while hyperbolic features come from the 2D equations of elasticity, and from
the 1D wave equation modeling the fluid-structure interface, described by the last
equation in (114).

The operator splitting scheme

To prove the existence of a weak solution to (111)-(118) we use the time-discretization
via operator splitting, see Section 0.5.3. We apply the splitting strategy, described
in Section 0.5.3, to separate the fluid sub-problem from the structure sub-problem.

Problem A1l: The structure elastodynamics problem. In this step we solve an
elastodynamics problem for the location of the multi-layered cylindrical wall. The
problem is driven only by the initial data, i.e., the initial boundary velocity, taken
from the previous time step as the trace of the fluid velocity at the fluid-structure
interface. The fluid velocity u remains unchanged in this step. More precisely, the
problem reads:

Given (u",n™, v, d", V") from the previous time step, find (u,v,n,V,d) such
that:

81511 = 0, in (tnytn-i-l) X QF;
oV = V-S, .

fid _ v } in (tmtn-i-l) x Qg, (1.119)
d=0 on an/out’

Se, =0 on (tn,tny1) X Teat,

d= ne, on (t717tn+1) X (07 1)7

on (ty,tnsr) % (0,1), (1.120)

with u(tn) =u", 7 tn) =n", U(tn =", d(tn) =d", V(tn) =V
Then set u" 2 = u(tni1), "2 = ntne1), V"2 = v(tng1), d"72 = d(tni1),
Vs = Vit

~—

Problem A2: The fluid problem. In this step we solve the Navier-Stokes equa-
tions coupled with structure inertia through a “Robin-type” boundary condition
on T (lines 5 and 6 in (121) below). The kinematic coupling condition is implicitly
satisfied. The structure displacement remains unchanged. With a slight abuse of
notation, the problem can be written as follows:
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Find (u,v,n,V,d) such that:

on =0 on (tn,tny1) x (0,1),
od =0 on (tn,tn+1) X Qs,
dru+ (" —w™ ) 'VVWZ:”’)E - OV"" o } in (tn, tns1) X Qp,
M2 on ) ¢ (0.110121)
@Z: i g } on (tn,tnr1) X Ty,
p+ %flulli - OPin/out(t) } o1t (bns tns1) X Tin fout.

+

with u(tn,.) = ut2, n(te,.) =", v(t,,.) = 0", d(t,,.) =d"2, V(t,,.)=V"s.

Thenset u" = u(tui1), 0" = ntni1), V" = v(tngr), A" =n(tagr), VI =
V(tin).

Notice that, since in this step 1 does not change, this problem is linear.

In numerical simulations, one can use the ALE mapping A,» to “transform”
only the time derivative term J;u onto the fixed domain Qg while the rest of the
PDE is discretized on the current domain Qg (¢™). This gives rise to the domain
velocity term w in the equations, but avoids the un-necessary calculation of the
transformed gradient V7". See equation (195a) in Section 0.7.3, and Problem
A2(b) in Section 0.7.5. For the purposes of our proof, we will, however, remain
working on the fixed, reference domain Q.

It is important to notice that in Problem A2, the problem is “linearized”
around the previous location of the boundary, i.e., we work with the domain de-
termined by 7", and not by n™*/2. This is in direct relation with the implemen-
tation of the numerical scheme studied in [19, 29]. However, we also notice that
ALE velocity, w"*é, is taken from the just calculated Problem A1! This choice is
crucial for obtaining a semi-discrete version of an energy inequality, which will be
discussed in Section 0.6.5.

Next we use the splitting scheme described above to define approximate
solutions of (111)-(118) (or equivalently of problem (91)-(102) ) and show that
the approximate solutions converge to a weak solution, as At — 0.

1.6.4 Weak solutions

Notation and function spaces

Notation. To define weak solutions of the moving-bounday problem (91)-(102)
and of the moving-boundary problem (111)-(118) defined on a fixed domain, the
following notation will be useful:
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e ag will denote the bilinear form associated with the elastic energy of the
thick structure:

os(d6) = [ (2D(d) : Dws) + (V- (V-45). (1.122)

Here “” denotes the scalar product defined in (7).

e b will denote the following trilinear form corresponding to the (symmetrized)
nonlinear advection term in the Navier-Stokes equations:

1

1
b(t,u,v,w):i/Q ()(u-V)v-w—2/ﬂ ()(u-V)w-v. (1.123)
F(t r(t

e The linear functional which associates the inlet and outlet dynamic pressure
boundary data to a test function v will be denoted by:

(F(5),¥)r,0,0 = Pin(?) /F 0 — Poag(t) /F v,

in out

Function spaces. For the fluid velocity we would like to work with the classical
function space associated with weak solutions of the Navier-Stokes equations. This,
however, requires some additional consideration. Namely, since our thin structure
is governed by the linear wave equation, lacking the bending rigidity terms, weak
solutions cannot be expected to be Lipschitz-continuous. Indeed, from the energy
inequality (103) we only have n € H'(0,1), and from Sobolev embedding we get
that n € C%'/2(0,1), which means that Qp(t) is not necessarily a Lipshitz domain.
However, Qp(t) is locally a sub-graph of a Hélder continuous function. In that case
one can define “Lagrangian” trace

@ CHQp(t) = CT),

(1.124)
) + v = U(t,Z,T +77(t72))

Furthermore, it was shown in [32, 78, 120] that the trace operator ypr«) can be
extended by continuity to a linear operator from H'(Qp(t)) to H*(I'), 0 < s < 7.
For a precise statement of the results about “Lagrangian” trace, see Theorem
0.6.2. Now, the velocity solution space can be defined in the following way:

Ve(t) = {u=(u,u) € CH(Qp(1)*: V -u=0,
u, =0onI'(¢), u, =0 o0n ONp(t) \IT'(t)}, (1.125)
Hl(QF(t)).

Vr (t) = Vp (t)

Using the fact that Qp(¢) is locally a sub-graph of a Hélder continuous function
we can get the following characterization of the velocity solution space Vg (t) (see
[32, 78]):

Ve(t) = {u=(us,u,) € H(Q,1)?:V-u=0,

u, =0on I'(t), u, =0 on 0Q,(t) \T'(t)}. (1.126)
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The function space associated with weak solutions of the 1D linear wave equation
and the thick wall are given, respectively, by

Vi = Hy(0,1), (1.127)

Vs ={¢ = (., ) € H' (5)* 19 =0onT, p=00n T}, .} (1.128)

Motivated by the energy inequality we also define the corresponding evolution
spaces for the fluid and structure sub-problems, respectively:

Wr(0,T) = L>(0,T; L*(Qr(t))) N L?(0,T; Vr(t)), (1.129)
W (0, T) = WH°(0,T; L*(0,1)) N L*(0, T; Vw ), (1.130)
Ws(0,T) = Wh(0,T; L?(Qs)) N L*(0,T; Vs). (1.131)

Finally, we are in a position to define the solution space for the coupled fluid-multi-
layered-structure interaction problem. This space involves the kinematic coupling
condition, which is enforced in strong sense. The dynamic coupling condition will
be enforced in weak sense, through integration by parts in the weak formulation
of the problem. Thus, we define

W(0,T) ={(u,n,d) e Wp(0,T) x Ww(0,T) x Ws(0,T) :
u(tv 2, 1+ 77(t7 Z)) = 3t77(t7 Z)eT7 d(ta 2, 1) = 77(t7 Z)ef’}'
Equality u(t, z,1 + n(t, z)) = Om(t, z)e, is taken in the sense defined in [32, 120].
The corresponding test space will be denoted by
Q(0,T) = {(a, ¥, %) € Cc([0,T); Vi x Vi x Vs) :
Q(ta z, 1+ n(t, Z)) = Z/J(f, Z)eh 11’(@ 2, 1) = 7/’(@ Z)er}'

Notice the coupling conditions in the test space that are enforced at the
fluid-structure interface.

(1.132)
(1.133)

Weak solutions for the problem defined on the moving domain

We are now in a position to define weak solutions of fluid-multi-layered structure
interaction problem, defined on the moving domain Qg (t).

Definition 1.6.1. We say that (u,n,d) € W(0,T) is a weak solution of problem
(91)-(102) if for every (q,v,%) € Q(0,T) the following equality holds:

// uatq+/ btuuq+2// Dq—f//am
Qp(t) QF(t)
T 1 T 1 T T
[ [ ampws [ [ omow- [ [ ad-ow [ asw)
o Jo o Jo 0o Jas 0

T 1
:/0 <F(t>,q>rm/out+/ﬂno uo.q(0)+/0 vt (0) + o Vo - (0).
(1.134)
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In deriving the weak formulation we used integration by parts, and the fol-
lowing equalities which hold for smooth functions:

1 1
/ (u-Viju-q= f/ (u-V)u~q—f/ (u-V)q-u
Qr (1) 2 Jarm 2 Japm

1 ! 2 1 2
+5 (3t77) (D= |ur‘ Ur,
2 Jo 2 J)r

out/in

T T T 1
/ / da-q= —/ / u-oiq— / up - q(0) — / / (8t7))2¢.
o Jar@® 0 Jap®) Q o Jo

7m0

Weak solutions for the problem defined on a fixed, reference domain

Since most of the analysis will be performed on the problem mapped to Qp, we
rewrite the above definition in terms of Qr using the ALE mapping A, (t) defined
in (106). For this purpose, the following notation will be useful. We define the
transformed trilinear functional b":

pna= g [ Gn(@-w) Viua—g [ Qn(a-w) Ve,

) (1.135)
where 1+ 7 is the Jacobian of the ALE mapping, calculated in (107). Notice that
we have included the ALE domain velocity w” into b".

It is important to point out that the transformed fluid velocity u” is not
divergence-free anymore. Rather, it satisfies the transformed divergence-free con-
dition V" - u” = 0. Furthermore, since 7 is not a Lipschitz function, the ALE
mapping is not necessarily a Lipschitz function either, and, as a result, u” is not
necessarily an H' function on Qp. Therefore we need to redefine the function
spaces for the fluid velocity by introducing

Vi ={u":ueVp(t)},

where u” is defined in (108). Under the assumption 1 + n(z) > 0, z € [0,1], the
following defines a scalar product on Vii:

(u”,v")vg = /Q (1+mn) (u” v+ VT V"V") = (u,V)Hl(QF(t)).

F

Therefore, u — u” is an isometric isomorphism between Vp(t) and V}., so V}. is
also a Hilbert space. The function spaces W(0,T) and W"(0,T) are defined as
before, but with V. instead Vg (t). More precisely:

W0, T) = L>(0,T; L*(Qp)) N L*(0, T; V(t)), (1.136)

wn(0,T) = {(u,n,d) € W?F(OvT) X Wi (0,T) x Ws(0,T)

u(t,z,1) = on(t, 2)er, n(t,z) =d(t, z,1)}. (1.137)
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The corresponding test space is defined by
QT,(O7T) = {(q7¢7¢) € Ccl([O7T)aV17«Z‘ X Vw X VS) :
a(t,z,1) = Y(t, 2)er, Y(t, z,1) = (¢, 2)e, }. (1.138)

Definition 1.6.2. We say that (u,n,d) € W7(0,T) is a weak solution of problem
(111)-(118) defined on the reference domain Qp, if for every (q,v,) € Q"(0,T)
the following equality holds:

/OT/QF(l+77)U~8tq+/0Tb"(u,u7q)+2/0T/QF(1+’7)Dn(“):Dn(Q)

1 T T 1 T 1
5[ [ @mua [ [ompws [ [ ome
0 Qp 0 0 0 0

T T
- / Ord - Do + / as(d, )
0 Qg 0

T 1
- / (F(t) r + / JURCE / wi)+ [ Vo-u(0)
(1.139)

To see that this is consistent with the weak solution defined in Definition 0.6.1,
we present the main steps in the transformation of the first integral on the left
hand-side in (134), respousible for the fluid kinetic energy. Namely, we formally
calculate:

[ woa=- [ @agw-@a-w v = [ (o
QF(t) Qp Qp

1 1
+7/ (1+77)(W”~V”)q~un+f/ (1+7)(w" - V7)q- u.
2 Qr 2 Qp

In the last integral on the right hand-side we use the definition of w” and of V",
given in (110), to obtain

/ (I+n)(w"-VThg-u” = Ogn T Orq - u".
QF QF

Using integration by parts with respect to r, keeping in mind that 7 does not
depend on r, we obtain

7/ uﬁtq:f/ (1+U)U"-(3tq*(W”~V”)Q):*/ (1+mn)u- 0q

1 1 1 1 /!
i / (L47) (W V) qu— - / (L) (W V) urq—t [ Gutqik / (D)2,
2 Qp 2 Qp 2 Qp 2 0
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By using this identity in (134), and by recalling the definitions for b and 0", we
obtain exactly the weak form (139).

In the remainder of this Section we will be working on the fluid-multi-layered
structure interaction problem defined on the fixed domain Qp, satisfying the weak
formulation presented in Definition 0.6.2. For brevity of notation, since no con-
fusion is possible, we omit the superscript “tilde” which is used to denote the
coordinates of points in Qp.

1.6.5 Approximate solutions

In this section we use the Lie operator splitting scheme and semi-discretization to
define a sequence of approximate solutions of the FSI problem (111)-(118). Each
of the sub-problems defined by the Lie splitting in Section 0.6.3 as Problem A1l
and Problem A2, will be discretized in time using the Backward Euler scheme.
This approach defines a time step, which will be denoted by At, and a number of
time sub-intervals NV € N, so that

(0,7) = UNZ L@, e, " =nAt, n=0,..,N — 1.

For every subdivision containing N € N sub-intervals, the vector of unknown
approximate solutions will be denoted by

i i i i i i\ T
XA = (N VT dyE) =01 N =12,
(1.140)

where i = 1,2 denotes the solution of Problem A1l or A2, respectively. The initial
condition will be denoted by X° = (ug, v, M0, Vo, do)T

The semi-discretization and the splitting of the problem will be performed in
such a way that the semi-discrete version of the energy inequality (103) is preserved
at every time step. This is a crucial ingredient for the existence proof.

The semi-discrete versions of the kinetic and elastic energy (104), and of
dissipation (105) are defined by the following:

+5 1 iy [t E +4 +4
Biniv = 5( [ 0 O R 4 1o o +IVE o).
F

n 1 +1 +1 +1
Bty = 5 (1003 % 1220,0) + 21D (AN )z gy + IV - Ay ¥ 1220 ).
EN'Y = Bgniy + Eoh,
(1.141)
Dyttt = At/ (L+7M) D" (W™, n=0,...,N—1,i=0,1.  (1.142)
Qp

Throughout the rest of this section we fix the time step At, i.e., we keep N € N
fixed, and study the semi-discretized sub-problems defined by the Lie splitting. To
simplify notation, we omit the subscript N and write (u”*2, 0"tz itz Vits dnts)

. n+t n+i n+i n+i n+ 3
instead of (uy 2,vy 2,ny 2, Vy 2,dy ).



60 Chapter 1. Fluid-Multi-Layered Structure Interaction

Semi-discretization of Problem A1l
In this step u does not change, and so

u"t = um
Functions (v™*z,p"t2, Vrts Unts) ¢ V2, x VZ define a weak solution of the
semi-discretized Problem Al if the following holds:

A" (2, 1) = "3 (2, ey, 2 € (0,1),
dts —dr .
- =vynrtz LT _ynt3,
Ny At At B
Vit —V© v"TE — " 1 1
e _ d"" v 0.0""20.4 =0
0 Al +/0 Al 1/)+a5( ) )"’/0 =1 AU )
(1.143)
for all (¢, ®) € Vi x Vg such that ¥(¢,z,1) = (¢, 2). The first equation en-
forces the kinematic coupling condition, the second row in (143) introduces the
structure velocities, while the third equation corresponds to a weak form of the
semi-discretized elastodynamics problem. Notice that we solve the thin and thick

structure problems as one problem. The thin structure enters as a boundary con-
dition for the thick structure problem.

Proposition 1.6.2. For each fized At > 0, problem (143) has a unique solution
(v e VTR dTE) e V2, x V2.

Proof. First notice that Korn’s inequality implies that the bilinear form ag is
coercive on Vg. From here, the proof is a direct consequence of the Lax-Milgram
Lemma applied to the weak form

L 1
0 Qs 0

L
— [ @t e [ AV ), V) € iy x Vsl 2 1) = (1)
0 Qg

which is obtained after a substitution of v"*3 and V"2 in the third equation in
(143), by using the equations (143)a. O

Proposition 1.6.3. For each fized At > 0, solution of problem (143) satisfies the
following discrete energy equality:
+1 1 1 1
Epiin + Egly + 5 (10" = 0" T2, + VT2 = V7 [Ta

1 n+ L n gn+i n n n
+10- ("2 —77n)||2L2(0,1) +ag(d"z —d" d"": —d")) = Efinn + Eg N>
(1.144)
where the kinetic and elastic energy, By, v, Ef v, are defined in (141).
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Proof. From the second row in (143) we immediately get

1 1
Ty ey 4
At At

Therefore, we can proceed as usual, by substituting the test functions in (143)
with structure velocities. More precisely, we replace the test function (¢,) by
(vt V’L+%) in the first term on the left hand-side, and then replace (¢, 1) by
("3 — ™)/ At, (d”+% —d")/At) in the bilinear forms that correspond to the
elastic energy. To deal with the terms (v"+1/2 — ™) t1/2 (gnt1/2 _ prygn+1/2,
(VP2 _ymy v tl2 and (dMY? —d") - dP T2, we use the algebraic identity
(a—0b)-a=1(la]*+|a—b]*> — [b]?). After multiplying the entire equation by At,
the third equation in (143) can be written as:

1 1 1 1
("2 [172 0,0y + 10772 = 0" [[720.0) + (V"2 200y + VT2 = V[ T2(0g))

n+%

v € Vs.

n 1 n 1 n i .l i fl
100" 2 T2 0,0y + 100" = 8™ 7200y + as(d"F2,d""2)
i 1 n n n mn
tag(d" T —d", d"tE—d") = |jv ||2L2(0,1)+||V H%?(QS)HWZU ||%2(071)+a5(d ,d").

Since in this sub-problem u™tz = u™, we can add py Jo, (1 +n™)u™t1/2 on the left
hand-side, and py fQF(l +n™)u” on the right hand-side of the equation. Further-

more, displacements d"*z and 7" do not change in Problem A2 (see (145)),
and so we can replace d” and 1" on the right hand-side of the equation with dz

and n”*%, respectively, to obtain exactly the energy equality (144). O
Semi-discretization of Problem A2
In this step 1, d and V' do not change, and so

gt = gntE, @it = grts ) it = s, (1.145)

Then, define (u"+! v"1) € V' x L2(0,1) to be a weak solution of Problem A2

(121) if the following holds for each (q,v) € VZ:L x L?(0,1) such that qr = te,,
velocities (w1 v +1):

nt+l _ onti 1 n
/(1+77”) <11112 q_|_§ |:(un —’Un+%7"e7~)'vn :| un""l -q
Q

At
1 n n+i " n+1 1 n+i n+1
_— |:(u — v 27"er).vn:|q.u _t'_f v 2u q
2 2 Jq
+2 [,(1+7™)D"" (u) : D" (q) (1.146)

1 n+l1 _ , n+i 1 1
v v n n
er@h/ 77[} = (P)zn/ (QZ)|z:O - Pout/ (Qz)\z:L)a
0 At 0 0

with V7" - u™t! =0, ufF“ = pntle,,
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here P” 1 /(n+1)AtP ( )dt
wne in/ot - : n/ou t N
/ ¢ t nAt / !

The existence of a unique weak solution and energy estimate are given by
the following proposition.

Proposition 1.6.4. Let At > 0, and assume that n™ are such that 1+n™ > Ry, >
0,n=0,...,N. Then:

1. The fluid sub-problem defined by (146) has a unique weak solution (u™*! v"+l) €
VI' % L2(0,1);

2. Solution of problem (146) satisfies the following discrete energy inequality:

2

1 1
B+ b [ et o s Lot s
Qp .
+D < By by + CAH(PL)? + (Ppuy)?),

(1.147)

where the kinetic energy E% and dissipation D% are defined in (141) and
(142), and the constant C depends only on the parameters in the problem,
and not on At (or N).

The proof of this proposition is identical to the proof presented in [119]
which concerns a FSI problem between an incompressible, viscous fluid and a
thin elastic structure modeled by a linearly elastic Koiter shell model. The fluid
sub-problems presented in [119] and in the present manuscript (Problem A2) are
the same, except for the fact that n in this manuscript satisfies the linear wave
equation. Since 1"T1/? satisfies an elliptic problem for the Laplace operator with
the right hand-side given in terms of approximate velocities v™,v"t1/2 € L2 (0,1)
(see equation (143)), the approximation 5" *1/2 is H?(0, 1), and so the fluid domain
in the semi-discretized Problem A2 is, in fact, Lipschitz. Therefore, the proof of
Proposition 0.6.4 is the same as the proof of Proposition 3 [119] (for statement 1)
and the proof of Proposition 4 [119] (for statement 2).

We pause for a second, and summarize what we have accomplished so far.
For a given At > 0, the time interval (0,7) was divided into N = T/At sub-
intervals (¢, ¢"*1) n = 0,..., N — 1. On each sub-interval (t",t"*1) we “solved”
the coupled FSI problem by applying the Lie splitting scheme. First, Problem
A1 was solved for the structure position and velocity, both thick and thin, and
then Problem A2 was solved to update fluid velocity and fluid-structure interface
velocity. We showed that each sub-problem has a unique solution, provided that
14+ 7™ > Runin > 0,n = 0,..., N, and that each sub-problem solution satisfies
an energy estimate. When combined, the two energy estimates provide a discrete
version of the energy estimate (103). Thus, for each At we have designed a time-
marching, splitting scheme, which defines an approximate solution on (0,T) of our
main FSI problem (111)-(118). Furthermore, the scheme is designed in such a way
that for each At > 0 the approximate FSI solution satisfies a discrete version of
an energy estimate for the continuous problem.
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We would like to ultimately show that, as At — 0, the sequence of solu-
tions parameterized by N (or At), converges to a weak solution of (111)-(118).
Furthermore, we also need to show that 1 + 1™ > Ry, > 0 is satisfied for each
n =0,...,N — 1. In order to obtain this result, it is crucial to show that the dis-
crete energy of the approximate FSI solutions defined for each At, is uniformly
bounded, independently of At (or N). This result is obtained by the following
Lemma.

Lemma 1.6.1. (The uniform energy estimates) Let At > 0 and N = T/A¢ > 0.

1 .
Furthermore, let EJT\L,JFQ, EZ’\L,H, and DY; be the total energy and dissipation given

by (141) and (142), respectively.
There exists a constant C' > 0 independent of At (and N) such that the
following estimates hold:

nJr% n+1 _
1. By 2 <C, By <C, foralln=0,..,N -1,
2. YL, Dy <C,

N-1

o S R e LR A
n=0 F
1 n n
ot = w2y + IV = V200 ) <G,
N—-1
403 (U0 =) oy + as (d = d",d™ —d")) < €.
n=0

In fact, C = Ey+C (HPMHQLQ(QT) + ||P0ut||2LQ(O7T)), where C is the constant from
(147), which depends only on the parameters in the problem.

Proof. We begin by adding the energy estimates (144) and (147) to obtain

1
By 4+ DR 5(/9 (L) ot — a2 o — 03 g
F

n+i n n+i n
Hlo" Tz —w \\%2(0,1) + vt - Vn||2L2(QS) +10(n"F 2 =7 )\\%2(0,1)

+ag(d"t —d", d" — d")) < ER + CAt(PR)? + (P)?), n=0,...,N—1.

Then, we calculate the sum, on both sides, and cancel out like terms in the kinetic
energy that appear on both sides of the inequality to obtain

N-1 N-1
1 1
BN + Z Dy + 5 Z (/Q (147" ™ —u"? 4 "+ — "tz ||%2(o,1)
n=0 n=0 F

n+i+ n n n n+i n
0"z — 0™ F2 00y + IV = V200 + 10:(0"F2 = 0™) 132001y
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N-1
tas(d - d" d T = d")) < By + CALS ((PR)* + (Pa)®),
n=0
To estimate the term involving the inlet and outlet pressure, we recall that on every
sub-interval (#",¢"*1) the pressure data is approximated by a constant which is
equal to the average value of the pressure over that time interval. Therefore, we
have, after using Holder’s inequality:

N-1 ) N-1 /1 DAt 2
MY (P =ary (4 / Pu)dt | < |Punllaoury.

n=0 n=0 nat

By using the pressure estimate to bound the right hand-side in the above energy
estimate, we have obtained all the statements in the Lemma, with the constant C
given by C' = Ep + C||Pz'n/outH%2(o7T)'

Notice that Statement 1 can be obtained in the same way by summing from
0 to n — 1, for each n, instead of from 0 to N — 1. (I

We will use this Lemma in the next section to show convergence of approxi-
mate solutions.

1.6.6 Convergence of approximate solutions

We define approximate solutions of problem (111)-(118) on (0,7) to be the func-
tions which are piece-wise constant on each sub-interval ((n — 1)At,nAt], n =
1...N of (0,T), such that for t € ((n — 1)At,nAt], n=1...N,

1
un(t,.) =ul, nn(t,.) =nn, on(t,.) = v, vn(t,.) =vy %, dy(t,.) =dy, Vn(t,.) =Vi.

(1.148)
See Figure 10. Notice that functions vy = vx,_l/ ? are determined by Problem Al
A
—_—
—e :
—_— :
—_— :

iy
0t t, M5 tyqT=ty

Figure 1.10: A sketch of uy.

(the elastodynamics sub-problem), while functions vy = v are determined by
Problem A2 (the fluid sub-problem). As a consequence, functions vy are equal to
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the normal trace of the fluid velocity on I, i.e., uny = vyer, which may be different
from vy. However, we will show later that ||[vny — vy | z2(0,1) — 0, as N — oo.
Using Lemma 0.6.1 we now show that these sequences are uniformly bounded
in the appropriate solution spaces.
We begin by showing that (ny)yen is uniformly bounded in L (0, T; H}(0, 1)),
and that there exists a 7" > 0 for which 1 4 7%, > 0 holds independently of N and
n.

Proposition 1.6.5. The sequence (ny)nen is uniformly bounded in
L>(0,T; Hy (0,1)).
Moreover, for T small enough, we have
0 < Rmin <14+ nn(t 2) < Rmax, YN € N,z € (0,1),t € (0,T). (1.149)
Proof. From the energy estimate in Lemma 0.6.1 we have
I () 30,0y + 1003 (D320 1y, < C. ¥t € 0,77,

which implies

M | e 0,722 (0,1)) < C-
To show that the radius 1 4 ny is uniformly bounded away from zero for T small
enough, we first notice that the above inequality implies

Hn% _770HH3(0,1) < 203 n= 17"'3Na NeN

Furthermore,
n—1 n—1 1
) . irl
I = nollz2(0,1) < Z Innt =i llz200) = At Z vy *le20,1),
i=0 =0

where we recall that % = 9. Lemma 0.6.1 implies that E;\L,+§ < C, where C'is
independent of N. Combined with the above inequality this implies

Iy —nollz201) < CnAt < CT, n=1,...,N, N €N.

Now, since ||} — ol L2(0,1) and [[nx — noll 2 (0,1) are uniformly bounded, we can
use the interpolation inequality for Sobolev spaces, Thm. 4.17, p. 79 in [1], to get

Im% — noll 7= (0,1) < 20T'"%, n=1,...,N, NeN, for0 < s < 1.

From Lemma 0.6.1 we see that C' depends on T through the norms of the inlet
and outlet data in such a way that C'is an increasing function of 7T'. Therefore, by
choosing T" small, we can make || —7o|| 7 (0,1) arbitrarily small forn =1,...., N,
N € N. Because of the Sobolev embedding of H°(0, 1) into C[0, 1], for s > 1/2, we



66 Chapter 1. Fluid-Multi-Layered Structure Interaction

can also make |73, — nol|c[o,1] arbitrarily small. Since the initial data no is such
that 1+ no(z) > 0 (due to the conditions listed in (102)), we see that for ' > 0
small enough, there exist Ruin, Rmax > 0, such that

0 < Rmin <14 nn(t,2) < Rmax, VN €N,z € (0,1),¢ € (0,T).

O

We will show in the end that our existence result holds not only locally in
time, i.e., for small T' > 0, but rather, it can be extended all the way until either
T = oo, or until the lateral walls of the channel touch each other.

Proposition 0.6.5 implies, among other things, that the standard L2?-norm,
and the following weighted L?-norm are equivalent: for every f € L?(2r), there
exist constants Cp,Cs > 0, which depend only on Ryin, Rmax, and not on f or N,
such that

01/ T+ an) 2 <1 F17200p < 02/ (1+nn) 2 (1.150)
Qr QF
We will be using this property in the next section to prove strong convergence of
approximate solutions.

Next we show that the sequences of approximate solutions for the velocity
and its trace on the lateral boundary, as well as the displacement of the thick
structure and the thick structure velocity, are uniformly bounded in the appropri-
ate norms. To do that, we introduce the following notation which will be useful in
the remainder of this section to prove compactness: denote by 7, the translation
in time by A of a function f

mf(t,) = ft—h,.), heR. (1.151)

Proposition 1.6.6. The following statements hold:

~

(vn)Nen, (Vi) nen are uniformly bounded in L>(0,T; L?(0,1)).
2. (un)nen is uniformly bounded in L°°(0,T; L*(QF)).

3. (V™aINun ) ven is uniformly bounded in L2((0,T) x QF).

4. (dn)Nen is uniformly bounded in L°°(0,T; H'(Qsg)).

5. (VN)nen is uniformly bounded in L>(0,T; L*(Qs)).

Proof. The uniform boundedness of (vn)nen, (Vi) nen, (dn)nen, (V v)ven, and
the uniform boundedness of (uy)nyen in L>(0,T; L?(Qr)) follow directly from
Statements 1 and 2 of Lemma 0.6.1, and from the definition of (vx)nen, (Vi) NeN,
(dn)New, (VN)nen and (uy)ven as step-functions in ¢ so that

N-1

T
/0 lon a0yt = 3 081220 AL

n=0
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It remains to show uniform boundedness of (V™" uy)ney in L2((0,T) x QF).
From Lemma 0.6.1 we only know that the symmetrized gradient is bounded in the
following way:

Z/ (L+ny HDY  (uf)?At < C. (1.152)

We cannot immediately apply Korn’s inequality since estimate (152) is given in
terms of the transformed symmetrized gradient. Thus, there are some technical
difficulties that need to be overcome due to the fact that our problem involves
moving domains. To get around this difficulty we take the following approach

We first transform the problem back to the physical fluid domain Q ¥ which
is defined by the lateral boundary ny~ 1 on which uy is defined. There instead
of the transformed gradient, we have the standard gradient, and we can apply
Korn’s inequality in the usual way. However, since the Korn constant depends
on the domain, we will need a result which provides a universal Korn constant,
independent of the family of domains under consideration. Indeed, a result of this
kind was obtained in [32, 141, 119, 122], assuming certain domain regularity. In
particular, a calculation in [122] showed that the following Korn’s equality holds
for the space Vg (¢):

Va2 =2DM P (1.153)
L2 ) L2(QWN

n n
Qi 2N )

Notice that the Korn constant (the number 2) is, indeed, domain independent. The
proof of this Korn equality, presented in [122], is similar to the proof in Chambolle
et al. [32], Lemma 6, pg. 377, with the slightly different assumptions. By using
(153) and by mapping everything back to the fixed domain Qr, one recovers the
following Korn’s equality on Qp:

1

2 /QF<1+n HIDY ! () ? = AF<1+nx1>|Vﬁ" (WP (1154)

By summing equalities (154) for n =,1..., N, and by using (150), we get uniform
boundedness of (V2" uy) ey in L2((0,T) x QF). O

From the uniform boundedness of approximate sequences, the following weak
and weak™ convergence results follow.

Lemma 1.6.2. (Weak and weak* convergence results) There exist subsequences

(nn)nens (vn)Nen, (Vy)nen, (An)nen, (Vv)nen and (un)nen, and the func-
tions n € L>(0,T; H}(0,1)), v,v* € L>(0,T;L?(0,1)), d € L*>(0,T;Vs), V €
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L>(0,T; L?(s)), u € L>=(0,T; L3(Qr)) and G € L%((0,T) x Q) such that

ny  — nweaklyx in L>(0,T; H}(0,1)),
vy — v weaklyx in L>°(0,T; L?(0,1)),
vy — v weaklyx in L>°(0,T; L?(0,1)),
dy — dweaklyx in L*°(0,T; H'(Qs)), (1.155)
Vi — V weaklyxin L>=(0,T; L?(Q5s)),
uy — uweakly*in L>(0,T; L*(QF)),
V7ainuy  — G weakly in L2((0,T) x Qp).
Furthermore,
v =0 (1.156)

Proof. The only thing left to show is that v = v*. For this purpose, we multiply the
second statement in Lemma 0.6.1 by At, and notice again that ||oy ||2L2((0 T)x(0,1)) —

At ZnN=1 ||v}(,\|%2(071). This implies [[vy — vl z2(0,1)% (0,1)) < CV/At, and we have
that in the limit, as At — 0, v = v*. ]

Naturally, our goal is to prove that G = V"7u. However, to achieve this
goal we will need some stronger convergence properties of approximate solutions.
Therefore, we postpone the proof until Section 0.6.7.

Strong convergence of approximate sequences

Due to the nonlinearity of our FSI problem, to show that the limits obtained in
the previous Lemma satisfy the weak form of problem (111)-(118), we will need to
show that the approximate sequences converge strongly in the appropriate function
spaces. The strong convergence results will be achieved by using the following
compactness result by Simon [134]:

Theorem 1.6.1. [134] Let X be a Banach space and F — L1(0,T; X) with 1 < ¢ <
oo. Then F is a relatively compact set in L1(0,T; X) if and only if

ta
(i) { fl)yde: f € F} is relatively compact in X, 0 <t; <ty <T,
t1

(ii) lItnf — fllLan,r;x) — 0 as h goes to zero, uniformly with respect to f € F'.

This result was used in [119] to show compactness, but the proof was sim-
pler because of the higher regularity of the lateral boundary of the fluid domain,
namely, of the fluid-structure interface. In the present case we need to obtain some
additional regularity for the fluid velocity uy on Qg and its trace vy on the lateral
boundary, before we can use Theorem 0.6.1 to show strong convergence of approx-
imate sequences. Notice, we only have that our fluid velocity on Qp is uniformly
bounded in L?(2r), plus a condition that the transformed gradient V72t~V uy is
uniformly bounded in L?2. Since 7 is not Lipschitz, we cannot get that the gradient
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Vuy is uniformly bounded in L? on Q. This lower regularity of ny causes addi-
tional problems in obtaining regularity of uy on Qp, namely it will imply lower
regularity of uy in the sense that u € H*(Qp), for 0 < s < 1/2, and not H*(Qr).
Luckily, according to the trace theorem in [120], this will still allow us to make
sense of the trace of uy on I'. More precisely, we prove the following Lemma.

Lemma 1.6.3. The following statements hold:
1. (un)nen is uniformly bounded in L*(0,T; H*(QFp)), 0 < s < 1/2;
2. (vN)Nen is uniformly bounded in L?(0,T; H*/%(0,1)), 0 < s < 1/2.
Proof. We start by mapping the fluid velocity uy defined on Qp, back to the
physical fluid domain with the lateral boundary 7a:nn(t,2) = nn(t — At,z). We
denote by u'¥(¢,.) the fluid velocity on the physical domain
uV(t,)=un(t,.)o A7} (1), NeN.

TAtNN

TAtNN *

As before, we use sub-script N to denote fluid velocity defined on the physical
space. From (109) we see that

Vull = vrarivgy.

Proposition 0.6.6, statement 3, implies that the sequence (Vu®)yey is uniformly
bounded in L?, and so we have that ||uN||L2(07T;H1(QTAtn)) is uniformly bounded.

Now, from the fact that the fluid velocities u” defined on the physical do-
mains are uniformly bounded in H!, we would like to obtain a similar result for
the velocities uy defined on the reference domain Qg. For this purpose, we recall
that the functions ny, N € N that are involved in the ALE mappings A.,,,y (£),
N € N, are uniformly bounded in H'(0,1). This is, unfortunately, not sufficient
to obtain uniform boundedness of the gradients (Vuy)nen in L*(Qr). However,
from the Sobolev embedding H'(0,1) < C%1/2(0,1) we have that the sequence
(nn)nen is uniformly bounded in L>(0,7;C%'/2(0,1)). This will help us obtain
uniform boundedness of (uy)nen in a slightly lower-regularity space, namely in
the space L2(0,T; H*(Qr)), 0 < s < 1/2. To see this, we first notice that uy on
QF can be expressed in terms of function u’¥ defined on Q,,,,, as

un(t,z,7) = a™ (t, 2, (1 + mamn) (L, 2))7), (3,7) € Qp. (1.157)

Therefore, uy can be written as an H'-function u” composed with a C%1/2-

function ny, in the way described in (157). The following Lemma, proved in [120],
implies that uy belongs to a space with asymmetric regularity (more regular in
7 than in Z) in the sense that uy € L?(0,1; H*(0,1)),0 < s < 1/2, and druy €
L?(0,1; L?(0,1)). We use notation from Lions and Magenes [112], pg. 10, to denote
the corresponding function space by

W(0,1;8) = {f : f € L*(0,1; H*(0,1))), 0xf € L*(0,1; L*(0,1))}.

More precisely, Lemma 3.3 from [120] states the following:
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Lemma 1.6.4. [120] Let n € C%%, 0 < a < 1, and let u € H (). Define
w(r, z2) =u(z,(1+n(2)r), (&7)€ Qp. (1.158)
Then @ € W(0,1;s) for 0 < s < a.

Thus, Lemma 0.6.4 implies that uy(¢,.) € W(0,1;s) for 0 < s < 1/2. Now,
using the fact W(0,1;s) — H*(Qp) we get

[lun (2, ')H%S(QF‘) < C|lul(t, ')Hiﬂ(ﬂn(pmﬂ’ a.a.t€(0,T), 0<s<1/2.

By integrating the above inequality w.r.t. t we get the first statement of Lemma 0.6.3.

To prove the second statement of Lemma 0.6.3 we use Theorem 3.1 of [120],
which states that the notion of trace for the functions of the form (157) for which
uV € H' and ny € C%'/2, can be defined in the sense of H*/2, 0 < s < 1/2. For
completeness, we state Theorem 3.2 of [120] here.

Theorem 1.6.2. [120] Let a < 1 and let n be such that
n € C*(0,1), n(2) = Nmin > —1, 2 € [0,1], n(0) =n(1) = 1.

Then, the trace operator

Yy 2 C1 (@) = C(T)

that associates to each function v € C1(Q,) its “Lagrangian trace” u(z,1+n(2)) €
C(I), defined via (158) for 7 =1,

Tn P U u(Z,1+n(2)),

can be extended by continuity to a linear operator from H(Q,) to H*(T) for
0<s<a/2

By recalling that vy = (ux)|r, this proves the second statement of Lemma 0.6.3.
O
Notice that the difficulty associated with bounding the gradient of uy is
somewhat artificial, since the gradient of the fluid velocity u’ defined on the
physical domain is, in fact, uniformly bounded (by Proposition 0.6.6). Namely,
the difficulty is imposed by the fact that we decided to work with the problem
defined on a fixed domain g, and not on the family of moving domains. This
decision, however, simplifies other parts of the main existence proof. The “expense”
that we had to pay for this decision is embedded in the proof of Lemma 0.6.3.
We are now ready to use Theorem 0.6.1 to prove compactness of the sequences

(vn)nen and (un)Nen-

Theorem 1.6.3. Sequences (vn)nen and (un)Nen are relatively compact in L?(0,T; L*(0,1))
and L?(0,T; L?(2F)), respectively.
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Proof. We use Theorem 0.6.1 with ¢ = 2, and X = L2 We verify that both
assumptions (i) and (ii) hold.

Assumption (i): To show that the sequences (vy)nen and (uy)nen are rela-
tively compact in L?(0,1) and L?(QF), respectively, we use Lemma 0.6.3 and the
compactness of the embeddings H*(Qr) < L*(Qr) and H*/2(0,1) — L3(0,1),
respectively, for 0 < s < 1/2. Namely, from Lemma 0.6.3 we know that se-
quences (uy)yen and (vn)nen are uniformly bounded in L?(0,T; H*(Q2r)) and
L%(0,T; H*/?(0,1)), respectively, for 0 < s < 1/2. The compactness of the em-
beddings H*(Qr) < L?(Qp) and H*/2(0,1) < L?(0,1) verify Assumption (i) of
Theorem 0.6.1.

Assumption (ii): We prove that the “integral equicontinuity”, stated in as-
sumption (ii) of Theorem 0.6.1, holds for the sequence (vy)nen. Analogous rea-
soning can be used for (uy)yen. Thus, we want to show that for each € > 0, there
exists a > 0 such that

7N — onl|72 w20y <&  VIh| <6, independently of N € N,  (1.159)

where w is an arbitrary compact subset of 2. Indeed, we will show that for each
€ > 0, the following choice of §:

0 := min{dist(w, 9Q)/2,¢/(2C)}

provides the desired estimate, where C is the constant from Lemma 0.6.1 (inde-
pendent of N).

Let h be an arbitrary real number whose absolute value is less than §. We
want to show that (159) holds for all At = T'/N. This will be shown in two steps.
First, we will show that (159) holds for the case when At > h (Case 1), and then
for the case when At < h (Case 2).

A short remark is in order: For a given § > 0, we will have At < § for
infinitely many N, and both cases will apply. For a finite number of functions
(vn), we will, however, have that At > §. For those functions (159) needs to be
proved for all A¢ such that |h| < & < At¢, which falls into Case 1 bellow. Thus,
Cases 1 and 2 cover all the possibilities.

Case 1: At > h. We calculate the shift by h to obtain (see Figure 11, left):

JAt

N-1
o
Imnon = on iz, < D / lor = on" 20y =
o Jiat—n

N-1
_ .
=h Y vk =i 3200 S hC <e/2<e.
j=1

The last inequality follows from |h| < 6 <e/(2C).
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f Case At>h f Case At<h=At+s
Vn

I U I I S I S
Rt AU .
5

Figure 1.11: Left panel-Case 1: At > h. The graph of vy is shown in solid line,
while the graph of the shifted function 7,vy is shown in dashed line. The shaded
area denotes the non-zero contributions to the norm ||7,vx —vn||2,. Right panel-
Case2: At < h = At+5,0 < s < At. The graph of vy is shown in solid line, while
the graph of the shifted function 7,vy is shown in the dashed line. The shaded
areas denote non-zero contributions to the norm |7,vx — vn||32. The two colors
represent the contributions to the first and second integral in (160) separately.

Case 2: At < h. In this case we can write h = [At+ s for some [ € N, 0 < s < At.
Similarly, as in the first case, we get (see Figure 11, right):

N-l-1 (j+1)At—s "
2
[Thun — UN||2L2(W;L2(0,1)) = Z (/ vy — vy 1720,1)
j=1  JIAt (1.160)
DAL j j+1+1)12
+ / vy — vy ||L2(0,1))'
(74+1)At—s

Now we use the triangle inequality to bound each term under the two integrals
from above by Zii ||U§\;+z_1 —vﬁ” ”%2(0 1)- After combining the two terms together
one obtains

N—-I—-11+1

j+i—1 j+i
|ThoN — UN||2L2(W;L2(0,1)) <At Z Z ||U§\/Jr - ”3v+ ||2L2(o,1)~ (1.161)
j=1 i=1

Lemma 0.6.1 now impies that the right hand-side of (161) is bounded by At(I+1)C.
Now, since h = [At + s we see that At < h/l, and so the right hand-side of (161)
is bounded by “2hC. Since |h| < § and from the form of § we get

[+1 l+1¢
HThUN — UN||%2(W;L2(071)) S At(l + 1)0 S ThC' S T§ <é€

Thus, if we set w = [6/2,T — §/2] we have shown:

I 7s/20n — 'UN||2L2(6/2,T—5/2;L2(o,1)) <e¢, NEeN
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To show that condition (ii) from Theorem 0.6.1 holds it remains to estimate
75 /20N —UN||%2(T_5/27T;L2(071)). From the first inequality in Lemma 0.6.1 (bound-

edness of v}?%i =1,21in L%(0,1)) we have

T
5
/ 17208 = w7200y < 52C <&, N €N
—5/2

Thus, we have verified all the assumptions of Theorem 0.6.1, and so the
compactness result for (vy)yen follows from Theorem 0.6.1. Similar arguments
imply compactness of (uy)nen- O

To show compactness of (ny)ven we use the approach similar to that in
[119], except that, due to the weaker regularity properties of ny, we will have
to use different embedding results (Hilbert interpolation inequalities). In the end,
compactness of the sequence of lateral boundary approximation will follow due to
the Arzela- Ascoli Theorem.

As in [119], we start by introducing a slightly different set of approximate
functions of u, v, n and V. Namely, for each fixed At (or N € N), define uy, 7y,
oy and Vy to be continuous, linear on each sub-interval [(n — 1)At, nAt], and
such that for n =0,...,V:

Uy (nAt,.) = uny(nAt,.), in(nAt,.) = vy (nAt,.), (1.162)
N (nAt,.) = nn(nAt,.), Vn(nAt,.) = Vn(nAt,.), '

See Figure 12. A straightforward calculation gives the following inequalities (see

Oy (N=T/At)

S SR RN
0t t, M7 tyqT=ty

Figure 1.12: A sketch of ay.
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[138], p. 328)

lon — UN||L2(0 T522(0,1)) = 3 Z o™ = ||L2(0 1)

un — uN||L2(OTL2(QF)) Z ||un+1 n||%2(§zp)a
(1.163)
I — 77N||L2(0TL2(0 1) = 3 Z||77"+1—77 ||L2(0 1)
At n n

Vy *VNHLZ(OTLZ(QS)) =3 ZHV v HLZ(QS)v

n=1
Now from
n+l _ .n n+1/2 _ .n
Ouiin (t) = == T_1 A T —ont3 ) te (nAt, (n+ 1)AL),

since vy was defined in (148) as a piece-wise constant function defined via v} (¢, ) =
v"t3 | for t € (nAt, (n+ 1)At], we see that

NN = vy a.e. on (0,T). (1.164)

Lemma 0.6.1 (the boundedness of EIT_%) then implies
(fIn)Nen is bounded in L™ (0, T; HE(0,1)) N W (0, T; L?(0,1)).
We now use the following result on continuous embeddings:
L>(0,T; Hy(0,1)) N Wh>(0,T; L*(0,1)) < C®' ([0, T}; H*(0,1)), (1.165)

for 0 < o < 1. This result follows from the standard Hilbert interpolation inequal-
ities, see [112]. A slightly different result (assuming higher regularity) was also
used in [78] to deal with a set of mollifying functions approximating a solution to a
moving-boundary problem between a viscous fluid and an elastic plate. From (165)
we see that (fy)nen is also bounded (uniformly in N) in C%1=<([0, T]; H*(0,1)).
Now, from the continuous embedding of H*(0,1) into H*~¢, and by applying
the Arzela-Ascoli Theorem, we conclude that sequence (7 ) ven has a convergent
subsequence, which we will again denote by (7n)nen, such that

fin — i in C([0,T]; H*(0,1)), 0 < s < 1.

Since (163) implies that (n)nveny and (nn)nven have the same limit, we have
n =1 € C([0,T]; H*(0,1)), where n is the weak* limit of (ny)wnen, discussed in
(155). Thus, we have

iin = in C([0,T]; H5(0,1)), 0 < s < L.

We can now prove the following Lemma:
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Lemma 1.6.5. ny — 7 in L>°(0,7; H*(0,1)), 0 < s < 1.

Proof. The proof is similar to the proof of Lemma 3 in [119]. The result follows
from the continuity in time of 7, and from the fact that 77y — nin C([0, T]; H*(0, 1)),
for 0 < s < 1, applied to the inequality

v (8) = 0l 2 0.1) = [l (8) = n(nAL) + n(nAt) = n(t)] 2 0.1)
= llnn (nAL) = n(nAt) +n(nAt) —n(t)]| m-0.1)
< |l (nAt) = n(nAb)|| + [In(nAt) = (bl ae0.1)
= [liin (nAL) = n(nA) | 1= 0,1) + [1(nAL) = n(t)]| a2 (0,1)-
(]

The strong convergence results obtained in Theorem 0.6.3 and Lemma 0.6.5
can be summarized as follows: there exist subsequences (uy)nen, (VN)nven and
(nN)NGN such that

uy — uin L%(0,T; L*(QF)),

vy — wvin L?(0,T;L?(0,1)),
Taruy  —  win L2(0,T; L2(QF)), (1.166)
AN — v in L2(0,T; L%(0,1)),

ny  — nin L*°(0,T; H%(0,1)), 0 <s < 1.

Because of the uniqueness of derivatives, we also have v = 0;n in the sense of dis-
tributions. The statements about the convergence of (Tarun)nen and (TatvN ) Nen
follow directly from

[Tacan = un 720,y x0p) T 178608 = ONl172(0,1) 0 (0.1)) < CAL, (1.167)

which is obtained after multiplying the third equality of Lemma 0.6.1 by At.
Furthermore, one can also show that subsequences (On) N, (On )y and (V)N
also converge to v, u and V respectively. More precisely,

uy — uin L2(0,T; LQ(QF)),
oy = vin L?(0,T; L?(0,1)), (1.168)
Vi — V weaklyxin L>(0,T; L?(Q5s))

This statement follows directly from the inequalities (163) and Lemma 0.6.1, which
provides uniform boundedness of the sums on the right hand-sides of the inequal-
ities.

We conclude this section by showing one last convergence result that will be
used in the next section to prove that the limiting functions satisfy weak formu-
lation of the FSI problem. Namely, we want to show that

TALNIN  — 1) in LOO(OvTac[ ) ])
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The first statement is a direct consequence of Lemma 0.6.5 in which we proved
that ny — 1 in L°(0,7; H*(0,1)), 0 < s < 1. For s > 1 this implies

nx — 1 in L®(0,T; C[0,1]). (1.170)

To show convergence of the shifted displacements Tao;ny to the same limiting
function 7, we recall that

v — ninC([0,T); H?[0,L]), 0 < s <1,

and that (fy)nen is uniformly bounded in C%1=%([0,T]; H*(0,1)), 0 < a <
1. Uniform boundeness of () nen in CO1=%([0,T]; H*(0,1)) implies that there
exists a constant C' > 0, independent of IV, such that

HﬁN((n — 1)At) — ﬁN(nAt)HHa(O’l) < C'At‘l_a.
This means that for each € > 0, there exists an N; > 0 such that
- - €
l7n ((n — 1)At) — fin (nA)]| o0,y < i,for all N > Ny.

Here, N7 is chosen by recalling that At = T'/N, and so the right hand-side implies
that we want an N7 such that

(I) " < mainz N
N 2 =0
Now, convergence 7y — 7 in C([0,T]; H*[0,1]), 0 < s < 1, implies that for each
€ > 0, there exists an Ny > 0 such that
_ 5
17in (nA) — n(t)|| = (0,1) < 2 for all N > Nj.

We will use this to show that for each € > 0 there exists an N* > max{Ny, N2},
such that
HTAtﬁN(t) — n(t)”Hé(O,l) <e, for all N Z N*.

Indeed, let t € (0,7T). Then there exists an n such that ¢t € ((n — 1)At, nAt]. We
calculate

ITavin () = n()l a2 0,1) = ITaein (t) — 15 (nAL) + i (nAL) = 0(8)] 20,1
= [N ((n — 1)A?) — qin (nAt) + in (nAL) = 1n(t) | 50,1
< [lin ((n = 1)AL) = iin (nAL) [ =(0,1) + 15 (nAL) = n(8)[[ 1=(0,1)-
The first term is less than £/2 by the uniform boundeness of (75 ) yen in C*1=([0, T]; H*(0,1)),
while the second term is less than £/2 by the convergence of 75 ton in C([0, T]; H*[0,1]), 0 <

s <1
Now, since 7atfiy = (Tatnn ), We can use the same argument as in Lemma 0.6.5

to show that sequences (7a¢ny) and Tasnn both converge to the same limit 7 in
L0, T; H(0,1)), for 0 < s < 1.
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1.6.7 The limiting problem and weak solution

Next we want to show that the limiting functions satisfy the weak form (139) of
the full fluid-structure iteration problem. In this vein, one of the things that needs
to be considered is what happens in the limit as N — oo, i.e., as At — 0, of the
weak form of the fluid sub-problem (146). Before we pass to the limit we must
observe that, unfortunately, the velocity test functions in (146) depend of N! More
precisely, they depend on 5} because of the requirement that the transformed
divergence-free condition V7~ - q = 0 must be satisfied. This is a consequence of
the fact that we mapped our fluid sub-problem onto a fixed domain Q. Therefore,
we need to take special care when constructing suitable velocity test functions and
passing to the limit in (146).

1.6.8 Construction of the appropriate test functions

We begin by recalling that test functions (q,, ) for the limiting problem are
defined by the space Q, given in (133), which depends on 7. Similarly, the test
spaces for the approximate problems depend on N through the dependence on 7y .

To deal with the dependence of test functions on NV, we follow the same ideas
as those presented in [32, 119]. We restrict ourselves to a dense subset X’ of all test
functions in @ that is independent of 1y even for the approximate problems. We
construct the set X' to consist of the test functions (q, ¥, ¥) € X = Xp x Xy x Xg,
such that the velocity components q € XF are smooth, independent of N, and
V - q = 0. Such functions can be constructed as an algebraic sum of the functions
qo that have compact support in €, UT';, UL, UTL'y, plus a function q;, which
captures the behavior of the solution at the boundary I',,. More precisely, let 2.y,
and 4, denote the fluid domains associated with the radii R, and Rpqz,
respectively.

1. Definition of test functions (qp,0,0) on (0,7) X Qner X Qg: Consider all
smooth functions q with compact support in €, U Ty, UL, U Ty, and such
that V- q = 0. Then we can extend q by 0 to a divergence-free vector field
on (0,T) X Qaz- This defines qo.

Notice that since ny converge uniformly to 7, there exists an N; > 0
such that supp(qo) C Qra,ny, YN > Ng. Therefore, qq is well defined on
infinitely many approximate domains 2.,y -

2. Definition of test functions (qi,%, %) on (0,T) X Qe X Qg: Consider ¢ €
CL([0,T); H3(0,1)). Define

A constant extension in the vertical
direction of e, on I, : g1 == (0,%(2))T; 3 on Qaz \ Qmin,
Notice divg; = 0.

A divergence — free extension to Q,,in

(see, e.g. [75], p. 127). } on L.
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From the construction it is clear that q; is also defined on 2,,,,, for each N,
and so it can be mapped onto the reference domain 2 by the transformation
Aspinn- We take ¢ € H'(Q2g) such that (i, z,1) = ¢(t, 2).
For any test function (q,v,1) € Q it is easy to see that the velocity component
q can then be written as q = q — q1 + q1, where q — q; can be approximated by
divergence-free functions qg that have compact support in €, U L'y, U L'gys U L'y,
Therefore, one can easily see that functions (q,v) = (qo + qi,) in X satisfy the
following properties:

e X is dense in the space Q of all test functions defined on the physical, moving
domain £, defined by (133); furthermore, V- q = 0,Vq € Xp.
e For each q € X, define
q=qoA,.
The set {(& %, %)@ = qo Ay,q € Xp, ¥ € Xs, 3 € X} is dense in the
space Q, of all test functions defined on the fixed, reference domain Qp,
defined by (138).
e For each q € A, define
qnN ‘= qo° A‘FmﬂN'
Functions qu are defined on the fixed domain Qp, and they satisfy V72"V .
aqN = 0.
Functions qu will serve as test functions for approximate problems associated

with the sequence of domains €2, ,,, , while functions q will serve as test functions
associated with the domain €2,. Both sets of test functions are defined on Qp.

Lemma 1.6.6. For every (q, v, 1) € X we have qn — q uniformly in L (0,T;C(QF)).
Proof. By the Mean-Value Theorem we get:

lan(t,z,r) —a(t,z,r)| = lalt,z, (14 7amn)r) —a(t, z, (1 +n)r)|
- |8rq(taZ7C)T| |77(t72) _UN(t—At7Z)|~

The uniform convergence of qu follows from the uniform convergence of 7y, since
q are smooth. (I
We are now ready to identify the weak limit G from Lemma 0.6.2.

Proposition 1.6.7. G = V"u, where G, u and n are the weak and weak™* limits
giwen by Lemma 0.6.2.

Proof. Asin Lemma 0.6.3, it will be helpful to map the approximate fluid velocities
and the limiting fluid velocity onto the physical domains. For this purpose, we
introduce the following functions

uN(t,.) =upn(t,.)oAZL (1), a(t,.) =u(t,.)o A (1),

TAtTIN

vre = {5 Xgaee e ={§ XE
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where A is the ALE mapping defined by (106), n is the weak™ limit ny —
n in L°°(0,T; Hi(0,1)) satisfying the uniform convergence property (169), and
f is an arbitrary function defined on the physical domain. Notice, again, that su-
perscript N is used to denote a function defined on the physical domain, while
subscript N is used denote a function defined on the fixed domain Qp.

The proof consists of three main steps: (1) we will first show that xVMu® — xu
strongly in L2((0,T) X Qnaz ), then, by using step (1), we will show (2) xV Vu? —
xVu weakly in L2((0,T) X Qn4z), and, finally by using (2) we will show (3)
fOT fﬂp G:q= fOT fQF V"u : q for every test function g = qo 4,.

STEP 1. We will show that ||xNu® — x4 12(0,7)x0
goal, we introduce the following auxiliary functions

y = 0. To achieve this

max

a(t,.) =un(t,.) o A, (t),

which will be used in the following estimate

N ™ =Xl 20,7 x 2man) < XN 0N XA ([ 12((0,7) x @pman) HIXEY =XT £2((0,7) % V) -

The second term on the right-hand side converges to zero because of the strong
convergence of uy to u on the reference domain 2, namely,

/ (1+n)|uy —ul® = 0.
Q

F

Ixa™ — xal7s

max)

QTAIT] NA_&]‘—\; . XU N

Figure 1.13: A sketch of the fluid domains in STEP 1.

To show that the first term on the right-hand side converges to zero, first
notice that

T T T
fo L e oy
0 Jman 0 JO0)AQ 0y () Jo Ja,)ne

Here AAB := (AUB)\ (ANB). See Figure 13. Because of the uniform convergence
(169) we can make the measure |Q, (t)AQ, .,y (t)] arbitrary small. Furthermore,
by Propostions 0.6.5 and 0.6.6 we have that the sequence (xu" — xNMu®¥)yen is

raenn (8)

)™ —xNu

%
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uniformly bounded in L2((0,T) X Q,,42). Therefore, for every e > 0, there exists
an Ny € N such that for every N > Ny we have

A /Q B |XﬁN —Vu P < % (1.171)
t

"AtnN

To estimate the second term, we need to measure the relative difference between
the function uy composed with A, L(t), denoted by 0"V, and the same function

e (8) denoted by u". We will map them both on the

same domain and Work with one function uy, while the convergence of the L2-
integral will be obtained by estimating the difference in the ALE mappings. More

precisely, we introduce the set w = A, (Q,(t) N Qry,py (1) C Qp. Now, we use

the properties of the ALE mapping A, and the definitions of @V, u® to get

T
~N 1 )
/0 /Q(t)mQ e = xMu / / |uN un oA @ ° Ape)|
n

TAtUN(t)
T
1 1 t
:/ / . jun(tzr) — uN(t,z,Mr)F
0 w 1+ n(ta Z) 1+ TAtnN(tv Z)

-1 o)

1+ 1amn(t, 2)
Now because of the uniform convergence (169) of the sequence (7a:nn)nen, and
the uniform boundedness of (||, un||z2(q,))Nen, Which is consequence of Propo-
sition 0.6.6, we can take N1 > Ny such that

/ / X ﬁN—XNuN\2<;N2N1.
Q, (t)NQ

TAtMN (t)

uy composed with A~

orun(t, z,Q)r (1 —

This inequality, together with (171) proofs that x¥u’Y — xa strongly in L?((0, T') x
Qmaz ) .

STEP 2. We will now show that x¥Vu" — xVa weakly in L2((0,T) X Qumaz)-
First notice that from
TuV = VA gy

and from uniform boundedness of (V72" uy ) ney in L2((0,T) x ), established
in Proposition 0.6.6, we get that the sequence (xVu®)yen converges weakly in
L2((0,T) X Qaz)- Let us denote the weak limit of (x¥ Vu® ) yen by G. Therefore,

/ / - J&E%o/ / VuV ¢, ¢ € C2((0,T) X Unaa)-

Qmaax Qmax

We want to show that G = xVu.
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For this purpose, we first consider the set (Qpnax \Q;(t)) and show that G = 0
there, and then the set ,(t) and show that G = Vu there.
Let ¢ be a test function such that suppg C (0,7) x (Qmam \ Qn(t)>. Using

the uniform convergence of the sequence a7y, obtained in (169), there exists an
Ny such that xV(x) =0, N > Ny, x € suppg. Therefore, we have

T B T
/ / G ¢= lim/ / YNvul - =0.
o Ja N=oo Jo Jao

max max

Thus, G = 0 on (0,T) x (Qmax \Qn(t)).

Now, let us take a test function 4 such that suppy C (0,7) x Q,(t). Again
using the same argument as before, as well as the uniform convergence of the
sequence Ta¢1n, obtained in (169), we conclude that there exists an Ny, such that
N(x)=1, N> Ny, x € suppy. Therefore, we have

T B T T
/ / G ¢= 1im/ / XNvulV e = lim/ / vu? .
o Ja N=oo Jo Ja N—oo Jo Ja, ()

max max

From the strong convergence xVu’¥ — i1 obtained in STEP 1, we have that on
the set suppt, u — U in the sense of distributions, and so, on the same set
suppt, Vuv — Vit in the sense of distributions. Therefore we have

T B T T
/ / G- = lim/ qu-¢=/ / Vi - .
0o Ja N—=oo Jo Ja, @) 0 Jo,@®)

max

Since this conclusion holds for all the test functions + supported in (0,7") x €,),

from the uniqueness of the limit, we conclude G = Vi in (0,T) x Q-
Therefore, we have shown that

XNVuY = Vit weakly in L2((0,T) X Qaz)-

STEP 3. We want to show that fOT Jo, G a= fOT Jo, V'u: g for every test
function q = qo A,, q € Xr. This will follow from STEP 2, the uniform bounded-
ness and convergence of the gradients V72"Vt provided by Lemma 0.6.2, and
from the strong convergence of the test functions qy — q provided by Lemma
0.6.6. More precisely, we have that for every g =qo A,, q € Xp

T T
/ / G:q= lim/ / VTaINuN - qy
o Jag N=oo Jo Jag
T 1 T 1 T
= lim / / 7XNVuqu:/ / 7Vﬁ:q:/ / V' :
N=oo Jo Ja,.. 1+ TatN o Jao,1+n o Jag

max

Here, we have used from (110) that Vu? = V™2V uy, and Va = V7u. This
completes proof. (I
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Corollary 1.6.1. For every (q, ¢, %) € X we have
VAN g — VT, in L2((0,T) x Qp).

Proof. Since Ta;mnqn and q are the test functions for the velocity fields, the same
arguments as in Proposition 0.6.7 provide weak convergence of (V™2"V qy ) yen.
To prove strong convergence it is sufficient to prove the convergence of norms
V™2™ a2 (0p) — V74l L2(qp)- This can be done, by using the uniform con-
vergence of (TasmN)nen, in the following way:

Tt = [, X L
vl = [ e [ XVl

T
- / / V142 = [V,
0 Qp

The notation used here is analogous to that used in the proof of Proposition 0.6.7.
O
Before we can pass to the limit in the weak formulation of the approximate
problems, there is one more useful observation that we need. Namely, notice that
although q are smooth functions both in the spatial variables and in time, the
functions qu are discontinuous at nAt because Ta;nn is a step function in time.
As we shall see below, it will be useful to approximate each discontinuous function
gy in time by a piece-wise constant function, qu, so that

an(t,.) = q(nAt—,.), te[(n—1)At,nAt), n=1,...,N,

where qn(nAt—) is the limit from the left of qn at nAt, n =1,..., N. By using
Lemma 0.6.6, and by applying the same arguments in the proof of Lemma 0.6.5,
we get

ay — q uniformly on [0,7] x Q.

Passing to the limit

To get to the weak formulation of the coupled problem, take the test functions
(W(t),¥(t)) € Xw x Xg as the test functions in the weak formulation of the
structure sub-problem (143) and integrate the weak formulation (143) with respect
to ¢t from nAt to (n + 1)At. Notice that the construction of the test functions is
done in such a way that (¢(t),1(¢)) do not depend on N, and are continuous.
Then, consider the weak formulation (146) of the fluid sub-problem and take the
test functions (qn(t),(t)) (where qy = qo A;.,ny, 4 € Xr). Integrate the fluid
sub-problem (146) with respect to t from nAt to (n + 1)At. Add the two weak
formulations together, and take the sum from n = 0,..., N — 1 to get the time
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integrals over (0,7 as follows:

T
) | .
/ / (1+7As UN)(atuN -qn + §(TAtuN —wy) - V&N uy - qy
o Jor

1 1 (7
_i(TAtUN — WN) - VAN gy - UN) + 5/ / 'U}k\/uN qnN
0 Qp

T T 1
[ [ @ mmzp ) @) + [ [ aave (1172)
0 Qr 0 0

T .1 T ) T
+/ / 3277N3z¢+/ 3tVN'¢+/ / as(dn, )
0 0 0 Qs 0 Qs

T 1 T 1
z/ Pijxdt/ qz(t,O,r)dr—/ Pgltdt/ q-(t, L,r)dr,
0 0 0 0

VTAtn Uy = O7 UN = ((UT)N)‘F7 NN = (dN)‘F’

with

(1.173)
uN(07 ) = o, 77(07 )N = To, UN(()? ) = Vp-

Here uy, vn and 1% N are the piecewise linear functions defined in (162), 7a; is
the shift in time by At to the left, defined in (151), V72V ig the transformed
gradient via the ALE mapping Ay, , defined in (110), and vy, un, vy, nn, dn
and V' are defined in (148).

Using the convergence results obtained for the approximate solutions in Sec-
tion 0.6.6, and the convergence results just obtained for the test functions qy, we
can pass to the limit directly in all the terms except in the term that contains
Oyuy . To deal with this term we notice that, since q are smooth on sub-intervals
(jAt, (j+ 1)At), we can use integration by parts on these sub-intervals to obtain:

(j+1)At

T N—-1
/ / (1 +7amn)0aN - qn = Z / / (14 nk)dun - an

-1 (j+1)At
= Z (—/ / (1+ 7amn)UnN - Orqn
0 Qr

JAL

<.

[ @ e an (G4 DA - [ (1l an(At).
QF Q

F

(1.174)

Here, we have denoted by qn((j 4+ 1)At—) and qn (jAt+) the limits from the left
and right, respectively, of qn at the appropriate points.
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The integral involving 0,qx can be simplified by recalling that qn = qoA4,,,
where 7y are constant on each sub-interval (jAt, (j + 1)At). Thus, by the chain
rule, we see that d;qny = 0:q on (jAL, (j + 1)At). After summing over all j =
0,...,N — 1 we obtain

(J+1)At T
/ / (14 Tamn )0y - 0Ny = —/ / (1 +7amN)0N - Orq.
Op o Jor

To deal with the last two terms in (174) we calculate

Z / (e =l v (G DA ) [

[ (el an(ae)

N-1
ZZ/Q (1+n3“) g (G + D A=) — (i = plould N((j+1)At—))
j=0 79

N—-1
- [+ miuo-a(0) - > [y -ax (o)

Now, we can write (/™1 — 77) as v/T2 At, and rewrite the summation indexes in
the first term to obtain that the above expression is equal to

N—-1
—Z/ (1+n})uly-an (jAL-) // UNUNQN— / (L4n0)uo-q( )—Z/ (I+ny)uy-an (jAL).
Qp Qp Qr = Jar

Since the test functions have compact support in [0,7"), the value of the first term
at j = N is zero, and so we can combine the two sums to obtain

T
fz /Q (L) (v (iat-) —ax(Gat)= [ (emura©)- [ [ viavay.

Now we know how to pass to the limit in all the terms expect the first one.
We continue to rewrite the first expression by using the Mean Value Theorem to
obtain:

N(jAt=,z,7) = an (JAt+, z,7) = (AL 2, (L+3)r) — a(jAL 2, (L+ny ) =
= 0ra(j it % Or(nle — ') = ~At,a(iaL 2 Quy .

Therefore we have:

T—At
Z / (L) (q( At —) —q(iAH) / | avurr swiona
Qp
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We can now pass to the limit in this last term to obtain:

T—At T
/ / (I+nn)unrT—aton0-q — / / (1 + n)urdmo,q.
0 Qp 0 Qp

Therefore, by noticing that 0,q = 0;q + r9;n0,-q we have finally obtained

T
/ / (14 7amn)Oan - gy — — / / (1+n)u-0q— / Ogmu - q
Qp o Jar

_/ (1 +m0)uo - q(0),
QF

where we recall that g = qo A4,,.

Thus, we have shown that the limiting functions u, n and d satisfy the weak
form of problem (111)-(118) in the sense of Definition 0.6.2, for all test functions
that belong to a dense subset of Q". By density arguments, we have, therefore,
shown the main result of this manuscript:

Theorem 1.6.4. (Main Theorem) Suppose that the initial data vy € L?(0,1), ug €
L*(Qy,), Vo € L*(Qs), do € H'(Qs), and no € HL(0,1) are such that 14mno(z) >
0, z € [0,1] and compatibility conditions (102) are satisfied. Furthermore, let Py,
Pout S Ll200(0’ OO)

Then, there exist a T > 0 and a weak solution (u,n,d) of problem (111)-(118)
(or equivalently problem (91)-(102)) on (0,T') in the sense of Definition 0.6.2 (or
equivalently Definition 0.6.1), such that the following energy estimate is satisfied:

t
+/0 D(r)dr < Eo+ C(|PinlZ2(0.4) + 1 PoutlF2(0,0))s ¢ €[0,T], (1.175)

where C' depends only on the coefficients in the problem, Eqy is the kinetic energy
of initial data, and E(t) and D(t) are given by

E(t) = ||uHL2(QF)+ ||f9t77||L2(01>+ 2 @) T35 (||(9z77||L201 +as(d, d)),

-l
—
~
=

HD( Wl720, ())-

Furthermore, one of the following is true:

ither T = 1 1 =0. 1.1
either 0o or 751_)rr:1FZre1rh1)r11]( +n(z)) =0 (1.176)

Proof. Tt only remains to prove the last assertion, which states that our result
is either global in time, or, in case the walls of the cylinder touch each other,
our existence result holds until the time of touching. However, the proof of this
argument follows the same reasoning as the proof of the Main Theorem in [119],
and the proof of the main result in [32], p. 397-398. We avoid repeating those
arguments here, and refer the reader to references [119, 32]. O
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1.7 Numerical Simulation

In this section we show how the Kinematically-Coupled S-Scheme can be applied to
FSI problems with multiple structural layers. We also present numerical arguments
showing that the presence of a thin fluid-structure interface with mass, regularizes
solutions of the related FSI problems.

We first summarize the FSI problem that will be solved numerically, then
present the numerical algorithm, and finally show the numerical results. The prob-
lem, the numerical method, and the results will be shown on an example in 2D.

1.7.1 Problem Definition

We consider the flow of an incompressible, viscous fluid in a two-dimensional
channel of reference length L, and reference width 2R, see Figure 9. The channel
is bounded by a two-layered deformable wall, which consists of a thin elastic layer
with thickness h, and a thick elastic layer with thickness H. The thin structural
layer serves as a fluid-structure interface with mass.

We are interested in simulating the normal stress-driven fluid flow through
a deformable 2D channel with two-way coupling between the fluid and structure.
Without loss of generality, we consider only the upper half of the fluid domain
supplemented by a symmetry condition at the axis of symmetry. Thus, as before,
the reference fluid and structure domains in our problem are given, respectively,
by

Qr = {(z,r)|0<z<L,0<r<R},
Qs = {(z,n0<z< L, R<r<R+ H}.

Here z and r denote the horizontal and vertical Cartesian coordinates, respectively
(see Figure 9).

The flow of an incompressible, viscous fluid is modeled by the Navier-Stokes
equations:

PP (Oﬁa’ltl +u- Vu) =V-o(u,p) in Qp(t) x (0,7), (1.177)

Vou=0 in Qp(t) x (0,T), (1.178)

where u = (u,u,) is the fluid velocity, p is the fluid pressure, pp is the fluid
density, and o is the fluid Cauchy stress tensor. For a Newtonian fluid the Cauchy
stress tensor is given by o(u,p) = —pI +2upD(u), where pp is the fluid viscosity
and D(u) = (Vu+ (Vu)7)/2 is the rate-of-strain tensor.

Denote the inlet and outlet fluid boundaries by T';, = {0} x (0,R) and
Tour = {L} x (0, R), respectively. At the inlet and outlet boundary we prescribe
the normal stress:

onin = —pin(t)Nin onI';, x (0,7), (1.179)
ONyyt = —pout(t)nout on Fout X (O,T), (1180)
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where n;,, and n,,; are the outward normals to the inlet and outlet fluid bound-
aries, respectively. Even though not physiologically optimal, these boundary con-
ditions are common in blood flow modeling [9, 126].

At the bottom fluid boundary » = 0 we impose the symmetry conditions:

Ou,
or
The lateral fluid boundary is bounded by a deformable, thin wall. We assume

that the wall is linearly elastic, whose dynamics is modeled by the linearly elastic
Koiter membrane model, specified in (25), Section 92:

(2,0,t) =0, u.(2,0,8)=0 on(0,L) x (0,T). (1.181)

82772 8771" 62772

prh g —Cop - —Cigm = f onT x (0,T), (1.182)
&ny on,

pKh 8t2 + 00777' + 02 az = f’l‘ on T % (O,T)) (1183)

where n(z,t) = (9.(z,t),n-(2,t)) denotes the axial and radial displacement, f =
(fz, fr) is the force surface density, px denotes the shell density and (see (25))

hE hE hEo
Co = R2(1—o2)’ Gi=1"5 2= R(1—0?)

The thick layer of the wall will be modeled by the equations of linear elasticity
(59), with an added extra term vd to account for circumferential strain whose
effects are lost in the transition from 3D to 2D. This term corresponds to the
non-differentiated term in the Koiter membrane equations (183) containing the
coefficient Cy, which appears in these equations due to the cylindrical geometry of
the domain. Adding the non-differentiated term vd to the thick structure problem
in 2D has been done by several authors, see [8, 9, 114, 14]. If the structure is not
fixed at the end points, this term helps keep the top and bottom portions of the
structure domain together. The model reads:

2d
psﬁ—i—vdzvug(d) in Qg x (0,7, (1.184)
with the first Piola-Kirschhoff stress tensort S given by
S(d) =2uD(d) + A(V-d)I,

where d = (d.,d,) is the structure displacement and pg is the structure density.
As before, the structure is assumed to be fixed at the inlet and outlet bound-
aries:

d(0,r,t) =d(L,r,t)=0 on[R,R+ H]x (0,T), (1.185)
and the external structure boundary I'ey = {R + H} x (0, L) is exposed to zero
external ambient pressure, while the axial displacement remains fixed:

STept  Negt = 0 onTe, x (0,7), (1.186)

d,=0 on ey x (0,7), (1.187)
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where 1., is the outward unit normal vector on I'c ;.
Initially, the fluid and the structure are assumed to be at rest, with zero
displacement from the reference configuration

9 o, a=o, -

5 =0 d=0 S5 =0 att=0. (1.188)

v =0, n= 0,
The fluid and the multilayered structure are coupled via the kinematic and
dynamic boundary conditions (62), (63):
Continuity of the velocity:

u(z +n:(2,t), R+ nr(2,1),t) = %(zﬁ) on (0,L) x (0,7), (1.189)
Continuity of displacement:
n(z,t) =d(z,R,t) on (0,L) x (0,T). (1.190)
Balance of forces:
ok Fne _ o O _ o, O
or 0z 0z | = Se,|r — J on|ry on (0,L) x (0,7),

.
0z

PKh% + Conyr + C2

(1.191)

where J is the Jacobian of the transformation from the Eulerian to Lagrangian

framework, n is the outward unit normal to the deformed fluid domain, and e, is
the unit vector pointing in the vertical direction.

1.7.2 The Energy of the Coupled Problem
The coupled problem (177)-(191) satisfies the following energy equality:

1d

5 7 {pr Il o+ pichllomlFaey + ps 0l 7y + EG ()

+0ld)1 7200 + 26D 7200 + AV - dHQLZ(QS)} +pr D@3, ¢
R R

- / Pin (£t o0 — / Dot (utz o
0 0

where
norL

B = 5 [ AGG): Gl
Q 4F e 2 4F || 0n, 2 4Fo ||0n, r 2
2|1+0l||lR £2(0,1) 140l 0z £2(0,1) 1—o02|| 9z R

L2(0,L)

|
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If the inlet and outlet data are the dynamic pressure data (64), then the
following energy estimate holds:

1 d mem
5 7 {prlalid, o+ prchllOmlFae) + pslOdlFa . + EG ()

+dl[72 () + 26D(@)[[72(qq) + AV - dHizms)} + | D(W)I3, o)
S C(P'Ln(t)7 Pout(t>)-

1.7.3 The ALE Formulation

As mentioned in Section 0.3, to deal with the motion of the fluid domain we use
the ALE approach. An ALE mapping A maps the reference domain Qp into the
current domain Qp(t):

AZQF%QF(t)CRa .’BZA(.’B)EQF(t), for x € Qp.

We will use ALE mapping to deal with the deformation of the mesh, and to
resolve the issues related to the approximation of the time-derivative dv/0t =~
(v(t"t1) — v(t"))/At,, which due to the fact that Qx(t) depends on time, is not
well defined. In particular, we will be using the ALE mapping which is defined as
the harmonic extension of the boundary, determined by the current position of 7,
to the entire fluid domain:

A.A - O, in QF,
-/4|F = n
A|aQF\F = 0.

To solve the Navier-Stokes equations numerically on a moving domain, we trans-
form the time derivative of the fluid velocity using the chain rule

ou ou
=T gwe 1.192
T o 5 +w - Vu, (1.192)

0A
where w = —— denotes the domain velocity, and consider the rest of the problem

defined on the moving domain Qg(t). See Section 0.5.2. Therefore, with a slight
abuse of notation, the Navier-Stokes problem (177)-(178) that will be solved nu-
merically, can be written in ALE formulation as follows: find u = (u,, u,) and p
such that

du
PF\ 57 o,

V-u=0 in Qp(t) x (0,7),  (1.194)

+(u—w)~Vu> =V o(v,p), in Qp(t) x (0,7), (1.193)

satisfying the corresponding initial and boundary conditions.
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The structure problems remain the same since the equations are defined on
the reference, fixed domains Qg and I'.

To perform the Lie splitting, described in Section 0.5.3, the coupled problem
is re-written as a first order system in time. For this purpose, the trace of the
fluid velocity on I'(¢) will be denoted by v := u|p), while the trace of the thick
structure velocity on I" will be denoted by V = dd/0t. The kinematic coupling
condition 0n/0t = v is then used to rewrite the system.

Notice again that u|pq is defined on I'(), namely, at R + n(z,t). More
precisely, u|p) = u(R +n(z,t), z,t). Therefore, v, which is defined on I is equal
to

v(z,t) ;== u(R+ n(z,t), 2, t).

The resulting problem is given by the following:

pf(aalt1 +(u—w) -Vu) =V-o in Qp(t) x (0,7), (1.195a)
QF
V-u=0 in Qp(t) x (0,7), (1.195b)
v, oy 9?1,
pKh B 702 92 *Cl 022 = fz onI' x (O,T), (1195C)
ov, on.
pKhE + C()?’]r + CQE = fr onI' x (07T), (1195(1)
aa—:z =v onT x (0,7), (1.195¢)
ov .
pgﬁ—kyd:VuS'(d) in Qg x (0,7, (1.195f)
d
%ﬁ =V in Qg x (0,7), (1.195g)
with the coupling conditions at the fluid-structure interface
v =ulpy), n=d, (1.196)
v, ony 0°n.
pKhW — CQE - C1 8z2 + J 0'n|p(t) -e, + Sez|p s ey, = 0, (1.197)
vy on.
prh En + Conr + CQE +J Un‘p(t) -e,+ Se,|r-e, =0. (1.198)

Notice, again, that v = u|p«) means v(z,t) = u(R+n(z,t),2,t) on (0,L) x (0,T).
This problem is supplemented with the boundary and initial conditions presented
in Section 0.7.1.

Before we continue with the Lie splitting algorithm applied to the problem
in ALE form (195a)-(198), we introduce the notion of weak solutions for the prob-
lem studied in this section, namely, for problem (177)-(191). The corresponding
function spaces on domains Qg (t) will be defined in terms of the functions defined
on the fixed, reference domain €2z, where the association between the two is done
via the ALE mapping, defined above.
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1.7.4 Weak Formulation of FSI Problem (177)-(191)

For ¢t € [0,T) introduce the following test function spaces: the fluid velocity space
is defined by

Vi(t) ={p: Qrp(t) > R o =@o(A)~", ¢ e (H'(Qr))*,
@rlr=0 =0, ¢|:=0,L. = 0},,
the fluid pressure:
Q) ={q: Qr(t) = Rlg=Go(A)7",G € L*(Qp)},,
the test space for the thin structure problem:
Vi ={¢:(0,L) = R* ¢ € (H,(I)*},
and the test space for the thick structure problem

Vs = {9: Qs =R}y e (H () %]:m0 =0,¢.r, =0}

ext

The test space for the coupled FSI problem is given by:

Qt) ={(¢, ¢, %) € Ve(t) x Vk x Vs | @lr@ =¢, ¢ =}, (1.199)

The variational formulation of the coupled fluid-structure interaction problem
now reads: for t € (0,7), find (u,p,m,d) € Vr(t) x Q(t) X Vk x Vs such that
the kinematic coupling conditions (189) and (190) hold, and such that for all
(p,¢,1,q) € Q(t) x Q(t) the following equations are satisfied:

0
P Tre+ [ (@Vmeesme [  Dw:D)
Qr(t) Qp(t) Qp(t)

L a2 L 52
0°n, o°ny
- pV~so/ gV-u+p h/ ¢+ pxh Gr
/QF(t) Qr(t) K o Ot? K 0 Ot?
L L L L
oy on. 0C. / o
CQ 0 92 Cz + Cl 0 9z Oz + C'0 0 777“<7’ + C'2 0 B Cr

+ps/ﬂ 0%d P+ 2u D(d):D(w)Jr)\/ (V-d)(V-9) (1.200)

2
s ot Qs Qs

R R
+f7/ d : 1/) = / pin(t)@z|z:Od7a - / Pout (t)ﬂpz‘z:Ldﬁ
Qg 0 0

/ qV -u=0.
Qp
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1.7.5 Numerical Implementation of the Splitting Scheme

The splitting is performed on the first-order system written in ALE form (195a)-
(198). System (195a)-(198) is split into two sub-problems, the fluid and the struc-
ture sub-problem, as described in Section 0.5.4. We notice that in this splitting,
we also separated the viscous part of the structure problem from the purely elastic
part of the structure problem, so that in the final structure sub-problem, denoted
by Problem A1 in Section 0.5.4, we only solve non-dissipative, hyperbolic part of
the structure problem using appropriate solvers. Namely, it has been our experi-
ence that for the stability and accuracy of the splitting scheme, it is beneficial to
separate the parabolic from the hyperbolic features of the coupled FSI problem,
and apply non-dissipative solvers to the non-dissipative, hyperbolic sub-problems.
While in the example studied in this section we do not have viscous dissipation in
the structure problem, we, however, use the same logic to numerically solve the
fluid sub-problem, which contains, in itself, dissipative and non-dissipative fea-
tures. More precisely, we will split the fluid sub-problem into the pure advection
sub-problem (non-dissipative), and the remaining, time-dependent Stokes problem
capturing viscous dissipation. This will give rise to a splitting algorithm with three
main steps:

Al.  An elastodynamics sub-problem for the structure;
A2(a). A time-dependent Stokes problem for the fluid;
A2(b). A fluid and ALE advection problem.

To achieve higher accuracy, we implement the Kinematically-Coupled B-
Scheme, described in Section 0.5.4, in which the normal fluid stress is further
split into two parts:

on=on+ fBpn —Bpn ,
—_———— ——
(Part I) (Part II)

where 8 € [0,1]. It was shown in [19] that the accuracy of the scheme increases as
the value of 8 increases from 0 to 1. Part I of the fluid stress will be taken into
account in the fluid sub-problem, while Part II of the fluid stress will be used as
loading to the structure in the structure sub-problem, and will appear as a Robin
boundary condition for the thick structure equations. Details of the scheme are as
follows:

Problem A1l: The Elastodynamics Problem.

This step involves solving the thick structure problem together with mem-
brane elastodynamics. The membrane elastodynamics problem appears in this step
as a Robin boundary condition on I' for the thick structure problem defined on
g, where we have used continuity of displacement (kinematic coupling condition)
to write the problem this way. The Robin boundary condition also includes Part
IT of the normal fluid stress, which enters explicitly in the sense that the pres-
sure is taken from the fluid sub-problem at the time step n (Problem Al(a)). The
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Jacobian of the transformation from the Eulerian to Lagrangian framework J is
calculated based on the data obtained in the previous time step.

In this step we also compute the domain velocity w and use it in Problem
A2(b) below to solve the fluid and ALE advection problem. The initial data for the
structure velocity on I' is taken to be the trace of the fluid velocity v calculated
in the previous time step. Thus, the structure communicates with the fluid sub-
problem through this initial data and through the pressure exerted by the fluid
onto the fluid-structure interface. In turn, the updated structure velocity is then
taken in Problem A2(a) as the initial data for the trace of the fluid velocity on
().

In this step the fluid velocity u and fluid pressure p remain unchanged, and
SO

un+1/3 n+1/3 —

p".
The structure sub-problem reads: Find n,d, v, and V', such that for t € (t*,t"*1)

)
=u,p

| %4
ps gy T1d=V-5(d) in Qg x (", "),
d
867 =V in Qg x (",1"),
81} 3 62 n n n n
prch atz —Ch 31,]; -1 5:; +Se, -e. = J"Bp"nlrpy e, onT x (""",
) 0
prch 31;: + Cony + C2 577; + Se, - e, = J"Bp"n|rq) - e, on ' x (t",1"F1),
%;7 v on T x (t",¢" 1),
v dr on T (1,67,
Vip=v on T x (¢, "),

with the following boundary conditions:
dl.—0r =0, andd, =0, mn, Sni, =0 onTey x (t",t").
The initial conditions are given by:
dit™) =d",nt") =n", v(t")=v", V(") =V".
Then set
4qn+i/3 — d(tm ), L = n(tn+1)’vn+l/3 = v(t"H), yrtl/s V(.
After the new position of the structure has been calculated, and the new fluid

domain updated, we calculate the ALE mapping A"*! as the harmonic extension
of the structure displacement n™*! onto the whole domain Q

AAMHL 0 inQp,
An+1|F ,r]n-l-l’
A pgr = 0.
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aAn—H

1 = =2 based on the updated

From here we calculate the domain velocity w"™
location of the structure, and use it in the advection problem, Problem A2(b)
below.

Remark 1. Note that in Problem A1, we can rewrite the membrane equations by
using the kinematic coupling conditions in the following way:

oV, od 0%d
ZF - Z 7z . — n yn+1l
prh 5 Cy 5% Cy 5.2 + Se, e, =0 onT' x (¢",t""),
oV, od,,
pxh o + Cod, + Cy P +Se, e, =0 on T x (", "),

In this way the membrane equations serve as Robin boundary conditions for the
thick structure problem.

Problem A2(a): The Stokes Problem.

This step involves solving a time-dependent Stokes problem on (", ¢"*1),
with a Robin-type boundary condition involving the thin structure inertia and
Part I of the fluid stress. This problem is solved on the fixed fluid domain Qg ("),
determined by the structure position in the previous time step. Using the updated
fluid domain calculated in Problem Al is also an option. In the proof of stability of
this scheme, using Qg (¢™) is more covenient for the proof. In this step the structure
position and the velocity of the thick structure do not change, and so

n+2/3 n+1/3 dn+2/3 _ dn+1/3 Vn+2/3 — Vn+1/3'

ntt =

The problem reads as follows:
Find u,p, and v such that for ¢ € (t",#"*1), with p" denoting the pressure
obtained at the previous time step, the following holds:

pp% =V:o, V-u=0 in Qp(t") x (£, "),
t Qp
d(u
xh ( ;;(t)) + J( on|rw + B "nlr@) =0 onT x (t" "1,
vV = u|p(t) on I' x (tn,thrl),

where v = u|r) means v(z,t) = u(R +1(z,t),z,t) on I'. This is supplemented
with the following boundary conditions:

Ou,
a%(z,o,t): up(2,0,) =0 on (0,L), u(0,R,t)=u(L,R,t)=0,

ONpy = _pin(t)nin on 1_‘in; OMNoyt = _pout(t)nout on 1_‘outy
and initial conditions: u(t") = u”, v(t"*) = v"*/3. Then set

un+2/3 _ u(thrl)’ pn+2/3 _ p(thrl)’ Vn+2/3 _ V(tn+1).
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Problem A2(b): The Advection Problem.

Solve the fluid and ALE advection sub-problem defined on the fixed domain
Q(t"), with the domain velocity w™*! just calculated in Problem Al. The dis-
placement of the structure, the velocity of the thick structure, the velocity of the
thin structure, and the fluid pressure do not change in this step, so that

nn-i—l _ nn+2/37dn+l _ dn+2/3,Vn+l _ Vn+2/37vn+1 _ Vn+2/3’pn+1 _ pn+2/3.
The advection problem reads: Find u such that for ¢ € (", ")
Ou n+2/3 n+1 . n n yn+1
n +(u —w") - Vu =0, in Qp"™) x (", "),
Qp
u=v"t/3, on T x (", "),

with the inlet/outlet conditions:
u=u"t?3 on "% = (x € Rz € 0Qp(1"), (0?3 — w"t1) . n < 0},
and initial conditions u(#") = u"*2/3. Then set
u"t = u(" ).

Set n = n + 1 and return to Problem Al.

1.7.6 Discretized Scheme in Weak Form

To discretize the problem in time, sub-divide the time interval (0,7") into N sub-
intervals of width At, and let t" = nAt, where n < N. The Backward Euler scheme
is implemented to discretize the time-derivatives. For the space discretization, we
use the finite element method approach. Thus, we define the finite element spaces
VR € Ve(t™),QMt™) C Q(t"), Vi C Vi and V& C Vg, and introduce the
following bilinear forms

apue) = 2ur /Q( D Do),
Ft"L
bp(p, @) = /Q(t)pV-so,
”

L
aK(nmCr) = CO/O Nr-Grs

as(dy) = 2u | D():D@)+A [ (V-d)(V-).

Qg Qs

A weak formulation of the fully discrete loosely coupled algorithm applied to the
simplified problem is given as follows:
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Problem Al. (The structure problem) To discretize the structure problem
in time we use the second order Newmark scheme. The problem reads as follows:

Find (d}7/3 v7T3) € i x VP such that for all (v, ¢y,) € VI x Vi

VZH/B Ve ay +d2+1/3
ps/ 7%}#7/ ¥
s At ! s 2 h

n+1/3 n n+1/3

! dyy, +d, dy +d, "
+PKh/ b wrh+aK(%a¢nh)+aS(h+7wh)
n yntl/3 mHl/3 o,
htVh 4, —dy
s /Q e )¢
Vnh + Vn+1/3 dn-&};l/?) o dn
R _ % n = 0. 1.201
+pK /F( 5 Y Y b = ( )

Note that in this step we take all the kinematic coupling conditions into
account. More precisely:

L. Initially we set VI [r = v7') = ulp[r(m);

2. Once dn+1/3 and VnJr /3 are computed, nn+1/3,vf;1/3 and un+ /3 Ip(en) are
recovered via

n+1/3 n+1/3 n+1/3 n+1/3 n+1/3
en =y Ir, Upp =~ = Uy Ireny = Vr,h Ir.

In this step the fluid velocity does not change, and so

uZH/ 3= uy.
In this step we also update the fluid domain velocity w. As mentioned ear-
lier, after the new position of the structure has been calculated, we calculate the
ALE mapping A"t : Qp — Qp(t"T1) as the harmonic extension of the structure

displacement nhH/ 3 nZH onto the whole fluid domain, and obtain the domain

velocity WZ'H as the difference quotient between the new location of points asso-
ciated with A"*!, minus the old location of points associated with A", divided by

At. This will be used it in the advection problem, i.e., Problem A2(b) below.

Problem A2(a). (The time dependent Stokes problem) Find (u "+2/3,p2+2/3) c
V(") x Q" (™) such that for all (¢, qn) € VR(t") x Q" (t™)

n+2/3 n+1/3 /
— n n n n+2/3
pF/ et ap(W o) = e )
QF(t")

L u’n+2/3|r iy — un+1/3|r
+PKh/ r,h ( )At SDT hdl‘ + P (Qh, 71+2/3)
0
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R R
= / pin(tn+1)90z,h|z:0dr - / pout(tn+1)<pz,h|z:Ldr- (1202)
0 0

This step is computed on the fixed domain Q7 (¢"). The only updated variables are
the fluid velocity and pressure. For higher accuracy, this step can be computed on
the updated domain Q(¢t"*1).

Problem A2(b) (The advection problem) As mentioned earlier, it is conve-
nient to write the fluid and ALE advection term in symmetric form, giving rise to
the following weak formulation: Find u}™" € VA (") such that for all ¢, € VA (t")

at _ u"+2/3 pF " n
PF/ % Pt o (V- whH)uhH “Ph
Qp(tn) t Qp(tn)
PF n n 7 n n
+— ((uZ - thrl) : V)uhﬂ o — ((a — thrl) V), - uhH) =0.

2 Qp(tm)
(1.203)
In this step all the other variables, except for the fluid velocity, remain unchanged
so that

n+l _ yn+2/3 n+l _ n+2/3 n+1 _  n+2/3 _np+1 _ _n+2/3
d," =d, Vit =V, e =Men sVen = Ven o

with
n+1 _ n+2/3 _ n+2/3
Uy h |F(t") =Upp |F(t") =Vrhn :

In was shown in [22] that an energy estimate associated with unconditional
stability of this scheme, holds for the full nonlinear FSI problem. Therefore, we
expect that this scheme in unconditionally stable for all the parameters in the
problem.

1.7.7 Numerical Examples

We present two numerical examples. One is a simplified problem for which there
exists and exact solution against which we can test our numerical scheme. The
other one if a fully nonlinear FSI problem with a thin and thick structural layer.
Since there are no numerical results in literature on FSI problems with multiple
structural layers against which we could test our solution, in this second example
we calculated solutions to a sequence of problems for which the thickness of the
thin structure converges to zero, and showed that the limiting solution is the same
as the solution of the FSI problem in which the structure consists of only one thick
structural layer. This was proved using analytical methods in [22]. The solution of
the limiting problem was then numerically tested against the solution of the FSI
problem with only one thick structural layer, which was obtained using a different
solver. We show below that the two solutions, obtained with two different solvers,
are in good agreement.
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Example 1.

We consider a simplified FSI problem with multiple structural layers that satisfies
the following simplifying assumptions:

1. The fluid problem is defined on the fixed, reference domain of width R, and
length L (the coupling is linear).

2. The fluid problem is driven by the constant inlet and outlet pressure data
Din and poyr = 0 (the pressure drop is constant).

3. Only radial displacement of the thin and thick structure is assumed to be
different from zero.

Assumption 3 implies that the thin structure membrane model takes the form:

0%,
ot

prh + Conr = fr,

while the thick structure problem simplifies as follows:

0%d, 0%, () %d,
Ps gz = Hgpz TWHT Vg2

Finally, the coupling conditions between the fluid and the multilayered structure
are given by

od,
fr:p-i-()\—i-,u)ay onT x (0,7),
8817; = U, onT x (0,T),
nr:Ur on I' x (OvT)

The exact solution to this problem is given by the following. The fluid flow through
the fixed cylinder with constant pressure drop is given by the Poiseuille velocity
profile:

Din — Pout 2 2 e

.. T R - b 07

and the fluid pressure is linear within the channel:

ug(z,r) = ug(r) =

_ Pout? + pin(L = 2)
L

p¢(z,7) = p°(2) , 2€(0,L), 7€ (0,R).

The radial displacements of the thin and thick structure are given by:

e _pe(z) e __ e __ €
m(2) =g dilar) = dilz) = (2).
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l Parameters Values Parameters Values ‘
Radius R (cm) 0.5 Length L (cm) 6
In. press. p;,, (dyne/cm?) 250 Out. press. poyt (dyne/cm?) 0
Fluid density p; (g/cm?) 1 Dyn. viscosity p (g/cm s) 0.35
Thin wall:
Density p,(g/cm®) 1.1 Thickness h (cm) 0.02

Lamé coeff. ji,, (dyne/cm?) 1.07 x 10° Lamé coeff. A, (dyne/cm?)  4.29 x 10°
Thick wall:

Density ps(g/cm®) 1.1 Thickness H (cm) 0.1

Lamé coeff. yis(dyne/cm?)  1.07 x 10°  Lamé coeff. \;(dyne/cm?) 4.29 x 10°
Spring coeff. y(dyne/cm*) 0

Table 1.5: Geometry, fluid and structure parameters used in Example 1.

We solve this problem numerically using the parameters given in Table 5.
The initial data was taken to be

uzovp:poutanr:(),dr :0, attZO,

while at the inlet and outlet boundaries we kept both structures fixed, with the
inlet and outlet displacement data tailored so that the final solution does not
exhibit a boundary layer:
bi p
777'|z:0 = d7'|z:O = C,L(:La n7'|z:L = drlz:L = é};t =0,Vt > 0.

The numerical scheme with 8 = 1 was implemented, and the problem was
solved until the steady state was achieved. With the time step At = 107° it
took 200 iterations to achieve the accuracy of less than 0.08%. Namely, the maxi-
mum relative error between the computed and exact solution was less than 0.08%
(namely, 0.000778).

] x 10~

15 e
— £ 200
(2] —
e 10 L 1S
S 2 L 05
e S 100 -
>N 5 E ©

0 2 o 0
-0.5 0 0.5 0 5 0 5
r axis (cm) z axis (cm) z axis (cm)

Figure 1.14: Comparison between the computed solution (in blue) and the exact
solution (in red). The two are superimposed. Left: Axial velocity. Middle: Fluid
pressure. Right: Radial displacement.

Figure 14 shows a comparison between the computed (blue) and the exact
solution (red) for axial velocity (left), fluid pressure (middle), and radial displace-



100 Chapter 1. Fluid-Multi-Layered Structure Interaction

ment (right), showing excellent agreement. The corresponding relative errors are
given by the following:

Io® = wlliz@n oy pg s qgme, W= Pllizen _yprggea
[luellz2 (o) 1P°]l 2 (1)
- e — dy|| 12 (s

e = nrllzz0.n) _ g g0 1075, e = drllizary _ g g9 1075,

el 20,1 l[de|| 22

We conclude that the scheme behaves well for this simplified FSI problem with
multiple structural layers.

Example 2.

In this example we solve the full, nonlinear FSI problem (177)-(191) with the
structure consisting of two layers, using the data that correspond to a benchmark
problem in FSI with a single thick structure. Moreover, we solve a sequence of
FSI problems (177)-(191) in which the thickness of the thin layer converges to
zero. The limiting solution is then compared with the solution of the benchmark
problem with a single, thick structure, obtained using a different solver. In the
sequence of FSI problem with two structural layers, the combined thickness of
the entire structure is set to be constant, and equal to the thickness of the thick
structure from the benchmark problem. Furthermore, the elastic properties (i.e.,
the Young’s modulus of elasticity and the Poisson ratio) of the thin and thick
structure, are all set to be equal to the elastic properties of the thick structure in
the benchmark problem.

The elastodynamics of the thin structural layer is modeled using the linearly
elastic Koiter membrane equations with both radial and longitudinal displacement
(182), (183), while the elastodynamics of the thick structure is modeled using the
equations of 2D linear elasticity (184). The same 2D linear elasticity model (184)
is used to capture the elastodynamics of the thick structure in the FSI benchmark
problem. In both cases the flow is driven by the time-dependent pressure data:

{ Pm% []_ — COS (%)] 1ft S tma:c

0 ift > tmae Pout(t) =0Vt € (0,T),

where Dar = 1.333 x 10* (dyne/cm?) and t,,4, = 0.003 (s). The values of the
parameters used in this example are given in Table 6. The same parameters were
used to test partitioned FSI schemes in [9].

We assume that the combined thickness of the two-layered structure is fixed,
and equal to h + H = 0.12cm, which is set to be the same as the thickness of
the single thick structure in the benchmark problem. Our kinematically-coupled 3
scheme, described in Section 0.7.5, was used to solve the multi-layered FSI problem
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l Parameters Values Parameters Values ‘
Radius R (cm) 0.5 Length L (cm) 6
Fluid density p; (g/cm?®) 1 Dyn. viscosity p (g/cm s) 0.035
Thin wall:
Density py,(g/cm?®) 1.1 Thickness h (cm) 0.02

Lamé coeff. ji.,(dyne/cm?)  5.75 x 10°  Lamé coeff. A, (dyne/cm?) 1.7 x 10°

Thick wall:

Density ps(g/cm®) 1.1 Thickness H (cm) 0.1
Lamé coeff. ji;(dyne/cm?)  5.75 x 10°  Lamé coeff. \;(dyne/cm?) 1.7 x 10°
Spring coeff. y(dyne/cm?*) 4 x 10°

Table 1.6: Geometry, fluid and structure parameters that are used in Example 2.

axial displacement x 107 axial displacement x107°
— — L e
£ 06 2 £ 06 2
K= K=
» 0.55 » 0.55
© 05 © 05
0.45 -2 0.45 -2
0 1 2 3 4 5 6 0 1 2 3 4 5 6
z axis [cm] z axis [cm]
radial displacement radial displacement
0.02 0.02
E 06|
S, |
0.01 o 055§ 0.01
x
© 05
0 0.45 0
z axis [cm] z axis [cm]

Figure 1.15: Axial displacement (top) and radial displacement (bottom) at time
t = 8 ms obtained using the model capturing two structural layers (left), and the
model capturing FSI with a single thick structural layer [21] (right).

with 8 = 1, while the scheme presented in [21] was used to solve the single-
layered FSI benchmark problem. The problem was solved over the time interval
[0,0.012]s, using the time step At = 5x 10~°. Figure 15 shows the axial and radial
displacement at time ¢ = 8 ms obtained using the multilayered model (left) and
the single-layered model (right) for the arterial wall. We further compared the
results of the multilayered model with the single layered model as the thickness of
the thin structure h goes to zero. As we decreased h, we increased H to maintain
the constant combined thickness h+ H = 0.12 cm. Figures 16, 17 and 18 show the
flowrate, mean pressure and displacement of the fluid-structure interface obtained
using different values of h. The results obtained using the single layered wall
model correspond to the label h = 0. Indeed, we can see that as we decrease
the thickness of the fluid-structure interface, the numerical results obtained using
our multilayered model approach the results obtained using the single-layered FSI
model! Notice how for h = 0.025cm the solutions obtained using the multilayered
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Figure 1.16: Flowrate computed using two different models: the model in [21]
containing a single thick structural layer (h = 0), and the model considered in
this chapter, consisting of two layers. The thickness of the thin membrane layer
was decreased from h = 0.02 to A = 0.0025 cm. The combined thickness of the
two-layered structure was kept constant at h + H = 0.12cm. Convergence of the
solutions to the FSI solution containing a single, thick layered model (h = 0) can
be observed.
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Figure 1.17: Displacement of the fluid-structure interface obtained under the same
conditions as those described in Figure 16.

model and the single thick structure model (h = 0 in Figures 16, 17, 18) are almost
identical.
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Figure 1.18: Mean pressure obtained under the same conditions as those described
in Figure 16.

Regularizing Effects by Thin Fluid-Structure Interface with Mass

We conclude this section with a remark on the regularizing effects of the thin
fluid-structure interface with mass. Figures 16, 17, 18 indicate that as we increase
inertia of the thin fluid-structure interface with mass by increasing its thickness,
the solution of the entire FSI problem is damped, or regularized. More precisely,
if one looks at the FSI problem with a single thick structural layer, the fluid-
structure interface is simply the massless trace of the thick structure that is in
contact with the fluid. Mathematically, in that case the trace of the structure
displacement is not well-defined (assuming regularity of the data consistent with
weak solutions), and using energy estimates it is not possible to even show that
the fluid-structure interface is continuous. In the case when the fluid-structure
interface has mass, we showed in Proposition 73 that not only is the fluid-structure
interface continuous, but its evolution can be controlled by the energy norm of
the time derivative of its displacement. We see effects of this in the solutions
presented in Figures 16, 17, 18, and in Figures 19 below. In Figure 19 below
we focus on the displacement and displacement velocity of the fluid-structure
interface, which measures the effects of inertia. In the first row of Figure 19 three
snap-shots of the fluid-structure interface are shown as the inlet pressure wave
travels down the tube. In the second row of Figure 19 the same three snap-shots
are shown, but for the fluid-structure interface velocity. The red solid line in these
figures corresponds to the massless fluid-structure interface in the FSI problem
with a single thick structural layer. The black dashed line correspond to the fluid-
structure interface with mass in the FSI problem with two structural layers. We
see significant damping of the traveling wave in the case when the fluid-structure
interface has mass. This indicates that inertia of the fluid-structure interface with
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Figure 1.19: Fluid-structure interface displacement (top) and velocity (bottom)
obtained using a multilayered wall model and the single layered model from [21],
shown at times ¢t = 1 ms, t = 6 ms, and ¢ = 12 ms.

mass regularizes solutions of FSI problems.

This is reminiscent of the results by Hansen and Zuazua [89] in which the
presence of a point mass at the interface between two linearly elastic strings with
solutions in asymmetric spaces (different regularity on each side) allowed the proof
of well-posedness due to the regularizing effects by the point mass. In particular, in
[89] two linearly elastic strings were considered, meeting at a point mass. The elas-
todynamics of each string was modeled by the linear wave equation. It was shown
that as the wave with the displacement in H'(0, L) and velocity in L?(0, L) passes
through the point mass, a reflected and a transmitted waves form. The transmit-
ted wave, which passes through the point mass, gets smoothed out to H?(0, L)
regularity in displacement, and H'(0, L) regularity in velocity. A numerical simu-
lation of this phenomenon was shown in [105]. Figure 20 shows one of the results

T=0 T=10

N

Figure 1.20: Regularizing effects of point mass. The figure is taken from [105]. The
initial data (left panel) is smoothed out as the transmitted wave traveling to the
right, passes through the point mass (right panel).

from [105]. The panel on the left show the initial displacement in H'(0, L) with
zero initial velocity, located just left from the point mass. The panel on the right
shows the solution at time 7" = 10s at which the reflected and transmitted waves
have formed, with the displacement of the reflected wave on the left of the point



1.8. Conclusions 105

mass still in H1(0, L), but with the displacement of the transmitted wave, shown
to the right of the point mass, belonging to H?(0,L). For a reader with further
interest in the area of simplified coupled problems we mention [90, 132, 143].

1.8 Conclusions

This chapter addresses an operator splitting approach to study multi-physics prob-
lems related to fluid-structure interaction. The methodology is based on the Lie
splitting scheme, also known as the Marchuk-Yanenko scheme. The splitting dis-
cussed in this chapter deals successfully with the added mass effect which is known
to be responsible for instabilities in loosely-coupled Dirichlet-Neumann schemes
for FSI problems in which the density of the structure is comparable to that of
the fluid. Particular attention was payed to a multi-physics FSI problem in which
the structure is composed of multiple structural layers. Problems if this kind arise,
for example, in modeling blood flow through human arteries which are composed
of several layers, each with different mechanical characteristics and thickness. A
benchmark problem was studied in which the structure consists of two layers: a
think layer which is in contact with the fluid, and a thick layer which sits on top
of the thin layer. The thin layer serves as a fluid-structure interface with mass.
Both analytical (existence of a weak solution) as well as numerical results were
studied for the underlying benchmark problem. In particular, it was shown that
the proposed scheme converges to a weak solution to the full nonlinear fluid-multi-
layered structure interaction problem. Two academic examples were considered to
test the performance of the numerical scheme.

The analytical and numerical methods presented here apply with slight mod-
ifications to a larger class of problems. They include, for example, a study of FSI
with one structural layer (thin [85, 19, 20], or thick [21]), FSI with poroelastic
structures [23], FSI between a mechanical device called stent, arterial wall and
fluid [123], and FSI involving a non-Newtonian fluid [92, 94, 95].
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