Chapter 2
Models

2.1 Continuum Mechanics

In this chapter, we derive the equations that describe the dynamics of fluids and
solids. Matter is composed of molecules, atoms and smaller particles that all interact
with each other. A description of the dynamics of these micro-structure is possible
by fundamental physical laws. Such a particle centered view-point is however not
feasible, if large physical objects are considered that consist of many atoms. To
describe every particle in one liter of water, more than 10%° molecules must be
considered. A description of every single molecule—or even every atom or subatomic
particle—in a large scale hydrodynamical problem like the flow of water around a
ship is completely out of bounds.

Instead, we consider a continuum approach for the description of the large scale
dynamics. By a continuum, we denote a volume V(f) C R? of (different) particles.
Instead of describing every single particle, we only observe some few averaged
properties of the complete volume. These properties are all considered as local
density distributions. As example, we will denote by v(x, r) the average velocity of
whatever particle may be in position x € V(¢) at a given time ¢. Usually we assume
that all physical quantities possess some smoothness. Depending on the situation,
we will ask for integrability, continuity or differentiability.

In the following we will derive fundamental equations that describe the interplay
of these averaged quantities. We will distinguish between basic physical principles,
the conservation principles and material laws. While the conservation principles are
based on first principles and we think of them as exact, material laws are usually
simplifications, idealizations and derived by observation and measurements.
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2.1.1 Coordinate Systems

In the following, by V(t) C R3 we denote a material volume. We assume that V (t)
is entirely occupied by some material. This material has physical properties like
density p : V(1) — R, velocity v : V() — R?, which is a three dimensional
vector field, temperature 7 : V(1) — R or pressure p : V() — R. We assume
that the volume is moving. By #p € IR we denote the initial time and we observe
the volume for ¢ > #5. By V) := V() we denote the reference configuration of the
volume. Often, 7 is set arbitrarily, but we usually think of a system that is at rest and
unstressed, e.g. a container filled with resting fluid or an elastic obstacle that is not
deformed and where no stresses act. At time ¢ > fy, we denote by V(¢) the current
configuration.

The volume V(7) consists of particles, and we call V := V, the material domain.
For every particle x € V, we denote by x(x, 1) € V() the location of the particle at
time ¢t > fy. We assume that the path {x(x,1),t > f} C R? is continuous and that no
two different particles X, ¥ € V have the same position at any time ¢ > fo:

x(x, ) =x®. 0 & i=%.

The mapping f‘(fc, ) := x(x,1) is therefore invertible and we define the inverse
mapping as T (x, 1) == X(x, 1). By X(x, ) we denote that particle X € V that at time
t > 1y takes position x € V().

In a continuum, we assume that no particles are destroyed or created such that
the moving volume V(¢) is given by all coordinates x € R? that are occupied by a
particle X € V:

V() = {x(&,0) e R, ke V).

Figure 2.1 shows this fundamental configuration.

Fig. 2.1 The Lagrangian reference system. We describe the path of particles X € V over time.
The reference volume V takes different current configurations V(¢) at different times. The particles
within V(1) are the same particles as in V(t;) orin V = V(ty)
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We study the motion of volumes and the first fundamental property is the
deformation of a particle x € V. We define the deformation G(x, t) as

a(x, 1) = x(x,1) —Xx, (2.1
and its material velocity ¥(X, t) as
V(x, 1) = dix(x, 1) = da(x, 1).

This particle system centered viewpoint for describing the dynamics of a continuum
V(¢) is denoted as Lagrangian coordinate system or Lagrangian framework. In the
Lagrangian system, we observe particles x € V and follow their paths x(x,1) =
X + a(x, r) over time. A Lagrangian viewpoint is the natural approach for problems
in solid mechanics, where the particles in the reference system are closely linked to
each other and where forces are related to the relative deformation of particles to
each other (think of a spring). Considering the dynamics of elastic solids, a volume
comes back to the reference configuration, if the system is free of external forces

<>

= VO external forces act V(t) absence of external forces V(too) =V
_—

X =x(x,0) x(x, 1) X = x(X, teo)

Deformation and velocity can also be defined in the current configuration
V(¢). By

x=x4+uxn < ulxn):=ax)=x—3x

we have an expression u(x, 7) for the deformation at the spatial location x € V(¢).
By u(x,t) we describe the deformation of a particle in location x € R? at time
t, we however do not know or determine which individual particle X we have in
mind. If we describe all quantities in the current configuration V(¢) and if we are not
interested in single particles at all we do not even need the concept of a reference
domain.

The difference between both approaches is the viewpoint: where (%, r) denotes
the deformation of the particle x at time 7, by u(x, f) we denote the deformation
of whatever particle X happens to be at location x at time ¢. If at time ¢ it holds
x = x(&, 1), both concepts of deformation describe the same configuration. If we
base the description of the continuum on the spatial coordinates x € V(¢), we speak
of the Eulerian framework, where the focus is set on a spatial domain V C R3
and all points x € V, see Fig.2.2. This viewpoint is natural for fluid-dynamical
problems. We consider the estimation of the drag-coefficient of a car. Here, the
attention is on the flow around the car and we measure forces on the surface of the
car, irrespective of the actual particle that at time ¢+ > 0 interacts with the car. In
fluid dynamics, we want to describe velocity and pressure at spatial points x € V.
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Fig. 2.2 The Eulerian reference system. We observe spatial coordinates x € V, where V C R?
is a fixed view. Particles X may enter the domain V at a given time and leave it at another time.
We observe properties of particles at certain times and locations, we however do not describe and
follow the course of individual particles

Usually, we are not interested in what particle interacts with the car and where this
particle comes from. Fluids like air or water do not have a memory. They behave in
the same way regardless of their history. This of course is not true for all liquids.
Material like polymers or rubber (which can be described as a fluid, if it is hot)
actually do have a memory. Such viscoelastic fluids however are out of the scope of
this book.

The Eulerian velocity v(x, 7) is defined as the velocity in position x € R? at time
t and given as

v(x, 1) = du(x, 1) = da(x, 1) = V(x,1).

In the Eulerian viewpoint, we do not describe, which particle X takes this position.

2.1.2 Deformation Gradient

In continuum mechanics, we study the behavior of moving and deforming continua
V(t) over time. In the following we describe the relative change of positions x(X, )
and x(9. 1) of two particles %, € V in a moving continuum. Relative change of
location is called strain, and strain will show to be the most fundamental quantity
that causes stress within the material. By stress, we denote the internal forces
between the neighboring particles in a continuum.

Let ¥ € V and y € V be two particles that are infinitesimally close to each
other, i.e. |y — x| — 0. Under deformation, these two particles have the position
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ig. 2.3 Transformation of infinitesimal line segment a to a with |a| — 0. Deformation gradient

= I 4 Vii and squared length change |a|? = 47 Ca indicated by the right Cauchy-Green tensor
AT A

=FF

>

o

x=3%+0(¥) € Vandy = +10(9) € V. We measure the change in position y —x in
V with respect to y — X in V, see Fig. 2.3. By first order Taylor expansion we deduce

y—x=3+u@F) -%-u)
=5—%+ Y du@- G-+ 0(9—iP) 2.2)
=§ -3+ Va® -1 + 05 - ).
where by [x| = \/ Z?:l 3? we denote the Euclidean norm, by % - § = Z?:l X

the Euclidean scalar product and by 35 the partial derivative with respect to %; in the
Lagrangian coordinate system. Considering the relative change in position, it holds

—X A y—X A
YT =+ Va®) ) L, + 005 — 3. 2.3)
[y — x| [y — x|

We define
Definition 2.1 (Deformatim} Gradient) Let u be a differentiable deformation
field in the material volume V. The deformation gradient
F. 1) =1+ VA, 1),
denotes the local change of relative position under deformation.
The deformation gradient is the fundamental measure in structure dynamics.

Lemma 2.2 (Determinant of the Deformation Gradient) Let V be a reference
volume and G : V — RY be a differentiable deformation field. The determinant of
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the deformation gradient J = det(l*:) denotes the local change of volume:

|V®M=Ajdm

Proof It holds by the transformation theorem

V(1) =/ 1dx=/det([+ @ﬁ)d&:/)dfc.
V() 1% 1%

0

The deformation gradient F applies to the Lagrangian viewpoint. For an Eulerian
description in V(7), we can define the inverse deformation gradient F in a similar
way. For two spatial coordinates x, y € V belonging to particles x and ¥ in V it holds

T (NI G
ly —xl ly — ]
with the inverse deformation gradient F(x,t) = I — Vu(x, t). It holds F = f‘_l.
Very often, it will be necessary to rapidly switch between different viewpoints
on the same physical problem. Sometimes, it is appropriate to consider the material
centered reference domain \7, while sometimes the Eulerian viewpoint of the
current configuration V(¢) is better suited. Usually, we denote all entities in the
material system with a hat “*” and use the same notation without the hat for the
Eulerian notation. Every basic property like velocity and deformation has a Eulerian
counterpart, e.g. v(x, ) = V(x, r) and u(x, #) = a(x, 1), where for X and x at a given
time ¢ > fy it always holds x = X + u(x, 7). When referring to derivatives of these
basic quantities, a simple “Vu = Vii” is usually wrong. Instead, we need to derive
rules to map between both coordinate frames:

Lemma 2.3 (Transformation Between the Refergnce and the Current Con-
figuration) Ler I = [0,T] be a time interval, V be a reference domain and
f} € C'(I x V)3. We assume that T := id +0 defines a C'-diffeomorphism between
V and

V(t) = &+ a0, 2e V)

Letf € C'(IxV)andf(x,t) = f(x(x, 1), 1) = f (%, 1) be its counterpart in the current
configuration. It holds

Vi =1 vf (2.4)
and

o A a—Toan .
dif =df, of=0f-F Vf-v. (2.5)
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Let w € C'(I x V)3 be given with counterpart w(x, 1) = W(&, 7). It holds
VW = VwF.
Proof For the spatial derivative of f(x, ) it holds with x(%, f) = X + a(%, 1):

0if (k.1) = Of (x(.0).1) = Y f (x. )0 (}.1) = Y f (x. ).
J J

Hence
An AT
Vf =F Vf.
Then, for a vector field w = (w;); it follows

(Vi) = 0w = Y dewid (v, 1) = (Vw)aFy = (VW)
k

For the total time derivative it holds with d,x(X, 1) = V(%) = V(x)
dif(e,f) = 3,f + Vf-v.

Then, with X = x(x, f) = x — u(x, r) and using (2.4):

difG. 1) = dif (G0, 1) = 0.f + V- dxG. 1) = d,.f + FTVF 3.

Finally, the last results follows with (2.7).

2.1.3 Strain

17

(2.6)

2.7

Strain is defined as the deformation within a body relative to a reference length.
Fixed body rotations or translation undergo no strain, as the relative positions of all
particles is kept constant. Strain will be the basic quantity used to describe stresses in
solid mechanics. A simple model is a spring, where change of length—the strain—

will be proportional to a force.

Let @ = J — X be the vector of a line-segment between the two points &,y € V.
Then, given a deformation field & : V — R?, let x = X + (%) and y = $ + 6(§) and

set a := y — x. It holds with (2.3) that

a=y—x=F®a+o(aP),
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and the length of |a| is given as
la| = \/(ﬁa, Fa) + o(laP) = \/ @r. ¥ Fa) + o(ap).

. . . ~ oI .
For an illustration, see Fig.2.3. By C = F F we denote the right Cauchy-Green
tensor which is also denoted as the Green deformation tensor. This tensor is
symmetric and positive definite, as

(Ca,a) = (Fa,Fa) = |Fa|> >0 Vi#£0,

=>

and it describes the (squared) length scaling of a line-segment in direction a = y—
A further commonly used strain measure is the Green-Lagrange strain tensor E :

;((AJ -1 = ;(I*A‘TI:“ —I) that measures the (squared) length change of a line-segment
a = y — X under deformationa = y — x:

1 1 ra
, (lal*=1aP) = (aTca - aTa) +o(aP)

L (2.8)
=a’ (Z(F F— 1)) a+ o(a)).

The tensors C = F
deformation u:

Fand E = ;(é — I) are nonlinear functions in the

. Ao amn a1 A Al N
C=1+Vi+ Vi’ +Vi'Va, B=  (Vi+ Vi +Vi'Vi).

Given a very small variation in deformation, i.e. I@ﬁl <« 1, one sometimes uses
linearization of the strain tensors as an approximation:

o 1 ja  al
c=I1+Va+Vva', e= (Vu+VuT).

These approximations can be good approximations under certain conditions. One
however has to be careful, as having a small deformation @ is not a sufficient
condition for this linearization.

The tensors F, C, E and the linearized strain tensor € all refer to the Lagrangian
material coordinate system. They are called material strain tensors. Sometimes, we
need to express strain in the spatial coordinate system, directly on the current frame
V(¢). Hence let x,y € V(¢) be two spatial coordinates at time ¢ > fy, spanning the
line-segmenta = y—x. By x,y € V we denote the material points corresponding to
this line-segment. These span the material line-segment a = y — x. Similar to (2.3),
but using the Eulerian notation u(x, 7) = (X, ) we get

J—i=y—u(y)— E—u@)=[I = Vuw](y -2 + 0(ly — 2.
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By F(x) = I — Vu(x) we denote the inverse deformation tensor. It holds F(x) =
F(%)~! forx = +(3). F(x) is the deformation gradient in the current configuration
and it acts on the spatial coordinate system. With help of F = I — Vu we can
immediately analyze length changes in the spatial system. Leta = y —x and a =
y — x. It holds

|?1|2 = (Fa,Fa) + 0(|a|3) = d"F'Fa + 0(|a|3) = aTﬁ_Tﬁ_la + 0(|a|3).

The tensor b™! := F_Tﬁ_l = FTF is the inverse of the left Cauchy-Green tensor b
b = FF’

As C, b is symmetric positive definite. Finally, we can define the spatial Eulerian
counterpart € = ;(I — FTF') to the Cauchy-Green strain tensor E. By (2.8), it
holds

1 N AT T A A
, (laf = |a) = a"Ba + 0(aP).

and with
d"Ra=a'F BF a+ 0(la),

we introduce
e:= ; (I—FF") = ; (I—F

the symmetric Euler-Almansi strain tensor e that enables us to relate length changes
to the Eulerian line segment a:

1
5 (la)* — |a]*) = a"ea + O(la]®).

If for a body V it holds C = I it follows that E = 0, and no relative changes in
the position of material points X and y occur. Lengths and angles are maintained. A
material body that can only undergo motion with E = 0 is called a rigid body.

Remark 2.4 (Right Cauchy-Green or Green-Lagrange Strain Tensor) We have two
different strain measures at hand. The right Cauchy-Green strain tensor C and the
Green-Lagrange strain tensor E. Both are firmly linked and can be used to describe
strains caused by deformation. For describing material laws, we will derive models,
that characterize the materials reaction on strain. Most simple models will assume
a linear dependency between strain and stress: if no strain is given, no stress is
induced. Here, the Green-Lagrange strain tensor E is the better basis, as E = 0
denotes a no-strain condition and a linear function f (E) can be consulted to model
the strain-stress relationship.
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2.1.4 Rate of Deformation and Strain Rate

The strain tensor is a fundamental quantity in solid mechanics, where we assume
that a finite force will cause a finite deformation. An ideal spring will linearly
react on external forces by some finite extension, which directly refers to strain.
In fluid-mechanics however finite forces can lead to infinite deformation. A river,
which is driven by the constant gravity force causes infinite strain, although the
force is bounded. Here it is not the deformation and the deformation gradient that
is of interest; but it is its temporal variation that serves as key quantity to model
the internal forces (stresses) of the material. We already discussed that for fluid-
dynamical observations, the Eulerian viewpoint is more meaningful. Hence we will
derive a measure for the rate of strain in the current system V(¢).

By 1,9 € V we denote two material points spanning the line-segment & = 3 — .
We follow their positions x(f) = x + a(x,7) € V(¢), y(©) =y +a(3,t) € V(¢) and
the resulting line-segment a(f) = y(f) — x(¢) in the current configuration V(). With
a(?) = F(7)a it holds

da(r) = d,F(1a, (2.9)

and for the deformation gradient I:‘(t) =1+ @ﬁ(t) we get
9,F =9,V = V.
where we assumed sufficient regularity to change the order of derivatives. By %
we denote the material velocity gradient. The material velocity gradient VV(X, 1)
denotes the spatial change of the velocity as given in the Lagrangian material
system. The spatial velocity gradient Vv(x,t) refers to the spatial change of the
velocity of whatever particles are at location x at time 7. For v(¥) = v(x) with
x = x(X) = X + a(%) it further holds
BtEA‘ = VvVx = VvF.

Then, to continue with (2.9)

da(r) = VvFa = Vva(r),

and the rate of length change is given by
1
3 la(®))? = (Vva(r), a()) + (a(r), Vva(t)) =2 (Z(VV + Vvha(1), a(t)) .
Definition 2.5 (Strain Rate Tensor) By

é(x, 1) = ;{Vv(x, 1) + Vv(x, t)T}.
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we denote the strain rate tensor or the rate of strain tensor. It denotes the local
change of velocity in the current system.

2.1.5 Stress

Deformation, strain and strain rate are kinematic properties. They simply describe
the relative motion of particles within a volume. As such, they are pure observations
of the situations and do not depend on the model under consideration. We assume
that a material will react on strain or the strain rate. For expanding a spring, a certain
force will be necessary.

By stress we denote the internal force that is acting on an imaginary surface
within the volume V(¢). The unit of stress is force per area.

In Fig. 2.4 we show a volume V(¢) that is cut at an inner surface S C V(). By
x € § C V() we denote a point on this surface with normal n. The average forces
acting on a neighborhood of x € S is denoted by the Cauchy traction vector t.
The right sketch of the figure shows this setting in the reference system, where by
1es C V we denote point, surface and volume in reference state. Here, the normal
vector is indicated by fi and the resulting first Piola-Kirchhoff traction vector t:

t=t(x,r,n), t=t( 7 0).

By ds we denote an infinitesimal neighborhood of x on the surface S C V(7) and by
ds the corresponding infinitesimal neighborhood of X on S C V. Then, it holds

tds = tds,

such that both traction vectors refer to forces in the current configuration V(¢).
While tis a function in variables x and n of the current configuration, the first Piola-

Fig. 2.4 Traction vectors on a imaginary surface in the current system (left) and the reference
system (right). Cauchy’s stress theorem postulates a linear dependency of the traction vectors on
the normals t = on and { = Ph
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Kirchhoff traction vector is a function of X and n in the Lagrangian reference system.
Usually, it does not hold |t| = |t|. The unit of stress is force by area and t refers to
the area of a domain surface ds while t refers to the area of the undeformed reference
surface ds.

The traction vectors describe a surface tension. Such surface tensions arise from
friction or contact. Another example for a surface tension is the pressure in a liquid
or gas that pushes the particle to each other (or apart from each other).

The surface tensions depend on the normal vector n of the imaginary surface. It
holds

Theorem 2.6 (Cauchy’s Stress Theorem) There exist unique second order ten-
sors o and P, such that

t(x.t,n) = o(x.Hm, t(% ¢, 0) = P&, ni.

The tensor 0 = ol is symmetric and called the Cauchy stress tensor, the tensor
field Pis called the first Piola-Kirchhoff stress tensor. P is usually not symmetric.

Proof For the proof, we refer to the literature [150]. ]
One immediate consequence of Cauchy’s stress theorem is that traction vectors
for opposite normal vectors annihilate each other, Newton’s law of actio = reactio

t(x,7,—m) = o (x,1)(—m) = —o (x, )in = —t(x, ¢, n).

As the Cauchy stress tensor must be symmetric, it consists of six independent
components

011012013
0 =101202023
013 023 033

The second order tensor P is usually not symmetric and consists of nine independent
entries. For the relation of o and P it holds

onds = Pnds,

such that the two different traction vectors describe the transformation of a surface
integral. We will get back to this relation in Sect. 2.1.7.

The components of the stress tensor are best understood by a decomposition of
stresses into normal stress ¢ € R and shear stress T € R. Let t be a stress vector
in x € V(#) on a imaginary surface S with normal vector n. The normal-stress o is
defined as the projection of the traction vector in normal direction

c=tn= (n,omn),
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while the shear stress is defined as the tangential part of the stress
T =t't, = (t;,on),
where t; is the tangential vector that arises from projection of t onto the surface

¢ t—on
1= .
[t—on]|

Then, the stress vector can be decomposed into the normal stress o and shear stress
T by

t= (t, n)n + (t, tl)tl =on+ tt;.

Here 0, t € R are the lengths of the stress vectors in normal direction and tangential
direction. Given the Cauchy stress tensor o, it holds

o =(m,on), t=(ton).

If for the normal stress it holds o < 0, the material undergoes a compression, while
for o > 0 an expansion is given. Further, it holds

lon]* = |t> = |n-0|* = * + 07

Next, let us assume that the imaginary surface has normal vector n = e; with (e;); =
8. The normal stress is given

o= (e,0€¢) =0,

by the diagonal entry of the Cauchy-stress tensor, while the shear stress in e
direction for k # i gets

T = (&,0€) =04 =0y

Hence the diagonal entries of o refer to the normal stresses, while all off-diagonals
refer to tangential shear stresses.

Remark 2.7 (Stress in the Reference System) Usually only static stresses act in the
initial reference state of a system at reference time fy. In case of a resting fluid,
this stress can be caused by the hydrostatic pressure. Sometimes however, initial
configurations cannot be considered to be stress-free. An example could be organic
material like wood, where the undeformed reference system may be subject to stress
caused by growth, see [209].
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2.1.6 Conservation Principles

The most important physical conservation principles in the context of fluid-
mechanics and structure-mechanics are conservation of mass, which says that

mass is neither created nor destroyed,

conservation of momentum that says that

the change in momentum is equivalent to the external forces

and conservation of angular momentum, saying that

the change in angular momentum is equal to the torque.

Using the notation derived in the previous section, conservation of mass reads
dm(V(t)) =0, (2.10)

where the volume’s mass m(V(¢)) is given by

m(vo) = [

p(x, 1) dx,
V()

with a density p. Conservation of momentum gets
dJd(V(1)) = K(V(1)) + KV (1)), (2.11)
with the momentum 7(V(¢))
I(V(@) = / plx, H)v(x, 1),dx,
V()
and volume and surface forces K(V(¢)) and K(dV(¢)) given by:

kv = [

V(1)

o, Of(x,t)dx, K@V()) = / tds.

V(1)
Here, f is a prescribed volume force density and t denotes the surface stress in
direction n. As discussed, it holds by Cauchy’s Stress Theorem 2.6 that this surface
force linearly depends on the normal direction such that it can be expressed with
help of a stress tensor 0 € R™*" as t = o'n. The surface allows for a transformation
to a volume integral via the divergence theorem

K(3V(t))=/V()n-ads=/v()div(a)dx.

il

Finally, conservation of angular momentum is given by

diL(V(t)) = D(V(1)), (2.12)
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where the angular momentum L(V(¢)) with respect to the origin is given as
L(V(1) = / x x (pv)dux,
140)
and the torque D(V(¢)) is defined by

b = [

xx(pt')dx+/ x X (n-o0)ds.
V()

aV(t)

Since the integration domain V(¢) in (2.10)—(2.12) depends on time ¢, evaluation of
derivatives like d;m(V(z)) is not straightforward and will be accomplished with help
of the essential Reynolds’ Transport Theorem

Lemma 2.8 (Reynolds’ Transport Theorem) Let V(t) C R? be a material
volume. Further, let @ (x, t) be a differentiable scalar function defined on V(t). Then,
it holds

d,/ d(x,1)dx = (0:P(x, 1) 4+ div (@v)) dx.
V(1) V(@)

Proof The formula can be shown by elementary calculations using the transforma-
tion of T(¢) : V> V(7) to a fixed reference domain and expressing the derivatives
of the functional determinant det(VT(t)) with respect to its entries VT,] See also
Lemma 2.60. O

Applying this theorem to the scalar value @(x, 7) := p(x, 1) we derive the Law of
Mass Conservation:

d:p + div(pv)dx = 0.
140)

This equation is valid for every volume V(f). Assuming that the expression d;p +
div(pv) is continuous (which is an assumption on the physical properties of the
material), the equation of mass-conservation holds in a point-wise manner

d;p + div(pv) = 0. (2.13)

The second basic rule is conservation of momentum, derived by the scalar values
D (x,1) := p(x, 1)vi(x, 1) for every component of the velocity field. With a column-
wise representation of the stress-tensor ¢ = (o,...,0,) Reynolds transport
theorem yields:

Bt(pvi)+div(pviv)dx=/ pofi +div(e)dx, i=1,...,d.

V(1) V()
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Given continuity of the integrand we can again deduce a point-wise equation
0:(pvi) + div(pv,v) = pf; + div(e;), i=1,...,d.
By introducing the external product of two vectors
vaweR™ (v® W)ij i= V;Wj,

we can formulate the equation for the conservation of momentum in conservative
formulation

9;(pv) + div(pv ® v) = pf 4 div(a).

Combining this equation with the mass-conservation, we can further deduce the
equation for conservation of momentum in the non-conservative formulation

0V + p(v-V)v = pf 4 div(o). (2.14)

The equation for the conservation of angular momentum is given by

d,/ xx(pv)dx:/ xx(pf)dx—i—/ xx (n-o0)ds.
406 V(@)

aV(t)

Applying Reynolds transport theorem we can deduce the following three equations

i=1 0’23—0’3220
i=2 0'13—0'31:0

i=3 o1p—02 =0,
that impose the symmetry of the Cauchy stress tensor
og=o0". (2.15)

Further conservation principles are important if physical properties like entropy,
energy and temperature are taken into consideration. Since we will deal with
isentropic materials only, where all dynamical processes will take place without
change of entropy, the three fundamental principles of mass-, momentum- and
angular momentum-conservation will be sufficient to describe all desired behavior.

It remains to describe the tensor of surface-forces o. This tensor will heavily
depend on the material under consideration, whether it is a fluid or a solid, whether
the fluid is water, air or blood, the solid may be elastic or plastic or have properties
of both. Here, physical modeling comes into place, exact laws for the dependence
of this tensor on quantities like velocity and density usually do not exist. Since we
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know that ¢ is symmetric, six additional equations are required for its description.
Stress models will be discussed in Sect. 2.2.

2.1.7 Conservation Principles in Different Coordinate Systems

In this section, we discuss the transformation of the conservation equations, which
have been derived in the Eulerian framework, to different coordinate frameworks.
Introducing the basic concepts for solid mechanics we already argued that a
Lagrangian viewpoint is more natural.

Let V(¢) be the moving Eulerian framework and let V be the Lagrangian reference
system. Further, by W we denote an arbitrary second fixed reference system, see
Fig.2.5. While the case W= Vis possible, we will allow for arbitrary systems
without physical meaning. However, we assume that W is fixed in time and that
there exists an invertible mapping TW(t) W — V(1) with gradient Fy := VI and
determinant Jw = det (FW) > 0. If we talk about the gradient FW we request that
the map Ty is differentiable with respect to the spatial variables. We further assume
that Ty is differentiable with respect to the temporal variable and that the inverse
of the mapping T‘;, is also differentiable. In other words, Ty is assumed to be a
C'-diffeomorphism on I x W.

By introducing an arbitrary reference systems W we have to deal with three
different systems: the Lagrangian particles, X € V, their Eulerian path x(x, 7) € V(¢)
and further the arbitrary framework with xy € W with f‘w(fcw, 1) =x= YA”()AC, 1).
Note that it does not hold 3,7 = ¥, as we have to distinguish between the physical
velocity v of the particles and the velocity 3,T,, of the arbitrary coordinate system
motion.

We start by describing basic properties used to map between the two systems w
and V(z). First, we introduce the inverse mapping Tw(?) : V(¢) — w.

Fig. 2.5 Moving Eulerian volume V/(r) with Lagrangian reference V and third arbitrary reference
volume W
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Lemma 2.9 (Inverse Mapping) By Ty(¢) : V(1) — W we denote the inverse
mapping, by Fy := VTy its gradient and by Jw = det (Fy) its determinant. Given
sufficient regularity, It holds

FW == F;l, JW = j%l, arTW == _F;la[i‘w.

Proof Tt holds

- ~ ~ 1
TwoTy =1id = FyFy =1 = FW:FW'

By taking the determinant of both sides, we immediately get Jyy = J V_Vl' Finally,
Ty o ?W = l/C\l = 0= drTw(YAwW(j\C, l), l) = 0,Tw + VTWB,TW.

Using VTy = Fy = IA?'; we obtain the relation 0, Ty = —EA‘V_VI B,f”w. |

In Lemma 2.3 we already considered the transformation of spatial and temporal
derivatives between the Eulerian and the Lagrangian coordinate system. Similarly
it holds for a scalar function f : V(f) — R and a vector field w : V(1) — R? with
counterparts f and W on W:

A—T &~ e |
Vf=Fy Vf, Vw=VwF, . (2.16)
For temporal derivatives transformed to general coordinate systems W we must take

care of two different velocities: the particle velocity v and the domain velocity 3 Tw,
which do not coincide if W # V:

Lemma 2.10 (Transformation of Temporal Derivatives) Lerf : V(1) — R with
counterpart f (xw, t) = f(x, t). Given sufficient regularity, it holds

o f =0 — By oTw -0 dif =07+ Fy &—dTw) V)],
Proof With Xy = Tw(x, 1) it holds
3 fet) = difGw. 1) = d,f(Tw(x, 1), 1) = 0f + Vf - 0,Tw.

The first result follows with help of Lemma 2.9. The relation for the material
derivative is given by

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

Here, 0,x = v = v refers to the trace of particles, where v = v is the velocity of
the particle and not the velocity of the mapping Ty . Together with (2.16) and the
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transformation of the partial time derivative we get

AT A~

df = 8,f — (Fy 8,0w-V)f +F, VF-9.

|

Remark 2.11 (Transformation Between Lagrangian and Eulerian Coordinates) 1If
V = W it holds TW = T as well as FW = F and JW = J. The statements of
Lemma 2.10 simplify to

W = ‘A/ = 3,f = 3;f - (ﬁ_li\’ . @)f‘, dtf == Btf

This results explains, why the convective term (v- V)v will not appear in Lagrangian
coordinates. See also Lemma 2.3.

In the following we discuss the transformation of the conservation principles to
arbitrary coordinate reference systems W. This transformation will be fundamental
for solid mechanics, where the natural view-point is the Lagrangian one with W=
V. Further, one of the standard approaches for coupling fluid-structure interactions
relies on the mapping of the fluid problem onto a fixed reference system. Since this
reference system will not be the Lagrangian one, we proceed without specifying the
connotation of W. The equation for conservation of momentum (2.14) is given by

POV 4+ p(v-V)v = pf 4 div (a) in V(7),

with a density p, velocity v, volume force f and the Eulerian stress-tensor . The
specific form of this stress-tensor will be discussed in later sections. Here, we
only assume that this stress tensor is symmetric ¢ = o’ . By V@&w.0) = v(x.1),
oCGw, 1) = p(x, 1), f(xw, 1) = f(x,1) as well as 6 (xy,1) = o (x,1) we denote the
counterparts of these quantities in the reference system w. By (2.16) and 2.10 it
holds:

v = 3,5 — (B, 9,Tw - V)%,
(v-V)v = Vv = Vi, ¥ = (F, v V)3,
and combined, we get:
v+ (v-V)v = 39 + (B, (7 — 8,Tw) - V)¥. 2.17)
As discussed above, in the case of a mapping to the Lagrangian reference system,
the mapping’s temporal derivative is the velocity 9,7 = v and the momentum terms

simplify to

V=W = v+ (v-V)v=20,¥. (2.18)
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It remains to transform the divergence of the stresses to the reference domain. Here,
a simple transformation of div (o) to the reference system is not sufficient. We
need to keep the meaning of this stress-term in mind, indicating surface-forces in
normal-direction. The normal vectors are transformed, if the underlying domain
V> V(¢) is deformed. Therefore we must base the mapping process on the correct
representation of these surface forces. We need to find a representation of the first
Piola-Kirchhoff stress tensor P in the reference system, such that it holds:

/ f’ﬁd&:/ onds.
F)i4 V(1)

P will be called the Piola transformation of o. For the derivation of this transfor-
mation we first regard vector fields w : V() — R¢ with reference counterpart
w: W — R

Lemma 2.12 (Piola Transformation) Letw : V(1) — IPAJI be a differentiable
vector field and W its representation in the reference system W. The Piola transfor-
mation of w is given by

A oAl
JwFW Ww.

On every volume V (t) with corresponding reference volume W it holds

/ n-wds / i (Jwk, W) ds,
V(@) oW
/ div (w) dx = / div (kW) di.
V(1) W
Further, in a point-wise sense it holds
n S
Jw div (w) = div (JwFy, W).

Proof We use a variational argument. Let £ be differentiable on V(¢) with reference
counterpart § € W, such that

/ n-wgds=/ div(wé)dx:[jwdiv(wg)dfc. (2.19)
V(1) V() w

Next, with (2.16) we get for é =£:

~ A—T A A

[ Jw div (wE) di = / Tw div (w)é di + / Jww-F,, VEdi. (2.20)
w w w
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With Green’s formula, the second integral is transformed to

/A.}\/’\VA_@é /JW;/IW éd}
W W
= —[ gﬂ/(jwﬁ‘;vlfv)éd?c+/A i - Ok, W) £ ds.
W oW
(2.21)
Combining (2.19)—(2.21) gives

/ n-wgds—/jwdiv(w)gdfc
V(1) 14
D P
—/ diV(JwFW W)de+/ n'(JwFW w)éds
4 aw
By picking a Dirac sequence {£) },-.o where & € C (W) with
| e@iea—jo) viecob.
W e—>0
we conclude for all inner points

Tw div (w) = div (jwf?;\?v).

Hence
/ div(w)dx = / Jw div (W) df = / div (Jwky, W) di.
140 4 W
The relation for the surface integral follows by Gauss’ divergence theorem. O

This important result is used to transform the surface forces to the reference
system. Let ¢ = (a;)"_, be the row-vectors (or the column-vectors since ¢ = o
by the conservation of angular momentum). It holds:

F;(0V(1)) := /V()n-aids = /V()div (o)) dx
t 13

il

and with the just proven lemma we conclude

Fi(V () = / dv(wk, 6;)di = / R (Jwly, 60 di.
w W
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Reassembling the stress-tensor @ = (6;) we get the reference presentation of the
surface forces:

FV() = / w6k, Hhds = / dv (JwéF, ) di.
oW w

We define
Definition 2.13 (Piola Kirchhoff Stress Tensors) The First Piola Kirchhoff stress

tensor given by

A~ ~ ~—T
P .= Jwa'FW .

It relates forces in the Eulerian coordinate framework with coordinates in a reference
framework W. The Second Piola Kirchhoff stress tensor given by

N A—1  ~—T

5 =¥, P=JyF, ¢F,

Unlike the Eulerian stress tensor o, the 1st Piola Kirchhoff stress tensor P is not
symmetric. The 2nd Piola Kirchhoff stress tensor is symmetric but it does not have
an immediate physical explanation.

Using the first Piola Kirchhoff stress tensor and Relation (2.17) the momentum
equation on arbitrary reference systems W is given by:

P A e A~ A AT
Jwp(0,V + (Fyy vV —0,Tw) - VIV) = Jwpf + div (Jwé Fy, ). (2.22)

2.2 Material Laws

The basic concepts of continuum mechanics introduced in the previous section
are exact in a way that they are based on fundamental physical principles. The
conservation principles for mass, momentum and angular momentum constitute a
systems of four partial differential equations for ten unknowns: density p, velocity
field v and the six unknowns of the symmetric stress tensor o. This system is under-
determined. To close it, additional equations are required that connect the values
of the stress tensor to computable fundamental quantities like velocity, density or
deformation.

In the following sections, we will derive such material laws that describe the
properties of the stress tensors in the different formulations like o, 3 or P. We
assume that these stress tensors will depend on strain or strain rate given as
deformation gradient F its inverse F, or tensors like C E b, e or &. We denote
this relation by tensor-valued functions

o =f), P=jF), ¥=7®),
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or by similar expressions in E or b. We assume that all materials are homogenous
and do not explicitly depend on the location x € V(¢).

We are not considering arbitrary material laws but postulate several assumption
on the material’s properties:

1. Objectivity: The material law is independent of the spectators viewpoint. This
property will hold for every physical material.

2. Homogeneity: We assume that the material is homogenous, i.e. the strain-stress
relation will not explicitly depend on the location x € V().

3. Isentropic and isothermal processes: We assume that entropy and temperature
do not play a role. There is no conversion between heat and kinetic energy. The
temperature stays constant and does not affect the material law. This assumption
is a simplification, as most elastic materials and also some fluids show a strong
dependency on the temperature.

4. Isotropy: There is no distinct direction in the material. The response to strain
or strain rate is the same in all directions. This assumption rules out anisotropic
materials like fiber-reinforced composites or also biological tissue, where layers
are usually directed anisotropically. Most fluids however are isotropic.

These assumptions lead to a strong simplification of possible material laws.
The following Rivlin-Ericksen Theorem shows that all such possible material laws
depend on symmetric strain tensors C, E or & only and that all material laws are
quadratic polynomials in the invariants of these tensors.

Theorem 2.14 (Rivlin-Ericksen Theorem) A stress response function f(]}) is
isotropic and indifferent with respect to the coordinate system, if and only if it
depends on the symmetric strain tensors only

~ A ~ AT A A A
JE) =fF F) =7(C).
Further it is given as a quadratic polynomial

F(©) = Bol(ON + B1G(C))C + Ba(i(C)) (2.23)

with scalar coefficients B; that depend on the invariants (under orthogonal transfor-
mation) of the symmetric tensors C:

LC)=A1+ A+ A3, DL(C) =AAy+ A3 + A1d3, L(C) = A14243,

where Ay, A, and A3 are the three eigenvalues of C.

Proof For a proof, we refer to the original contribution by Rivlin and Ericksen [290]
or to a modern presentation by Turesdell and Noll [327]. O
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As a symmetric positive definite tensor, C has three positive eigenvalues
A1, A2, A3 and a system of orthogonal eigenvectors. We know that eigenvalues are
invariant to orthogonal transformation. To derive these invariants, we further cite the
following Lemma:

Lemma 2.15 Given a tensor A € R¥3 it holds for every A € R
det(A — AI) = =A% + [1(A)A? + L(A)A + 3(A),
with
L(A) =tr(A), L(A) = ; (tr(A)* — r(A?)), L(A) = det(A).

If A is symmetric positive definite with eigenvalues A1, A2, A3, it further holds
LA) =X+ A+ A3, DL(A) = A1Ar + Ads + A1As, (A) = A1 AA5.

Proof See [195]. O
The Rivlin-Ericksen Theorem 2.14 strongly limits possible material laws for
homogenous and isotropic materials. All material laws—including fluids and
solids—considered in the context of this book will fall under this theorem,
As every matrix satisfies its own characteristic polynomial, it holds for C € R3*3
that

~3 A2 ~n A

C =1L(C)C + L(C)C+ I(C). (2.24)

Using this relation, the material law (2.23) is equivalent to a second representation
” I A A A
J(©) = yolO)I + 71 (1(C)C + 12 (((C))C .

Remark 2.16 As the two tensors E = é((AJ — I) are directly connected, every
material law in C can also be expressed in E, as

N ) S )
apl + a1C 4+ a,C = (g + a1 + o)l + 2oy + 402)E + 4aE .

Further, for the eigenvalues of E and C there holds a linear relation

N

A 1 A
Aw; = Cw; = 2Ew; + w; < Z(A, — l)W, = Ew,.
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2.2.1 Hpyperelastic Materials

A solid is called hyperelastic if the relation between strain and stress comes from an
energy density function

5 _ W)
0E
or
)
oF

This constitutes a relation between the second Piola-Kirchhoff stress tensor and
the strain or between the deformation gradient and the first Piola-Kirchhoff stress,
respectively. Many of the commonly used materials like the St. Venant Kirchhoff
model or the Mooney-Rivlin solid are of this type. Stress tensors for incompressible
materials can be derived by energy functions of the type

W = W(F) — p (det(F) — 1)

that penalize the change of volume J = det(F).

As the derivation of the models is not in the focus of this book, we just refer to
the literature for more reading on this very important concept, see Holzapfel [195]
for a very comprehensive exposure.

2.2.2 Linearizations

For simplicity, we sometimes consider linear models. Two different types of
nonlinearities must be considered: first, the material nonlinearity which denotes a
nonlinear relation between stress and strain. Second, the geometric nonlinearity,
which comes from the discrepancy between reference coordinate system and current
system and which is expressed by the deformation gradient e = Fe.

Regarding the Rivlin-Ericksen Theorem 2.14, linearity of a material means that
only the first invariant /;(E) = tr(E) may enter the law and that no higher order
terms may appear. Further, in geometrically linearized situations, the symmetric
strain tensor E is approximated and linearized

A 1 1
E = 2(Vu + Vo’ + vu'vu) ~ 2(Vu +vul) =:¢,

assuming that |Vu| < 1 is small.



36 2 Models

Lemma 2.17 (Linear Material Law) A stress response function f(-) for a linear,
homogenous and isotropic material depends on the linearized strain & = Va+ va’
or on the strain rate tensor ¢ = Vv + Vv! and its first invariant only

F(&) = Botr(&) + Bié.

In fluid mechanics, the Navier-Stokes equations follow such a linear material
law and in structure mechanics, the Navier-Lamé problem considers these simpli-
fications. While in fluid mechanics a fully linear material law—the Navier-Stokes
model—is a very accurate model for many relevant fluids, linearization in solid
mechanics is usually not feasible. Here, linear models only apply to very small
deformations @] <« 1 and very small changes in deformation |V <« 1. In
particular, linearized solid models are no longer invariant with respect to fixed body
rotations. In the context of fluid-structure interactions, use of linear models can
significantly damp the dynamics.

2.2.3 Incompressible Materials

Some materials have an incompressible behavior which means that the volume
V()| = / 1dx = “const”
140

does not change. For an incompressible material, there is no expansion or compres-
sion. Many fluids—Ilike water—can be considered incompressible. Incompressibil-
ity further applies to many biological structures. We can describe change of volume
in the current system by Reynolds transport theorem

0=d,|V(t)|:d,/ ldx:/ V-de:/ n-vds, (2.25)
V() V() V()

but also in the reference configuration by transformation

o=wwm=¢/

ldx = / d,J ds. (2.26)
V(1) v

For a fluid, modeled in the current configuration, (2.25) says that the flow is
“divergence-free” with div v = 0 and also that the total normal flow over the
volume’s boundary is zero. For a divergence free velocity field it holds

tr(¢) =0,
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and in light of Lemma 2.17, the material law is further simplified to
f(@) = Bie.

To cope with isotropic expansion and compression forces, we introduce a pressure
variable as part of the material law:

f(é,p) = —pl + Bié.

This pressure is required to enforce the incompressibility of the velocity field, see
also Sect.2.3.

Considering solid’s, incompressibility in terms of (2.26) means that the determi-
nant of the deformation gradient will be constant dJ = 0. As F = I'in the reference
system, incompressibility simply says J = 1 for all times ¢ > fo. Further, it then
holds that

det(C) = det(F)? = 1.

For the Green-Lagrange strain tensor E it follows that third and second invariant fall
together, see Lemma 2.15 and Remark 2.16.

2.3 The Solid Problem

As discussed, we usually describe the dynamics of elastic structures in the
Lagrangian reference system. Hence considering the conservation law (2.22) we
choose W = V as reference system. In light of Remark 2.11, the momentum
equation is given by

Jpdt = Jpf + div(FY),

where we eliminated the velocity using d,i = V. Considering material laws as
introduced in the previous section, stresses will depend on strain, and hence on
the displacement . The density is known at initial time p(x,0) = p°(%). Fort > 0
conservation of mass yields

m(V) :=/ﬁ°(5c)d5cé ,o(x,t)dx:/jﬁ(fc,t)dfc::m(V(t)).
1% V(t) v

At time ¢ > 0, the relation

PG 1) =T G 0" (R) (2.27)
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describes the density in every point X of the reference system. The full problem of
elastic structures formulated in the Lagrangian reference system V is given by:

20,0 — div (FX) = p°f (2.28)

It remains to complete this partial differential equation by appropriate boundary
conditions and initial conditions. Let S C R? be the solid domain in reference
configuration. At time ¢t = 0, we specify initial conditions for density, deformation
and velocity

p(,0) =), a(,0)=a"C), 3a(,0)=%"(¢), r=0. (2.29)

For all times ¢ > 0, by f'(fc, t) we denote the acting volume force field. Note that
this force field is directed in the Eulerian framework, such that for example the
gravity is given by f = —9.81e3kg - m - s72, with e3 = (0,0, 1)7, independent of the
reference framework. The boundary of the domain I =08 is split into a Dirichlet
boundary part I'? and into a Neumann part fsz . On the Dirichlet boundary, we

specify boundary conditions for the deformation

a=1a"on P x[0,7]. (2.30)

Note that by v = 9,0 we also uniquely define the velocity on the boundary. The
usual Neumann condition on I'V specifies the boundary stresses by

n-F5 =n-Jo, 8 =" on ¥ x [0, 7]. 2.31)

If the external forces f and the boundary data gﬁ’” and 6 do not explicitly depend
on time, the solution can run into a stationary limit @(-,z) — a(-) that does not
depend on time. In this case, it holds d,v = 0 and hence d,,a = 0. If such a stationary
solution exists, we can directly consider the stationary system of equations:

—div(FY) = p°t. (2.32)

Finally, it remains to provide material laws for specific solids. One of the most
simple model is the St. Venant Kirchhoff material that postulates a linear dependency
between strain tensor E and stresses:

Definition 2.18 (St. Venant Kirchhoff Material) The St. Venant Kirchhoff
material follows the material law

3 = ZM‘YIAE + A tr(I:l)I,
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with the first A; and second pu, Lamé parameters. (u, is also called the shear
modulus.) These two parameters are related to the Poisson ratio v; that describes
the compressibility and Young’s modulus Ej that describes the stiffness:

_ As _ Ms(BAs + 2uy)
2(As + 1)’ ’ A+ ps

Vs

The linear relation between strain and stress is called Hooke’s Law. The Poisson
ratio vy describes the compressibility of the system. It holds

1 1 1
vy = < .
2\1+4 ) "2

The Poisson ratio vy, = é refers to A; — 0o hence to incompressible materials. The
Poisson ratio describes the reaction of the material on directional compression, see
Fig.2.6. For a Poisson ratio vy = é, the volume will stay constant, for vy < é the
volume will decrease. There are some materials with negative Poisson ratio. Here,
the material will react to the compression in one direction with compression in the
orthogonal directions. Such materials play some role for computational means in
the context of fluid-structure interactions, see Sect. 3.5.1. The St. Venant Kirchhoff
model is a suitable approximation for metals at small deformations. Steel has a
Poisson ratio of about vy &~ 0.3 and a Young modulus E; ~ 200 - 10° kg-m~!'- s72.

Hooke’s Law applied to an incompressible material leads to the incompressible
Neo Hookean material law.

Definition 2.19 (Incompressible Neo-Hookean Material) The incompressible
Neo-Hookean material law is given by

P=F3=_pF +ouF E

with the shear modulus p; and the Poisson ratio vy = é By p we denote the
undetermined pressure.

V| < Vol
Vo « WVi=Ml — |« IVI<Vl— >

0<1/5<l

3 vs <0

NI

T v =

Fig. 2.6 Material behavior under compression for different Poisson ratios. Left: incompressible
material vy = é Middle: compressible material 0 < vy < é Right: auxetic material with vy < 0
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We conclude and formulate the following often used systems of equations

Problem 2.20 (Conservation Laws for a St. Venant Kirchhoff Material) Let
2 C RY be a domain with boundary I" = 0 with ' = I'° U I'N. Further, let
p° 1 2 — Ry be the materials density, t € C(£2)¢ be a given right hand side,
4”2 9P € C(I'P) be Dirichlet boundary data, 8™ € C(I'N) be the Neumann data.
With initial deformation and velocity W,V ecC (£2)¢ find deformation and velocity

() e C2(R)YncurbyuciLurhy?,

such that
P20, — div (ﬁﬁ) = >0,
where
3= ZM‘YIAE + A tr(I:l)I,
and

4(0) = @, d,(0) = ¥° in £2,
with the boundary conditions
W) =6"onrV, Fra=g".

and, for the incompressible materials we define:

Problem 2.21 (Conservation Laws for the Incompressible Neo-Hookean Mate-
rial) Let 2 C R? be a domain with boundary I' = 82 with ' = '’ U 'V,
Further, let p° : 2 — Ry be the materials density, fe C(2)! be a given
right hand side, 6°,¥° € C(I'®) be Dirichlet boundary data, 8™ € C(I'V)
be the Neumann data. With initial deformation and velocity i, v e C(£2)? find
deformation, velocity and pressure

a0 e A2y ncurbyncl@ur™?, poeci(yncury),
such that

J=0, p00—div (FE) =% >0,
where

5= pF  touf R



2.3 The Solid Problem 41

and
. L0 0 .
u0) =u’, du0) =v in $2,
with the boundary conditions

an =a’onr", ¥Fra=g".

2.3.1 The Navier-Lamé Equations

The model for an elastic solid governed by one of the material laws is a system of
nonlinear partial differential equations. Its analysis is difficult and theoretical results
exist for small deformation only. As a nonlinear set of equations, uniqueness cannot
be expected in the general case.

To get better insight into the problem, we will simplify the problem with the
following assumptions:

* The deformation gradient F is so small that we can approximate F=/landJ = 1.
By this simplification, the concept of Eulerian and Lagrangian coordinates fall
together. We will therefore also skip all hat’s that indicate reference variables.

» Further the strains are so small that we can linearize the Green-Lagrange strain
tensor

P BN A AT A 1
E = 2(Vu + Vu! + va' Vi) ~ 2(Vu + Vu) =: e.
This simplification not only rules out very large elastic deformations, it also
penalizes rigid body rotations.
» Just for simplicity (this will not change the character of the equation) we set
=1
Considering the linear St. Venant Kirchhoff material (with these simplifications) the
resulting set of equations are the

Problem 2.22 (Navier-Lamé Equations) Let 2 C R be a bounded domain with
a boundary split into Dirichlet- and Neumann-part 32 = I'® U ', On the time
interval I = [0, T] we search for solutionsu : I x 2 — R? such that

dsu—dive =f inl x 2
u=u’, du=v" for{0}x
(2.33)

u=uv’ onIxrP

on=u’ onlIxIV,
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with the linearized material law
1 T
o =2ue+Atr(e)l, &= 5 (Vu+ Vu').
As a further simplification, we also consider the stationary limit of the Navier-Lamé
equations:
Problem 2.23 (Stationary Navier-Lamé Equations) Find u € C2(£2)> N C(2 U
'3 N cY (2 U I'Y)3 such that
—dive =f in §2
u=u’ onr? (2.34)

on=u’ onlV,

with the linearized material law
1 T
o =2ue+Artr(e)l, &= 5 (Vu+ vu').

As usual, analysis of classical solutions is difficult. This is partly to the fact
that the solution u often exhibits singularities in boundary nodes at the transit
between Dirichlet and Neumann parts. The well known Theorem of Cosserat states
that classical solutions to the stationary problem, Problem 2.23, are unique if the
Dirichlet boundary I'? contains at least three independent points and that—in the
general case—they can differ by a rigid body motion only

u;(x) —uy(x) = b + Bx,

where b € R? is a translation vector and B € R3*3 is a skew-symmetric matrix, see
e.g. [97].

For the following, we will introduce a weak formulation of the Navier-Lamé
equations that will offer an easy access to show existence and uniqueness of
solutions:

Lemma 2.24 (Variational Formulation) FEvery classical solution to Prob-
lem 2.23 is also solution to the variational formulation

uew? + Hy(2; ")
(0.V9) = (£.¢) + (0. ¢)rv Vo € Hy(2;:TP),  (235)

where 0P € H'(2)? is an extension of the Dirichlet data u” into the domain.
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Existence and uniqueness of solutions can be shown by standard arguments of
elliptic equations. The difficulty however is to show ellipticity, i.e.

pw(Va + Vu’, Vu) + A(tr (Vu + Vu')I, Vu) > ¢||Vu|?,

as Vu + Vu! = 0 does not necessarily impose Vu = 0. This is a consequence of
Korn’s inequality:

Theorem 2.25 (1st Korn’s Inequality) Let 2 C R? be a domain. Then, it holds
IVVI] < cromlleM)ll Vv € Hy($2)°

with a constant Cror, > 0. This inequality corresponds to the case of Dirichlet
boundary values on the complete boundary '’ = 382.

Korn’s first inequality deals with the case of homogenous Dirichlet conditions on
the complete boundary d52. In the context of structural mechanics, this limitation is
severe, as no free boundary motion and deformation would be allowed. The case
of general boundary conditions, with a Neumann part I'y C 952 is less trivial and
handled by Korn’s second inequality:

Theorem 2.26 (2nd Korn’s Inequality) Let 2 C R? be a domain with Lipschitz-
boundary. Then, it holds

IVV] < com (le@ + V) Vv e H'(2)*.

with a constant o, > 0.

Proof The simple proof of 1st Korn’s inequality is based on integration by parts
and vanishing traces of v on the complete boundary 2. The proof of Korn’s 2nd
inequality is more involved and we refer to the literature, see e.g. [98, 196]. O

Continuity and ellipticity of the bilinear form allows to apply the standard theory
for linear elliptic problems to the Navier-Lamé equations.

Lemma 2.27 (Existence of Unique Solutions) Let f € L>(2)°, a® € H'(22)? be
an extension of the Dirichlet data into the domain and u® € H'(382)3. There exists
a unique solution u € u” + H{(82; I'P)3 to the linear Navier-Lamé equations and
it holds

D
lullg o) <c (||f||L2(Q) + [[u” |l 20y + ”ua”Hl(FN)) ,

with a constant ¢ > 0.

Proof We must show that the variational formulation is bilinear, symmetric, contin-
uous and elliptic. Further, the right hand side is continuous, such that existence of a
unique solution follows by the Theorem of Lax-Milgram, see [293]. O

Concerning the regularity of the solution, we cite the following lemma, see [97],
which gives conditions that lead to classical solutions.
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Lemma 2.28 (Strong Regularity of the Navier-Lamé Problem) Ler 2 C R? be
a bounded domain of class C**® for a > 0. Given that the problem data has the
regularity

fe CO[(Q)?)’ i’ e C1+a(9)3x3 l_lD e C2+a(5_2)3’

sym ?
the weak solution u € H)(§2; I'?)? of (2.35) is also a classical solution
ueC*(2)yncurhy’ncurpy.

A further regularity result with less strict assumption on the regularity of the
domain and the problem data is given by Shi and Wright [308]:

Lemma 2.29 (Weak Regularity of the Navier-Lamé Problem) Ler 2 C R3 be a
domain with W*3 boundary. Further, let £ € L*(2)?. Then, for the solution of the
stationary Navier-Lamé problem with homogenous Dirichlet data uP = 0 it holds

lull 2 @pnmiep < clflzg)y-

Regularity of solutions is usually restricted at points, where Neumann and
Dirichlet parts of the boundary come together. Here, we usually have singularities
in the gradient of the solution and the stress tensor.
2.3.1.1 The Incompressible Navier-Lamé Equations
For incompressible linear materials with v = é, the stress tensor is reduced to

o = u(Vu+ vu’),
as tr (¢) = div u = 0. The material is no longer able to react on purely isotropic

stresses. To formulate the incompressible Navier-Lamé equations, we consider a
minimization problem in the space of divergence free functions

ueVy: E(@) <EWV)= ;a(v, v) —Il(v) VveV,

where a(v, v) := (0, Vv), I(v) := (f,v) + (u°, v) pv and where Vj is the space of
weakly divergence free functions

Vo = {¢ € H)(2;TP)*, (div ¢,£) = 0 VE € L*(2)}. (2.36)

The Hilbert space Vj is a closed subspace of H}(£2; I'P)3, such that the existence
of a unique solution follows as shown in Lemma 2.27. To derive a variational
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formulation, we use the Euler-Lagrange approach for constraint minimization
problems and define the Lagrange functional

Llwp) = almw — i) ~ (p.div w),

with a Lagrange multiplier p € L?>(£2). A possible solution is given as stationary
point of L(u, p):
dul(u.p)(®) = a(u, @) = U($) — (p.div §) =0 V¥ € Hy(2: ")
dpL(u, p)(§) = —(&. div ) =0 VEel Q).
We include the Lagrange multiplier into the stress tensor and define
o,(u,p) = —pl + u(Vu + Vu'),

where we identify p € L?(£2) with a pressure function. This identification is
reasonable, as —pl acts as isotropic stress in all directions. The problem is now
to find {u, p} € H}($2; I'P)3 x L?(£2) such that

(L(Vu+ Vu') — pl,e(¢)) + (div u, &) = (£.¢) + (u®, @) v (2.37)

forall ¢ € H)(2; I'P)? and & € L*(£2).

The incompressible Navier-Lamé equations, as a minimization problem with side
condition is a saddle-point system. Existence and uniqueness theory cannot be based
on ellipticity (in p). Instead, we split the proof for the existence of a well defined
solution in two parts. We start by finding a suitable deformation field. Therefore, we
restrict the space of admissible functions to those that already fulfill the divergence
condition in the space V), see (2.36). Then, it holds

Lemma 2.30 (Incompressible Navier-Lamé—Existence of Unique Solutions
(Displacement)) Let f € L[*(2)°, w? e H'()? be an extension of the
Dirichlet data into the domain and v’ € H'(I'N)3. There exists a unique solution
u € uP + H}($2; I'°)? to the variational problem

Que(u).e(@) = (£.¢) + (0. p)prv ¥ € Hy(2:I'°)".
For this solution it holds
lullg o) <c (||f||L2(Q) + ||11D||L2(FD) + ||“”||H1(FN))‘
Finally, u € Vy minimizes the energy function in the space V,

E(m) <E(v) VveV,.
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Proof The subspace Vo C H,(82; I p)? is a Hilbert-space. The variational formu-
lation is Vy-elliptic and the existence of a unique solution as well as the a priori
estimate follow in the same way as shown in Lemma 2.27. O

Next, given a deformation field u € V, we find a corresponding pressure by
analyzing the equation

pel*(R):
—(p.Vo)=(£.¢) + (W, ¢) v — (2ue(p). Vo) Vo € Hy(2: I'P).

Existence of solutions to this problem cannot be shown by simple variational
arguments. Instead, we will define by

(grad p, @) := —(p.V-¢) V¢ € Hy(2;:T'")’,

the weak gradient operator — grad = div* : L?(£2) — H~'(£2) and show existence
by proving surjectivity of — grad in appropriate function spaces. We postpone this
discussion to Sect.2.4.5, where we will come across the same pressure problem
concerning the incompressible Stokes equations.

2.3.1.2 The Non-stationary Navier-Lamé Equations

The non-stationary system of Navier-Lamé equations as given in Definition 2.22 is
a hyperbolic problem

dyu—div(6) =0, u(0) =u’, u(0) = v°.
For simplicity we will consider the case of homogenous Dirichlet data only and we

will further assume that f = 0. We multiply the differential equation by ¢ = du
and integrate over the spatial domain to get

dl1 1
0= @su. ) + (0. e(@w) = learull2+2(0(U),€) :

=:E(1)
where by E(r) we denote the energy of the system. This energy does not change over

time (remember that we consider the homogenous problem only). Integration over
the temporal domain I = [0, T] yields the relation

E)=EO) 120, EO) = NI+ ) (o). o).
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with the initial velocity v = 9,u’. Hence a solution must by unique and it is
bounded by the initial data.

Conservation of energy d,E(f) = 0 shows the close relation to the wave equation.
Existence of solutions to this simple (linear, symmetric and positive) problem can
be shown by the Fourier approach. The operator

(Lu,v) := (Zue(u) + Atr (e(w), e(v))

is symmetric, positive definite, selfadjoint and a bijection. Its inverse is bound and
considered as operator £~ : L*(2)¢ — L*(2)“ it is compact. Hence £ has a
spectrum of positive eigenvalues, with no finite accumulation point. Further, an
orthonormal basis of eigenvectors exists. This allows to diagonalize the system of
equations, such that it decomposes into a sequence of scalar initial values problems
that have a solution that can be constructed by elementary principles. For the details
on this construction, we refer to the literature [268].

A recent result on the regularity of the non-stationary Navier-Lamé problem
with homogenous Dirichlet data is given by Mitrea and Monniaux [243]. They
basically show that given sufficient regularity of the domain’s boundary (Lipschitz),
the solution of the non-stationary Navier-Lamé problem with zero initial data
and zero Dirichlet data satisfies u € H'(I;L*($2)%) for every right hand side
fe L*(I;L*(2)%).

In the upcoming chapters, we will see that the coupling of the solid equation
to the fluid equations brings along further challenges for the analysis of the partial
differential equations. The kinematic coupling condition, see Sect. 3.1 will ask for
continuity of solid- and fluid-velocities on a common interface Z(t) = dS(¢¥)NdF (¢)

vy = vyonZ(¢).
In the case of stationary problems, this kinematic coupling condition is just a usual
no-slip boundary condition v = 0 for the fluid’s velocity. For fully non-stationary

problems, a real coupling between the two velocities is introduced. The solution of
the Navier-Stokes equations is well defined for velocities with traces in

1
H2(dF),
o], <nio
which—as seen from the solid problem—will require

= v, e HY(S).

flz Sz

However, the previous analysis only gives

v, = o, € L2(I; L*(2)).
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This is not sufficient to define a H">-trace on Z. This problem has two possible
solutions. First—and this will be our usual procedure—we can simply assume
additional a priori knowledge on the regularity of u, and therefore v,. This can
be guaranteed for small and regular problem data, if the boundaries of the coupled
problem have very high regularity. Coutand and Shkoller [106] show the existence
of solutions for the coupling of elastic solids with the Navier-Stokes equations,
if the solid with boundary of class H* is completely embedded in a fluid-domain
with boundary of class H?, given sufficient regularity of the right hand side and the
boundary data, see [106]. A second approach to enforce sufficient regularity it to
add damping terms to the solid equation. Gazzola and Squassina show the following
result, see [162].

Theorem 2.31 (Damped Wave Equation) Let 2 C RY be a Lipschitz domain.
The strongly damped wave equation

Oyt — Au— wAdu + pdu =0in[0,7T] x £2,
with initial values
u©,) =up € H'(22), u(0,") = u; € L*(R2),
and homogenous Dirichlet values on 052 and the damping parameters
w>0, u>-wi,
where A is the first eigenvalue of —A has a unique solution satisfying
u € L([0,T], Hy ($2)) N W ([0, T], L*(2)), du € L*([0,T], H) (2)).

For the proof, see Gazolla and Squassina [162].

By adding strong damping terms, we are able to assure sufficient regularity to
realize the kinematic coupling condition between solid problem and fluid problem.

2.3.2 Theory of Nonlinear Hyper-Elastic Material

Tackling the existence and uniqueness problem of the full elastic structure equation
(using the St. Venant Kirchhoff material law) is complicated by the nonlinearity of
the problem. Here, we will not give details on the complex proofs, but will simply
cite some important results. A good overview on the theory of nonlinear elastic
materials is given in the textbook of Ciarlet [97].
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All approaches for the nonlinear problem will at some time use a linearization of
the problem and will consult the theory that has been derived for the linear Navier-
Lamé problem. Further, most approaches use variational techniques, such that the
starting point for every analysis is the following weak formulation of the problem:

Lemma 2.32 (Weak Formulation of the Hyper-Elastic Structures) Let P e
H'(S)! be an extension of the Dirichlet data on I'" into the domain 2. If the
solution

iy € af + Hy(2: Py
of the variational formulation
(2. V)= (0. d). Vo € Hy(2: )", (2.38)

has sufficient regularity 4 € CZ(Q) N C(Q urnct ([AZ UTIP), itis also a solution
to the classical formulation of the elastic structure equations (2.32) with Dirichlet
data on I'P.

Using the implicit function theorem, Ciarlet [97] proofs the following result for
weak solutions of the elastic structure equation governed by the St. Venant Kirchhoff
material:

Lemma 2.33 (Stationary St. Venant Kirchhoff Material) Ler 2 C R? be a
domain with C?-boundary. Then, for every p > 3 there exists a constant o such that
for every £ € LP(2)? with ||f||;p < « there exists a unique solution u € WP (£2)
to the stationary elastic structure equation governed by the St. Venant Kirchhoff
material.

For the proof, we refer to the literature [97].

2.4 The Fluid Problem

In fluid-dynamics, we describe the flow of particles in the Eulerian framework.
Looking at a fixed coordinate x € R we observe a particle (x, ) that at time ¢
is in position x. The fate of a single particle is of no interest.

We will only consider incompressible fluids, i.e. a given moving volume V(7)
will not change its size under motion:

a|vV()| =0, t>0.

Applying Reynolds’ Transport theorem, Lemma 2.8 to the scalar @ = 1 yields:

d|\V(@)| = d,/ ldx:/ div vd x.
140) 70
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Hence as V/(¢) can be chosen arbitrarily, we deduce the point-wise equation for the
incompressibility of a fluid, see also Sect.2.2.3:

divv=0. (2.39)

Using this condition, conservation of mass (2.13) reduces to a transport equation for
the fluid’s density:

0ipr + (v-V)pr = 0. (2.40)

For further simplification, we will restrict all our considerations to homogenous
fluids, where the density at initial time ¢+ = O is constant in the complete volume
pr(x,0) = p;)(x) = py. Given (2.40) it hereby follows that the density is
homogenous at all times # > 0 and conservation of mass is reduced to the divergence
condition (2.39).

To close the system of equations for incompressible fluids we must introduce
material laws that model the dependency of the stress tensor oy on velocity and
pressure. We are considering Navier-Stokes fluids only that linearly depend on the
strain rate following Hooke’s law

o =2ure + Atr(é)l.

As for an incompressible fluid it holds divv = tr(¢) = 0, the stress tensor
simplifies to

o = —pl + (Vv + Vv'), (2.41)
where again by p we denote the undetermined pressure that will act as Lagrange
multiplier to ensure the divergence condition div v = 0. By uy = prvy we denote
the dynamic viscosity of the fluid and by vy its kinematic viscosity. The complete
set of the Navier-Stokes equations is given by

pr(0 v+ (v-V)v) —dive = pf, divv =0,
or, using the material law for a Navier-Stokes fluid

o (3v + (V- V)V) + Vp — prvpdiv (Vv + V) = pef,  div v = 0. (2.42)

Remark 2.34 (Symmetry of the Stress-Tensor) For an incompressible fluid, the
stress-tensor allows for a further simplification. It holds:

[div (Vv + VVT)]I. = Z 3(3vi + 9ivj) = Av; + 0; divv, fori=1,2,3,
j =0
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and Eq. (2.42) is equivalent to the reduced formulation

pr (0:vr + (V- VIV) — prvpAv 4+ Vp = pf,  div v =0.
Usually, this simplified set of equations is considered as the Navier-Stokes equa-
tions. However, while both equations yield the same solution (v, p), the value of

boundary stresses is altered, if the reduced tensor 6y = usVv — pl would be
considered:

o m 75 orn.
In the context of fluid-structure interactions, boundary stresses will be important to
couple flow and structure problem. Out of this reason, we will always consider the
full symmetric stress tensor o s. One of the coupling conditions will couple normal
stresses of the fluid problem and the solid problem
n-of=n-o0g,
where by o ; we denote the Cauchy stress tensor of the solid, i.e.
A o AT
o,=J'FXF .
Here, it will matter, whether it holds
—pn + pvm - (Vv + V') = no g,
or
—pn + p;ym- Vv = nog,

as usually we have

n- Vvl #£0.

2.4.1 Boundary and Initial Conditions

The system of equations is completed by adequate boundary and initial conditions.
Let F C R be the fluid-domain. At time # = 0 we prescribe an initial condition for
the velocity

v(x,0) =v'(x) xeF.
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As the density is constant ps(x,f) = py for all times (and homogenous in the
domain), we do not need an initial condition here, but simply consider oy € R
as a problem parameter. The boundary d.F is split into a Dirichlet part I}D and into

a Neumann part I}N .On I}D we prescribe Dirichlet conditions for the velocity

vix.)) =vP(x,))  on TP x[0.T].
In the case v’ = 0, we denote this condition as the no-slip condition. Physical
observation tells us that viscosity will cause the fluid to stick to the boundary. This
condition holds for the flow of water over elastic material (at usual velocities). The
importance of viscous effects is lessened at high velocities, when e.g. considering
the aerodynamical flow of air around a plane. Here, one often refers to the slip
condition that only prescribes the flow in normal direction

n-v(x,n) =0 onl}”x[0,T].

The slip boundary condition prevents the flow from entering the boundary, it
however allows for tangential flow. All examples considered in this work will be
in the viscous regime where no-slip condition are usually well-placed. Boundaries
with non homogenous Dirichlet data are often inflow boundaries.

Neumann conditions model situations, where we do not know the velocity profile
at the boundary, but where assumptions on the boundary stress are given:

os(x,n(x,t) = g°(x,1) on I}N x [0, 7.

The typical application of Neumann conditions are outflow boundaries, where the
profile of the flow is not known and a Dirichlet condition cannot be prescribed. See
Fig. 2.7 for a typical configuration of a flow problem with different boundary parts.
We will come back to outflow boundary conditions in Sect. 2.4.2, as the exact form
will depend on the material law and the Cauchy stress tensor o7;.

— /! p

ml s | r
T2

- N

F?::F?UF?” P?::F?t

Fig. 2.7 Typical configuration of a flow problem with Dirichlet inflow boundary Ffi“ and Dirichlet
no-slip boundary on the walls Ff“’a" as well as an outflow boundary Ff"“‘ of Neumann type
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If only no-slip and outflow boundary conditions are taken into account, the
complete set of incompressible flow equations on the (fixed) domain F C R is
given by

Problem 2.35 (Incompressible Navier-Stokes Equations) Velocity and pressure
V() e C(FH)NCFUTP)NCHFUTLY), peC(F)NCFUM),
are given as solution of

divv=0, p@v+(v-V)V)=pf+dive, onF x[0,T],

v(-,0) = v°() on F,
b b (2.43)
V=V oan x [0, T,
om =g’ on I}N x [0, T.

If boundary data v° and g° as well as volume force f do not explicitly depend on
time, the flow configurations can tend to a stationary limit, where it holds d,v = 0.
Stationary in the context of fluid dynamics stands for a flow that at all times looks
the same way, it does not imply that the fluid is at rest, which would mean v = 0.
If we know that the flow will reach a stationary limit, we can immediately consider
the set of stationary equations, given as a boundary value problem.

Problem 2.36 (Stationary Incompressible Navier-Stokes Equations) Velocity
and pressure

veC(FH)NCFuUrync(rury), pec(FHncFury),
are given as solution of
divv=0, pr(v-V)v=pf+dives onF,
v=v" on I}, (2.44)
om =g’ on I}N.

Not all autonomous flow problems have a stationary limit. This stems from the
nonlinearity of the Navier-Stokes equations and whether a flow is stationary or
instationary will depend on the problem data like density, viscosity, right hand side
f and inflow velocity v”.
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2.4.2 The “do-nothing” Outflow Condition

Many problem configurations feature boundaries, where the flow has mainly an
outflow-character. We will call this boundary I}"“‘. Here, the solution is not known
a priori and cannot be specified in terms of a Dirichlet condition. Any boundary
condition that is enforced, will be a model for the flow at the outflow boundary.
Hence a common practice is to not describe a condition at all, but simply use the
“natural” boundary condition, that arises from integration by parts. We consider the
stationary Stokes equations:

(6. Vo) r = —(div ;. §)r + (o/n. P) o,
from where we can deduce the “outflow-condition”
om=0on ™

In Fig.2.8, we show a solution to a “channel-flow” problem using this natural
outflow-condition. The domain is a channel with length L and height H

F =(0,L) x (0,H),

on the left boundary I}i“ we impose a Dirichlet inflow profile

4 (y(H — -
V=VD=H2 (y( 0 y)) 0n1}1n=0x(O,H), (2.45)

where Vv is the peak velocity. On the horizontal lines Ff“’au we impose homogenous
Dirichlet conditions

v=20o0n Ffwau =(0,L) x0U (0,L) x H.
The outflow boundary is given as

I = Lx (0,H).

—
—
p—
—
=
—_—
—
—
-

Fig. 2.8 Channel flow with natural outflow condition oyn = 0. The velocity field gets deflected
and does not follow the Poiseuille flow
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In Fig. 2.8 we see that the velocity vectors get deflected and swing out of line.
Considering the outflow model oyn = 0, which simply states that no external
stresses act, this behavior can be interpreted as a duct that ends in an open space,
such that the fluid can expand in all directions.

Often, computational domains are chosen simply as a restriction of a larger
domain to an area where the interesting dynamics happen. Numerically, boundary
lines often must be drawn to scale the problem down to a reasonable size. In such
situations, a good outflow boundary should have as little influence on the solution as
possible. Regarding Fig. 2.8, the exact location of the outflow boundary should not
change the flow pattern inside the domain. The natural condition does not satisfy
this request.

One of the most simple analytical solutions to a channel problem is the Poiseuille
flow. An extension of the inflow data (2.45) into the domain

4v _
Vi) = HVZ (y(HO y)),

satisfies the Navier-Stokes equations in channels (without obstacle) together with
the pressure field

8v

H2x+ c,

px.y) =

forevery ¢ € R. In channel-like situations as shown in Fig. 2.8, an outflow condition
should allow for Poiseuille flows without deterioration.

By a small modification of this outflow condition, we allow the Poiseuille flow

to leave the domain without deflection. Using the reduced stress tensor introduced
in Remark 2.34

67 = ppvrVv —pl,
it holds for the Poiseuille flow that
6m=(n-V)v—pn=0onl

This condition is called the do-nothing outflow condition, as it has as little impact
on the flow as possible (or as it is the natural boundary condition, that arises without
doing anything, when using the reduced tensor), see [188]. In Fig. 2.9, we show the
flow around a cylinder using this do-nothing condition. Here, he streamlines leave
the domain in a straight way. Compare Fig. 2.8.

Remark 2.37 (Outflow Conditions) We must stress that the do-nothing outflow
condition is not the better condition from a physical point of view. It is simply a
model that allows for some standard flow situations like Poiseuille flow or Couette
flow to reduce the sensitivity of the solution on the position of artificial boundaries.
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Fig. 2.9 Channel flow with the do-nothing outflow condition pfv;Vvn — pI = 0 on I}"“‘. The
streamlines are not deflected on the right outflow boundary. Compare Fig. 2.8

From a good outflow condition we expect that it has as little influence on the flow
field as possible. If the outflow boundary is far away from a region of interest (e.g.
from an obstacle) we expect that the flow close to the obstacle is not influenced
by the position of the outflow boundary, if the outflow boundary condition does
a good job. The do-nothing condition works excellent in several configurations. It
does not only allow Poiseuille or Couette flows to leave the domain, it further allows
vortices to leave the domain and has very small influence on these vortices, if the
boundary is artificially cutting through them. However, many situations exist, where
the analysis of outflow conditions is still not sufficiently developed: whenever the
outflow boundary is not a single straight line normal to the main flow-direction,
it will cause a deflection of the flow field. Further, if one considers more general
material laws of non-Newtonian fluids, the do-nothing condition has an impact on
the flow-field, see [338].

The do-nothing boundary condition brings along a further “hidden” boundary
condition that normalizes the pressure. It can be shown [188] that on every straight
outflow boundary-line segment I; C dF that is enclosed by no-slip Dirichlet

boundaries, it holds
/ pds =0,
I"iOUl

on all outflow boundaries I'*", such that the average outflow pressure is zero.
This condition has two implications: first, whenever an outflow boundary of do-
nothing type is given, no pressure-normalization has to be included in the trial
spaces. Second, the do-nothing condition can be used to prescribe pressure drops
on boundary segments in order to drive the flow:

/{pfvfn-VV—pn}ds=/Pids, i=1,....,N" P, eR.
1—". "

i

This gets important, if the flow is driven by pressure differences and not by means
of Dirichlet conditions. A frequently considered situation arises in hemodynamical
simulations in which a flow in a part of the channel-system (i.e., the cardiovascular
system) is investigated. This small part of the overall problem can be coupled by
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prescribing pressure values, e.g. taken from the pressure profile as measured from
the heart-beat.

2.4.3 Reynolds Number

Simulations with the incompressible Navier-Stokes equations help to gain better
insight into flow configurations. They can be used to replace and complement
experiments. For a better comparison of similar flow-configurations that for instance
arise by scaling in wind tunnel experiments, we introduce a non-dimensional form
of the incompressible Navier-Stokes equations. First, let L; be a unit length and \7f
be a unit velocity. We define the non-dimensional values (without physical units)

* 1 * Vf * 1

X = _Xx, V:i=_V, t:= "t p = p. (2.46)
Vi or

For these new values, it holds:

av* Ly (ov
o + WV = V2 % 5 + (v- V)v} ,
I? L
A*vE = fAV, V*p* — 2f Vp,
\%
f 7 OF

and the Navier-Stokes equations in non-dimensional form (with homogenous right
hand side) reads

ov* * Vr
V* * d* V** V* *N\T —V* *:O,
. + (v )WV Vi, v VIV 4+ (V9T P

V*.v* =0.
The quantity

_ YLy _ ViLsor
vy W

Re :

is called the Reynolds number. Scaled flow configurations with the same Reynolds
number are equivalent. If the flow is known in the non-dimensional unit-system, it
can be scaled to every equivalent configuration via (2.46). The Reynolds number is
a good measure to describe the dynamical behavior of a flow configuration. Flows
at low Reynolds number tend to have a stationary solution, while flows at higher
Reynolds numbers have non-stationary or even turbulent solutions. The definition
of the Reynolds number is somewhat arbitrary as fixing a reference velocity Vr and
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length L is usually not unique. The Reynolds number may therefore only by used to
compare different flow situations for one configuration, e.g. the flow around a ship
with length L = 100 m compared to a down-scaled model of the same ship with
length 5m.

2.4.4 The Linear Stokes Equations

In flow situations where friction effects are very large compared to acceleration
terms, the Navier-Stokes equations can be simplified by neglecting the convective
term (v-V)v. This case is given, if the Reynolds number tends to zero Re — 0. If the
right hand side of the equation as well as boundary data does not depend on time,
the flow field will be stationary and we end up with the stationary Stokes equations

—prvr AV 4+ Vp = pf, divv=0inF,

with the usual Dirichlet or Neumann boundary conditions on d.F. By renormalizing
the pressure p = (psvr)~'p and the volume force f = Ve If all physical parameters
can be omitted and we derive the equations in non-dimensionalized form.

Problem 2.38 (Stokes Equations) Velocity v e C2(F) N C(F) and pressure p €
C!(F) are given as solution of

—Av+Vp=f divv=0inF. (2.47)

Compared to the full incompressible Navier-Stokes equations, this equation is
rather simple looking. As a saddle-point system it however still obtains one of the
most important features of incompressible flows. While the physical relevance of
the Stokes equations is very limited, it serves as entry-point to the mathematical
analysis and the design of finite element discretizations for flow problems.

2.4.5 Theory of Incompressible Flows

If there exists a unique solution {v, p} to the incompressible Navier-Stokes equations
is still not known in all configuration. The stationary case is well understood,
if we only consider Dirichlet boundary conditions. Here, a solution exists for
small Reynolds numbers and it is unique, if the data is sufficiently small. When
we consider general outflow conditions, we have no possibility to control the
nonlinearity (v - V)v. In the instationary configuration there exists no proof for
the existence of a unique solution under reasonable data assumptions. In three
dimensions, the problem of proving the existence of a global smooth solution is
considered open and one of the Millenium Prize Problems, see [89].
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We start by deriving a weak formulation of the Navier-Stokes equations:

Lemma 2.39 (Weak Formulation of the Navier-Stokes Equations) Ler VP e
H'(F)? be an extension of the Dirichlet data on FfD into the domain F. If the
solution

vevP 4V, Vii=HyF TP pely Lp=L(F),
of the variational formulation

(pf(afv + (V : V)V)v ¢)]: + (o'fv V¢)f
—prvp(n- YV, @) pou = (pf. )7 V¢ €V, (2.48)
(divv,§)r=0 VE € Ly,

has sufficient regularity vy € C*(F)NC(FU FfD) NnCcY(Fu I“f””’) andp € C'(F), it
also solves the classical formulation of the Navier-Stokes equations, Problem 2.35
with Dirichlet data on I"fD and the do-nothing outflow condition on Ff"’“.

Proof This follows by integration by parts and with basic variational principles. The
boundary term on 1'}0“‘ is required as we use the full symmetric stress-tensor such
that the solution of the variational formulation fulfills the do-nothing condition, see
Sect.2.4.2. O

Remark 2.40 (Uniqueness of the Pressure in Dirichlet Problem) If the configura-
tion has Dirichlet boundaries all around the boundary I}D = 0F, a solution cannot
be unique: let {v, p} € V; x Ly be a solution. Then, it holds for {v, p +c} with ¢ € R:

(067.VP)F = prop(VV+ YV . Vo) r — (pr+c.V-$)r
= pvr(VV+ VYV, Vh)r — (pr, V@) r + (Ve _ p)r—(en, ¢ )or.

=0 -0

If I}D = 0F the pressure can only be unique up to a constant. In this case, we
normalize the pressure-space

Ly = L(F)\ R.

The Navier-Stokes equations brings along two characteristic difficulties for
theoretical analysis and numerical discretization, the nonlinearity (v - V)v and the
side-condition of divergence freeness div v = 0. We will first focus on this second
difficulty and consider the linear Stokes equations.
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2.4.5.1 Existence and Uniqueness of Solutions to the Stokes Equations
In the following, we consider the stationary Stokes equations

v.peVyxly, Vyi=Hy(FF),  Lpi=L(F)\R:

(Vv.Vo)r = (p.V-9)r + (V-v.)r = (£.d)r V{d.§} €V x Ly.
Here, we assume homogenous Dirichlet conditions on the complete boundary d.F
and further we consider the non-symmetric form of the stress tensor. Every solution
v € V; will be weakly divergence free in the space
vely:={¢p € Vf, (div ¢,6)r =0 VEe ﬁf} C Vf.

By restricting the Stokes equations to this space, it remains to find

veVy: (VW.Ve)r=(Ed)r Yo e (2.49)

Lemma 2.41 (Stokes Velocity) For every £ € H™'(F)? there exists a unique
velocity v € Vy C Vy as solution of the Stokes equations. Further, it holds

IVl < [I£]-1.
Proof The space Vy C Vy is a Hilbert-space with the scalar product (V-, V-).

Riesz representation theorem guarantees the existence of a unique solution v € V)
to (2.49) and further gives the error estimate. O

2.4.5.2 Existence and Uniqueness of the Pressure

Now that we have shown the existence of a unique and divergence-free velocity field
v € Vy C Vy, the pressure is determined by the equation

pely: (pV-9p)=(FE¢)—(VV, V) Vo eV (2.50)

As this equation is not elliptic, we cannot proof existence with Riesz representation

theorem or a generalization like Lax-Milgram. Instead, we reformulate this varia-
tional equation in operator notation as

—gradp =1, (2.51)

where —grad : £; — H™! is the weak gradient

—(gradp,¢) = (p,V-¢) V¢ €V,
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and [ € H! a linear functional defined by

l($) = (£ ¢) = (Vv. Vo) V¢ el

Whether Egs. (2.50) or (2.51) have a solution depends on the surjectivity of the weak
gradient operator. The difficulty of the analysis for this equation is the low regularity
of the problem. Two important results from the literature help up to answer the
questions of existence and uniqueness of solutions. It holds

Theorem 2.42 (de Rham) Let ! € H™'. The equation
—grad p = |,
has a unique solution p € Ly, if and only if
leVy.
where by V3 we denote the annihilator of Vy in H™!
Vo i={feH " f(¢)=0 VpeVCH.

And:

Theorem 2.43 Let F be a bounded domain with Lipschitz boundary and p € L*(F)
be such that grad p € H™'(F). Then, it holds

vlplznr = | grad p|l-1,

with a constant y = y(F) that depends on the domain only.

Proof For proofs of these essential theorems we refer to the literature. See
Teman [321], de Rham [112] and Necas [251]. O

We will quote yet another Theorem to show equivalence of Theorem 2.43 with
further conditions that will be handy in the context of the Stokes equations; both
for proofing existence and uniqueness of the pressure, as well as for numerical error
analysis.

Theorem 2.44 (Necas) The following three properties are equivalent

(i) The weak gradient operator — grad : Ly — V; is an isomorphism.
(ii) For everyp € L*(F) it holds

Ilgrad pll—1 = ylpll  Vp € Ly, (2.52)

where y > 0 is a constant. (This is exactly Theorem 2.43).
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(ii) The inf-sup condition holds

. (Ea V- ¢)
inf sup =Y, (2.53)
secrpevr €N VOl
with a constant y > 0.
Proof Again, we refer to the literature [251, 321]. O

All these preparations allow us to show the existence of a unique solution to the
Stokes equations:

Lemma 2.45 (Stokes) Let 7 C R? be a domain with Lipschitz boundary. The
Stokes equation has a unique solutionv € Vy andp € Ly for everyf € H™'. It holds

VIl + vlpll < cllfll-1.

where ¢ > 0 is a constant.

Proof The existence of a unique function v € V) solving the velocity equation has
already been shown. The functional

(@) = (Vv. Vo) —(£. )

is bound in H~!(F) and further, it holds / € V. Hence existence of a unique weak
pressure p € Ly solving — grad p = [ follows by Lemma 2.44.
Finally, by using the inf-sup inequality we have

il < sup PV 9 _ g @O —(VV.V9)
Toev IVELeev V9

< [Ifll—1 + Vvl < 2[f] -1

O
During the proof of this Lemma, we have used the following useful inequality
for the divergence operator

Idiv v]| < Vd|Vv| YveH'(F)? |divv] < |Vv] YveH(F),
(2.54)

which follows with help of Young’s inequality in the general case and with help of
integration by parts of the mixed terms in the case of zero trace velocity fields.

Despite the special saddle-point character of the Stokes equations it shows that
we still get a unique solution that continuously depends on the right hand side f. We
only get L?-regularity for the pressure. The most important tool in the analysis of
incompressible flows is the inf-sup condition. If the right hand side f and the domain
is sufficiently regular, we will get higher regularity of the solution. Here, the same
rule of thump holds as for the Laplace equation:



2.4 The Fluid Problem 63

Lemma 2.46 (Regularity of the Stokes Equations) Letr F be a convex polygonal
domain and £ € L*(F)*. Then the solution of the Stokes equations is bounded

IV2vIl+ VPl < lifll,
with a stability constant c; > 0.

If F C R% is a domain with smooth C**2-boundary for k > 0 and £ € H*(F)? it
holds

IVl gt2y + Pl et ) < Il )

Proof For a proof to these results, we refer to the literature [160, 321]. O

2.4.5.3 The Stationary Navier-Stokes Equations

Next, we discuss the stationary Navier-Stokes equations including the nonlinearity

(v.py € Vrx Ly, Vyi=Hy(F;0F), Lp:=L*(F)\R:
1
eV VO F (V- VV.G) = (p. Vo) + (V-v.6) = (£ ¢)
Vi{p,E} eV x Lr,  (2.55)

again considering homogenous Dirichlet conditions v = 0 only. Here, this
restriction is essential not merely given for technical reasons, as the following
Lemma shows:

Lemma 2.47 (Nonlinearity of the Navier-Stokes Equations) Forv,w € H}(F)?
with div v = 0 it holds:

(v-Vw,w) = 0. (2.56)

In the case of an outflow boundary I“f"“’ C OF it holds for all v,w € H}(F; FfD)d
withdivv =10 ' ‘

1
((v- V)w, w) =, /F meviwds, (2.57)
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Proof In the case of general boundary conditions it holds

(- Voww) =Y (wdwiwiz
ij

Z { / n;W;V;W; ds — (Wi, ajVjWi)]-‘ — (Wi, V,-iji)f}
aF

i

—(w, (div v)W)r —((v- V)W, W) r + / (n-v)|w|*ds.
~————™—
~- OF
This shows the two assertions. O

This special structure of the nonlinearity will be the key to theoretical analysis of
the incompressible Navier-Stokes equations.

Lemma 2.48 (Stability Estimate for the Velocity) Lerv € Vy C HY(F) be a
velocity field solving the Navier-Stokes equations. It holds for f € L*>(F)“

Vvl < vt Ifll-1

Proof This results immediately follows with Lemma 2.47. O

Remark 2.49 (Outflow Conditions and Stability Estimates) Lemma 2.47 shows that
the nonlinearity of the Navier-Stokes equations is only controllable, if Dirichlet or
at least no-penetration conditions

v-n=0,

are given on all boundaries. For the do-nothing conditions but also for the no-stress
condition introduced in Sect.2.4.2 a boundary term remains. The problem of this
remaining boundary term

1
/ n - n|w|* do,
2 1-}_oul

is the unknown sign. If there would be only outflow, i.e. n-v > 0, we still get stability
in the sense of Lemma 2.48. In the general setting, the boundary term however can
be negative or positive. Braack and Mucha [61] introduced a modification of the
do-nothing condition, denoted the directional do-nothing condition that cancels the
negative part of the boundary term and results in

1
—pn + pym- Vv — 2(v -m)_v = Oon [},
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where by (v - n)_ we denote

0 v-n>0,

v.-n v-n<O0.

(vom)- = §
This condition is easily realized by a modification of the variational formulation

1
(V- V¥ 8) + (py VV.V9) = (V- 9) = [ (v-m)v-pdo= (E.9).

oul
Iy

Braack and Mucha can show existence and uniqueness of solutions (for small data).
Furthermore, they report better numerical stability when using this directional do-
nothing condition. Finally, this modified condition still allows for Poiseuille and
Couette flow as well as vortices to leave the domain with little impact. See [61] for
details.

Like for the Stokes equations, proofs for existence and uniqueness are split into
first finding the velocity (this is a nonlinear problem now) and second, finding
an appropriate pressure. While this second part is exactly as for the linear Stokes
problem, showing existence and uniqueness of a velocity requires careful treatment
of the nonlinearity.

v(Vv, Vo) + ((v-V)v,¢) = (£, ¢) Yo €. (2.58)

Lemma 2.50 (Solutions for the Navier-Stokes Equations) Let F C R? be a
domain with Lipschitz boundary. Further, let f € H™'(F). There exists a solution
{v.p} € V; X L; to the Navier-Stokes equations (2.55) for every Reynolds number.
It holds

VYl + lipll < clifll-1-
This solution is unique, if
AVl < 1,

where ¢ > 0 is a constant depending on the domain F.

Proof For the proof, we again refer to the literature [251, 321]. O

The incompressible Navier-Stokes problem with homogenous Dirichlet values
has a solution {v, p} € Vy x L; for all Reynolds numbers and all right hand sides
f € H~'(F). This solution is unique only if the Reynolds number is very small:

1
Re < .
= \/ -
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Most application problems however deal with high Reynolds numbers Re > 1000
and a unique solution cannot be guaranteed. As we know that flows at very high
Reynolds numbers get turbulent, we cannot expect a unique result for arbitrary
Reynolds numbers. The gap between theory and observation however is still very
large.

Nearly no theoretical results are known for different boundary conditions, in
particular for outflow conditions like the do-nothing condition. Here, it is even
unknown, whether the homogenous problem

1
— A+ (v-V)v+Vp=0, V.v=0,
Re
with homogenous boundary conditions
=0 FD 1 9.v— =0 out
v=~0onTI}", Re WV —pn=0onTl}

only has the trivial solution v = 0 and p = 0 or if other non-trivial solutions exist.
Finally, we cite a regularity result for the stationary Navier-Stokes equations
which is in agreement to the expectation:

Lemma 2.51 (Regularity of the Navier-Stokes Solution) Let ¥ C R¢ be a
convex polygonal or smooth domain of class C*'. Further, let V° € H?(F)?
be a smooth extension of the Dirichlet data v° on 0F into the domain. Finally,
let f € L>(F)?. The solution to the Navier-Stokes equations has the regularity
v € HX(F)NVyand p € H'(F) N Ly and it holds

IV2¥I + VPl < esllfll + V29211,

where the stability constant is related to the Reynolds number c; ~ Re.
Next, let F be a C**%-domain and £ € H*(F)?. Then, every solution v € Hé (F)4
and p € L?(F) of the stationary Navier-Stokes equations has the regularity

IVl gt2 ) + Pl et 7y < Il )
Proof For a proof of this result we refer to the literature, see Girault and
Raviart [165] or Sohr [312]. O
2.4.5.4 The Non-stationary Navier-Stokes Equations
Finally, we discuss the non-stationary Navier-Stokes equations

v=vy" t=0,
0v,¢) + (v-V)v, ) +v(VV, V) — (p,V-¢) = (£.¢) Vo €V},
(V-V,S)ZO VEELf.
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Like in the stationary case, we can restrict the problem to the space of divergence
free functions Vy C V. Integration of the variational formulation over the time-
interval I = [0, T] gives

/1 (Ov.$) + ((v- V). ) + v(Vv. Vg)} di = /, (t. ) d.

To analyze this variational formulation, we must first specify suitable function
spaces. For the velocity part, natural choices for v and test function ¢ are

v, € L*(I; V),

the space of square-integrable functions in time that map into V. For the time-
derivative of the velocity, we further ask for

ov e LX(I H'(F)).

We denote this space by W(0, T)

W(0.7) := {$ € L’(I: Vo), 3¢ € L*(IH™'(F))}. (2.59)
The spaces

Vo C Hy(2) ¢ LA(2)! = [I2(2)"* c H'(R2)
constitute a Gelfand triple and it holds (see [321])
W(0,T) — C(I; L*(2)%).

Every function v € W(0, T) is almost everywhere equal to a continuous function in

time that maps into L?(£2)?. It remains to discuss the nonlinearity: does for functions
v,¢ € W(0,T) hold that

/((v -V)v,¢)dr < 00?
I

An answer is given by the following result:

Lemma 2.52 Let 2 C R¢ be an open set. For d = 2 it holds
1 1
Vil 2y = clvl>IVv]=.
In the case d = 3 it holds

1 3
IVlizs@) = cllvI2 Vv
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Proof A proof is given by Temam [321]. O
We consider the two-dimensional case. By Holder’s inequality (1 = }1 + ; + }1)
and this Lemma we get

1 3 1 1
(V- VIV.8) < clIVIalIVVIHI@llze =< clvI2IVVIZligl> Vel

Using the embedding W(0,T) < C(I; L*(£2)) it follows for the temporal integral
by using Holder’s inequality (in time)

[-mpa
1
1 1 3 1

1 1 3 1
=< cllollo.r 1V IV IWo.n 19 1wo.r

2
=< clIvlliyon 1@ llwo.r).-

This is exactly the desired stability result for the variational formulation. The
nonlinearity is not bound in the three-dimensional case, if we ask forv, ¢ € W(0, T).
We cite the following results that can be found in Temam [321]:

Lemma 2.53 (Instationary Navier-Stokes Equations) Let F C R be a Lipschitz
domain and

fe X(LH'(F), vYel.

Then, the instationary Navier-Stokes equation has at least one solution for arbitrary
Reynolds numbers. This solution is unique in the two dimensional case (for arbitrary
Reynolds numbers) and it holds

vel*(I;Vy), 0vel*I;H'(F)).

In the three-dimensional case, unity is usually not given, and the solution has the
reduced regularity

veLs(I;IYR)), &veli;H'(2)).

It is remarkable that the non-stationary solution is unique for all Reynolds
numbers, if we look at the two-dimensional problem. Working with the stationary
equation, uniqueness is only guaranteed for small data assumptions.

To prove existence of global solutions, uniqueness and regularity of the three
dimensional problem is one of big open problems in applied mathematics, see [89].
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2.5 Flow Problems on Moving Domains

In this section, we discuss models for flows on a moving domain F(f) C R?. Let
I = [0, T] be the temporal interval. Then, the space-time domain is given as

G={tF@) CIxR}c R

This setting is more complex then the tensor-product design of fixed domains 7 x
F C R In G it is difficult to formulate the proper function spaces like (2.59)
with a different regularity in time and space. We define

Problem 2.54 (Incompressible Navier-Stokes Equations on a Moving Domain)
Let G = {(t, F(2)), t € I = [0, T]} be the moving space time domain. Velocity and
pressure

veLXLVi), dveLlXIVt)), pel*(;L(F()),

are determined as solution to the incompressible Navier-Stokes equations on the
moving domain

OV + (V- VIV. D) () + (07, V) 7y + (div v. &) 7y = (. D) 7 ()
ae tel0,T] (2.60)

Sforall ¢ € Vi(t) and & € Ls(1).
Mostly we will assume that the domain motion is given by a mapping from a
fixed reference domain F C R¢

T@) : F > F(1).

First we assume that this mapping is given as part of the problem data, such that
we can prescribe properties like invertibility, regularity. Later on, when analyzing
fluid-structure interactions, this mapping will be an unknown part of the solution.
This will strongly complicate the analysis, as regularity will no longer be part of the
problem description but must result from the system of equations.

For here and for simplicity, we assume that 7 = F(0), i.e., the reference domain
is the domain at initial time. The mapping is defined as Function from the fixed
space-time domain to R¢

T:I1xF— R

We will specify further assumptions on this mapping at a later point. The time-
derivative of this mapping d,T denotes a velocity. This velocity is not the physical
velocity of the fluid particles, but it is the domain velocity. In the general case it is
arbitrary and, in particular, it holds 9,7 # v.
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2.5.1 Eulerian Techniques for Flow Problems on Moving
Domains

Discretization of partial differential equations is difficult if the domain is in motion.
Usually, every discretization consists of first discretizing the domain F C R? by a
mesh Fy,. If F(f) is moving the meshes JF(f) also cannot be fixed.

We consider time stepping methods, where the solution determined in discrete
time steps only

O=ty<ty<---<ty=T.

By v" := v(t,) and by p” := p(t,) we denote velocity and pressure at time
t,,. Then, in a discrete setting, approximations vy, and v,’(’;l_l will live on different
meshes—or in the context of finite elements—in different function spaces V} and
V/:71_1~ Usual time-discretization schemes approximate the temporal derivative by
finite differences

v Vm—l
~ kh kh
atvh(tm) ~
m — Im—1

Now we assume that v, € V}; and V,’(’;l_l € V/Z;_l are element of different finite

element spaces. In this case, v}, — V,’(’;l_l will most likely neither belong to V}; nor to
vt

This problem gets even more severe, if we consider a spatial coordinate x €
F(t,,) that is not part of the domain at the old time step x ¢ F(t,,—1). Here, the
expression v, (x) — v~!(x) is not well defined at all.

Eulerian schemes for moving domain problems will require non-standard dis-
cretization techniques and a non-standard analysis. We will pick up this discussion
at a later point in Sect. 3.6 and Chaps. 6 and 12.

2.5.2 The Arbitrary Lagrangian Eulerian (ALE) Formulation
Jor Moving Domain Problems

Another possibility to deal with the motion of the fluid-domain is to introduce a
fixed reference domain 7 C R and the mapping

Tr(1) : F — F(1).

We can use this mapping to transform the Navier-Stokes equations onto the
reference domain F and to define velocity and pressure in the reference system

VG 1) = v k0.0, pGr) = p(Tr(E.0).1) Vie F. (2.61)
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The mapping YA} has to be invertible, such that at time ¢ € I, every spatial point
x € F(t) is uniquely given by one coordinate X € F.
If the mapping 7} is a C'-diffeomorphism, it can be used to transform the Navier-

Stokes equations onto F using v and p as principle variables. All relations required
for this transformation have already been derived in Sect. 2.1.7. By (2.22) and with
Definition 2.13 it holds by (2.61)

P A A
pr (0 + (V- VIV @) o = pr (S @V + Fp (V= 0,T7) - V¥).§) 2.
A A=T A
(o7, W’)rm = (/18,8 . Vo) £, (262)
. TR St DA
(div v, E)]—'(t) = (div (rFy ).6)

The Cauchy stress tensor 6 (X) expressed in the reference system is derived with
help of (2.16)

A A—1 AT A
&7 i= —pl + pop(VIF, +F VR7). (2.63)

By these transformations we formulate the system of Navier-Stokes equations in
ALE coordinates.

Problem 2.55 (Incompressible Navier-Stokes Equations in ALE)  Let Fbea
suitable reference domain, Ty a C'-diffeomorphism on I x F with Ty (1) : F + F(1).
Then, velocity and pressure

Ve XV, 08 € LA(;V)). pel’(I:Ly)

are given as solution to

A Al o A
or(Jr @V +F, (v =9,T7) - V¥). ) »
A oA=T ~ A A A
+(Ur67K, Vo) 1 = (prlifr.d) 2 (2.64)
(div (J/E, 9).6) 2 =0,

for allqAﬁ eV andé € L.
The derivation of the system of equations is performed on a formal basis. We still
need to argue that the solutions to Problems 2.55 and 2.54 are in a meaningful way
equivalent.

Considering the strong formulation of the Navier-Stokes equations, equivalence
of a notation on the moving Eulerian domain F () and the fixed reference domain F
can be shown by classical arguments. If we assume that Twisa C?-diffeomorphism
the equation can be transformed to an equivalent expression. In the variational
formulation, we must first discuss the question of equivalence of Sobolev spaces
under a mapping of the domain.
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Lemma 2.56 (Transformation of Sobolev-Spaces) Let §2 and 2 be two domains
in RY and let T € C*'(22)¢ be a diffeomorphism with T(2) = 2 and T~ (2) =
§2. Then, the composition operators

p:=dpoT" VéecH ' 2)andp =¢poT V¢ e H(2),
are continuous. Hence the Sobolev spaces H*1(§2) and H*+! ([AZ) are equivalent
HY(D) = HH (),
such that there exist constants cy, ¢, > 0 such that
C1|Iﬁ||Hk+l(_y}) < |10 o Tl gty < Cz||f)||Hk+1((}) Vi € HkH(Q)‘

For the proof, we refer to the literature, Satz 4.1 - Transformationssatz, in [350].
Considering stationary problems the velocity is a H' function, given in v €
H 1(]—")‘1 the pressure is a L? function, given in p € L*(F). Hence for H'(F) and
H l(]—") to be equivalent, which is a necessary assumption for equivalent solution
concepts, the mapping TW must be a C%!-diffeomorphism in space. Equivalence of
Sobolev spaces on F and Fis important to have equivalent concepts of convergence
and variational formulations. The ALE transformation is a mapping in space and
time. Failer [133] showed the equivalence of the following spaces in space and time:

Lemma 2.57 (Transformation of Bochner-Spaces) Let .(:2 and 2(t) fort € I =
[0, T] be domains in R¢ and let T : I x 2 — () with T(£2) = 2(t) be a

C(I; C'(2)) N C'(I1; C(2))
diffeomorphism. Then, the composition operators
p=¢oT™' Velp: ¢ cL’(LH'(R), i € L*(;L*(2))}
bi=¢of Vo elp: ¢ € L(LH(201), digp € L(I;LX(2()))}
are continuous and the spaces
W) :=1{$: ¢ e P(I:H (), 0, € L’(I;L*(82))}
W) :={¢p: ¢ € P(ILH'(2(1), 9 € L*(I; L*(2(1))}

are equivalent.

Using this result, we can claim equivalence of solutions of the Navier-Stokes
equations in ALE and in Eulerian coordinates, if the solution is found in W(I), i.e.
with 8,v € L*(I; L*(F(1))).
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Lemma 2.58 (Nayier-Stokes in ALE qurdinates) LAet F ¢ RY be a smooth
domain and f’,c : F — F(t) be a C(I; C'(F)) N C'(I; C(F))-diffeomorphism. Then,
for every solution (V,p) € W(I) x L2(I; Lz(]:')) of (2.64) there exists a solution
(v,p) € W(I) x LA(I; L*(F(?))) of (2.60) with V(%,1) = V(YA}()?, 1),1) and p(x,1) =
p(f‘f(fc, 1), t) almost everywhere.

The equivalence of two different representations of the Navier-Stokes equations
in ALE and in Eulerian coordinates also states that both formulations allow for the
same solution concept. If the Eulerian formulation of the Navier-Stokes equations
has a unique solution (v(z), p(#)), for suitable mappings f}, the ALE formulation
will have a corresponding unique solution (v, p) and it holds

(T O) VYOl 70 + POl 70}
< IV¥lz +11pll 7 <

(LN{IVVO 70 + PO 7). (2.65)

The constant c(f}(t)) will depend on the deformation and, if f} looses its regularity,
c(ff(t)) — 00 is possible.

The variational formulatioq (2.64) pas the benefit, that the domain F is fixed
and that the function spaces V; and £ do not change in time. A standard finite
element triangulation Fi of F can be constructed and used for defining discrete
function spaces. The removal of the domain motion comes at the price of additional
nonlinearities introduced in the equation. These nonlinearities all depend on the
domain map f}.

The equivalence of the Eulerian and the ALE formulation of the Navier-Stokes
equations strictly depends on the regularity of the mapping j}. If this mapping looses
its regularity, the equivalence is also lost.

Remark 2.59 (Divergence in ALE Coordinates) On first sight, the divergence con-
dition in ALE coordinates

div (}F_le) —0,

calls for the evaluation of @’s second derivatives. It however turns out that all these

second derivatives cancel out, if &i € C?(F)*.

The following two technical lemma show this relation. First, we derive a rule for the

partial derivatives of a matrices inverse and for the determinant of a matrix:

Lemma 2.60 (Partial Derivatives of Inverse and Determinant) Let F:R™" —
A ~ A A A A A oAl

R be differentiable and invertible, J = det(F). By 0;F = (0«F); and 0,F =

A oAl ~
(0F; )i we denote matrices of partial derivatives of ¥ and its inverse. It holds

GB = —F T HRE T B = Jud 5 (2.66)
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Proof
(i) ByF 'F=1Iwegetfork=1,....n
0= S A By By BB, > AFF4F BE o
=1

such that the first result follows by multiplication with I*A“_l. Likewise, the
inverse relation holds

F =—-Fo,F F. (2.67)

(ii) We denote by A;; the cofactor of F

Ay = (1) det(Fy)isi iz

Then, the determinant j can be given as
Sud = ZA,,FH, i=1,....n (2.68)

Differentiation of this formula (k = i) w.r.t. the entries ﬁ‘,;i gives

aA, ; oF,
—Z TEi+ A L = Ay (2.69)
F; F; oF;;
——
=0 =8

as A;; does not depend on Fu Hereby, we get with (2.67) and (2.69) and (2.68)

~ A BJA
=" . Y 0Fy ==Y Aj(FOF 'F);

i i

=- Z (Z AL/Fzr) ékﬁ‘glﬁ‘sj = _jz ékﬁglﬁ‘”,
Jrs rs

~————
=5,J
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and hence using A : B = tr(ABT):

anr—lA ar—1 AT

G = —Jo 8 R =R AR R
=Jtr (F_I?)kf‘ﬁ_lﬁ) =Jtr (F_lékﬁ‘)
O

With help of these differentiation rules we can reformulate the divergence in ALE
coordinates

Lemma 2.61 (Divergence in ALE Coordinates) Leru € X)L, F =1+ Vi
be invertible and J = det(F). It holds

div (jf‘_lv) = ij‘,;lékvl —JF v = jtr(F_IVv).
K

Proof We start by component-wise differentiation

an—1 A an—l A an—] n Ae] n—] A
div (JE7'v) = 3 80F v =Y {BkJF,d v+ I, v, + JF lakvl}.
k kl

While the third term already has the final form, we will show that the first two parts
cancel out. Using the two parts of Lemma 2.60, we get

div (JE'v)
R (Z (w2~ (ﬁ_lékﬁi‘_l),d))
! k
= .7 Z \Yi Z (ﬁ;lékﬁjiﬁlgl — Fk_jlékﬁﬁl‘qgl)
/ ki

Next, we use the specific form F = I + Vi and the symmetry of the second
derivatives ;0 = 0;;li. Then,

A—lan A=l  a—la A ~—]
(B ok, — B Dk,

ij
A R B L D |
=Yy (b b, — By Gk ) =o,
Ik

where we switched the indices i and k in the first part. O
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The crucial inequality for the analysis of the Navier-Stokes and Stokes equations
is the inf-sup condition (2.53). We assume that on F it holds:

ER/ Av ¢ A~
inf (A “ ¢ SZ >y >
ter2(#) penyFy IVOI £ 1€ 2

For simplicity, 74(7) : £ — F () be a C2-diffeomorphism with 7;(F,0) = . In
light of Lemma 2.56, the Sobolev-spaces on F(¢) and F are equivalent

HY (F(1) =~ H'(F), L[X(F(1) = L[*(F).
On F(¢) it holds

divg. B0 @UE $).6z

v N BN Al A AanA=T
170 Vel Fe W2 ENA1T2VGE, |2

)

where

@) =R, ¢@3G0) = ().

‘We substitute

A A=l A A A1~
b:=IF ¢ = ¢=J"F.

Due to the strong regularity of f‘f € C? it holds for every <;§ e H' (]E)d
~ o~ n A—1 ~
”V¢”ﬁ = ”JfFf ||W1.oo(]f')||¢”H1(]f-),
that ¢ € H' (ﬁ ). With Poincaré’s inequality we get the estimate
19612 < 197 Erll ooy 18 2y < ol Brllyrco i 1911 2

With these preparations, we can carry over the inf-sup condition from F=F (0) to
F(1):

. (div ¢, &) 7
inf sup
EEL2(F (1) pEH (F(H)? ||§||f(t) Vo ”]—'(t)
=~ s aTlal 2
. (div (J7F, ¢).8) 2
= inf sup . N
b2y ger ) 7€) 21T E, VIl
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. (ﬁéam
inf sup
€€L2<f>¢€H‘<f>“ IIJfSIIfIIszF V(Jf 'Fré) 2

T Gt (div.&)F o
z CPl”Jf ||L°°||Jf Ff ||L°l°||Jf lFf”Wll_oo A inf R 27
ter2(F) gernr (B IEN 2IVOI 2

> c(Tr(0)7 =: y(1) = yo > 0.

Depending on the regularity of the transformation Tf, the inf-sup constant y(7)
can be significantly closer to zero than y. See [247] for a study on the stability of
the Stokes problem on moving and strongly deformed domains.

2.5.3 Definition of the ALE Map

The ALE formulation of the Navier-Stokes equations carries an arbitrariness, as for
a given moving domain 7 (7) different reference domains F and different mappings
Tf(t) F > F (1) can be taken into account. While a straightforward choice for
the reference domain is F = F (0), other choices are still possible. However, even
for one reference domain, we can still choose between different mappings f‘f(t) :
F—>F (t). On complex domains these ALE-maps must be constructed with help
of auxiliary problems. Assuming that the motion of the boundary d.F(¢) is known,
and that ¥ = F (0), we can construct the mapping by

T(&. 1) i= & + 0(%. 1),

where by @y we denote a deformation of the fluid domain. The constraint OF —
dF (r) can be used as boundary values for the fluid deformation {iy. In the interior
of F the deformation U, is constructed by solving a partial differential equation.
The most simple approach is to define Giy as the harmonic extension of the boundary
values to the fluid domain

— Ay =0in F, () = 0 (t) on 0F, (2.70)

where ﬁ;)(t) is the deformation of the boundary points. The crucial point is the
regularity of this deformation u, that will define the regularity of the domain
mapping. We know that for strict equivalence between the ALE formulation and
the Eulerian formulation of the incompressible Navier-Stokes problem, very high
regularity is required. In the interior of the fluid domain F, qualitative regularity
is given by the smoothing property of the Laplace-operator, as the right hand side
is zero in (2.70). At the boundaries however, the regularity of uy is limited by the
regularity of u, and further by the shape of the boundary. If the solid domain imposes
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edges entering the fluid-domain, we must expect corner singularities. Even on
convex domains, we cannot expect more than oy € H 2(F) and on concave domains
we even loose H?-regularity. Some remedy is given by choosing the biharmonic
operator for extending the deformation to the fluid-domain, e.g., by the equation

AAzlAlf =0in ]:- s
with the interface boundary conditions
Uy = Ui, and Viiy = Vi, on 7.

The biharmonic operator has better regularity properties and yields a smooth
transition from fluid- to solid domain. Numerical experiments show that the case of
solid domains that enter the fluid domain with sharp edges imposes strong regularity
problems, if large deformation appears. To be precise, it is not a large bending of
the solid domain that causes problems, but a large deformation of the fluid domain
that can also be due to fixed body translation or rotation of the solid.

A drawback of the biharmonic extension is the large computational effort that is
necessary to discretize fourth order equations. One either has to use finite elements
with global differentiability or one has to use mixed methods that require the
introduction of artificial variables, blowing up the complexity of the overall system.
Yet another method for constructing the ALE map is by means of a pseudo-elasticity
problem, governed by the linear Navier-Lamé problem

—div (M(@ﬁf +¥al) + xecfvﬁfz) =0in £, @ =d,onZ,

The “material parameters” i., A, can be chosen in such a way that a stiff mapping
with little deformation is constructed close to the interface.

In Sect. 5.3.5, we will discuss the quantitative regularity properties of different
extension techniques and analyze their performance on simple benchmark problems.
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