Modeling, Discretization, Optimization, Implementation,
and Simulation of Fluid-Structure Interaction

Thomas Wick

Gottfried Wilhelm Leibniz Universitat Hannover (LUH)
Institut fir Angewandte Mathematik (IfAM)

AG Wissenschaftliches Rechnen (GWR)
Welfengarten 1, 30167 Hannover, Germany
https://www.ifam.uni-hannover.de/wick.html
https://thomaswick.org

thomas.wick@ifam.uni-hannover.de

Last update:
Saturday, April 9, 2022

by Céline Wick


https://www.ifam.uni-hannover.de/wick.html
https://thomaswick.org
mailto:thomas.wick@ifam.uni-hannover.de

Foreword

These lecture notes on fluid-structure interaction (as part of numerical methods for continuum mechanics)
are in the truest sense interdisciplinary and international since they have undergone (so far!) materials
and research experiences in various different countries: Germany (Heidelberg, Miinchen, Hannover), United
States (UT Austin), Austria (Linz), France (Ecole Polytechnique and WCCM January 2021 in Paris online),
and IIT Indore, India. They consist primarily of typical teaching materials, but are enhanced with past and
current resarch results.

These notes accompany lectures to the class
Numerical methods for continuum mechanics

at the Leibniz Universitdt Hannover (LUH). These classes are classical 4 4 2 lectures (per week: two times 90
minutes lecture and one 90 minute exercise class) in the German university system.

A brief summary of all topics in these notes is:
1. Kinematics, notation of stress, Lagrangian versus Eulerian coordinates;
2. The four main balance principles;
Modeling of continuum mechanics problems with a focus on fluids and solids
Numerical modeling of fluid-structure interaction
Some well-posedness results
Numerical solution of nonstationary, nonlinear coupled PDE systems
Error control and adaptivity

Numerical optimization with fluid-structure interaction

© »® N o oo W

Implementations and research software development.

The prerequisites are lectures in calculus, linear algebra and an introduction to numerics, numerical methods
for ordinary differential equations, and numerical methods for partial differential equations. Also, classes
on the theory of ordinary (ODE) or partial (PDE) differential equations and functional analysis (FA) are
recommended, but not necessarily mandatory.

A unique feature of these lecture notes is to bridge from continuum mechanics modeling, space-time weak for-
mulations, discretizations, via advanced topics such as error control and optimization, up to self-implemented,
well-documented, open-access programming codes and benchmark simulations. Indeed, this entire range of
concepts covers a typical scientific computing cycle, but from a personal standpoint it helped me to understand
numerous other models and equations in my research, teaching and software development as documented on
http://www.thomaswick.org/publikationen_engl.html and http://www.thomaswick.org/lehre_engl.
html and http://www.thomaswick.org/gallery_engl.html, respectively.

I strongly encourage you to start loving fluid-structure interaction!
Enjoy reading and please let me know about mistakes via the email address indicated on the front page.

Hannover, April 2022 Thomas Wick
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Previous versions

5th version

The fifth version is prepared for a winter school at IIT Indore (India) in Feb 2020, see https://doi.
org/10.15488/9378, and the upcoming summer semester 2020 at the Leibniz University Hannover, see
Wi20NumContMech.pdf

Hannover, November 2019 Thomas Wick

4th version

The fourth version has been prepared without underlying lecture. The main purpose was to correct several
errors: thanks to Pratik Rai.

Palaiseau, June 2017 Thomas Wick

3rd version

The third Linz-version of lecture notes is based on the Munich version and differs only in the correction of
spelling mistakes and minor modifications.

Linz, September 2015 Thomas Wick

2nd version

This second Munich-version of lecture notes is based on a compact class that I prepared for Heidelberg
University in November 2014. Then, they have been significantly extended (Chapters 1-7) during a fluid-
structure interaction class at Technische Universitdt Miinchen in summer 2015. T am specifically grateful to
my students in Miinchen since they asked many questions that helped to improve the manuscript.

Miinchen, July 2015 Thomas Wick

1st version

I am very grateful to the organizers of the winter school at Heidelberg University; namely Thomas Richter,
Boris Vexler, Dominik Meidner, and Rolf Rannacher, for the opportunity to hold this lecture on fluid-structure
interaction (FSI) problems at IWR Heidelberg. Still, fluid-structure interaction is one of the most challenging
problems that extend into all parts of applied mathematics: modeling and theory, numerical techniques, large-
scale high performance computations, sensitivity analysis and optimization. These notes represent a mixture
of state-of-the-art research; as well as teaching material of basic techniques that have been well known for a
long time now.

In order to access, understand, and work with the content of these notes, I suggest as academical requirements
classes for numerical methods for ordinary and partial differential equations (ODEs and PDEs). Furthermore,
PDE analysis, Sobolev spaces, functional analysis, and concepts in continuum mechanics would be very helpful.

I wish to express my special gratitude to Thomas Richter with whom I have had many discussions on
fluid-structure interaction in the last years.

Heidelberg, November 2014 Thomas Wick
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Specific structure and topics in a 4 + 2 lecture class

As previously mentioned, such a class is typical in the German system and has usually the following charac-
teristics:

e 10 ECTS (European Credit Transfer and Accumulation System)

e 4 hours lecture per week, i.e., two times 90 minutes lecture per week

e 2 hours exercises per week, i.e., once 90 minutes per week

o In total per semester around 26 — 28 lecture meetings (each - as said - 90 minutes)

o In total per semester around 13 — 14 exercise meetings (each - as said - 90 minutes)

As general info: the German winter semester usually runs from mid-October until end of January/begin
February. The German summer semester usually runs from begin/mid-April until mid July. Both have
usually around 12 — 14 weeks lecture courses.

Topics

The topics may be! (L = lecture):

1.

10.

11.

L1-L3: Solving nonstationary, nonlinear, PDE systems.
Materials taken from (263, Chapter 13|. See also Part I in Wi20NumContMech.pdf

L4-L6: Coupled PDEs.
Materials taken from [263, Chapter 14]|. See also Part I in Wi20NumContMech.pdf

L7-L9: Continuum mechanics, kinematics, balance principles, constitutive laws.
Chapter 4.

L9-L11: Fluid flow (Stokes, Navier-Stokes) and solids mechanics (elasticity).
Chapter 4.

L12-L14: Weak formulations and some well-posedness results.
Chapter 5.

L15-L17: Modeling fluid-structure interaction; focus on ALE (arbitrary Lagrangian Eulerian).
Chapter 6.

L18-L19: Space-time description and temporal discretization.
End of Chapter 6 and Chapter 7.

L20-L21: Spatial discretization, focus on inf-sup condition.
Chapter 7.

LL.22-1.23: Linear solution, physics-based block-preconditioners.
Chapter 8.

L.24-1.26: Advanced topics (optional selection): error control and adaptivity [2, 82, 205, 261] or optimiza-
tion [212, 265].
Chapters 9 and 10.

L27-1.28: Quiz; see Chapter 12.1.

1Remark: the entire lecture notes contain too much additional materials. The purpose of these lecture notes was not a specific
tailored booklet to some class, but rather a self-contained work that in particular also covers advanced topics such as error
estimation, nonlinear, and coupled problems.
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Structure of a possible numerical analysis/scientific computing cycle

1.
2.
3.
4.

Class 1: Introduction to numerical analysis (Numerik 1)

Class 1b: Algorithmisches Programmieren in C++

Class 2: Numerical methods for ODEs and eigenvalue problems (Numerik 2)
Class 3: Numerical methods for PDEs (Numerik 3)

Class 3b: Finite-Elemente-Programmierpraktikum (C++)

Class 3c¢: Goal-oriented error estimation and adaptive finite elements

Class 4: Numerical methods for continuum mechanics

Special lectures:
e (Class Ha: Numerical methods for nonlinear and coupled problems,
e Class 5b: Numerical methods for phase-field fracture,
e Class 5a/b: Numerical methods for coupled variational inequality systems,
e Class Hc: Scientific computing
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1. MAIN LITERATURE

1 Main literature
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lation (2016) [22]

6. Tomas Bodnar, Giovanni P. Galdi, Sarka Necasova: Fluid-Structure Interaction and Biomedical Appli-
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Structure Interaction: Modeling, Adaptive Discretisations and Solvers (2017) [101]

1.1 Own materials

Parts, variations, and further topics related to the lecture notes can be found in:

1. T. Wick; Numerical Methods for Partial Differential Equations; Lecture notes at the Leibniz Universitét
Hannover, 2017 - 2022 [263].
DOI: https://doi.org/10.15488/11709
Specifically Chapter 13 (Nonlinear problems) and Chapter 14 (Coupled problems) are recommended.

2. T. Wick; Modeling, Discretization, Optimization, and Simulation of Multiphysics Problems (IIT Indore)
Hannover : Institutionelles Repositorium der Leibniz Universitdt Hannover, 171 pages, 2020.
DOI: https://doi.org/10.15488/9378

3. T. Wick; Numerical Methods for Continuum Mechanics with a Focus on Modeling, Discretization, Op-
timization, and Simulation of Fluid-Structure Interaction. Online lecture slides in COVID-19 SoSe20
Wi20NumContMech.pdf

4. T. Wick; Multiphysics phase-field fracture, de Gruyter, 2020 [260].
DOI: http://wuw.degruyter.com/books/978-3-11-049656-7

5. T. Wick; Interfaces. Presentation at CSMA Junior section workshop, 7-8, January 2021, Online. Han-
nover : Institutionelles Repositorium der Leibniz Universitdt Hannover, 2021.
DOI: https://doi.org/10.15488/10389

6. T. Wick; open-source github codes on FSI benchmark computations and goal-oriented error control with
the dual-weighted residual method for fluid-structure interaction, since Nov 2008 [256] and May 2021
[261].
github: https://github.com/tommeswick/fsi
github: https://github.com/tommeswick/goal-oriented-fsi
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2. A BRIEF MOTIVATION FOR FSI-RESEARCH AND CHALLENGES
2 A Brief Motivation for FSI-Research and Challenges

2.1 First definitions
In fluid-structure interaction (FSI)? we study the interaction of movable or deformable solids with fluid flow.

Definition 2.1 (FSI meaning in this lecture). In these notes, we define FSI as the interaction of elastic bodies
with the isothermal, incompressible Navier-Stokes equations.

N

Traditionally, elasticity and solid mechanics on the one hand and the Navier-Stokes equations on the other
hand are two different subjects. Consequently their coupling, leading to fluid-structure interaction, remains one
of the most challenging topics to date, although many publications have appeared with specific emphasize on
applications, coupling algorithms, and theory. Classical examples are found in industrial processes, mechanical
engineering, aero-elasticity, and biomechanics. Specifically, fluid-structure interactions (FSI) are important
to describe flows around elastic structures as for instance in the flutter analysis of airplanes, parachute FSI,
bridges, wind turbines, or blood flow in the cardiovascular system, possibly with hyperelastic structure models,
and heart valve dynamics, see, for example [24, 50-52, 97, 172, 184, 189, 196, 197, 207, 220, 230] (of course,
these references are by far not sufficient - if T would list all, we would arrive at > 1000). However, fluid-
structure interaction is implicitly contained in many other fields as for example in porous media flow (here
fluid-structure interaction is needed on the microscopic level where solid pores interact with the flow; through
homogenization, the so-called Biot equations are obtained [36-38, 182]).

Let us start with some examples I have been involved in. One topic is computational medicine (specifically
the heart) sketched in Figure 1. :

1 Distance= 2.10 cm 124 180 i

2 Distance= 2.73 cm
3 Distance= 1.54 cm
| 4 Distance= 2.68 cm
5 Distance= 2.26 cm

Figure 1: Long axis heart valve. Provided by Jeremi Mizerski [183] (and in collaboration with Rolf Rannacher;
my PhD thesis [249]) .

2In these notes, I use both notations: ‘structure’ and ‘solid’.
3Simulation of the heart is a very difficult topic and I am not claiming that I completely solved this. I rather restricted my focus
on the development of adaptive finite element methods and interface movement via interface-tracking and interface-capturing.
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2. A BRIEF MOTIVATION FOR FSI-RESEARCH AND CHALLENGES

2.2 Some examples from my collaborations and research

Valve dynamics/Flapping:
fluids, elasticity [257]

Solid growth and clogging;:

chemical reactions [106]

Reactive flow in thin channels:
fluids, chemical reactions with dissolu-
tion and precipitation [164]

Wall stress minimization:
fluids, elasticity, optimization [265]

Parallel block-preconditioners:
monolithic fluid-structure interaction
[158]

Adaptive time-step control:
monolithic space-time fluid-structure
interaction [82]

Multigoal-oriented error estimation:
monolithic stationary fluid-structure
interaction [2]

Coupling fluid-structure interaction
with phase-field fracture [258]

o.

fluids, elasticity, solid growth, contact,

M 1128 1482
J(Ugn) 2.896 - 10° | 3.048 - 10°
J(Ukn) — J(Uyey) 2.3-102 8.1-10"
Teyy 1.01 1.01
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2. A BRIEF MOTIVATION FOR FSI-RESEARCH AND CHALLENGES

2.3

Differences of NumContMech (Numerik 4) to NumPDE (Numerik 3)

Let us outline extensions and challenges of continuum mechanics (including FSI, this lecture) to numerical
methods of partial differential equations (Numerik 3):

1.

Extension to vector-valued problems u : Q — R?, while in Numerik 3 we mostly considered scalar-valued
PDEs with v : Q — R;

Usually nonlinear problems in Numerik 4 (Navier-Stokes, nonlinear elasticity)

Often coupled problems in which at least two PDEs couple over coefficients, terms, right hand sides or
interfaces

Fixed and moving interfaces (specifically FSI, but not only), and multi-domain character

Numerik 4: PDEs are derived from continuum mechanics balance princples (conservation of mass, mo-
mentum, angular momentum, energy)

Different balance principles yield different classes and properties of PDEs, which ask for different numer-
ical methods (physics-based discretizations and solvers)

Different coordinate systems: Lagrange versus Euler

Often multiscale character with huge orders of difference in material properties

2.3.1 Mathematical-numerical challenges in continuum mechanics

Challenge 2.2. We possibly need to deal with

1.

~
S

© ® RS ¢ e

Well-posedness, stability, function spaces, a priori estimates, convergence

Design of stable time-stepping schemes, possibly nonlinear time derivatives

Spatial discretization, mized systems, stability, choice of finite element spaces, quadrature rules
Numerical solution: monolithic versus staggered, or miztures (parts monolithic, parts staggered)
Robust, efficient, accurate nonlinear solution schemes: fixed-point, Newton

Linear solution: choice of iterative solvers, multigrid, domain decomposition, interface treatment
Preconditioners

Homogenization, upscaling, model order reduction (if computational cost needs to be further reduced)

Implementation: open-source versus commercial, what basics are there?, to be written from scratch (an-
alyze your problem and see what is needed)?, debugging of code, documentation of code

Verification of code, benchmarks (recognize that simple methods such as providing some solution, com-
puting the right hand side, is for continuum mechanics problems often not possible), coupling to other
codes (for instance a meshing software)
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2. A BRIEF MOTIVATION FOR FSI-RESEARCH AND CHALLENGES

2.3.2 Specific challenges in fluid-structure interaction

Challenge 2.3. We need to deal with

1.

Gro o e

Dealing and coupling of different classes of PDEs: elliptic, parabolic, hyperbolic, and in particular non-
linear variations of them

Combining different coordinate systems: Lagrangian vs. Eulerian
Multidomain character (with stable time and space discretizations)
Mowving boundaries, moving interfaces, interface-tracking, interface-capturing

Interface coupling conditions characterize (i) different physics (fluid and solid), (ii) are described in
different coordinate systems (iii) on a moving interface

Large deformations result in bad mathematical transformations, requiring additional updates in the nu-
merics (remeshing, stabilization)

Scalable iterative solvers require physics-based preconditioners in which specifically the interface terms
require special attention

In these challenges one should not forget to pose guiding questions that may help to simplify the tasks:

1.
H

2.

Are the interface movements and solid deformations really large?
Is it necessary to distinguish Eulerian and Lagrangian coordinates?

Start first (specificiall in 2D) with a sparse (parallel) direct solver before developing a physics-based
preconditioner

— Get some first own results to understand the model and the code

3.

Literature research of similar models, equations, boundary conditions, configurations, software

— Comparisons in theory, numerics, implementation, simulations

Of course, there are many more, but these three should help to illustrate what could be relevant questions
to help to simplify the problem statement. From a personal viewpoint the different coordinate systems and
the interface coupling behavior are the most characteristic aspects of FSI in comparison to other continuum
mechanics models. Understanding these two points, greatly helps to understand equations in both worlds
(Lagrangian and Eulerian). This does not mean that other problems become more easy, but at least from a
personal perspective ‘more addressible’.
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3 Notation, Spaces, and Mathematical Tools

3.1 Domains

We consider open, bounded domains Q ¢ R? where d = 1,2, 3 is the dimension. The boundary is denoted by
09Q. The outer normal vector with respect to (w.r.t.) to 9Q is n. We assume that € is sufficiently smooth
(i-e., a Lipschitz domain or domain with Lipschitz boundary) such that n can be defined. What also works for
most of our theory are convex, polyhedral domains with finite corners. For specific definitions of nonsmooth
domains, we refer to the literature, e.g., [127].

3.2 Independent variables

A point in R is denoted by
T = ($1,...,J]d).

The variable for ‘time’ is denoted by ¢. The Euclidian scalar product is denoted by (a,b) or via a - b.

3.3 Function, vector and tensor notation

We start with

Definition 3.1. Let x and y be variable. If x is given and there is a unique associated y, then y is a function
and we write

y=f(x)
The variable = is the ‘independent’ variable or also called the argument. All x values form the set of definition
of f(x). The variable y is called ‘dependent’. All y values form the image space of f(x).

In these notes, functions are often denoted by
u = u(x)

if they only depend on the spatial variable x = (z1,...,24). If they depend on time and space, they are
denoted by
u = u(t, ).

Usually in physics or engineering vector-valued and tensor-valued quantities are denoted in bold font size or
with the help of arrows. Unfortunately in mathematics, this notation is only sometimes adopted. We continue
this crime and do not distinguish scaler, vector, and tensor-valued functions. Thus for points in R® we write:

1!

x:i=(z,y,2) =x=2.
Similar for functions from a space u : R? D U — R?:
U= (Ug, Uy, Uy) =0 =1U.

And also similar for tensor-valued functions (which often have a bar or two bars under the tensor quantity) as
for example the Cauchy stress tensor oy € R3%3 of a fluid:

Ogx Ogzy Ozz
Of:=0r= | Oyz Oyy Oyz
Ozx Ozy Ozz
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3.4 Partial derivatives

We frequently use:

ou
% = amu
and 9
U
E = 8t’U,
and o
U g2
aor ~ o
and
0%u B
0zdy wy
3.5 Chain rule

Let the functions ¢ : (a,b) = R™ and f : R™ — R and its composition h = f(g) € R be given and specifically
g = (t,.T) = (ta x2,T3,... 7xm,):

Dih(x) = Dif(g(x)) = Dif(t,x) = Dif(t, 32, .. 2n)

M-

O f(g(x)) - Orgr

=~
Il
—

Opf(t,zo,...,Tm)  Opxr, where xq:=1

=
Il
—

= 8tf~att+Zakf(t,$27...,1'k) - Oy,

=2
=hf+Vf (w2, -, Owm)".

For instance m = 4 means that we deal with a four-dimensional continuum (¢, z,y, 2).

Remark 3.2. See also [162][page 54 and page 93] for definitions of the chain rule.

3.6 Multiindex notation

For a general description of ODEs and PDEs the multiindex notation is commonly used.

e A multiindex is a vector @ = (ay, ..., ay,), where each component «; € Ny. The order is

la] = a1 4+ ...+ ap.

e For a given multiindex we define the partial derivative:

D%u(x) := 05} -+ 0p"u

e If k € Ny, we define the set of all partial derivatives of order k:

DFu(zx) == {D%(z) : |a| = k}.

Example 3.3. Let a = (2,0,1). Then |a| =3 and D%u(x) = 920 u(x).
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3.7 Gradient, divergence, trace, Laplace, rotation/curl

Well-known in physics, it is convenient to work with the nabla-operator to define derivative expressions.
The gradient of a single-valued function v : R™ — R reads:

311)
Vv = :
Opv
The gradient of a vector-valued function v : R — R™ is called Jacobian matrix and reads:

811}1 e 8nv1
Vv =

NV, ... OpUm
The divergence is defined for vector-valued functions v : R™ — R™:

V1 n
diveo:=V.-v:=V- :Z&wk.
k=1

Un

The divergence for a tensor o € R™"*" is defined as:
80’@'
Vo= <Z oz, )1§i§n'
The trace of a matrix A € R™*" is defined as

tT’(A) = i (077
i=1

Definition 3.4 (Laplace operator). The Laplace operator of a two-times continuously differentiable scalar-
valued function u : R™ — R is defined as

n
Au = Z Gkku.
k=1
Definition 3.5. For a vector-valued function u : R™ — R™, we define the Laplace operator component-wise

as
n
uy > k=1 Okku1
Au=A = :
n
Um Zk:l 6kk:um

Let us also introduce the cross product of two vectors u,v € R3:

Uy U1 U2V3 — U3V2
Uz | X | v2 | = | Uzv1 — u1v3
us V3 U1V2 — UV

With the help of the cross product, we can define the rotation or curl :

8I 1 ayvg — azvg
rotv=Vxv= |0y, | x| va| =] 0:v1 —0pv3
(’)z V3 8301}2 — 8y1}1
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3.8 Some properties of matrices
3.8.1 Positive definite, eigenvalues and more

Let Q : R® — R be a quadratic form with Q(z) = 27 Az. The quadratic form (and also its representing matrix
A) have certain names according to their properties:

e (Q is positive definite, when Q(z) > 0 for all x # 0

e () is positive semi-definite, when Q(x) > 0 for all z

e () is negative definite, when Q(z) < 0 for all z £ 0

e () is negative semi-definite, when Q(z) < 0 for all =

e () is indefinite, when @ has positive and negative values.
The relation to the eigenvalues is:

e () > 0 if and only if all eigenvalues A; > 0

e () > 0 if and only if all eigenvalues \; > 0

e () < 0if and only if all eigenvalues \; < 0

e () > 0 if and only if all eigenvalues A\; < 0

e () indefinite if and only if eigenvalues A\; < 0 and \; > 0 arise.

3.8.2 Invariants of a matrix

The principal invariants of a matrix A are the coefficients of the characteristic polynomial det(4 — AI). A
matrix A € R3*3 has three principal invariants; namely i4 = (i1(A),i2(A),i3(A) with

det (AT — A) = X% — i1 (AN +ig(A)\ —iz(A).
Let A1, A2, A3 be the eigenvalues of A, we have
11(A) =tr (A) = A1 + A2 + A,
ig(A) = = (tr A)? —tr (A)% = M A1+ A3 + A2 )s,
13(A) =det (A) = A1 \2As.
Remark 3.6. If two different matrices have the same principal invariants, they also have the same eigenvalues.

Remark 3.7 (Cayley-Hamilton). FEvery second-order tensor (i.e., a matriz) satisfies its own characteristic
equation:

A® — i1 A? + i A —is] = 0.
3.9 Vector spaces

Let K = R. In fact, K = C would work as well and any general field. But we restrict our attention in the
entire lecture notes to real numbers R.

Definition 3.8 (Vector space). A wvector space or linear space over a field K is a nonempty set X (later
often denotes by V,U or also W ). The space X contains elements x1,xs, ... which are the so-called vectors.
We define two algebraic operations:

o Vector addition: x + vy for x,y € X.
o Multiplication of vectors with scalars: ax for x € X and a € K.

These operations satisfy the usual laws that they are commutative, associative, and satisfy distributive laws.
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3.10 Scalar product

Let V be a vector space over R (note C would work as well). A mapping (+,-) : V x V — R is a scalar product
(or inner product) if

(u+v,w) = (u,w) + (v,w) for all u,v,w €V
(au,v) = a(u,v) for all u,v € V and o« € R
(u,v) = (v,u) for all u,v € V
(u,u) >0forallu eV
(u,u) = 0 if and only if when u = 0.
Moreover:
1. (u,v+w) = (u,v) + (u,w) for all u,v,w €V
2. (u,av) = @(u,v) for all u,v € V and a € R

For real-valued functions, the scalar product is bilinear and in the complex-valued case the scalar product is
called sesquilinear.
It holds:

Proposition 3.9 (Cauchy-Schwarz). Let V' be a vector space with (-,-). Then, it holds

|(u,v)] < |lulll|v]]  for all u,v € V.

3.11 Normed spaces

Let X be a linear space. The mapping || - || : X — R is a norm if
i) |z|]>0 VreX (Positivity)
i) |lz||=0<2x=0 (Definiteness)
i) |azx|| = lal]lz]], «eK (Homogeneity)
) e+ ol < Izl + 1yl (Triangle inequality)

A space X is a normed space when the norm properties are satisfied. If condition ii) is not satisfied, the
mapping is called a semi-norm.

3.12 Linear mappings
Let {U, || - |lv} and {V, || - |[v} be normed spaces over R.

Definition 3.10 (Linear mappings). A mapping T : U — V is called linear or linear operator when
T(u) = T(auy + bug) = aT(u1) + bT (us),
for u = auy + buy and for a,b € R.

Example 3.11. We discuss two examples:

1. Let T(u) = Au. Then:
T(auy + buz) = A(auq + bug) = aAuq + bAus = aT'(uq) + 0T (uz).

Thus, T is linear.
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2. Let T(u) = (u- V)u. Then:
T(auy + buz) = ((auy + buz) - V)(auq + buz) # a(uy - V)ug + b(ug - V)ug = aT'(uy) + T (ug).
Here, T is nonlinear.
Exercise 1. Classify T(u) = |ul.
Definition 3.12 (Linear functional). A mapping T : U — V with V =R is called linear functional.
Definition 3.13. A mapping T : U — V is called continuous when

lim v, =u = lim Tw, = Tu.
n—o0 n—oo

Definition 3.14. A linear operator T : U — V is called bounded, when the following estimate holds true:
[Tullv < cllullu-
Theorem 3.15. A linear operator is bounded if and only if it is continuous.

Proof. See [248], Satz 11.1.2. O
Definition 3.16. Let T : U — V be a linear and continuous operator. The norm of T is defined as

IT|| = sup |[Tullv.

lullv=1

Since a linear T is bounded (when continuous) there exists | Tul|ly < c||u|ly for allu € U. The smallest number
forcisc=|T|.

Definition 3.17. The linear space of all linear and bounded operators from U to V is denoted by
LU, V).
The norm of L(U,V) is the operator norm ||T||.

Definition 3.18 (Dual space). The linear space of all linear, bounded functionals on U (see Def. 3.12) is the
dual space, denoted by U*, i.e.,
U* = L(U,R).

For f € U*, the norm is given by:

/1

v~ = sup |f(u)l.

llullu=1
The dual space is always a Banach space; see again [248].

3.13 Domains and boundaries

Let © C R% d € {2,3} be a bounded domain with boundary 9. We generally assume the boundary to be
Lipschitzian. A precise definition is given in [1, 127]. The outer unit normal vector to 92 is denoted by n.

Q2

Figure 2: Definitions of domains and boundaries.
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We denote by  := Q(t) C R%, d = 2,3, the domain of the fluid-structure interaction problem. This domain
consists of two time-dependent subdomains Qy(t) and Q,(t). The interface between both domain is denoted

by T';(t) = 09 (t) N 0N (E ) The initial (or later reference) domains are denoted by € 7 and Qs, respectlvely,
with the interface F = 8Qf N BQ Furthermore, we denote the outer boundary by 00 =T = I‘D U I‘N

where T p and r ~ denote Dirichlet and Neumann boundaries, respectively. For the convenience of the reader
and when we expect no confusion, we omit the explicit time-dependence and we use Q := (t) to indicate
time-dependent domains. Throughout these notes, we indicate with ‘f” and ‘s’ suffixes, fluid and structure
related terms, respectively.

3.14 Weak derivatives

The motivation to define weak derivatives is based on the integration by parts formula. We have

Definition 3.19 (Weak derivative). Let u,v € L}
derivative of u denoted by Vu = v if

o 0nd o a multi-index. Then v is the a-th weak paritial

o — (—1)lel
/qu ¢dx = (—1) /quﬁda:,

holds true for all test functions ¢ € C(Q).

Proposition 3.20 (Uniqueness of weak derivatives). A weak a-th partial derivative of u is unique if it exists.

3.15 Function spaces on fixed domains

We adopt standard notation for the usual Lebesgue and Sobolev spaces [1, 79, 267]. Let X C R, d = 2,3 be a
time-independent domain. For instance, we later use X := ﬁf or X := (AZS. We indicate by LP(X),1 < p < o0
the standard Lebesgue space that consists of measurable functions u, which are Lebesgue-integrable to the
p-th power. The set LP(X) forms a Banach space with the norm ||ul| z»(x).

1
ull ey o= (/ ()P dx) L 1<p<oo,
X

llul| oo (x) := ess sup |u(z)].

We obtain the Hilbert space L?(X) for p = 2, equipped with the inner product

(u,v)p2(x) = /Xu(x)v(x) dz.

The Sobolev space W™P(X),m € N,1 < p < oo is the space of functions in L?(X) that have distributional
derivatives of order up to m, which belong to L?(X). This space is equipped with the norm

P

lellwrscy = | 32 1Dl | 1<p <o,
la]<m
][ wm.(xy 1= Imax | D% u| 00 (x)-
al<m
The symbol a = (a, ..., aq) € N? denotes a multi-index with the properties

ol
= E i DYi=m
|O[| — O[], axflh . 8$3d
For p =2, H™(X) := W™?(X) is a Hilbert space equipped with the norm with the inner product

(u, ) gm (x) = Z (D%u, D*v) 12(x),

lo|<m
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and the norm || - || gm(x) [267]. The semi-norms are defined by
P
|’U/‘W7n,p(x) = Z IlDauHZ[),P(X) 5 1 S P < oo,
|a]=m
[ulwm.e (x) = max [ D%ul| Lo (x)-

Finally, we indicate the subspace W"?(X) of functions with zero trace on 9X by Wy (X). Specifically, we
define H}(X) ={ue HY(X): u=0o0nT'p C 9X}. We use frequently the short notation

Vx := HY(X), VQ:=H}X),

and

Lx :=L*X), L% :=L*X)/R.

In particular (see [232]):
£% = L3(X)/R = {f € L2(Q) : / fdr = o}.
Q

Definition 3.21 (Spaces for fluid-structure interaction). We set:

Ly:= LQ(ﬁf), Pressure space
L, = [L*(Q)),

LY = L*(Q)/R,

LY := L*(Q,)/R,

70 ._ 170

Vii=Vg,

070 . {70

Vi =V -

Specifically, we introduce the trial and the test space of the velocity variables (recall that the wvelocity is d-
dimensional) in the fluid domain,

VJ?,ﬁ = {0y € [Hy(Qp)]: 0y = b5 on T}

Moreover, we introduce the trial and the test spaces for the mesh movement using ALE4 in the fluid domain,

Remark 3.22. In formulating fluid-structure interaction using variational monolithic coupling (e.g., [70, 71,
149] and see also these lecture notes) it does make sense to combine the two velocity variables for the fluid
and solid to one global variable. In this case we define one momentum equation. The velocity spaces are then
extended from Q2 and Qs to the entire domain Q such that we can work with global H' functions. Thus, we
define: R R R
VO={oe H'(Q)?*: 9=0onT;,, UTp}. (1)
By this choice, the kinematic and dynamic coupling conditions are automatically satisfied in a variational
sense. Alternative definitions with a similar aim can be found, for example, in [49, 88, 90]. Morover such a
formulation does also allow for a very convenient programming code as shown in [256].

The dual space of H"(X) is denoted by H~"(X). We indicate the duality pairing between H~™(X) and
Hg*(X) by
(fru), feH™X), wueHy"(X).

4 Arbitrary Lagrangian-Eulerian. Precise definition later in Section 6.3.
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The dual space is a Banach space with the norm

/s
||fHH_m(X) ‘= sup 7< 2 .
PEHF(X) |90|Hm(x)

For the definition of space-time functions, let I := (0,7) with 0 < T < oo a bounded time interval. Let,
v(x,t), with (z,t) € X x T

be such a function. For any Banach space X and 1 < p < oo, the set LP(I, X) denotes the space of LP-integrable
functions v from I into X. This is a Banach space with the norm

1
lollzogr.xy = (/ ||v<t>§dt) C1<p<oo
I

[0l Loe (1.x) += ess sup yer[lo()]|x-

Moreover, we also need the space

HY(I,X) = {v € L3(I,X)| 0w € L2(I,X)}.

The space
C(I; X)
contains all continuous functions w : I — X with
) = t)|| < oo.
Julloqx = s, u(b)] < oo

Definition 3.23 (Weak derivative of space-time functions). Let u € L*(I; X). A function v € L*(I; X) is the
weak deriwative of v, denoted as
du=v

if
T T
/ Brp(t)ult) dt = — / o(t)o(t) dt
0 0
for all test functions p € C(I).
In particular, the following result holds:
Theorem 3.24 ([79]). Assume v € L2(I, H}) and 8;v € L*(I, H™'). Then, v is continuous in time, i.e.,
ve C(I,L?)
(after possible redefined on a set of measure zero). Furthermore, the mapping
t= o)z x)
18 absolutely continuous with
d d
anv(t)”%?()() = 2<%v(t)7v(t)>
forae 0<t<T.
Proof. See Evans [79], Theorem 3 in Section 5.9.2. O

The importance of this theorem lies in the fact that now the point-wise prescription of initial conditions
does make sense in weak formulations.

More details of these spaces by means of the Bochner integral can be found in [64, 267] and also [79].

Let v be an open regular, i.e., Lipschitz continuous, and measurable subset of X. We denote with H'/ 2(v)
the space of functions defined on v that are traces of functions in H!(X) [118]. Furthermore, Poincaré’s
inequality [118] reads

[ullfzx) < Cr(X)IVullfex) Yu € Hy(X)%,

with a positive constant Cp(X) depending on the domain X. We also remind the trace inequality [57, 267]:

27



3. NOTATION, SPACES, AND MATHEMATICAL TOOLS

Theorem 3.25. Let Q be sufficiently regular with polygonal or C' boundary. For 1 < p < oo we have

tre LW, L) & |-l < Cr(X)] - lwrr,

- (prl) if 1 < p <d. Specifically, for p* =4, it does hold for all functions with 1 < p < 4:

lullz2ox) < Cr(X)llull x)  Vu € HY(X)?,

with a positive constant Cr(X) depending on the domain X. This result gives sense to Dirichlet conditions
whenever we seek for a solution in WP, Specifically, the trace operator

Yo : WEP(Q) = LP™(99)

is mot surjective and consquently, the functions of L*(T') which are traces of H'-functions is a subspace of
L?(T) that is denoted as H'/*(T').

3.16 Conventions for vector-valued functions

For the corresponding spaces of the d-dimensional vector-valued functions, we bear the notation LP(X )d,

H'(X)4, etc. in mind, equipped with the usual product norm. The scalar products and corresponding norms
are defined in an analogous way as those for scalar functions. We expect that the reader is familiar with
the Navier-Stokes equations and structural mechanics in d-dimensions. Consequently, we do not differentiate
between one-dimensional and d-dimensional spaces and the corresponding solution variables. Finally, we
remark that we will abuse notation for vector-valued function spaces:

¥1 ¥1 sz
pE VfO means ¢ € (VJ?)d means 80:2 € (V}))d means 9022 € V_f
‘éd <P.d VJ?
3.17 Notational conventions
For the reader’s convenience, we often use
()x =)z and - |Ix =] lrzx),

where X = Q¢, Q) or the corresponding spaces in the fixed reference domains X=0 £ (AZS. Furthermore, in
time-dependent spaces in which we need explicitly the dependence on time, we use

(-,-)Xn = ('a')LZ(X”) and HHX" ::H'HLQ(X")'
In other cases, we denote explicitly the used scalar product and the induced norm, for instance,
("')Hl(Xn) and ||||H1(Xn)
For matrix or tensor valued functions, we interpret the scalar product as follows:

Definition 3.26 (Scalar product notation for tensor-valued functions). Let A, B € R"*". Then, the L? scalar
product is denoted as:

(A, B) ::/ A: Bdx,
X

where the colon-operator has been defined above.
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3.18 Function spaces on moving domains

For the stability analysis of our equations, it is convenient to work in time-dependent domains. Thus, we
introduce (on a moving domain ):

~

Vi={v:QxI->R*:vod=10,0e[H (D),
Li={p:QxI—>R:poA=p pe[L}Q)]}
where A : Q — Q denotes the ALE transformation that is explained below. The admissibility of the spaces is

given by the relations
V C[H'()]Y and L C[L*Q)].

This relation was proven by Formaggia and Nobile [94] and is recalled in Section 6.3.4. A deeper discussion of
fluid-structure interaction in moving domains can be found in Formaggia et al. [97] (chapter 3) and the many
references cited therein.

3.19 Inequalities

The Holder inequality reads:

Proposition 3.27 (Holder’s inequality). Let 1 < p < oo and % + % =1 (with the convention = =0). Let
feLPand ge L. Then,
fgelLl,

and
I fglley < 1 fllee llgllpa-

Proof. See Werner [248]. O

Corollary 3.28 (Cauchy-Schwarz inequality). Set p = ¢ =2. Then

19l < [1fllz2 [lgll2-

Proposition 3.29 (Minkowski’s inequality). Let 1 < p < oo and let f € LP and g € LP. Then,

If +glle < 1Fllze + llgllze-
Proposition 3.30 (Cauchy’s inequality with €).
b2
b<ea®+ —
ab < ea” + 1
fora,b>0 and e > 0. Fore= %, the original Cauchy inequality.
Proposition 3.31 (Young’s inequality). Let 1 < p,q < oo and % + % = 1. Then,
a

P b
abga—Jr—, a,b> 0.
p q

3.20 Gauss’ divergence theorem, Green's theorem, integration by parts

Proposition 3.32 (Gauss’ divergence theorem / Gauss-Green theorem). Let 2 C R™ be bounded and open,
and let OQ of class C. Let f € CY(Q). Then,

/ divf dx = f-nds. (2)
Q oQ

The outer normal of 0S) is given by n.
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Proposition 3.33 (Partial integration). Let f,g € C1(Q2). Then,

/aifgdx:—/fﬁigdx+/ fgnids fori=1,...,n.
Q Q o

Proof. Apply Gauss’ divergence theorem component wise. O

Proposition 3.34 (Green’s theorem). Let f,g € C%(Q). Then,

/Qw.vgdx:—/QngdH/mangfds. (3)

Proof. Set g := 0;g in the integration by parts formula. O

3.21 Gateaux and Fréchet derivatives, the inverse function theorem

Given a function f : X — Y and f'(a) € L(X,Y) where L is as usually the space of linear and continuous
operators. Recall that L(X,R) =: X’ is the dual space.

Definition 3.35 (Gateaux/directional derivative). The derivative f'(a) of a function f is computed as action

on vectors of X, i.e.,
'(a)da = lim fla+eda) = fla) _ d%f(a +26a)|omp € V.

e—0 £

The element f'(a)da € Y is called the directional derivative or Gdteauz derivative of the function f into the
direction of the vector da € X at a € X. We notice that the choice of the direction da € X is arbitrary.

In a Hilbert space, we have the special case:
f'(a)(6a) = (Vf(a),da) Viéae€ X
where we denote V f(a) as the gradient.

Definition 3.36 (Fréchet derivative). A mapping f: Q C X — Y (Q open) is called Fréchet differentiable at
a point a € § if there exists an element f'(a) of the space L(X,Y) such that

fla+h) = f(a) + f(a)h + o(h),

with o(h) = ||h|le(h) with lim,_0e(h) = 0 in Y. Then, the element f'(a) € L(X,Y) is called the Fréchet
derivative at a € Q). The Fréchet derivative is necessarily unique and does imply that f is continuous at a € ).

Remark 3.37. If the directional derivative exists for all directions, we call the derivative Gateauz-derivative.
Moreover, the Fréchet-derivative is a stronger concept of derivatives; consequently, each Fréchet derivative is
also a Gateaux-derivative. ©

Definition 3.38 (Isomorphism and isometry). A continuous, linear operator T : @ — Y is an isomorphism if
o T is bijective (i.e., injective and surjective; one-to-one and onto);
e T~ is continuous.

If furthermore |T(z)| = ||z||, the operator T is called an isometry. The latter propery immediately implies
that T is injective.

Having established the Fréchet derivative, we can define the space of m-times continuously differentiable
functions as C™.

Definition 3.39 (C™-diffeomorphism). Let m > 1. A mapping T : Q = Y is a C™-diffeomorphism if
e T cC™;

e T is bijective;
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e the inverse mapping T~' : T(Q) — Q is also of class C™.

We later require that mappings in continuum mechanics and fluid-structure interaction modeling are of class
C'; namely T € C! and A € C.

Implicitly defined functions or mappings f(x,y) = 0 are very important since often an explicit solution
cannot be obtained. In order to show solvability of such a construct, the implicit function theorem and a
subsequent results, the inverse function theorem are provide essential techniques. In particular, the existence
of a solution of an implicit function can be shown to be a C™-diffeomorphism with the help of the inverse
function theorem.

Theorem 3.40 (Inverse function theorem). Let us assume f € C1(;R™) and the Jacobian determinant
J = det(Df) # 0, where Df denotes the Jacobian of f. Then, there exists an open set V. .C U with o € V
and an open set W C R™ with zg € W such that

e the mapping f : V — W is bijective
o the inverse function f~': W —= V is of class C*
o If fc CF, then f~1 € C* for all k > 2.

A fundamental theorem in analysis and in particular in ALE fluid-structure interaction is the transformation
theorem that tells us how to transform integrals and derivatives from one domain into another domain:

Theorem 3.41 (Integration by substitution / Transformation theorem). Let Q Cc RY be open. Let T be a
diffeomorphism in RN. Let 1 < p < +o0. Then f € LP(T(Q)) if and only if f o T € LP(Q) and we have

/A fdff:/AfOT\det(VTﬂdm
(&) a

Moreover, if f € Wl’p(T(ﬁ)) if and only if foT € Wl’p(ﬁ) and we have

(Vf)oT =((VI)"H)TV(foT).

3.22 Functional analysis

Let us now introduce the classical projection from Lax-Milgram from functional analysis, which can be used
to establish existence and uniquenss of a weak solution to (linear) boundary value problems.

Theorem 3.42 (Lax-Milgram (1954)). Let W be a real Hilbert space with norm || - || and let (-) denote the
pairing of W with its dual space W*. Furthermore, let A(u, @) be a bilinear continuous form on W x W, i.e.,

[A(u, ¢)| < allulll¢] - foru,p € W, a >0,

and which is coercive, i.e.,
A(u,u) > Bllul|?, forue W, B>0.

Additionally, let f € W* be a bounded linear functional on W, i.e,

(Lol <AllfHeoll, €W, y>o0.

Then, there exists a unique element u € W such that

Au, ¢) = (f, ) Vo e W.
Proof. For proofs we refer for example to [79, 232]. O

The Lax-Milgram is in particular useful for nonsymmetric boundary value problems. For symmetric cases,
ie., A(u,¢) = A(d,u), the Lax-Milgram theorem still applies of course, but here we could have used a more
simple and elegant theorem from functional analysis, i.e., the Riesz representation theorem in a Hilbert space.
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The key observation is that in this case u — +/a(u,u) defines a scalar product; and consequently a norm
because we work in a Hilbert space. Then, there exists a unique element [ € V' such that

L(¢) = a(l,¢) Vo€ V.

and therefore | = w is a unique solution to the original problem. For a proof the Riesz representation theorem,
we refer to [45].

Theorem 3.43. Let [ : V — R be a continuous linear functional on a Hibert space V. Then there exists a
untque element w € V' such that

(w, @) =1(¢) VpeV.

Moreover, this operation is an isometry, that is to say, |||« = |Jw]|.
Thus, we have justified the following:

Theorem 3.44. Assume that A(u, @) is symmetric. Then, Theorem 3.42 holds true. Additionally, and due
to the symmetry, seeking uw € V is equivalent to the energy problem:

J(u) = (;Iel‘f/ J(¢)
where 1
T eV J(9) = 5A(6,6) — F(9)
with F(¢) = (f, ).

3.23 Main notation

Notation of scalar products, linear forms and bilinear forms. Let 2 be a domain in R™ with the usual properties
to ensure integrability and differentiability:

1. Let z,y € V C R™. Then the scalar product is denoted by:

(x,y)=/xydz r,yeV.
Q

2. Let X, Y € V. .C R"*"™. Then the scalar product for a matrix is denoted by:
(X,Y) :/X:de XY eV
Q

Here, : stands for the Frobenius scalar product.
3. Often, we use: Find v € V such that
a(u, ) =1(¢) Yo eV.
Here a(u,¢) : V x V — R is a bilinear form and I(¢) € V* is a linear form (linear functional).

4. For nonlinear problems, the solution variable u € V' is nonlinear while the test function is still linear.
Here we use the notation: Find u € V such that

a(u)(p) =l(p) YeeV.
Here, a(u)(p) is a so-called semi-linear form.
5. For (linear) PDE systems, my notation is: Find U € X such that
AU, 0) = F(¥) YV € X.
6. For nonlinear PDE systems, my notation is: Find U € X such that
AU)(P)=F(T) VIelX.
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4 Continuum Mechanics

Continuum mechanics is a key tool to describe physical phenomena of a macroscopic system without taking
into account knowledge on detailed compositions of internal structures. Many classical important fields are
covered by these concepts such as hydrodynamics and fluid mechanics, solid mechanics, or heat phenomena.
Of course there are limitations when we consider phenomena on micro- or nanoscales in which other models
such a particle representations are more appropriate to be used.

Befor we begin, one important remark: continuum mechanics is obviously linked to physics and one might
think that the mathematical impact is rather limited. This is not the case for fluid-structure modeling! We
encounter most of the presented concepts again in Section 6. It is worth to carefully studying the present
section.

4.1 Kinematics with Eulerian and Lagrangian coordinate systems

In kinematics, we study the motion and deformation of bodies. All phenomena that we consider are described
in an open subset of the three-dimensional space.

To study kinematics we introduce two different coordinate systems: Lagrangian coordinates Z (also called
reference ) or material coordinates) and Eulerian coordinates x (the current domain or spatial domain ).

Definition 4.1 (Domains). We denote:
e Q: the reference/undeformed configuration;
o Q(t): the current/deformed configuration.

Furthermore, Qt = 0) is the so-called initial configuration. Often, Q := Q(t = 0). Moreover, in these notes
we abbreviate Q := Q(t).

Figure 3: Domains: Q and Q.

Remark 4.2. The reasoning to work with two coordinate systems is that
e solids/elasticity are usually described in the Lagrangian system;
o fluids (i.e., Navier-Stokes) are usually described in Eulerian coordinates.

In the Lagrangian coordinate system, a specific material point and its deformation (i.e., its evolution in
time) are observed (see in Figure 4 the bold black line). In contrast, using Eulerian coordinates, we observe
a fixed point in space and observe what is happening at this spatial point while time is evolving. It might be
occupied by different materials while time advances (imagine a river; here you do not identify the single water
particle but the general flow pattern). To make it more clear: please think of Linz’ Hauptplatz® when there
is Christmas market or any other day in the year. Imagine you observe people walking there: do you follow
a specific person (that would be Lagrangian modeling) or do you look at the general flow of people (Eulerian
point of view).

5Niki-de-Saint-Phalle-Promenade in Hannover; Linz’ Hauptplatz or Munich’s Marienplatz or Heidelberg’s Hauptstrafe.
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e Goal of Lagrangian coordinates: deformation of a body, but not directly possibly since deformation is
part of the transformation.

e Eulerian coordinates: the domain is fixed and not caused by a deformation. Goal: do not observe
displacements of specific material points, but flow fields at given spatial points. Does not make sense to
observe specific flow particle.

Remark 4.3. In Figure 4 we already identify the principle difficulty in formulating a common coordinate
system when the underlying physics are described in Lagrangian and Eulerian coordinates. Shall we ‘move’
the Eulerian system according to h(x) or shall we find any other presentation of h(x) that fits with an Fulerian
description. One powerful possibility that we consider in detail in Section 6.3 is the arbitrary Lagrangian-
Eulerian (ALE) framework in which the Eulerian system fits with h(x) and is moved. ©

/)//
-7 -
SITTT T AT
T
R L

I I I I I
“Sr-AaTTr-aT T

I I I I I

h(z)

Figure 4: Fixed Eulerian domain and deformed Lagrangian domain: Shall we move the domain according to
the (red) interface (right) or keep the fixed domain and describe h(z) implicitly?

The reference configuration Q C RY is assumed to be open and connected. Depending on the application,
there are different possibilities of reference configurations; in particular when working with stress-free or pre-
stressed configurations [147] (imagine a book that is just placed on a table or a hot sausage that you slice in
order to peel off the skin).

The time-evolution of a material point
Z € Q is described by the mapping:

t— x(t, &).

For the following, let us introduce the
following notation to describe (physical)
variables:

e Lagrangian coordinates: f(t,%).
e Eulerian coordinates: f(t,z).

Having two coordinate systems, brings us
to the principle question whether one of
these two systems might later serve as the
computational domain or if combinations
or intermediate domains are necessary to
be introduced.

Let us work with the following:

€1

Figure 5: Defining points & and x in Q and Q, respectively.

Hypothesis 4.4. Let us assume:
o (t,%) — x(t, &) is continuously differentiable;
e For allt >ty the mapping & — x(t, &) is invertible;

e Orientation-preservation: the Jacobi determinant is always positive; namely J>0 (definition in 4.17).
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We now first define the deformation. Let 7 be a motion of a body. In general, a motion will change body’s
shape, position and orientation. Specifically, a continuum body that changes its shape is called deformable. It
is important to notice that a deformation is independent of time.

In more detail, we have:

Definition 4.5 (Deformation field). A deformation ofﬁ is a smooth, one-to-one (i.e., injective), orientation-
preserving mapping R R
T:Q—=Q with (t,2) — (t,z) = (¢, T(t, )).

This mapping associates each point & € 0 (of a reference domain) to a new position x € Q (of the physical
domain). ¢

T
T

€3

€2

€1

Figure 6: Definition of the deformation T

The displacement field is defined as

Definition 4.6 (Material/Lagrangian description of
the displacement field).

i (t,z) = a(t,z) =z(t, &) — &

and it relates a particle’s position in the
reference configuration T to its corresponding
position in the current configuration x at time t. ¢

In the spatial description, we have

Definition 4.7 (Spatial/Eulerian description of the dis-
placement field).

Figure 7: Descriptions of displacements: Going from

ult, z) = @ — &(z,1). the origin via € means & + @ = z. Going

This is formulated in terms of the from the origin via €2 leads to x — u = 2.

current displacement, which results from its original

position T plus the displacement for that position.

We recapitulate that the two displacement descriptions can be transformed through the deformation; namely
z=T(t%). ¢

It holds
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Definition 4.8 (Identification of function values).

f(ta Qi(t,i‘)) = f(tvjj)

Next, we introduce several time derivatives. We start with the natural definitions for each domain and lastly
formulate the time derivative between Lagrangian and Eulerian coordinates.

Definition 4.9 (Total/Material time derivative of a Lagrangian field).

th(ta j) = atf(tvj)'

The material time derivative measures the rate at which f changes in time but following the path line of this
article. This means we measure the rate-change in time of exactly the same particle at all times.

Definition 4.10 (Spatial time derivative of an Eulerian field). The local time derivative of an Eulerian field
is defined as

atf(ta ‘T)
The current position x is held fized while measuring the rate at which f changes in time at this fixed point.

This means, at each time, f represents a new particle at x. The spatial time derivative is also known to be the
local time derivative.

O- Position
o= Particle p;
= Particle py

Lagrangian: physical domain Q™) () Qe+
T, Tot1
Lagrangian: reference domain Q [+] [+] Q
Eulerian: stand at x; Q™) () (@) Qe+

observe only points p1,pa, ...

passing exactly in x;

Eulerian/Lagrangian: stand at z1 Q™) o o Q@)
observe pjat all times

As we learned for the identification of function values, this specifically applies to the velocities:
O T(t, &) =o(t, &) = o(t, T~ (t,x)) = v(t, z). (4)
Furthermore, with the help of the chain rule, we then obtain

Proposition 4.11 (Total/Material time derivative of an Eulerian field). Let f(t,z) : R™ — R and x :=
(X1, Tm—1) € R™7L. Then,
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The material derivative at a fized material point & describes the change of an Eulerian variable f that is at
time t at point x and travels with the velocity v(t,z). Here, the first term prescribes the local change whereas
the second term, the convective part, is due to the movement of the particle through the domain. ¢

Proof. The above relation can be proven with the help of the chain rule. Let the functions ¢ : (a,b) — R™
and f: R™ — R and its composition h € R be given and specifically g := (¢,x) := (¢, 22, T3,...,Tm):

Dih(x) = Dif(g(x)) = Dy f(t,x) = Def (¢, 22, ..., xk)

= 0f(g(x)) - Dugn
k=1

m

O f(t,xa,..., o) Orxr, where xq:=1
k=1

=0if - Ot + > Ohf(t, w2, ..., an) - Dy

k=2
=0 f+Vf- (0o, -, 0im)
= 8tf + Vf * .

For instance m = 4 means that we deal with a four-dimensional continuum (¢, z,y, 2). O

Remark 4.12 (Importance for fluid-structure interaction). The last time derivative becomes important for
fluid-structure interaction in ALE coordinates in which we need to define the ALE time derivative for which
we refer to Section 6.3.2.

Remark 4.13. Ifv(t,z) =0 for all x € Q and all times t, then

Dif(t,x) = 0 f(t,x) + Vf(t,x) - v(t,x)
= f(t,x).

Here, a particle fized at the current position x is observed and this exactly corresponds to the local time
derivative (spatial time derivative of an Eulerian field). This definition makes sense since the partial derivative
(in its very mathematical definition) computes the rate of change with respect to a specific variable (here time
t), while holding all other variables (here the spatial ones) fixed. On the other hand, if both space and time
vary we obtain Proposition 4.11.

Figure 8: Lagrangian computations: the model and numerical computation of an elastic body (in red color) are

defined in the fixed reference domain € (left). The current (physical) domain Q(t) of the resulting
displacement field is displayed in the right figure.
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4.1.1 Deformation gradient F and deformation determinant .J

In this section, we introduce two key quantities that are required to transform and formulate equations in
different coordinate systems. Specifically, we introduce concepts to further study the changes of size and shape
of a body that is moved from the reference configuration € to the current domain €.

For simplicity, let a body occupies Q at time ¢ = 0. It is described by its position vector & = (&1, &2, &3)
in a Cartesian coordinate system with the orthonormal basis (é1, é2,é3). At time ¢ the body has evolved (and
possibly changed its size and shape) and occupies the current domain . Here, the position vector is z;(t, Z;).
Consequently:

T = .f?iéi, xr = xi(t,xj)ei
(using Einstein’s sum convention).

In order to define the deformation gradient, let us consider an infinitesimal material vector dz in Q that
displaces the material particle at Z such that the new position is Z + dZ. In the current domain, the previous
operation yields = + dzx.

e The key purpose of the deformation gradient F is to link dz and d& (see Figure 9).

Fisa key principle in continuum mechanics and a primary measure of deformation with nine components at
all times. It transports any material vector dZ to dz onto the current (deformed) configuration.

Definition 4.14 (Deformation gradient F).

; O . . _ Oz
with F' =V, i.e, Fj; = 950 ©
Its inverse and transpose are defined correspondingly:

di=F'.dr, do=di FT.

& KT

i )GLV,N\, P l' Iﬂ')
/2 J ’) "*"(/110-\ dwjl?r\l
Jx, /_’ 2 . 4 vanspor f B TU%”“'
m!m A3 in L1 4o
dx n JL.

Figure 9: Transport of materials vectors, transformation T , and deformation gradient F.
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4.1.1.1 Relation of deformation gradient and displacements We are now prepared to relate F and the
displacement (¢, ). Recall from Definition 4.6

T =2+ U
Definition 4.15 (Deformation and deformation gradient).
z =t &) =T(t,2) = & + 0.
The deformation gradient F can be expressed in terms of 4 as follows:
F=VT=1+Va.
With the help of the deformation, f, we can represent the deformed configuration as ) = f(ﬁ)

Although we have Definition 4.8, such a relation does not hold for derivatives. Here we have (see also Figure
9):

Proposition 4.16. Let f(t,z) : Q@ — R™ be an Eulerian function and let f(t,ﬁs) QR g corresponding
Lagrangian function. To compute the Eulerian spatial derivative we have the relation:

Vf=VfF

Proof. As for the time derivatives, we work with the chain rule. One can proof first that for scalar fields f
and f, we have L
Vf=FTvyf.

Next, for vector-valued functions, we have: L R
Vf=VfF.

The same holds for tensor-valued functions. O

4.1.1.2 Deformation determinant The determinant of the deformation gradient (mathematically-speaking
we would call it as the functional determinant or Jacobi determinant) is defined as

Definition 4.17. R N
J = det(F) >0,

which is used to relate volume changes between infinitesimal reference and current domains:

dQ = JdS). (5)

For the following, we need another relation

Proposition 4.18 (Eulerian expansion formula). It yields
O J(t, &) =V -v(t,z)J(t, &)
Proof. Tt left as an exercise. O

Extending Relation (5) to the whole domain, we can compute the volume change:

|Q\:/Qldx=/ﬁj(t,§:)d§:, (6)

which further yields (employing Proposition 4.18)

d
£|Q| = /QV-v(t,m)da:.
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Consequently, J characterizes the volume ratio and is called in r-adaptive methods, the adaptation factor
(Section 6.10). Physically, we do not allow for negative volumes J < 0, which could be mathematically still
allowed. Geometrically, J>0 preserves the orientation of T and is also assumed in aller further considerations.

Furthermore, J = 0 would mean that F is not invertible and has serious consequences in fluid-structure
interaction modeling using the ALE approach causing the approach to fail. Consequently, we shall control J
such that is stays positive during a numerical computation. In the rest of these notes, we always assume that

J > 0.
Ifa body does not move, we have F = ] and it follows J = 1. On the other hand, a motion is called isochoric
when J = 1 with possibly F' # I.

4.1.2 The Piola transformation

Let T be injective on € such that F = VT is invertible at all point in Q. For sufficient criteria of injectivity

conditions, the reader is referred to Section 4.1.3. Let o := (Uij)f’j:l be a tensor in 2 defined at the point
T = f(t, Z) € . Then, we are able to define a corresponding tensor & € Q with the help of

Definition 4.19 (Piola transformation).
5(&) = J(@)o(x)FT(2) forx=T(2).
In short o R
G:=JoF~ T forx="T(t%).

The Piola transformation relates tensor fields between the deformed and reference configurations and is later
used to transform the Cauchy stress tensor from Eulerian coordinates to the Piola-Kirchhoff stress tensor into
the Lagrangian framework.

Proposition 4.20 (Divergence of the Piola transformation). Let & : 5 — R3*3 be the Piola transformation
of o : QQ = R3*3. The divergence is then given by:

dive = Jdive V= T(),% € Q.
Proof. Exercise. O

4.1.2.1 Nanson’s formula This formula is a consequence of the Piola transformation and is required to
transform normal vectors between both coordinate systems. Let ds := dsn and ds := dsn be vector elements
of infinitesimally small areas and n and n the corresponding normal vectors. Then,

Definition 4.21 (Nanson’s formula).
ds = JF~"ds.
o

This derivation is motivated as follows. Consider a surface da with its normal 7. Through f, this surface
is transformed into da with the normal n. However, 72 and n are not material vectors and consequently, the
cannot be identified through 7. In order to justify Definition 4.21, take § € Q. A cylinder transforms as
follows: R

n-8da — n-F-3&da.

Using Definition 4.17, we obtain R R
n-F-3da = Jn-sda.
Since this last expression holds for arbitrary vectors §, it yields:
n-F-3da=Jn-sda
= nda=JF Thada
= da=JF"Tda,

where da := dan and da := dan.
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4.1.3 Mathematical consequences of J > 0

In view of fluid-structure interaction modeling, let us
discuss further consequences of J > 0 and its impor-
tance to require this property.

As previously discussed, J>0 keeps the orientation
of a mapping T' and consequently 7' is locally invert-
ible. More specifically, each point Z € {2 possesses a
neighborhood in which T is injective. This can be es-
tablished by using the implicit function theorem with
the Fréchet derivative VI' whose determinant is (after
our assumption) positive. However, this idea can not
be extended to the entire domain ﬁ, which means that
local invertibility does not imply general injectivity.

Let us look at an (obvious) result that locally holds
true:

Proposition 4.22 (A sufficient condition for orienta- E—
tion-preservation J > 0 and injectivity of T ). As before, 1.
let T:Q — R3 withT := & + 4 and differentiable at a o
point & € Q. It holds I

Vu(z)| <1 = J>o0. PR

Figure 10: Numerical simulation with finite elements

Proof. Let & i h that |Va(z)| < 1. H s
roof. Let & be a point such that [Vi(Z)] < ere) to illustrate violation of J > 0. A moving

det(ert@ﬂ(i)) 40 for0<t<1 (elastic) body (in red color) is immersed

in a fluid. Due to the deformation, the

and all matrices (I 4 tVa(2)) are consequently invert- orientation preservation gets violated at
ible. Let us define the function the tip of the elastic body, which inter-
R sects (illegally) the fluid domain. The

gt g(t) = det(I +tVa(z)) time evolution of .J is shown in the bot-

tom right figure.
with o
g(0) =1, g¢(1) =det({ + Vi(z))
Obviously, g defines a continuous function but g(-) never

yields 0 as result. Consequently, g > 0 for 0 <¢ < 1.
Q.E.D.

Remark 4.23 (Global injectivity). More results
including extensions and detailed discusstons on global
injectivity are discussed in [57].

Remark 4.24. The previous proposition_and remark
do only hold true for problems in which T is equal to a known injective mapping on all Q. This condition is
only true for boundary value problems where the boundary is fized with Dirichlet conditions.

For problems with a mixture of Dirichlet and Neumann conditions (the solid stress condition in FSI is always
of Neumann type!) we have the following results [57](Section 5.6):

Definition 4.25 (Injectivity condition). The injectivity condition reads:
/ Jdi = / det VT di < |T(Q)],
a Q

where | - | denotes the volume of the domain T'(9).

This condition implies interior injectivity of the mapping T
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Proposition 4.26 (Interior injectivity). Let Q C R3 be a domain and let T € CL(Q) such that

J>0 inQ,  and /Ajdigﬁ(ﬁ)\.
a
Then, the mapping T is imjective on Q0.

4.1.4 Strain tensor

The strain tensor measures changes, caused by the deformation, both in lengths and angels of two material
vectors. In this sense, the Green-Lagrange tensor introduced in this section, measures the discrepancy between
a given deformation T" and a rigid deformation.

There are various definitions for strain tensors [147]. Let us introduce the most important concepts for these
lecture notes:

Definition 4.27 (Right Cauchy-Green tensor 6’)

~

C=FTF,
which is symmetric and positive definite for all & € Q. o
In a rigid deformation it holds C' = I (where I is the identity).

Definition 4.28 (Green-Lagrange strain tensor E)

P P P P
=5(C-1)= 5(FTF —1)= 5(VfLJrvaT + Vi - val),

which is again symmetric and positive definite for all T € Q since C and of course, I have these properties. ¢

Performing geometric linearization, which is reasonable for example when ||Vi|| < 1, we can work with the
linearized Green-Lagrange strain tensor

Definition 4.29 (Linearized Green-Lagrange strain tensor Elm)

4.1.5 Infinitesimal transformation and linearized expressions for E, ﬁ, J

In many, many problems there is never a distinction between ‘had’ variables in the reference domain and ‘non-
hat’ functions in the current domain. Actually, both domains are identified. As outlined in the very beginning
of these notes, to work with both definitions is one of the characteristics of fluid-structure interaction. In this
section, we give brief comments on when the identification is justified. The key idea is to work with first-order
approximations under the condition that we deal with a infinitesimal transformation, i.e.,

V|| < 1.

In this limit, we can work with

° Qzﬁ;

e V~V.

For the strain £ we obtain Elm while neglecting the second-order term Vu’ - Vu. Moroever, Elm and Vu
have the same order, i.e., HVUH < 1 yields ||E|| < 1. But the other direction does not hold true. In fact, a

rigid body motion has E Elm = 0 but the transformation can be arbitrarely large. Furthermore, for F we
obtain no specific simplification (except F — I for [Vu|| = 0) but in J some terms cancel:

Jr~J 14 0u, + Oytty + Opttiy =14+ V- u =14 (Ein)ii=12,3-
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4.2 Stress
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4.3 Reynolds’ transport theorem - differentiation under the integral sign

Proposition 4.30 (Reynolds’ transport theorem). As before, let 2 := Q(t) be a time-dependent domain and
(t,z) — xz(t,Z) be given and assume Hypothesis 4.4. Furthermore, let the functions (t,z) — Owx(t,2) and
(t,x) — f(t,z) be continuously differentiable. Then,

d
%/Qf(t,x)dm:/g[th(t,x)Jrf(t,ac)Vm(t,mﬂ dx
:/Q[th(t,:r)—i—v'(f(t,x)m(t,x)ﬂ dz.

Proof. We first transform back to the reference configuration, employ then the chain rule and Proposition 4.18.
The transformation to € is justified with the transformation theorem that is well-known in from real analysis
lectures. With this, we calculate

%/Qf(t,x)dx:%/ﬁf(t,x(t,j))jd@
d
:/ﬁ(atf(t,x(t,:ﬁ))+Z(’)xkf(t,x(t,a”:))@k(t,i=)+f(t7$(t,iq>)v.U(um(t’iﬂ)))jdin
k=1
:/<3tf(t,x)+V-(f(t7$).v(t7x))> dz.
Q

O

Here, the first term describes the local time evolution of f but irrespectively of the change of €2. The second
term is a result of the changing domain €2 in time and describes the change of f through the control volume.

4.4 Balance principles and conservation equations
The equations in continuum mechanics are based on fundamental physical principles:
e Mass
e Momentum
e Angular momentum
e Energy

These laws are formulated in Eulerian coordinates in the following sections.

4.4.1 Conservation of mass - the continuity equation
Let p(t,x) be the mass density in Eulerian coordinates.
Definition 4.31 (Conservation of mass).

d

/., p(t,z)dx = 0.

Applying Reynolds’ transport theorem 4.30, we obtain the integral formulation

/ [Oup(t, ) + V - (plt, 2)o(t, 2))] da = 0. (7)
Q
A more detailed justification is as follows. We now encounter a principle difficulty that the domain G may

depend on time and consequently integration and differentiation do not commute. Therefore, in a first step
we need to transform the integrand of

d / d

— x

dt /"
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onto a fixed referene configuration G in which we can insert the time derivative under the integral sign. Then
we perform the calculation and transform in lastly everything back to the physical domain G. Let the mapping
between G and G be denoted by T'. Then, it holds:

reGix="T(t), &€,

Moreover, dx = J(&,t)dz, where J := det(VT). Using the substitution rule (change of variables) in higher
dimensions yields:

d d . . .
G | owar= 5 [ or.o.056.0d

We eliminated time dependence on the right hand side integral and thus differentiation and integration com-
mute now:

/@%(p(T(:@t),t)J(:&t))da?:/G<%p(T(ﬁ,t),t)-J(ﬁ,t)+p(T(a§,t),t)%J(:%,t))d:%

Here, 4 p(T(%,t),t) is the material time derivative of a spatial field (see e.g., [147]), which is not the same as
the partial time derivative! In the last step, we need the Eulerian expansian formula

d

Then:

P (1), ) + p(T(&,1), )V - 0) J (3, t)di

Sl s F s

p(x,t) + p(x,t)V - v)dx

Op(z,t) + Vo(z,t)v+ p(z,t)V - v) dx

).

= L(@tp(x,t) +V- (pv))dx.

Collecting the previous calculations brings us to:

/(th-i-v < (pv)dz = 0.
G

This equation must hold for each sub-domain of €. If p and v are sufficiently smooth, we arrive at the
differential formulation
Op+ V- (pv) =0. (8)

Remark 4.32 (Homework). Make yourself clear how we come from the integral formulation to the differential
form. ©

Remark 4.33. When changes in density are time-independent, we have
V- (pv) =0.
If the density is also spatially constant, we obtain
V-v=0.

This is in fact the incompressibility condition for fluid flows; namely the density is constant. ©
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4. CONTINUUM MECHANICS

4.4.2 Conservation of momentum

Let f : Q — R? be a given force density acting on the volume (for example the gravity g); and let g; : 9Q — R?
a surface-related force density (traction force).

Newton’s second law states: p
%(mv) = F,

where F' is the force that acts on the mass.
In continuum mechanics Newton’s second law reads:

d
— pvdmz/pfdx—k/ gr ds.
dt Jo Q o9

Employing again Reynolds’ transport theorem yields:

/Q[at(ﬂv)—i-v-(pvv)] dx:/prdac—i-/antds.

Applying Cauchy’s existence (from 1827) [43, 56] of the stress tensor,
gt =0-n,

further allows to write (and using Gauss’ divergence theorem)

/gtds:/ oc-nds= | V-odz.
o0 o9 Q

We notice that the divergence operator applied to a matrix is calculated component wise and leads to a vector

of the form: }
Zj:l a"l:j O1j

d

> Or.02;

j=1%Yx;02j
;;'O—:

Z?:l O, 04j
We further obtain
[ @00+ (puyo) = pf; = (7)) = )

At this point we now use the product rule and the continuity equation (8) (9;p = —V - (pv;)) for the first two
terms in (9) and calculate

9i(pvj) + V- (pvjv) = pOpv; + v;Oip + V - (pvjv) = pdyv; — v;V - (pv;) + V- (pv;v) = pdyv; + pv - Vu;.
Therefore,
/Q(patvj +pv-Vu; — (V-0); — pfj) dz,
and written in compact form:
/Q(patv +pv-Vo—(V-0)—pf)dz.
For smooth functions p, v, o and arbitray €2, we obtain the differential form:

pov + p(v-V)v—V -0 = pf.
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4.4.3 Conservation of angular momentum

Let x be the position of a rotating mass point with origin zy. Furthermore, let x denote the cross product
definition; see Section 3. Then, the continuum mechanical description of angular momentum reads:

Dt/(m—xo) x (pv) dx :/(x—xo) X (pf)dx—i—/ (x — 2°) x (on) ds.
Q Q a0
Applying again Reynold’s theorem yields (after some calculations)

/Q(x —2%) x ((’%(pl}) +ji15‘mj (pvjv)) dx = /Q(:E — 2% x (pf) dz +/ (z — 2°) x (on)ds.

[219]

Proposition 4.34. Let all parameters and data p,v, f, g: be sufficiently smooth. If conservation of momentum
and angular momentum are satisfied, then Cauchy’s stress tensor o is symmetric; namely

oc=o0".
Proof. Left as an exercise. O

Remark 4.35. In formulating the Navier-Stokes equations, we often find a non-symmetric formulation. We
strongly emphasize that such a simplification is related to the specific setting and boundary conditions. In
general, you must use the symmetric stress tensor. A discussion is provided in Section 5.2.5.

4.4.4 Energy balance, thermodynamic concepts and entropy

4.4.4.1 Mechanical energy conservation In this section, we now consider the fourth balance law: conser-
vation of energy. We recall with pleasure again that an excellent introduction is given in [147][Chapter 4]
We restrict our attention only to mechanical energy, but not thermal, chemical, and so forth. This means,
that only mechanical energy conservation will not lead to an additional balance law, but follows from the
conservation of momentum. Very basically (school physics classes) energy conservation means:

E = ZE’ = const

where E; denotes various energy contributions

Definition 4.36 (External mechanical power). Let v = Owx with x € Q the Eulerian velocity field. Next,
t(z,t,n) denotes as before the traction vector and b a volume force. Then

Peg;t(t):/(mt(x,t,n)wds—i—/ﬂb-vda?

Definition 4.37 (Kinetic energy). It holds

K(t) = %/9,0112 dz = (pv,v)

2
kig” . Recall from school physics: Ey, = %mv2, where m is

For the physical unit, we recall [K] = J = Nm =
the mass.

Definition 4.38 (Internal power, stress power). The response of ) at time t to the stress field is defined as
the stress power. Let d = 0.5(Vv + VuvT) be the rate of deformation tensor (rate of strain tensor). Then

P(t) = /Qa tddx = (o,d).
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Proposition 4.39 (Balance of mechanical energy). It holds

d
%K(t) + Pznt(t) = Pewt(t) (10)

Proof. See [147][Chapter 4]. O

Remark 4.40. If P.,; = 0 we deal with free vibrations.

Remark 4.41 (Quasi-static processes). If it holds

d

—K(t)=0 for all times t,

dt

then, the problem is called quasi-static. However, the input variables such as traction t, volume force b, and
so forth can still depend on the time t. A nowadays famous example of a quasi-static process is quasi-static
brittle fracture propagation.

Definition 4.42 (Internal energy, Clausius & Rakine). We define

E(t):/ﬂec(x,t) dzx.

Here, e. characterizes a thermodynamic state variable.

Because we only consider mechanical energy so far, the rate of work acting on 2 by internal stresses equals
the rate of internal energy. Therefore

Pint(t) = %E(t).

Proposition 4.43. Inserting the previous relation into (10), we obtain

d d
SK() + LEWD = Par(0) (1)

Expressed in the governing variables, this law reads:

d 1
— <pv2+ec> dz:/ t(a:,t,n)-vds+/b'vd:17.
dt Jo \2 00 Q

The left hand side term is called total energy.

Remark 4.44. Compare the structure of the previous law with the laws we have obtained so far for mass,
momentum and angular momentum. They all have the same mathematical structures. Please see also page at
the end of this section.

4.4.4.2 Mechanical and thermal energy conservation We now extend the previous considerations to thermal
energies. These are caused by heat (temperatures). We provide the most important notation, but only sketch
such that you have ‘heard about it’ since otherwise we deviate too much with these topics

Definition 4.45 (Notation). A thermodynamic continuum is a configuration that contains mechanical and
thermal energies. Thermodynamic state variables are all quantities that characterize a configuration at a
certain state. Any equation that links state variables to each other is denoted as equation of state or constitutive
equation.

Example 4.46 (Thermoelastic solid). In elasticity, we have siz independent (in 3D) variables in the strain
tensor, e(u) = 0.5(Vu + VuT). The temperature variable is a scalar-valued quantity. In total, we have 7
independent variables.

Definition 4.47 (Equilibrium state). In the equilibrium state, the temperature © is uniform and the velocity
v = 0. In the non-equilibrium state, there exists gradients of © and v. In the thermodynamic equilibrium state,
the values of the state variables at any particle do not change in time.
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Definition 4.48 (Quasi-static). A quasi-static process is an evolution where each state remains close to a
thermodynamic equilibrium state. Roughly, the system is at equilibrium at all times and dynamical contributions
are negliable.

Heat is thermal energy caused by a temperature gradient. We have

Definition 4.49. The thermal power is denoted by Q@ and defined as

Q(t):/ qnds—i—/rd:r:/ qnd§+/fd:%
a0 Q o0 Q

Here, the scalar functions q, and §, denote the heat fluxes in 0 and (AZ, respectively. The heat sources are
denoted by r and 7.

Before we start, recall Cauchy’s stress theorem from Section 4.2. We postulate:

Theorem 4.50 (Stokes’ heat flux theorem). The scalar functions g, and g, are linear functions of the normal
vectors n and 7, respectively, such that

Here, q(x,t) is the Cauchy heat fluxz and §(Z,t) is the Piola-Kirchhoff heat flux. The signs are negative because
we assume that heat enters the body (but the gradient points outward!).

Brief idea:
e In the energy balance law, we had so far only mechanical energy
e Now we add thermal energy

Let us look into the details. Recall

d
ZE() + Pont(t) = Pear (1 (12)
Pini(t) = ﬁg(t)

Add now thermal work Q(t):

Palt) +Q(0) = (1)

We resolve the last expression with respect to Pi,:(t) and insert into (12). Then, we obtain

Proposition 4.51 (Energy conservation; first law of thermodynamics). For mechanical and thermal work in
a system, it holds the balance law

d d
KO+ ZE() = Pear(t) + Q(1).

Ezxpressed in the governing variables, we obtain

1
4 (pv2+6c> dacz/ (t(a:,t,n)-v+qn)ds+/(b-v+r)dﬂf~
dt Jo \ 2 o0 Q

The first law of thermodynamics tells us how one type of energy is transformed to another type of energy
within a thermodynamic process. Here, for instance, mechanical energy and thermal energy. However, this
first law does not indicate the direction of energy transfer. In other words: the question remains whether any
energy can be transformed to any other energy?

As indicated before, energy transfer might have a direction:
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Example 4.52. Directional energy transfer is a daily life experience. Take your morning coffee®. Everybody
confirms that within time, the coffee is cooling down and we should not wait too long with drinking: heat flows
from warmer regions to colder regions, but not vice versa without any heat sources.

Example 4.53. A second example is friction: mechanical energy can be transferred to heat, but we cannot
recover heat back to mechanical energy. Simply rub your hands in winter’s time when it is cold outside.
By rubbing (mechanical work) you heat your hands. But this heat is gone and cannot be used any more as
mechanical energy in your body. If you do it for hours, you would be exhausted while not having (mechanical)
energy anymore to continue.

4.4.4.3 Entropy and the second law of thermodynamics As indicated in the previous daily life observations,
there seems to be some inequality constraint (mathematically-speaking). Physically, such observations are
called irreversible. For a better description, the following notation has been established:

Definition 4.54 (Entropy). Let 1. = n.(x,t) and fe = fi.(,t) forz € Q2 € Q andt € I = (0,T). The

terms . and 7j. are denoted as entropy per unit volume. Then, the (total) entropy is defined as

S(t):Anc(x,t)dxz/ﬁ(a:«,t)d@.

Q
As usual (see class 7) it holds §(Z,t) = Jne(z,t).
As before, we can consider fluxes over the boundary 92 and/or source terms in

Definition 4.55 (Rate of entropy input). We define in the deformed configuration Q:

Q(t)z/ hnds+/rent dx,
a0 Q

where rept is an entropy source and for the Cauchy entropy fluz, we have
hn(z,t,n) = —h(z,t)n.

The same holds in the reference configuration O:

Q(t):/ fznd§+/femdi
a0 Q

where Tepy 1S an entropy source and for the Piola-Kirchhoff entropy flux, we have

We postulate
Theorem 4.56 (Total production of entropy; second law of thermodynamics). It holds

5502 Q)

Ezxpressed in terms of the governing variables, we have

i Ne(x, t) de > 7/

h(x,t)~nds+/remd:c.
dt Jo o0

Q

Thus the rate of change in entropy is bigger or equal to the entropy input

The bigger/equal sign introduces a direction of energy transfer. Moreover, if the bigger sign holds strictly,
the thermodynamical process is irreversible. If the equal sign holds, the thermodynamical process is reversible.
For these reasons, entropy is not a balance principle! Moreover, entropy is not a conserved property

6As I am right now doing while writing these notes.
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Remark 4.57 (Irreversible versus reversible). From the previous theorem, we infer that

d
£S(t) = Q(t) s a reversible process

d ~
£S(t) > Q(t) s an irreversible process

At each thermodynamical cycle in a reversible process, the material response returns to the initial state. No
mechanical energy is lost. In an irreversible process mechanical energy is lost (dissipated) and we cannot return
to the initial state. Consider for instance fracture propagation in which mechanical energy is transferred into
crack energy. But the latter cannot be recovered back, which results in the fact that the crack cannot heal back
into a non-broken sheet of paper.

Entropy itself can be considered as a measure for the microscopic disorder in a given configuration. High
entropy means that there is a high disorder of microscopic particles and there might be various solutions to
reach a certain state. Low entropy means that there is a low disorder, namely all microscopic particles are
in order and there are not many solutions to reach another state because all particles have already similar
properties

Definition 4.58 (Isothermal and isentropic processes). When the absolute temperature is constant in a thermo-
dynamical process, this process is called isothermal. Here, the temperature gradient is zero. A thermodynamical
process is called isentropic when the entropy S(t) is constant, i.e., %S(t) =0.

Definition 4.59 (Helmholtz free energy). Later in class 11, we introduce constitutive models for solids and
also more general notations such as hyperelastic materials. The latter are described with the so-called strain
energy function W(F). If W is used in temperature-dependent thermodynamical process with an entropy per
unit volume 1., then W is denoted as the Helmholtz free energy. This last notion is a common terminology in
continuum mechanics.

We summarize the four conservation laws. Recognize that all have a common structure Statement for
deformed configuration €2; but holds in a similar way for reference configuration €.

Proposition 4.60. Let f(z,t) be a smooth spatial tensor field per unit volume in Q. The change in f(x,t) is
given by

d
ﬁ/ﬂf(:r,t)dx— 6Q¢(x,t,n)ds+/92(x,t)dx.

Here f(x,t) may represent the density p, the momentum pv, the angular momentum or the energy %pvQ + ec.
The functions ¢ and 3 denote the corresponding Cauchy fluzes and source terms, respectively.

Finally, we notice that the entropy inequality can be equally expressed in a common form [147][Chapter 4.7].

4.4.5 Incompressible, isothermal equations with constant density

If there are no variations in density and temperature, we obtain the following equations for conservation of
momentum and mass balance:

PO+ p(v-V)v —V -0 = pf,
V-v=0.

The specification of the stress tensor o follows in Section 4.5.

4.5 Modeling fluid flows: constitutive laws and Navier-Stokes equations

The Cauchy stress tensor is not yet specified in Section 4.4.5 and hence the previous equations do hold for
all materials; specifically they do not distinguish between fluids, solids, or gas. These properties are fixed by
constitutive laws that are obtained from measurements, for instance.
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4.5.1 Constitutive laws

4.5.1.1 Coincidences between fluids and solids Before we dive into details, let us remark that also the con-
stitutive laws for fluids and solids show some remarkable coincides. Under certain properties and assumptions
such as material frame-indifference and isotropy, a famous result from Rivlin-Ericksen does hold for both fluids
and solids in which a tensor (here the stress) can be decomposed into its principal invariants. More specifi-
cally, for a linear material law it can be shown that this can only depent at most on two independent material
parameters. These are shear and volume parameters. We state the Rivlin-Ericksen theorem in Section 4.5.1.3.

4.5.1.2 Constitutive laws for fluids We provide two examples for constitutive laws:

e Friction-free fluid flow. Here, only pressure forces are taken into account. The stress tensor reads:

o= —pl.

e Viscous flow with inner friction:
o= —pl+ u;(Vo+ Vol) + A,V - oI,

where Ay and i, are volume and shear viscosity, respectively. Fluids with such stress tensors are called
Newtonian fluids. Inner friction means that particles with different velocities interact on the mirco-scale
with each other; namely velocity variations do cause friction.

In the case of incompressible materials, i.e., V - v = 0, this relationship reduces to

o= —pl + u; (Vo + Vol).

4.5.1.3 A general form for isotropic materials with frame-indifference - the Rivlin-Ericksen theorem As
remarked in the introduction of this section, the following theorem does hold for both fluids and solids. In the
case of fluids, the principal variable is the velocity whereas in the solids these are the displacements. But the
main idea is only based on linear algebra arguments. The resulting stress tensors for fluids and solids then
simplify to astonishing expressions.

Theorem 4.61 (Rivlin-Ericksen). Let Q be a rotation; namely an orthogonal matriz (QQT = I) with detQ =
1. For a mapping
G:{AeR¥3|A = AT det A>0} — {BeR*?B=DB"}

it holds
F(QAQT) = Qa(A)Q"
for all rotations Q, if and only if the mapping has the form
&(A) = ao(iA)I + (Il(iA)A + CLQ(iA)AQ.

Here, ag,a1 and as are real-valued functions of the three principal invariants (definition in Section 3.13 of the
matriz A.

Proof. Will follow in a later version. O

Example 4.62. Let us now relate this theorem our previous considerations. Let o = —pl + S. If the
constitutive law for S is material frame-indifferent, isotropic, and linear, then S does only depend on two
material parameters and has necessarily the form

S(A) =a1(ia)A+ ap(ia)l = 2uA + Mtr(A)I.

We emphasize again that in the case of fluids A := A(v) ~ (Vv + VoT) and as we will later see for solids, we
have the same form but in terms of displacements, i.e., A == A(a) ~ (Vi + VaT).
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4.5.2 The isothermal, incompressible Navier-Stokes equations

Isothermal, incompressible, viscous fluid flow is described by the (nonlinear) Navier-Stokes equations. Find
vector-valued velocities v : 8 — R3 and a scalar-valued pressure p : Q — R:

pov + p(v-V)v—V -0 =pf,
V-v=0,

where
o= —pl + pus (Vo + Vol).

Here, sy = pyv is the dynamic viscosity, whereas v is the so-called kinematic viscosity.
A key quantity in fluid flow simulations is the so-called Reynold’s number:

Definition 4.63 (Reynolds’ number). The Reynolds number is a dimensionless parameter and defined as

_ LV pLV
=T

Re

Here, L is a characteristic length and V' is a characteristic velocity. The Reynolds number describes the
relationship between friction and inertia forces. The Reynolds number Re does appear as inverse in front of
the friction term;

1

——V.o.

Re
For small Reynolds numbers Re < 1 the friction dominates (Navier-Stokes is then a parabolic equation) and
the convection term v - Vv can be neglected while the flow becomes stationary. On the contrary, the higher the
Reynolds number Re > 1, the more the Navier-Stokes equations become hyperbolic and nonlinearly dominant.
First, flow is definitely nonstationary (in a laminar) regime and becomes turbulant for high Reynolds numbers.
It is one of the open questions whether turbulant flow can be modeled with the Navier-Stokes equations.

The main application of the Reynolds number is to relate different scales of, for example, huge experimental
set-ups and small-scale model problems. Here, similar characteristic properties; namely length/height and
velocity should lead to similar solutions.

Definition 4.64 (Laminar flow). Laminar flows may be stationary or nonstationary but not turbulent (chaotic
behavior). Approzimately, the Reynolds number in this regime is in the range of 1 < Re < 10° [201].

Example 4.65. Let L = 1 and V = 1, then Re = v=!. For Re ~ 1 — 10° the flow is laminar and the
characteristic time length is T ~ v~'. This shows the smaller the viscosity, the smaller the characteristic time

scale must be chosen, which is a major challenge for flows with very high Reynolds numbers.

Remark 4.66 (Nonstationary flow becomes turbulent [201]). Poisseuille flow (parabolic flow) between to plates
(channel flow) is predicted to become turbulent at Re ~ 5772. Couette flow (parallel shear flow) is computed
to be stable for all Re > 0 but experiments show instabilities for Re ~ 300 — 1500.

We have not yet talked about boundary conditions, which are crucial to all equations presented so far.
Depending on them and suitable right hand side data, we might obtain existence of a unique solution; for
details and discussions we refer to [202, 232] and also to Section 5.

For the full 3d Navier-Stokes equations, the complete proof for smooth solutions is still missing and one of
the Millennium prices. Concretely, one has to establish existence and smoothness of solutions in R? [84]. This
problem is also open for the Euler equations (v = 0). The 2d solution has been established in [171].
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4. CONTINUUM MECHANICS
4.6 Modeling solids
4.6.1 Equations

In these lecture notes, we mainly concentrate on elastic deformations for solid modeling. Specifically, this
means that a body under deformation goes back into its initial configuration if forces are removed. So, we
work in the linear regime sketched in Figure 11 7. When the body does not go back into its initial configuration
and a deformed settings remains, we would work in an elasto-plastic regime with plastic deformations. There
are huge contributions to hyperelastic materials. We aim to provide a brief overview of basics concepts that
help us throughout these lecture notes. For detailed considerations, we refer to [40, 57, 147, 155].

O A
Strengthening

. Breaking
region

linear

Flowing region

non-linear

' 4

Elastic regions

Breaking

Figure 11: The stress-strain diagram. Here, o is the stress and ¢ is the strain.

Typically and in contrast to fluid problems, elasticity is described in Lagrangian coordinates. One reason
is related to history-dependent materials. Using Lagrangian coordinates, it facilitates treatment of such laws
because each mesh point represents at all times the same material point (for example stress-update procedures
in nonlinear elasticity or plasticity). However, it is nevertheless possible to obtain such information in an
Eulerian framework; for a discussion, we refer the reader to [40] (chapter 5). Lagrangian coordinates describe
a material point Z in the reference configuration ﬁ, which is usually the configuration without outer forces
(remember in contrast to pre-stressed configurations [147]).

As second reason (that is associated with the first), in solid mechanics we aim to find the resulting defor-
mation field of a body that is subject to given forces. Here, the equations of equilibrium in the deformed
configuration are not available because they are formulated in terms of the Eulerian variable x = T'(&). How-
ever, the Eulerian variable z is exactly one of the unknowns. For this reason, solid mechanics are treated in
Lagrangian coordinates that are associated to a reference configuration.

Since we intend to compute the solution (deformation and stress) in Lagrangian coordinates, but the
Cauchy’s stress tensor is formulated in the Eulerian framework, we need to transform this tensor back to
the reference configuration. This operation is achieved with the so-called Piola-Kirchhoff stress tensor:

Definition 4.67 (First Piola-Kirchhoff stress tensor). Applying the Piola transformation of Definition 4.19
to Cauchy’s stress tensor yields R A

II=Jo,F 7T,
where o4 is Cauchy’s stress tensor in Eulerian coordinates. ©

With its help, we are able to transform the constitutive laws from 2 to Q. We notice that II is in general
not symmetric although o, has this property. However, this is often advantageous and consequently we define
a second stress tensor in the reference domain:

"I took this figure from my Master thesis that was written in German. Bruch = break, damage; Bereich = region; FlieR= flow;
Verfestigung = hardening; nicht = non.
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4. CONTINUUM MECHANICS

Definition 4.68 (Second Piola-Kirchhoff stress tensor).

~

S=F'=JF"'0F". (13)

We are now prepared to formulate the equations for elasticity. As we previously learned, without specifying
constitutive laws the conservation equations do hold for all aggregation states. Since we agreed to work for
elasticity in the reference configuration, we formulate the following ideas in 2. We recall the conservation of
momentum:

d R o
— patad:z:/pfdf+/ FYn ds.
dt Jg ) 89

Here, the density p and the volume force f are related to the reference configuration. Further calculation
(using Gauss’ divergence theorem and Reynolds transport theorem) yields

/A(ﬁafA—ﬁ-ﬁi) di":/Aﬁfd:%. (14)
Q Q

We notice that the convective term in Reynolds’ theorem vanishes since we work in a Lagrangian setting. For
sufficiently smooth functions and since (14) holds for each subdomain of Q, we can write the differential form
of the elasto-dynamics equations: o
po7a—V - FY = f. (15)
Remark 4.69 (A mixed formulation). We notice that we can split the solid equation into a first order system.:
poo —V - FS = §,
POy — v) = 0.
In fact in Section 6 and 7, we go with this mized formulation. The main reasons are of numerical nature, i.e.,
the mixed system is the starting point for a Galerkin time discretization, and further explanation can be found
in [15, 128]. Secondly, the mized formulation allows to apply one-step-0 finite difference time discretizations
and here for @ = 0.5 one can easily obtain a second-order A-stable scheme (many more details will be found in

Section 7). In addition, we notice that usually in the solid mechanics community that standard temporal solid
discretization is based on the so-called Newmark scheme [151, 268, 269]. <

4.6.2 A constitutive law: STVK material

In order to specify the properties of a specific material, we again need a constitutive law for the stress tensor. We
already discussed the linearized strain tensor if we deal with small strains. In addition, we need a relationship
between the stress and strain (we refer to Figure 11). Often, Hooke’s law is consulted, which reads:

Definition 4.70 (Linear stress-strain relationship/Hooke’s law).

d
i .o
Oij = E aiju By fori,j=1,...,d
k=1

The tensor (aijkl)gjkl € R4xdxdxd hag 81 components in 3d. Using symmetry arguments, we obtain
Qijkl = Qjikl = Qklij-

Therefore, in 3D we have 21 independent components. Furthermore, the energy density should be positive,
i.e. (positive definite)

d
Z aijriii&r > aolé)?,
ijkl

with ag > 0. With further assumptions (e.g. isotropy), we arrive at
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4. CONTINUUM MECHANICS

Definition 4.71 (Saint Venant-Kirchhoff-Material (STVK) / a large displacement-small strain model). For

an isotropic, homogeneous material for which its reference configuration is a natural state; namely f)s(()) =0,
we obtain N R N o
Y =Xs(0) = 2uF + Mr(E)I,

with the Lamé constants p and A. In particular, the STVK material is only useful in a neighborhood of the
reference configuration C ~ I with small strains E. We ﬁnally mention that the equal sign is (strictly speaking)
only an approximation in which higher order terms of E have been neglected. ©

The corresponding Hooke tensor reads:
@ijrt = AijOkt + p(dirndj1 + 010 ).
Remark 4.72 (Homework). Recall the definitions and properties of
e rigid body motion,
e material frame-indifference,
e an isotropic material,
e of an homogeneous material
e and find examples for materials that do not satisfy the natural state condition.

Remark 4.73. Since the STVK material is specifically valid near the reference configuration, we notice that
there are limitations for problems that involve large strains [57, 147] for which definitely C # 1. o

4.6.3 Relationship of E, v, g, \s

Often, the elasticity of structures is characterized by the Poisson ratio vs (vs < % for compressible materials)
and the Young modulus Ey. The relationship to the Lamé coefficients s and A, is given by:

As s(As + 205
S e e "
O MR (e () o
Remark 4.74 (Signs of the solid material parameters). It can be shown that
Ey ps,Ae >0 and —1<v,<0.5.
Further calculations (e.g., [202]), yield the refined choice:
— 1<y <05, E,,us >0, Ag> —gus. (18)

3

As background we notice that Poisson’s ratio describes the ratio that a compressed material expands into the
two directions orthogonal to the compression direction. If vs — 0.5, an elastic material becomes incompressible.
For most materials 0.5 > vs > 0. Some polymers have negative vs; namely they become thicker when they are
stretched.

Proposition 4.75. For the parameter choice (18), the elasticity tensor (aijkl)gjkl for an isotropic material is
positive definite for symmetric strain tensors.
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4.6.4 Hyperelastic materials

There is a huge body of literature concerned with general laws of hyperelasticity [40, 57, 147, 155] from
which the St. Venant-Kirchhoff material is a special case. A material is called hyperelastic, and therefore
path-independent, when the applied work during a deformation process does only depend on the initial state
and the final configuration. In this case, there exists a potential, the stored strain energy function or elastic
potential per unit undeformed volume [147].

In more detail, hyperelastic materials are derived from a stored energy function (or also strain energy
function) W := W(ﬁ ) such that the stress can be obtained from the expression:

Definition 4.76.
ow

oF

With this definition, the total energy of a stationary system with volume forces f and traction forces g for
admissible deformations 7' can be written as:

:/AW(ﬁ)dxf/Aﬂfdxf/Ag'fds.
Q Q oN

Either this energy functional is now minimized for finding a stationary point of the functional, i.e,

ﬁ:

min E(T)

(following the physmal principle that each body tries to find its state of minimal energy). Or, by formally
differentiating E(T) with respect to T we obtain the Euler-Lagrange equations that correspond to the local
equlibrium equations from the previous sections.

Under certain assumptions (see [57, 147]), the stored energy can be expressed in terms of the right Cauchy-
Green strain tensor C such that W := W(a) = W(ﬁTﬁ) Then, the second Piola-Kirchhoff stress tensor

reads: SW
$(C)=2=—(C
(€) 80( ),

which can be under certain assumptions [57, 147] equivalently written as

W -~
YX(F) = —&=(B).
(E) 8E( )
Definition 4.77 (Homework). Show
5W ~ oW  ~
—=(C0) = —=(E).
80 OE

Having these preparations, the previously STVK material satisfies the stored energy:

Definition 4.78 (Stored energy W of the STVK material).
A~ N N
W(E) = 5(trE)2 + ptr(E?),  with C =1 +2E.

Then, L L R
S(E) = Mtr(E)I +2uE.

An particularely interesting application of the stored energy is for materials with large strains (recall that
STVK does not satisfy this property); namely

~

W(F) =00 asJ—0.

Physically-speaking, this property reflects the idea that infinite stresses are required to compress a continuum
body to a point with vanishing volume. However a major challenge of the mathematical investigation of W is
the fact that W is non-convex in general. Here, sophisticated tools (inter alia polyconvexity) from calculus of
variations are needed. Such topics go much behond the purpose of these lecture notes. For a nice introduction
to calculus of variations we refer the reader to [79].
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4.6.5 Incompressible materials

In solid mechanics the incompressibility of a material (no change in volume) is expressed through

Definition 4.79 (Incompressible solids).

J=1
In all other cases for positive J> 0, the material is called compressible.

A relation to incompressible fluids can be found in Section 4.7.3. Constraints such as the incompressiblity
are referred to as internal constraints.

In order to formulate constitutive laws for incompressible materials, we work as in the case of fluid dynamics
and introduce a Lagrange multiplier p;. As the notation indicates this variable is linked to a pressure and more
specifically p is the so-called hydrostatic pressure. The two simplest constitutive for incompressible, isotropic

laws are®:

Remark 4.80 (Incompressible materials: neo-Hookean (INH), Mooney-Rivlin (IMR)[185, 215-217]).

>

S( ) = _ﬁsj+NsFF_T7
o) = =pod + FFT 4 pp TR

S

(19)

M ™D

M ™MD

S

with the material coefficients ps > 0, u1 > 0 and p2 > 0. For instance, the IMR model is as well-known model
for incompressible rubber-like materials. Here, the shear modulus is j = p1 — pg. ©

Remark 4.81. A comparison of different nonlinear solid models with application in computational medicine
has been carried out in [180].

4.6.6 Nonlinearities in elasticity
We finally summarize possible nonlinearities that are associated with elasticity:

e Geometric nonlinearities in terms of 4: The strain £ is nonlinear because of C' which results in the terms

Vi - VT,

e The constitutive law might be nonlinear itself, e.g., stress tensors of the form S~ exp(E) (see for
example Fung [108]);

e Right hand side volume forces that are not dead loads;

e In the case of incompressible solids, the condition J =1 makes the system nonlinear.

4.7 Summarizing the equations for modeling fluids and solids

In preparation to couple fluids and solids in Section 6 let us summarize our findings from this chapter. As
previously mentioned we recapitulate that fluid flows are defined in the Eulerian domain 2 (i.e., ) and solid
deformations in the reference domain Q (i.e., ).

4.7.1 Fluid equations

In a Newtonian incompressible fluid, it holds:
1
of = of(vf,pf) :7pff+2pfl/fD(’Uf), D(Uf) = §(va+Vv?) (20)

with the velocity vy, the pressure py, the identity matrix I, the density ps, and the (kinematic) viscosity vy.

8Since the both models are based on the isotropic material assumption, the Rivlin-Ericksen theorem 4.61 holds true and the
final model depends at most on three independent invariants; see Section 3.13.
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Using the equations for momentum and continuity together with the Cauchy stress tensor, we obtain the
incompressible, isothermal Navier-Stokes equations:

POy + pp(vp - V)oy = 2div(psvpD(vy)) + Vpy = ppf, i QL el (21)
divoy =0, inQy,tel. (22)

These equations are supplemented by appropriate initial and boundary conditions. The initial conditions are
prescribed as
v(0) =vy in Q x {t =0}.

The first type of boundary conditions are Dirichlet conditions (a prescribed velocity):
vp=g onlyp C Iy,

with a given function g : I'yp x I — R?. Specifically, such conditions are prescribed on no-slip boundaries
and inflow boundaries:

Vf = VUin OIlFf,in
UfZO OnFﬁD.

No-slip boundaries might be rigid walls for example in modelling channel flow. We also notice that such a
Dirichlet condition is seen in the velocity domain on the interface I'; in the case of a fluid-structure interaction
setting, i.e.,

vy =vs onlj.

The second natural type are Neumann boundary conditions (applied stresses):
oy = h on Ff,N C 6Qf,

with a given vector-valued function h = h(z,t).

4.7.2 Solid equations

For (nonlinear) elasto-dynamics, we have: Find vector-valued displacements 4 : Q — R3 such that

psOFis — dlv( S)=psf, inQ, tel, (23)

with 3 := f]fTVK . This second-order (in time) equation is supplemented by appropriate initial conditions and
boundary conditions. Initial conditions:

45(0) = 4o in Q, x {t =0}
8(0) = in Q, x {t =0}
As for the fluid equations, we prescribe Dirichlet boundary conditions (fixing the displacements):
s =¢ on fS,D c 09,
where ¢ is a given function. We can also employ Neumann boundary condition (surface stresses):

FShy = J6,F Ths=h on fs,N C 8?25,

in which h is a given vector-valued function. Such a condition is seen from the structure side on the interface
in case of a fluid-structure interaction problem, i.e.,

ﬁifbs = —ja\fﬁ_Tﬁf on fi.

The body (or also volume) force on the right hand side is called a dead load if its density per unit volume in
Qis independent of a particular deformation T. An example is the gravity g.
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In the case of incompressible materials (for example INH), we have the following result:

ps020, — div(FS) = pof, inQ, tel, (24)

J=1, inQ, tel, (25)

with 3 := igN H In the momentum equation, we can calculate specifically

o~ o~

—div(FS) = —div(F(—pl + p FF~T)) = div(pF) — div(F(us FE~T)).

4.7.3 Incompressibility link between fluids and solids

Let us finally derive the relationship between incompressible fluids and solids. Recall:

V-v =0 for fluids J =1 for solids .

Since they represent the same physical mechanism; namely mass conservation, they should be the same! We
calculate:

\mz/jw N Qm:/Vwm.
a dt Q
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4.7.4 Summary of variables, parameters, and constitutive quantities including their units

SYMBOL QUANTITY UNITY

T Position m

t Time s

u Displacements m

Vu Gradient of displacements dimensionless

v Velocity m/s

Vv Gradient of the velocity / inner friction of fluids 1/s

Ov Acceleration (0¢v = 02,u) m/s?

v - Vv Fluid convection term m/ s>

D Pressure Pa = N/m? = kg/ms?
Vp Gradient of pressure Pa/m = N/m3 = kg/m?s?
F Deformation gradient dimensionless

J Determinant of ' dimensionless

n Normal vector m

c Right Cauchy-Green tensor dimensionless

E Green-Lagrange / Green-St. Venant strain tensor dimensionless

Elm Linearized Green-Lagrange / Green-St. Venant strain tensor dimensionless

I Identity matrix/tensor dimensionless

of Cauchy fluid stress tensor Pa = N/m? = kg/ms?
o-n Traction force Pam = N/m

p Density kg/m3

Wy Dynamic fluid viscosity / shear viscosity Pas

v Kinematic fluid viscosity m?2/s

Af Volume viscosity Pas

Re Reynolds number dimensionless

g Gravity N/kg = m/s?

I Force (such as gravity) N/kg = m/s>

f Density of applied body force (in N) in per unit volume: f = pf | N/m3 = kg/m?s2

Os Cauchy solid stress tensor Pa/ m?

s Lamé parameter / shear modulus Pa = N/m? = kg/ms?
©o Material coefficient for Money-Rivlin material Pa = N/m? = kg/ms?
As Lamé parameter Pa = N/m? = kg/ms?
K Bulk modulus: k = 1/3(3X + 2u) Pa = N/m? = kg/ms?
Vs Poisson’s ratio dimensionless

Ey Young’s modulus Pa = N/m? = kg/ms?
i First Piola-Kirchhoff stress tensor Pa/m?

b Second Piola-Kirchhoff stress tensor Pa/m?

w Strain energy density functional per unit volume J/m3 = N/m? = Pa

Table 1: Variables and parameters in SI-units (Eulerian description without ‘hats’ is used when both notations

are available).

Remark 4.82 (Dimension check to verify models and equations). We can easily check new mathematical

models and equations for describing physical phenomena while performing a dimension check.
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5. VARIATIONAL FORMULATIONS AND MATHEMATICAL ANALYSIS

5 Variational Formulations and Mathematical Analysis

In our three previous sections, we introduced notation and function spaces, mathematical tools (PDEs) and
derived the equations for fluids and solids (in strong form). In this section, we work with preparations in order
to

e derive the weak forms (separately for fluids and solids);
e establish several mathematical analysis results.

In fact, the first point is then further heavily used in the subsequent section in which fluid-structure interaction
is formulated by means of variational coupling techniques. We notice that the equations of equilibrium and
their associated weak (i.e., variational) formulations constitute the principle of virtual work? that is a well-
known terminology in mechanics.

5.1 Preliminaries to existence and uniqueness

As in general, establishing well-posedness of nonlinear problems is more diffucult than for linear problems. For
linear problems, one has for existence and uniquensse (for example)

e the Riesz representation theorem in Hilbert spaces (for symmetric bilinear forms); Theorem 3.44;
e the Lax-Milgram lemma (for symmetric and nonsymmetric bilinear forms); Theorem 3.42.

For nonlinear problems, we might work with combinations of the following key techniques:
e Galerkin methods: show first existence in a discrete setting and pass then to the limit;

e establishing a priori estimates to show boundedness of solutions; we know that bounded sequences (in
reflexive spaces) are weakly convergent; by (compact) embedding theorems, weak convergence then leads
to strong convergence in larger spaces;

e fixed-point theorems, such as Schauder-Tychonov;
e implicit and inverse function theorems.

Example 5.1 (Proofing existence). Let us illustrate these ideas by relating them to our problems:
o For Navier-Stokes, we use a combination of the first two techniques;

e For nonlinear elasticity, we use a Banach algebra structure and then work with the inverse function
theorem;

o For fluid-structure interaction, we work a priori estimates, weak convergence, Sobolew embeddings, and
the Schauder-Tychnonov fized-point theorem.

Remark 5.2 (Uniqueness). Uniqueness results often require small data assumptions; such as
o for fluids high viscosity, low Reynolds numbers, or small right-hand side forces;
e for solids simplifications to slightly nonlinear material behavior, or also small forces.

But we emphasize that this is not only a mathematical property but also of physical relevance: often fluid or
solid states in nature do exist to certain configurations, forces, and boundary data, but the response is not
unique.

9For a precise definition and differences between ‘principle of virtual work’ and ‘variational formulation’, the reader should
consult Ciarlet [57] (chapter 2, Theorem 2.4-1, Theorem 2.6-1 and the Remark on page 288). Additionally, a nice explanation
is provided by Rannacher [202].
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5.2 Weak formulations of Navier-Stokes

Problem 5.3 (Nonstationary Navier-Stokes). Find {vf,ps} € {vf +VP} x LG (for the definition of L} see
Definition 3.21) such that the initial data satisfy vy(0) = U?c, and for almost all time steps t € I holds:

pr(Owws, " )a; + pf (Uf : V”fﬂﬂv)gf
+(0'f,v'l/]’u)£2f - <O-fnf7,l/)U>Ff,N _pf(fa W))Qf =0 vwv € Vfo’ (26)
(V : ’Uf7¢p)ﬂf = O va € Loa

Problem 5.4 (Stationary Navier-Stokes). Find {vs,ps} € {vf +V{} x L} such that

pr(ve- Vg e') g,

+(Uf>vwv)9f - <0’fnf7wv>l—‘f71\7 - pf(fa W})Qf =0 V¢U S Vfoa (27)
(V- vp,9P)e, =0 Wy € L.

To formulate fluid-structure interaction in ALE coordinates, this fluid system is further modified as explained
in Section 6.3.3. Please bear in mind that we used the short-hand notation intoduced in Section 3.17 and
specifically Definition 3.26.

Remark 5.5 (At all times / a.e. all times 0 <t < T'). We often use the notation ‘for all times’

or ‘for almost all time steps’ or ‘a.e. all0 <t < T’. As alternative, we could have used the notation L*(I, X)
for time-dependent Sobolev spaces. Of course, on the discretized level, we compute at each (discrete) timestep
a solution to our problem. ©

Additionally, if v € L*(I,V}) the meaning of the initial data needs further explanation. It can be shown that
vy (see Temam [232], p. 253/254 and also Theorem 3.24 of these notes) is a.e. equal to an absolutely continuous
function. Consquently, any function satisfying the weak form from above together with v € L?(I, V;)) is a

continuous function from I to VJ? ! Therefore, the initial condition is well-defined. Finally, it is strongly
recommended to consult Section 3.16 for the convention of vector-valued spaces and notation.

5.2.1 Qutflow boundary conditions in channel flow - do-nothing

Let us go back to boundary conditions of the Navier-Stokes system and complement Section 4.7. The principal
question we want to address is that the domain of interest might be very large (i.e., unbounded) but needs
to be truncated for practical purposes in order to keep the computational cost reasonable; an illustration is
provided in Figure 12. The question that comes up is how and what kind of boundary conditions should be
described on I';,, and Ty ?

In the variational formulation of Problem 5.3, there is no explicit reference to any kind of additional boundary
condition. Let us concentrate on terms in the momentum equation that contribute to boundary integrals after
integrating by parts and suppose for the moment that the solution {u,p} is smooth enough. Finally, let us

work for the moment with the non-symmetric stress tensor'°:

(05, V" )a, = (=psl + pvVuy, V')a, = (pvVus, VY)a, — (ps, V- 9",

Let us now integrate by parts:

(pvVvp, V)a, — (s, V- 9", =/F vV -n —pnlds — (prAvg,¢*) + (Vp, ).

If we now do not prescribe any value on I'y,;, we deal with a homogeneous Neumann condition, which leads
to a natural boundary condition on the outflow boundary

pvVo-n—pn=0 on Iyy. (28)

10 The non-symmetric version is important here; but below in this section, we augment to the symmetric stress tensor. We also
refer to Section 5.2.3 for further comments on this subject.
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This condition has been investigated in detail in [142] and since it appears naturally in the variational formu-
lation it is called do-nothing condition because nothing needs to be done. Further discussions and references
can be found in [201].

I'tp
Tr — —00 Tr — 00
- Q -
I'tp
Iﬁma i:::——— g) E Iln#
I'tp

Figure 12: Truncation of an unbounded fluid domain and introducing artificial boundary conditions on I';,, and
I'out. Specifically, the do-nothing condition might be employed on I',,; in the case that Dirichlet
flow conditions are prescribed on I';,. If the model is driven by a pressure conditions on I';, the
do-nothing condition must be additionally used at this boundary.

Let us stay here for a moment and explain things in more detail. Usually (always!) the computational domain
for a simulation is truncated in order restrict attention to certain parts of interest and to save computational
burden. This truncation requires prescription of artificial boundary conditions. We remark that the the
do-nothing condition should be taken carefully as we now demonstrate for two situations:

e First, for more than one outlet there are problems because there is a second condition hidden that the
mean pressure is zero accross the outflow boundary:

/F pds = 0. (29)

This is a problem if a bifurcating channel with pipes of different length is considered and changes
significantly the flow pattern [201].

e Let us know come to a second (very) important remark and let us work with the (physically correct!)
symmetrized stress tensor such o; ~ (Vv + VoT) (respectively parameters and pressure). Then our
above calculation modifies to

(pV(V'Uf + V’U,Jl;% VW))Qf - (pfa V- ,(/)U)Qf
= / [ov(Vv + VvT) -n—pnlds — (pvV - (Vv + VUT),z/)”) + (Vp,¢?).
Tout

This modified version however does not anymore yield correct phyisical behavior as shown in the right
subfigure of Figure 13; namely a parabolic inflow profile in a channel with straight walls should lead
to a parabolic outflow profile. However the streamlines are curved outwards which is not correct. This
behavior can be ‘repeared’ by only imposing the ‘true do-nothing condition’ (28), which means rather
than having

pv(Vo+ Vo) -n—pn =0,

we should subtract the symmetric part

pvVu-n —pn = —pvVol - n.
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This means, everytime when we work with the symmetric stress tensor (in FSI always as we are learning)!
See also Section 5.2.3, Equation (32).) we need to add a boundary integral to our weak form:

- / vVl - nyv ds,
Cout

in order to produce a parabolic outflow profile of parabolic inflow (please observe now the left subfigure
of Figure 13).

Figure 13: Impact of the correction term on the outflow boundary I',,; using the do-nothing [142] condition
for Poiseuille flow. On top velocity streamlines are shown and on the bottom the corresponding
(linear) pressure profile. In order to get the ‘correct’ outflow profile using the symmetric stress
tensor, we need to subtract the symmetric part psvVo'ng on the outflow boundary. Otherwise
you get non-physical curved streamlines as displayed in the right figure on top or corresponding
pressure misbehaving (observed on right bottom). Additionally, the pressure is uniquely determined
and fixed (by zero) on I'y,; by condition (29), which is nicely demonstrated. Further examples and
serious consequences are shown in [42].

Remark 5.6 (do-nothing on the inflow boundary). If we prescribe on Ty, a pressure profile rather than Dirich-
let velocities, the do-nothing condition must be also applied to T';,. All previous remarks apply analogously.

Remark 5.7. The do-nothing condition implies a constant pressure on this boundary that might be not phys-
iological in bio-medical applications [98, 198]. Recent advances considering stability and well-posedness of
settings including the do-nothing conditions have been obtained in [42]. In particular, the authors propose a
modification, the directional do-nothing condition, that is necessary when out- and inflow on one boundary
part is involved.
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Remark 5.8 (Pressure normalization / filtering). We notice that the pressure appears only in form of a
gradient in the Navier-Stokes equations. If the outflow boundary oy = 0, the condition (29) is not implicitly
contained since the do-nothing condition does not appear. In this case, the pressure mormalization must be
explicitly enforced, i.e., the global mean value is zero

/ pdx = 0. (30)
Q
Then, the corresponding pressure space should be L3 = L?/R rather than L*.

5.2.2 Further remarks on flow boundary conditions and illustrations with numerical simulations

Despite the fact that we have advertised the do-nothing condition in Section 5.2.1, this is not the only choice.
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Figure 14: Lid-driven cavity configuration with elasticity: setting (taken from [69, 211]), velocity profile and
deformation of the elastic body (in red). The last two figures are visualizations of a numerical FSI
simulation with a very smooth solid; ys = 0.5Pa and vs = 0.4 using the STVK model.

It is of course possible to set velocity Dirichlet conditions on the outflow boundary in addition to the
inflow. However, we have to be careful in nonstationary flow evolutions (oszillatory flow) in which the fluid
portion needs time to ‘travel’ from the inflow to the outflow. Here, the relation between inflow and outflow
Dirichlet velocities is not clear and must be carefully derived when intending to employ on both parts Dirichlet
conditions.

On the other hand, there are other examples in which the configuration is not channel such as the lid-driven
cavity problem as sketched in Figure 14. Here, we prescribe Dirichlet flow vo on the top boundary I'y and
no-slip (homogeneous Dirichlet) on the other boundaries T'y U I's. In this test case, the pressure has been
filtered using condition (30) since the pressure is only determined up to a constant.

5.2.2.1 Prescription of pressure conditions Alternatively to Dirichlet flow conditions, pressure conditions
(of Neumann type) can be prescribed on inflow and outflow in order to cause the fluid to move:

e Prescription of pressure conditions on I';, and I'yy¢:
pvVv-n —pn=—pvVol -n+ppn on Ty,
pvVv-n —pn = —pquT N+ poutn  on Loyt
e Test 1: p;,, = 2.0 and pyyr = 1.0;
e Test 2: p;;, = 1.0 and pyyr = 0.0;
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For clarification let us recapitulate the meaning of these conditions in the weak formulation:

Py Oy, U )a, + pr(vr - Vop, ¥%) g + (07, Vi¥)e,

—<—pVV’UT "Ny +pl’nnfa ¢U>Ff,in - <_pl/va i +p0utnf7wv>l—‘f,out - pf(fv Iljv)ﬂf =0 VW} € Vf(')v
(divoy,¥P)o, =0 VoP € L.

(31)

As illustrated in Figure 15, the flow fields are identical because the important property is the pressure difference
(which is the same p;;, — pour = 1 in both tests) and not the absolute values of the pressure. We recall that
only the pressure gradient appears in the Navier-Stokes equations and thus the pressure is determined up to

a constant.
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Figure 15: Prescription of pressure conditions on I';;, and I',y;. On the left Test 1 and on the right Test 2. The
corresponding flow fields are shown on the bottom. We emphasize that the flow fields are identical
because the important property is the pressure difference (which is the same p;, — poyr = 1 in both
tests) and not the absolute values of the pressure.

70



5. VARIATIONAL FORMULATIONS AND MATHEMATICAL ANALYSIS

5.2.2.2 Dirichlet inflow and do-nothing outflow

e Dirichlet fluid inflow v;;, on I'yy¢ and do-nothing on I'y,;.

Figure 16:

|

1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0

Poiseuille inflow for two different time steps of a numerical simulation. Choosing Dirichlet inflow v;,
on I'y,; and do-nothing on I',,; is a natural choice. Make a thought experiment and try to imagine
how one would describe known Dirichlet velocities on the outflow boundary. This is a priori nearly
impossible since the flow field changes over time. Of course, once the flow reaches a steady-state
pattern in this example, the outflow velocity is the same as the inflow. However, try to imagine

this for oscillating flow.

5.2.2.3 Limitation of standard do-nothing for pulsatile flow and possible modifications In channels with
elastic walls and pulsatile flow (for example a sinus-like inflow), pressure waves develop as illustrated in Figure

17.
Such a situation might arise using

as Dirichlet veloctity conditions.

In such situations, the standard do-
nothing condition offers an important
short-coming because it always normal-
izes the pressure to zero on I',,; as we
learned before. However, for pulsatile
flow the pressure wave is then reflected
on this boundary which is often not
desirable. Rather, we might be inter-
ested in letting going out this wave.
The sequence of time snapshots illus-
trate this in Figure 18. Such situations
are typical in hemodynamics for fluid-
wall interactions. Because the outer
walls are modeled as an elastic material
that is not fixed by Dirichlet boundary
conditions, pulse pressure waves prop-
agate with time. In fact, flow simu-
lations in a channel with rigid walls
do not induce such behavior. As ex-
plained previously, the pressure waves
have physical meaning; however, they
are reflected at the artificial boundaries
(T'jn and T'oyy) of the computational do-
main using standard boundary condi-
tions. These reflections comprise no
physics in general. Specifically, a larger
artery leads to greater pressure wave
propagation, and larger reflections at

Vin = sin(t) on Ty,

Figure 17: Numerical simulation of a pressure wave caused by pul-
satile Dirichlet inflow in a channel with elastic walls.

the artificial boundaries. From mathematical and physical point of view, it is a rather complex task to deter-
mine the proper boundary conditions and this subject has been investigated for several years. In particular,
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the standard do-nothing condition as introduced in Section 5.2.1 needs to be modified so that the pressure is
not always constrained to zero on I',y;.

The geometrical multiscale approach (introduced in [93, 96]), is often used to account for this deficiency.
With this method, higher-dimensional models (in 3D or 2D) are coupled with lower-dimensional models (in
0D or 1D). The reason to introduce such a coupling originates from the fact that modeling and simulation
are too difficult to perform for large systems such as for example, the entire human cardiovascular system.
However, because the local flow dynamics in a specific region (for instance inside a blood vessel) are related to
global flow dynamics ([98, 183, 198], and the many references cited therein). Consequently, their interaction
must not be neglected. Otherwise, only partial information can be extracted from the simulation and be used
for further analysis and application to real-life data.

In the following, we briefly recall the concept of defective boundary conditions that are well-known in the
blood flow community [97, 198]. Using defective boundary conditions, we deal with averaged data (i.e., the
mean velocity and the mean pressure instead of vector-like conditions as mentioned above). The mean pressure
on each free artificial section can be computed with help of

1
_1 / pds =P, ..(%).
‘Fin,out‘ Tin,out 1

The net flux condition reads:

/ vy -ny ds = Q(t).
Fin,out

The difficulty in those cases is to guarantee the well-posedness of the resulting system, which is done for a
special configuration in Heywood et al. [142].

NN\ NN

N N N =

Figure 18: Snapshots of time instances of a numerical simulations that illustrates a short-coming of the standard
do-nothing conditions. Pulsatile flow prescribed on I';;,, causes pressure waves that are reflected on
Iyt because the do-nothing condition normalizes the pressure to zero.

The geometrical multiscale approach was simplified in [157, 186] to a specific pressure condition on the
outflow boundary, i.e., by adding a constant mean pressure value at each time step to the zero mean pressure
from the do-nothing condition. This pressure correction is a so-called absorbing condition for the fluid problem,
that is applied on the artificial outflow boundary I'y, of the domain of interest.
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The absorbing condition can be derived from a 1D reduced model (see [157]) for the flow field and it is
computed in the reference configuration for each time step n =0,1,2,... by

Z_)n+1 ~ RQn on Fou‘m

where  is a mean value for the pressure, R (the resistance) is some constant with information on the geometry,
structural properties, and fluid properties [157].
The flux value Q™ of the velocity is measured on 'y, by:

Q":/A 0y ds, n=0,1,2,....
T

out

This condition accounts for global flow dynamics in the remaining parts of the cardiovascular system.

Remark 5.9 (Final comments on reflection of pressure waves on I'y,:). We finally notice that a complete
absorption of pressure waves is not necessarily physiological because backflow of waves can be induced by
bifurcations, for instance see [98, 186] or other ‘obstacles’ inside the artery. Consequently, this whole topic on
artificial boundary conditions is by far non-trivial.

5.2.2.4 Influence of boundary conditions on evaluation of quantities of interest =~ What is in most cases
the purpose of a model and its solutions? Well, we want to gain understanding of certain effects and more
specifically, we are interested in evaluating quantities of interest (or mathematically-speaking functionals of
interest). In solid mechanics, these are deflections and deformations: what is the displacement of a bridge
subject to weather (wind) or forces caused by trucks driving over it. In fluid mechanics, one is often interested
in evaluating surface forces such as drag and lift. What have these comments to do with boundary conditions?
In addition to our previous considerations, boundary conditions in numerical simulations can have significant
influence on quantities of interest - even when these functional evaluations are far away from the boundary.
Ideally, the domain should be infinitely large such that boundary conditions do not play a role. However, as
explained in the previous sections, this is in most case impossible to achieve. Thus, we have to take care that
the error in functionals caused by the boundary is sufficiently small. Let us illustrate these considerations with
an example: in channel flow with an elastic beam [150], we want to evaluate the tip-deflection of the beam
and also drag and lift forces acting on this beam and the hole. The questions is where to we cut the channel
in order to impose artificial boundary conditions. Taking the original FSI-1 benchmark configuration with
different channel lengths 5.0m, 2.5m, 1.5m and 1.0m!! leads to the results presented in Table 2 in which we
clearly see that some of the functionals depend significantly on the length of the channel. The original setting
in [150] had the length 2.5m.

Table 2: Dependence of functional evaluations on the length of the channel.

Length [ u,(A)[10~°] | u,(A)[10~%] | Drag | Lift
5.0 2.02 8.22 | 16.7 | 0.74
2.5 2.27 8.22 15.3 | 0.74
1.5 2.38 823 | 146 | 0.74
1.0 2.47 794 | 143 | 0.73

1 In the last computation displayed in the fourth row of Table 2, even the nonlinear solver for computing the numerical solution
had problems to converge.
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Figure 19: Velocity profile of the FSI 1 benchmark with different channel lengths to illustrate dependence of
functional evaluations on boundary conditions.

5.2.3 Symmetric versus non-symmetric Cauchy stress in Navier-Stokes

In Navier-Stokes formulations, we often find the non-symmetric version
o= —pl + psrVu.
This can be reasoned as follows. We have (respectively the pressure):
V.o ~V-(pv(Vo+ Vol)).
If py and v are constant, we obtain
V- (pr(Vo+ Vol)) = ppwV - (Vo + Vol) = psu(V - Vo + V- Vol') = prv(Av 4+ V - VoT).

The last term can be rewritten as (can be seen if we would write everything component wise and apply vector
calculus rules):
pvV - Vol = pwV(V - 0).

For incompressible fluids, because of V - v = 0, it yields

prvV(V -v) = 0.

=0

Consequently, the symmetric stress tensor could be replaced by the non-symmetric version. Here, we strongly
emphasize that
pr/V(V’U) =0,

does hold in the whole domain Q (as global average) and makes use of the divergence operator. Thus, its
restriction to a part of the boundary is in general not true,

arn ~ prv[Vo + Volln # prVon. (32)

which means that in fluid-structure interaction, where we need oyn on the interface, we cannot work with
this simplification. Possible consequences of symmetric versus non-symmetric Cauchy stress tensors on non-
Dirichlet boundary parts are discussed in Section 5.2.1.

5.3 Existence, regularity and stability of Navier-Stokes

5.3.1 Existence of stationary Navier-Stokes

Theorem 5.10 ([202, 232]). The stationary Navier-Stokes Problem 5.4 with homoegeneous Dirichlet boundary
conditions on 9 has a solution {v,p} € VJP x Ly for all Reynolds numbers Re. The solution is unique for

sufficiently small data czz/]?QHfHHq < 1, where ¢? is linked to the continuity of the convection term.
Proof. The outline of the proof is as follows:

e Eliminate the pressure such that we can work (in appropriate spaces!!!) with

pr(v-Vo,u') g +(Vo, VYo, = ps(f,4")a, =0 V admissible ¢, (33)
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e Use the Galerkin method and construct an approximate (discrete) solution;
pf (U - va,z/f“)ﬂf + (VUm, VY )a, — ps(f,9")o, =0 form =1,2,3,....

e Proof existence of the approximate system;
e Derive an a priori estimate that makes use of the special structure of the convection term; namely:
(u-Vo,w) = (v,V(vw)) — (u- Vw,v) = —(V - u,vw) — (u - Vw,v) = —(u - Vw,v). (34)
Setting v = w yields (u - Vv,v) = 0. Then, setting ¢» = v in the weak form yields the a priori estimate:
voll? + (v Vo,0) = (£,0),

which is because of (34),
vlol* = (f,v) < [ fllv-

o,
and therefore )
vl < Zlifllv-

Consequently, v is bounded in V.

Use the boundedness to justify weak convergence of a subsequence v,y — v in V.

Because of the compact embedding V < L2, we infer v, — v in L2. It remains to show that this does
also hold for the convection term; i.e., (Vp - VUp,¥) = (v- Vo, ).

Pass to the limit m’ — oo:

V(Von, Vi) + (Un - Vg, ) = (f,9) = v(Vo, Vi) + (v Vo,9) = (f,¢)

Go back to the pressure and show that existence and uniqueness of pressure p € L? can be established
(uses a result of de Rham from distribution theory). The existence of the pressure and its stability are
obtained via the inf-sup condition:

Proposition 5.11 (inf-sup condition). For each linear functional I(-) on Hg with the property l(¢) = 0
for ¢ € Hay, == {p € H} : V- ¢ = 0}, there exists a unique function p € L(J)c such that

(p.V-9) =1p) Vo€ Hy.
Furthermore, to each function p € L(}, there exists a v € H} with
p=V-uv, [[Vo| <~lpl,

with a constant v that is independent of p. Finally, it yields the stability estimate (i.e., the continuous
inf-sup condition):

inf sup | >y >0.

ety SR el TV
Proof. See for example Rannacher [202]. O

e Show finally uniqueness of velocities in which we compare two different solution v; and vy of the Navier-
Stokes problem and use again the a priori estimate together with the special structure of the convection
term to obtain (after some calculations):

2

vlor = va]* < 2oy = valPorll < = Fllv-lfor = val?
form which follows: )
(v = Z17llv- )llew =2l < 0.
Using now the uniquenss condition ciuf_2\|f||H71 < 1, we observe that in this case ||jv; — v2|| = 0, i.e.,

V1 = V2.
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e Full proofs can be found in [118, 202, 232].

Proposition 5.12 (Homework). Show that the semi-linear form of Navier-Stokes is non-symmetric.

5.3.2 Regularity of fluid equations
Problem 5.13 ([232], p. 190). Let ff and 6? be given by
fre LALHYQy), o} e L)
Find: vy € LQ(I;Hl(ﬁf)) such that the standard Navier-Stokes equations (as defined, e.g., by Temam [232])
are solved with the initial data 0¢(0) = @?c.

Theorem 3.1 in [232] shows that at least one solution to the previous defined problem exists, i.e., it holds
bp € L3I, H (Qy)).
The main consequence for fluid-structure interaction is that oy € H'/ 2(IA))

5.3.3 Stability of solutions for stationary Navier-Stokes

This section connects the previous theoretical findings with physical observations and addresses the question
when stationary flow becomes nonstationary. The presentation follows [202].

Definition 5.14 (Exponential stability). Let w be the perturbation of v — U where v is the solution to the
stationary NSE problem and v the solution to the monstarionary NSE problem. Then, exponential stability

means:
lw(®)l| ~ e~*l|gv’]l, ¢ >0,

where 6v° is a small perturbation from the divergence-free Stokes space.

Proposition 5.15 (Hydrodynamical stability). A solution v to the stationary Navier-Stokes problem on a
domain Q with Dirichlet conditions on OS2 is exponentially stable if

ciuf_1||v|| <1 de, v fllg— <1
Proof. See Rannacher [202], p. 128. O

Remark 5.16. We observe that the condition which guaranteed uniqueness of the stationary Navier-Stokes
problem also leads to hydrodynamical stability of solutions.

5.4 Weak formulations of elasticity

Problem 5.17. Find . € V = H} such that the initial data satisfy 4(0) = io € VO and 6(0) = ¢ € L? and
(070.9) + (FE,V9) = (f.¢) Yo eV,

for a.e. all times 0 <t < T. Furthermore, 0yti € L? and 0?4 € H™! for a.e. all times 0 <t <T.

Problem 5.18 (Mixed formulation - first order system in time). Find @ € VO = H} and © € L? with the
initial data 4(0) = g and ©(0) = ¥y such that
(010,8) + (FE,V9) = (f.¢) VpeV
(O —0,%) =0 Vx € L?

<>

for a.e. all times 0 <t <T. Furthmore, 9?1 € H™! for a.e. all times 0 <t <T.
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Problem 5.19 (Stationary elasticity). Find @ € VO = H} such that
(FE.Ve) = (f.0) vpeV?
"

Problem 5.20 (Stationary linearized elasticity). Find & € VO = H} such that

(Zin, VP) = (£,0) Vo eV,
where R R o
Yiin = 2uEin + MrEy;, 1.
It remains to justify two things at this moment:
e How are initial conditions prescribed in L2?
e How is the weak formulation related to the strong form?

With regard to the first remark, the initial conditions are justified with the help of Theorem 3.24 that has been
already used to justify initial conditions in the Navier-Stokes equations. As an example for the correspondance
between weak form und strong equations, let us justify the weak form of Problem 5.20:

Proposition 5.21. Let the following linear boundary value problem be given:

V- (Sun)=f inQ, (35)
@=0 ondQp, (36)
Siinh =3¢ on 0. (37)

Finding a solution u of this strong form is formally equivalent to finding a solution of Problem 5.20.

Proof. We employ Green’s formula for any sufficiently smooth tensor field 3 and vector field , we obtain

/V~§~¢d§c:7/§):§ﬁd:%+/ iﬁ@dé:f/flzﬁlmdidr/ Sh - @ds.
Q Q o0y Q BIOJN;

The last equal sign is justified with linear algebra arguments, i.e., for a symmetric matrix A is holds:

Definition 5.22 (Proof is homework).
1
A:B=A: 5(B+BT).

Furthermore, on the boundary part o0 p the vector field ¢ vanishes by definition. Thus, the first direction
is shown. Conversely, we now assume that the variational equations are satisfied; namely,

/ﬁ:%d@:/j-@d:@
Q Q

if » =0 on all 992. By Green’s formula we now obtain

/i:%d@:— V- Sdi.

0 a

Putting both pieces together and taking into account that the integrals do hold on arbitrary volumes yields
V.S = f in Q.

Considering now the Neumann boundary, we use again Green’s formula to see

/ iﬁ.¢ds=/ §ds.

This holds for arbitrary boundary parts 09 ~ such that $h = g can be inferred and concluded the second part
of the proof. O
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5.5 Existence, damping and regularity of elasticity
5.5.1 Existence of stationary linearized elasticity

A general existence theorem for time-dependent, fully nonlinear three-dimensional elasticity does not exist.
In order to approach such problems while learning novel techniques and apply results from analysis and
functional analysis, we first study a linearized problem. Even so that linearized elasticity is an elliptic problem
and has much in common with the scalar-valued Poisson problem, establishing existence and uniquenss for the
stationary version is a non-trivial task. Why? Let us work with Problem 5.20 in 3D and since this problem
is linear we aim to apply the Riesz representation theorem!? (or the Lax-Milgram lemma - see Theorem 3.42)
and need to check the assumptions:

e Determine in which space V we want to work;

e The form A(, ) is symmetric or non-symmetric

e The form A(@, @) is continuous bilinear w.r.t. to the norm of V;

e The bilinear form A(4, ) is V-elliptic;

e The right-hand side functional f is a continuous linear form.
The ingredients to check are:

e From which space must f be chosen such that it is continuous? (This leads to Sobolev embedding
theorems [57, 79]);

e How do we check the V-ellipticity? (This requires the famous Korn inequality as it is stated in a minute
below).

For proofing existence of linearized elasticity, we need to check as second contition the V-ellipticity which is
‘easy for scalar-valued problems’ but non-trivial in the case of vector-valued elasticity. The resulting inequalities
are named after Korn (1906):

Theorem 5.23 (1st Korn inequality). Let us assume displacement Dirichlet conditions on the entire boundary
0. For vector-fields & € H(Q)3 it holds:

Vil < CKorn”Elin(ﬂ)W
where Eyin (i) == 1 (Va, + Val) e L2(Q,).
Proof. See for example [43, 57, 202]. O

The more general form is as follows:

Theorem 5.24 (2nd Korn inequality). Let a part of the boundary of Neumann type, i.e., 0Qn # 0 and let the

entire boundary be of class C, or a polygon, or of Lipschitz-type. For vector-fields i € Hl(ﬁ)?’ and Elm €L?
it holds

. . =~ 1/2 . ~
||u5||H1(§s) < CKorn(|us|iz(ﬁs) + |Elzn|iz(ﬁg)) vus S Hl(Qs)y
and a positive constant Cx and secondly,

2 )1/2

u— (l'&SliQ(ﬁS) + |Elin|L2(§s)

is a norm that is equivalent to || - || g1 -

12 Here, A(4,9) = (ilm, ) is symmetric and the Riesz representation 3.44 is sufficient for existence and unigeness!
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Theorem 5.25 (Existence of a weak solution of linearized elasticity ). Let QCR? andTp >0 and Ty >0
Dirichlet and Neumann boundary respectively. Let the Lamé constants be > 0 and X\ > 0 and f € L%%(Q)

and § € LY3(Ty) be given. Furthermore, let
Vi={peH' () ¢=0o0nTp}

Then, there exists a unique element U € V such that

A, ¢) =F(@) VpeV.
Here, the bilinear form and the right hand side functional are given by

A, @) = (Siin, V), and F($) = (£, 8) + (4, 9),

where the linearized STVK model is given by

ilm = 2MElm + )\trElmf.
The function § is a prescribed traction condition on fN; namely:

[20Ein + MrEn I f = §

Proof. The proof is as follows:

e Continuity of the right hand side functional F(-). In order to apply Holder’s inequality, we first
check the correct Sobolev embedding:

H = W'2 < [P with — — o
p* d

=

for m < %. Since we work in 3D, d = 3. Furthermore, m = 1,p = 2 in W"P?. It can be inferred that
consequently, p* = 6. For the continuity of F', we calculate with Holder’s inequality:

(£ @) < 1Fllp N2 la=s

where 1 + 1 = 1. Since, ¢ = 6, this yields p = £, i.e., f € L%/5. In the same spirit, we obtain § € L*/3
while additionally employing the trace inequality. Let us verify this claim: From trace theorems, e.g.,
[57], p- 280, we know that for 1 < p < oo we have

tre LW, L7) & ||l <cll - s,
with p% = % — (dil)(pp%l) if 1 <p<d. As before and still, d = 3. This means 1 < p < 2. Of course we
want to work again with W12, p = 2. Then,
1 1 1 p—1 1 1 2—1 1
e I 1 S el S T S Al
p* p (d=1)" p 2 (3-1) 2 4

Consequently, p* = 4. Let us estimate with Holder’s inequality and the trace theorem:

/f gpds < ||§||Lq(f*N)H¢HL4(fN) < ||Q||Lq(fN)||¢||W1,2(Q)-
N

In order to be able to apply Holder’s inequality we need to find the correct ¢. This is now easy with
1 1 4
-—+-=1 =q=-.
P oq 3

Consequently, § € L*/3.
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e Symmetry of A(4, ). Let us now verify if A(4, @) is symmetric:

A, @) = (Stin, V@) = (2uE1n (@) + Mtr(Eyin ()], Eyin(9))
= 2 Ein (@), Etin (@) + Mtr(Epin (@)1, Erin($))
= 20 Evin (@), Etin (1)) + Mtr(Epin(@))1, Eyin (1))
= (2uE1in(9) + Mr(Eyin(2)1, Byin (@)
= A(p,a).

Here, we used the relation defined in Definition 5.22.

e Continuity of A(u, ). We need to show that
|A(d, @) < cllallg [[fllm Vi, ¢ in V.
Let us start with the definition and apply first Cauchy’s inequality:

|A(a7 (ﬁ)' | zlznav§0>| - | len;Elzn( ))

~ 1/2
/ Sal?) / Bin(@)?)

1/2
/‘QNElzn +AtT(Elln /|El1n .

We use ||tr(Elm(ﬁ))f|| < ||Elin(@)|| and |E(a)|rz < c||t||g1, where the latter one specifically holds for
all & € H'. Then,

AP < ([ 120 @) + Nr (Brin @) ([ Bunt)
< ([ 120Biin (@) + N @) )”2 ( / Buo) "
<C/‘7 /|Elzn| /| lm 1/2

= c(p, M| E(@)]|z> [E()[ >
< cillafl g ([l

e V-ellipticity. First, we observe that
A, 1) = (20Ein (@) + Mr(Eyin (@)1, Biin (@) > (200E1i(0), Etin (@) = 201 Epin| 2
because p, A > 0. The V-ellipticity can be inferred if we can show that on the space Vso, the semi-norm
— \Ezml 12

is a norm that is equivalant to || - || g:. To do so, we proceed in two steps. We now employ the 2nd Korn
inequality (first step), see Theorem 5.24. In detail: if I'p > 0 and ¢ > 0 a given constant such that (the
second step)

¢l < |Euinlrz <l va e HY(Q),

i.c., on V, the mapping u — |E\lm\ is norm equivalent to ||@||;. (This techniquality requires a seperate
proof!)

e Apply Riesz. Having proven that A is symmetric, continuous and V-elliptic as well as that F' is linear
continuous, we have checked all assumptions of the Riesz representation Theorem 3.44 and consequently,
a unique solution 4 € V does exist.

For further discussions, the reader might consult Ciarlet [57]. O
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Remark 5.26. The linearized existence is essential for prooving the nonlinear STVK boundary value problem
in Section 5.5.2.

Remark 5.27. Since this elasticity problem is symmetric, the problem can be also interpreted from the en-
ergy minimization standpoint as outlined in Theorem 3.44. In this respect, the weak form considered here
corresponds to the first-order necessary condition, i.e., the weak form of the Fuler-Lagrange equations.

5.5.2 An existence theorem for the stationary, geometrically-nonlinear STVK solid model

Let us consider the following model in this section:
e The nonlinear STVK model from Definition 4.71, as constitutive law;
e Displacement Dirichlet conditions on the whole boundary;
e The stationary momentum equation
e Enough regularity of the boundary 9f2.

Since the resulting PDE is nonlinear (due to the nonlinear STVK model), the proof requires more sophisticated
ideas than linearized elasticity as we had in Section 5.5.1.

Theorem 5.28 ([57]). Let Q C R3 and 09 of class C2. Then, for each p > 3 there exists a neighborhood F,,
of the origin in the space LP()) and a neighborhood V. of the origin in the space

VP(Q) :={v € W?P(Q)|v =0 on 09},
such that for each right hand side f € Frps, the boundary value problem
L(a) = ~div(FS) = f
with the (nonlinear) STVK model, defined in 4.71 as constitutive law, has exactly one solution 4 € Vyy.
Remark 5.29. The corresponding weak form of L(G) := fﬁ(ﬁf}) = f can be found in Problem 5.19.

Proof. The outline of the proof is as follows:

e since the operator L(+) is nonlinear, we use the Banach algebra property in order to determine the image
space to work with;

e Having the image space, we check the assumptions of the inverse function theorem in order to establish
a locally invertible mapping;

e Within the inverse function theorem, the crucial assumption to be checked is if the derivative L’ is an
isomporphism (here we apply the closed graph theorem from functional analysis). We observe that the
derivative L’ solves the linearized elasticity problem that we studied in Section 5.5.1.

For p > 3, the Sobolev space WP (SA)) is a Banach algebra (i.e., a product of two W™ ? functions also belongs
to WP and [|40||mp < cl|@)lmpllO]lm,p if mp > d). Consequently, the nonlinear operator L(-) maps the
space W?2P ((AZ) into the space L? ((AZ) Furthermore, this operator is infinitely differentiable between these two
spaces because it is a combination of continuous linear, bilinear, and trilinear mappings !> and therefore, all
derivatives of order 4 and higher vanish:

L~ FS ~ F(Va)? ~ (Va)?,
which yields necessarily L*) = 0. Next, f = 0 yields & = 0 (which is obvious). Our goal is to apply the

implicit function theorem in order to show that L is locally invertible in a neighborhood of the origin in
VP x LP. Let us check the assumptions for which all are evident except that we need to check the derivative L’

13Recall fluid’s convection term (u - Vv, w) that is mathematically also a trilinear mapping.
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is an isomorphism between the spaces VP and LP. Here, we now compute the Fréchet derivative in direction
ot, i.e.,

L/(60)(@) = —div(F' (50)S(u) + FS' (51))

I
L
)

(VaS(u) + (I + Va)(2u(Véa + Vel +VeaT - val +vaTl - Veal)
+ Mr(Véa+ VeaT +veaT - vaT +vaT - veal))).

In the orgin 4 = 0, we obtain

L' (62)(0) = —div(1(2u(Véa + VoaT) + Atr(Voa + VéaT)))
= —div(2u(Véa + VoaT) + Mr(Vea + VoaT))

= —(i;V(ZUElm + )\trElinI)v

which is presicely the operator of linearized elasticity defined in Problem 5.20. Since 99 is of class C™
regularity theory can be applied as follows. For f € LP p > 3, the linearized problem has exactly one solution
@ € HYQ) N W?2P(Q). Therefore, the continuous linear operator L'(64)(0) : VP — LP is bijective. From
this, we know that the inverse is continuous. Using the closed graph theorem (functional analysis, for example
[248])), a continuous, bijective, linear operator between two Banach spaces is an isomorphism, i.e., its inverse is
also continuous [248](Satz IV.4.4 and Theorem IV .4.5). Consequently, all assumptions of the implicit function
theorem are satisfied and the nonlinear problem has exactly one solution in a neighborhood of the origin. [

5.5.3 Damping terms in the solid

L icxt

Elastic structure Structure with damping

Figure 20: Ilustration of a configuration and control points for applying damped solid equations.

Before we consider the regularity of the solid equations, we extend the previously-derived equations. For
mathematical and physical reasons, it might be desirable to introduce damping terms.

Example 5.30 (Physical reason for damping terms). As example, consider the harmonic oscillator, vibrations
or simply a pendular that we let oscillating (remember your physics classes). This pendular will stop at a finite
time - otherwise we would have created the famous perpetual motion machine. Correct physical modeling of
this process, consequently, requires introducing damping terms (i.e., friction terms). ©
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Example 5.31 (Mathematical point of view). Damping terms introduce higher regularity into the solid solu-
tions. We see later that this is important in the mathematical analysis of fluid-structure interaction. ©

The modified structure problem including damping terms
reads:

ps02ity — AiV(FE(as)) + Yuwrtts — 150pdiv(é(as)) = psfs  (39)

in Q,, tel, (40)

with 7,7, > 0. The first damping term is referred to as weak
damping whereas the second damping term is called strong damp-
ing. Using strong damping, the full operator is used for damping,
leading to an additional condition on the interface (because of
integration by parts) that has to be considered for the coupling
with fluids. Assuming that temporal and spatial differentiation
can be changed, we obtain for strong damping;:

10

0y div(é(iis)) = —7sdiv(e(dyits)) = —sdiv(e(ds)), ; a : ; 0

with s = Ostis. The change of temporal and spatial differentia-
tion is invalid for nonlinear strong damping, where we could have
been used the full nonlinear operator, i.e.,

Figure 21: Damped elastic equations are
employed in x > 6 as a PML-
approach to absorb outgoing

_ vsﬁtcfi:/(ﬁfl(ﬂs)) % —’yscfi:/(ﬁi(f)s)). (41) elastic waves in the elastic walls.

Such damping strategies have been employed in computational
fluid-structure interaction as a perfectly-matched layer (PML) [32] approach to absorb outgoing elastic waves
in elastic-wall-fluid-flap simulations [250] as illustrated in Figure 21.

Next, we pose a standard mixed formulation of the structure equations,

POty — AV(FS (1)) + Yuds — 15 div(e(s)) = psfs in Q, t €1, (42)
ps(Optiy — D) =0 in €y, tel, (43)

where €(0s) is defined by
~f A 1 = ~ < AT
é(vs) = i(Vvs + Vo, ). (44)
The modified structure problem (43) reduces to the original problem (23) when the damping parameters are
set to v, =75 = 0.
Problem 5.32 (First order system in time weak formulation of elasticity including damping). Find 4 € V =
H} and © € L* with the initial data 4(0) = 4o and 9(0) = 9y such that
(28, 9) + (FZ, Vo) + 7 (Bits ) + 75 (0:(85), Vi) = (fo0) Vo€V (45)
Oyt —,x) =0 Vo€ L? (46)

for a.e. all times 0 <t < T. Furthmore, 0?1 € H™' for a.e. all times 0 <t < T.

Remark 5.33. Using strong damping requires modification of the continuity of normal stresses at the FSI-
interface.

Remark 5.34 (Alternative to obtain higher regularity). Similar to elliptic and parabolic equations if we assume
higher reqularity on data and the domain, we obtain higher regularity on the solid solution. For details, I refer
to PDE analysis textbooks, e.g., Section 7.2 in [T9].
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5.5.4 Regularity of (linear) solid equations
Problem 5.35 ([128], p. 351). Let f, € L*(I, L2(Q,). Find
s € LA(I,HY QL)) and b, = dyiiy € L2(I, L3(Q)),
such that the hyperbolic structure equations
i, — Ay = f in I x €,
Qs =0 on I x 00,
are solved with the initial data is(0) = 42 and 95(0) = 00.

In Grossmann and Roos [128], Theorem 5.6 tells us that this problem has a unique solution. The regularity
of that solution is given by

G, € L*(I,HY(Q,)) and 6, = dyits € L*(I, L*(Qy)).

Consequently, we cannot expect 0, € H'/? (ﬁs) Thus, the FSI velocity coupling condition (54) is only formally
valid. For this reason, we assumed a priori enough regularity of the hyperbolic structure equations. This was
also observed (and resolved) in theoretically-oriented articles with focus on proofs of existence of fluid-structure
interaction problems [8, 61, 62, 156] 4.

The lack of solid-regularity can be resolved by using a vanishing viscosity approach (that acts on the velocity
variables) to the structure equations. This coincides with the terms introduced in Equation (39).

To analyze the regularity of structural deformations in more detail, we consider the following hyperbolic
equation with weak damping and linear strong damping.

Problem 5.36 ([112]). Let f, be sufficient regular. Let v, > 0 and v, > —7vsA1, where Ay is the first eigenvalue
of the —A operator under homogeneous Dirichlet boundary conditions. Find

@, € LX(I,HN (W) and 6, = dyity € L2(1, L2(9)),
such that the hyperbolic structure equations with weak and strong damping
iy — Adig + Yodyits — Vedi Adig = fo  in T x €y,
g =0 onIxaﬁs,
are solved with the initial data 1s(0) = 42 and 95(0) = 2.

For example, in the work from Gazzola and Squassina [112], the first statement on p. 189 explains that this
problem has a unique solution. In particular, the regularity of 0, is given by

by = dyits € L2(I, HH (),

for arbitrary v, > 0; hence, 0, € H'/ 2(1q2) Thus, linear strong damping provides more regularity of the
solution, specifically for 05, such that the coupling FSI condition (54) holds true. We finally notice that we
only consider regularity properties of linear structure equations. Thus, typical nonlinearities of the structural
operators are neglected.

141n this sense, we would like to point to two other important contributions analyzing FSI from the theoretical point of view:
[231] investigate time-dependent FSI flow-elastic-shell coupling with small displacements; and [125] existence of a stationary
FSI problem formulated in ALE coordinates.
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5.5.5 Additional regularity of (stationary) elasticity

Let us close this chapter by briefly accounting for additional regularity of stationary elasticity.

Pure Dirichlet displacement problems: if 8@5 = fD, the solution s possesses additional regularity
provided that data and the boundary do so:

m>0:TpeCm™2 feWm? = g, Wmtp
Pure Neumann problems (traction):
m>0: fN c om+2 f EW™P §e Wlf(l/p)’p(fN) =  q, € Wt

Mixed Dirichlet and Neumann conditions: Above results only hold true if the closures of the two sets
I'p and I'y do not intersect;

In all other cases, the weak solution still possesses interior regularity but lacks regularity at the inter-
secting points where the boundary conditions change their type.

Example 5.37. The latter condition constitutes indeed a challenge in fluid-structure interaction since different
boundary conditions intersect on T'p,T'n and T;. For this reason, in [264], we assumed that the solid is
completely contained (as a ball for example) in the fluid such that F never touches FD .f and never FD s

I'p

o
\J

T =Ty

Figure 22: Intersection of different boundaries of Dirichlet and Neumann type. Here, the solution lacks addi-

tional regularity.

Remark 5.38. Further literature and references on the intersection of boundaries and their reqularity can be
found in Ciarlet [57], p.298.
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6 Fluid-Structure Interaction Modeling

In Section 4, we have prepared ourselves with modeling of physics in terms of conservation laws and partial
differential equations. In this section, we shall couple these equations into one common framework. The
principal challenges are listed in Challenge 2.3. We discuss different coupling algorithms and concentrate on
two of them on which I have been working in the last few years.

The procedure of FSI-coupling is as follows: Let us say, we are given fluid equations in Eulerian coordinates
and solid equations in a Lagrangian framework. The first questions we need to pose are:

e How to we couple or combine the coordinate systems?

e Once we decided for a technique, we further ask ourselves which amount of information needs to be
transferred to the other problem; i.e, do we need weak or strong coupling? This question might be
posed from an application viewpoint but also from a mathematical perspective (as example to the
latter aspect: a consistent Galerkin formulation for gradient-based sensitivity analysis would require a
monolithic coupling).

e Can we establish a under certain conditions priori estimates, or even well-posedness?

This information guides us through the discretization and the solution algorithm. We particularly focus on
consistent variational-monolithic coupling.

6.1 Techniques for coupling fluids and solids

In this first subsection, we provide an overview of possible coupling techniques.

6.1.1 Choosing frameworks for the coupled fluid-solid system

e Immersed boundary (IB) method:

References [139, 195].

This method was specifically designed for applications in hemodynamics and heart valve simulations.
It keeps the Eulerian and Lagrangian coordinate systems and the coupling is achieved by a Dirac delta
function that can be seen as a momentum forcing source term of the fluid equations. Consequently, the
discretization uses two different meshes. Temporal discretization can be carried out with finite difference
schemes such as first-order backward Euler or higher-order Runge-Kutta. Closely related is the immersed
finite element method [273].

e Immersed structural potential method:
References: [117].
As the name indicates, this method is related to the IB method. Since numerical diffusion is a challenge
in the original IB-method the current method mainly tries to reduce these errors. In addition, it allows
to employ state-of-the-art fiber-reinforced solid models.

¢ Fictious domain method (FD):
References: [9, 119-121].
As in immersed boundary methods, two meshes (possibly nonmatching) are used and the kinematic
coupling condition is imposed with Lagrange multipliers and possibly with mortar coupling. Again, the
fluid is treated in the Eulerian framework and the solid in Lagrangian coordinates.

e Arbitrary Lagrangian-Eulerian (ALE):
References: [31, 67, 100, 145, 154, 192].
The ALE method is perhaps the oldest approach. Here, Eulerian and Lagrangian frameworks are com-
bined without changing the mesh topology. One needs to solve or prescribe the mesh movement of the
fluid mesh. Difficult for large deformations if no remeshing is used. The key advantage is that the
interface aligns with mesh edges and interface-terms such as traction forces can be computed with high
accuracy.
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e Fixed mesh ALE (FM-ALE):
References: [59].
Here, an ALE approach is used in which at each time step, the problem is projected on a fixed background
mesh. In other words: in each time step remeshing is performed. The method was in particular developed
for solid mechanics with large strains in which the elements stretch.

e Universal mesh method:
References: [111].
This method has similarities to the FM-ALE method and tries again to combine advantages from Eulerian
and Lagrangian representations. In particular, large deformations are possible. The key difference to
FM-ALE is that during temporal integration element splitting as in FM-ALE is avoided.

e Hybrid level-set/front-tracking approach:
References: [20].
The idea behind this approach is similar to the universal mesh method: roughly-speaking, Eulerian
and Lagrangian frameworks are combined. A level-set approach (interface-capturing) method is used to
detect the interface, then the mesh nodes are shifted in order to align the interface with mesh edges.

e Fully Eulerian FSI:
References: [69, 210].
This approach belongs to the fixed-mesh interface-capturing!'® approaches but in contrast to IB and FD
methods, solid mechanics is formulated in terms of Eulerian coordinates. Therefore, the coupled system
can be computed on a single mesh. Coupling is achieved by a variational monolithic formulation. As
in the previous methods, the interface is first captured (here with the initial-point set method rather
than a level-set approach). For the cut-cells a locally modified FEM method has been proposed and is
currently under further development [102, 207].

e Discontinuous Galerkin (DG):
References: [85, 129, 130, 134, 247].
A specific proposed a method is by [247] in which again the fluid is kept in Eulerian coordinates and the
solid is modeled in a Lagrangian setting. This specific formulation is closely related to the IB method.
Application to standard ALE schemes is straightforward and performed in [129, 130]. In [85, 134],
compressible Navier-Stokes equations in ALE form are coupled with solid mechanics.

¢ XFEM /GFEM fixed-grid approach, Eulerian-Lagrangian coupling with level-sets, mortar
coupling
References: [116, 140, 173, 246].
The key idea is to compute the fluid in an Eulerian framework and to couple it to the Lagrangian
structure. The interface (again) cuts the mesh cells and is not anymore aligned with mesh faces. In
order to represent jumps of the velocity, pressure and stress fields, the extended/generalized finite element
(XFEM/GFEM) scheme is used. Recently, it has been shown that both approaches are equivalent [107].
The approach is that the shape functions are enriched by using additional degrees of freedom together
with special enrichment functions that are designed according to the solution form (its characteristics
are generally known). Mortar coupling [116] and mortar with domain decomposition [140] allow for non-
matching meshes on the interface. A Lagrange multiplier is introduced to satisfy the coupling conditions.

e Isogeometric analysis (IGA):
References: [21, 152].
In IGA, the test and ansatz functions are not anymore polynomials but splines: e.g., non-uniform rational
B-Splines. The main purpose of IGA is to combine geometry representation and discretization. In par-
ticular, higher order discretization require less degrees of freedom (for example for C! implementations)
as a standard finite element model.

e Deforming spatial domain/stabilized space-time (DSD/SST):
References: [233, 234]:

15An interface-capturing method implicitly represents the interface which is typically immersed in the (fixed) computational
domain. In contrast to interface-tracking approaches, the accuracy is however less accurate.
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This method is an interface-tracking method and moves the mesh similar to an ALE approach. The
problem is written in terms of a space-time discretization rather than splitting into spatial Galerkin
finite elements combined with finite differences in time (Rothe method or the other way around method
of lines).

e Lattice Boltzmann (LBM):
References: [169, 170].
Lattice Boltzmann methods have been introduced for computational fluid dynamics simulations. Rather
than using continuum mechanics equations, the fluid is represented by particles on a so-called lattice
mesh. Has been successfully applied for fluid-structure interaction.

e The particle finite element method (PFEM):
References: [193].
The PFEM method is based on a particle representation in which both continua (fluid and solid) are
modeled in Lagrangian coordinates. The nodes (the particles) are connected in order to build a mesh
that serves as computational domain. The resulting triangulation can be used for a finite element
discretization. The method is capable to treat large deformations and free surface problems (e.g. water
waves). Again, this approach has been successfully applied for fluid-structure interaction.

In addition to the primer coupling techniques, we briefly mention examples of hybrid techniques that couple
two of the primal techniques in different parts of the domain:

e IB-Lattice Boltzmann for solving fluid-particle interaction problems [86];

e FD-ALE: [131, 220];

e Fluid-solid interface-tracking/interface-capturing technique (MITICT - FSITICT) |3, 237];
e Coupling of fully-Eulerian/ALE (EALE) - FSITICT [254, 257].

6.1.2 Combining the underlying frameworks: FSI coupling algorithms
The key question we have to pose is:
e Do we satisfy the energy balance on the interface:
Uf = U,
Jo F~Thy = FS g,

at each time step?

Fluid Fluid Fluid
Structure Structure Structure
=t " [
Fluid Fluid Fluid
e T e T e S
Structure Structure Structure
tn—1 tn gnt1

Figure 23: Monolithic and paritioned coupling of FSI. In monolithic coupling, the coupled system is solved
all-at-once whereas in the paritioned scheme subiterations are required to enforce the force balance
on the interface.
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Several algorithms have been proposed and they can be roughly divided into the following concepts (see also
[88] or [91]):

e Strongly-coupled (or implicit) schemes preserve the coupling conditions after time discretization. Mono-
lithic methods are strongly-coupled by construction or partitioned approaches with several subiterations
between both subsystems.

e Weakly-coupled (or loosely, explicit, staggered) schemes do not ‘exactly’ satisfy the coupling conditions
in each time step. Partitioned approaches with few subiterations are weakly-coupled. Famous examples
where these algorithms have been applied are problems in aero-elasticity.

e Semi-implicit schemes, e.g. [6, 7, 12, 89], are a comprise of the previous two schemes with respect to
computational cost and stability.

e Coupling via an optimization algorithm [163].

Remark 6.1 (Added-mass effect [55, 245]). In several studies it has been shown that weakly-coupled schemes
introduce instabilities when both densities such as in hemodynamic problems are of similar order; consequently,
strongly-coupled schemes are required. In fact, it can be shown that certain explicit schemes are unconditionally
unstable [55]. Roughly speaking, weak coupling is sufficient in most cases if the density ratio is large:

Strong coupling is required if

This is only a rough idea and in [55] is has also been shown that the added-mass effect depends on the geometry
of the domain. Consequently for all details we refer to that work. Various stabilization techniques have been
investigated to make weakly-coupled schemes stable [53, 89, 109, 175, 245]. ©

It is very important to notice that all coupling schemes have their justification. In particular, partitioned
schemes are often preferred in engineering because (for example):

e For decades a fluid flow code has been developed in a group, which is now intended to be coupled with
other equations (such as solids). Here, it is much easier to extend the existing code by coupling explicitly
via a partitioned algorithm;

e Due to too many equations or physical laws, derivation and implementation of monolithic schemes is a
big challenge 16;

e Partitioned schemes allow to employ sophisticated solvers for each subproblem without taking care of
cross-coupling terms that arise in monolithic schemes;

e In several applications (e.g., aero-elasticity in which the solid density is much larger than the fluid density;
see added-mass effect) and explicit schemes might work well with sufficient accuracy and robustness.

Reasons for monolithic techniques are:

1. High accuracy of coupling conditions;

2. Numerical stability and implicit discretizations (e.g., in FSI - added-mass effect);
3. Consistent numerical modeling/solution of gradient-based optimization; a

4. Counsistent numerical modeling/solution of dual-weighted error estimation;

5. Space-time formulations.

16See for example coupling of elasticity and multi-phase flow in subsurface modeling and geomechanics. Here, a famous partitioned
scheme is called fixed-stress splitting [181, 224|. However, in those applications a typical FSI-difficulty does a priori not appear
that the equations are formulated in different parts of the domain.
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6.1.3 Regularity of interface coupling in fluid-structure

Apart from practical aspects, there are some theoretical findings that should be taken into account:

e The regularity gap between vy € H !and vy € L?. Might be overcome by backward difference discretiza-
tion of vg [163]. Or by a viscosity method by adding additional viscous terms to the structure equation
[61, 62, 156]. Basically, if we add structural damping (might be also physically taking place; and refer
to our discussion in Section 5.5.4), we obtain higher spatial regularity for v,.

6.2 Lagrangian, Eulerian, ALE

As we learned in Section 4, Eulerian and Lagrangian approaches are the classical ways to describe problems
in continuum mechanics. The so-called arbitrary-Eulerian-Lagrangian (ALE) approach is an intermediate
method to overcome some of the shortcomings of the Eulerian and Lagrangian frameworks as we described
above. Despite possible drawbacks (mesh degeneration for large deformations; mesh tangling, mesh racing),
we focus on this approach in the following sections. The reasons are:

e It is one of the oldest and possibly (still) most widely-used algorithms.
e It is relatively easy to implement.

e It is an interface-tracking approach in which the interface is aligned with mesh edges at all times and
allows for a sharp and accurate representation of the interface. Thus, this approach allows for accurate
measurements of quantities of interest on the interface as for instance traction forces.

e [t combines Lagrangian and Eulerian coordinate systems and we naturally learn to work with the trans-
formation rules from continuum mechanics (see Chapter 4), which are (partially) indispensable for other
(but younger) approaches.

e Implemented correctly (which is always assumed), it is an efficient, robust, and accurate method in terms
of a single consistent variational form and therefore allows for trustable extensions towards sensitivity
analysis and optimization '7 In this respect, our view in these lecture notes is directed to classical
numerical topics such as convergence studies, stability, and error estimation.

Let us recapitulate:

e Lagrangian methods: mainly designed for problems in structural mechanics, allows easy tracking of
surfaces and interfaces between different materials, also appropriate for materials with history dependent
constitutive relations (such as plasticity); but has difficulties for problems with large mesh deformations;

e Eulerian methods: used in fluid mechanics, the mesh is fixed and the body moves with respect to the
mesh, consequently, mesh deformations do not appear here; but the interface is allowed to cut through
cells, which requires adapted discretization techniques in order to keep accuracy and robustness,

e ALE methods (between Lagrangian and Eulerian). We deal with two motions: first the physical motion
and the motion of the computational domain due to the moving interface T caused by the solid deforma-
tion. The mesh moves (in the extreme case as in an Lagrangian setting; on the other extreme: it is not
moved at all and we recover an Eulerian approach), this flexibility is the major advantage and specifically
for fluid-structure interaction it leads to moving meshes around the interface and a fixed mesh far away
(see Figure 26).

Generally-speaking the ALE approach tries to conserve mesh regularity and equidistribution (the optimal mesh
geometry) of mesh vertices while keeping the mesh topology. Essentially, we shall control size, shape, and ori-
entation of mesh cells. The location of new vertices or the velocity of mesh points is usually determined by
solving an additional partial differential equation: the moving mesh equation. In addition, a scalar (or vector)
valued monitor function is used to determine the optimal mesh vertices distribution. From the mathematical
viewpoint, the ALE-transformation maps one domain into another and are therefore linked to geometry as-
pects. Furthermore, they have common features with differential geometry (i.e., optimal transport) and mean
curvature flows.

17 This does not mean that the other approaches are not capable of doing this, but first we have to trust our forward solver before
we can go with adjoint formulations.
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6.3 ALE-FSI

In the present chapter, we discuss fluid-structure interaction problems in ALE coordinates. The ALE mapping
is defined by solving an additional partial differential equation, for which we present three possibilities. With
the help of this mapping, we realize the fluid mesh motion, which means to displace the vertices of the
computational domain (either explicitly or implicitly). Next, the coupled framework is described in terms of
a coupled fashion, leading to a variationally-coupled monolithic representation of fluid-structure interaction
in the reference configuration 2. Here, the domain movement is contained implicitly. Our terminology to
describe the monolithic approach is based on [69-71, 148, 149, 210].

6.3.1 Defining the ALE transformation
The idea of ALE - roughly speaking - is pretty simple:

Definition 6.2 (Rough idea of ALE and its definition using the concepts from continuum mechanics). As
learned in Section 6.2, ALE is an intermediate state in which the fluid domain is moved according to the solid.
This requires a mapping between the deformed state and a reference configuration. However, this is exactly
how we worked in Chapter 4 to introduce the concepts of continuum mechanics. In the following we are going
to use A:=T and recapitulate all definitions we already have had so far.

Figure 24: Defining the ALE transformation.

Firstly, we need to define the ALE transformation:
Definition 6.3. The ALE mapping is defined in terms of the fluid mesh displacement iy such that

A(@,t) - Qp x T — Qp,  with A(2,t) = & + a5 (2, t). (47)
It is specified through the deformation gradient and its determinant
F:=VA=1+Va, J:=det(F). (48)
Furthermore, function values in Fulerian and Lagrangian coordinates are identified by
up(x) =:ap(2), withx=A(z,t). (49)
The mesh wvelocity is defined by w = 8#1 stmilarly to atf defined in Equation (4). The mesh velocity is
numerically realized as w = OA = %u?l, where the fluid mesh displacements are computed with the help of

an additional PDE (the so-called mesh motion or MMPDE); we refer the reader to the Sections 6.4 and 6.5. ©
To formulate FSI in ALE coordinates, there are two possible ways presented in the literature:
Definition 6.4. Fluid-structure interaction in ALE coordinates can be realized in two ways:

o ALEy,, (explicit mesh moving): the fluid equations are computed on the deformed configuration Q and
the mesh is moved explicitely.

o ALEf$ (implicit mesh moving): all fluid equations are tmnsformed onto the fized reference configuration
Q and the mesh movement is ‘hidden’ in the transformations F and J.

In our work, we prefer this second possibility; namely ALE;,. Examples of computational domains of both
approaches are shown in Figure 26.
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6.3.2 The ALE time derivative

The derivation of both approaches follows the same rules that we sketch in the following. Let us briefly explain
the relations between different time derivatives for different frameworks (such as the Lagrangian, the Eulerian,
and the ALE frameworks). In a Lagrangian setting, the total and the partial derivatives coincide:

di f(Z,t) = Ouf (2,1).

In an Eulerian framework, we find the following standard relation between the material time-derivative (the
total time derivative) d;f and the partial time derivative 0 f:

dtf(x7t) =v- v.f + atf(x7t)a

where the additional term v - Vf is referred to as a transport term. In an analogous fashion, we extend this
concept to define the

Definition 6.5 (ALE time derivative). Taking the Definition 4.11, the ALE time derivative is defined as

étf(x’t) = 8t|Af(x7t) :’LU'Vf—‘ratf(l‘,t), (50)

where the transport term appears due to the motion of the computational domain. Moreover (see additionally
Figure 25),

e In a Lagrangian description, we have w = v, i.e., the domain is moving with the fluid velocity v;
e In a fized Eulerian setting, it holds w = 0, i.e., the domain is fized.

e In ALFE, we have 0 < w < wv. Later we will see that v = w at the FSI-interface fz and a bit away, we
have 0 < w < v, while far away w = 0 (the mesh is not moving anymore). Thus, in ALE, depending on
the location in the domain, we use both Eulerian and Lagrangian frameworks with a smooth transition
between them.
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Intermediate sub-domain where mesh moves with O<w<v,

0 . 407 I
0.30- i !
0.207
0.10- | — =

— T 1

ols 1.0 1.5 2.0

Lagrangian-type sub-domain where mesh moves with v=w.

0.407 ==
0.307 =
0.205 ‘
0.10] - S em=m=
b  —
0.5 1.0 1.5 2.0

Eulerian-type sub-domain where mesh does not move, i.e., v=0.

Figure 25: Explanation of the ALE-approach with the help of snapshots at two different times of a FSI-
simulation: consequences of the mesh velocity w on the domain (mesh) movement. In regions
where w = 0 the domain does not move and is fixed. The solid and the interface fi both move with
w = v. In between (green arrows) the domain moves with 0 < w < v. A zoom-in to better localize
the solid is provided in Figure 26. In summary: using ALE, the transition between Lagrangian
parts and Eulerian parts occurs automatically and is covered by the formulation; see also Section
6.3.3 how the ALE-idea is represented in the Navier-Stokes equations.

The ALE time-derivative has important ramifications for the numerical discretization of ALE equations; for

a deeper discussion, we refer to [97], p. 88 and [94, 95].
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Figure 26: Comparison computational domains for two time steps between the ALE s, and ALEy,. In ALE ¢,

all computations are done in the same fixed reference domain 0 (left). In particular, a specific
cell remains all times the same material (here, an elastic structure in red), i.e., Q and € are
time-independent. The mesh movement is hidden in the transformation F and J. The physical
(current) ALE domain (¢) including the mesh movement is displayed in on the right, which also
corresponds to the computational domain of the ALEy,,, approach. As explained, using ALEg,,, the
mesh is moved explicitely such that the fluid is still computed in an Eulerian-like fashion. Figures
partially taken from [254].
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6.3.3 Navier-Stokes in ALE coordinates

6.3.3.1 Navier-Stokes in ALE;,, coordinates Inserting now the ALE time derivative into the Navier-Stokes
equations, we obtain:

Problem 6.6 (ALEg, fluid problem). Find
ve,pry € {vP + VO x LY such that the initial data satisfy v;(0) = v%, and for almost all time steps t € 1
£y Frvy f ! I
holds:
pi(Oiop, 0" )a, + py((vp —w) - Vor,9%) g

+(Uf7V1/)U)Qf - <Ufnf7vwv>rf,NUFi - pf(fa ,(/)U)Qf =0 VWJ € V797 (51)
(divvy,P)a, =0 VP € LY,

with the Cauchy stress tensor
of = —pgl +2psvp D(vy) = —pl + psvp(Voy + Voi),
and a correction term on the outflow boundary ([142]):
g:i= —pfusv? on Ty n =T ou.
Remark 6.7. We observe in Problem 6.6 that the standard Fulerian framework is recovered if w = 0.

This is now the place in which ALE;, and ALEg, differ. Working with ALEg,,, we keep the above
equations and solve these equations on the current domain €2 with appropriate discretization of the ALE time
derivatives!®:

A 1 ~ o
Oy = E(Uf — U}L Lo Ar=to (AM)h).

Here, we work with an ALE map A which is defined from the previous time step t,,_1 to the the present time
step t,. Thus, the reference configuration at time step t,, is denoted by Q". Moreover, v" € Q" is used as an
approximation to v(t,), which is transported from Q" to any other configuration ! (for I # n) through the
ALE map ([188]): R o

-An,l = A O.Agl.

On the other hand, in ALE;,, we use the fundamental theorem of calculus [161] in higher dimensions, and
we obtain the Navier-Stokes equations on a fixed domain. This formulation introduces additional geometric
nonlinearities in the equations (rather than in terms of the mesh) and they are formulated in terms of F' and
J.

Remark 6.8. Reading the literature, it seems that more people use ALEy,, to formulate fluid-structure inter-
action problems. Of course, the equations look much nicer than introducing all transformation rules. However,
we want to emphasize that in our taste, the ALEy, approach follows the Lagrangian idea by transforming all
equations onto the refererence configuration leading to a consistent variational-monolithic coupling scheme.
From the computational viewpoint it is maybe just a matter of taste. ©

6.3.3.2 Navier-Stokes in ALE;, coordinates Let us know work with ALE;, and explain things in more
detail. In addition to the ALE-time derivative transformation, we map (and solve!) all equations to an
(arbitrary) reference configuration Q 7. Consequently, the realization of the mesh movement appears not any
more in the function spaces defined on moving domains, but now the function spaces are fixed and the domain
movement is introduced via the transformation rules F and J where J enters due to the transformation
theorem (real analysis) and F because of re- writing derivatives as explained in Section 4.1.1.

Using the concepts from continuum mechanics, it is clear how gradients and integrals are transformed to
the reference configuration. For the incompressibility condition, V - v = 0, the transformation is a bit tricky
and a property of the Piola transformation. It holds:

Jtr(VoF~1) =V - (JF19).

18Many thanks to my present colleague Huidong Yang for fruitful discussions!
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This is a rather surprising result since on the first view the right hand side should contain second-order
derivatives of the displacements @y. However, the calculation shows (e.g., component -wise) that second-order

derivatives cancel out and all regularlty requirements that be made on %y and F are still valid.
As before, the boundary of 0 ¢ is divided into three non-overlapping parts 00 F= r DU r N U 1"“ where
F, denotes later the interface and it coincides with T £~ in the case of pure fluid problems. We prescribe

4=4p, and ©=90p onlyp,

j/O'\fF\_TTAlf =g on fﬁN.
Let f)]’? a suitable extension of Dirichlet inflow data. Then, the variational form in Q ¢ reads:

Problem 6.9 (ALE/, fluid problem). Find
{07,057} € {0F + Vfo} X f/?e such that the initial data v7(0) = 0 are satisfied, and for almost all time steps
t € I holds:

pr(J0sbp, 0%)g, + ps(JE (05 — ) - Vg, %), + (Jo FT, Vi)
—(Jgr F i, g, = (JG E g s = (T fr ), =
(div(JF " 07,97)q, =0,

for all 1&” € Vfo and ’t[)p € LY, and with the transformed Cauchy stress tensor
Gy = —psl + 2055 D(65) = —pl + 2ppvp(VorF~t + PV, (52)

As before, gy accounts for (possible) Neumann data, for instance, a correction term for the do-nothing
outflow condition (see Figure 13 if this correction term is not applied):

ﬁf = —ﬁfufﬁ_T§’lA)}1 on ff,N = Tous- (53)

Remark 6.10 (Variational-monolithic coupling; see also Section 6.6). Coupling fluid flows with structural
deformations along an_interface ﬁ requires the fulfillment of two coupling conditions. Fluid flows require a
Dirichlet condition on I';, i.e., the continuity of the velocities is strongly enforced in the corresponding Sobolev
spaces. The structural problem is driven by the normal stresses that act on I'; caused by the fluid. These
normal stresses are achieved with the boundary term:

<ja'\fﬁ7T7¢Lf,1[JU>fi on I';.

Let us pause for a moment and have a closer look to the transformation of derivatives. With regard to
the stress term (Jo,F~T, V@Z)“)ﬁf there exist two equivalent derivations. We explain the situation for the
following problem:

—V.o(u)=f inQy,
u=0 on 00;.
As before, the weak form is obtained by multiplying with a test function and partial integration:

(=V-o(u),p)a = (f,0)a Ve Hi(Q),
= (o(u),Vo)a = (fip)a Ve Hy(),

Transforming to the reference domain Q requires two operations employing Theorem 3.41:

Vo = VF (2,9)0 = (J2,9)g,

97



6. FLUID-STRUCTURE INTERACTION MODELING

which yield for the above problem:

On the other hand, we can apply the Piola transformation to the strong-form operator and consider the weak
form directly in Q. That is:

_v : O'(’LL) = f7
= -V .(Je@FT)=Jf.

Since the strong-form operator is now already defined in the reference coordinates, we can formulate the weak
form immediately in Q:

6.3.4 On the regularity of the ALE mapping

Revisiting Chapter 4, we need C' regularity for the transformation map. In this section, we first recall the
findings from [94, 188] who gave conditions for the regularity of the ALE mapping as well as requirements to
transform functions between 2 and ).

Problem 6.11. The ALE mapping A has to be defined such that o € Hl( ) if and only if v = do A1 e HY(Q).
Using classical function spaces, a sufficient condition is that Aisa C'-diffeomorphism:
Aecl(@), A1teci®),
and R R
FeL>Q), FelL>*Q).

This requirement must be weakened because classical function spaces are inappropriate when approximate
solutions with help of a Galerkin finite element scheme are computed.

Proposition 6.12. Let Q be a bounded domain, with Cl1-boundary (see, e.g., [267]). Let A be invertible in
the closure of Q and there holds for each t € I the two conditions

e = A(ﬁ) is bounded and 0N is Lipschitz-continuous.
o Let Ac Wh(Q) and A~ e WL (0).
Then, v € H*() if and only if = v o Ae Hl((AZ) Moreover, the corresponding norms are equivalent.
For a proof of this Lemma, we refer to [188].

Remark 6.13 (Accessing the ALE mapping regularjty). As previously explained, as quantity to measure
the ALE regularity, we can consult the determinant J of the deformation gradient. In particular, J > 0 if
||ﬁf||W21p(§f;Rd) is sufficiently small, which implies A and A=1 € W1o°(Q; R¥*9); the reader is also referred to

Section 4.1.3). Furthermore, the more we bound J away from zero, the better the reqularity. In other words, all
mesh motion models aim to control J and try to bound this quantity away from zero. Here, it is clear from the
theoretical standpoint (and numerical tests displayed in Figure 28 confirm the theory) that biharmonic mesh
motion leads to higher regularity than harmonic or linear-elastic models. A computational analysis is provided
in Section 6.5.4. ©
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6.4 Interface coupling conditions

In this section, we state the interface coupling conditions for fluid-structure interaction. The coupling of the
fluid with the structure equations must satisfy three conditions:

e continuity of velocities;
e continuity of normal stresses;
e continuity of displacements (geometrical coupling of phyiscal solids and fluid mesh motion).

The first two conditions are of physical nature whereas the latter one has geometrical meaning. Mathematically,
the first and third condition can be classified as (non-homogeneous) Dirichlet conditions and the second
condition is a (non-homogeneous) Neumann condition.

Solid

ﬁif/v\ = 78,/“ Yi// on I';

= ug on I

vy = v, on I I';

" Fluid MMPDE

Figure 27: Illustration of the three coupling conditions on I'; (respectively its corresponding definition on the

fixed fz) vy is required to solve the fluid system, ﬁESﬁS is required for the solid system, and uy is
necessary for the MMPDE (fluid mesh motion).

6.4.0.1 Physical conditions: continuity of velocity and normal stresses The velocity field must be contin-
uous on the interface (which is a Dirichlet-like condition seen from the fluid side). Sufficient regularity for the
structure velocity is taken as assumption, such that this velocity can be given to the fluid problem. In detail,

we have
vy =v, only, (54)

ie.,
vp=w=uwvs onl}. (55)

To complete the structure problem, we must enforce the balance of the normal stresses on the interface:
J6;F Ths+FSa, =0 onT;. (56)
This condition corresponds to a Neumann-like boundary condition for the structure subsystem.

Remark 6.14. Condition (56) is formulated for the standard solid equation. Including strong damping of
solid equations; namely the term vsé(0s)ns brings us to

~

J6;F Ty + FSh, 4+ vsé(bs)s =0 on Ty, (57)

6.4.0.2 Geometric coupling (the third condition) The MMPDE problem requires as interface condition
that the displacements of the fluid mesh motion follow the solid:

Gy =, only, (58)

from which we obtain immediately w = 5 with temporal differentiation.
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Here, for fluid-structure interaction
based on the ‘arbitrary Lagrangian-
Eulerian’ framework (ALE), the choice
of appropriate a fluid mesh movement
PDE (MMPDE) is important in order
to guarantee J > 0. In order to move
the mesh and to determine the new lo-
cation of mesh vertices, an effective and
automated techique is based on solv-
ing an auxiliary PDE that keeps good
mesh quality. Often in these cases, an
additional elasticity equation is solved
[52, 225, 238]. For moderate deforma-
tions, one can pose an auxiliary Laplace
problem [48, 67, 266] that is known
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» tﬂﬁF‘ T

as harmonic mesh motion. More ad- 1 T T T — = T
vanced equations from linear elasticity 0.8 F Pseudo ea};?t?cqtlg _______ .
(including Jacobi-based stiffening) are 06 Lk Biharmonic 1st type bc ««+--=: J
also available [219, 238]. A compari- 2 oall Biharmenic 2nd type bg e |
son of such models has been performed € 0'2 i 5 i
in [272]. In Jacobi-based stiffening, : %

the resulting PDE becomes nonlinear.

Thirdly, we also use (for mesh mov- -0.2 : ' ' : : : :

. . . 0 2 4 6 8 10 12 14
ing) the fourth-order biharmonic equa- Ti

tion that others have studied for fluid ime

flows in ALE coordinates [138]. It was
also shown there, that using the bihar-
monic model provides greater freedom
in the choice of boundary and interface
conditions. In general, the biharmonic
mesh motion model leads to a smoother
mesh (and larger deformations of the
structure) compared to the mesh mo-
tion models based on second order par-
tial differential equations [251]. Al-
though the mesh behavior of the har-
monic and the biharmonic mesh motion
models were analyzed in [138] for dif-
ferent applications, we upgrade these
concepts to fluid-structure interaction
problems. Quantitative comparisons are shown in the Figure 28 (taken from [251]).

We define the ALE mapping in terms of the displacement variable, such that we obtain

Figure 28: Computational structure mechanics (CSM 4) test [251]
with harmonic and linear-elastic mesh motion models on
top. Both models lead to mesh distortion close to the lower
boundary. At the bottom, meshes using biharmonic mesh
motion are displayed, which perform significantly better
near the tip of the beam. In addition, we observe node-
clustering that is a typical result of mesh motion. In the
final figure, function plots of min(J) for the mesh motion
models of the CSM 4 test. Degeneration of mesh cells cor-
responds to negative values of J, arising in the first three
models.

(&) = A(2) — 2.

In the following, we discuss the three possible partial differential equations in detail, which can be used for
fluid mesh moving. In two dimensional configurations, the mesh moves in z- and y-direction, which allows us
to find a vector-valued artificial displacement variable
. L (1) ~(2) (3 . L (y) -
iy = (u; ),ugc ),u} )) = (ugcx),u;y),u}z)).

We need the single components of 4y below to apply different types of boundary conditions to the biharmonic

mesh motion model. In the following, the formal description of the first two mesh motion models coincides
and only differ in the definition of the stress tensors & esh-
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6.5 Mesh motion models (MMPDEs) for ALE-FSI

6.5.1 Mesh motion with a harmonic model

The simplest model is based on the harmonic equation, which reads in strong formulation:

*&i\v(&mcsh) = Oa (59)
iy =i, on Iy, (60)
;=0 on 80\ T}, (61)

with
Omesh — auVﬁf.

The monitor function o, := a,, (%) (for a solid equation, we would just call it diffusion parameter) is chosen
such that a good fluid mesh quality is guaranteed. The oldest idea steems from [266]. As second idea, we can
choose .

(%) = a+ bexp(—cd), (62)

with certain constants a,b,c > 0. The Euclidian distance of a point & to the interface ]."Z is denoted by
d = |& — F | . Another, even simpler, strategy was proposed by Tezduyar et al. [238], which was further
developed by Stein et al. [225]. They propose to choose as monitor function:

ay(2) = J 7 (63)

This choice works well because mesh cell distortion appears in the vicinity of F That means J N\, 0 near
F,, and consequently o, (&) > 0 near F By reason that high diffusion causes low mesh movement, the quality
of the fluid mesh is maintained. For a comparison of different choices of a, := (&), we refer to [251].

Remark 6.15. Using model (63) leads to a nonlinear equation for Gmesn since G is used to define J. o

6.5.2 Mesh motion with a linear elastic model

The equation of linear elasticity is formally based on the well-known momentum equations from structural
mechanics as introduced previously. In a steady-state regime, we obtain the following equation defining a
static equilibrium: -

—div(Omesh) =0, Uy =15 on ﬁ-, Uy =0 on aﬁf \ fi,

where Gpesh is formally equivalent to the STVK constitutive tensor in Equation (4.71). It is given by
6\'mesh =) (tl" Elzn)j + 2ap,Elin7 (64)

where Ej;, was defined in Definition 4.29. The mesh monitor parameters ay := oy (2) and ay, = a,() are
chosen in a way, such that a good fluid mesh quality is guaranteed. By virtue of (16), we compute « and
o, from the Young modulus Ey and the Poisson ration v,. Therefore, we choose Ey according to (62) or
(63). Further, we choose a negative Poisson ratio (recall that v5 € (—1,0.5]). Materials with negative Poisson
ratio belongs to auxetic materials and they become thinner in the perpendicular direction, when they are
compressed. This is a useful property for the evolution of the fluid mesh. We refer the reader again to [225]
(and references cited therein) for other choices of oy and «,.

6.5.3 Mesh motion with a biharmonic model

Using the biharmonic mesh model provides much more freedom in choosing boundary conditions [58, 138]. In
these notes, solving the biharmonic equation is introduced as a third possible fluid mesh deformation:

Au; =0 inQy, (65)
@y = iy and diy = i, on Ty, (66)
Gy =0ty =0 on &y (67)
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This model is considered in a mixed formulation in the sense of Ciarlet [58]. As before, a control parameter is
used to steer the mesh motion. Then, we deduce

if = —a,Aiy and  —a,Afjy = 0. (68)
It is more convenient to consider the single component functions u( ) ( ) and @ A(B)
A(l) —auAu(l) and — ozuAn(l) 0, (69)
77;2) = —auAu(z) and — auAn =0, (70)
ﬁf) = —auAugc ) and - ozuAn(S) . (71)

We utilize two types of boundary conditions. First, we pose the first type of boundary conditions (that
corresponds to conditions of a clamped plate)

i = 0,4 =0 on 9Q;\T;, fork=1,2,3. (72)

Second, we are concerned with a mixture of boundary conditions

iV = 9,0 =0 and Y =9, =0 on Ty UTou, 7
Uy Uy f f

( ) = 0 ;2) =0 and 77;2) = 8nﬁj("2) =0 onTya, on Ty UTou, (74)
’LAL;B = 8n’u,f3) =0 and 775‘3) == 6nﬁ§r3) =0 on fwalb (75)

which we call second type of boundary conditions. In particular, the conditions
A = 0.7 =0 on Ty Ulow, fork=1,2,3, (76)

mean, that a plate is left free along this boundary part. Using biharmonic mesh motion, we also must enforce
two conditions on the interface:

ay =i, and Opiy = Opis on T
Remark 6.16. Using the second type of boundary conditions in a rectangular domain where the coordinate
axes match the Cartesian coordinate system, leads to mesh movement only in the tangential direction. This
effect reduces mesh cell distortion because only the perpendicular directions of iy and 9y are constrained to
zero at the different parts of 02. The effects of these boundary conditions are examined in Figure 28

Remark 6.17 (Mixed system on non-convex domains). It has been shown in [274], that the solutions of
the biharmonic problem do not correspond (in general) to the mized system if the problem is considered on a
non-conver domain. This is exactly the case in our situations. However, we emphasize that the mesh motion
problem is an artificial problem and we are not interested in its accurate physical solution but rather in a
reasonable approximation in order to move the mesh. Recent findings from [114] confirm [274] and the authors
even outline that in some cases with re-entrant corners, there might be not even a solution to the mized problem.
However, numerical algorithms converge. ©

Remark 6.18 (Tolerance of the numerical solution). We notice again that the moving mesh equations are
auzxiliary equations to move the mesh. This means in particular, we are still mainly interested in the solution of
the physical equations (fluid and solid). Consequently, for the numerical solution of the mesh moving equations
a much lower tolerance can be employed for the nonlinear and/or linear solver. o
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Figure 29: Mesh tangling/degeneration in which the inner angle 180 degree opening (left) and mesh racing in
which solid mesh cells (in red) intersect illegally with fluid cells (in white) - right figure.

6.5.4 Computational analysis and comparison of three MMPDEs for the FSI-2 benchmark

6.5.4.1 The idea This section is motivated by [251] but all following results in this part have been recently
reported in [259]. We adopt the three previously discussed mesh motion models; namely nonlinear harmonic
and nonlinear elastic models and compare them with the (linear) biharmonic MMPDE. Of course, the bi-
harmonic equation is much more expensive to solve since either C'' continuous finite elements are required
or Ciarlet’s splitting into a first order system. However, in [251], it was never systematically analyzed that
the 4th order biharmonic equation is linear but the 2nd order models are, firstly, nonlinear, and secondly,
have worse regular ALE mappings. Consequently, it is a priori not clear if the biharmonic MMPDE is really
(always) inferior in terms of computational cost because the linear solve is indeed more expensive but it might
have less Newton steps per time step due to a better ALE regularity. To answer this key question, the present
study addresses:

e Computational analysis of the regularity of the ALE mapping (observing min(J));

e Observation of the number of Newton steps at each time step for (very) large deformations for a long-term
FSI computation;

e Relation of the ALE-regularity and number of Newton steps with conclusions on the total computational
cost for a serial programming code.

We emphasize that the findings of this study hold for a challenging FSI benchmark test FSI-2 [150] computed
on a relatively coarse mesh but more than thousand time steps. For other applications and configurations with
smaller solid deformations, less time steps and much finer grids, the results might differ significantly.

As three models in this study, we consult two nonlinear second-order models and a linear biharmonic
equation:

~div(Gumesn) =0 inQy, dy=1isonly, dp=0ondy, (77)
with
~harmonic __ Ay S o ~elastic __ E ) f E\ )
Omesh = =z V’LLf, Omesh — QX (tI‘ lin) + 2a;¢ lin (78)
and )
(07 Vs ~ ~ ~
a,, u - _ 5w , vs=-01, Eun,==(Viy+Vij).

=— «
201 +vs) T+l 2u)
Thirdly, the linear 4th-order biharmonic model reads:

au32ﬁf =0 in ﬁf, Uy = Uy and Oly = OUs on fi, Uy =0uy =0 on 8§f,

and a (small) constant «,, > 0 that is independent of ;.
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6.5.4.2 Numerical test: the FSI-2 benchmark [150] In this section, a numerical example shows that 4th-

order biharmonic mesh motion is not always more expensive than 2nd order MMPDEs.

(2.2,0.41)

@
ﬁ

A=(6.0,2.0)

Q

Configuration

The computational domain has length L. = 2.5m and height H = (0,0.41)
0.41m. The circle center is positioned at C = (0.2m,0.2m) with -
radius r = 0.05m. The elastic beam has length [ = 0.35m and height [
h = 0.02m. The right lower end is positioned at (0.6m,0.19m), and =
the left end is attached to the circle. =

Boundary conditions ©.0)

For the upper, lower, and left boundaries, the ‘no-slip’ conditions

I'p

(22,0)

for velocity and no zero displacement for structure are given. At Figure 30: Flow around cylinder with
elastic beam with circle-
center C' = (0.2,0.2) and ra-
dius r = 0.05.

the outlet T'yyy, the ‘do-nothing’ outflow condition [142] is imposed
leading to a zero mean value, i.e., ffompds of the pressure at this
part of the boundary.

A parabolic inflow velocity profile is given on Lin by

(H —y)

4 _
v, (0,y) = 1.50 -2 s U=1Loms™.

Initial conditions

For the non-steady tests one should start with a smooth increase of the velocity profile in time. We use

0,y)=2E0 it t<2.0s

t;0,y) = .
vy v) , otherwise.

The term v(0,y) is already explained above.
Quantities of comparison and their evaluation

1) The y-deflection of the beam at A(%).

2) The minimal J.

4) Total computational cost, total matrix assemblings and total linear solves.

Model and material Parameters
For the fluid we use o5 = 10%kgm ™3, vy = 1073m?s™ 1.
10%kgm =3, vy = 0.4, ps = 5% 10°kgm~'s~2. The Reynold’s number is

3

LV 0ax1

Re v 1073

= 100,

)
)

3) Number of Newton iterations for both low deformations and largest deformations.
)

The elastic structure is characterized by o5 =

where we choose the diameter of the cylinder as characteristic length, D = 2r = 0.1m. As characteristic
velocity, we take the mean velocity, V = %V(O7 H/2,t) where V is just the parabolic inflow profile from above

and evaluated in the middle H/2 with the highest velocity:

dy(H — H/2)

V =0p(0,H/2) = 15 x 1L0——

2

=15 = \7:1.5><V:§1.5:1.

The (absolute) Newton tolerance is chosen as 1078. The shifted Crank-Nicolson scheme [141, 200] is used
for time integration with a time step size & = 10725 and total time T' = 15 such that 1500 time steps are
computed. The initial mesh is one-time globally refined with 748 cells and 14740 (6248 + 6248 + 2244) degrees
of freedom for the second order models and 20988 (6248 + 6248 + 2244 + 6248) degrees of freedom for the
biharmonic MMPDE. The Jacobian matrix (left hand side of Newton’s method) is only build if the ratio

between the new newton residual and the previous one, is larger than 0.1.
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Programming code and computing machine
As programming code, the serial open-source code published in [256] has been employed for the biharmonic

MMPDE with four basic unknowns {9, p, @,7}. For the 2nd order models, this code has been modified for

solving second order models with three basic unknowns {0,p,a}. The examples were run on a Intel(R)
Core(TM) 15-3320M CPU 2.60GHz machine.
Discussion of the results

T L]

0.10 0.20 0.30 0.40 0.50 0.60 0.70

0.10 0.20 0.30 0.40 0.50 0.60 0.70

Figure 31: Velocity field and mesh deformation at two snapshots using the harmonic MMPDE. The displace-
ment extremum is displayed at left and a small deformation is shown at right. These two time
instances also refer to Table 3, where the respective Newton iterations are measured.
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Figure 32: Comparison of the u, for nonlinear harmonic, nonlinear elastic and linear biharmonic mesh motion.
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Figure 33: Comparison of the mesh regularity in terms of min(j ) for nonlinear harmonic, nonlinear elastic and
linear biharmonic mesh motion.

In our findings, we observe in Figure 32 that the u, displacements are similar. The mesh regularity becomes
better using a more sophisticated MMPDE as displayed in Figure 33. First, the nonlinear harmonic model is
still able to compute this test with a minimal J =0.045 compared to a twice better J =0.094 (using the elastic
MMPDE) and a 10 times better J = 0.445 using biharmonic mesh motion (see also Table 3). These differences
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are reflected in the number of Newton iterations which in the extremum points with largest solid deformations
are two times higher for the second order models compared to the biharmonic MMPDE. Assembling the
Jacobian matrix is almost three times higher using the second order models. The total computational cost
differs slightly between the second order models (here the nonlinear elastic model performs worst because of
additional nonlinearities compared to harmonic mesh motion) and is approximately around 94 CPU time (see
Table 3). The biharmonic MMPDE performs better with a total CPU time of 7.25h. Our findings indicate
that for this FSI benchmark, the biharmonic mesh motion model is competitive due to better regularity of the
ALE mapping and less Newton iterations despite higher cost in each linear solve.

Table 3: Comparison of Newton iterations, the minimal J , number of assembling the Jacobian, solving the
linear system, and the total computational cost.

Harmonic Elastic | Biharmonic

Newton iter (extremum; Fig. 31 (left)) 39 39 17
Newton iter (small deform.; Fig. 31 (right)) 9 9 8
min(.J) 0.045 0.094 0.445

Assembling the Jacobian matrix (total no.) 18893 18357 6746
Solve linear system (total no.) 20987 20457 10747
Computational cost (total CPU time) || 3.183 x 10*s | 3.304 x 10*s | 2.609 x 10*s

In conclusion, we found that biharmonic mesh motion for ALE-FSI has competitive computational cost for
long-term simulations with many time steps. Using biharmonic mesh motion, the higher fluid-mesh regularity
for large solid deformations does lead to much less Newton iterations per time step and consequently the higher
cost in the linear solver is compensated. On the other hand, for moderate deformations, it is still absolutely
sufficient to use a (linear) second order mesh motion model rather than a 4th order equation.

6.6 Variational-monolithic coupling

Before we state the coupled FSI problem, let us briefly recapitulate our philosophy for coupling. In these notes,
we aim for a consistent variational-monolithic coupling scheme in which we need all equations defined in the
same domain; therefore, ALEf, was introduced. In variational monolithic coupling, Neumann-like interface
conditions, like the continuity of normal stresses are fulfilled exactly in a weak sense on the continuous level:

(J6;F Thg, o) + (FShe, ©) =0 Yo eV, (79)

and they are realized through interface integrals (but actually disappear in the later models because of their
contiuity in the weak (variational) sense).

Remark 6.19. Using strong damping leads to the modified interface condition:

(J6;FTivg, @) + (FEng, @) + (1:6(0:)0a, ) =0 ¥ €V, (80)
The continuity of flow conditions,
Uf = Vs,
and the geometric coupling
Uf = Us,

are incorporated directly in the Sobolev spaces as usually done for Dirichlet conditions:

VfA = {0y € Hy () : 95 = 05 on T},

Q
Vf,a = {ay € Hy(Qy

): Gy =45 on fl}
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6.6.1 A variational-monolithic FSI-formulation using ALE,

With the previous preparations at hand, in this section, we define the monolithically coupled fluid-structure
interaction problems employing the ALE;, approach. Thus, we define the setting in a fixed domain and
formulate the equations in a fashion that can be used in a straightforward way for the implementation.
The coupled strong problem (with the fluid equations defined in a moving domain 2) can be formulated as
illustrated previously, see [97], p. 120-121, and [21]. The corresponding weak formulations have also been
derived elsewhere [21, 186].

The definitions of the fully coupled problems include three (or four) types of nonlinearities that are divided
into two groups:

e The physical nonlinearities includes the convection term for the fluid;
e and the nonlinear structure model;
e an additional nonlinearity induced by the ALE transformation is a so-called geometric nonlinearity;
e and possibly a fourth condition in case of a nonlinear MMPDE if () = 1/.J.
In order to derive the weak form a the FSI model, we now put our different pieces together:

Definition 6.20 (Collecting all pieces for variational-monolithic FSI in ALE;;). To build the FSI model, we
use:

Fluid momentum and mass conservation: the weak form of Navier-Stokes in ALE¢,; namely Problem
6.9;

e Solid momentum in mized form: the weak form of elasticity Problem 5.18; possibly with damping terms
as defined in Problem 5.32;

e Solid volume conservation: only in the case of incompressible solids;

o [luid mesh motion: the weak form (Gpeshs @@“)ﬁf of one of the second-order MMPDEs or alternatively
a fourth-order MMPDE from Section 6.5.

Then, the weak form of the coupled FSI model reads:

Problem 6.21 (ALE;, FSI with harmonic and linear-elastic mesh motion). Find
{0f, Ds, i, s, ro st € {0P + VP } x Ly x {aR + VP } x (P + VO x LY x LY, such that 64(0) = ©9, ,(0) = 47,
ar(0) = 12(}, and 15(0) = 40 are satisfied, and for almost all time steps t € I holds:

S

Fluid momentum A~ ~ 1 R
(psr0s, V%), + (FS,Vi¥)g.
—|—’}/w(’ﬁs,¢”)ﬁs + 78(6(@8)7 VW)QS - (ﬁsfsa¢v)ﬁs =0 WJU € VS()?

Fluid mesh motion{ (CTmeshs @;{;“)ﬁf =0 WZ’“ € Vfﬁ £

Solid momentum, 1st eq.

Solid momentum, 2nd eq. { Ds(Ortis — ﬁsﬂ/}“)ﬁs =0 V?ZJ“ € L,
Fluid mass conservation{ (gi?}(jﬁ_lﬁf),z/sp)ﬁf =0 YyPe L9,

Solid volume conservation{ (155,1/317)@5 =0 Vz/}p € I:&

with pf, Ps, Vi, Ps; As, ﬁ, and J as defined before. The stress tensors G, i, and Gpesn are defined in the
Equations (52), (19), (4.71), and in (77) and (64), respectively. The pressure-related quantity in the last
equation is determined by P=J-1 (volume conserving), using incompressible materials, such as the INH
or the IMR material. In the case of the STVK material, the last term is not present.
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Recall that we use the mixed form of the wave equation, for this reason we have a decomposition of the
momentum equation into two subequations.
The previous problem can be formulated in terms of semi-linear forms that allow later for compact notation:

Problem 6.22 (ALE;, FSI with harmonic and linear-elastic mesh motlon) Find
U= {vf,vs,uf,ué,pf Ps} € XD = {vf + va} X Ly x {uf + Vfu} x {aP + VO x L0 x L9, such that
07(0) = 9%, 05(0) = 0, 07 (0) = 4%, and 45(0) = 4Y are satisfied, and for almost all time steps t € I holds:

| A (D)D) = (Fps0idy, 370, + (s J(E (57 = 0) - 9)0y). "),
Fluid momentum e BT S . T S 0
HUBFT,90)s, ~ {50005, — (0T i), =0 Wi eV,
Solid momentum, 1st e (U)(w”) (6. 0, " )Ag (FE VW))
I a8, 4 1a(E(0), V), — (furi?g, =0 VT E TP,
Fluid mesh motion{ Az(D) (™) = (Grmesh, §1ﬁu)§f =0 Ve Vﬁ af

Solid momentum, 2nd eq. { Ag(U)(W™) = ps(Bytig — @S,z/;“)ﬁs =0 Wi e L,
Fluid mass conservation{ As(U)(4pP) = (dw(JF ),zﬂp)ﬁf =0 Vore L9,
Solid volume conservation{ Ag(U)(4?) = (PS,W’)@S =0 Wyre L

Consequently, we can write in short form: Find U € )/féj such that 0¢(0) = f}?c, 05(0) = 09,

5(0) = 4° are satisfied, and for almost all time steps t € I holds:

us(0) = 4}, and

AW =0 forall Ve X (81)

with W = {4, P2, %, 2 P8 2} and X = VP, x Ly x VO o x VO x LY x LY and

foa,ly

AU) (D) := Ay (U)(@") + Ax(U)(0") + As(U) (") + As(U) (") + A5 (U) (0P + Ae(U) (47).

Recapitulating the previous system, let us explicitely count for how many equations and variables we must
solve in FSI. We consider fluid mass, fluid momentum, solid momentum, and the MMPDE, which are 4 basic
equations. Splitting the solid momentum into a first order in time system, leads to 5 basic equations. If the
solid is assumed to be incompressible we need additionally account for the incompressibility constraint J=1,
which then requires to solve 6 equations. Moreover, the equations for velocities and displacements are vector-
valued. This means for example that in the 6 basic equations, we actually solve in 2D for 2+1+2+2+1+42 = 10
unknowns and in 3D for 3+ 1+ 3+ 3+ 1+ 3 = 14 unknowns.

Remark 6.23. The semi-linear form (81) is the starting point for temporal and spatial discretization schemes.

Remark 6.24. Alternatively, the spatial semi-linear form (81) could have been formulated in terms of a time-
degzlendent form: Find U € XE such that 1;(0) = 17?, 05(0) = oY, 4r(0) = 1)(}, and 5(0) = 4% are satisfied
an

A (B) := /0 ' AW =0 forall ¥ e X (82)

with ¥ = {wf, bo. “ wf,wp} and X = vafoxVO - ><VO><L0><LO and

!u7 k3

AO) (1) := Ay (U)(@*) + A2(0)(0") + As(U) (") + An(U) (") + A5 (U) (0P + As(U) (47).

Next, we state the monolithic setting for fluid-structure interaction with a biharmonic mesh motion model
utilizing the first type of boundary conditions. To do so, we first formulate the weak form of the biharmonic
system:
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Problem 6.25 (Weak form of the mixed biharmonic system). Find 7y € Hl(ﬁ) and Uy € H&(ﬁ) such that
(g, ) = (Vig, V") =0 " € HY(Q),
(Vig, V5 =0 Vi € HY(@).
With these preparations, we now come to the full problem:

Problem 6.26 (ALE;, FSI with biharmonic mesh motior}). Find A ) A A A
{05, 0,0, s, N, Mss Py Ps} € {07 + VP} x L x {af + VP } x {al + VP x Vi x Vi x LY x LY, such that
05(0) = 9%, 95(0) = v, 4y (0) = 4}, 45(0) = 43 are satisfied, for almost all time stepst € I, and
(Jpr0s,0")e, + by J(F (05 —d) - V)ig),0)g,
+(j3fﬁ_Tﬁ¢“)A — (g5, 05, — (s fr. 0" 5, =0 VYU € VJ?F ,
)

(peatv 1&

9 Qs
o (Ds, %), + 75 (E(05), VU )g, = (psfort¥)g, =0 V¥ € V2,
(auflg, Mg, = ( a, =0 VeV,
(s, V"), — — (@, Viig, V" 5. =0 VeV,
(@ Vi, Vi), =0 W e VP o
ps(Dits — b5, 0" =0 V" € Ly,

(dio(JF~105),07)q =0 VP e LY,
(Ps,fP)g, =0 WP € LY,
with all quantities as defined in Problem 6.21 and the monitor parameter «,, defined in (68).

Remark 6.27. The monolithic variational formulation for the second type of boundary conditions is formally
equivalent as demonstrated in Problem 6.26. Only the definition of the function spaces for trial and test
functions of the displacement variables @ and 7) changes. ©

For later purposes and also the existence of stationary ALE-FSI in Section 6.9), we also state a stationary
version of the coupled equations:

Problem 6.28 (Stationary FSI with harmonic and linear-elastic mesh motion). Find {07, 0y, Us, Py, Ps} €
{@J’? +VP} X {ﬁ? + VP x {4l + VO x LY, such that

)
I8 F T Vg, = (050 p, — (pp T 10", =0 VI € Vi,
W)a, = (bsfsr g, =0 WY €V,

Jo, =0 W' eV o,
)

(div(JF~ o), 0%)q, =0 V¥ € LY,

with all quantities as defined in Problem 6.21.

Problem 6.28 offers further insight of key differences between stationary and nonstationary fluid-structure
interactions. We do not search any longer for a velocity solution o5 in the structure because it is zero in a
stationary setting. Consequently, the damping terms vanish because they are defined by means of 5. Likewise,
the fluid domain velocity w vanishes too.

Remark 6.29 (On the Neumann FSI coupling conditions). The weak continuity of the normal stresses of

Equation (56) that is required on IA} becomes an tmplicit condition computing nonstationary fluid-structure
interactions:

(JGrF~Tivg, %), + (FSis, 0°)5, + 7s(€(0s)is, "), =0 W € VO
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In stationary settings, we deal with
(J6 F iy, ), + (FSis, %), =0 Wo¥ € V°.

Remark 6.30 (Discretizing solid’s stress tensor in terms of velocities). An alternative way (and this seems
more natural in fluid-structure interaction, see, e.g., [146]) is to take the time derivative on solid’s stress

tensor, e.g., R N . —~ —~ “
0:05(ts) = 0p (2 Enin (@) + Mr(E(0))]) = 2pEyn (0) + Atr(E£(0))1.

This has the advantage that both stress temsors can be formally combined into one global stress tensor ¢ =
Xf0f + Xs0s. To the best of my knowledge it is not yet clear which formulation (our or the the unified one) is
preferrable from computational cost point of view. ©

6.6.2 A monolithic ALE,,.-FSI formulation

In this section, we consider monolithic formulations for ALEg,,-FSI. One idea (this in fact could also have
been applied to ALE¢, is based on splitting of the physical and the geometry problem:

e Solve the geometry problem;
e Solve the FSI problem.

Consequently, monolithic refers here ‘only’ to the physical part of the FSI problem; which however is the primal
goal. In ALE,,,, we work with ALE form of Navier-Stokes on €(¢), here the ALE mapping appears still in form
of the ALE time derivative but all the transformations in form of F and .J disappear since they represented at
each time step by a new domain (t) - and this is the most prominent difference between ALE,,, and ALE .

6.7 A priori energy estimates for monolithic ALE,,,-FSI with damped solid equations.

One of the key advantages of monolithic solution approaches is their robustness with respect to numerical
stability. In this section, we show that our coupled problem is indeed stable in the energy norm. The proof
follows the philosophy of Fernandez and Gerbeau [88]; their statement was derived for a coupling between one
single structure model and the fluid equations. We extend their result to the case of a coupling with damped
structure equations.

The energy loss of the systems originates from the viscosity of the fluid and the damping terms that have
been added to the structure. The energy exchanged over the interface is exactly balanced, due to the coupling
conditions for the velocity and the stresses (see the Relations (54) and (56)).

For the Dirichlet velocity conditions (54), we assume sufficient regularity in the case v, = 75 = 0. Moreover,
we neglect the do-nothing outflow condition and the right-hand-side forces, and we assume that the system is
isolated, i.e., vy = s, = 0 on OS2

For the first result, we employ the damped structure equations in the whole subdomain (AZS. The total energy
of the coupled system at time step ¢ is denoted by E(t) with

P Ps |\~ A
E(t) := ?f”/l}f”%f + ?HUSH%Q +/§ W(FE) dz.

For (linear) strong damping with the help of é(?5), the scalar product induces the energy norm

1€C)I1E = (), V)g, (83)

s

The right term is positive thanks to the Korn inequality.

Theorem 6.31. Let the coupled fluid-structure problem be isolated, i.e., vy =0 on 0Qs \T'; and a stress-free
state F¥ng = 0 on 0Qs \ T; and (if vs > 0) é(0s)ns = 0 on 005 \ T;. Then, the following a priori energy
estimate holds true:

drpy

pAs ~ =5 ~ ~ Al A
G ol + 003, + [ WE) 5] + 20005 1D, +ulloly, + (o) = o
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That implies the following energy decay property:

E(t) =E(0)—/0 [ollos (DI, +sl1é@) (DIIE + 2011 D) (7)]G, ] dr.

Proof. We proof the argument with a standard energy technique. The outline is analogous to [88]. The
equations are multiplied through by v; and 9y, respectively. We start with the fluid equations, defined in the
weak formulation in Problem 6.6. We use ¥ = vy and 9? = py, and obtain for the first term:

pi(Orvg,vp)a, = pr(J0ks,0f)g, (84)
:%f i at[jwf\?]dﬁ:—%“[ J div b [0 di (85)
Qy Qf
= i gl =B | divelus[?da. (86)
2 2 Jo

f

The second term (the ALE convection term) is treated as follows (using integration by parts):

p
pf((vf—w)-va,vf)Qf = ?f ; (vf—w)-V|vf|2dx (87)
s
_ Py 2 Pf 2
- (v —whns o ds = 5 [ 9o —w)fosPde (59)
2 Tyn 2 Qp

Now, we use vy = w on I'; and vy = 0 on 9Q \ I';. Furthermore, we use the incompressibility of the fluid, i.e.,
V - vy = 0 on the continuous level. This implies

1)
pi((vp —w)- Vg vp), = jf ; Vw|vg|? da, (89)
f

This term cancels with the last term of the first relation (86). Next, we treat the term including the Cauchy
stress tensor (using again the incompressibility of the fluid) and the symmetry of D(vy):

—(V-op,0)0, = —long, vp)r, vors + (07, Vog)a, (90)
= —(ogng,vp)r, wor + (=5, V- vp)a, + 2p5v5 (D(vs), Vog) (91)
= —{ong,vp)r, yor, + 20578 (D(vs), D(vy)) g - (92)

Summarizing (86), (89), and (90), gives us:
a2 4 42 D 2 — (o 93
t5 H”f”ﬂf psvll (Uf)HQf {opng, vp)r, yur:- (93)

In a fully isolated system, i.e. , I'y y = 0, the following boundary term in Equation (93) remains on the
interface I';:

—(ogng, vF)r, yur, = —(Ofng, vp)T, - (94)
We continue with the mass term of the structure. We multiply in Equation (39) through by 0, = 945 and

integrate over ﬁs. Then, we deduce

~a2s A n Ps |-
po(BRis, i), = i 0 (95)

The second term is treated as follows (using partial integration):

—(V-(F2),8,)g, = (FS, Vi), —/A  FSi, -, ds (96)
FS,NUFi
= (F2,Vi,)g, — /f FSii, - by ds. (97)

111



6. FLUID-STRUCTURE INTERACTION MODELING

In the last term of Equation (96), we use the boundary condition FSh, = 0 on 9, \ T; that was part of
our assumptions. We rearrange the first term as follows with the help of the component-wise multiplication

operator (for second order tensors A and B holds A : B = Eij A;;Bij):
B 0, = FS: 90,0, = FS: 0,90, )
= FS: 0V, + 1] = FS: 0,F )
=S:0FF =50, with = (FF 1) (100)
= 0pW : O,E, with & = 0gW (101)
= oW (E), (102)

where we use the Green-Lagrange tensor and the definition of hyperelasticity of the material model in Section
4.6.4. The definitions of the time derivative of material tensors can be found in Holzapfel [147]. We plug the
previous relation into (96):

(FE,Viy)g —/ ﬁiﬁs-@sdéz/ 6tW(E)di;—/ F¥n, -, ds (103)
=d [ W(E)dfc—/A FSi - by ds. (104)
Qg I';

Summarizing (95) and (103), we finally get:
dt&II@SH;‘i2 +dt/ W(E)dz —/ FSh, - 0, ds.
2 . a. T

Combining this result with the fluid equations, we obtain
Pf 2 Ps i~ 112 ™\ 14
sl + G0l + [ w(E)az]

+2pfl/f||D(’Uf)||?2f - <O'f7’Lf7’Uf>1"i - <F2ﬁ57ﬁs>f

i

The both interface terms cancel, thanks to the coupling conditions, such that

<O’fnf7’l}f>pi + <ﬁ§ﬁs,’fjs>f = <j8fﬁ_Tfo,ﬁf>fi + <ﬁ§’ﬁs,ﬁs>ﬁ =0.

i

It remains to consider the damping terms of the structure Equation (39). We multiply again by Oiiis = 0s.
Using integration by parts for strong damping, we obtain

’Yw(at'asv atﬂs)ﬁs - ’Ys(v . é(815125)3 at’as>§s
= YollBs113, + 75 (é(85), Vo), = vs(é(B)s, 04,

The middle term is positive thanks to the Korn inequality. Thus, the scalar product induces the norm (an
energy norm)

25 O TPVONNIT:

(€(0s), Vios)g_ =+ [|€(0s)]| -
Moreover, the incorporation the strong damping induces an additional term on the interface. That means, for
vs > 0, we get a modification of the coupling conditions on the interface. It holds:

(J&1F Mg, op)p + (FEig, 04)5, + s (€(05)is, )5, =0 on T,

which corresponding strong form is stated in Equation (56). This concludes the proof of the first assertion. The
energy decay (the second argument) can be proven by integration over the time interval, which immediately
shows the assertion. O

Indeed, it can be inferred from the energy decay property in Theorem (6.31) that:
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e For v,,7vs — 0 the artificial energy dissipation gets lost.
e For ~v,,,7vs — 0o the structure system tends to freeze in ﬁi"t.

In fact, for v,,7s — 0 it only remains a natural energy dissipation that comes through the Cauchy stress
term in the fluid domain. A deeper analysis for the (qualitatively) best damping of a super-linear hyperbolic
equation was made by Gazzola and Squassina [112] (see Theorem 3.8).

6.8 Partitioned methods (also known as staggered or iterative coupling)

6.8.1 A partitioned approach using ALE;,

In this partitioned coupling algorithm, we solve subsequently for three problems:
e The fluid mesh (mesh motion problem);
e Solving the fluid problem in SAZ;
e Solving the solid problem.

The most prominent technique is based on a Dirichlet-Neumann (DN) coupling: the velocity interface condition
is imposed as a Dirichlet condition and the stress condition for the solid is imposed as Neumann condition.
The weak form reads:

Problem 6.32 (Partitioned FSI with harmonic and linear-elastic mesh motion). Given the initial conditions
05(0) = f/(}, 05(0) =99, 4(0) = ﬁ(}, we compute for almost all time steps t € I the following problems.

o Find {is} € {a? + VP, },
o Find {0f,pr} € {ﬁ? + ‘A/JQ,@} X i(},
(Jps0hdg, "), + (byJ (F~ (05 — ) - V)ig),9")g,
(I FTT Vg, = (05,05, — (b fr ), =0 WU € Vg
(div(JF ™ o5),47)g, =0 WP € L,

o Find {i,,15} € Ly x {aP +V0},

)

(psO¢s, Q/AJU)Q + (ﬁi, @1&“)
(0,9, + 75 (E(0:), Vi) g — (psfor¥?)g, =0 V" € V2,
pa(Ortiy — D, "), =0 YY" € Ly,

s

with pf, Ps, Vi, Pss As, ﬁ, and J as defined before. The stress tensors Gy, i, and Gpesn are defined in the
Equations (52), (19), (4.71), and in (77) and (64), respectively.

6.8.2 A partitioned approach using ALE,,,

We solve in the same order as in Section 6.8.1 but now the fluid equations on the current (deformed) domain
Q.
The weak form reads:

Problem 6.33 (Partitioned FSI with harmonic and linear-elastic mesh motion). Given the initial conditions
vr(0) = v?c, 05(0) = 09, we compute for almost all time steps t € I the following problems.
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o Find {is} € {ﬁ? + V;?,ﬁ}f
(ameshavr&u)ﬁf =0 v,([}u € Vfo,ﬁf,;’
o Find {vy,pr} € {UJI? + V]?,v} x LY,

(Pfétvf,l/f”)nf + (pf(vy —w) - V)vg,¥")a,
+(oF, VY )a, — (95,0 )ra — (prfr 0 )a, =0 V¥ € VPp,
(div(y),¥P)q, =0 VyP € LY,

o Find {b5,15} € Ly x {aP +V?},
(ﬁsat/ﬁsvzz}v)ﬁs + (F\ia ﬁqﬁv)ﬁb
+7w(6571[)v)§s + ’Ys(é(@s)vﬁlzjv) - (ﬁsfsa'L[)v)ﬁ =0 sz)U € f/:soa
0

Q. s
ps(Ovits — b5, 0" Vi € Ly,

with pg, Ps, V§, Ws, As, ﬁ, and J as defined before. The stress tensors Gy, EA], and Gpesn are defined in the
Equations (52), (19), (4.71), and in (77) and (64), respectively.

Remark 6.34 (Tteration loop / Fix point iteration). In the implementation, we add iteration indices k to all
equations and produce sequences of solutions

U}r, U’?ﬁ U?‘, ce Mesh motion
’U},'U?-,'U?-,,,, Fluid
oL,02,9%,... Solid
ﬁia ﬂ%a ﬂ%, e Solid.

A loosely-coupled scheme would terminate (or be forced to stop) after a few iterations. A strongly-coupled
algorithms solves up to a tolerance and based a stopping criterion that is based on the Steklov-Operator, i.e.,
find @ on T'; such that the stress condition Gy = 0sis is satisfied. ©

Remark 6.35 (Solution of the mesh motion problem). In the partitioned approach different solution techniques
can be easily employed to solve the three subproblems (mesh, fluid, solid). Here, we emphasize that the mesh
motion equation is purely artificial without physical relevance and it can be solved without satisfying a low
tolerance. So, its solution can be achieved in a fast way. ¢

Remark 6.36 (Decoupling in time). In the partitioned approach it is obvious (under the condition that certain
relationships and additional information are known) that we can decouple in time. For instance, we have seen
in [213] that the FSI-benchmark requires smaller time steps than the pure fluid benchmark. An open question
18 if we could use a partitioned solver in which we solve the fluid equations and mesh motion problem only at
every 10th time step. ¢

6.9 Existence of a stationary ALE-FSI problem in the ALE}, framework

In this section, we establish existence of an stationary ALE-FSI problem in the ALE}, framework. Clearly,
stationary FSI is much different (easier) than nonstationary FSI still very sophisticated and consequently
sufficient for these notes. The ideas of this chapter follow Grandmont [125] and the basic idea is to combine
the fluid flow ALE version of Theorem 5.10 and the existence Theorem 5.28 for nonlinear elasticity.

We make the following assumptions:

e We assume all assumptions made in Theorem 5.10 and Theorem 5.28;
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e The boundaries of Q, and € as well as the interface are sufficiently smooth;
e The interface does not touch the fluid boundary; namely I'; N 9Q = #19;

e For the solid, an additional injectivity condition (because we also deal with Neumann conditions in
addition to Dirichlet) is required, i.e.,
/ Jdz = |Q];
Qs

for which we also refer to Definition 4.25. For a detailed discussion on this condition we refer the reader
to [57](Section 5.6);

e Additionally,
/ Jdx = |Qy].
Qy

Theorem 6.37 (Existence of stationary ALE-FSI in the ALE, framework). Let3 < p < co. Let ff € LP(Qy)
and fs € LP(Q) be given. Assume that ff and fs are sufficiently small such that

Callfillze + Cyllffllr < ©

for C > 0. Furthermore, let us assume ||ff|g-1 < cfl/? (see Theorem 5.10). Then, there exists a solution
{0, p, 0, c} with
(0,5,0) € W P(Qp) N W2P(Qp) x WHP(Qp) x Wy (Q,) nW2P(Q),

and c is a Lagrange multiplier associated with the volume conservation constraint.

Remark 6.38. A recent (nontrivial) extension of Theorem 6.37 to show uniqueness and differentiability of
the FSI solution map has been estabilished in [264).

Proof. (of Theorem 6.37)
The key idea is to employ the Schauder-Tychonov fixed point theorem. O

6.10 A larger perspective: Connecting ALE schemes and r-adaptivity (moving mesh
methods)

It is interesting to notice that ALFE-schemes can be connected to a larger class of mesh-adaption procedures
that are known as r-adaptivity methods (a nice overview is provided in [48]). In particular, they are used
to improve the finite element discretization accuracy, which is known as r-adaptivity (beyond usual h and
p adaptivity). This is slightly different from moving boundary problems, since here, as in fluid-structure
interaction, you must move the mesh according to the interface. Whereas in other applications it is a powerful
method that complements other techniques to improve the accuracy of the solution.

In extension to our explanations in Section 6.2, moving mesh methods can be decomposed into two different
sub-classes:

e Location-based methods: the new mesh points are directly obtained from the solution of the auxiliary
PDE. Typically, such methods cluster mesh points (see Figure 28).

e Velocity-based methods: the auxiliary PDE computes a mesh-velocity that is then integrated in order
to obtain new mesh points. It is clear that such methods are prone to mesh tangling since we work in a
Lagrangian-based setting for solving fluid flows and consequently, if we transport the mesh in a setting
with high fluid vorticity, mesh faces might intersect. (see, e.g., Figure 29).

19This is exactly one of the obstacles outlined in Challange 2.3 in FSI because this restriction contradicts most of the practical
FSI problems
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Remark 6.39 (Mesh moving in non-convex domains). In fluid-structure interaction, there is the inherent
problem that the moving mesh equations must be solved in non-convex domains, which might lead to additional
complications due to re-entrant corners. For brief discussions, we refer to [72, 114]. However, we observed
in several numerical tests [251] that biharmonic mesh motion offers interesting features, and very smooth
meshes in non-convexr domains. We recall that the second equation is related to the bending moment (in solid
mechanics) or the vorticity in fluid dynamics. ¢

Since the ALE method can be identified as a moving mesh method, the following theorem from measure
theory builds the ground of mesh moving and equidistribution:

Theorem 6.40 (Radon-Nikodym). Let A be an invertible mapping that maps A C Q to fl(A) C Q. The Borel

measure is V(A(A)) = |A|, where |- | denotes the Lebuesgue measure. If v is a well-defined Borel measure on
Q, then there exists a non-negative function M : Q — R such that

AW) = [ M)da,
A(A)
for any /l(A) C Q. Additionally, M is unique up to a Lebuesque measure zero.

This theorem ensures that for any invertible mapping A, we can find a unique function M such that

/ dx = M (z) dx.
A A(A)

The function M is usually called a monitor function that should be large when mesh points are required to be
clustered or mesh tangling is likely to occur.

Example 6.41. The simplest and oldest example is Winslow’s variable diffusion method [266]:

M =\/1+w?Vaf2, w>0.

1 1

Another example is given by setting

M g
as done by employing Jacobi-based stiffening. We refer to Figure 28 for visualization.

Remark 6.42 (Matrix-valued monitor functions). We notice that the concept of the monitor function is
straightforward to apply to matriz-valued monitor functions [48]. ©

Remark 6.43 (Viewpoint of energy minimization). The mesh motion equations can be interpreted as the
Euler-Lagrange equations of a corresponding energy functional. With this step, mesh moving strategies can be
embedded into calculus of variations. As simplest example, we may write harmonic mesh motion as

min I(z),
with
J(@):/aﬁm?di.
a
<&

Remark 6.44 (Extension to time-dependent mesh motion equations). One might think that a time-dependent
mesh motion model would produce more reliable results since fluid-structure interaction is itself time-dependent.
Carrying out several numerical tests by using a heat-type equation,

O —V - (aVa) =0, in Qy,
or =R =R
ata -V a’mesh = O; n va

we never could produce better results than with a pure stationary method as described in the previous sections.
o
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6.11 Fully Eulerian FSI

6.11.1 Explanation of the approach
The characteristic features of this approach are [69, 71, 210]:

e Formulating both fluid and solid equations in Eulerian coordinates using variational-monolithic coupling
resulting in a single semi-linear form;

e Using a single mesh for both equations;

e Accessing the current shape of the solid by an initial point set (IPS) function [69] that maps to the initial
domain;

e Implicit usage of a level-set advection function that is automatically included in the solid equation as
second equation of a first-order-in-time mixed formulation;

The necessity for this approach (or any other fixed-mesh interface-capturing approach) are explained by the
following Figure 34.
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Figure 34: Rotational flow around an unmounted obstacle at different time steps. Top row: moving mesh
interface-tracking (ALE) computation. Bottom row: fixed-mesh interface-capturing (fully Eulerian)
approach (taken from [71]).

Let us briefly recapitulate the necessary ingredients to transform variables, vectors, and tensors from Eulerian
to Lagrangian systems and vice versa.

First, we define the inverse transformation required for the fully Eulerian framework, which is, however,
only required in the structure domain §2:

Az, t) : Qy x I — Q,  with Az, t) = = — us(a, t). (105)
Simple calculation yields [69]: K
A(A(z,t),t) = 2. (106)
Spatial differentiation of (106) brings us
(I —Vu,) (I + Vi) =1, (107)
Y
=7,
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where I and I denote the identity matrices. The following relations between the ALE deformation gradient
and its Eulerian counterpart can be inferred from the previous calculations:

Fy=(I+ Vi) = (I - Vu,) ™' = F,7, (108)
Jo = det(F,) = det(F 1) = J; 1. (109)
Summarizing, we obtain the deformation gradient and its determinant in Eulerian coordinates:
F, = (I —Vus), Js:=det(Fy). (110)
Remark 6.45. In the same way, we define Fy and Jy¢ in the fluid part. o

Remark 6.46. In the following, we use the short hand notation F' and J because it is clear from the context
whether we work with Fs and Js or Fy and Jy, respectively. ¢

With the help of these relations, we recapitulate the Green-Lagrange tensors in both coordinate systems:
Lo r > Losrs ¢
E = i(F F— -1, E:= §(F F—1). (111)
With the previously definitions, we recall the constitutive stress tensors in the respective frameworks:
of = O'f(’Uf,pf) = —pr—l-Q,Ofl/f(VUf—i-V’U?), (112)
Of = fo(ﬁf,ﬁf) = —ﬁff + Qﬁfl/f(%ﬁfﬁ_l + F\_Tﬁ’ﬁ}ﬂ), (113)

with the velocity vy, the pressure py, the density py, and the (kinematic) viscosity v; and their respective
‘hat’ coordinates for the definition in the ALE framework. For elastic structures, we use the laws based on the
Saint Venant-Kirchhoff (STVK) material:

s(us) = JF YO\ (trE)T + 2u,B)F~ T, (114)

o) = JTUF(\(trE)] + 2u, E)FT, (115)

Os :

I
Q

~

Os :

|
Q)

in which the material is characterized by the Lamé coefficients As; and p.

It remains to recall the concept of time-derivatives in both frameworks. As before, let = z(Z,t), where &
denotes the initial position of the point . The velocity v is defined as the total time derivative of the point’s
position:

v(z,t) = dyx(Z,t). (116)

In Lagrangian coordinates, the total time derivative of a function 4(%,t) := u(x(&,t),t) is determined by
dyii(#,t) = 8ya(d, t) + Vi(z, t)dy = 9,0(i, 1), (117)

or short
dit = O, (118)

because d;& = 0 in the Lagrangian system. In contrast, the total time derivative of a function u(z,t) in the

Eulerian framework reads:
dyu(z,t) = Owu(z, t) + Vu(zx, t)dix

= Owu(z, t) + Vu(z, t)v(x,t) (119)
= Quu(x,t) + v(x,t) - Vu(z,t).

Or short:
dyu = Ou+v - Vu. (120)

The convection term v - Vu denotes the key difference between time derivatives in both frameworks and plays
an important role when formulating the governing elasticity equations in Eulerian coordinates.
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6.11.2 Comparing variational-monolithic ALE and fully Eulerian FSI

There are striking similarities between our concepts for ALE;, and fully Eulerian FSI using variational-
monolithic coupling:

o ALE: A(2,t): Qy x I — Q;
e Fully Eulerian: A(z,t): Qs x I — ﬁs.

Both mappings are exactly the opposite operations (see also Figure 35 as further illustration) and therefore,
all principal quantities such as the deformation gradient can be transformed into the other approach. To show
these relationships between both frameworks and related computations was the purpose of [210].

Qr(t)

L]

9RO 0 0 0 S A Y ML (9

Figure 35: Transformation in ALEf, and fully Eulerian frameworks in order to move the fluid on Q2 or to

detect the solid in ﬁs. To recall: in ALE¢, all computations are performed in Q. In contrast using
the fully Eulerian framework all equations are computed in €.

6.11.3 IPS - initial point set

Finally, we introduce the initial point set (IPS) [69] for the fully Eulerian framework. This equation is defined
on the continuous level (like a level-set function) and is used (after discretization) to map each structure point
to its initial position:

Problem 6.47. Find u such that
Ou —w+ (w-V)u=0, (121)

The initial and boundary conditions are given by

u(zx,0)
u(z,t) =

0, z€Qg,
, €, tel.

Then, the value of w is transported with the velocity w to its initial position at time zero.

Remark 6.48. The IPS-function is (like level-set) a Hamilton-Jacobi-type equation that requires special tech-
niques for its theory [79] and often for its computation [187, 194, 223]. In fact, it is a pure advection equation
that always requires stabilization techniques.

Remark 6.49 (Difference of the IPS-function and a level-set-function). Using the IPS-function, the position
of the interface is determined by structural mechanics. In contrast, a level-set-function is given by the local
fluid velocity mormal to the interface. In addition, the IPS-function is already included in the physical model by
splitting the second-order-in-time wave equation into a mized system [15]. Here, the second equation represents
the IPS-function. Finally, the IPS-function preserves corners and edges as demonstrated in [70]. ©
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6.11.4 Practical aspects of solid localization

In order to detect the solid in each time step, we use the very definition of A := z —u and define and indicator
function that localizes the solid in 4 (according to the IPS-function). To this end, we define characteristic
functions in €2y and £, by

0, m—ueﬁf, d 1 (122)
Xs = ~ o~ an Xfr=1-—xs-
1, z—ueQ,UIy, d

How does this operation work? Well, in each point (cell corner or quadrature point), i.e., z € {5, we subtract
the displacement u. If the result z — u belongs to the solid configuration in the initial setting (AZS = Q4(0),
then x5 = 1 (otherwise xs = 0). However, if you notice carefully, in a fully implicit way, the displacement is
an unknown solution variable itself. Here, we do (for simplification) the following: The characteristic function
X,s for the evaluation of the new domain depends on the solution u™ of previous time step (and not on the
present unknown solution u := w"*1). This circumvents the evaluation of the directional derivatives of yf,s,
but, on the other hand, it introduces an explicit flavor such that the time steps have to be chosen sufficiently
small. Consequently, the interface deforms moderately during two time steps u” and w := u™*'. Then,

Xr(x) = Xp(x —u) = xp(x —u"),

should be a good approximation. To ensure that the two domains 271! and Q" are sufficiently close such that
the previous assumptions may be taken, the time steps k are chosen adaptively and they are used to control
to nonlinear solution process. With this explicit usage, an additional nonlinearity at the interface is prevented
because the evaluation of the derivatives of the characteristic functions is circumvented:

X5 (0u; z) = X (du; 2 —u™) = X (du; ) = 0.

6.11.5 Variational-monolithic fully Eulerian FSI - the complete system
As for fluid flows, let v and u? be suitable extensions of Dirichlet inflow data. Then:

Problem 6.50 (Structure models in Eulerian coordinates). Find
{vs,us, s} € Lg x {ul + VOl x LY, such that vs(0) = v0 and us(0) = u® are satisfied, and for almost all time
steps t € I holds:

(Psn]atvsﬂ/)y)ﬂs + (sz(Us : V)vs, IZ}U)QS
(05, VY, — (0sns, ¥ )r,ury — (psd fss V)0, =0 V¥ € VY,
ps(Orus + (vs - V)us —vs,0" ), =0 V" € L,
(J —1,9P)g, =0 VP € LY,

where ps denotes the structure density, ns the outer normal vector on I'; and Ty, respectively. The Cauchy
stress tensors for the material models are given by

o= —psl + ,US(F_lF_T - I)a

S

123
oSTVE = JF=Y(\(trE)I + 2u,E)F~T, (123)

with the Lamé coefficients As and us. External volume forces are described by the term fs. Using the STVK
material, the third equation becomes redundant and the compressibility is related to the Poisson ratio vs (v <

3)-
Formulating a fully coupled system in Eulerian coordinates results in the innocent problem:

Problem 6.51 (Variational-monolithic FSI in Eulerian coordinates - the mathematical version). Find
{vf,vs, us,pf,ps} € {v? + VP x Ly x {ul +VI} x LY x LY, such that v;(0) = vY, vs(0) = v3, us(0) = u) are
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satisfied, and for almost all time steps t € I holds:

(XgprOrvp, b)) + (xpps (v - V)vg, 9})
+(xrop, VU}) = (9,90%) = (xppsfr,0f) =0 VyjeVp,

(XstsatUsal/)g) + (Xsts(Us : V)Usﬂ/)f,f)
+(Xs0s, VIY) = (Xs I psfs; 3) =0 WyreVy?,

Solid momentum, 2nd eq.; IPS{ XsPs(Orus + (vs - V)us, —vs,90¢) =0 V' € Ly,

Fluid momentum {

Solid momentum, 1st eq. {

Fluid mass conservation{ (deiv Uf, 1/’?) =0 Vd’? € Ly,

Solid mass conservation{ (xsPs;¥P)o, =0 WyYPe L2~

A crucial point in computing fully nonstationary processes is the decoupling of the fluid vy and the structure
velocity vs. Using the previous formulation, the fluid velocity disturbs in computations over long time intervals
and this leads to oscillations at the interface. To prevent this, analogously to Dunne [69], an additional velocity
variable is introduced, satisfying?’

w=1vs in QUL
Aw =0 in Qf.

As second step, we extend u, and w; to the fluid domain for computational reasons?! Then a possible compu-
tational stable framework is given by [255]:

Problem 6.52 (Variational-monolithic FSI in Eulerian coordinates - a computational version). Find
{vy,vs, Wy, ws,up,us,pr,ps}t € {vjjcj +V]9} x Lg X {wJ’? + VP x L x {u? + VO x {ul +VI} x L(} x LY, such
that vy (0) = vY, ws(0) = wy, us(0) = uf, vs(0) = vy, wr(0) = wy, us(0) = u are satisfied, and for almost all
time steps t € I holds:

(xXrprOvp, ¥3) + (xsps(vy - Vve, ¥%)
+(xpop, VU§) = (9,0%) — (xgpsfr¥F) =0 V3 € VP,
(X5 psOrvs, 7)) + (Xs T ps(vs - Vs, ¥0y)
+ (X0, VYI) = (Xs I psfs, ¥0) =0 V! € V2,
Xf(aVwy, Vo) =0 Vo € VP,
Xs(vs —ws, ¥F) =0 YP* € L,
Xrpf(Orup + (wy - Vuy —wp,bf) =0 VY € Ly,
XsPs(Orus + (ws - Vus —ws, ) =0 V" € Ly,
(xsdivog,¢f) =0 VY € Ly,
(XsPs, V)0, =0 VP € LY.

with a monitor parameter ou,.

For fully nonstationary simulations, it is important to consider the following three convection terms which
make their corresponding equations from pure hyperbolic type:

JpsOsvs + Jps(vs - V)vs  (1st structure equation),
Owuy + (wy - V)uy  (3rd fluid equation), (124)
Orus + (ws - V)us  (3rd structure equation).

These equations require stabilization for their numerical treatment.

20This might be overcome by techniques currently investigated in [102].
21This second step is of course not mandatory!
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Remark 6.53 (Mass/Volume conservation). We shall give a brief account to mass conservation because this
18 a well-known difficulty and often asked when using interface-capturing techniques. This is strongly-related to
the signed distance function property, which needs to remain valid for long-time computations. For numerical
validations, we refer the reader to [204, 255]. ©

Remark 6.54 (Signed distance function property). Even though reinitialization is not necessary in this frame-
work, it is often being asked. In fact, although the interface-capturing-function is initialized as a signed distance
function, it is not for sure it remains so. However, it many situations it is preferable to have a signed distance
Sfunction throughout the numerical simulation. The reasons are that velocity extension methods can be employed
successfully, a possibly given thickness of the interface remains valid, and finally, that the level-set function
behaves well near the interface [223]. To ensure the signed-distance property, the interface-capturing-function
needs to be reinitialized. For various methods and explication, we refer the reader to the level-set literature.
For explicit usage of reinitialization in terms of fully Eulerian fluid-structure interaction, we refer to [135]. ©

6.11.6 Summary of features

e The two major drawbacks are cut-cells (interface is not aligned to mesh faces) and convective behavior.

e Detailed comparisons and code-validation with two different software packages (each contains ALE and
fully Eulerian codes) have been performed [69, 104, 105, 204, 210, 255]. Further important studies
confirming correct modeling are [168, 227].

e On the other hand, we achieve large structural deformations as displayed in Figure 34.

Figure 36: CSM 4 test in fully Eulerian (at left) and ALE coordinates (at right) with biharmonic mesh motion
model without any remeshing. The results are taken from [255].

Using an unfitted finite element method and convection-stabilization [255], we obtain similar results to ALE
method for the most difficult FSI2-benchmark problem (so, the method is able reproduce benchmark results!).
However, for stability and robustness reasons, a locally modified FEM method has been proposed recently [102]
that keeps the connectivity of the system matrix and reproduces full convergence order in the energy norm
(see also XFEM/GFEM [10]). Furthermore, the improvement of time integration is currently in development
[103].
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Figure 37: [255]: Comparison of the transient oscillation of the fully Eulerian and the ALE approach for the
FSI 2 benchmark.
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Figure 38: [255]: Dynamics of the FSI 2 benchmark: z-velocity profile to different time steps ¢t = 7.22,7.32, 7.42.

Remark 6.55 (References). Interesting formulations, studies, and findings using a fully-Eulerian approach
were obtained in [60, 69, 70, 104—106, 135, 168, 204, 209, 210, 227-229, 255, 260, 275]. <

6.12 Coupling of ALE and Eulerian FSI

Let us finally make a brief excursion to a coupled moving mesh /fixed-mesh method:
e Coupling ALE coordinates with the fully Eulerian framework.

To organize a fully monolithically-coupled formulation, the computational domain Q is split into an ALE

subdomain and an Eulerian subdomain, i.e., 2 = Q4 U Qp.
We propose the following EALE framework [254, 257] for computing fully nonstationary processes:

Problem 6.56 (Variational fluid-structure interaction in EALE coordinates with an additional velocity). Find
the following variables:
o Velocities {vy, df,vs, 05} € {vF + VP, } x {0 + VP } x {vP + VO, } x Ly with vp(0) = v},0(0) =
9}, v5(0) = v? and 04(0) = 97,

o Additional velocities {wy, ws} € {w? + VP, b x {wP + V2, } with wy(0) = w} and wy(0) = wg,

o Displacements {uys, s, us, s} € {u? +VP2,.} X {af? + V%} x {ul + V2, } x {al + Vsou} with uy(0) =
uG, 15 (0) = 4%, us(0) = ud and 45(0) = a3,

e Pressures {py,ps} € L x LY,
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such that fort € I and o, > 0 holds:

(xrpsOvp, 7)) + (xpps (v - V)vg, %) (125)

+(xror, VO3) = (xrarng, ¥F) — (xrpsfr,0F) (126)

=0 Wy}e Vi, (127)

(s T ps0cig, 0F) + %5 (b J(F ' (05 — A) - V)oy), 0%) (128)
(R JG FT VUY) — (Rsdsig, ) — (Repsd fr,0%) (129)
=0 Wy e Vi, (130)

(131)

(Xs I psOivs, 3) + (Xs T ps(vs - Vs, 13) (132)
+(xs0s, V3 ) — (Xs T ps fs,05) (133)

=0 WyleVv, (134)

(RspsBr0s, O2) + (R G E~ T, VY) — (Rsps fss 9 (135)
=0 Vgl eV, (136)

(137)

Xsp5(Deus + (wy - V)ug —ws, f) =0 Vi € VP, (138)
(R Fmesns VOF) =0 Vj € Vi g (139)

(140)

Xsps (Orus + (ws - V)us — ws, ) =0 Vol € VY, (141)
Xsps(Ovtis — 0s,00%) =0 VYU € L, (142)

(143)

Xs(awVwr, Vi) =0 V" € Vy, (144)

- (145)

(146)

Xs(vs —ws, YY) =0 VYY" € Ly, (147)

- (148)

(149)

(xsdivop,f) =0 V¥ € LY, (150)

(R div(JE"0p),4%) =0 V% € L, (151)

(152)

Let us understand the meaning of all the twelve equations in Problem 6.56, which is divided into seven
parts. In part I, Equation (127) and (130) are the Navier-Stokes equations described in Eulerian coordinates
and in the ALE framework. Then, in part II and IV, the first order solid system is used. Consequently, the
first equations (Eulerian and secondly in Lagrangian coordinates) are given here in part II. We notice in the
Eulerian structure that we deal with an additional (nonstandard) convection term in Equation (134) due to
the transformation from the Lagrangian system. In the third part, we find transformations related to the
fluid problems. Here, the first Equation (138) comes from the IPS whereas the second Equation (139) is the
well-known moving-mesh PDE for ALE problems. Next, in part IV, the second equations of the elasticity
system are given (therefore, related to part II). The next two parts V and VI, Equation (144) and (147), define
the additional velocity variable w, which is only required in the Eulerian domain. Finally, the incompressibility
condition of the fluid is expressed in part VII. R R

In Problem 6.56, the characteristic functions in Qf 4 and €, 4 are defined as

~ and x5 :=1-—xs. (153)
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6. FLUID-STRUCTURE INTERACTION MODELING

Specifically, the cells that belong to the ALE domain are simply marked in the fixed reference configuration
because it is clear where the fluid and the structure are located thanks to the interface-tracking character
of ALE. However, in the Eulerian domain it is a bit more complicated to identify the structure. Here, the
characteristic functions in 2y and €2, are defined as

1, z—ue ﬁf E
X5 = U and  xs=1-—xy. 154

! {0, :E—UEQS,EUFi’E, ° ! ( )
Details are provided elsewhere [255].

Remark 6.57 (Coupling conditions for coupling ALE with Eulerian). The coupling conditions to couple the
ALFE framework with the fully Eulerian framework on the EALE-interface are given by

dpa=upp =0, (155)
Oniliya = Opufp =0, (156)
OfAlfA=0fENSE. (157)

A deeper discussion is provided in [252]. ©

Figure 39: Modified FSI 2 test with smooth elastic walls in the physical domain using piywan = 5.0 x 10° (smooth
elastic boundaries). The elastic beam modeled in Eulerian coordinates is displayed in black. The
outer elastic walls modeled in ALE coordinates are displayed in grey. The fluid is represented by
the z-velocity profile with highest velocity in red. Two different time steps ¢ = 3.89,4.225s are
displayed.

6.13 Space-time fluid-structure interaction modeling
6.13.1 Function spaces

For the function spaces in the (fixed) reference domains ﬁ, 0 £ (AZS, we define spaces for spatial discretization
first. First we define R R
V= H Q)

Next, in the fluid domain, we define further:

Ly :=L*Qy),

LY = L2(Qy)/R,

Vfo = {0y € Hl(ﬁf)d : 0y =0on Tin UfD},
V9. = {uy € Hl(ﬁf)d : Gip = U5 on T, Gy =0 on Tin UTp UTou,
={dr e H'(Qp)?: Yy =00nT; UTi, UTp UTou}.
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6. FLUID-STRUCTURE INTERACTION MODELING

In the solid domain, we use
L, = L),
VO = {a, € H'(Q)%: 4, =00np}.
As trial and test spaces for a space-time model, we define
X ={U = (0,45, 5,0, py)| 0 € L2(L, {07 + V°}), 8,0 € LX(I, H 1 (Q)%), a5 € LA(I, {af + VD)),
dyiiy € LX(I,H M (Qp)%), 0, € L2(1,{aP + VO}), 05 € LA(I, H™(Qy)%), w € L*(I1,V),py € L*(I, L)}
and

X ={U = (0,45, 45,0, py)| 0 € L*(1,V°), 80 € L*(I, H '(Q)%), 4y € L*(L,V} 5),

at{l’f € LQ(L Hﬁl(ﬁf)d)vﬁs € L2(I7‘A/SO),8,5’&S € LQ([v Hﬁl(ﬁs)d)vw € LQ([a V)aﬁf € Lz(Ia E())”)}

6.13.2 A space-time fluid-structure interaction model

Extending Problem 6.21 to a space-time setting yields

Proposition 6.58 (Variational-monolithic space-time ALE FSI in ﬁ) Find a global vector-valued velocity,
vector-valued displacements and a scalar-valued fluid pressure, i.e., U := (0,4f,0s,Pr) € X such that

~

Fluid/solid momentum +<,3fyfj(ﬁ*TV@Tﬁf

~ AN A~ A

Jr ((Fp5000,0%)g, + (g J(F (0 = @) - 9)0), 6%)g, + (o, F-T, Viv)g,
VET 9005, + (p,000, )5, + (FS, Vi) ) dt
_|_

Fluid mesh motion{ J; @ mesh, 61&}‘)@}( dt =0
Solid momentum, 2nd eq. { I; (f)s(ﬁtﬂs — @\@S,Iﬁfj)ﬁs) dt + ps(s(0) — ts0,9%(0)) =0

Fluid mass consemation{ I; ((@J(jﬁ’lﬁ)ﬂ[)?)ﬁf) dt =0

for all U= (1/3”,1&?, A;*,z[)?) € X% In compact form, the above problem reads: Find U € X such that

AD) () =0 v eX°
where the FSI equations are combined in the semi-linear form A(U)(¥).

We can write this result in an equivalent form by distinguishing time derivative terms, initial conditions and
all remaining terms:

Proposition 6.59. Find U := (0,85, Us,Df) € X such that

[ oot iy, e+ (400,00 i+ [ it)g,
I : I I

+ Anotimeder(U)(‘il)
+ (Jps(0(0) = 90), 9" (0))q, + s (9(0) — D0, 9" (0))q, + Ps(@5(0) — b0, 9% (0))
where Anotimeder(ﬁ)(@) (here notimeder stands for ‘no time derivatives’) contains all terms from Proposition

0.58 that are not initial conditions and contain no time derivatives. This result is the starting point for a
discontinuous Galerkin finite element discretizatin in time, which we discuss in Section 7.1.
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7 Temporal and Spatial Discretization

In this part, we mostly concentrate on the ALE, framework and we focus on
e a discontinuous Galerkin discretization in time (derived from a space-time form);
e the Rothe method (first time, then space);

e Time discretization based on finite differences: first-order backward Euler, second order Crank-Nicolson,
second-order shifted Crank-Nicolson, second-order Fractional-Step-6;

e Spatial discretization based on inf-sup stable Galerkin finite elements;
e Newton’s method with simple line search backtracking;
e Solution of the linear equations;

e To discuss a ‘simple’ problem showing that our approach is easy to realize with pre-understanding of a
class such as numerical methods for partial differential equations;

In order to conserve as many conservation properties as possible, we aim for physics-based discretizations and

physics-based numerical solvers.

7.1 Space-time: Discontinuous Galerkin (dG) discretization in time

We start with a discontinuous Galerkin finite element discretization based on Section 6.13. Let

I={0}UlLU...Uly

be a partition of the closed time interval I = [0,7], where T > 0 is the end time value. Therein, we
have half-open subintervals I, := (t;,—1,tm] and the time step size, i.e., temporal discretization parameter,
km =tm —tm_1 form=1,..., M. The time points are

O=ts<...<tpm<...ty=1T.

As usual in the finite element method (see for instance [263]) we need three ingredients, namely geometric
elements (here intervals), simple functions (polynomials), and a set of degrees of freedom. Let r € Ny be the
temporal polynomial degree. We define the semi-discrete space

X} :={U € X| Upl1, € Pr(Im,X), Up(0) € L*(Q)},

where k stands for the temporal discretization parameter, indicating from now on that we work with the
semi-discrete spaces X, and semi-discrete solutions Uy. The polynomial space is defined as

.
Po(In, X) ={D>_ait'| a; € X}
=0

Definition 7.1 (dG(r) method). In the space )N(}; the functions can have jumps at the time points t,,, m =
1,..., M, yielding a discontinuous Galerkin method of degree r, denoted by dG(r). This space is used as trial
and test space. Having at least discontinuous test functions, allows for decoupling in time and setting up a
sequential procedure in time. By evaluating the arising integrals with quadrature formulae yields (depending on
which quadrature formula is used) schemes that coincide or are similar to well-known finite difference schemes.

For setting up the dG(r) method, we need to account for the jumps and introduce further for Uy, € )N(IQ

Nt s > 7T+
Upm = 0 Up(tym £ ), [Uklm :=U

; k,m

—Upom-

Then, we obtain
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7. TEMPORAL AND SPATIAL DISCRETIZATION

Proposition 7.2 (dG(r) semi-discretization of FSI). Find Uy € X} such that

M
S [ (Tps0ut g, + (00, 0)g, + (pdhin 0¥,
m=1 Im

+ Anatimeder(U)(\iJ)
M-1
+ Z (Jﬁf[f’k]maﬂ}fyﬁ)ﬁf + (Ps[0k]m. :)rZJr)ﬁS + (Ps (k] m, ?rﬁ)ﬁs
m=0
+ (Jhrieo o g, + (sl 0 g, + (Pstig: Y0 g
= (Jpsio, g g, + (Bsto, Py g, + (Pstio, Y5 g,

s

for all S X,: and where Anotimeder(f])(@) is defined as in Proposition 6.13.2.

Remark 7.3 (dG(0) vs. backward Euler, § = 1). For r = 0, we deal with the dG(0) scheme, first order in
time, which is a variant of the backward Fuler scheme (see below) for 6 = 1.

Remark 7.4 (dG(1)). Forr =1, we deal with the dG(1) scheme, which is second order in time and has order
three (superconvergence) for some problems; see e.g., [34]. For fluid-structure interaction, this higher-order
convergence might hold as well, but we are not aware of rigorous proofs. In the dG(1) scheme, we deal with
two temporal degrees of freedom per I, and consequently at each step, a spatial system of double size must be
solved, which is computationally expensive, but of course, yields a higher-order scheme in time.

Remark 7.5 (¢G(1) vs. Crank-Nicolson, § = 0.5). When the trial space consists of continuous functions
(see definitions for parabolic problems, for instance in [222]), and the test space as above is X};, then we
obtain a variant of the Crank-Nicolson scheme. Moreover, the shifted Crank-Nicolson scheme and its Galerkin
counterpart were investigated in [123].

Remark 7.6 (Galerkin representations of the Fractional-Step-Theta scheme). Recently, Galerkin representa-
tions of the Fractional-Step-Theta scheme (see also below) were derived in [178, 179] and also later utilized by
ourselves [82].

7.1.1 Interest and shortcomings of Galerkin-in-time discretizations

Let us finally give some reasons and also drawbacks to work with Galerkin time discretizations:

1. Similar discretizations in space and time with the typical concepts at hand well-known from finite ele-
ments in space

2. Typical Galerkin-based best approximation results and resulting a priori and a posteriori error estimates
3. Elegant mathematical description

4. Main drawback: heavy notation and more error-prone (in comparison to finite differences from below)
when implemented the first time.

7.2 Time stepping based on finite differences (FD)

Before, we start let us briefly provide reasons why we present as second method the Rothe method (horizontal
method of lines). The traditional way of discretizing time-dependent problems is the (vertical) method of lines
in which first spatial discretization is performed and subsequently temporal treatment. The advantage is that
we have simple data structures and matrix assembly. This leads to a (large) ODE system, which can be treated
by (well-known) standard methods from ODE analysis (ordinary differential equations) can be employed for
time discretization. The major disadvantage is that the spatial mesh is fixed (since we first discretize space)
and it is then difficult to represent or compute time-varying features such as certain target functionals (e.g.,
drag or lift). In contrast, the Rothe method allows for dynamic spatial mesh adaptation with the price that
data structures and matrix assembly are more costly.

128



7. TEMPORAL AND SPATIAL DISCRETIZATION

7.2.1 Basics

In order to discretize nonstationary FSI, we follow the Rothe method and first discretize in time and later in
space. Therefore, we begin by briefly explaining the derivation of One-Step-0 schemes (see, e.g., [240, 242])
for parabolic problems (here in terms of the heat equation). Let

oxu — Au = f,

be given. Time discretization yields: Find u := u™:
_ n—1
“ 57; —Au— (1 —0)Au"t = 0f + (1 —0)f" L.

Thus,
u— StOAu = u"' + 5t(1 — O)Au" + 5t0f + St(1 — 0) f L.

7.2.1.1 One-step-O time-stepping for Navier-Stokes Let us know briefly extend this idea to Navier-Stokes
to point an important property. Setting N(v) :=v - Vv — V- (Vv + VoT), we write

dv+N@w)+Vp=f, V-v=0

be given. In the time discretization, the pressure term in the momentum equation is treated fully implicity
such that we seek v :=v™ p :=p™:
v—on! 1 1
T—F@N(v)—k(l—ﬂ)N(v”* )+ Vp=0f+(1-06)""", V-v=0.
Finally, a fully nonlinear (because of N(v)) scheme reads
v+ 6tON (v) + 6tVp = v — 5t(1 — )N (" 1)6tof +ot(1 —0)f* ', V-v=0.

This time stepping scheme is generically implicit (independendly of the choice of 8 because of the incompress-
ibility constraint.

7.2.1.2 One-step-O time-stepping for the mixed form of elasticity As advertised in Remark 4.69, the
mixed form of elasticity can be directly treated with a One-step-O scheme as well. We are given:

p0o —V - FS = ¥,
p(0v — ©) = 0.
Let 471, on=1 Fr=l := F(a"1) and &1 := £(a"!) be given. We seek for the time-discretized @ and o

such that:
PO — StV - FS = pi" 1 4+ 6t(1 — )V - FP'S" L 4 6t0f + (1 — 0) f» 1,
pi— 5t0d = 4"~ 4 ot(1 — 0)o" L.
7.2.1.3 On the choice of 6
Definition 7.7 (Choice of 8). By the choice of 6, we obtain the following time-stepping schemes:
e 0 =0: I1st order explicit Euler time stepping;
e 0 =0.5: 2nd order Crank-Nicolson (trapezoidal rule) time stepping;

e 0 =05+ k,: 2nd order shifted Crank-Nicolson which is shifted by the time step size k towards the
implicit side;

o 0 =1: 1st order implicit Euler time stepping.
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Properties of these schemes are listed in Definition 7.11.

From linear stability analysis in ODEs (ordinary differential equations), we recapitulate ‘numerical stability’,
‘absolute stability’ and ‘A-stability’. From the model problem

u'(t) = du(t), u(to) =wug, A €C,
we know the solution u(t) = ugexp(At). For t — oo the solution is characterized by the sign of Re A:

ReX <0 = |u(t)] = |uo|exp(Re ) — 0,
ReA=0 = |u(t)| = |uo|exp(Re ) = |ugl,
ReA >0 = |u(t)| = |uo|lexp(Re A) — oo.

For a ‘good’ numerical scheme, the first case is particularly interesting whether such a scheme can produce a
bounded discrete solution when the continuous solution has this property.

Definition 7.8 (Absolute stability). A (one-step) method is absolute stable for Aot # 0 if its application to
the model problem produces in the case Re XA < 0 a sequence of bounded discrete solutions: sup, g |un| < 0o.
To find the stability region, we work with the stability function R(z) where z = \dt. The region of absolute
stability is defined as:

SR={z= X5t € C:|R(2)] <1}.

Example 7.9. For the simplest time-stepping schemes forward Euler (68 = 0), backward Euler (6 = 1) and
the trapezoidal rule (0 = 0.5), the stability functions R(z) read:

R(z) =1+ z,
1
R(Z)_ 1_27
1+ 1z
R(z) = 1—iz'

2

They are obtained by applying the temporal difference quotients to the above model problem. We see that for
stiff problems (here A is large), we need very small steps 5t in order to guarantee R(z) <1 for the case § = 0.
On the other hand, the case 0 = 1 will work for arbitrary high .

Definition 7.10 (A-stability). A difference method is A-stable if its stability region is part of the absolute
stability region:
{z€C:Rez<0} CSR.

To have good stability properties (namely A-stability) of the time-stepping scheme is important for temporal
discretization of partial differential equations. Often (in fluid-structure interaction in nearly all equations!)
we deal with second-order operators in space, such PDE-problems are generically (very) stiff with the order
O(h™?), where h is the spatial discretization parameter. Additionally, material parameters for fluids and solids
differ of several orders of magnitude.

Definition 7.11 (Stability and properties of time stepping schemes ). A good time stepping scheme for time-
discretizing partial differential equations should satisfy:

o A-stability (local convergence): an example is the Crank-Nicolson scheme (trapezoidal rule);
o strict A-stability (global convergence): an example is the shifted Crank-Nicolson scheme;

o strong A-stability (smoothing property): examples are backward Euler (in particular even L-stable®?) and
Fractional-step-0 schemes;

e small dissipation (energy conservation).

22 A time-stepping scheme is L-stable if it is A-stable and the stability function satisfies |R(z)| — 0 for z — co. In this respect
the Crank-Nicolson scheme is not L-stable since R(z) — 1 for z — —oo.
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<

Remark 7.12 (BDF schemes - backward differentiation formula). Another class of schemes that are often used
are the so-called BDF schemes. For instance, application of BDF(2) to Navier-Stokes in Fulerian coordinates
and strong form reads:

%vn - 2’0,171 + %'Un72

ot

Here, we need two start values vy and vi, where vy is given as initial value and vy is computed with a one-step
method. The two lowest order schemes BDF(1) and BDF(2) are A-stable as their one-step-0 counterparts. We
notice that BDF' schemes of order > 2 cannot be A-stable.

+ vy - VU, = V- 0(Uny Pr) = f

Let us now describe the properties of the previous schemes in more detail:

e The explicit Euler scheme is cheap in the computational cost since no equation system needs to be solved.
However, in order to be numerically stable (very, very) small time steps must be employed, which makes
this scheme infeasible for fluid-structure interaction problems.

e A classical scheme for problems with a stationary limit is the (implicit) backward Euler scheme (BE),
which is strongly A-stable (but only from first order), robust and dissipative. It is used in numerical
Examples, where a stationary limit must be achieved. However, due to its dissipativity this schemes
dampes high-frequent temporal parts of the solution too much and for this reason this scheme is not
recommended for nonstationary flow or FSI (see Figure 49 for a comparison of BE and CN).

e In contrast, the (implicit) Crank-Nicolson scheme is of second order, A-stable, and has very little dissi-
pation but suffers from case-to-case instabilities caused by rough initial and/or boundary data. These
properties are due to weak stability (it is not strongly A-stable). A variant of the Crank-Nicolson scheme
is called shifted Crank-Nicolson scheme, is analyzed in Rannacher et al. [141, 200], which allows for
global stability of the solution 2. In particular, Rannacher analyzed in [199] the shifted Crank-Nicolson
scheme for linear evolution equations and how they can be modified in order to make them suitable for
long-term computations (without reducing second order accuracy!!). In [213, 249], it has been shown that
these ideas apply also to (nonlinear) fluid-structure interaction problems by demonstrating computational
evidence. More details are addressed below in Section 7.2.3.

e The fourth scheme summarizes the advantages of the previous two and is known as the Fractional-Step-6
scheme for computing unsteady-state simulations [122]. Roughly-speaking it consists of summarizing
three Crank-Nicolson steps and has therefore the same accuracy and compuational cost as the Crank-
Nicolson scheme. However, it is more robust, i.e., it is strongly A-stable (as backward Euler) but has 2nd
order accuracy as Crank-Nicolson, and is therefore well-suited for computing solutions with rough initial
data and long-term computations for problems. This property also holds for ALE-transformed fluid
equations, which is demonstrated in a numerical test below. We also refer the reader to a modification
of the Fractional-Step-6 scheme [242].

7.2.1.4 Time stability of second-order hyperbolic equations: revisiting the solid equations In fluid-
structure interaction, the solid equation is of hyperbolic type and satisfies an energy conservation law on
the continuous level. That means that our time-discretization scheme should reproduce this property; see
fourth point in Definition 7.11.

We recall findings (neglecting the damping terms) from the theory [15, 33, 128]:

e Stability in the L>-norm: the One-Step-f scheme (168) is unconditionally stable, i.e., there is no time
step restriction on k if and only if 6 € [3,1].

e Energy conservation: the one-step-0 scheme (168) preserves energy only for the choice 6 = % For 6 > %
(e.g., the implicit Euler scheme for the choice § = 1) the scheme dissipates energy.

23A famous alternative to the shifted Crank-Nicolson scheme is Rannacher’s time-marching technique in which the unshifted
Crank-Nicolson scheme is augmented with backward Euler steps for stabilization and in particular for irregular initial data
[199]. Adding backward Euler steps within Crank-Nicolson does also stabilize during long-term computations [141, 199].
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Consequently, the Crank-Nicolson scheme is an optimal time-stepping scheme for hyperbolic equations. Pos-
sible restrictions with respect to the time-step size are weaker for hyperbolic problems than for parabolic
differential equations [128]; namely

Definition 7.13 (Courant-Friedrichs-Levy - CFL). A necessary condition for explicit time stepping schemes
is the Courant-Friedrichs-Levy (CFL) condition, i.e., the time step size k is dependent on material parameters
and the spatial discretization parameter h:

e Parabolic problems: k < %chz;
e Hyperbolic problems: k < a~'h, where a is of order of the elasticity constant in the wave operator.

To bring it to the point: issues of numerical stability of the coupled problem are of utter importance, as it
consists of a combined consideration of two different types of equations:

e the incompressible Navier-Stokes equations which is of parabolic type and that comes with smoothing
properties; and the hyperelastic solid equation of hyperbolic type, which requires good conservation
properties with very little numerical dissipation.

By these considerations, the Crank-Nicolson scheme and its variants like shifted versions [141, 176, 200] or the
fractional step theta scheme [46, 242], appear to be ideal candidates.

7.2.1.5 Consequences of energy conservation in pipes/tubes/arteries with moving elastic walls Let us
briefly illustrate practical consequences associated with hyperbolic (non-damping) solid equations. Assuming
we have optimal conservation properties using a Crank-Nicolson-type scheme for temporal discretization. As
we mentioned in the introduction, hemodynamical applications are often subject of research. Here, blood flows
in a veine or artery. Due to its enormous computational cost, we can not simulate the whole circulatory system
and we need to cut the computational domain. Blood flow is a pulsating fluid and introduces waves and in
particular these waves can be observed in the arterial wall (see a snapshot at time ¢* in Figure 40). Using
standard Dirichlet or Neumann conditions on the structural boundary conditions (inlet and outlet), elastic
waves are reflected. This is non-physical behavior and is subject of present research [50, 99, 115, 188]. Our
conclusion that is inferred from these observations is that correct numerical discretization does not necessarely
result in the correct physical answer.

Figure 40: Snapshot at time step t* of flapping simulation with moving elastic boundaries.
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7.2.2 Temporal discretization of fluid-structure interaction by the Rothe method
We now concentrate on temporal discretization of fluid-structure interaction. Here, use

Proposition 7.14. Applying the one-step-0 scheme to the strong form and then taking the weak formulation
18 formally equivalent to first writing the weak formulation and then time-discretizing this scheme.

Proof. A check is left as an exercise. O

In the domain Q and the time interval I = [0,T], we consider the fluid-structure interaction Problem 6.21
with harmonic or linear-elastic mesh motion in an abstract setting (the biharmonic problem is straightforward):

Definition 7.15. Find U = {0y, 0s,s, 0, ps,Ds} € XY, where X = {0 + VO } x Ly x {a? + VP, } x
{aP +V0} x ﬁ(} x L9, such that

s

/T AO)(W)dt =0 vV e X, (158)
0

where U = {47, §2, b, 07,00} and X = VP, x Ly x VO o x VO x LY x LY and

AU) () = A (U) (@) + Ax(U)(1") + A3(U) (") + As(U)(*) + As(U)(P) + A6(U) (47).
as defined in Problem 6.22.

The abstract problem (158) can either be treated by a full time-space Galerkin formulation, which was
investigated previously for fluid problems in Besier et al. [34, 35, 222]. Alternatively, the Rothe method can
be used in cases where the time discretization is based on finite difference schemes.

To sum-up: After semi-discretization in time, we obtain a sequence of generalized steady-state fluid-structure
interaction problems that are completed by appropriate boundary values at every time step. Let us now go
into detail and let

I={0}ULU...UIy

be a partition of the time interval I = [0,7] into half open subintervals I, := (¢,_1,t,] of (time step) size
ky :=t, —tn,—1 with
O=ty<---<ty=T.

Definition 7.16 (Arranging of the FSI semi-linear form into groups). We formally define the following semi-
linear forms and group them into four categories:

e time equation terms (including the time derivatives);
e implicit terms (e.g., the incompressibility of the fluid);
e pressure terms;

e all remaining terms (stress terms, convection, damping, etc.);

such that

Ap(U)(F) = ( ApAfathﬂ/;;)ﬁf — (pp (F~ 6)fff)ﬂ/;?)ﬁf + (Ps Ok, 00, + (PsOrtie, V1) (159)
Ar(0)(¥) = (@uViy, Vi})g, + (div (JFVig), %), + (Po,tD)g,, (160)
Ap(O)(¥) = (5rJ(F 07 - 9)o0) ), + (670 BT, Vi), — (0P "0 R 0, (161)
+(FE,VY)g, — (psts, ). (162)
AP(U)(\]}) - (Jaf PF_T7 67[}7’)?” + (ja—s,pﬁ_T7 61[]:)?1“7 (163)

where the reduced stress tensors 0y, 0f,p, and G5, are defined as:
b'\ﬁp = 7]A)ff, 6—}7““ = pr/f(§lA)fF\71 + ﬁiTﬁ’[}}w), (164)
Gop = —Dsl, (if we deal with the INH or IMR material), (165)
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and Af] denotes as usual the structure tensor of the INH, IMR, or STVK material. The time derivative in
Ar(U) (W) is approzimated by a backward difference quotient. For the time step t, € I forn = 1,2,...,N
S

(N € R), we compute 0; = 0, 4; == 4P (i = f,s) via
A rn T, L. n,0 An— v 1. Fo—1(n ~n— <\ v
Ap(U™F)() =~ 7 (hsJ Oop = 0771 0")q, — 7 (s (JF g —ag=h) V)0 9")g, (166)
Lo . An— v ~ ~n—1 Ju
+E(ps(vs_7)s 1)7"/] )§S+(us_us 17'(/) )ﬁs’ (167)

where we introduce a parameter 6, which is clarified below. Furthermore, we use

I =0+ (1—6)J",

and @} == 1;(t,), 0 == 0;(t,), and J := J" := J(t,). The former time step is given by 7", etc. fori = f,s.

?

Remark 7.17. Working with damped solid equations, one needs to add two terms such that:

~ A ~ A~

Ap(U)(0) = ...+ 70 (0,005, + 75 (€(05), V)5 -

s

7.2.2.1 The One-Step-0 scheme

Definition 7.18. Let the previous time step solution

gn—t = {@?_1,@;‘_1,12}‘_1,a?_l,ﬁ?_l,ﬁ?_l} and the time step k := k,, = t,, — t,,_1 be given.

Find U™ = {&7, 07, @}, a2, p}, po} such that

Ap(U™*)(0) + 0A(U™) (D) (168)

+Ap(U™) () + Ap(U™)(¥) = = (1= 0)Ap(U"")(¥) (169)

FOF™M(W) + (1 - 0)F (D), (170)

where 13”(\11) = (ps Ag‘,ﬁg)ﬁs with ff = fs(tn). The concrete scheme depends on the choice of the parameter

0 as defined in Definition 7.7.

tn—l tn tn—i—l

Figure 41: Time step computation using One-Step-6 schemes.

We notice that for problems with large time steps (k > 0.5), we need to normalize/non-dimensionalize the
equations in order to get the characteristic time step size that can be used for the shifted variant. Otherwise,
you have 6 > 1, which is senseless. As alternative, one can use the Rannacher time-stepping by adding
backward Euler steps on a regular basis [199].

7.2.2.2 The Fractional-Step-0 scheme

Definition 7.19. Let us choose 6 = 1 — g,@’ =1-20, and a = %, = 1— «a. The time step is

split into three consecutive sub-time steps. Let Un—! = {@}1_1,{/?_1, ﬁ;ﬁ_l,ﬂg_l,f)?_l,ﬁg_l} and the time step

k:=k,=t, —th_1 be given.
Find U™ = {0}, 07,4}, 4y, p}, py } such that
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Ap(Un=1HOR) (1) 4+ af Ap(U"1H0)() (171)
FOAP (U0 + Ap (U Y (0) = —BOAR (U7 1) (0) + 0F" (D), (172)
(173)

Ap(Um=0F) (W) + B0’ Ap(U™°) (1) (174)
+0' Ap(U") () 4+ A (U ) (¥) = =B’ A (U0 (0) + 0’70 (D), (175)
(176)

Ap(U™™)(0) + a Ag(U)(D) (177)
+OAp(U™)(T) + Ay (U™)(¥) = —BOAR(U" ) (D) + 0F™" (D). (178)

tn—l tn—1+€ tn—@ tn

Figure 42: Time step computation using the Fractional-Step-6 scheme.

7.2.2.3 Resulting time discretized problems With the help of the previous considerations, we formulate a
statement for the time-discretized equations:

Problem 7.20. Let the semi-linear form A(-)(-) be formulated in terms of the previous arrangement, such
that

A(O)(F) = Ar(U)(¥) + A (U)(¥) + Ap(0)(9) + Ap(U)().

After time discretization, let the time derivatives are approrimated with
Ap(U)(¥) ~ Ap(U™F)(D),

such that the time-discretized semi-linear form reads

AU (0) = Ap(U™*)(9) + Ar(U™)(F) + Ap(U™)(9) + Ap(U™) (D).

Then, we aim to find U™ = {vf, S,ﬂ;ﬁ, ag,p'tpy} € XD, where X% = {vf + VO S} x Ly x {ﬁ? + f/%} X
{aP +V0} x LO x L9 and X = Vﬁv X Ly Vfoaﬁ x VO x LO x LY, for alln=1,2,...,N such that

AU™) (W) = F(I) v¥ e X,
where this equation is treated with one specific time-stepping scheme as introduced previously.

Remark 7.21. Detailed discussions and a nice overview on time-stepping schemes for flow problems (in-
compressible Navier-Stokes) and their formulations in terms of One-Step-0 schemes and Fractional-Step-0 are
provided in [240], pp. 161f}.

Remark 7.22 (Newmark scheme [151, 268, 269] for temporal solid discretization). We notice that the standard
discretization for solid equations is based on the so-called Newmark scheme, which avoids splitting into a first-
order mized system. The relation to special cases of One-Step-0 schemes (in particular Crank-Nicolson) is

discussed in [15]. ©
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Remark 7.23 (Geometrical conservation law). Using the ALEgy, scheme for time discretization, there have
been studies [83, 94, 95, 188] that convergence is influenced by the discretization of the mesh motion velocity
and also depends if ALE conservative schemes are used. Such studies are open questions for ALEy, schemes.
Several examples and ideas are presented in [188], p. 71. ¢
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7.2.3 Numerical observations for long-term FSI computations using the FSI 2 benchmark [150]

Let us substantiate the previous algo-
rithms with numerical examples. Specif-
ically, we study the fluid-structure inter-
action benchmark test FSI 2 [150]. To de-
tect numerical artefacts is a delicate task,
therefore, we study (qualitative) conver-
gence with respect to space and time on
three different (globally-refined) mesh lev-
els with 1914,7176 and 27744 degrees of
freedom using the Q5/ P element (which
is introduced in the next section). More-
over, we use three different time levels with
the time steps k£ = 0.01,0.005 and 0.001.
It is sufficient to study the results for the
drag evaluation because we observed the
same qualitative behavior for all the four
quantities of interest (the z- and the y-
displacement, the drag, and the lift).

Remark 7.24 (FSI 1,2,3). As important
notice we remark that there have been three
benchmarks suggested FSI 1, FSI 2 and
FSI 8. The first test is stationary can be
either computed with a stationary code or a
nonstationary code using the implicit Fu-
ler scheme. The second and third bench-
marks are nonstationary. Here, FSI 2 has
a lower Reynold’s number and would lead
without an elastic beam also to a station-
ary solution whereas FSI 3 has high in-
flow. The particular difficulty in FSI 2 is
that the beam leads to larger deformations
(good MMPDE necessary!) than FSI 3 and
the coupling conditions are very important
since the oscillations are only caused the
fluid-structure interaction. In FSI 3, the
beam ocsillationsa are mainly caused by the
non-symmetric cylindric boundary though.

Specifically, we are interested in the fol-
lowing:

e The detection of instabilities (or
even the blow-up of solutions in finite
time) for the ordinary (i.e., unstabi-
lized) Crank-Nicolson scheme. If we

Drag

Drag

T
| Secant CN (v)
800 Tangent CN

600 - .

2000 MMN\/\/\f \f f | //“ I /}‘ /"\.’(\\/ﬁ“/f\‘\/"\ﬁ\/"\,ﬁ \/r'«‘,ﬁ \f' |

400

-200 .
1 1 1 1
2 4 6 8 10 12
Time
T T T T
800 L Tangent CN (vw) |
Secant CN shifted (v)
600 .
400
O - -
-200 .
1 1 1 1
2 4 6 8 10 12

Figure 43:

Time

Blow-up (using the time step k& = 0.01) of the unsta-
bilized Crank-Nicolson schemes (secant and tangent)
whereas the shifted Crank-Nicolson schemes is stable
throughout the whole time interval. We notice that the
secant Crank-Nicolson scheme exhibits the instabilities
earlier than the tangent version. The unit of the time
axis is s, whereas the drag unit is kg/m s?. Related
figures published in [213].

observe any, we are able to resolve them by the choice of a sufficiently small time step.

e Finally, we compare the standard second-

order time-stepping schemes for the

simulation of nonstationary fluid flows/fluid-
structure interactions such as the Crank-

Nicolson scheme, the shifted Crank-
Nicolson scheme, and the Fractional-
Step-0 scheme.
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Configuration

The computational domain has length L = 2.5m and height H = 0.41m. The circle center is positioned at
C = (0.2m,0.2m) with radius » = 0.05m. The elastic beam has length | = 0.35m and height h = 0.02m. The
right lower end is positioned at (0.6m,0.19m), and the left end is attached to the circle.

~

(0, 0.41) I'p (2.2, 0.41)
- A:(6.072.O)
~ — - ~
i, —»O:/ Lout
——— ~
L Q2
—
(0,0) T'p (2:2,0)

Figure 44: Flow around cylinder with elastic beam with circle-center C' = (0.2,0.2) and radius r = 0.05.

Boundary conditions

For the upper, lower, and left boundaries, the ‘no-slip’ conditions for velocity and no zero displacement for
structure are given. At the outlet f(mt, the ‘do-nothing’ outflow condition is imposed leading to a zero mean
value, i.e., ffout pds of the pressure at this part of the boundary.

A parabolic inflow velocity profile is given on Lin by

_4y(H —y

U=1.0ms".
Initial conditions
For the non-steady tests one should start with a smooth increase of the velocity profile in time. We use

0,y) =20 it (<205
v(t;0,y) = .
vr(0,y) otherwise.
The term v (0,y) is already explained above.
Quantities of comparison and their evaluation

1) z- and y-deflection of the beam at A(t).

2) The forces exerted by the fluid on the whole body, i.e., drag force Fp and lift force Fy, on the rigid
cylinder and the elastic beam. They form a closed path in which the forces can be computed with the
help of line integration. The formula is evaluated on the fixed reference domain 2 and reads:

(FD,FL):/jc}allF‘T-ﬁd§:/ j&fﬁ—T.ﬁfngr/ Jo;F7T vy ds. (179)
S S (circle) S(beam)

The quantities of interest for this time dependent test case are represented by the mean value, amplitudes,
and frequency of z- and y-deflections of the beam in one time period T of oscillations.

Parameters

We choose for our computation the following parameters. For the fluid we use gy = 10%kgm =3, vy =
10~3m?2s~!. The elastic structure is characterized by o, = 10*kgm =3, v, = 0.4, s = 5 * 10°%kgm 1572

Example 7.25 (Computation of the Reynolds number for FSI 2). As small example, let us compute the
Reynolds number defined in 4.63 of this test. As characteristic lenght, we choose the diameter of the cylinder,
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D = 2r = 0.1m. As characteristic velocity, we take the mean velocity, V = %V(O,H/2,t) where V' is just the
parabolic inflow profile from above and evaluated in the middle H/2 where we have the hightest velocity:

V =v(0,H/2) = 1.5 x 1.0@ =15,
where we set U = 1.0. Then,
V=15xV=:-15=
This yields the Reynolds number
Re= % - 0'11011 — 100

HIT

1
I i
 — —
1
—t—

Figure 45: Numerical simulation of the FSI 2 benchmark problem: magnitude of the velocity field (display-
ing the van Karman vorticity street), pressure field, and magnitude of the displacement field and
deformed mesh Q(t). In all figures, red indicates high values and blue low values.
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1
iy
—T T
L\ s B
T | I ——

Figure 46: Magnitude of the velocity field and mesh of the reference domain Q in which the computation was
performed using the ALE, approach. In order to display these findings in the deformed (physical)
domain € as shown in Figure 45, the operation A(#,t) = 2 = # 4 4(&, t) must be applied; either in
your simulator or in the visualization program.

0 0.08
-0.005 0.06
0.04
'0.01 0.02
% -0.015 B 0
0.02 -0.02
-0.04
-0.025 .0.06
-0.03 ! ! ! . -0.08
14 14.2 14.4 146 148 15 14 14.2 144 146 148 15

Time Time
300 T T T T 250
280 200
260 150
240 100
2 220 50
< £ 0
A 200 - 50
180 -100
160 -150
140 -200

120 | | | | -250 | | |

14 142 144 146 148 15 14 142 144 146 148 15
Time Time

Figure 47: FSI 2. Top: the deflections of the beam, u,(A) and u,(A). Bottom: the drag and the lift compu-
tations over the path S of the cylinder and the interface between the fluid and the structure.
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400 T T T 400 T T T
Secant CN shifted (v) Tangent CN ——
as0 |- FS ------- 7 as0 |- Secant CN shifted '(:\g I
300 B 300 B
R RN RN E AR NN | Ty
250 .y i 250
oD j=2]
S 200 - S 200 |
a a ) ‘
150 | SERRRRRRE 150 | | I | AR
100 + B 100 B
50 | f 50 | B
0 1 1 1 1 0 1 1 1 1
2 4 6 8 10 12 2 4 6 8 10 12
Time Time

Figure 48: Top: stable solution (using the large time step k¥ = 0.01) computed with the shifted Crank-Nicolson
and the Fractional-Step-6 scheme. Recall the blow-up of the unstabilized Crank-Nicolson scheme in
this case. Right: using a smaller time step k& = 0.001 yields stable solutions for any time-stepping
scheme. The unit of the time axis is s, whereas the drag unit is kg/m s.

Observation 1

We observed in our computations that there are only minor differences in the drag evaluation computed
with the unstabilized Crank-Nicolson scheme using the different ALE convection term discretizations defined
in the problems above. Specifically, we observed unstable behavior (blow-up) for computations over long-
term intervals, as illustrated in Figure 43. Naturally, we expected this behavior from our previous numerical
analysis.

Observation 2

As expected, the shifted Crank-Nicolson scheme and the Fractional-Step-0 scheme showed no stability prob-
lems in long-term computations, even for the large time step k = 0.01 (see the top of Figure 48). This result
indicates that the instabilities induced by the ALE convection term have minor consequences, and our obser-
vation is in agreement with the statement in [95]. Furthermore, all time-stepping schemes are stable over the
entire time interval for a sufficiently small time step & = 0.001; (see the bottom Figure 48).

Observation 3

We finally compare in Figure 49 the shifted Crank-Nicolson scheme and the backward Euler scheme in order
to show that the latter time-stepping method is too dissipative and will not cause the elastic beam to keep
periodic-in-time oscillations.

0.1 : — — — 0.1
0.05 | 1 0.05 |
E E
= 0——————~ne = 0
@ @
=) a
-0.05 | 1 -0.05
01 Backward Euler ‘ ‘ ‘ 0.1 L ShitedCN — ‘ ‘ ‘ ‘
"0 2 4 6 8 10 12 14 "0 2 4 6 8 10 12 14
Time [s] Time [s]

Figure 49: Comparison of the u, displacement using the backward Euler scheme (left) and the shifted Crank-
Nicolson scheme (right). These findings show that it is important to choose the ‘correct’ time-
stepping scheme. For nonstationary flow, the backward Euler scheme is too dissipative and is not
able to compute oscillatory flow as the shifted CN scheme does.
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7.2.4 Time stability for fluid-structure interaction

In the following, we consider the stability of the monolithically coupled problem.
Following Formaggia and Nobile [95], we consider the following modification of the classical Crank-Nicolson
scheme (i.e., it is a Gauss-Legendre implicit second-order Runge-Kutta method)

n+1 n
v + v
v?“ —vf =kg <tn+;a A 5 f) ) (180)

where g(t,v¢(t)) denotes the right-hand-side of a differential equation. This modified scheme can be reduced
to the classical scheme for a linear advection-diffusion problem on a fixed domain and time-independent
coefficients. Moreover, the geometric conservation law is satisfied for this scheme in two-dimensional domains
[95, 188] if the ALE transformation is reconstructed linearly in time (i.e., using a constant in time-mesh velocity
w). We consider this aspect in more detail below.

To derive a stability result for the Crank-Nicolson scheme, we provide some further notation. In the rest of
this section, we are going to work with an ALE mapping that is defined from the previous time step t,_1 to
the the present time step ¢,,. This is an extension to our previous definitions, where the reference configuration
coincided with the configuration at the initial time step, i.e., 2° = Q. In the following, we denote by Q7
the reference configuration at time step ¢, and we use v € Q" as an approximation of v(¢,). This value is
transported from Q" to any other configuration Q! (for I # n) through the ALE mapping ([188]):

An,l = Al ofl;l.

For the sake of notation, we omit the explicit representation of the ALE mapping when we work with the value

0™ in a domain §; with n # 1, i.e.,

/ v dz ::/ v o Apdz, and  |[o"||gr = |0 0 Api||ar,
o) o)

which we use frequently in the following.
With these preparations, the application of the relation (180) to the Navier-Stokes equations in a moving
domain reads in the weak formulation:

Problem 7.26. Find {vy,ps} € {vJ’? + VJQ} x LY, such that vs(0) = v? is satisfied, and forn =0,1,2,..., N
holds:

n+1 n v n+3 n+1 U;H_l + U? v
pf(vf _Ufﬂ/} )SZ}L+1 +k/’pf |:Uf P —w ] v(#)ﬂ/} (181)
ptt
n+1 n n+1 7
v +v p +p
f v f v v
+2kpsvs (D(J"Q),w ) —k(%,v.zp )W —0 VeV, (182)
Q;H—l f
n+1 n
v +v
V- (fif),w =0 VP e LY, (183)
2 ptt
1 1
where ’U?+2 can be chosen as ’U;H_Q = 2_1(1)?“ + v;}) to obtain a fully implicit nonlinear convection term.

1 1
Otherwise, one can approximate U}H_Q by extrapolating the former time steps U?71 and 0?72 such that U}H_Q =
1(31)”71 _ Un72)
2 f f ’
We supplement this scheme with homogeneous boundary conditions and admissible initial conditions:
vE=0 ondQy, n=12,...,N+1 (184)
v} =y in Q= Q. (185)
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In the case of Neumann conditions, we add in the first equation of (181) the term

i
2kpfuf<D(f2f>nf, ¢“> . (186)
iy
As usual, this is the outcome of partial integration of the stress term. This term must be incorporated in the
case of fluid-structure interaction problems because it contributes to the energy exchange on the interface.
For the structure subproblem, we also use the Crank-Nicolson scheme. First, we state the following weak
form of the structure Equations (43):

Problem 7.27. Find {0, 0} € Ly x {aP + VO}, such that 0,(0) = 90 and 64(0) = 42 are satisfied, and for
almost all time steps t € I holds:

ps (1t )y + (FE,Vi¥)g — (FEg, g (187)
+’Yw(@sa'd}v)ﬁs + 'YS(A(AS)v 6"[}1))@& - 75<€(@S)ﬁ57¢U>fS,N =0 v,([}v € vsov (188)
pa(Orits, V") — ps(Ds,9)")g, =0 V" € L. (189)

Problem 7.27 is obtained from the weak STVK solid problem, neglecting volume forces.
Temporal discretization of the structure Problem 7.27 with the Crank-Nicolson scheme yields:

Problem 7.28. Find {o"+, 471} € Ly x {aP +VO} forn=0,1,2,...,N:

o (600 =00, 0%)  + O(FE(an + i), Vi), (190)

—O(FS (@t + al)is, )+ w0 (00 + 07,975, (191)

0 (00T +07), Vi) g = 1u0(e(@I ! + 00, ) =0 W e V2, (192)
1 ~n ~ Tu N ~n n T Tu T

pop (0 + a0 0) = pb(EI T 015 =0 Vit e Ly, (193)

s

with 8 = 0.5.

First, we recall the coupling conditions that are required for an implicit solution algorithm:

. . = . 1 . N &
U}H_l = ’u,;H_l on Fi7 wn+1 = %(’U,}H_l - U?’) m Qf, (194)
2*1(1)?4'1 +of) = w}”‘l on I'y, "™ =0 on fs,D. (195)

Using the Crank-Nicolson scheme for temporal discretization, the second relation in (194), can be further

developed into

1 1
W = (@ —ap) = S (05T +0F). (196)

Using these coupling conditions with a slight modification of the second term,

n+1

_ n+1
’Uf —wf

on FZ‘,
an unconditioned stability (without restrictions on the time-step size) was obtained by Fernandez and Gerbeau
[88]. In their study, the authors use the backward Euler scheme to discretize the fluid. The structure is
discretized using a second-order mid-point rule. In this thesis, we upgrade these findings to a stability result
in which the Crank-Nicolson time discretization scheme is performed for the both subproblems. Moreover, we
incorporate the damping of the structure equations.

To get an analogous stability result for the time-discretized Crank-Nicolson scheme on moving domains, we
use the methodology used in [94, 95, 188|. It holds:
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Lemma 7.29. For the time-discretized solution of the Crank-Nicolson scheme (181) holds:
n+1 k D n+1 kﬂ V n+ n+1 n|2 d
prlloF Hllgns + kp sl D@+ vlgne + = W' T g da

= prllof Iy,

For V-w > 0 for all x € Qf and for all t € I (a uniform contraction of the mesh), the CN scheme is
unconditionally stable. Otherwise, the ALE convection term causes instabilities that restricts the choice of the

time step size. Specifically, it holds:
k<.
=5

Proof. To proof the assertion, we use the arguments presented in [95, 188]. In Problem 7.26, we take the test

functions Y? = v}”‘l + v}y and PP = p;}‘“l +p’. We observe that with this choice, the pressure term in the first
equation can be removed thanks to the incompressibility condition. The mass term can be written as

ntl 2t (197)
f

1
pf(vf _U}vaf +vf)Q"+1 —pf”Uer [F

Q! + pyllvyl
Using the identity

(D(vF*), W;}“)Q?H = (D}, D(wi* ))Q,},H Vn=0,1,2,...,

brings us to
U?+1 + U}l n+1 n n+1
%p vy D(#) Dt +p) ) = koD@ o). (198)
o
f

So far, we assume that homogenous Dirichlet conditions are prescribed on the outer boundaries. Otherwise,
the following term would remain on Neumann parts:

k n 7
—§<a( P ufng, ot +U?>F}‘,+N1' (199)

1
It remains to consider the convection term using the fully nonlinear discretization ’U;H_Q = 2_1( ntl v}).

We plug-in the test function ¥ = U}LH + v}, which gives us:

o ([(Fg ) (g )+ )

k/)f n+1 +1 n+1 2
=G e 077 D) =T b g e

n+1
Qf

Using the explicit representation of the integral and using integration by parts, yields

kpy n+1 +1 ntl 2
4 Jorn [(F ™+ vf) —w ] Vo + P da (200)
_ oy (0™ + o) =™ g 0 40} da (201)
4 N e ! T ’
k
_ ke Vo (@ o) — w4 o2 da (202)
4 Japn

The boundary term vanishes, thanks again to the homogeneous Dirichlet boundary conditions. Using the
incompressibility of the fluid, brings us to

kps n+17 |, n+1 n2
Ve o Vo[0T T o} da. (203)
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We note that the last step is admissible because we are still working in spatially infinite-dimensional spaces,
where the incompressibility of the fluid is satisfied in each time step. This property gets lost after spatial
discretization and the incompressibility term requires attention (see e.g., [188]). Adding the contributions
(197), (198), and (203) finishes the proof. O

We emphasize, that fluid flows on moving meshes with a Crank-Nicolson time discretization only serve for a
conditioned stability (see Lemma 7.29). Consequently, we cannot expect a better result for the overall problem.

We use the Equations (181) with the stability result proven in Lemma 7.29. For fluid-structure interaction,
we must consider the interface term (we refer to the term (199)):

— 7<Jf ntl +vf)nf,vf +’U;cl>1-‘rl+1. (204)
The coupling term on the interface that is needed for the next statement reads:
oW+ v ng + FR(A0H + al)ig + 7600 + 07 )i, = 0. (205)

Theorem 7.30. Let the fluid-structure interaction problem be coupled via an implicit solution algorithm and
let both subproblems be time-discretized with the second order Crank-Nicolson scheme. The coupled problem is
assumed to be isolated, i.e., v"+1 =0 on an \ I and FE( )R, =0 on 09, \I‘ Further, in the case of

strong damping v, > 0, let (D ”‘H) =0 on 0, \I‘l. Then,

oAl s + AT, /Q W (B(ar+)) da

s

kpy

+kpsvg|| D+ 0} Yl
ot

e T Vw0 da

Im . kYs o).
B gtz + S jecer+ 1

< orllofliye + ll2I3, + [ WP ds

k,)/w AN kPYS AL AT
=213, + = E@DIE-

Proof The fluid Subproblem is attacked with the help of Lemma 7.29 and by taking the test functions 1/)}% =
( ntl v}) and f = ( et + p'f). With this choice, the following two terms remain on the interface I';:

k
—S{or W+ o, 0 4 ),

@ [(Un+1 + v}l) _ wn+1] n+1

4 Jpo+ f nf|v

+v}’|2dm.

The first term appears due to integration by parts of the fluid stress term and it becomes part of the coupling
condition on I';. The second term is obtained in (200) by using partial integration in the convection term.
This term vanishes on the interface because we require the coupling condition (see (194)):

1
2( "H—l—vf) w" =0 on TP

In the following, we consider the structure subproblem 7.28. We take as test functions z/AJ” : z/J” = ( nHl_gn)
and ¥ 1= U = +(onF1 — 97) in the Equations (190). This choice of test functions is admissible, thanks to
the coupling conditions (194). This choice implies 1/3; = @Z;’ on fi, ie.,

v 1 ~m ~m 1 o n v
ws:E(us+1_us):§( +1+vf) wf
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Subtraction of the second equation from the first equation in Problem 7.28 and multiplication through by k
leads to

ps (07 07, 07 — 80,
L ES G ), St - ),
- % (FE@H +al)ng, aptt —al)s
=0.
For the moment, we omit the damping terms. The mass term reads:
P, — pulll, =0 o

To treat the stress term, we use

1 [ALS AN ~N < ~N AN ~Nn ol ~Nn ~Nn
§(FZ(US+1 + US),V(US+1 — Ug ))ﬁq (FE( + + 14 ) F( + us))ﬁs’ (207)
With this, we proceed as in [88], to deduce:
[ ~m AN\ (AT ~m
3 (FE(at +al), V(art! —al ))ﬁ (208)
1 ~ N = N
— 5(8FW(F(UZ+1 +ay)), Flag™ —al))g. (209)
= /A W (F(art —am)) de (210)
Qs
- [ W (F(a+h)) — w(F@n)) de. (211)
Qs

It remains to discuss the boundary terms. The data on outer boundaries vanish due to our assumption that
we work in an isolated system. Thus, it remains to consider the interface term:

15 ~n Y AV Y ) ~n
—§<F2(us+1 + A g, 40T — a7 >f1 (212)

We remind the reader to recall the interface condition that is seen from the fluid side. Now we employ (196),

such that % )
2<O'f( n+1 +Uf)nf,vf +U?>F;L+1 = 2<0’f( n+1 —|—’Uf)’n,f7uf 1—U}L>F:L+1. (213)

Thus, by adding (212) and (213), we get
1 1, ~n
- §<a( Vi o g, T — ) s — §<F2(a;}+1 + A, 40T — ) =0, (214)

which corresponds to the already introduced strong form of the coupling conditions (except of the damping
interface term). Finally, we consider the damping terms of the structure equations:

oo (GrHt 67, %) + L (e(80 T +00), Vi) — (@@ + 00 %) = 0.
2 0, g SR r

Taking again ¢! = F(amtt —ar) yields:

Lo (@it por,antt —al)g + %(e(@g“ +om), V(@ —ar)), = 0.

Estimating the both terms by using the relation between the velocities and the displacements (i.e., (199)):
,[LnJrl an

_ 1 ~n ~n
% = i(vs+1 +9¢),
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yields for the first term (using the Young inequality):

72wm+1+m -, (215)
_ ’wa(AnﬂJrﬁn 4 ), (216)
k7w||m+1 @?Hfm (217)
< ’%uw:*lu%s +lo71) (218)

The second term is treated in a similar fashion by using the definition of the energy norm (83):

%(g(@g“ +07), V(agt —ar))g, (219)
_ %(g(@gﬂ + o), V(0 40, (220)
= ot + o)l 220
< 25 (e I + G (222)

It remains to discuss the interface term of strong damping on ﬁ

1 ~AlaT N AV ) ~n
—”ys§<e(vs LS 09 )s, usJrl — Uy >f
Together with (214), this gives immediately the interface condition for the balance of the coupling (see Equation
(205)). By adding (206), (208), (215), (219), with Lemma 7.29, we achieve the desired result. O

In a similar way as already illustrated for the continuous case (see Theorem 6.31), we derive from Theorem
7.30 an adequate result for damping in an artificial domain. Thus, we formulate the stress coupling conditions
on Tin — Qps () Qe

FS (" +a™)h, = FEO (0 4+ 47)AS 4 v,6, (07! + 67)at  on T, (223)

7.3 Space

The time-discretized equations are the starting point for a finite element Galerkin discretization method in
space.

7.3.1 Galerkin approximations

Our goal is to approximate the weak solutions by using finite-dimensional subspaces. So far, the equations
still contain the continuous spatial spaces V, VO and L°. In the following, we discuss the spatial discretization
of the semi-discrete problems obtained in the previous section. To this end, we construct finite dimensional
subspaces Vh C V, V,? - VO, ﬁ% C L. If indeed the discrete spaces are contained in their continuous spaces,
we call the spatial discretization scheme a conforming method. For a Galerkin approximation, the specific form
of the basis functions does not matter. A concrete realization can be performed in terms of a Galerkin finite
element method (in short FEM). Or, if the problem is symmetric (not the case of course in fluid-structure)
then the FEM scheme is a Ritz (or Ritz-Galerkin) approximation.

The basic idea of a FEM-Galerkin scheme is to start with the continuous semi-linear form?*: Find U € V
such that

AU, D) =F(®) VP eV,

and to seek an approximation Uy € V}, such that

A(Uh,q)h) = F((I)h) V&, € V.

24Here, we either think of a pure stationary problem or even the time-discretized equations.
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Despite the fact that error estimates for nonlinear problems are (very) difficult and we do not focuses that
much on them, we recapitulate Cea’s lemma for linear problems, which is well-known and the basis for most
convergence results for Galerkin methods. Furthermore, the discretization error and best approximation error
are linked through this lemma. Finally, we work there with the so-called Galerkin orthogonality which is of
utter importance.

Theorem 7.31 (Cea’s lemma; holds for example for linearized elasticity (Section 5.5.1)). Let A(U,®) be a
continuous, V-elliptic bilinear form. Then, an elliptic problem (such as linearized elasticity for example) has
a unique solution U € V and the corresponding discrete problem has a unique solution Uy € V. The error
|\U — Uyl satisfies the estimate:

M
IU=Unll < — inf U~ Wy
/-Y WhreEV

Proof. Existence and uniqueness for the continuous problem have been discussed in Theorem 5.25. Similarly,
the same arguments can be used for showing existence and uniqueness for the discrete system. Since the
method is conforming; namely V;, C V, we can clearly insert the discrete test function into the continuous
problem:

A(U,‘I)h) = F(q)h) Vo, € V.

By linearity, we can now subtract the fully discrete version from the previous form:
AU, @) — A(Up, @) = A(U = Up, @) =0 Y&y € V.

This is the so-called Galerkin orthogonality, which means that the error U — U, is orthogonal in a certain
sense to the discrete space V3. We proceed as with the energy norm and want to employ, the continuity of the
bilinear form and its V-ellipticity:

IU = Unll* = AU ~ Un,U — Un)
:A(U—Uh,U—@h+@h—Uh)
= A(U — U, U — ‘bh) +A(U— Uy, — Uh)

Here, the latter term is zero thanks to Galerkin’s orthogonality. Then,
U~ Un||? = AU - Uy, U —Up) = A(U — Uy, U — @) < af|U — Uyl| |U — @4
It follows:
IU = Unll < allU = @4
Going to the infimum yields:

(&%
U-Uy||<= inf ||U-
U = Uall < 5 jinf U = @,

where « is the constant from the continuity and g the V-ellipticity constant. O

Before, we specify the basis functions of V}, (and the other spaces), let us briefly show how we come then to
a linear equation system. Let Vj, := {¢1,...,¢n}. Then each vector in V}, can be represented as

N
¢:Zvj¢j, UjER.

j=1

In particular, an approximation Uy to U is represented as

N
Up=Y Ui¢;j, Uj€eR.
j=1
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Plugging this into the bilinear form A(Up)(®;) for i =1,..., N yields

A(Un, ®:) = (f, @) (224)
Z U;®;,9;) = (f, @) (225)
& Z UjAR), ;) = (f, ) (226)
j=1
for all ¢ = 1,..., N. The solution is achieved by solving a linear equation system Mz = b with:

= (U,...,Un), b =(b1,...,bN),bi = (f,®;), M = A(®;,®;), M € RN,

Be careful with the matrix M and its entries: the test function determines the row and the ansatz function
the column and this matters in non-symmetric problems!

7.3.2 Finite element spaces

In order to realize the Galerkin scheme, we need to specify basis functions of the finite dimensional space V},.
Here, we employ piecewise polynomial functions up to order I. The spatial terms are computed in a fixed
reference configuration. This is the characteristic feature of the ALE, approach. The computational domain
Qs partitioned into open cells K that depend on the spatial dimension d. A mesh consists of quadrilateral
or hexahedron cells K. They perform a non-overlapping cover of the computation domain Qc R?, d = 2,3.
The mesh 75, = {K } of Q is formed by takmg all cells. The cell parameter his given as a cell-wise constant
function hg = diam(K) (where diam(K) denotes the diameter hi of a cell K). The maximum diameter is
denoted by hi= max . hy.
We follow the standard literature ([43, 44, 58]) to formulate the following statements:

Definition 7.32 (Regularity). A mesh T = {k} is called regular if the following conditions are fulfilled:
1) Q = Uf(ef’h K
2) K1 N Ky =0 for all cells Ky, K- € Ty, with K1 # K>.

3) Any face of any cell Ky € Ty, is either a subset of the boundary oQ ora face of another cell Ky e Th.

The last condition is too restrictive for our purposes and is weakened for the following reason. To facilitate
adaptive mesh refinement and to avoid connecting elements, we use the concept of hanging nodes. Cells are
allowed to have nodes that lie on the midpoints of the faces or edges of neighboring cells. At most, one hanging
node is allowed on each face or edge. In three dimensions, this concept is generalized to subplanes and faces
because we must deal with two types of lower manifolds.

We define continuous H!-conforming finite element spaces V;! by (see [44, 58, 160]):

V= {@h € C(Q) oz € QK) VK € Th} C HY(Q).
Here, QK ) denotes the space of polynomial-like functions on K € Ty, In the > following, we introduce the space
Q,(K) of tensor product polynomials up to degree I. On the reference cell Kypnix = (0,1)% they are defined as
d

Ql(Runit) ‘= Span H i‘zal

i=1

o; €{0,1,...,1}

Definition 7.33. We consider for each K e 7AZ the bilinear transformation oy : f(um-t - K.
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PK A
T

Figure 50: Transformation ¢ from the unit cell Koynit to the ALE cell K and from that cell via the ALE
mapping A to the physical cell K.

Remark 7.34 (Transformations f A and Ok). It is worthy to emphasize that the definition of the transfor-
mation from the reference cell (master cell) to the physical cell is formally equivalent to the deﬁmtwn of the
transformation T in continuum mechanics and consequently also equivalent to the ALE mapping A.

In the following, we want to understand better the meaning of the transformation ox. The main purpose
is that we want to be independent from a fixed coordinate system. This might be a problem when cells are
stretched or rotated. Here, a fixed coordinate system would not allow to use the same ansatz (e.g., for bilinear
quadrilaterals). A second reason of the master element is that on general quadrilaterals and hexahydra it is
then easier to construct conforming finite elements.

With the help of 6k, the Q element is defined as

Qf(K) = {Gody" G €span < 1,&, 7,37 >} (d=2),
QS(K) = {Goby" : G €span < 1,4,9, 2,29, &2, 9%, #9% >} (d=3),

with dim Qf =4 (in 2D) and Q¢ = 8 (in 3D) in which the dimension denotes the local degrees of freedom on
a single cell. The Q§ element (in two dimensions) is defined as

Q5(K) = {gooy' : G €span < 1,2,7,29,3°, 5%, &9, §*2, 2*9° >},

with dim Q§ = 9. Finally, the P{¢ element is defined with the help of linear functions and it reads
PI*(K) ={gooi" : g € span, < 1,4, >}

with dim P{¢(K) = 3. In addition to these polynomial spaces, we need a set of node functionals {x,} to
determine uniquely a polynomial function on an element K. For instance for the Qf spaces we choose the
node functionals

{xi(p) =p(a;),i=1,...,4}.

Example 7.35. On the master element in 2D, we can construct a bilinear function by
p(z,y)=a-14+bxr+cy+dry, a,bc,deR.
As node functionals, we choose:

x1(p) =p(0,0) =1, x2(p) =p(1,0) =0, x3(p) =p(0,1) =0, xa(p) =p(1,1)=0.
On each edge the QS function is linear.

Remark 7.36. If the transformation ok itself is an element of QZ(K)d , the corresponding finite element
space is called isoparametric.

Extending these concepts to finite element spaces in the case of hanging nodes requires some remarks. To
enforce global continuity (i.e., global conformity), the degrees of freedom located on the interface between
different refinement levels have to satisfy additional constraints. They are determined by interpolation of
neighboring degrees of freedom. Therefore, hanging nodes do not carry any degrees of freedom. For more
details on this, we refer to [54].

To ensure the approximation properties of the finite element spaces, additional conditions on the geometry of
the cells are required. The two classical assumptions from the literature ([43, 44]) are the so-called uniformity
and the weaker quasi-uniformity:
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Definition 7.37 (Quasi-Uniformity). A family of meshes {72|h N 0} is called quasi-uniform if there is a
constant k such that the following two conditions are fulfilled:

1) For each transformation Gk : Kumt — K it holds

sl Vox@sll e Kollal =1} _ g\ yq, (227)
inf{|[ Vo ()il 14 € K, lall =1}~ ;

2) It holds

L
h

PK

<&

7.3.3 Spatial discretization of incompressible fluids

To compute fluid problems, we prefer the biquadratic, discontinuous-linear Q5/ Pldc element. The definitions
of the spaces for the unknowns o, and p; read:

Vi i= {on € [C(Q)] %, 0nl ¢ € [Q2(K)]? VK € Thsinlpip, = 0},
By = {pn € [L*(Q)], Pnl € [P1(K)] VK € T}

Remark 7.38. Other choices for inf-sub stable elements would be the classical Taylor-Hood element Q5/Qf
or also Q5/Pd¢. o

U7p7u

Figure 51: Taylor Hood element Q5/Q$ (left) and Q$/Pg¢ element (right).

The continuity of the velocity values across different mesh cells is one property of the Q$/P{¢ element. In
contrast, the pressure is allowed to be discontinuous across faces because it is defined utilizing discontinuous
test functions. In addition, this element preserves local mass conservation, is of low order, gains the inf-sup
stability, and it is therefore an optimal choice for both fluid problems and fluid-structure interaction problems.

In fact, for the choice of finite element pairs for the spatial discretization of incompressible flow, it is very
important that the discrete inf-sup condition is satisfied. We need to check two things: first, a discrete pressure
p? does exist and secondly, p}; is suitable approximation to py. This means the pressure be uniquely (up to
a constant) determined, it should depend continuously on the problem data and it should satisfy a stability
estimate. All these requirements are achieved by the discrete inf-sup condition:

. (qha V- (Ph)
min { max ——=—""}2> 3, >3>0
anerd encHu llanll [IVeonl| ’
which should go uniformly for h — 0. It is important that the discrete stability constant (5, is bounded from
below by the continuous stability constant 5. The discrete inf-sup condition is also known as the Babuska-
Brezzi (BB) or also Ladyshenskaja-Babuska-Brezzi (LBB) condition. With the discrete inf-sup condition, we
obtain a unique pressure p? and the a priori estimates:

IVonll < Ifl-1, llpnll < 2871 f ]

The crucial part is now that the stability estimate requires a careful choice of the pressure space. This space
should be not too large compared to the velocity space. Violation is illustrated in Figure 52.
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Remark 7.39. The LBB condition does not only hold for incompressible flow but in general for mized problems
and saddle-point problems of similar type; see for example [128]. Consequently, incompressible solids have to
satisfy the LBB condition, too.

In remains the specific questions of how many degrees of freedom have to dealt with in the case of the
Navier-Stokes? Using the Q5/P{¢ element in 2D, leads to 9 + 9 + 3 = 21 local degrees of freedom on each
mesh cell.
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Figure 52: Fluid flow in channel with a hole: Illustration of the violation of the inf-sup condition using the
unstable Qf/QS discretization: the pressure field oscillates (top left) whereas the corresponding
velocity field (top right) is ‘more or less’ okay in the picture norm. On the bottom, the inf-sup stable
Taylor-Hood element Q5/Q§ results in a smooth pressure field (bottom left). The corresponding
flow field is shown at bottom right. (As footnote: The picture norm does only provide a rough idea
of a sitation. It is neither a proof nor computational evidence nor evidence of numerical convergence
or rigorous correctness of a result!)

In the case of equal-order discretizations, a pressure can be obtained nonetheless if a pressure stabilization
is added. The first results have been published in [47, 153]. Here, we deal with certain parameters, where
details reasons for certain choices are explained for example in [41]. An interesting pressure stabilization is
based on the so-called local projection stabilization (LPS) [27]. There are good reasons to do so. First, low-
order equal-order elements are less computationally costly than the Taylor-Hood element. Second, equal-order
discretizations allow for easier data structures in programming codes and consequently also allow an easier
construction of good iterative linear solvers such as multigrid solvers.

7.3.4 Spatial discretization of solids

The definition of the displacement space reads:

Wi == {an € [C(0)]% anl ¢ € [Q2(K)])? VK € T, anlr, = 0}.

7.3.4.1 Compressible solids - STVK For compressible solids, we discretize the displacements and the veloc-
ities with equal-order finite elements; thus {0, 4} € QS x Qf or {9,4} € Q5 x Q5.

7.3.4.2 Incompressible and nearly incompressible solids - INH and IMR In compressible solids, we deal
again with the inf-sup condition in the relationship between displacements and pressure. Here, one has to use
equal-order for the velocity-displacement discretization. This pair should be from a ‘larger’ space than the
pressure. For example, we could use {0, 4, p} € Q5 x Q5 x Q.
7.3.5 Spatial discretization of fluid-structure interaction
Summarizing the previous considerations, we need to discretize the following unknowns:

e Velocities in the fluid and the solid;

e Displacements in the solid;

e Displacements for mesh motion in the fluid domain;

e Pressures for incompressible Navier-Stokes and in case of incompressible solids.
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In summary, we need to solve for
@f7@57ﬁ57af7ﬁf7 (ﬁs)y
using second order MMPDEs. Employing the biharmonic MMPDE, we need additionally to solve for

o wWy.

Bearing the three mesh motion models in mind, the computation of fluid-structure interaction with biharmonic
mesh motion incurs a greater computational cost at each time step than using only a harmonic model or the
equations of linear elasticity because an additional equation is added to the problem (see Problem 6.26). In
the context of a Galerkin finite element scheme, the spatial discretization of the mixed biharmonic equation
is stable for equal-order discretization on polygonal domains, which is one of our assumptions. In this lecture
notes, we work with Q§ elements for 4y and 7.

For the next statement, let {1}? o 12}? h, and ﬁf ,, be suitable extensions of Dirichlet inflow data. Having these
preparations, the spatially (and temporal) discretized problem of (158) reads:

Problem 7.40. Let the semi-linear form be composed as shown in Problem 7.20. .
Find U,?A: {ﬁ?’hf @;hvif?,mﬁ?,haﬁ?h’ﬁs,h} € X} p, where X} 1, = {f)}?h + Vﬁﬁ)h} X Lgp X {ﬁ?h + VJP’mh} X
{ﬁgh + Vs?h} X L?p,h X Lg)h, for alln=1,2,...,N such that

AT (B)) = F(By,) Y, € X,

with Uy, = {¢?,h7¢§,h, Wf,hvwé‘,h,w?,ml/)f,h} and Xy = V;P,ah X IA’syh X VfO’ﬁji’h X ‘7s?h X IA’S)Hh X IA/SJL'
In Section 7.3.7, two tables show how many degrees of freedom have to dealt while considering this FSI
problem.

7.3.6 Stabilization for convection-dominated flows

In the case of higher Reynolds numbers the flow becomes convection dominated and needs to be stabilized.
Residual based stabilization is first introduced in Brooks and Hughes [47] and is intensively analyzed in Wall
[245]. Our method of choice is a rough simplification of the streamline upwind Petrov-Galerkin (SUPG)
method.

We start with a consistent formulation for the fluid problem that is given on the continuous level in a time-
dependent domain ¢. Then, the stabilization term reads (in which we omit for the moment the subscripts
‘h’ and ‘n’ in the equations):

Setan(UR) (W) := > (ps0wvs + ps(vy — w) - Voy — divoy, 5xn(vf - V)UK

KeTh
with )
i

:(5 T ——E— 5 :0.].-
Y6vs + hiclloplle’

6K,n
For more details on the choice of these parameters, we refer the reader to [41].

From the computational point of view, the major disadvantage comes from the necessity of computing second
derivatives contained in the stress tensor oy, because we must consider the strong formulation. Specifically, in
the case of fluid-structure interaction problems, this formulation is a serious drawback. To this end, we only
use a nonconsistent simplified version (in ):

Setan(UR) (W) := > (psvg - Vg, 6x.n(vs - VU)K
KeTy

This term can be rewritten in the reference configuration Q + and reads:

Saab(UR)(O) 1= D" (py(JF o - V)og, e (F~10p - Vi) 2. (228)
IA{ETh
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Problem 7.41. Let the semi-linear form be composed as shown in Problem 7.20.
Find U} = {vfh’ sh7ufh7 UZ g, DY s Do p} € XhD? where XhD = {07, + vah} X Ly p x {af), +Vfuh} X
{u&h + Vgh} X L%h X Ls7h, forallm=1,2,..., N such that

ATR)(T0) + Sotar OF) () = F(Un) VO € X,

with Wy, = {5 s L 1y OF s VL s 5 s 05} and Xy, = Vfo,ﬁ’h X Lgp x Vﬁu B X Vo X th X L

Remark 7.42. An elegant alternative has been investigated in [166] (and further references of the same
author) in recent years. This scheme belongs to fluz-corrected transport algorithms and can be applied to
convection-dominated transport problems. ©

7.3.7 Comparison of number of degrees of freedom

A table is provided that illustrates how much the computational cost in terms of local number of degrees of
freedom varies depending on the dimension and the order of the polynomial degree. This information is then
used to display the development of the global numbers of degrees of freedom under uniform (global) mesh
refinement.

Table 4: Comparison of local number of degrees of freedom on a cell.

] Problem || Variable(s) | FE | 2D (d=2) | 3D (d=3) |
Poisson u QT 4 8
Poisson u Q5 9 27

Elasticity u=(u) QH! 8 (4+4) 24 (8+8+8)
Elasticity u=(u) Q54 18 (9+9) 81 (27+27+27)
Navier-Stokes {v?, p} (Q5)4/Q5 22 (18-+4) 89 (81+8)
Navier-Stokes {v?, p} (Q$)?/ e 21 (18+3) 85 (81+4)
FSI {v},ps,uf, ul} (Q5)Y/Pie, (Q5)4, (Q5)* 37 (18+3+8+8) 123 (81+4-+24+24)

FSI (el.mix) {0}, ps,uf, vl ul} (Q9)4/ P, (Q9)?, (@54, (Q¢)? 45 (18+3+8+8+8) 157 (81+4+24+24+24)
FSI (el.mix) {v},ps,uf,vd, ul} (Q9?/Pe, (Q5)4, (Q5)?, (%) 75 (18+3+18+18+18) 328 (81+4+81+81+81)
FSI (biharm) {wps,ud, vl ud,n?} | Q9P (@, (@)%, (@)%, (@D 53 (18+3+8+8+8+8) | 181 (81+4+24+24+24+24)
FSI (biharm) {of,ps,uf,vd ud n?} | (Q)Y/PI, (@D (Q9)?, (Q5)%, (Q5)" | 93 (184+3+18+18+18+18) | 409 (81+4+81+81+81+81)

The table demonstrates how much the local number of degrees varies (specifically in FSI) depending the
formulation, MMPDE, choice of the finite element and the problem dimension. For instance, to test a new
code with an academic example, a 2D version without splitting the elasticity equation into a mixed system
has 37 local DoFs. In contrast, a 3D version including elasticity splitting and higher order elements for the
solid with a standard 2nd order MMPDE has 328 DoFs (this is 9-times higher!!!).

Table 5: Comparison of global number of degrees of freedom using uniform mesh refinement.

Level || Cells (d=2) | Qf (Qg)d=2 Cells (d=3) Qs (Q5)*=3
0 1 8 (9+9) 1 8 81 (27427+27)
1 4 9 (25+25) 8 27 375 (125+125+125)
2 16 | 25 162 (81+81) 64 | 125 2187 (729+729+729)
3 64 | 81 578 (289-+289) 512 | 729 14739 (4913+4913+4913)
4 256 | 289 | 2178 (1089+1089) 4096 | 4913 | 107811 (35937+35937-+35937)

In Table 5, we present exemplary how the numbers of DoFs increase for scalar-valued Q¢ discretizations and
a vector-valued @)§ discretization. Here, we observe that the QQ§ element on level L = n has as many DoFs as
a Y element one level higher L = n + 1. Uniform mesh refinement in 2D is obtained by dividing a cell into
4 children; thus at each step, we increase the number of cells by a factor of 4. In 3D, a hexahydra is divided
into 8 children.
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8 Numerical Solution Algorithms

8.1 Nonlinear solution: Newton’s method

8.1.1 Classical Newton’s method

Let f € C'a,b] and xq € [a,b] be an intial value. The tangent (based for instance on a Taylor expension) of
f is given by
t(x) = flzg) + (x —zp) f'(xr), k=0,1,2,....

A root is then given by:

xk+1:xk_;((21)), k=0,1,2,.... (229)

This iteration is possible as long as f’(xy) # 0.
This is iteration terminates if a stopping criterium

|£Bk+1 — xk| < TOL, (230)

or
|f(zx)] < TOL. (231)

is fulfilled. Or (better!), the relative stopping criteria may be used:

|zpt1 — k]

<TOL, (232)
|2k

or

[f(z)| <TOL|f (o) (233)

Remark 8.1. Newton’s method belongs to fix-point iteration schemes with the iteraction function:

Flz)=a— }f/((”;)). (234)

For a fiz-point & = F(Z) it holds: f(Z) =0 ¢

Often (and in particular for higher-dimensional problems such as fluid-structure interaction), Newton’s
method is formulated in terms of a defect-correction scheme.

Definition 8.2 (Defect). Let & € R an approzimation of the solution f(x) =y. The defect (or similarly the
residual) is defined as

d(&) = y - f(@).

For the sake of presentation, let the right hand side be y = 0. For the approximation xy, the defect
di =0 — f(xy) is given by and we write:

Definition 8.3 (Newton’s method as defect-correction scheme).

fxp)ox =dy, di:=—f(zr),
T4l =T+ 0z, k=0,1,2,....

The iteration is finished with the same stopping criterium as for the classical scheme. ¢
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8.1.2 Residual-based Newton methods

We present a classical residual-based method in this section.

Algorithm 8.4 (Residual-based Newton’s method). In this type of methods, the main criterion is a decrease
of the residual in each step:

F'(z*)6zk = —F(2b),

F = gk N oa”
The criterion for convergence is contractions of the residuals:
IF ) < [[Fh)]

In order to accelerate Newton’s method close to the solution x* we can use intermediate quasi-Newton steps.

In the case of A\, = 1 we observe

_ IF@EH)]

Or = -
[F (%)l

where e.g. 0 ~ 0.1. Finally the stopping criterion is

< emam <1,

|F(z*+Y)| < TOL.

If fulfilled, set x* := xF+1,

8.1.3 Extension to PDEs (higher-dimensional problems)
Time and spatial discretization end at each single time step in a nonlinear quasi-stationary problem
AUP)(D) = F(¥) Y € Xy,

which is solved with a Newton-like method. As done in the previous section, we can express this relation in
terms of the defect: o o . .
d:=F)—-AUN)T)=0 VYV e X,

where U, ' denotes an approximate solution at time step ¢".
The final full Newton algorithm based on a contraction of the residuals reads:

Algorithm 8.5 (Residual-based Newton’s method with backtracking line search and simplified Newton steps).
Given an nitial Newton guess U,?’O € Xp,. For the iteration steps 7 =0,1,2,3,...:

1. Find 517;} € X’h such that

AU (807, &) = —AUM) () + F(§) v e X, (235)
UMt =07 4 007, (236)
fOT Aj =1.
2. The criterion for convergence is the contraction of the residuals:

IR Do < 1RO oo (237)

3. If (237) is violated, re-compute in (235) Uglﬁ'l by choosing )\é = 0.5, and compute forl =1,....0y (e.g.
Iy =5) a new solution
i+l Frn,g l e
Uy ?™ = U + A\;0Uy,
until (237) is fulfilled for a I* <l or lpy is reached. In the latter case, no convergence is obtained and
the program aborts.
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4. In case of I* < Iy we check next the stopping criterion:

IR(UM || < TOLy,  (absolute)
IR 7 oo < TOLN||RU)|oos  (relative)

If this is criterion is fulfilled, set 0,? = U;;JH. Else, we increment k — k + 1 and goto Step 1.

Remark 8.6 (On using simplified-Newton steps). Usually, when the Newton reduction rate

~nitl

_ IR@Y)
IRU, )l

was sufficiently good, e.g., O < Omar < 1 (where e.g. Opmaz = 0.1), a common strategy is to work with the ‘old’

Jacobian matriz, but with a new right hand side.

Remark 8.7 (Initial Newton guess for time-dependent problems). In time-dependent problems the ‘best’ initial
Newton guess is the previous time step solution; namely

n,0 . Frn—1
om0 = Ot

Remark 8.8 (Dirichlet boundary conditions). In Newton’s method, non-homogeneous Dirichlet boundary
conditions are only prescribed on the initial guess U;Z’O and in all further updates non-homogeneous Dirichlet
conditions are replaced by homoegeneous Dirichlet conditions. The reasons is that we only need to prescribe
these conditions once per Newton iteration and not several times, which would lead to wrong solution.

The directional derivative A’()(8U, ¥) that is utilized previously, is defined in the same fashion as Gateaux
derivative.

Definition 8.9. The definition of the directional derivative in terms of a semi-linear form is based on the
original definition of the Gdteaux derivative from Definition 3.35 and reads:

A(0)60, ) = lim - LAD + 20 (8) ~ AD) ()} = dii An(0 + 50 (W)

8.1.4 A sophisticated Newton method with line-search backtracking and intermediate quasi-Newton
solves

For highly nonlinear problems such as FSI it is necessary to extend the basic Newton algorithm by two
important features:

o [f starting values are not close enough that the local Newton method will converge, we globalize by using
a damped Newton strategy;

e Within the local, quadratic, convergence radius, Newton’s method converges fastly and then quasi-
Newton steps can be used to reduce computational cost.

8.1.5 An error-oriented Newton method

For ill-conditioned problems such as they often arise in PDEs, standard residual based Newton methods are
more likely to fail [66]. For this reason, a slightly more complicated version can be implemented. We present
both philosophies in the following.

Algorithm 8.10 (Error-oriented Newton’s method). The characteristic of this procedure is that it allows
within one Newton iteration for an increase of the residual where necessary, i.e., this procedure allows for a
violation of ||[resnt1| < ||resn||. The main criterion is based on a decrease of the norm of update SU*. Set
Amin. Choose an initial Newton guess U: Forn=1,2,3,...:

1. Solve
B (UMZ" = —(B(U”) — f)
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2. Check if |Z™||1, < TOL. If yes, solution found and set
U :=U"+7Z"

If not and k > 0 compute a prediction value for the damping factor:

! 2, — 2| - 2
Check if
An < Amin (238)
then stop. Convergence failure. Abort computation.
8. If A\, > Apmin continue and compute trial iterate
U™t =U" 4\, 2" (239)

and evaluate the new residual B(U™ ). Solve the simplified linear system using the old Jacobian:
B'(UMZ}} . = —(B(U") 1)

simp ~

4. Compute the monitoring functions:

o, = 1 Zomll 052" X
= R — .
lze Tz, - (- Az

5. If 0, > 1 (no convergence of the updates), then set

1
A
2 )

Ap i= A, = min(u,,

and go to (238) and continue from there.

6. If 0, < 1, we have convergence and continue with the next steps.

a) If X, =\, =1, check if
|Z0iL | < Tor

simp

then stop and the solution is found:

U* — Un+1 + Zn+1

simp"*
b) Else accept UL (computed in (239)) as new iterate. Then increment n — n + 1 and goto to the
beginning to Step 1.

Remark 8.11 (Combination of stopping criteria). In practice it turned out that a combination of stopping
criteria worked quite well:

min{ || F(a*), [|62"]} <.
8.2 Excursus to linearization methods for Navier-Stokes
Since the resulting fluid problem is nonlinear because of N(v), important linearizations have been proposed in
order to facilitate the solution of this time-stepping scheme.
Stokes linearization Using the Stokes linearization (for small Reynolds numbers), the nonlinearity can be
treated fully explicitely:
v+ 0tVp =" — SEN (" HStOf +ot(1 —0)f"t, Vv =0.

This simplifies the problem as it is now linear and in each step, the symmetric and positive Stokes-operator
must be inverted.
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Oseen linearization For higher Reynold’s numbers, the so-called Oseen linearization can be consulted:
v+ 0tON (v) + 6tVp = v — §t(1 — O)N (v H)ot0f 4+ 6t(1 — )", V-v=0,
where ~
N(w) =10- Vo,
where, for instance a constant extrapolation v = v or linear extrapolation ¥ = 20" ™! — v™~2 can be
employed. Here, at each step, a (linear) nonsymmetric diffusion-transport operator must be inverted.

n—1

Newton linearization - fully nonlinear treatment of convection This is the linearization scheme that is
described afterwards for fully-coupled fluid-structure interaction.

v+ St - Vol £ V) 4 6tVp = " = §t(1 — Q)N (v N)Sthf + 5t(1 — 0) "L, V-w =0,

8.3 Evaluation of directional derivatives

Due to the large size of the Jacobian matrix and the strongly nonlinear behavior of fluid-structure interaction
problems in the monolithic ALE framework, the calculation of the Jacobian matrix can be cumbersome.
Nevertheless, in this context, we use the exact Jacobian matrix to identify the optimal convergence and
accuracy properties of the Newton method. The derivation of directional derivatives is also illustrated by
means of several examples presented elsewhere [87, 206, 251]. For more details on the computation of the
directional derivatives on the interface, we refer the reader to [70, 210]. Evaluation of the directional derivatives
for fluid-structure interaction with help of automatic differentiation is demonstrated by Dunne [70].

8.3.1 First some simple examples

Recall that we need to differentiate in each direction by using Definition 8.9.

Example 8.12 (Linear residual, one unknown). Let u be the solution variable for
A(u)(p) = (Vu, Vo)
be the residual. Then, the directional derivative in direction du is given by:
A (u)(du, p) = (Vu, V).
Example 8.13 (Linear residual, two unknowns). Let p and u solution variables for
A(p,w)(9) = (=pI + pv(Vu+ Vu'), Vi)

be the residual. Then, the directional derivative in direction {0p,du} is given by:

A (p,u)({0p, du}, ©) = (=0pI + pv(Vu + Véul), V).
Remark 8.14. Hopefully you noticed that everything was linear so far. ©
Example 8.15 (Nonlinear residual). Let v and u solution variables for

A(v,u)(p) = (vVu, Vi)

be the residual. Recall that our notation A(-)(-) that the first argument (trial function) is nonlinear, while the
second argument is linear (test function). Then, the directional derivative in direction {év,du} is given by:

Al (v,u)({6v, du}, p) = (JvVu + vViu, Vo)

using the product rule.
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8.3.2 Finite element context of directional derivatives
Despite the fact that we later account on block system, let us explain what we mean by taking all directional

derivatives in the context of finite elements. Let Vi, := {¢1,...,on} a finite element space.

8.3.2.1 Linear PDE The relation between derivatives and linear equation system is as follows. Given uy, € Vj,
the residual reads:
A(un)(on) = (Vun, Vor) Vop € V.

Now we build the derivative in direction duy:
Al (up)(dun, on) = (Voun, Vr)  Vop € V.

Recall that dup = Zjvzl ujp; with coeflicients u; € R. Now, we replace duy, by all test functions using its
property being a linear combination and for all test functions:

Al (un)(pj, i) = ZW(V%‘» Vi)

J

Then, we obtain Az = b with

(Ve1,Ver) ... (Ven, Vi)
A= : : e RV*N (240)
(Ve1,Ven) ... (Ven,Ven)
and = = (uy,...,un)? € RN and some right hand side vector b € RY that we did not specify since our focus

was on the left hand side derivations.

Remark 8.16. Do not forget: the test function dictates the row! In symmetric problems like for Poisson
problems this does not matter, but in non-symmetric problems (transport, Navier-Stokes) this is important. ©

8.3.2.2 Nonlinear PDE We assume that the dimensions are in such a way, that u, Vuy, is well-defined. Given
uyp, € Vi, the nonlinear residual reads:

A(un)(pn) = (unVup, Vor) Veon € Vi.
Now we build the derivative in direction du; € Vj:
A’(uh)(éuh, Sﬁh) = (5uhVuh —+ uthSuh, Vgoh) Vﬁph € V.

Recall that dup = Zjv:l ujp; with coefficients u; € R. Now, we replace duy, by all test functions using its
property being a linear combination and for all test functions:

Al(un) (), i) = Z ui(p;Vup +upVj, Vi)
J
Then, we obtain Az = b with
(e1Vup +upVer1, Vi) ... (enVur +unVen, Vr)
A= : : e RV*N (241)
(p1Vup + unVo1,Von) ... (enVur +upVeon, Veon)

and x = (uy,...,uy)’ € RY and some right hand side vector b € R that we did not specify since our focus
was on the left hand side derivations.
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8.3.3 Directional derivatives of fluid-structure

In this section, we apply the previous concepts to the evaluation of the dlrectlonal derlvatlves for fluid-structure
interaction. We examin term by term. As before, let the solution U} = {0F 1o 08 1o Wh g U5 1 P s D} € X,
be given. Further, let 6U;" = {00, 008, 61} p,, 0UL 1, 0P 1, 0%, } € X,. In the following, we omit explicit
notation of ‘h’ and ‘n’

The Jacobian A’(U)(0U, ¥) is split up into fluid contributions and structure terms:

A/(U)((SU’ \I’) = A}(Uf)(éva \Ilf) + AQ(U)((SUS; \I's)'

Using the previous arrangement (163), we deal with

A’ (U )(5Uf,\i/f) (242)
't (Up) (U, W) + A ((U)(0Uy, Ug) + A 5 (Uf) (6T, W g) + A p(Uf) (U5, Typ), (243)
and
AL(U,) (5T, T,) (244)
= AL 2 (U)(00,,0,) + AL (0,) (604, 0,) + AL g (U) (604, W,) + AL p(U,) (80, b,). (245)

The concrete evaluation of each term on the fully discrete level is derived in the following.

8.3.3.1 Basic relations In the sequel, we often use the short-hand-notation

OpA(0z2) = 0z),

86(

for the derivative of a tensor A w.r.t. b in direction 6z. We begin with the basic relations that are required
for each of the subproblems. For the deformation gradient F, it holds in a direction 62 € H 1(Q)

0.F(62) = Vo2, 8.FT(52) = VosT. (246)
In the following, we recall the evaluation of the inverse relations (see, e.g., [147])
. F~1(62) = —F'W6sF~ ', 9. FT(65)=—FTVs:"FT.
Finally, the derivative of the determinant J can be expressed as

8.J(62) = Jtr(F~'V6z).

8.3.3.2 Fluid’s Cauchy stress tensor In the fluid part, we are concerned with the evaluation of directional
derivatives in the three directions 60y, 0ps and diy. We start with the Cauchy stress tensor 5 = 0 yy + 0 p:

005 10u(805) = 2pyvp (Voo F~1 + F7TV60T),

apaf,p((;p ) = _5Pfl
0uGfou(Oiy) = 2psvp (Vg (~FIVoaF 1) + (- FTVsaT F~T)Val).

Summarizing these contributions yields
UG 1,0u(8Uf) = 0,8 1,0u(605) + 0uBrou(Stp), OB 1p(6U) = 0p51,p(60p).
Thus, the derivative of the transformed Cauchy stress tensor in the reference domain reads:
O (JG;F~T)(6Uy) = Jtr(F'Vsiy)5,F =" + Joys,;(0U) F~T + Jop(~F~TVeat F~T).

The Cauchy stress tensor is decomposed by reason motivated in Problem 7.20. It is obvious that this decom-
position must be considered in the linearization process, too.
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8.3.3.3 Fluid’s convection term For the treatment of the convection term (also including the ALE convection

term), we use the relation 4 - Vi r = @@f u¢ and decompose the convection term as
prd(F~ og — ) - V)oy = ppd (Vi F=V)ip — prJ (VioF )iy

With the help of the previously introduced basic relations, the derivative of the first part reads:

0u (psJ (Vs F~1)op)(0Uy) = pyJte(F~'Véig) (Vi F )iy (247)
+ ppJ (Vo0 F~ )iy (248)
+ ppd (Vi (—F~ "o, F Yo, (249)
+ ppd (Vi F~1) o0y (250)

In the second part, we cannot directly differentiate the fluid domain velocity w. As previously discussed this

term is constructed (linear in time) with the help of the displacements @y. Thus, in Equation (247), we only

must replace the second term. Using the construction of & = 4 (iiy — 12;}_1) in which ﬁ?_l denotes the solution

of the previous time step, we readily get
en 1, . 1N/ 5o 1.
Oy w(dty) := aug(uf —aym ) (6dy) = Eéu‘f' (251)
With this, we obtain for the second equation on the right-hand-side in (247)
1, - A1\
%pr(V&UfF )Uf.
In the remaining terms of (247), we replace V4 ¢ with V.

8.3.3.4 Fluid’s time derivative We continue with the time derivative of the fluid term:

. by —
POy = ﬁfJ”’efo’

where we employ (166) for the temporal discretization. First, we obtain
Bu I (80p) = 0, (0] + (1 — 0)J" 1) (8a5) = 0.Jtr(F 'V diiy). (252)
Next, we get

L T 1.
avE(vf — Uy DICCRE E&)f‘

With this equation, we compute for (252):
~ 1An0 ~ ~n—1 3 ~ 0 - -1 5 ~ ~n—1 ~ 1An9 ~
Ou (py7 ™" (0 = 07 1) (0Uy) = s Jtr(FT Vo) (05 = 07 ) + py 7 J ™" (69y).
8.3.3.5 Fluid’s incompressibility We proceed with the incompressibility term of the fluid. To compute the
derivative, we utilize a byproduct of the divergence relation of the Piola transformation:
div(JE o) = Jtr(Vor ).
Then, we get

By Jtr(Vip F~1)(805) = Jtr(Vo F 1),
BuJtr (Vo F~1)(d0y) = Jtr(F~ 'V )tr(Vor F~Y) — Jtr (Vo F-1Voa FY).
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8.3.3.6 Fluid’s mesh motion It remains to consider the derivative of the mesh motion equation. Using the
harmonic mesh motion model (see definition of Gpesn in (77)), we readily obtain

Ou(auVig)(6is) = oy Vit

Using the linear-elastic mesh motion model (see definition of Gpesn in (64)), we get

D (an (tr8)] + 20,8) (3 ) = a,\%(tr (V8iy + 90TV + 0, (Voay + T5aT).
8'3'3"7 Fluid’s do-nothing condition Next, we consider the derivative of the boundary term gy := —ﬁfufﬁ_Tﬁﬁf
on I'y v (see (53)):
O (—pyve FTVT)(0U) = pyup(FTV6aE P\ — ppuvp F~TV 607
8.3.3.8 Fluid’s stabilization Finally, we explain the differentiation of the stabilization term. In this ex-

pression, we only differentiate the first argument although the second argument also depends on the solution
variable. Using the derivative of the convection term, we readily obtain

Seean(Up) (U5, W 5) = (90 (b I (VorF~1)o7) (007), 6k n(F 05 - V) g, (253)
on each cell IA(f € Th.

8.3.3.9 Solid’s constitutive tensors We continue with the description for the derivatives of the structure
subproblem. Using standard elasticity (i.e., the damping terms are omitted) with the STVK model, we only
must compute the derivatives with respect to @s. In the presence of incompressible materials, we also account
for the pressure ps. Finally, the consideration of strong damping makes it necessary to compute derivatives
with respect to 0.

Let us begin with the Green-Lagrange tensor that is employed to formulate the STVK material:

DB (5i1y) = %(%a{ﬁ + BTS00y,
Then, the constitutive tensor 3 := % (i) reads
0,5 (50s) = A%m«(%af F + FTV6i)I + ps(Voal F + FTV6a,).
For the incompressible IMR material, we obtain

OpoIMR (0Ps) = —0ps1,
0uGr (011s) = 1 (8 FT + F80T) — pp(F~ TV F-TF ' + F-TF-'Véa,F

and from this, we readily deduce

Dpornu (0ps) = —0ps1,
OuGinn (8tis) = 1 (50, FT + Foal).

8.3.3.10 Solid’s damping terms (in case of damped equations) Finally, using strong damping, we compute
the derivatives in the direction 05 of €(05). Then,

1 ~ ~
Oy€(05)(605) = =(Vdds + Vo T).
2 S
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Proposition 8.17. Let k :=t" —t"~! the time step size and 0 < 6 < 1. At each Newton step (235), we solve
a linear system with the residual A(U)(¥) — F(¥). The Jacobian of this problem is split into

A0)(6U, ) := A3(Uy) (60, W) + AL(Us) (6Us, ).

Using the arrangements (242) and (244), we deal with the following expressions in the fluid domain (including
SUPG stabilization):

U)oU) (00U, 8 p) = (0 (JG 10uF =) (00
(prtr(F V(Suf)f
Al (U (U, W) = (%VMLVW)@
+ (Jtr(Voo, F 1), 00 g + (Jtr(F'oig) (Vo F), 4
— (Jt (vufF Wou FY), g
L p(U)(0U, W p) = (0 (J5 1, F-T)(5Uy), wa)ﬁ
v (py

(VUfF Vop) (6T ), S (F 0 - V)Y &

?)Qf

)

f

and in the solid domain (inlcuding solid damping terms), we have:

AL (U (U, W) = k1 (95605, 00 ), + b (sts, V), — (Ps00s, 0 )g,
+ (O P(0U, 4P
A p(U.)(0U,, W) = (0,(FE)(9ils), Vil

+ Y (005, V7). + 75 (0ue(05) (505), 92,
AL (U (00, W) = (9u P(UL), ¢)g
LU (00, W) = (90 (5, F ) (5UL), Vii)g, -
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8.4 Newton performance in practice

8.4.1 Computational structure mechanics (CSM) tests

In this section, we illus-

trate the Newton perfor- (0,0.41) Ty (2.2,0.41)
mance, the relation between ’ ’

timestep size and Newton f

convergence, and the con- i i i A—(6.0,2.0)

sequences of a linear solid W i
model. The investigation is =~ " out
performed with the help of QO

a structural mechanics test

with the same configuration

as the FSI benchmark. For =
this test, reference values are (0,0) o (2.2,0)
available.

Figure 53: Computational structure mechanics (CSM) test with elastic beam
with circle-center C' = (0.2,0.2) and radius r = 0.05.
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Figure 54: Computational structure mechanics (CSM) tests: CSM 1 [150]. Comparisons of different solid
models: Sy = p(Vu+VuTl), $ = pE, and FY = 2uFE + Atr(E)I (STVK). Using linear or slightly
nonlinear models yield a much larger (wrong!) deflection of the elastic beam than using the standard
nonlinear STVK model. However, both nonlinear models show much worse Newton convergence
than the linear model. In fact, using the larger time step 6t = 0.1s cause the Newton solver break
down.

Newton convergence at time step 2 with §t = 0.1s and using the slightly nonlinear model S = [LEZ

.91506e-02
.50366e-02
.20513e-02
.16064e-02
.14506e-02
.13437e-02
.10672e-03
.03220e-03
.36171e-07
.24662e-08 r
.23206e-09

w

© 00 ~NO Ol W N =
H B BKRRKRRKRARRKR
O O OO, NWHPW

-
o
B W NN OR R R R B2

The first column shows the number of Newton iterations, the second column displays the Newton residual,
the third column shows if the Jacobian is re-build, and the fourth column displays the number of line search
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iterations.

From this table, we are able to explain several things. First, the (absolute) stopping criterion for Newton’s
method in this test is 1078, Second, up to iteration No. 8, the Newton solver converges very slowly while
seeking for a good starting value in order to obtain super-linear or quadratic convergence. Fast convergence
is then seen in the last two steps. While a good starting value needs to be found, the Newton method even
needs line search iterations. Once, we are in the convergence radius, the matrix even does need to be re-build.

The corresponding table using a smaller time step § = 0.01s reads:

1 2.19937e-03 r 0
2 1.34133e-05 0
4.16041e-09

The same configuration with a smaller time step yields much fast convergence, without any line search steps
and only one matriz build-up.

8.4.2 Poiseuille flow in a channel

We take DOpElib wuw.dopelib.net and go to dopelib/Examples/PDE/StatPDE/Examplel. The original code
takes the (linear) Stokes equations. Since we always use a nonlinear solver, we should obtain convergence in
one single Newton step.

Tt y y T T T T T T
-6 -4 -2 o 2 4 -6 -4 -2 0 2 4

Figure 55: Poiseuille flow in a channel: z-velocity and pressure p.

Stokes
First the absolute residual value is set to a relative value. Then, the problem converges in one Newton step.

Newton step: O Residual (abs.):  8.83333e-01
Newton step: O Residual (rel.): 1.00000e+00
Newton step: 1 Residual (rel.):  2.84364e-15

Navier-Stokes with vy =1
1

With our previous formulation, we have here vy = #-. We obtain:

Newton step:
Newton step:
Newton step:
Newton step:
Newton step:
Newton step:

Residual (abs.): 8.99844e-01
Residual (rel.): .00000e+00
Residual (rel. .24110e-02
Residual (rel. .92363e-07
Residual (rel. .30338e-10
Residual (rel. .72731e-14

N W N R, OO
N
e = &1 I SN

This is quadratic convergence and considered a ‘optimal’ Newton convergence for such problems.
Navier-Stokes with vy = 1le — 2
We shift more to convection-dominated flow and obtain now:

Newton step: O Residual (abs.): 1.03895e-01

Newton step: O Residual (rel.): 1.00000e+00

Newton step: 1 Residual (rel.):  8.47208e-01 LineSearch {3}
Newton step: 2 Residual (rel.): 1.78723e-01 LineSearch {0}
Newton step: 3 Residual (rel.):  2.95891e-02 LineSearch {0}
Newton step: 4 Residual (rel.):  7.34315e-04 LineSearch {0}
Newton step: 5 Residual (rel.): 2.07151e-06 LineSearch {0}
Newton step: 6 Residual (rel.): 1.56055e-08 LineSearch {0}
Newton step: 7 Residual (rel.):  9.93743e-11 LineSearch {0}
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In particular at the beginning, the Newton solver has now more problems and even needs some backtracking
line search steps in order to converge. In the steps 4 - 7 the convergence is fast, but not quadratic anymore.

8.4.3 Fluid-structure interaction (do yourself)

In Chapter 11 we provide several links to open-access code and corresponding numerical simulations. Run
these codes yourself, for instance

e https://github.com/tommeswick/fsi
e https://github.com/tommeswick/goal-oriented-fsi

and study the Newton performance.
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8.5 Structure and solution of the discrete linear equation systems

In this final subsection of this chapter, we discuss the structure of the discrete linear equation systems and
possible solution strategies. For linear problems such Poisson’s problem, linearized elasticity or linear MM-
PDEs, we solve immediately for the solution variable. In nonlinear problems such as Navier-Stokes, elasticity
or fluid-structure interaction, linear equations must be solved within the nonlinear iteration (here Newton’s
method) (235). Therein, the linear equations are solved for Newton’s update 6U}'; more details are presented
below.

8.5.1 Stationary linearized elasticity

As previsously discussed, the spatial discretization is based upon a space Vj, with basis {¢1,...,on} where N
is the dimension of this space. Here we solve the problem: Find uj € V}, such that

A(un, ¢n) = F(on) Yon € V.

This relation does in particular hold for each test function p;,i=1,..., N:
Alun,9h) = Fg)) Vohi=1,...,N

The solution uy, we are seeking for is a linear combination of all test functions, i.e., up = Z;\le U <pfl. Inserting
this relation into the bilinear form A(-,-) yields
N .
S aeh iy = f(@h)s i=1,..,N.
j=1
It follows for the ingredients of the linear equation system:

u=(u)N, €eRY, b= (f)L, eRY, A=ay =ale), )

The resulting linear equation systems reads:
Au=1b

Remark 8.18. In the matriz A the rule is always as follows: the test @2 function determines the row and the
trial function ), the column. This does not play a role for symmetric problems (e.g., Poisson’s problem) but
becomes important for nonsymmetric problems such as for example Navier-Stokes (because of the convection
term).

Remark 8.19. In the matriz, the degrees of freedom that belong to Dirichlet conditions (here only displace-
ments since we assume Neumann conditions for the phase-field) are strongly enforced by replacing the corre-
sponding rows and columns as usual in a finite element code.

Example 8.20 (3D linearized elasticity). In this vector-valued problem, we have 3N test functions since the
1 @)

solution vector is an element of R3: uj, = (uyp, s uy ,US’)). Thus in the boundary value problem
Findup € Vi o (Vun,on) = (f,n) VYon € Vi,

the bilinear form is tensor-valued:

o _ _ 61@%;]: 82@2’]: 33%11”: 81@,1;2: 32@,11’1: &wif
a(wi,wz):/gwﬁwzdx:/ D1y’ Do’ By’ | | Guprt Dapr’ Dyt | dw

81902’j 82@i)j aB‘Pi’j al@i}i 62@i,i 83902#.
Example 8.21 (Example in 1D). Let us illustrate and specify how the entries of the system matriz can be
computed in 1D.
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8.5.2 Stationary Stokes

Let Uy, = {vn,pn}, Xp = Vi x Ly = HE x Lo and ¥ = {)V,9P}. The problem reads:
Find U, € X}, such that: A(Up,,¥y) = F(¥y) VP € X,

where

A(Uh’ \Ijh) = (V’Uh, Vﬂ’%) - (pha V. 1/’%) + (V . ’Uh,’l/)Z),
F(Vy) = (fr,¥n)-
Let us choose as basis:
Vi ={yrti=1,..., Ny == dimV;,},
Ly = {4 i=1,...,Np = dimLy}.

Please pay attention that Vj, := (V},)? is a vector-valued space with dimension d. If follows:

(Vor, V') = (pn, V- 4p") i=1,..., Ny,
(V-vp, ") i=1,...,Np,

Setting:
Ny _ Np _
Up = Zvﬂ/JZ’j, ph = Zpﬂ/)ﬁd
j=1 j=1
yield the discrete equations:
Nv ) ] Np . ‘
Z(V’lﬁzd,vw}?l)’l}j _Z( z"jav'wl?l)pjﬁ i= 17"'3NV7
j=1 j=1

Ny
(Vg0 1), i=1,... Np.
=1

[

With this, we obtain the following matrices:

A= (Vo VO™, Bi= =R Vit =BT = (Vv g

j=1 ij=1 ij=1

(5 0)()= () @

These matrices form the block system:

where v = (vi)f\;"pp = (Pz)i\;q

8.5.3 Nonstationary Stokes

Let us extend the previous ideas to nonstationary problems. For the sake of simplicitly, we set § = 1 (backward
Euler). Let U = {v, pr} the solution at time ¢ and as before X, := V}, x Ly, = H} x Lo and ¥ = {¢)?, 9P},
Using the Rothe method (first time, then space), leads to a scheme in which at each time ¢" a quasi-stationary
problem needs to be solved:

At time t", find U} € X}, such that: A(U}}, Uy) = F(¥) VP € Xy,
where
AUy, Yy) = (vg, ¥p) + 6t(Voy, V) — 6t(pp, V - by) + 0tV - vp, 7)),
F(Up) = (vp~ ' 0p) + St(fr,90).
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Setting things as in the previous section yields the discrete system:

S| ) + (T VR oy = S @RV u s =1 Ny
Jj=1 j=1
N“ . .
Z(v'w}—i)]7 zﬂ)a Z'Zl,...,Np,
j=1

where (17,2 )XVNY = M is a mass matrix. This leads to the block system:

17=1
LM+AB (v"):<f”M”1>
_BT 0 pn 0 ?

with (the vector) M1 = (vp =1, ¢ )MV

i=1

8.5.4 Stationary Navier-Stokes (nonlinear)

In this part, we go back to stationary problems but make them nonlinear. The simplest example within these
lecture notes is Navier-Stokes’ convection term. Rather than solving directly for v, and p, we solve now for
the (Newton) updates dvp, and dpy, - later more.
The problem reads:
Find U, € X}, such that: A(Uh)(\lfh) = F(\I/h) Vo € Xy,
where
1
A(Un)(r) = (vn - Vou, ) + e

Here, we added the dimensionless Reynolds number Re in order to be aware how the equations change their
type if Re is either small or large.

(V’Uhv va) - (pl'H V- ¢Z) + (v : U}ng)v

Remark 8.22 (Notations for bilinear and semilinear forms). If the PDE is linear, we use the notation for a
bilinear form: A(Up, ¥y,). If the PDE is nonlinear, this is indicated in the notation by using A(Up)(¥p).

We learned in Section 8.1, we prefer Newton’s method to solve the nonlinear problem. Given an initial guess
Uy == {v),p%}, we must solve the problem:

Find 6Uj, := {6vs, 0pp} € X), such that: A (UL)(6U, ¥y) = —AUL) (W) + F(0), U =UL +6U,.

Here,
1

A'(UR)(0UR, @n) = (9un, - Vo, + v, - Voun, 7)) + 5

F(Un) = (fr,¥n),

As explained, we solve now for the updates and their respresentation with the help of the shape functions:

(V&Uh, VTWL) - (6pha V- %) + (V . 6'Uh7 7/’2)7

Nv ] Np )
5Uh = Z 5'Uj¢27]; 5ph = Z 6pjwﬁﬁj
j=1

j=1
With that the discrete, linearized convection operator reads:

AR Sy v i Ny, N
L= (7 - Vo, + oy, - V7 4,7) 500

L+5A B\ (ow\ [f—I[L'+ 4 A+ B]
-BT 0 <5p>— 0—[-BT] ’

where we have added on the right hand side the vectors of Newton’s residual.

The block structure reads:
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8.5.5 Nonstationary problems 1: Navier-Stokes

In nonstationary Navier-Stokes, we combine the ideas from the previous two sections. The block structure

reads:
LM+ L+ 4A B\ (v _(f- [residual]
-BT 0 dp 0 — [residual] )
For hight Reynolds numbers, the diffusion term A vanishes and for small time steps the mass term M remains.
8.5.6 Nonstationary problems 2: Nonlinear elasticity
Given an initial guess Uy := {vY,ul}, we must solve at each time ¢" the problem:
Find §U} := {0}, 0ul'} € X, such that: A" (U (86U, ©y) = — AU (L) + F(8y), UPT = U 46U,

Here,

1 1
5t 5t
1 . 1 . ,

F(q}h) = (f57¢2) + (E’Uzilvw}g) + (&szlﬂ/}ﬁ) - (1 - 9)(F(U271)2(U271)7V¢ﬁ) + (1 - 9)(02717/‘#;:)7

A’(U,ff’l)(éUh7 Up) = (=6vn, ¥p) + O(F (Sup)X(up) + F(up) X (dup), Voby) + (=0un, ¥p) — 0(dvp, ¥5)

1 1
AUR(Tn) = (500 Vh) + O(F (uil)S(uR), VoR) + (5rui, 0F) — 003, ¥R),

%Mvv Avu v . fs — [Tesidual]
My, £My ) \6u) \ 0—[residual] )’

8.5.7 Nonstationary problems 3: Fluid-structure interaction

The block structure reads:

The principal challenge in fluid-structure interaction is its multi-domain character, i.e., certain equations are
only prescribed in parts of the computational domain €. While deriving the linear equation systems, we
account for this fact and derive seperately the systems for Q0 and €.

For spatial discretization, we use the previously introduced spaces V}, x W}, x Lj with vector valued basis

{sz:la,N}a

where the basis functions are primitive (they are only non-zero in one component), so we can separate them
into velocity, displacement, and pressure basis functions and sort them accordingly:

X7
vi=| 0|, fori=1,...,N,,
0
0
w(Nv+i) = X;’J , fori=1, s Nu,
0
0
YNpsus) = | 0 |, fori=1,...,Np,
X;
where N, + N, + N, = N.
In FSI, the system reads in short notation
AU =b
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where A 0 U )
A=("F v=|(_F b=( 7).
( 0 As ) ’ ( Us ) ’ ( bs
Here,
+M+L+4A B Cy 1y 4
_ T o 5t vU VU
Ap = —-B 0 Cy , Ag= 1 .
Muv EMuu
0 0 AumppE

The matrices My, Avu, Myy, My, stem from the discretization of the nonlinear, nonstationary solid system.
Here M., are mass matrices and A,, a matrix from a second order operator; namely —V - (F'X). The full
system to be solved at each Newton step reads:

+M+L+5A B Cy 0 0 dug fr — [residual]
-BT 0 Cy 0 0 opys 0 — [residual]
* x Ayyppe 0O 0 duy | = | 0—[residual] |. (255)
0 0 0 LMy Ay v fs — [residual]
0 0 0 My, 2% Myy O 0 — [residual]

Here, C7 and Csy are the coupling terms because the fluid domain deformation enters into the Navier-Stokes
equations. The x-terms can arise in the coupling as explained by Heil [136]. The [residual] terms indicate
to substract the residual A(U)(®) using Newton’s method (235). For careful numerical implementation and
correct development of preconditioners, one might also need to distuingish interface contributations as discussed
in detail in [270, 271]. In fact, in system (255) it is not immediately clear how the solid matrix Ag couples
to the fluid-MMPDE-matrix Ap. As done in [271], let us also distuingish between inner DoFs and DoFs that

touch the FSI-inteface I';. Then, we obtain the system:

ﬁMJrLJrﬁA %MﬁLLJrﬁA B C Co 0 0 0 0 Svy fr — [residual]
FM+L+3ZA M+ L+ 34 A B Cs Cy 0 0 D, D> Svf 0 — [residual]
-BT -BT 0 Cs Cs 0 0 0 0 Spy 0 — [residual]
0 0 0 AMMPDE AM]V[PDE 0 0 0 0 5Uf 0— [T'esidual]
0 0 0 AMMPDE I 0 0 0 -1 §’u,f11“ = 0— [residual]
0 0 0 0 0 LMy HEMyy  Avu Apu Svs fs — [residual]
0 —I 0 0 0 My Moy ﬁMuu I dvs,r 0 — [residual]
0 0 0 0 0 %I\/[v,, %Mm, Ay Ay dus 0 — [residual]
0 0 0 0 0 My Muy  FHMuuw &My dus,r 0— [residual(] :
256

In this matrix, for instance we have now the terms:

Iéu]f,r — I&us,r = 0,
—](Svf’F + Iévsyp =0.

These represent the Dirichlet coupling terms vy = us and vy = v, on the interface I';. The traction interface
condition is realized in the terms D; and Ds.

Remark 8.23. For similar matriz structure see for instance [159] our published work.

8.6 Physics-Based Preconditioning

For problems in 3D or large systems in 2D, the usage of a direct solver (LU decomposition with Gaussian
elimination) becomes prohibitive because of computational cost and memory requirements. Consequently, one
aims for iterative solvers such as for example, Krylov-based iterative methods, i.e., GMRES method (non-
symmetric problems), the CG method (symmetric problems) or even better multigrid (geometric or algebraic)
methods. The key point is however that the condition number is bad for all kind of PDEs discretizations (a
second order operator has cond(A) ~ %) but in particular for fluid-structure interaction since all physical
parameters have a wide range of values (v ~ 1072 to ps ~ 10°%). Thus, we need to precondition the system
with a matrix P~! such that the condition number of the modified system P~'A is moderate:

Au=b = P 'Au= P 'b.

172



8. NUMERICAL SOLUTION ALGORITHMS

It is obvious that the ideal choice would be P~! = A~1. Of course, finding A~! is in most cases impossible.

Thus an approximation will do the job and here triangular P~! are already good. We illustrate this for a

specific (and famous) example for the Stokes equations (namely the Schur complement) and derive additionally

a preconditioner of our FSI system (this system has several similarities with the one derived by Heil [136]).
In FSI, various solution schemes have been employed over the last years:

e Monolithic solution [14, 18, 19, 63, 81, 113, 136, 137, 149, 158, 208, 209, 236, 241, 270, 271];
e Partitioned: [13, 65, 163, 165, 167, 172, 235].

Remark 8.24 (Our FSI solver). Our monolithic FSI solver in sequential form was published in [159]. Shortly
later, our parallel version was designed in [158].

8.6.1 Stokes
Taking the block system (254), the following preconditioner works:

_ A1 0
P (52

This idea is known as block Schur complement preconditioner. We can check this as follows:

AL 0 A B I A'B
PA= =
(5 o) (o 0)=(0 ")
which is a block-trianglur matrix that can be solved fast and efficiently. Inside, P!, the inverse of A~! can be
obtained in the case of Stokes with a CG method or a multigrid solver. The inverse of the Schur complement

> =BTA"'B
is based on the following consideration:
Y =BTAT'B~VIATIV ~ T ~ M,
where M, is the mass matrix of the pressure space. Thus,
STt~ Mt
8.6.2 Block-diagonal systems
In FSI it is worthy to split the subproblems on the solver level into a fluid part and a solid part. Thus the

system matrix reads:
Ar O
0 Ag

where Ar and Ag have been explained in 8.5.7. Here, a block diagonal preconditioner reads:

Pt oo
-1 __ '
P ( 0 P—1>’
S

which means that we need to find good preconditioners for the fluid and the solid system separetely. In the fluid
system, a Schur complement idea works. A nice overview of different preconditioning techniques is provided
in [271].
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8.7 Block-preconditioners for monolithic systems

This part is based on work from the years 2017 and 2019 published in [159] and [158], respectively. For spatial
discretization, we use the previously introduced spaces Vj, x W), x Lj with vector valued basis

{;li=1,...,N},

where the basis functions are primitive (they are only non-zero in one component), so we can separate them
into velocity, displacement, and pressure basis functions and sort them accordingly:

Xi
’L/)i: 0 ,fOI“iZl,...,Nv,

w(Neri) = X? , for ¢ = 17“-;Nu7

YNpsus) = | 0 |, fori=1,..., N

P
p
Xi

where N, + N, + N, = N.
In FST using harmonic MMPDE, we deal with a 3 x 3 block system:

M Cps O
A=|Cm S Co |,
Cim Cpo F

recalling that we have the principal problems (M) mesh motion, (F) fluid, (5) solid.

In more detail, for a good preconditioner, we need to consider the coupling terms on the interface I', here
denoted by I:

MQQ MQI
1
S S Sar SY
MIS SISt SISt
A= Se Sl S S
Bl SIY BYL SIS SsUeFl FR R,
I
By B! FE0 R
Bom Bom Fio Fpo O

We now construct the preconditioner P~!, which is a simplified LDU block factorization:
0 0\/MoO0 0[S o

A~| 0 I 0 0 S0 0o I %f

1 0 0 X 0 0 I

where we neglect the coupling term Cs,,,. We have C s =Crs— % and X = F — % and the fluid Schur
complement

X=F—Cps S Cop=F = (Cps — Cpm M Cins) S7' Coy.

Having such a decomposition, it is easy to compute the action of the inverse. In Krylov subspace methods
we only need to know the action of matrix-vector multiplications, here P~! on the residual part r From linear
algebra we know that P~'r = U~'L~1r with P = LU from above.

Consecutively solving with L and U yields the following result:
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Algorithm 8.25 (Evaluation of P~y (matrix-vector multiplications)). 1. Solve x,, = M~ 1r,,
2. Solve xs =S 1r,
3. Solve xy = .F*l(rf — CrmTm — Cyss)
4. Update x5 = xs — S 1Cspy

5. Update Ty = Ty, — M Conss
Parallelization using MPI (message parsing interface)

It remains to discuss the solutions of the subproblems M™1, ™1 and F~!:
1. For M~ we apply AMG?® V-cycles with Gauss-Seidel smoother

2. For F~': classical Schur complement approch for Navier-Stokes as a preconditioner inside GMRES. The
block subproblems therein are solved again with GMRES and AMG preconditioning

3. For 8™, we have two components u, and vs and a full two-by-two block system. Again we derive a Schur
complement as preconditioner within a GMRES iteration.

Algorithm 8.26 (Overall algorithm). o At each Newton step m, solve linear system AU = B
o Solution achieved with iterative solver GMRES

o Use preconditioner P~' using Schur complements

Inside P~' we need to approximate M~ F~1 S71

o These inverses are ‘solved’ themselves using GMRES method with, again, Schur complements for F~1,S71.
Therein, AMG solvers are used to approximate further inverses

o For MY, we also use a AMG method

25 AMG from Trilinos
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8.8 Loops

We briefly summarize in this section, how many loops are present in order to assemble the Jacobian matrix of
a nonstationary nonlinear system of an initial /boundary value problem.

forn =1,2,3, ... , N_.T // timestepping
for 1 =1,2,3, ... , until ||res|| < TOL // Newton steps
for X = 1,2,3, ... , N.K // all cell of the spatial mesh
for i = 1,2,3, ... , N_V // Local degrees of freedom on a cell
for j =1,2,3, ... , N_V // Local degrees of freedom on a cell
for q = 1,2,3, ... , N_Q // Quadrature points (in most cases Gaussian quadrature)

A(U_h~{n,1}) (\psi_h)
-> A(\psi_h~j, \psi_h~i)_K
-> \int_K A(\psi_h~j,\psi_h~i)
-> \sum_{gq=1}"{N_q} \omega_q A(\psi_h~j(\xi_q),\psi_h~i(\xi_q)).

Here, N7, Nk, Ny and Ng are a priori determined and denote the total number of time steps Nz, the total
number of mesh cells Nk, the local total number of degrees of freedom on a cell Ny (e.g., Qf has Ny = 4 for
a scalar-valued problem in 2D and for example for Navier-Stokes: 3 * dim(Q$) + dimP{¢ =4 +4+4+3 =15
(local) degrees of freedom on a cell.) Finally, Ny denotes the number of quadrature points to be used for the
integration. Here, w, denote the quadrature weights and ¢, the quadrature points.

8.9 An example of finite-difference-in-time, Galerkin-FEM-in-space-discretization
and linearization in a Newton setting

I believe that the discretization of nonlinear time-dependent partial differential equations is finally very similar
to solving Poisson’s problem. Hopefully, I convince the reader in this section.
We are given the following example:

Problem 8.27. Let the following PDE be given (we omit any ‘hats’): Find v and u, for allmost all times,
such that
Ru—JV-o()F T =f inQ, plusbe. and initial cond.,

and where (as before) J := J(u), F := F(u) and o(v) = (Vv + VoT).
8.9.0.1 Time discretization We aim to apply a One-Step-6 scheme applied to the mixed problem:

o —JV -o(v)F~T = f,
Ou—v=0.

One-Step-6 discretization with time step size k, and 6 € [0, 1], leads to

_ an—1
e 0TV o ()F T = (L= 0) Y o Y (F ) = 0 4 (1= 0)
_ ,n—1
% —Ov—(1 -0t =0.

8.9.0.2 Spatial pre-discretization: weak form on the continuous level We multiply by the time step k,
apply with test functions from suitable spaces V' and W and obtain the weak formulations

(v =0""10) + kO(Jo(0)F~T, V) + k(1 = 0)(J" o (v ) (F~T)" 1)
=k0(f, ) + k(1 =0)(f"" . p) YoeV,
(u—u""1 ) + kO(v, ) + k(1 —0)(v" 1) =0 Vip € W.

176



8. NUMERICAL SOLUTION ALGORITHMS

Sorting terms on left and right hand sides:

(v,¢) + kO(Jo(v)F~T, V)

o) = k(=0 (") (FTT) T )

+EO(f0) + k(1 =0)(f" "1 p) VpeV,

(u, ) + kO(v,9) = (u" ™1 9) = k(1 = 0) ("1 ) Ve W.

=(v

8.9.0.3 A single semi-linear form - first step towards Newton solver Now, we build a single semi-linear
form A(-)(-) and right hand side F(-). Let?® U := {v,u} € VxW and ¥ := {p, ¢} € VxW: Find U € V. x W
such that:

AU)®) = (v,9) + kO(Jo (V) F~F, V) + (u, ) +k9(v ¥)
F(U) = (0" ) — k(1 ~ )(J” Lo THET) T @) + kO(f, )
+R(L=0)(f" o)) — k(1 - 0) (0" )

forallW eV x W.

8.9.0.4 Evaluation of directional derivatives - second step for Newton solver We follow Section 8.3.1. Let
0U :={év,0u} € V. x W. Then the directional derivative of A(U)(¥) is given by:

A (U) U, 0) = (50, ) + k@(J’(éu)o’(v)F’T + Jo' (50)F~T + Jo(v)(F~T) (5u), w)
+ (du,v) + kO(6v, ),

where we applied the chain rule for the term Jo(v)F~7. Here, in the ‘non-prime’ terms in the nonlinear part;
namely J, F~T and o(v), the previous Newton solution is inserted. We have now all ingredients to perform
the Newton step (235).

8.9.0.5 Spatial discretization in finite-dimensional spaces and linear system In the final step, we as-
sume conforming finite-dimensional subspaces V, C V and W), € W with V,, := {p1,...,¢on} and W}, :=
{%1,...,¥n}. Then, the update solution variables in each Newton step are given by:

For the linearized semi-linear form A’(U)(6U, V), we have:
A'(Un)(6Un, 1)

and with this (A4;; representing the entries of the Jacobian):

Ay o= A (U) (T ng ©j» i)
+k9(zuj,](¢j W) F~T 4 J( Zv] NE~T + Jo(v ZuJ 4;)), Vi)
=1
y J
j=1 j=1

for all test functions running throughi=1,..., NN +1,..., M.

260f course, the solution spaces for ansatz- and test functions might differ.
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9. ERROR CONTROL AND MESH ADAPTIVITY
9 Error Control and Mesh Adaptivity

In this chapter, we leave forward modeling and concentrate on further aspects beyond:
e Error control;
e Mesh adaptivity.

The main objective is the application of goal-oriented a posteriori error control using the dual-weighted
residual (DWR) method [17, 30]. For applications in fluid-structure interaction, we refer to [80, 82, 92, 126,
205, 209, 244, 253|.

9.1 Goal-oriented error control with a partition-of-unity dual-weighted residual
method

For the function spaces in the (fixed) reference domains 0,0 s Q,, we define V := H 1(f\l)d. In the fluid and
solid domains, we define further:

Ly:=L*Qy), LY:=L*Qp)/R, VP :={o; € H'(Qp)*: 0y =0onT;, UTp},
VP9, = {ay € Hl(ﬁf)d Dl = i
Vﬁﬁ,ﬁ = {y e H(Qp)%: =00
VO = {a, € H(Q)?: 4, =0o0nLp}.

f Uf =0on FinUFDUfout}v
f fm U FD Urout}

As stationary FSI problem in variational-monolithic ALE form, we have from our previous chapter.

Problem 9.1. Find {0y, i, ds,p} € {0F + VP, } x {aR + VP, } x {al + VO} x LY, such that

(prJ(F o5 - V)ig), 4")g,

+(j3fﬁ7TﬁW)§f — a5 0")g, — (pr] Afﬂ/}v)ﬁf =0 W eV,
(FE,V9")g, = (poford)g, =0 Vi € V2,
(Gmeshs VE")g, + (00,0 ), =0 Wi € VO o,
(div(JE o), %), =0 WP € L,

f

with F = 1 +Via, J = det(F),5 of = —pfl—l—pfuf(vaF +F TVUf) = 2u,E + A\tr(E),E = 0.5(FTF —
I) Omesh = auVuf, volume forces ff and f, (both zero in this work), flow correction term Gy (do-nothing

[142]), densities ps, pg, kinematic viscosity vy, and the Lamé parameters jis, As. All explanations are provided
in [249][Chapter 3].

The Galerkin approximation veads: Find Uy, = {7, s p, s ny Drn} € )?,?_’D, where )A(gp = {ﬁj?h—i-\?ﬁﬁ,h}x
{ﬂ£h+V£ﬁ’h} X {ﬁ£h+ h} X th, such that

A(Un)(Ty) = F(B) YO, € Xy, (257)
where X n is the test space with homogeneous Dirichlet conditions.

9.1.1 Goal functional

The solution Uy, is used to calculate an approximation .J(Uy) of the goal-functional J(U) : X — R. This
functional is assumed to be sufficiently differentiable. The drag value as goal functional reads

J(U) = / Jo;F~Thydds,
S

where iy is the outward point normal vector of the cylinder boundary S [150] and the FSI interface F
Moreover, d is a unit vector perpendicular to the mean flow direction. For the drag, we use d= (1,0).
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9.1.2 Error representation

We use the (formal) Euler-Lagrange method, to derive a computable representation of the approximation error
J(U) — J(Uy). The task is: Find U € X9 such that

~ ~ -~

min{J(0) — J(Up)} st. AO)(¥) = F(§) v¥eX,

from which we obtain the optimality system

L.(U,2)(02)=F(Z) - A(U)(0Z)=0 VéZ e X, (Primal problem),

L (U, 2)(6U) = J'(U)(U) — A (U)(0U,Z) =0 VU € X, (Adjoint problem).

Using the main theorem from [30], we obtain:
Theorem 9.2. We have the error identity:
. . 1 . . 1
J(O) = J(On) = 5p(0n)(Z = 1) + 50" (On, Z)(0 — ¥4) + R, (258)

for all {\ilh, éh} € )?h X )?h and with the primal and adjoint residuals:

p(U(Z — @) := —AUR) () + F(-), (259)

P (U, Z)(U = p) = J"(U) () = A'(Un) (-, Zn) + F(). (260)

The remainder term is Rf) 1s of cubic order. This error identity can be used to define the error estimator 7,
which can be further utilized to design adaptive schemes.

Corollary 9.3 (Primal error). The primal error identity reads:
J(O) = T (On) = p(Un)(Z = &n) + R (261)

9.1.3 Adjoint equation, discretization, and numerical solution

The adjoint equation reads: Find Z = (2v,2%,2P) € X such that

~ ~

J(U)(@)=AL(U)(®,2) VdeX,

and the explicit form can be found in [249, 262].

For the discretization, we briefly mention that higher-order information for the adjoint solution must be
employed due to Galerkin orthogonality; in this work X n C X ,(L2) C X. For simplicity, this is realized with
global-higher order finite elements and in order to ensure again inf-sup stability, we use @ elements for 2¥ and
2%, and Q$ elements for ZP. It is clear that this is an expensive choice. For the numerical solution, the same
solvers as for the primal problem are taken, namely a Newton-type method and sparse direct solver. Since
the adjoint problem is linear, Newton’s method converges in one step. This is a trivial information, but for
debugging reasons useful.

9.1.4 Localization

A PU localization [214] for stationary FSI reads:

Proposition 9.4. We have for the primal error part p(Uh)() the a posteriori error estimate

) R M M
JO) = JO0) <n:=>_m < Inil (262)
=1 =1
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where M is the dimension of the PU finite element space Vpy (composed of QS functions x;) and with the
PU-DoF indicators

== A2 = inZD)V03) + F(2Y = in 282 0s)
= —(psJ(F oy - V)0g), 80)e, — (JG BT Vg, + (a5, 97
— (FS,V9})g, = Gmesn: Vii)g, — (div(JE05),90)5,

+ (0 fro0)a, + (Bsfos ¥))a,

N

)

with the interpolation iy, : )?}(Lz — )?h and the weighting functions are defined as

v, 2 Tu . 2 P 2
1/% = ( ;h),v - ¢h,v)Xi7 1/11 = ( ;h,),u - d)h,u)Xiv 1/}1p = ((ZS(Q}L)J) - ¢h,p)Xi«

9.1.5 Adaptive algorithm

1. Compute the primal solution Uy, and the (higher-order) adjoint solution ZA}(Lz) on the present mesh 7.

2. Evaluate |n] := |, 7;| in (262).

3. Check, if the stopping criterion is satisfied: [J(U) — J(Uy)| < |n| < TOL, then accept Uj, within the
tolerance TOL. Otherwise, proceed to the following step.

4. Mark all elements K, for refinement that touch DoFs ¢ with indicator n; with n; > %”l (where My

denotes the total number of elements of the mesh 75 and a = 1).
Alternatively, pure DoF-based refinement in ¢ can be carried out.
9.1.6 Numerical tests
In this section, we consider the FSI-1 benchmark [150] for which we also refer to the books [51, 52] and our
own former results [210, 256]. The drag value is taken as goal functional.
9.1.7 Implementation and open-access programming code

This section is accompanied with a respective open-source implementation on github?” based on the finite
element library deal.Il [4, 5] and our previous fluid-structure interaction code 256, which is also available on
github?®.

9.1.8 Configuration

The configuration, all parameters, and reference values can be found in [150]. The reference value for computing
the true error was computed on a five times refined mesh and is 1.5370185576528707¢ + 01 (see also in the
provided github code).

9.1.9 Findings and discussion

Our results from the file dwr_results.txt are:

Dofs True err Est err Est ind Eff Ind

13310 2.58e-01 1.43e-01 4.37e-01 5.54e-01 1.69e+00
20921 9.00e-02 4.75e-02 1.60e-01 5.28e-01 1.77e+00
37874 3.20e-02 1.09e-02 5.96e-02 3.40e-01 1.86e+00
68754 1.84e-02 4.57e-03 2.77e-02 2.48e-01 1.51e+00

Furthermore, the terminal output yields

2"https://github.com/tommeswick/goal-oriented-fsi
28nttps://github. com/tommeswick/fsi
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DisX : 2.2656126465725842e-05
DisY : 8.1965770448936843e-04
P-Diff: 1.4819455817646477e+02
P-front: 1.4819455817646477e+02
Face drag: 1.5351806985399641e+01
Face lift: 7.3933527637991259¢-01

where Face drag represents the chosen goal functional. While the error reductions in the True err J (U ) —
J (Uh) and the estimated error n are reasonable, the effectivity index Eff has room for improvement. The
indicator index Ind (for the definition see [214]) performs quite well. The main reason for the intermediate
effectivity indices might be the accuracy of the reference value. Second, we notice that only the primal error
part p (Corollary 9.3) was used. As shown in our recent studies for quasi-linear problems, the adjoint error part
p* might play a crucial role in order to obtain nearly perfect effectivity indices for highly nonlinear problems
[75]. Graphical solutions of the primal solution, including the adaptively refined mesh, and the adjoint solution

are displayed in Figure 56.
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Figure 56: FSI-1 benchmark: Primal solution of ¢, and adjoint solution z¥=. The adaptive mesh is displayed
together with the primal solution (right).

9.2 Multigoal-oriented error control and adaptivity

This section is motivated from our current work on multiple goal functionals [2].

The error estimation is now extended to multiple goal functionals. Assume that we are given N goal
functionals K;, ¢ =1,..., N. In a flow problem this might be drag and lift as well as estimates of the pressure
and solid displacements (e.g., point-wise displacemens or L? norms) of the elastic structure. In this case, we
would have N = 4.

9.2.1 Adjoint
From the previous section, we see that the adjoint problem reads: find Z € X° such that
AU ®,2) =K' (U)(®) vde X°. (263)
In the next formulation, we use an enriched space X}};igh. In our context enriched means that X, C X’}Zigh.
Here, this enriched space X }}:lgh is represented by elements with higher polynomial degree. Of course it is
possible to use a finer grid as well. A comparison for the Navier-Stokes equations can be found in [74]. Note that
due to Galerkin orthogonality, the error estimator stated below will always yield a zero error unless the adjoint
solution is approximated in an enriched space (see [30]). To this end, the adjoint velocities and displacements
are approximated by Q% functions and the pressures by Q? functions. We notice that we could have used also
the Q3/Q? pair, which was proven to be inf-sup stable in R? in [226]. However, to demonstrate the broader
applicability of our approach (future extension to R and evaluation of higher-order quadrature formulae) we
approximate the adjoint velocity functions by Q# functions instead of the next possible choice of Q2 functions.
The discrete adjoint problem reads as follows: find Zhlgh € X high corresponding to U, € X, C X high g1ch
that
A/( )( kﬁlgh Z;Zlgh) _ K/(Uh)((i)zlgh) V‘i)}};lgh c X’llngh7 (264)

where Uy, solves the discrete primal problem.
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9.2.2 Construction of a combined goal functional

We construct an overall goal functional K, as a convex combination of the individual goal functionals, with
weights w; > 0 that sum up to one and explicit sign factors o; € {—1,+1}:

N
K. (®) := ZwiaiKi(‘i)), deX. (265)

Here the choice of o; is a crucial aspect since all terms in the sum should have the same sign to avoid
cancellation. As we need to compute |K.(U) — K.(Up)|, we follow previous studies and use

0y = sign(K;(U) — K;(Uy)). (266)

Later, in Section 6.5.4.2, we set
W; ‘= W;0;.

We notice that a relative combined functional may be defined with w; := w;o;/|K;(Uy)], which is however not
employed in this work. Some computations studying the influence of different weights w; are conducted in
Section 6.5.4.2.

A first sign computation was proposed in [133] and later extended to a more efficient way in [78]. In practice
K. from (265) is now used as right hand side in the adjoint problems (263) and (264), respectively. We notice
that for nonlinear goal functionals, we need the Fréchet derivative of the combined functional K. (265); for
technical details, we refer to [75].

Definition 9.5 (Combined functional error estimators). A practical error estimator for the combined goal
functional K.(U) reads:

~ ~ 1 - ~hi . 4hi 1*A.Ai “rhi - rhigh
K. (U) — K(Up) =~ mp = ip(U;L)(Z}}; gh 2 ¢ 5P (Un,ia 2,8 (U8 — 3,08, (267)

where we have U}};igh € )A(}}Lligh (for instance obtained by a higher order reconstruction or finite element solution,).

The adjoint part is defined as
P (Un, Zn) (O = W) = KL(UR) (U, = W) — A'(UR) (U = U, Z3).

As above, a purely primal-based error estimator (without the need of U}};igh € X,};igh), and hence less accurate,
but cheaper, practical version reads:

K (U) — Ko(Uy) =, = p(U)(Z158" — i, 21, (268)

In both cases the primal problem is computed as for a single goal functional, and in the adjoint problem the
combined goal functional K. (including sign computation) is employed.

9.2.3 Error localization

For the localization of the error estimator to individual DoFs or elements, we use the partition-of-unity (PU)
technique as suggested in [214]. To this end, we choose a set of finite element basis functions Vpy =
{1&1, e ,ﬁM} with dim Vpyy = M such that Ei‘il 1&1» = 1. These functions can be low-order scalar-valued
bilinear shape functions from QL. We then distribute 7; to the corresponding elements with certain weights
as explained in [73, 75]. Inserting this into (268), we obtain an important estimate for the localized error
indicators.

Proposition 9.6. For the combined goal functional K., using the primal error part p(Up)( - ), we have the

estimate
M M
] =D mil <D Inil (269)
i=1 i=1
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with the PU-DoF indicators
ni = —AUR) (2" — i, 28" );)
= —(prJ(F~ 05 - V)0p) 00, — (Jor F-7 Vg, + (95,905,
- (ﬁi\:z%d}f)ﬁg - (anesllv@i[’zy)ﬁf - (dw(jﬁilﬁf)ﬂ[’f)ﬁf + (jffvd;f) + (Jgsﬂ/;;j)

Here the weighting functions are defined with the component wise interpolation i, : X’,}l‘igh — )A(h as

7 suhigh . vhigh Yu ._ (swhigh . suhigh "p . (sphigh . sphigh
o) = (5 — g2 Yy, it = (2 — 0o 2 )y, YY = (EME — i 2R e

To measure the quality of the proposed error estimator, we consult the effectivity index [11] and indicator
index [214], respectively:

ml > Ini -

Ieff = ind *=— ~ ~ .
|KC(U) - Kc(Uh)|

CKU) — Ke(Uy)]

In words, I.g measures the traditional effectivity, i.e., the difference between global estimator and true error.
However, positive and negative indicator values in 7, may cancel out. Of course, for mesh refinement, absolute
values are taken for the individual contributions in 7,. To this end, the quality of the localization scheme is
measured by Iinq.

From the theoretical point of view, the asymptotic behavior of I.g is established by showing lower (efficiency)
and upper (reliability) bounds, respectively, such that

c1lnn] < |Ko(U) = Ko(Un)| < ealnn|  for e1,¢5 > 0. (271)

Since |K.(U) — K.(Uy)| = 0 (multiple goals) or |K(U) — K(Uy)| = 0 (single goals) may happen for U # Uy,
showing (271) is a difficult task (in which however reliablity estimates are in general a bit easier than efficiency
estimates). Only recently, reliability and efficiency results for such goal functionals were established in [76, 77]
and [73]. Therein, it was shown that (if a saturation assumption holds true) indeed I.g — 1.

9.2.4 Adaptive algorithm

Our error-controlled adaptive algorithm reads:
1. Compute the primal solution Uy, € X, on the mesh T;, where | € N is the current mesh level.
2. Construct the combined goal functional K, via (265).
3. Solve (264) on the mesh 7; with K. as right hand side and obtain (high-order) Z,]:igh € X,l:igh.
4. Evaluate || :=|>_, n;| in (269).

5. If the stopping criterion is satisfied, |Ko(U) — K.(Up)| < |n| < TOL, then accept Uy, within the tolerance
TOL. Otherwise, proceed to the following step.

6. Mark all elements 7; for refinement that touch DoFs ¢ whose indicator 7; satisfies 7; > ﬁ"l (where M
denotes the total number of elements of the mesh 7; and a ~ 1).

7. Refine all marked elements to obtain the mesh 7.
8. Go to Step 1.

We notice that in this multigoal-algorithm (as in [75, 78, 132, 133]), we only control the error of the combined
functional K.. Therefore, the errors of the individual goal functionals can fluctuate and K, is driven by the
largest error contribution. If a priori knowledge is available, the individual error contributions within K. can
be adjusted by choosing problem-specific weights w.
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9.3 Temporal error control

Using a space-time formulation, we can extract spatial and temporal error estimators and corresponding error
indicators. The focus on the latter was done by us in [82].

9.4 Goal functional

Let X be a function space, e.g., X := L2(I, L2(£))). We are interested in optimization problems with cost or
error functionals J : X — R of the abstract form

J(0) = /1 J(O) dt + Jo(T(T)), (272)

where j1 is a distributed functional over the entire time interval and jg is a functional that evaluates the
solution at the end time 7.
9.4.1 Adjoint

The adjoint is derived from the space-time formlation derived in Section 6.13. Formally, we arrive at
Ly (U, 2)(80) = Jy(0) (50) — Ay (0)(50, 2) = 0

where (0,4, s, %, pr) € X and (27, 2%, 2%, 2%, 2%) € X° and (60,04, di,, 0w, ;) € XO. Despite being

s

formally simple, technically, the directional derivatives 8U of the nonlinear variable U must be computed.

9.4.1.1 Example 1 for time derivatives and their partial integration in time Let us consider the time
derivative terms in more detail. We start with the solid 2nd momentum equation

/I Pa(Ority — gy 1), it + (i15(0) — s 0,02 (0))g

s

The adjoint is obtained by linearizing in i, and 0, switching trial and test functions, and employing (272):

/I PO — 97,20 g dt + ($2(0), 22(0))g, = J () ().

We now perform partial integration in time, yielding

- / Pl 012 dt — / P, 20, dt + (BH(T), 24(T))g, = J (0)(B).

For the discretization, we can apply a space-time Galerkin discretization of the form ¢G(s)dG(r) or ¢G(s)cG(r).

9.4.1.2 Example 2 for time derivatives and their partial integration in time As second example, we consider
the time derivatives and initial values in the first equation of Proposition 6.21:

/ (Jprond, 0")g, dt + (J(5(0) — i), °(0))g, -

I

Due to the transformation of the Navier-Stokes equations from the deforming domain (¢) to the reference
domain  (for details see [249]) we deal with the transformation determinant J. Thus, we transform first back
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to (), then build the adjoint, afterward integrate by parts, and finally transform back to Q. This yields

‘A@ny@@ﬂwk%dt+<x@w>—ﬁwnw«»mf
& Transformation to /1 (P00, ¥)q, dt + (v(0) — v, ¥ (0))q,

_ Tangent: /1 (90180, ), dt + (60(0), 47 (0))e,

~ Adjoint: /1 (0", =), dt + (°(0), 2(0))a, = T4 (U)(T) dt
& Tntegration by parts:  — /I (", 002" ), di + (°(T), 2°(T))g, = J(U) (W) dt

& Transformation to Q:  — / (Jpsi®, 0i2")g, dt + (J¥(T),2°(T))g, = Ju(U)().
I

Again, this is a linear equation in the adjoint variable 2¥ and running backward in time. As before, we can
discretize in time by (non-consistant) finite differences or a full space-time Galerkin method.

9.4.2 Temporal error estimator

The error estimator is formally derived as before and reads for M time intervals:

M
JU) = J(Ug) =n:= M = ...+

m=1

(P - 20) - A0, 2 - 1)) + R

DN | =
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10. GRADIENT-BASED OPTIMIZATION
10 Gradient-Based Optimization

In this section, we concentrate on stationary problems. Parts of the material presented here has been taken
from [212]. We first describe general concepts and then proceed with optimal control and parameter estimation
problems for Navier-Stokes and FSI. General and nicely-written introductions can be found e.g., in [144, 191,
239, 243].

10.1 The setting

e For optimization we consider the following setting: by J : X — R we denote a given functional of
interest. We assume, that J is two times continuously Fréchet differentiable.

Example 10.1. Such a functional can be the measurement of wall-stresses, flow rates or a bending moment.

Furthermore, by ()4 we denote a finite dimensional set of control parameters that enter the state problem.
We notice that the developed algorithms of this study could also be used for infinite control spaces; for
optimization with parabolic equations we refer the reader to [177]. Among endless possibilities for the control
q € Qg, common examples are material parameters, inflow rates or pressure-drops. For a given ¢ € Qq, the
controlled state-equation is split into the (nonlinear) state part and a control term which linearly depends on
the control ¢ € Qg:

Ucvp+X: AU)(P)+BU)(q,®)=0 VPe X, (273)

where the exact definition of the control form B(-)(:,-) depends on the particular choice of the control type.
To keep the notation easy in the present section, we combine the state operator and the control operator into
one common semi-linear form:

A(q, U)(®@) := A(U)(®) + B(U)(g, ®).

The goal of our optimization problem is to determine the optimal parameters ¢ € Q4 such that the functional
of interest J(-) gets minimal. This quantity of interest is completed by a regularization term of Tikhonov type,
which involves a corresponding regularization parameter «. Then, the cost functional reads:

a _
J(q,U) = J(U) + 3 lla = dllg, (274)
with a reference control § € Q4 and a suitable norm || - ||g in the control-space. We consider the following
optimization problem:

Problem 10.2 (Constrained optimization). Minimize the cost functional J(q,U) subject to the state equation
A(q,U)(®) =0 (as defined in (273)) for (¢,U) € Q x {vp + X}.

The constrained optimization problem on the space Qg X X is reformulated into an unconstrained optimiza-
tion problem on the space Q4. Therefore, we assume the existence of the solution operator S': Q4 — vp + X
with a unique solution U = S(q). Herewith, we define the reduced cost functional j: Q4 — R by

i(q) := J(q,5(q))- (275)
Thus, the constrained optimization problem can be formulated by means of
Problem 10.3 (Unconstrained optimization). Minimize j(q) for q¢ € Qa.

Remark 10.4. Because of the nonlinear structure of the state equation (273), the reduced cost functional is
in general not convex (even if the cost functional J(q,U) would be so). ¢

Using the reduced formulation of Problem 10.3, the existence of the optimization problem could be shown
with the help of calculus of variations (see, e.g., [174]). A detailed analysis of theoretical results discussing the
well-posedness of this general optimality system as well as the existence and uniqueness of possible optimal
solutions are found in the literature, see e.g. [144, 239].

Then:
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Problem 10.5.
j(q) = J(q,S(q)) — min, A(g,S(¢))(¥)=0 VVeV. (276)

The local existence and sufficient reqularity of S is assumed.

The solution to the unconstrained Problem 10.5 is characterized by the first-order necessary-optimality
condition:

7'(9)(dg) =0 Viq € Qa. (277)
The second-order necessary-optimality which guarantees a (local) minimum reads:
7"(a)(dg,09) >0 Véq € Qa. (278)

In the following, we concentrate on the (formal) computation of the optimality conditions that are employed
for the implementation. The most easy way to express them is done by means of the Lagrangian £ : Qg4 x X X
X — R:

L(q, U, Z) = J(q,U) — Alq,U)(Z). (279)

With the help of the Lagrangian, we derive the optimality system (Karush-Kuhn-Tucker - KKT system) for a
triple (¢, U, Z) € Qq X X x X:

LY(q, U, Z)(®)=0 VYVdeckX (State Equation),
LU, Z)(®)=0 VdPeX (Adjoint Equation),
L,(q,U,Z)(6q) =0 Viq € Qq (Gradient Equation),
or equivalently
A(q,U)(®) =0 Vo e X,
Ay(@.U)(@,Z) = J;(q. U)(®) VP € X, (280)
Ay(q,U)(0q,Z) = J4(q,U)(dq) Vdq € Qa.
Remark 10.6. The KKT system is equivalent to the first-order necessary-optimality condition stated before, if
the linearization of the semi-linear form is regular enough. We note that this system could be directly discretized

with a Galerkin finite element method. Another approach (see [26, 29, 177]) that uses the reduced formulation
1s discussed in the following. ¢

10.2 Solution process of the reduced formulation

In the following, we discuss the solution process of the unconstrained optimization problem. The philosophy
of this section follows [26, 29, 177]; their results have been built upon the earlier studies elsewhere [143, 239].
The algorithms are still general enough to be independent from fluid-structure interaction.

We use the standard Newton method to solve the optimization problem. On this level, because we need to
work with the discretized control space @4, we introduce its basis

{rqi]i=1,2,3,...,dimQq} .
Specifically, the control space Q4 in this work is always finite dimensional with one or two parameters:

Span{(h’ Q2} =: Qd = RQ;

ie., dimQ@g = 2.
With these preliminaries, Newton’s method to solve Problem 10.3 reads: For [ =0,1,..., solve
7"(d")(q,7q) = —j'(d")(8q) Vg € Qu, (281)
¢ = q' +wq,

with a line search parameter w € (0, 1] which will be specified in Algorithm 10.9. Specifically, the residual and
the Hessian of Newton’s method (281) can be computed with the help of the following two results:
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Proposition 10.7 (Residual of Newton’s method). Let ¢ € Qq4,U = S(q) € X and Z € X the dual solution be
obtained after solving the first and second equation of the KKT system (280). Then the residual of Newton’s
method (281) is defined as

i'(@)(dq) = L3 (q, U, Z)(dq),

i.e., in explicit representation
3'(@)(6q) == ar(q,7q9)q — Ay (q,U)(7q, Z).
Proof. The proof uses standard techniques. Details can be found in [29]. O

Proposition 10.8 (Hessian of Newton’s method). Let ¢ € Qq,U = S(q) € X and Z € X and dq € Qg be
given. Further, let U € X be the solution of the tangent problem

SU € X, Ap(q,U)(0U,®) =—Al(q,U)(6q,®) Vo€ X,
and 07 € X the solution of the adjoint Hessian problem
A (g, U)(®,02) = Jiu(q, U)(6U, @) — Ay (q, U)(0U, @, Z) — Aqy (q,U)(dq, @, Z) V@ € X.
Then it holds for all Tq € Qg:
3"(@)(6q,7q) := ar(dq,7q9)q — Ayy(q, U)(dq,7q, Z) — Al;, (¢, U)(0U, 7q, Z) — A (q,U)(7q,0Z).

This is equivalent to

3"(9)(0q,79) = L3,(q,U, Z)(3¢,7q)
+ L,(q,U, Z)(0U, 7q)
+L%,(q,U,2)(0Z,7q) forTq € Q.

Proof. For the proof this statement (including its time-dependent version), we refer to Becker et al. [29]. The
stationary version of this proposition is easily derived by neglecting all time derivatives, which concludes the
assertion. 0

Let us summarize the important equations.
Lagrangian
ﬁ(qv u, Z) = J(q7 U) - A(q7 u)(z)
State Equation
a(q,u)(¢) =0

Dual Equation

L, (q,u,2)(¢) =0
& ay,(q,u)(¢,2) = J,(q,u)(9)

Tangent Equation

‘C;/z (qa Uu, Z) (6Q7 ¢) + £Zz (qa U, z)(éu, ¢) =0
& ay,(q,u)(0u, ¢) + ag(q,u)(dg,9) = 0

Dual Hessian Equation
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L4.(¢,u,2)(6q, ¢) + Ly, (q, u, 2)(0u, @)
+ LY (q,u,2)(6z,0) =0
& a,,(q,u)(¢,02) + ay, (¢, u)(0u, §, 2)
+ ag,, (¢, u) (g, ¢, 2) = Tl (g, u) (-, -)

Newton left hand side: first derivative

3'(@)(6q) = L}(q,u,z)(6q) (Gradient equation)
& j'(q)(0q) = —ay(q,u)(3q, 2) + Ji(q,u)(6q)

Newton right hand side: second derivative

7"()(8q,07) = Lgy(q,u, 2)(3q,0r) + Ly (q, u, z)(du, or)
+ £’z’q(q, u, 2)(0z,r)
& 3"(q)(0q,0r) = Jyy(q,u)(dg,0r) — ag,(g,u)(dq, 7, 2)
— dy, (g, w) (0u, 0r, 2) — a(q,u)(0r, 0z2).
The two previously mentioned propositions form the basis of the following optimization algorithm:
Algorithm 10.9 (Optimization loop). Given an initial control ¢° € Qq iterate for 1 =0,1,...:
1. Compute the state solution U' = {v', p', ul}:

Ulcuvp+X, A, UNP)=0 VdecX.
2. Compute adjoint solution Z! = {z!, zzlj, 2
ZeX, Ay U@, 2 = Ty, U)(®) Ve .
3. Ewvaluate Newton’s right hand side (Proposition 10.7) for Qq > 7q¢ =71¢;, (i =1,2,...dimQg):
3" (6q:) = ar(d',Tai) g — A’q(ql, UY(r4s, 21, i=1,2,...dimQq.

4. Assemble the coefficient vector f € RY™Qa (as representation for the right hand side Vj(q') € Qq of
Newton’s method):

Gf = (@) ra )@, Gy = (ra5,ma)e.
where j'(q')(rq;) = (Vi(g), ma:) = 351 £i(745, 7)o
5. Compute the tangent solution SU' = {5v', 6pt, 6ul}:
sU' e X, Ap(d,UNU', @) =—-AL(¢,U")(6q,®) VP e X.

6. Compute the adjoint for Hessian solution §Z' = {8z}, 0z}, 62, }:

7' e x, AL, UY®, 67" = Ty (¢, UY U, ®)
— Ay (U (6U', @, ZY) — Ay (¢!, U (8q, @, 2") VP e X.

7. BEvaluate Newton’s left hand side (Proposition 10.8) for Qq > 7q = 7q;, (i=1,2,...dimQq):

jl/(ql)(5Qa qu) = aT(5Q7 qu)Q - qu(qlv Ul)(dqa T4, Zl)
— Ap (d UY U 7qi, 2 — Al(d!, U (74:,62")  Viq € Qa.
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8. Assemble the coefficient vector h € RY™Q4) (a5 representation of the left hand side j"(q')(0q,7q;) of
Newton’s method):

Gh = (5"(¢")(8q, 74:)) 3 @
where §"(¢') (¢, 7a;) = (V25(¢))(0q, 7a:) Q)i ®* = Y11 hy(rq;, Tai)q-
9. Solve: j”(ql)(éq,qu-) = —j/(ql)(Tqi) with 7q; € Qq via
1
Minimize j(q") + (f,d) + 5 (Hd,d),

with {a,b) == a’Gb and H := G™'K. Furthermore, K;; = V?j(¢")(8¢;,7¢)q)q denotes the coefficient
matriz of the Hessian V2j(¢') and d € R¥™%¢ represents the coefficient vector of 6q. The solution is
obtained by a CG-solver that requires matriz-vector products only.

10. Correction step:
ql+1 _ ql +w§q’

with w € (0,1] as large as possible, such that
jld' +69) < j(d') +w-Vid)dag.

The parameter w is determined via the Armijo-backtracking strategy. For details we refer the reader
to [190, 191].

11. Increment l — 1+ 1.
12. Repeat all steps until: |f| = ||Vi(¢")|| < TOL.

This section is devoted to the application of the presented scheme to fluid-structure interaction systems.
First, we need to evaluate all derivatives necessary to assemble the systems required to carry out Algorithm 10.9.
While an approximation of the derivatives would in principle be possible by using finite differences [126] or
by automatic differentiation, see [70] in the context of fluid-structure interaction, we analytically calculate all
these derivatives as shown in Section 8.3.

10.2.1 State and adjoint equations

In steps 1, 2, 5 and 6 of the algorithm, we need to solve problems given in a variational formulation using
the test- and trial-space X'. These infinite dimensional problems will be discretized using the finite element
method. All these variational problems are surface-coupled problems with different equations in the fluid and
the structure domain. All four problems include balancing conditions on the common interface I';, where in the
case of the state-equation in Step 1 these balancing conditions are standard conditions of continuous velocity
and the dynamic coupling conditions of the interface stresses:

vp =0 onl}.

A T (282)
JoyF " ny+FXns =0 onlj.

In [212] we provide details on all derived variational formulations appearing in Algorithm 10.9. For solving the
nonlinear state equation, we employ a Newton method that requires the Jacobian of the semilinear-form A(-)(-).
This linearized equation utilizes the same bilinear form as the tangent equation in Step 5 of the algorithm.
The coupling condition given by variational manners are the linearization of (282). Let W = {wy,, wp, wy, } € X
be the unknown solution. Then, it holds on T';:

J {;k:j:(wv) + j;;(wp) + dcg%(wu) + tr(F_1un)&f — &fF_Iun} ny

by
+ {unEs + Fddus(wu)} ns =0, wy=0. (283)
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Once the Jacobian is implemented, the adjoint form is given by transposing the system matrix. Hence, the
effort for solving the adjoint equations is comparable to an additional step of the state equation’s Newton
scheme. The balancing condition inherent in the adjoint equation is given by variational principles and is
of Robin-type coupling all three adjoint variables z,, 2, and z,. The derivation of the strong formulation of
this coupling condition is cumbersome. In Figure 57 we show the velocity, displacement and pressure of the
optimal state solution and their corresponding adjoint solutions. These visualizations are taken from [212].

—
a—

K ———
)

é
N e ——

-l

Figure 57: FSI-1 optimal control benchmark problem taken from [212]. Left: primal solutions of the optimal
state for velocity, displacement, and pressure. Right: adjoint solutions for velocity, displacement
and pressure at the right. Note, that velocity and pressure components are defined in the fluid

domain only.

10.2.2 Implementation structure in DOpElib

The implementation is based on DOpElib and was initially inspired 2° by Gascoigne [28] and RoDoBo [218].

CellEquation (state)
CellEquationU (adjoint)
CellEquationUT (tangent)
CellEquationUTT (adjoint hessian)
CellEquationQ (gradient)
CellEquationQT (tangent)
CellEquationQTT (hessian)
CellEquationUU (adjoint hessian)
CellEquationQU (adjoint hessian)
CellEquationUQ (hessian)
CellEquationQQ (hessian)
CellRightHandSide (state)
CellMatrix (all)
ControlCellEquation (gradient or hessian)
ControlCellMatrix (all)

29 Actually in the years 2009/2010 when the project started.

R

A(g,u)(p)

A (g,u) (0, 2)

A, (g, u)(6u, @)
Al (g,u)(0,02)
Ay(q,u)(dg, 2)
Ay(q,u)(0g, ¢)
Aq(g,u)(9g,0z)
A (g, u)(6u, ¢, 2)
Aqu(a,u)(dg, ¢, 2)
A (g, u)(du, or, z)
Ay, (q,u)(dg, 0r, 2)
f(o)

A'(q,u)(6u)
L(q,u, 2)(dq)
A(gq,u)(0)
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Functionals

Value (all) <  J(q,u)
ValueU (all) < J'(q,u)(¢)
ValueQ (all) < J/(q,u)(¢)

ValueUU (all) < J . (q,u)(, )
ValueQU (all) < J/,(q,u) (¥, 8)
ValueUQ (all) < JIJ (q,u) (¢, ¢)
ValueQQ (all) & J7 (g, u)(1, ¢)

10.3 Boundary control of stationary fluid flow

Let us see whether we understood the concepts and compute a numerical test. The following example has

been proposed by Roland Becker [25, 26].

(0,4.1) I (22,4.1)
— A=(6.0,2.0)
O—"
— Q
(0,0) Lq (22,0)
Figure 58: Flow around cylinder with elastic flag with circle-center (2,2) and radius » = 0.5. Structure

material: ‘compressible St. Venant-Kirchhoff’.

10.3.0.1 Configuration Goal of optimization is drag minimization around the cylinder:

As usually, the stress tensor is given by

(Jorag(U),0) := (Fp,0) = /SUf “nyeyds. (307)

of = —pl + pv(Vov + Vo).

The Neumann control acts at the boundary I'g and is given by a piecewise constant control ¢ = {q1, g2} € R
The initial values can be chosen as ¢ = 0.0 or ¢ = 0.1 for both components. The physical unknowns are a
vector-velocity field v and as scalar pressure field p. The semi-linear form of the problem reads:

Find u = {v,p} € {v"" + V} x L? and ¢ € R? such that

A(Q?“)(¢) = pV(V’U + V'UT’ vd)v)ﬁf + (V’U v, (bv)ﬂf - (pa V- ¢v)52f + (V U, ¢p)Qf
—(¢:n-9¢")r, =0.

for all test functions ¢ = {¢”, ¢P} € V. Please note that the convection term differs from standard notation:

Vov = (Vv)v =v- Vo.

Further the pressure term can be rewritten as

_(pav ' ¢v)Qf = _(pI7v¢v)Qf

where I denotes the identity matrix in 2D.
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The target functional is considered as
i) = [ neotop)-dds
To

where I'p denotes the cylinder boundary, and d is a vector in the direction of the mean flow. For theoretical
and numerical reasons, this functional needs to be regularized, including the control variable ¢, such that

. «
J(q,v,p) = j(v,p) + g\lq —qoll,

where « is the Tikhonov parameter and qg some reference control.
The rest of the program is similar to the previous optimization problems where we formulate the state
equation in a weak form a(v, p)(¢) such that the final problem reads

J(g,v,p) = min s.t. A(q,v,p)(¢) =0.

10.3.1 Equations for gradient-based optimization

The following terms are required for the optimization process:
CellEquation (state): Compute

A(g,u)(¢) = pr(Vo + VoT, Voo, + (Vvu, ¢")a,
=@, V- 90")a, +(V-0,9)q,.
CellMatrix (all): Compute
Alg,u)(6i, 65) = pr(Ve§ +V(65)7, V) )a, + (V) v+ Vo ey, ¢7)a,
— (8, V - ¢¥)a, + (V- 0¥, oh)a,
where the velocity v of fluid’s convection term depends the type of equation under investigation:

v=2v""! (Previous Newton step for state matrix)

v = v (Actual state solution for adjoint, gradient, etc.)

CellEquationU (adjoint): Compute
@, (g u) (¢, 2) = pr(Ve' + V(¢")",Vz")a, + (Vo' v™9 + Vo leeg?, 2¥) g,

—(¢"I,V2)q, + (V- 9", 2P)q,

CellEquationUT (tangent): Compute

a{u(q7 ’LL)((S’LL, (b) — py(vauv + v(éuv)T’ V¢U)Qf + (V(Su” ,Ustate + vvstate(su'u7 ¢’U)Qf
= (0PI, V¢ )a, + (V- u”, ¢")a,
CellEquationUTT (adjoint hessian): Compute
(g, u)(9,02) = pr(Ve' + V(¢")T,Vz")q, + (Vo' o™ 4+ Vo7, 52",

—(¢PI,V62")q, + (V- ¢",62)q,

CellEquationUU (adjoint hessian): Compute

a// (q,u) ((SU, (Z)a Z) — (v¢v 6uv,state 4 V5uv,state¢v7 Zv)Qf

uu

Here: 2V are the adjoint values as already shown before, and du?>*'%*¢ are the tangent values which are already
computed.
BoundaryEquation (state): Compute

A(qau)(¢) - 7PV(VUT "N, ¢U)Faut - (QOan . ¢U)qu - (Q17n ’ (rbv)rql
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BoundaryMatrix (all): Compute

A(q7 u)(¢i7 QS]) = —pl/(V(QS;))T ' n, d);))l—\out

BoundaryEquationQ (gradient): Compute

Ag(q,u)(g, 2)[0
Aq(g,u)(dg, 2)[1

Il

|
—
—

S

I
<
~—

=

I
|
—~
\.P—‘
S
IS
~—
=
Q
ot

where g = 1 since ¢ has been chosen constant.
BoundaryEquationQT (tangent): Compute

Al (q,u)(8q, ) = —(0q0, ¢" - n)r,, — (0q1, 0" - n)r,,
BoundaryEquationQTT (hessian): Compute
Ag(q,u)(éq, 62)[0] = —(1,n - 2")r,,
A:I(qa u) (5(17 (SZ)[” = _(L n- ZU)Fql

where g = 1 since ¢ has been chosen constant.
BoundaryEquationU (adjoint): Compute

A, u)(¢,2) = —pr(V(¢*)" 0, 2")r,,
BoundaryEquationUT (tangent): Compute
A(g,u)(0u, ¢) = —pr(V(6u”)" - 1, ¢")r, .,
BoundaryEquationUTT (adjoint hessian): Compute
Ai(g,u)(9,62) = —pr(V(¢°)T - 1,02")r,,,

ControlCellEquation (gradient or hessian):

ControlCellMatrix (all):

We turn now to the computation of the cost functional including the regularization term.
BoundaryValue:

«
Haww) = [ ostv,p)-nevds + i,
S

where ¢cp = 500 and a > 0

BoundaryValueU:
Jo(q,u)(¢) = CD/SO'f(¢U,¢p) -nep ds
BoundaryValueQ:
Jo(q,u)(¢) = a(g, P)r,
BoundaryValueQQ:

Tl (q,u)(8q, ) = a(dq, d)r,
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DoF Uy (A) uy(A) q
5032 2.38095e — 05 0.000920281 471742
19488 2.37664e — 05 0.000844817 477626
76672 2.35301e — 05 0.000837236 481284
Uncontrolled
76672 218.332e — 05 0.001999470 500
FSI-1 benchmark results (without any control)
76672 2.27036e — 05 0.000822894 500000

Table 6: FSI-1 parameter estimation problem. Initial control ginitia1 = 500, § = 5 - 10° and o = 107°.

10.3.1.1 Numerical results We consult our source code from [68]
Examples/0OPT/StatPDE/Example3 (in version dopelib-2.0).

As starting values for ¢ we choose in a first run ¢ = 0 and also ¢ = 0.1 in order to see if we converge to the
same optimal solution.

DOF | Qstart | qtop | Gdbottom | Jopt | Dragopt || Jstart | Dragstart

6000 | 0.0 0.312 | 0.309 2.5595 | 2.46292 || 4.144 | 4.1443
6000 | 0.1 0.312 | 0.309 2.5595 | 2.46292 || 3.083 | 3.0731

[SISIS NS

[SISIS NS

Figure 59: Stationary flow control: primal solution at the beginning and end of the optimization (top) and
corresponding adjoint solution (bottom). For all solutions, we plot the z-velocity field.

10.4 FSI-1 parameter estimation benchmark

This second test is taken from [212] and we consider another extension of the FSI-1 benchmark problem and
define a parameter identification test-case. We aim at identifying the Lamé coefficient us in such a way,
that the tip of the beam undergoes a given deformation u,(A) = 8.2-107* (i.e., close to the solution of the
uncontrolled configuration in the original FSI-1 benchmark problem). All material parameters as well as the
boundary data is chosen as in the previous section. For identifying the parameter we choose the following
regularized functional:

_ « _
J(@.U) = lluy = >+ S llg

with ¢ = ps (the Lamé coefficient) and @, = 8.2 - 10~%. Furthermore, we choose § = 5-10° and a small
Tikhonov parameter o = 1075,

The initial control value is given by ¢initial = [initial = 900, far away from the optimal state. In Table 6 we
indicate the results of the optimization algorithm. In Figure 60 we show plots of the state and adjoint solution
for this optimization problem.
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0.40
0.30
0.20
0.10

Figure 60: FSI parameter estimation: x-velocity profile (top) and corresponding adjoint solution in v, direction
(middle) and adjoint solution in v, direction (bottom).

10.4.1 Monolithic versus partitioned coupling in Newton’s optimization loop

We want to draw our attention to an interesting study in comparing monolithically-coupled fluid-structure
interaction and partitioned coupling on the level of the outer optimization loop. This is achieved by ne-
glecting the ALE-transformation in the adjoint, tangent and additional Hessian. Then, we clearly observe
that monolithic coupling allows for higher accuracy as shown in Figure 10.4.1. This is in perfect agreement
with partitioned (weak and strong) coupling and a monolithic approach for the forward problem. If you wish
to satisfy a good tolerance for the coupling conditions, you either need to use a partitioned algorithm with
strong coupling (i.e., possibly many subiterations in each time step) or you should use a monolithically-coupled
scheme.
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1

exact adljoint —e—
simplified adjoint ---e--- ]

0.1 F
0.01 ¢
0.001 F

0.0001 F

1e-05 F

Newton Residual

1e-06 |
1e-07

1e-08
0

Newton Step

Figure 61: Convergence of the Newton iteration considering exact adjoint equations and a simplification ne-
glecting the adjoint coupling conditions. Figure taken from [212].
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11 Implementations, Open-Access Programming Codes, and
Simulations

In this chapter, we discuss first open-access implementatons of self-developed research software. Then, several
numerical tests and benchmarks are computed. The focus is to provide tools and methods how numerical
results can be interpreted and verified:

e For a new code from scratch: start simple and neglect nonstationary behavior and nonlinear terms first;
e Compare with accepted benchmarks and manufactured solutions if possible;

e Extend then to nonstationary and/or nonlinear equations;

e Check always the boundary conditions: these are one of the most-faced error sources;

e Try to write a code in a friendly way by using comments and coding standards: this makes it much easier
either for others to use your code or to work together on a code or to re-use your code after several years.

e If your code does not produce the correct findings there are several possibilities for debugging. For
example:

— Use a nonlinear solver but solve a linear equations: does the nonlinear solver converge in one step?
Is there some kind of instability due to too large time steps?

— Make your problem as linear as possible (neglect the convection term in Navier-Stokes and use
linearized elasticity rather than STVK;

— Check and compare different time-stepping schemes;

— If your nonlinear solver does not converge: reduce inflow sources and/or right hand side forces, or
reduce the time step in order to enhance the convergence radius.

Careful numerical testing might include:

e Systematic testing with different spatial meshes and different time step sizes: do goal functionals converge
to a common limit?

e Comparing with manufactured solutions; if not available, compute a solution on a very fine mesh (and/or
very small time step) and use this result as reference solution;

e Comparing with experimental findings.

11.1 Implementation and software in ANS/deal.ll and DOpElib; based on C++

To supplement our algorithmic discussion with some practical aspects, the reader is invited to test him/her-self
some concepts presented so far.

11.1.1 Code versions

Implementations are present in two software packages deal.Il [16] (source code [256] in ANS3) and DOpElib
(68, 124]:

e ALE-FSI in deal.II (ANS) with biharmonic mesh motion
http://www.archnumsoft.org/ [256] solving FSI benchmark problems [150]

e Nonstationary Navier-Stokes benchmark problems [221] at
http://www.dopelib.uni-hamburg.de/ Examples/PDE/InstatPDE/Examplel

e ALE-FSI benchmark problems [150] with biharmonic mesh motion at
http://www.dopelib.uni-hamburg.de/ Examples/PDE/InstatPDE/Example?2

30ANS = Archive of Numerical Software, http://www.archnumsoft.org/
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We notice that the implementation is performed in a practical monolithic way that has two assumptions;
namely, displacements and velocity are taken from globally-defined Sobolev spaces rather than restricting them
to the sub-domains and one (major) limitation (the development of an iterative linear solver and preconditioners
might be challanging since we do not distuingish the sub-problems in the system matrix). Putting these two
limitations aside, the idea results in a fascinating easy way to implement multiphysics problems in non-

Biot-Lame-Navier system: augmented Mandel’s benchmark at
http://www.dopelib.uni-hamburg.de/ Examples/PDE/InstatPDE/Example6

Stationary FSI optimization at
http://www.dopelib.uni-hamburg.de/ Examples/0PT/StatPDE/Example9

overlapping domains.

Remark 11.1. It has been appeared that the basic program structure could be easily generalized and extended
to other complex multiphysics problems such as moving boundary problems with chemical reactions as well as

pressure-elasticity-phase-field coupling. ©

Archive of Numerical Software 1(1), 1-19, 2013

Solving Monolithic Fluid-Structure Interaction Problems in Arbitrary Lagrangian Eulerian
Coordinates with the deal.ll Library

Thomas Wick

We describe a setting of a nonlinear fluid-structure interaction problem and the corresponding solution process in the finite element software package dealll. The fluid equations are transformed via the ALE
mapping (Arbitrary Lagrangian Eulerian framework) to a reference configuration and these are coupled with the structure equations by a monolithic solution algorithm. To construct the ALE mapping, we use a
biharmonic equation. Finite differences are used for temporal discretization. The derivation is realized in a general manner that serves for different time stepping schemes. Spatial discretization is based on a
Galerkin finite element scheme. The nonlinear system is solved by a Newton method. Using this approach, the Jacobian malrix is constructed by exact ¢ 1 of the directional d The implementation
using the software library package deal.ll serves for the computation of different fluid-structure configurations. Specifically, our geometry data are taken from the fluid-structure benchmark configuration that was
proposed in 20086 in the DFG project Fluid-Structure Interaction I: Modelling, Simulation, Optimisation. Our results show that this implementation using dealll is able to produce comparable findings.

—

T T
T

H I

T
.,
:
t

Figure 62: Reference [256] at http://www.archnumsoft.org/

11.1.2 Program structure

The structure of such a program for time-dependent nonlinear problems is as follows:

Input of all data: geometry, material parameters, right hand side values
Sorting and associating degrees of freedom

Assembling the Jacobian

Assembling the right hand side residual

Newton’s method

Solution of linear equations

Postprocessing (output, a posteriori error estimation, mesh refinement)

Main routine including time step loop
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11.2 Implementations and software on github

On github, I maintain the previously discussed FSI versions (FSI 1,2,3 benchmarks) that are up-to-date with
current deal.Il versions and I provide a version with single-goal oriented error control and adaptivity:

e https://github.com/tommeswick/fsi
e https://github.com/tommeswick/goal-oriented-fsi

The outcome of the latter link is presented in Section 9.1.6, while the simulations using the first github code
are presented in the following subsections below.

11.3 Cloud computing during WCCM Paris online in January 2021

During the World Congress in Computational Mechanics (WCCM) in the CSMA Junior section workshop in
January 2021 in Paris (online), we installed deal.Il www.dealii.org and https://github.com/tommeswick/
fsi on a cloud for online teaching and online group work. For more information and experiences, we refer to
Section 5 in

e https://doi.org/10.15488/10389

11.4 All links on personal professional webpage

Moreover, I refer for all links (including the previous ones) to my personal professional webpage:

e https://thomaswick.org/gallery_engl.html

11.5 The FSI benchmark FSI-2 [150]

11.5.1 Configuration

The computational domain has length L = 2.5m and height H = 0.41m. The circle center is positioned at
C = (0.2m,0.2m) with radius r = 0.05m. The elastic beam has length [ = 0.35m and height h = 0.02m. The
right lower end is positioned at (0.6m,0.19m), and the left end is attached to the circle.

(0,0.41) T'p (2.2,0.41)

—— A=(6.0,2.0)

~ — ~
Fin ——| an‘
——— ~

(0,0) I'p (2.2,0)

Figure 63: Flow around cylinder with elastic beam with circle-center C' = (0.2,0.2) and radius r = 0.05.

Control points A(t) (with A(0) = (0.6,0.2)) are fixed at the trailing edge of the structure, measuring x- and
y-deflections of the beam.

11.5.2 Equations

We use Formulation 6.26.
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11.5.3 Boundary and intial conditions

For the upper, lower, and left boundaries, the ‘no-slip’ conditions for velocity and no zero displacement for

structure are given. When using the second type of boundary conditions with the biharmonic mesh motion

model, the displacement should be zero in normal direction and free in the tangential direction. This allows

the fluid mesh the freedom to ‘move’ along the boundary and results in a better partition of the fluid mesh.
A parabolic inflow velocity profile is given on I';, by

H—vy)

_ 4 _
vs(0,y) = 1.50 y(HQ , U =10ms"".

At the outlet f‘out the ‘do-nothing’ outflow condition is imposed which lead to zero mean value of the pressure
at this part of the boundary.
For the non-steady tests one can start with a smooth increase of the velocity profile in time. We use

07 (0,9) =G if 1<2.0s

;0,y) = .
v (t:0,9) vr(0,y) otherwise.

The term v(0,y) is already explained above.

At the outlet f‘out, the ‘do-nothing’ [142] outflow condition is imposed leading to a zero mean value of the
pressure at this part of the boundary.
11.5.4 Parameters
We choose for our computation the following parameters. For the fluid we use gf = 103%kgm=3, vy =
1073m?s~!. The elastic structure is characterized by o5 = 10*kgm =3, vy = 0.4, s = 5 * 10°kgm 157 2.
11.5.5 Quantities of interest / goal functionals

1) z- and y-deflection of the beam at A(t).

2) The forces exerted by the fluid on the whole body, i.e., drag force Fp and lift force Fy, on the rigid
cylinder and the elastic beam. They form a closed path in which the forces can be computed with the
help of line integration. The formula is evaluated on the fixed reference domain 2 and reads:

(Fp,Fp) = / JoanF~T - nds (308)
S

:/ j&fﬁ—T-ﬁfngr/ JorET i ds. (309)
S (circle) S(beam)

The quantities of interest for this time dependent test case are represented by the mean value, amplitudes,
and frequency of z- and y-deflections of the beam in one time period T of oscillations.

11.5.6 Results and discussions
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Figure 64: FSI 2 test case: mesh (left) and velocity profile in vertical direction (right) at time ¢ = 16.14s.

Table 7: Results for the FSI 2 benchmark with the biharmonic mesh motion model and second type of
boundary conditions. The mean value and amplitude are given for the four quantities of interest:
Uy, Uy[m], Fp, FL[N]. The frequencies fi[s™'] and fa[s™!] of u, and u, vary in a range of 3.83 — 3.88
(ref. 3.86) and 1.92 — 1.94 (ref. 1.93), respectively.

DoF  kls] uz (A)[x107°]  uy(A)[x1077] Fp Fr
27744 3.0e-3 —13.63 £11.80 1.27£78.72  207.22£71.13 —0.57+£230.6
27744  2.0e-3 —13.724+11.84 1.26 £ 78.38 208.12 +71.18 —0.30 £ 232.6
27744 1.0e-3 —13.74+11.85 1.28 £78.48  209.46 £71.43 —0.06 £231.7
27744  0.5e-3 —13.66 +£11.81 1.28£78.32  208.96 £71.60 —0.06 £ 238.2
42024 3.0e-3 —13.34+£11.57 1.40x£77.08 204.81 £68.54  0.79 £221.5
42024  2.0e-3 —13.36 = 11.55 1.28£77.18  205.61 £68.67  0.51 +223.0
42024 1.0e-3 —13.38 =11.58 1.31 £77.44 206.11 4+ 68.26 0.62 + 221.2
42024 0.5e-3 —13.27 +£11.52 1.23£77.25  207.05 £68.87  0.30 & 230.6
72696 3.0e-3 —14.43 £12.46 1.35 £80.71 212.50 4+ 76.40 0.18 + 234.6
72696 2.0e-3 —14.49+12.44 1.19£80.66  213.49£76.39  0.13 & 235.7
72696 1.0e-3 —14.49412.46 1.16 £+ 80.63 213.39 4+ 75.25 0.23 4+ 234.2
72696 0.5e-3 —14.40£12.39 1.25 £ 80.55 213.55 4+ 76.06 0.30 = 240.2

(ref.) 0.5e-3 —14.85+12.70 1.30 £81.70  215.06 £ 77.65 0.61 + 237.8

11.6 The FSI benchmark FSI-1 [150]

In this section, we provide the details for the stationary FSI-1 benchmark. The only change to the previous
computations is that we now change U to B
U=02ms"

The following results are taken from [210]. This test can be recomputed using [68, 124]

with dopelib/Examples/PDE/InstatPDE/Example2. Therein Formulation 6.26 is used and 25 pseudo time
steps using the backward Euler scheme are taken. Alternativly, a fully stationary code could have been
developed.

Table 8: Results taken from [256] for the FSI 1 benchmark with the biharmonic mesh motion model. The
mean value and amplitude are given for the four quantities of interest: s, uy, Fip, F.
DoFs  u,(A)[x107°m] wuy(A)[x10~*m] Fp[N]  Fr[N]

5445 2.3258 8.2397 14.6331  0.74577
20988 2.2808 8.1846 15.1434  0.74025
82368 2.2734 8.1751 15.3302  0.73982

326304 2.2703 8.1809 15.3776  0.74111
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Horizontal & and vertical i displacement in control point A = (0.6,0.2) in the ALE
formulation. Left: global refinement, right: adaptive refinement.

Dofs i*(A) i (A) Dof's {*(A) iv'(A)
5032 2.2635 8.7871 19,488 2.2635 8.7871
19,488 22821 8.1977 29,512 2.2793 8.2201
76,672 22736 8.1848 51,016 22733 8.1867
304,128 22691 8.1785 93,992 2.2710 8.1702
1,211,392 2.2676 8.1742 179,912 2.2700 8.1609
351,720 2.2695 8.1556

1073 104 1070 10

Figure 65: FSI 1 test case. Table 7 taken from [210].

11.7 The FSI benchmark FSI-3 [150]

In the FSI-3 benchmark, we have now -
U=20ms?

and also ps = 2.0 * 10°kgm~1s72. We take the results from [256][Section 4] and present them in Figure 66.

0 0.04
i
-0.0015 0.02
-0.002 0.01
X -0.0025 z 0
o0
-0.004 -0.02
-0.0045 -0.03
-0.005 -0.04 ' ! ' '
10.510.6 10.7 10.8 10.9 11 10.5 10.6 10.7 10.8 10.9 11
Time Time
150 T T T
100 | .
50 .
& =
5 = or 7
_50 -
-100
465 1 1 1 1 _150 1 1 1

10.5 10.6 10.7 10.8 10.9

Time

from [256][Section 4].

11

10.5 10.6 10.7 10.8 10.9

11
Time

Figure 66: FSI 3. Top: the deflections of the beam, u,(A) and u,(A). Bottom: the drag and the lift computa-
tions over the path S of the cylinder and the interface between the fluid and the structure. Taken
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Unknowns Ar i (A) [x1077] wua(A) [x1077] o i N 2

2b 7176 5.0e-3 -244 £232 1.02+31.82 473.5+56.97 808 £2838 11.07 529
7176 2.0e-3 -248 £2.39 (.92 £32.81 471.3+£62.28 6.11 £298.6 10.73 535
7176 1.0e-3 -2.58 £249 094 £33.19 4704 +64.02 4.65+£300.3 10.69 536

27744 5.0e-3 243 +£227 141 £31.73 48372231 221 +149.0 10.53 5.37
27744 2.0e-3 -2.63 £2.61 1.46+£33.46 48332448 208 £161.2 10.66 543
27744 1.0e-3 -2.80+£2.64 1.45+£34.12 483.0 2567 221 1653 1075 541
42024 2.5e-3 -240+226 1.39+£31.71 448.7+21.16 184+ 1413 1072 542
42024 1.0e-3 -253 £238 1.40+£3249 449.7+2224 161 + 1428 1077 544
42024 5.0e-4 -2.57 £242  1.42 £32.8]1 450.1 £22.49 149+ 1437 10.79 542
72696 2.5e-3 -2.64 £248 138 £3325 451.1 £24.57 204 £150.6 10.73 5.38
72696 1.0e-3 -2.79 £2.62 1.28 £34.61 452.0+£2578 191 £152.7 10.78 542
72696 5.0e-4 -2.84 +2.67 128 £34.61 45242619 236+ 152.7 10.84 542

Figure 67: My FSI 3 results from [51][Method 2b in the last article of the book].
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11.8 Visualization with Visit or paraview

Our FSI formulations are computed in the fixed reference domain Q. Consequently, running the previous code
will yield all results in €. Here, no elastic beam will move! In order to see the ‘moving’ beam, we need to
transform (recall A) from © to Q.

1. The first possiblity is to add to the solution vector solution in deal.Il the displacements 4 such that
x =T+ a(z,t)

2. In Visit, we need:
a) Open the file you want to display, e.g., solution_fsi_2d_xxxxxx.vtk
b) Go to OpAtts

c¢) Transform

[}

Displace

(=)

Choose the displacements in Vectors
g) Type: Vector mesh variable

)
)
)
) Choose Displacement variable
)
)
h)

In the definition, write
{x_dis,y_dis}
i) Apply , then Dismiss
j) Now choose Displacement variable using the new expression in Vectors . Then Apply
k) Now choose for instance in Add, for example Pseudocolor then x_velo and finally Draw
Online information on the displacement operator can be found on https://visit-sphinx-github-user-manual.
readthedocs.io/en/develop/gui_manual/Operators/OperatorTypes/Displace_operator.html
3. In paraview, we need the WarpByVector. It is a filter (like in visit) that moves the coordinates along a
vector (here the displacements).

a) The user selects the data they wish to operate on from the Selection Window. It will be highlighted
when this occurs.

b) The user can then select Filter->Alphabetical->Warp (Vector) from the main menu or click on
the Warp Warp Vector Button Button. This will open the Warp (Vector) Filter interface.

¢) The Vectors menu allows the user to select from various vectors (here the displacements) in the
data set.

d) The Scale factor box allows the user to specify the displacement (normal vector times scale factor)
e) Finally Apply to activate the filter and the new output.
Online information can be found on https://kitware.github.io/paraview-docs/latest/python/
paraview.simple.WarpByVector.html
4. Alternative in paraview (hint from Katrin Mang, Jan 17, 2020) for paraview version 4.4.0:
a) Load *.vtk file(s)

b) Apply
¢) Go to ‘Filters’ and choose ‘Calculator’
d) Go to the Window and type the components that you want do move from Q to Q(t) For instance

x_dis*iHat + y_disx*jHat in the above FSI-code from ANS.
e) Go to ‘Filters’ and choose ‘Warp by Vector’

f) ‘Apply’
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12. WRAP UP

12 Wrap up
12.1 Quiz
1. How did we define FSI in this lecture? (Hint: which physical equations are coupled?)
2. What are the underlying physical principles and equations to study FSI?
3. Please write down the equations for conservation of mass and momentum.
4. What is the mathematical characterization of these underlying equations? (Hint: What type of PDEs
are we dealing with?)
5. What is one of the typical difficulties of FSI? (Hint: Eulerian and Lagrangian coordinates)
6. Could you name a second challenge of FSI? (Hint: either as we had in the class or your own opinion)
7. What are the key quantities in continuum mechanics?
8. What is the physical interpretation of J > 07
9. What does mathematically happen if J — 07
10. Why do we need the Piola transformation?
11. Write down the Green-Lagrange strain tensor E.
12. Why do we need constitutive laws? Do you have an example for a fluid or a solid?
13. Which law from continuum mechanics yields the symmetry of Cauchy’s stress tensor?
14. What is the difference between the 1st and 2nd Piola-Kirchhoff stress tensor?
15. How are incompressible fluids and solids characterized?
16. Write down the isothermal, incompressible Navier-Stokes equations in their natural framework.
17. What does the Reynolds number characterize?
18. How did we proof existence of linearized elasticity? Which assumptions need to be checked therein?
19. Write down the weak formulation of Navier-Stokes in natural coordinates.
20. What is the purpose of the inf-sup condition (on the continuous level) for Navier-Stokes?
21. What are the physical coupling conditions of fluid-structure interaction?
22. What is the difference between monolithic and partitioned coupling and their classification within strongly
and loosely-coupled approaches?
23. What are the advantages of monolithic solution algorithms?
24. Define the ALE transformation and the ALE time derivative. (Hint: either in words or in terms of
mathematical formulae).
25. Using the ALE approach, which equation needs to be transformed to the reference configuration?
26. Explain variational-monolithic coupling.
27. What is the difference between ALE;, and ALE4,,?”
28. What is the ‘third’ condition using an ALE approach for FSI?
29. What is the purpose of MMPDESs?
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30.
31.
32.
33.
34.
35.
36.

37.
38.
39.
40.

41.
42.
43.

44.

45.

How can we improve mesh regularity in an ALE approach? How is this realized in practice?
How many equations must be finally solved using an ALE-FSI approach?

What are the advantages and drawbacks of ALE-FSI?

How did we discretize FSI in this lecture?

Time-discretize the Navier-Stokes equations with a One-step-6 scheme.

Why do we use a mixed first-order-in-time system for the solid equations?

Which numerical stability concept should (must) be used for temporal discretization of fluid-structure
interaction?

How can we stabilize the Crank-Nicolson scheme? Why is this (sometimes) important?
What is the idea of Galerkin FEM?
What is the discrete analogon of the inf-sup condition and why is this important?

What are the consequences of the discrete inf-sup condition (the BB-condition) for the choice of FEM
spaces for spatial discretization of the Navier-Stokes equations?

Describe or just state the Taylor-Hood element.
What are numerical issues of the solution of Navier-Stokes for high Reynolds numbers?

Write down (without any hats) Newtons’s defect correction for: Find U € X}, such that

A(Uh)(q)h) = F(‘I)h) Vo ¢ Xn

Apply Newton’s method to

with A(u)(¢) = (u- Vu, ¢) and F(¢) = (f,¢).

How do we determine the block structure of a linear equation system of a coupled PDE system? What
is the block structure of the incompressible Stokes equations?
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12.2 The End

We close with a citation from Richard P. Feynman:
‘The pleasure of finding things out’ 3!

It has been my pleasure to prepare these notes, to teach them, and to do related research. The end of these
notes is the beginning of ‘finding things out’ now. I wish you all the pleasure as Feynman had.

Figure 68: That’s me in January 2022 having pleasure finding things out.

31Richard P. Feynman (Nobel Prize 1965), Helix Books, 288 pages, 2005.
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