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Notation

Notation

Spatial Variables

time
Longitudinal axis
Transverse axis
Sagittal axis
Spatial Domain

D or N

Port-Hamiltonian Systems
H Total energy or Hamiltonian
u Input vector

y Output vector

x State vector

X State space

e Efforts variables

f Flow variables
ep Boundary effort port variables
fs Boundary flow port variables

Mathematical Operations
Transpose of a vector or matrix
Tr Trace of a matrix
u1 - uo dot product, ulTug
ujuy Diadic product, also called external product, wius = uluér =u; ® U
u1 X ug cross product
o1 : 0y scalar product between 2 tensors, Tr (o o)
u - o dotted product of a tensor with a tensor. The ¢-th component of u - o
is >, ujoj; and the i-th component of o - w is }; ojju;
lu|  Absolute value
|u|  2-norm: /u-u
|ullx Weighted [2-norm: \/u - [Xu] with X > 0
Differential Operators!'?
%x Total time derivative, %
Ox Partial derivative, %, x e {t, ¢, &, 5,x}
dx Variational derivative, g—x
div  Divergence of a vector, div u := V - u, return a scalar
div  Divergence of a tensor, div o := V - o, return a vector
grad Gradient of a scalar, grad f := V[, return a vector
Grad Gradient of a vector, Grad u := Vu, return a tensor
curl Curl or rotational, curl u := V X u, return a vector

T
! Nabla operator: V = [0; 0¢ 9]

2 Operators single notation returns a scalar, as for example div ; operators with bold notation returns a
column vector, as for example div ,grad and curl ; and operators with bold notation and capital first letter

return a tensor, as for example Grad .
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Notation

Structure
U, A Lamé coefficients of the structure material
ps Density of the structure material
r,h, L Internal radius, thickness and length of a flexible tube
ls  Length of structure sections
ns  Number of structure sections
m; j-th mass of the MSD approximation
msj  Momentum of the j-th mass
vsj  Velocity of mass j
qs; Position of mass j
qsoj Position of mass j at instant t =0
g; Displacement of mass j, q; = qsj — qgj
ki, kej, k;?"l Coefficients of j-th lateral, coupling and collision springs
s 77501 Non-linear parameter of j-th lateral and collision springs
d; Coefficient of the j-th damper
¢; Dimensionless dissipation factor of j-th damper
Ts,q, Sets of structure momenta and displacements
Ksj Kinetic energy associated with mass j
P,; Potential energy associated with spring j
Fluid
p Density
v Velocity field
v,0 Velocities on ¢ and £ axis
T Newtonian viscosity tensor
i,k  Kinematic and dilatational viscosities
p Static pressure
pq Dynamic pressure
P Total pressure, P = p+ pg
P;, P, Total pressures on inlet and outlet boundaries
Q,Q™ Volumetric and mass flow
Bs,m Bulk modulus and mass of nodes
Aj, Ac;  Cross-sectional area and fluid-structure contact area of j-th fluid section
m¢;  Longitudinal momentum of the j-th fluid section
Ky, %y Kinetic and internal energies of the fluid
u,s,i  Specific (per unit mass) internal energy, entropy and enthalpy
T Temperature
fr,fs Heat and entropy fluxes
po Reference density
po,fig  pressure and enthalpy at pg
D, i Relative pressure and specific enthalpy, p = p — po, h=h — ko
« Available specific internal energy
Abbreviations
PHS port-Hamiltonian system
FSI  Fluid-structure interactions
BC Boundary conditions
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Chapter 1

Introduction

1.1 MOTIVATION

Fluid-structure interaction (FSI) is a sub-discipline in science and engineering, focused on
the description of the interactions between fluids and mechanical structures [1]. FSI raises
challenges associated with the fluid and structural mechanics subproblems, as well as with
their coupling. FSI can be characterized as a class of problems for which exists a mutual
dependence between the fluid and the structural mechanical domains. The flow behavior is
driven by the shape of the structure and its motion, and the motion and deformation of the
structure is driven by the fluid forces acting on the contact surface, also called coupling surface
1, 2].

FSI can be found in problems in engineering, science and medicine, such as performance
analysis of power generation with wind turbines [3, 4] and aerodynamics of aircrafts [5], mod-
eling of insect flight [6, 7], interactions between water waves and floating objects [8], in the
analysis of blood flow [9, 10, 11, 12] with several applications, ranging from analyzing the
blood flow in an cerebral aneurysm, to study the pressure wave propagation in an artery, as
shown in Figures 1.1a and 1.1b, respectively ; human voice production [13, 14, 15, 16] as the
analysis of the intraglottal airflow during the vocal folds vibration cycle, as shown in Figure
1.1¢, and in sound generation of musical instruments [17].

FSI can be described by a set of differential equations and boundary conditions which belong
to the fluid and structure domains. The structure domain is governed by motion equations,
obtained by an Euler-Lagrange formulation. The fluid domain is usually described using the
Navier-Stokes equations. When modeling the coupling between the fluid and structure domains
the following three conditions have to be satisfied [19]:

e A geometric condition, i.e., the domains can not overlap.

e A kinematic condition, i.e., the velocities of the fluid and the structure at the coupling
surface are the same, and finally,

e A dynamic condition that prescribes a balance of normal stresses at the boundary in
terms of actio et reactio.

From a numerical point of view, FSI problems are very challenging to handle, as they are de-
scribed by nonlinear partial differential equations (PDESs) defined on moving boundaries. They
require an appropriate grid for the mechanical and fluid domains, a clear delineation of fluid-
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Wall shear stress

Flow velocity - ‘ Pressure

(a) Blood flow in a cerebral aneurysm [18]. Left: flow velocity contours and stream lines. Middle: Shear
stress in the arterial wall. Right: flow pressure contours.
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(b) FSI in blood flow. Arterial pressure wave  (c¢) Comparison of the intraglottal airflow in the vocal
propagation [12]. folds using different meshes [14].

Figure 1.1 — Examples of FSI systems in engineering, biology and biomedical sciences.




1.1. Motivation

structure interface, an appropriate estimation of the nonlinear dynamics, and the numerical
stability of the discretization methods. In the literature, different approaches have been pro-
posed to tackle these problems. For example, to guarantee the numerical stability of the fluid-
structure time discretization, algorithms as the nonlinear generalized-a time integration scheme
[20], Leap Frog-Implicit Euler time discretization scheme and First order Backward Difference-
Implicit Euler scheme [21] are used. In [22] an axisymmetric Navier-Stokes Prandtl (RNS-P)
system is used to simplify the analysis of the fluid-structure dynamics applying finite volume
“multiring” space-time discretization algorithm. Other well-known algorithms that prevent
numerical instabilities in the computation of the fluid-structure dynamics are the streamline-
upwind/Petrov—Galerkin (SUPG) [23, 19] and the pressure-stabilizing /Petrov—Galerkin (PSPQG)
methods [1, 19].

On the other hand, regarding the problem of moving boundaries in the fluid domain, there
are approaches such as space-time methods [24, 1] and the well-known arbitrary Lagrangian-
Eurelian (ALE) schemes [25, 26, 19]. In these methods, also called interface-tracking techniques,
adaptive mesh (or moving-mesh) and remeshing algorithms are used. In these algorithms, the
mesh moves to accommodate to the shape changes in the spatial domain occupied by the
fluid, and as the mesh moves, sometimes it is necessary to remesh, i.e., to generate a partial
or complete new set of elements or new set of nodes and elements,as shown in Figure 1.2, to
improve the accuracy of the computational solution [27].

Adaptive mesh Remeshing

Figure 1.2 — Adaptive mesh and remeshing of the fluid domain in interface-tracking techniques [28].

In problems where contact between structural surfaces is involved and bringing the flow
through the gap to zero is relevant, as for example in the description of the airflow in the
glottis, the adaptive mesh methods would be more difficult to use [27]. As commented in [14],
during phases with narrow gap or contact between structural surfaces, extremely distorted
cells with a zero or even negative volume impair the numerical simulation and lead to a break-
off in the worst case. In this sense, several approaches have been proposed in the literature.
In [14] an overset mesh around the structure is used. Wherever the overset and background
meshes overlap, the occluded cells of the background mesh become disabled and the overset
cells become enabled and to avoid elements with zero or negative volume, at least four cells
remain between the structural surfaces during the closure, allowing a minimum gap with a
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small and negligible flow leakage. In [29], when the distance between the structural surfaces
is less than a threshold value, the mesh at the corresponding zone is not further modified and
the flow velocity is set to zero, and in [30, 31] a remesh strategy is used at each time instant.

Figure 1.3 — Longitudinal fluid flow interacting with a mechanical structure with transverse motion.

In this thesis we consider the FSI between a longitudinal fluid flow and a mechanical
structure with transverse motion, as shown in Figure 1.3.  Even if this problem is simpli-
fied regarding the 3D fluid-structure interactions, it has interesting applications in different
research areas, as for example the study of hemo-dynamic in veins and arteries [32, 11] and
the human phono-respiratory system [14, 16], among others. In the classical analysis of this
problem, discretizing the PDE’s that describe the fluid and structure behavior, the applica-
tion of several computational algorithms is necessary to guarantee the appropriate coupling of
physical domains, the stability and the accuracy of the numerical results, as discussed above.
As a first approximation, we consider some symmetrical assumptions, as shown in Chapters
2, 3 and 4, in the behavior of the fluid and structure, to obtain finite-dimensional models of
both subsystems with an appropriate description of the fluid-structure dynamics. This allows
us to avoid the use of mesh algorithms as in classical discretization of infinite-dimensional for-
mulations. The use of finite-dimensional models in FSI problems is common in applications
such as the vocal-folds vibrating cycle, where the layered tissue-epithelium, lamina propria and
vocalis muscle exhibit two dominant eigenfrequencies whose behavior can be described through
simplified mass-spring-damper models [33].  Moreover, we use the port-Hamiltonian frame-
work in the modeling and coupling of both finite-dimensional subsystem. The advantage of
this framework is that it focuses on the energy flux description between the system elements,
proving stability and passivity properties to the model, allowing to define fluid-structure power
transfer through a power-preserving interconnection. The aim of this approach is to obtain
an appropriate description of the FSI problem described in Figure 1.3, reducing the model
complexity of the classical numerical models. Finally, to advance in the numerical formula-
tion of the FSI problem, we present general infinite-dimensional port-Hamiltonian models for
Newtonian compressible fluids under isentropic and non-isentropic assumptions.

In the next section, we present the basic concepts of port-Hamiltonian systems, considering
the finite-dimensional and the infinite-dimensional formulations, and also the irreversible port-
Hamiltonian systems used in non-isentropic thermodynamics problems. In this sense, a bold
notation is used to define vectors, Oy = 3% and 0y = % are used to denote partial and variational
derivatives, respectively, and x = ‘Z—’t‘ denotes the time derivative of x.
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1.2 BACKGROUND ON PORT-HAMILTONIAN SYSTEMS (PHS)

As mentioned above, port-Hamiltonian formulations define a modeling framework that fo-
cuses on the energy flux. This framework has been initially introduced in [34, 35, 36] for
finite-dimensional systems and in [37, 38, 39, 40] for infinite-dimensional systems. In this
framework, the system dynamics is described in terms of driving forces expressed through
derivatives (partial and variational derivatives for finite-dimensional and infinite-dimensional
systems, respectively) of the total energy stored by the system, i.e., a non-negative function H
with respect to energy variables, i.e., the state vector x. Similarly, the input u and output y
are power-conjugated, describing the power supplied through the system ports. A feature of
the finite-dimensional PHS is given by the inequality H < u'y, i.e., the rate of of change of the
system stored energy is bounded by the instantaneous power supplied through the ports. This
feature combined with non-negativity characteristic of H, guarantees passivity and stability
properties which are useful for control purposes [41]. As shown in [42, 43], these properties can
be extended to infinite-dimensional PHS. Additionally, energy-based control methods, such as
energy-shaping, damping injection and IDA-PBC, are based on PHS models [42, 41]. Other
advantage is that PHS are associated with a Dirac structure (see [44] for details), allowing the
use of differential geometry tools to work without considering coordinates, which is suitable for
the discretization of infinite-dimensional formulations. In order to exploit these advantages,
the port-Hamiltonian framework has been used to describe dynamic systems in several appli-
cation areas, such as the sound generation in musical instruments [45, 46, 47], the human voice
production [48; 49], plasma dynamics [50] and mechanical systems [51, 52, 53], among others.

From the FSI point of view, the principal advantage of using PHS is the use of the energy as
lingua franca between different physical domains, allowing the coupling of two systems through
a power-preserving interconnection. This implies that fluid and structure models are described
using the same tool and can be coupled by the power transfer between the sub-systems, as
shown in [54, 55, 56].

1.2.1 Finite-dimensional port-Hamiltonian systems

Finite-dimensional PHS are described using a set of ODEs. According to [44, 42], the general
finite-dimensional PHS formulation, called input-state-output port-Hamiltonian system with
feed-through term, is defined as follows.

Definition 1.1. [/, /2] Consider the state space X of a dynamic system, and the non-negative
function H : X — R defining the stored energy. An input-state-output port-Hamiltonian system
with feed-through term is described by the following dynamic equations:

x = [J(x) — R(x)] OxH + [G(x) — P(x)]u (1.1a)
y = [G(x) + P(x)]" 0xH + [M(x) + S(x)] u (1.1b)

where x € X is the state vector, u and y are the input and output vectors, respectively,
J(x) = —J"(x), M(x) = —M"(x), and matrices R(x), P(x) and S(x) satisfy

R(x) P(x)
[PT(X) S(x)] 20 (1.2)

ot
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such that, the power balance satisfies the following relationship:
T
8}(7{1 [R(x) P(x)] laXH <u'y (1.3)

HZUTy_[u PT(x) S(x)|| u

where u'y denotes the power supplied to the system.

Remark 1.1. Notice that in (1.1) the matrices are function of the state. This implies that (1.1)
describes a non-linear system (see [/1] for details). In the case of linear systems all matrices in
(1.1) are constant, i.e., the PHS framework encompasses both, linear and non-linear systems.

Given the non-negative condition (1.2), S(x) = 0 implies that P(x) = 0. Then, in this case
the input-state-output port-Hamiltonian system with feed-through term (1.1) can be expressed
as:

x = [J(x) — R(x)] OxH + G(x)u (1.4a)
y = GT(x)0H + M(x)u (1.4Db)

satisfying
H=u'y - [0,H] Rx)H<u'y (1.5)

Similarly, if M (x) = 0 the ODEs (1.4) are simply called input-state-output port-Hamiltonian
system. Moreover, PHS are associated to a geometric structure named Dirac structure. In this

respect, according to [44, p. 48] the skew-symmetric matrix J(x) = —J ' (x) must satisfy an
integrability condition associated with the Jacobi identity, i.e., for every £, F,G : X — R, then
{EAF. G +{FA{G. e} +{9.{€, F}} =0 (1.6)

where {F, G} = [0xF]" J(x)0xG is the Poisson bracket on X. If the integrability condition (1.6)
is not satisfied, then, the structure generated by (1.1)-(1.3) is called pseudo-Dirac structure,
and the system described in Definition 1.1 is considered as a pseudo port-Hamiltonian system
(see [44, 42] for details).  Notice that, in the linear case the skew-symmetric matrix J =
—J7 is constant and satisfies directly the Jacobi identity, i.e., all linear PHS generate a Dirac
structure.

1.2.1.a Interconnection of port-Hamiltonian systems

An advantage of PHS is the use of the energy as lingua franca. This allows the coupling
of two subsystems defined on different physical domains through a power-preserving intercon-
nection. In this sense, according to [44] two types of power-preserving interconnections are
commonly used in the PHS framework: the interconnection by ports and the interconnection
by energy.

To explain these interconnection methods, consider two PHS in the from:

Xj = [J] — R]] Qx].’;'-[j + Gjllj (17&)
Yi= G;‘raxjHj (1.7b)
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with j € {1, 2}.

The interconnection by ports is used when the ports of the two systems are compatible,
i.e., the power transfer between the systems is given by u]y; = —uj y», where u; C u; and
y; Cyj, such that {u;,y;} define the connection ports of the system j. Then, the two systems

can be coupled using the following interconnection rule:

G _
oM (1.8)
Uz Y2
where C = —C'" is the coupling matrix. To illustrate this method, let us consider a mass-
spring system, as shown in Figure 1.4a. The potential energy stored by the spring is given
+V —
A
k
q
o
Vi l
K
m
Um l l Fs
(b) Levitated ball

(a) Mass-spring system
Figure 1.4 — Tllustrative examples of power-preserving interconnections. a) Mass-spring system uses
interconnection by ports b) levitated ball uses interconnection by energy.

1kq? where k and ¢ are the spring coefficient and elongation, respectively, and
Fy, = 0,H), = kq is the restoring force associated with ¢. Then, the PHS model for this spring

by Hk == 5
is given by:
(j = anHk + VL
~
X1 up
Fy, = 0 My
~

Y1
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1

Similarly, the kinetic energy stored by the mass is given by H,, = 5p2 /m where p = mu,,

and v, = 0,H), = p/m denote the mass momentum and velocity, respectively. Then, the PHS
formulation of the mass dynamics is expressed as:

. F
\.p/—O(?pHm—i-[—l 1} [FQ]
X2 SN—~—
U | |1
][]
——

Y2

Notice that the power transfer between the mass and the spring is given by vy Fj = v, F}.
Then, defining the connection ports {uy,y1} = {vx, F} and {us,y2} = {F1, —v,,}, mass and
spring can be coupled using the interconnection:

B AR A [

leading to the following mass-spring PHS model:

b= o )+ ] »

n=[0 1] 2]

where H = Hy + Hp-

Regarding the interconnection by energy, it is used when the ports are not compatibles and
the energy of one or both systems are linked such that the coupling is only possible considering
a combination of the two energies. Consider for example a magnetically levitated iron ball
system, as shown in Figure 1.4b. In this case, the potential and kinetic energy stored by the
ball is given by H;, = mgq + %pz /m where m, ¢ and p are the mass, position and momentum
of the ball, respectively, and g is the gravity acceleration, such that F, = d,H;, = mg is the
gravitational force acting on the ball and v, = d,H, = p/m is the corresponding displacement
velocity. Then, considering that the momentum balance is given by p = —F, + F,, where F, is
the force induced by the electromagnetic field, and ¢ = v, the PHS model of the ball is given

by:
gl _[o 1] [8,Hs] , [0
M e 01 lapﬂbl * H L

o A M
Vp = 0 1} [apr]




1.2. Background on port-Hamiltonian systems (PHS)

On the other hand, the energy stored by the electric circuit is given by H. = 1¢?/L(q)
where ¢ is the magnetic flux-linkage of the inductor, L(q) is the corresponding inductance, and
I = 0,H. denotes the circuit current. Then, the corresponding PHS model is expressed as:

\gé/ = —RO,H. +L

Xo u2

y2

where R is the resistance and V' denotes the source voltage. In this case, the ports {u;,y;}
and {uy,y2} are not compatible, hence an interconnection by ports is not possible. However,
given the dependence of the inductance L on the ball position ¢, the force induced by the

2
electromagnetic field on the ball can be expressed as F, = —0,H, = (%) 0,L(q), i.e., the
coupling of the electric and the mechanical systems is obtained by combining the energy of the
two systems, H = H;, + He, such that F, — F, = 9,H. Thus, the coupled system is described

as:

i 0 1 071[a,H] o
pl=1|-10 0| |oH|+]|0|V
¢ 0 0 —R||0,H] |1
O, H
=000 1)|oH
O, H

This example illustrates how two systems can be interconnected by energy. In the case of
FSI problem, the mechanical and the fluid subsystems are described using finite-dimensional
PHS models that have ports associated with the velocities and the forces on the contact surface
between the two subsystem. This implies a compatibility to make an interconnection by ports.
However, notice that the fluid domain varies according to the structure motion. This implies
that the fluid energy is linked to the state variables of the structure model, and, as a conse-
quence, additional driving forces appear when both system are coupled. To solve this problem,
in [57], for example, an additional state variable is included in the fluid model to describe the
changes in the fluid domain. In this thesis, we propose a power-preserving interconnection that
combine the properties of the interconnection by ports and by energy, as shown in Chapters 3
and 4, guarantying that the kinematic and dynamic conditions, described in Section 1.1, are
satisfied.

1.2.2 Infinite-dimensional port-Hamiltonian systems

When the PHS are defined on infinite dimensional domains €2 with boundary 0f2, the
state variables depends on time ¢ and on the spatial variable (, i.e., x = x({,t) € L*(Q,R").
Similarly, the total energy is defined as a functional in , i.e., H = H(x) € F, where F denotes
the space of smooth functionals of the form:

Flx) = /Q F(x)dQ (1.9)
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with f(x) as a smooth function that defines the density of F in €2, and satisfies 0xF = Ox f(X),
where 0y F = 5;? denotes the variational derivative of the functional F, that is defined as the
unique function that satisfy:

Flx +edx) = F(x) + ¢ /Q 5, FoxdQ + O(c2) (1.10)

for every ¢ € R and smooth real function dx(¢),{ € €, such that their derivatives satisfy
%x(()]oa = 0,7 =0,...,n [58, 42].
In infinite-dimensional PHS the driving forces are given by the variational derivative of the
total energy functional, 0,H, and the dynamics are described using a Hamiltonian differential
operator acting on 0,H. A Hamiltonian operator is defined as follows.

Definition 1.2. [58] A linear operator [J is called Hamiltonian if it satisfies the following
conditions for every (F,G,E) € F:

a.- Skew-symmetry:
b.- Jacobi identity:

{FAG.e 5}, +{9.46. 7Y ), +{EAF.G) ), =0 (1.12)

where {F,G} ;= [q (6 F) " T0xGdQ, with boundary conditions equal to 0, denotes a Poisson
bracket on infinite-dimensional domains.

In [39] a parametrization of the boundary flow and effort variables is given in order to define
a Dirac structure for 1D linear systems and then to define a PHS described by PDEs in the
form 0,x = J0xH, where 6xH = L£x, with £L = LT > 0 € R™™, and J is a Hamiltonian
operator of order n, in a domain €2 := {C € [a,b] C R}, defined as:

Je = Z e, ¢ € [a,b] (1.13)

with P; = (—1)j+1PjT. The parameterization of the boundary flow and effort port variables, fj
and ey respectively, is given in terms of matrices Py, Ps, ..., P, and the system efforts 6, H at
the boundary. These boundary port variables are used to define the system inputs and outputs,

u(t) and y(t) respectively, using full rank matrices W, and W, such that [Wb is invertible and

"

WyEW," >0 (1.14)

where Y = (I) é . This parametrization of the boundary flow and effort port variables and the

system inputs and outputs, guarantee the existence of solutions and the exponential stability
of linear systems, i.e., the PHS is well-posed [39, 43].

10



1.2. Background on port-Hamiltonian systems (PHS)

In this Thesis only differential operators of order 1 are used, i.e., in the case of 1D linear
systems the Hamiltonian operators is defined as:

Je = Pi0.e + Pye, ¢ € [a,b] (1.15)
where P, = P, and P, = —F) .

Definition 1.3. [39] Let H € F be the total energy of a linear 1D dynamical system with state

variables X = v, --- x,]". Then, the impedance passive port-Hamiltonian formulation is given
by:
Ox = JoH (1.16a)
u(t) = W, m (1.16b)
€y
£y
y(t) =W, (1.16¢)
€y
where [%ﬂ invertible, such that

W.EW = W,SW," =0 and W,XW. =1 (1.17)
satisfying the balance equation
H = fgea =y'u (1.18)

with the boundary port variables (f, ey) defined as

fa _ 6xH|b
M - Re L&ma] (1.19)

P 0
0 —h|

];1 _f)l] is invertible and satisfies R YR = [

ext

_ 1
where Rey = 7% [
Notice that the previous definition provides a basic PHS formulation for non-dissipative
system with differential operators of order 1. For a general formulation with 1D operators
of order n see [39]. The case of dissipative systems is considered in [40], extending the port-
Hamiltonian approach for PDEs of the from:

Oix = JoxH — G*SG6H (1.20)

where the term G*SGd,H describes the dissipative elements of the system, with G* = —G{ 9, +
G, as the formal adjoint of the 1D operator G = G19; + Go and S is a coercive operator on
L*(Q,R™), i.e., there exist a ¢ > 0 such that (Sx,x),. > ¢ (X,X) ;2.

11



Chapter 1. Introduction

Definition 1.4. [/0] Let H € F be the total energy of a dynamic system with state variables

X =[xy, ---. x,]". Denoting by fr = Go,H and ep = Sfr the flows and efforts associated
with the system power dissipation. Then, the associated dissipative port-Hamiltonian system is
given by:
atX . j —g* 5XH
-6 L w
u(t) =W, [fal (1.21b)
€y
fa
y(t) =W, (1.21c)
€y
where lWC] invertible, such that
Wi

W.EW,) = W, SW," =0 and W,SW, =1 (1.22)
satisfying the balance equation
H<y'u (1.23)

with the boundary port variables (f5, ey) defined as

6XH|b
fa| erls
0]t 120
eR’a
P —P P 0 -
1 1 i o . . T . 1 . B
where Rey = 7 [I I ] is invertible and satisfies R, ;X Rert = [0 —fﬁ] with P, =
P GT
Gy 0|

The port-Hamiltonian formulations (1.3) and (1.21) can also be extended to multi-dimensional
systems, as shown [59, 60, 61] for 2D models of the wave equation and thin plates, and [62] for
3D isentropic compressible fluids with irrotational flows, among others.

It is important to notice that in the above port-Hamiltonian formulations the Hamiltonian
operators are independent of the state variables and generate a Dirac structure, see [39, 40] for
details. However, in the general nonlinear case, according to [58] a Hamiltonian operator can
depend on the state. In this sense, [57, 63] prove that a particular skew-symmetric operator
J(x) of the form Je = } [P(X)T(‘?Ce + 0¢ (P(X)Q)] can also generate a Dirac structure.

On the other hand, it is necessary to highlight that the dissipative port-Hamiltonian for-
mulations described in subsections 1.2.1 and 1.2.2 are useful to describe irreversible physical
systems where the thermal domain is irrelevant and can be neglected. In problems where
the thermodynamic of the system is relevant, as for example exothermic and endothermic
chemical reactions, heat exchangers and transport of superheated steam, among others, other

12



1.2. Background on port-Hamiltonian systems (PHS)

approaches as GENERIC [64] and pseudo port-Hamiltonian formulations are used [65, 66]. In
the next section we introduce the irreversible port-Hamiltonian formulation, that is, a pseudo
port-Hamiltonian approach focused on the appropriate description of the entropy S (second
law of thermodynamic) to model the thermal domain.

1.2.3 Irreversible port-Hamiltonian systems

An irreversible port-Hamiltonian system is an energy-based formulation focused in the de-
scription of irreversible process, proposed initially in [67, 68].  Unlike the dissipative port-
Hamiltonian system, where the irreversible phenomena is described through energy dissipative
elements, neglecting the thermal effects, in the irreversible port-Hamiltonian approach the ther-
mal domain is described using the entropy as a state variable, including in the port-Hamiltonian
structure an element defined by the Poisson brackets that is useful to describe the second law
of Thermodynamics in the dynamic equations (see [67, 68] for details).

To describe the thermodynamics we consider first the Gibbs equation:

dU = —pdV + TdS + > vidN; (1.25)

that describes the local variations of the internal energy U as a function of the intensive
variables p, T" and v;, respectively pressure, absolute temperature and chemical potential of
i-th chemical specie; and the variations of the extensive variables V', § and N;, respectively the
volume, entropy and number of moles of the i-th chemical specie. Equation (1.25) defines the
thermodynamic equilibrium of a system where —pdV + 3=, ;,dN; and T'dS describe the energy
contributions by "work" and "heat', respectively, i.e., the Gibbs equation represents a geometric
structure in the space of thermodynamic variables, building the thermodynamic framework
[69] and it naturally leads to Legendre transformations between thermodynamic potentials,
depending on which variables are chosen as the independent ones, (see [69, Appendix A.4] for
details).

The finite-dimensional irreversible PHS are defined as follows.

Definition 1.5. [67] Let x € R™ be the state vector of an irreversible system with total internal
energy U = U(x) and entropy S. An irreversible port-Hamiltonian system is defined as

x = R(x,0:U)JOU + W (x,0.U) + g(x,0U)u (1.26)

where u € R™ is the input vector, J € R™™™ is a constant skew-symmetric matriz, the input
matriz g(x,0xU) and vector field W (x,0xU) are smooth functions that define the input map
associated with the ports of the system, and R(x,U) is the product between the positive function
v = y(x,0xU) > 0 and the Poisson bracket {S,U} = [0,S]" JOU, i.e., R(x, 8 U) = v{S,U}.

Given that R(x,0U) depends on O U, the linearity of any Poisson structure associated
with the matrix R(x,0xU)J is broken. Furthermore, the terms W (x, 0xUf) and g(x, Ox4) may
also depends on the states variables and 0.

13
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To analyze the thermodynamic properties of Definition 1.5 consider that the rate of change
of the internal energy is given by U = [0xU]' %x. Then, substituting the irreversible PHS
formulation (1.26) we obtain

U = R(x, 0 U) [0U]" TOU + [0:U]" [W(x,0U) + g(x, Od )]
— [0U] " [W(x, ) + g(x, Oxld )] (1.27)

Similarly, the rate of change of the entropy is given by

S = R(x,0dU) [0xS]" JOU + [0S] " [W (x, 0 + g(x, Oxld )l
= S, UV + [0xS]T [W(x, ) + g(x, Dld)u] (1.28)

i.e., if there is not exchange with the environment (the system is isolated), W(x, o) +
g(x,0xU)u = 0, the internal energy is a conserved quantity, U = 0, satisfying the first law
of thermodynamics, and the entropy balance (1.28) is non-negative and equal to the inter-
nal entropy production, o,y = v{S,U}* > 0, satisfying the second law of Thermodynam-
ics. This implies that the irreversible PHS formulation described in Definition 1.5 provides a
proper framework to describe finite-dimensional irreversible systems with a thermal domain
(see [67, 68] for details).

The extension of this framework to 1D infinite-dimensional systems has been proposed
initially in [70] for diffusion processes and extended in [71] for a general formulation of 1D
irreversible PHS on infinite-dimensional domains. In this sense, the internal energy and entropy
are considered as functionals on the space Q := {( € [a,b] C R}, i.e.,

Z/{:/Qa(x)dQ and S:/QadQ (1.29)

where «(x) and s denote the internal energy and entropy per unit length, respectively, and the
state is given by x = [z, --- x,_1 4]'. Furthermore, considering an incompressible medium
with constant volume, the Gibbs equation can be expressed as du = T'ds + >_, v;dc; where ¢; is
the number of moles per unit length of the i-th specie, satisfying that

0
0.8 =0w= ||, and U =u=T, CE€lab (1.30)

Similarly, the following operator is defined as
{F. €y = [6:F) ToE (1.31)

for every (F, &) € F, where J is a skew-symmetric operator. The irreversible port-Hamiltonian
system can be defined as follows on a 1D infinite dimensional space.

14



1.3. Thesis organization and contributions

Definition 1.6. [71] Consider the real functions R;j = v {S, U}, where v;; = 7;;(x, 6xU) > 0
is a nonlinear positive scalar function and J;; = P;;0f, with Py = (=1)""' P, is a Hamiltonian
operator. An infinite dimensional irreversible port-Hamiltonian system is defined by the PDE

8tx = Z lejlj(SXZ/l + ZRQJ'%]'(SXU -+ 84 [Rlék/,Z/{} y C € [CL, b], (132)

Jj=1 Jj=1

with boundary inputs and outputs given by

u(t) = Hgi% m and y(t) = lfgﬂ?a] , (1.33)
respectively, where Ry = [Ry; -+ Ry,]" satisfies
0
fj Ry il = o (1.34)
B Ry 0 (1]
such that
U=u'y and S = / b TimdC + (RindU)|" (1.35)

where g 18 a non-negative function that describes the internal entropy production.

Notice that according to (1.35) the rate of change of the total internal energy stored by the
system (1.32) is given by the power supplied through the boundary ports. Similarly, if (1.32)
is a closed system, i.e., u = 0, V¢, then U = 0 and S > 0, satisfying the first and second law of
thermodynamics, respectively.

1.3 THESIS ORGANIZATION AND CONTRIBUTIONS

To describe the FSI in a longitudinal domain, in Chapters 2-4 we propose a finite-dimensional
model of the structure and the fluid subsystems based on the port-Hamiltonian framework. This
allows us to avoid the use of moving-mesh and remeshing algorithms and stabilization meth-
ods, like SUPG or PSPG, and provides an appropriate power-transfer fluid-structure coupling,
simplifying the FSI model. In Chapter 5, we propose an energy-based infinite-dimensional
modeling for isentropic and non-isentropic Newtonian fluids.

In Chapter 2 two examples, a flexible tube and the vocal folds, are used to illustrate the
structure mass-spring-damper formulation. The flexible tube example describes the method-
ology to obtain a scalable PHS-based mass-spring-damper model, assuming an axi-symmetric
behavior of the tube motion. In the case of the vocal folds, a PHS formulation of the well-
known body-cover model [72] is proposed, without the use of auxiliary variables to describe
the tissue deformation during the vocal fold collisions, reducing the number of state variables,
in comparison with others PHS-based models [73, 74].
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In Chapter 3, a scalable PHS model of incompressible isentropic fluids is developed, intro-
ducing the use of an instrumental element, called node, that allows, from a port-Hamiltonian
point of view, an appropriate coupling of the incompressible fluid sections. Additionally, a
power-preserving interconnection that combines the properties of the interconnection by ports
and by energy, is proposed for fluid-structure coupling.

Chapter 4 shows the development of a scalable PHS model of compressible isentropic fluids.
Considering an irrotational flow and other constrains that allows to reduce the fluid analysis to
a 1D model. Similarly, a switched power-preserving fluid-structure interconnection is proposed,
focused in allowing a structure elastic collision, useful to describe systems as the vocal folds.

Finally, in Chapter 5 several energy-based infinite dimensional formulations are proposed
for non-reactive compressible fluids. General pseudo and dissipative port-Hamiltonian models
are developed for the non-isentropic and isentropic Newtonian compressible fluids, respectively,
including the operator considerations to preserve the model structure in 1D and 2D fluids cases.
Additionally, the thermodynamic properties of the internal energy per unit mass and the use
of an availability function in the total energy description in previous models is also discussed.
Similarly, an irreversible PHS formulation is proposed for 1D non-reactive fluids.

1.4 ASSOCIATED PUBLICATIONS

As a result of the work presented in this thesis, the following papers have been published:

e Mora, L. A, Yuz, J. 1., Ramirez, H., & Le Gorrec, Y. (2018). A port-Hamiltonian Fluid-
Structure Interaction Model for the Vocal folds. TFAC-PapersOnLine, 51(3), 62-67. 6th
IFAC Workshop on Lagrangian and Hamiltonian Methods for Nonlinear Control LHMNC
2018.
https://doi.org/10.1016/j.ifacol.2018.06.016

e Mora, L. A., Ramirez, H., Yuz, J. L., & Le Gorrec, Y. (2019). A Scalable port-Hamiltonian
Model for Incompressible Fluids in Irreqular Geometries. IFAC-PaperOnline, 52 (2) 102-
107. 3rd IFAC Workshop on Control of Systems Governed by Partial Differential Equa-
tions CPDE 2019, page 102-107.
https://doi.org/10.1016/j.ifacol.2019.08.018

e Mora, L. A., Le Gorrec, Y., Matignon D., Ramirez, H. & Yuz, J (2020). About dissipa-
tive and pseudo Port-Hamiltonian Formulations of irreversible Newtonian Compressible
Flows. 21st IFAC World Congress in Berlin, Germany.

e Mora, L.A. Le Gorrec, Y., Ramirez, H., & Yuz, J. (2020) Fluid-Structure Port-Hamiltonian
Model for Incompressible Flows in Tubes with Time Varying Geometries. Mathematical
and Computer Modelling of Dynamical Systems, 26, 409-433.

e Mora, L.A., Ramirez, H., Yuz, J.I., Le Gorrec, Y., & Zanartu, M. (2020) Energy-based
fluid—structure model of the vocal folds. IMA Journal of Mathematical Control and In-
formation, DOI: 10.1093 /imamci/dnaa031.
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Chapter 2

Mechanical description of the structure

In this thesis we consider FSI systems where the mechanical structure motion is transverse
with respect to the fluid flow, as shown in Figure 2.1a. From a material point of view, this
flexible structure, according to its material nature, is commonly described by hyper-elastic or
elastic models.

Structure with transverse motion

Longitudinal
fluid
(a) FSI system
MSD approximation of the structure transverse motion
Longitudinal
Sfluid

(b) Structure MSD approximation

Figure 2.1 — Mechanical description of the structure motion

In the literature, different formulations to model elastic and hyper-elastic material can be
found, such as the Mooney-Rivlin, Neo-Hookean and polynomical models [75], and the well
know Saint Venant-Kirchhoff model (SVK) and its linearized form [76]. Similarly, to describe
the dissipation associated with the conversion of kinetic energy into heat by the material motion,
different approaches have been proposed, as for example the standard linear solid, Maxwell
and Burgers formulations [77] and the Kelvin-Voigt approach [78]. These models require of
numerical schemes for their simulation and to obtain a detailed description of the material
motion, such as spatial discretization schemes, like finite-elements or finite-volumes methods,
coupling algorithms for the interaction with fluids [76], and appropriate time discretization to
guarantee the numerical stability of the simulation [79, 10, 12].

In this chapter we focus on two case studies for structures that have transverse motion to
a fluid flow: flexible tubes and vocal folds.
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Contribution

To reduce the complexity in modeling of elastic or hyper-elastic materials, we propose
the use of interconnected mass-spring-damper (MSD) systems to describe the transverse
motion of the structure, as shown in Figure 2.1b. These models are described using the
port-Hamiltonian framework. For the flexible tube case we propose a scalable MSD model
and for the vocal folds case we propose an alternative port-Hamiltonian formulation of
the body-cover model [72], that reduces the number of state variables, in comparison
with other energy-based models in the literature [73].

2.1 FLEXIBLE TUBE MODEL

In this section we consider a cylindrical and flexible tube with inner radius r, length L and
thickness h, as shown in Figure 2.2. According to [10], flexible tubes have special relevance
in biological applications, such as the interaction between the elastic arteries and the blood
flow [22] or the phono-respiratory system [80], among others. This class of structures has
been studied using multi-layer [10] and single-layer [12] materials approaches. The interaction
between this class of flexible tubes and some internal fluid flows has been a relevant benchmark
to test the accuracy of numerical methods suitable for the simulation of FSI problems, such as
partitioned [10, 9, 81, 82, 83] and monolithic [12, 18, 84] finite-element schemes, and mesh-free
finite pointset methods [85]. To simplify the analysis and to obtain a MSD formulation, we
consider the following assumptions:

Assumption 2.1. To describe the flexible vessel as a mass-spring damper system we make the
following assumptions:

e The material is isotropic.
e The motion of tube walls is only radial.

e The motion is axisymmetric.

[

radial axis &

axial axis ¢

0 G L

Figure 2.2 — Cylindrical flexible tube description.
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2.1. Flexible tube model

Figure 2.3 — Cross-sectional view of the flexible tube and the forces acting at a point by an axisymmetric
circumferential strain. The expansion velocity v is axisymmetric.

2.1.1 Mass-spring-damper model

In order to derive a MSD formulation of the system shown in Figure 2.1b, we divide the
flexible tube in n, sections of length ¢, = L/n,, as shown in Figure 2.2, i.e., we divide the axial
axis in ng parts and we analyze the radial motion of the structure at x € {(y,---,(,.} where
¢ = (j — 1/2)¢, is the axial coordinate of the j-th tube section. The mass of each section is
given by:

mj = 2mpsrhl (2.1)

where p; is the material density. Denoting by ¢; the average radial displacement of j-th section
and by my; = m;v,; the corresponding momentum, the motion of the j-th section is given by:

Gj = Vs (2.2a)
Ty = F (2.2b)

where vy, is the average expansion velocity and ) F' denotes the sum of forces acting on section

j. The equivalent springs and dampers in each section are deduced from the restoring forces
exercised by the material. In the case of springs, these forces are given by the circumferential
and shear strains of the tube.

Figure 2.3 shows a cross-sectional view of the j-th tube section at ¢ = ¢;. From Assumption
2.1, the velocity of the structure circumference is uniform, then, the tube expansion is axisym-
metric and the forces associated with circumferential strains acting on an arbitrary point of
section j induce an inward radial force when the tube expands. This inward force can be char-
acterized by a radial spring, as shown on the right hand side of Figure 2.3. Assuming a linear
behavior of this radial spring, the inward force F} is given by:

Iy = —Fkjq; (2.3)

where k; is the corresponding spring coefficient.
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Chapter 2. Mechanical description of the structure

Similarly, the force associated with the shear strain between two adjacent section is modeled
through a coupling spring.

Foj = —kej (95 — g51) (2.4)

where k.; is the coefficient of the coupling spring.
Coefficients k; and k.; are obtained from the material properties and are given by [86]:

Lh
k= B (2.5)
nrh

where A and W are the Lamé coefficients, and ; and 5 are dimensionless factors.

On the other hand, the dissipation induced by the motion of the section is described by a
damper, whose force is given by:

Fdj = _djvsj (27)

where d; > 0 is the damper coefficient. In this work we consider a Kelvin-Voigt model [77],
i.e., the force Fy; corresponds to one damper in parallel with the j-th radial spring, as shown
in Figure 2.1b. From a material point view, the parameters associated with the dissipative
terms of the stress tensor can be parametrized as the product between the Lame’s parameters
(responsible of the elasticity) and time terms responsible of the viscosity [87, eq. (8)]. In this
sense, we define the damper coefficients as d; = k;n; where 7; is a time parameter associated
with the viscosity. For simplicity, it is convenient to express 7); as a function of the mass and the
spring coefficient of the j-th section, and a dimensionless damping factor Ay, i.e., 7; = A %jj,

obtaining the simple formula [72, 88],

dj = )\S\/mjk:j (28)

Considering the restoring forces associated with the strain and dissipation in each tube
section, (2.3), (2.4) and (2.7), the sum of forces acting on the j-th section is given by > F =
F; + F,; — F.j_1 + Fy + F,j, where I,; denotes the external forces.  Then, the governing
equations of the j-th tube section can be expressed as:

qj = Vsj (2.9a)
Tog = Byt bey = Lo+ By 4 B (2.9Db)

Notice that in the tube sections 1 and n; a coupling springs with an exterior point is
not defined, as shown in Figure 2.1b. This implies that the restoring forces F,.y and F,,, are
neglected in the corresponding momentum balance of the first and last sections of the tube.
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2.1. Flexible tube model

2.1.2 Port-Hamiltonian Formulation

To obtain a port-Hamiltonian model of the system, we first describe the total energy stored
in the flexible tube. In this respect, the total kinetic energy is derived from the sum of the
kinetic energy in each section, i.e.,

ng 1 ﬂ-gj

K=Y
j=1

Similarly, the total potential energy is obtained by the sum of the radial and coupling
springs potential energies. The potential energy of the flexible tube is then given by:

i 2.10
S (2.10)

g 1 ns—1 1 )
Po= > 51{5]'%2 + §k‘cj (95 — gj+1) (2.11)
Jj=1 Jj=1
Radial Springs Coupling Springs

The total energy, of the mechanical system that describes the flexible tube motion is given
by:

Hs(ms, q,) = Ks + Ps (2.12)
where g, = [g1 -++ ¢,.]" and w, = [7q -+ 7.|" denote the sets of displacements and
momenta of the n, tube sections, respectively.

The efforts variables associated to each tube section are given by the partial derivative of
H with respect to the corresponding state variables, i.e., for the j-th tube section we obtain:

O Hs = kjqj + kej (97 — qj1) — kejo1 (51 — q5) = —F) — Foj + Feja (2.13)
Tei
O, Ms = Hj = Uy (2.14)

Then, the governing equations in an arbitrary section j are given by:

§j = Or,; Hs (2.15a)
7:(5]' = _anHS - djawsts + Fej (2151))
Proposition 2.1. Consider ¢, = [q1 -+ q,]" and wy = [mg1 -+ Ten. ] the sets of displace-

ments and momenta of the ng tube sections, respectively. Then, the dynamics of the flexible
tube can be expressed as the following port-Hamiltonian system:

x5 = [Js — Rs) Ox, Hs + Gsug (2.16a)
Ys = G;rasts (216b)
where x5 = [q] w[|T is the state vector, ug = [F.y -+ F.,.]" andys = [ve -+ vs,,]" are the
sets of external forces and velocities of the flexible tube sections, respectively, and
[0, H, o 1 o o _Jo
SRR . P A0 R ) SN
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Chapter 2. Mechanical description of the structure

with
d, 0 0
0o . .
Ry = |~ >0 (2.18)
N ¢
0 0 d,,
satisfying the balance
H=—[0nH] Ri0xH,+uly, <uly, (2.19)

Proof. Considering ng sections, from (2.15) the displacements and momenta dynamics can be
expressed as:

qs = aﬁsHs
ey — 0y My — RiH, + u,

where u, = [F,; --- F,,.]" and R; is given by (2.18). Defining the skew-symmetric matrix
0 I . 0 0 0
Js = 1 O,thematrlst— 0 R = [I ,
dynamics of the n, sections of a flexible tube can be expressed as the port-Hamiltonian system
(2.16). Finally, the relationship (2.19) can be easily derived substituting (2.16) in the energy

balance H, = [3XSHS]T Xs. O

> 0 and the input matrix as Gy then, the

2.2 VOCAL FOLDS MODEL

Another example of FSI system is the vocal folds model. The vocal folds structure is
composed by several layers of tissue, as shown on the left hand side of Figure 2.4. The most
superficial is the epithelium layer that protects the delicate tissue of the vocal folds. The next
layer is the lamina propria. It is composed by elastic and collagen fibers that make up the
vocal ligament. The deep layer of vocal folds is a muscular layer composed by the vocalis and
muscularis parts of the Thyoarytenoid muscle, that makes up the bulk of the vocal fold [89].
The interactions of the vocal folds with the intragottal airflow induce a vibrating cycle that

Thyroarytenoid [ Thyromuscularis
muscle Thyrovocalis

Epithelium —

Figure 2.4 — Tissue layers of the structure of vocal folds. Dotted line: Midasagittal plane of the glottis.
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2.2. Vocal folds model

AMAMAMA

Figure 2.5 — Simplification of the vocal folds mechanics using the body-cover model. A;’s represents the tissue
deformations during the vocal folds vibration cycle.

includes: the vocal folds collision, with the associated fluid domain closure and the restoring
forces associated with tissue deformations during the collisions. This kind of phenomena do
not appear in the tube example considered in the previous section.

In the literature, continuum mechanics models have been used to describe the physical be-
havior of the vocal folds sections, i.e., the epithelium lamina, the lamina propria and the vocalis
muscle [90]. In [91, 31] a linear stress-strain (elastic material) model is considered to describe
the tissue of each vocal folds section. A non-linear approach for the stress-strain (hyper-elastic
material) has been proposed in [92, 93, 13]. Viscoelastic models are also used in [29, 94].
However, the vibrations of the vocal folds commonly exhibit two dominant eigenfrequencies
whose behavior can be described through simplified MSD models [33]. Similarly, given that
the velocity of the vocal folds motion is much less than the intraglottal airflow velocity, it is
common to reduce the analysis of the airflow to a 1D fluid [72, 95, 96]. This allows us to study
the vocal folds vibration cycle as a FSI problem between a longitudinal fluid and a structure
with transverse motion. As a consequence, in this thesis we consider a symmetrical behavior
of the vocal folds using the well-know body-cover model (BCM) proposed in [72] to describe
its mechanical motion.

2.2.1 Body-cover model

From a mechanical point of view, the BCM is a simplified description of the vocal folds
behavior, as shown in Figure 2.5. Cover masses, m; and mo, describe the motion of the
epithelial layer and lamina propria layer of the vocal folds and the body mass mg describes the
motion of the thyrovocalis muscle that is effective in the vibration (see [72] for details). In the
formulation of the BCM the deformation of the tissue subject to the transverse stress-strain is
modeled as a hyper-elastic material. This implies that the transverse stress-strain is described
through non-linear springs between the cover masses and the body mass and between the body
mass and the glottal wall. The elongations of these non-linear springs are denoted by Aj, As
and Ag, as shown in Figure 2.5, whose associated restoring forces are given by [72]:

Fy = — (kA + kmiA?) 5 € {1,2,3} (2.20)

where k; and 7; are the linear and nonlinear coefficients of the corresponding springs. The
shear stress-strain in the epithelial layer is described through a linear coupling spring, with
coefficient k.;. The force associated with this spring is given by:

Fej = =k (2.21)
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Chapter 2. Mechanical description of the structure

Tissue compression

Figure 2.6 — Vocal folds collision description using the body-cover model. Left: tissue compression during the
collision. Right: overlap of the cover mass to describe the collision.

where Ay, describes the elongation of the coupling spring.

On the other hand, the energy dissipation due to the tissue viscosity is described through
linear dampers between the cover and body masses and between the body mass and the glottal
wall. The coefficients of these dampers are defined as d; = Ay;(/m;k; where Ay; is a dimension-
less loss factor. Then, the forces associated with these dampers are given by:

Fy = —d;A;, 5 € {1,2,3} (2.22)

where Aj denotes the time derivative of A;.

When the vocal folds collide, an additional mechanical stress-strain appears as a conse-
quence of the tissue motion inertia. This strain is due to the tissue compression around the
collision area, as shown in Figure 2.6 (left), making an additional restoring force on the vocal
folds to appear. Typically, in lumped-parameter models of the vocal-folds the masses are as-
sumed to be perfectly rigid. Then, to describe the collision, an overlap of the cover masses,
A%l j e {1,2}, is allowed [97], as shown in Figure 2.6 (right). During the overlap, additional
restoring forces are added to the dynamics of the cover masses. These restoring forces are mod-
eled through non-linear collision springs that are activate only when the vocal folds collide. The
restoring force associated with this collision springs is given by:

col col A col col, col col 3 .
Fet = = (gt et (ag)') e {1,2) (2.23)

where k;j-"l and 775901 are the linear and nonlinear coefficients, and Ajd denotes the overlap of the

J-th cover mass. Then, denoting by 7,; the momentum of mass m;, the dynamics of the BCM
can be expressed as:

g = Fi + Fa + Fg + F{ + Fy (2.24)
frso = Fy — Fuy + Fp + F5* + Foo (2.25)
Tog = 5+ Fys — (F1 + Fo + Foyy + Fyp) (2.26)

where F,; denotes the external force applied in the j-th cover mass.
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Contact surface of cover masses

transversal
axY

Sged T~
Sittal Tongitudinal e b

Midsag;m‘ plane

Figure 2.7 — Body-cover model of vocal folds showing a Hemi-larynx representation for symmetrical vocal
folds oscillations. Left: 3-dimensional view, displaying the mass positions. Right: bottom view, displaying the
contact surfaces.

2.2.2 Port-Hamiltonian formulation

Port-Hamiltonian formulations of the BCM have been proposed in [73, 74]. These formula-
tions use auxiliary variables to describe the overlap of cover masses during the collision. The
dynamics of these auxiliary variables and the associated spring forces are enabled by switches
that are activated when the corresponding cover mass collides and disabled otherwise. How-
ever, these formulations present some significant drawbacks. For example, some of the states
and auxiliary variables need to be appropriately initialized to 0 after each collision to avoid
numerical errors. In this thesis we propose an alternative formulation without the use of aux-
iliary variables. Considering a symmetric behavior of the vocal folds, only the mechanical part
of a hemi-larynx is modeled, as shown in Figure 2.7, where S; and S5 denote the contact sur-
faces of cover masses with the intra-glottal airflow. The surfaces have length ¢, and depth (.
We denote by ¢,; the position of the mass m; from midsagittal plane and q; = ¢5; — qgj the
corresponding displacement, where qgj is the equilibrium point at the reference pressure pg in
the glottis. The spring elongations are A; = g1 — g3, Ag = q2 — g3, A3 = g3 and A, = g1 — go.
To describe the collision of the vocal folds, we define the elongation of the collision springs as
A;ol = 5iQs; = Sj (q]» -+ q2j> .j € {1,2}, where s; is a switch variable defined as:

17 QSjSO .
;= je{1,2 2.27
; {0’ e ) (221)

Additionally, when a collision occurs, the loss factor of the dampers interconnected between
the cover masses and the body mass increase. We define these loss factors as Ag; = AJ; +s; )\ggl,
g€ {1,2}.

To obtain the port-Hamiltonian formulation of the overall system we first describe the total
energy stored in the BCM. The kinetic energy stored by the mass m; is given by:

2
1T

K = (2.28)
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col col
g)sj \\ FJ
\
' N 11s5;=0
. A}
j— . — A}
N s;=1 1] s;=0 N
~ Y
~ A
~ ~
s 0 N 0
S~ qj+qu S qj+qu
(a) Stored energy on collision spring (b) Retoring force applied on mass m;

Figure 2.8 — Stored potential energy of collision spring (left) and the corresponding applied force over mass
m;. Normalized behavior, k.; = 1 and n.; = 1, for j € {1,2}.

and O, Ky =
J
restoring forces of the springs connecting the cover masses with the body mass, we obtain that

the stored potential energy is given by:

= ¢, gives the mass velocity. Additionally, from the expression of the

1 1 .
Psj = ki (95— 9s)° + 2y (g5 = gs)", je{1,2} (2.29)
where 0, #;; = —F; and 0,,%s; = Fj. Similarly, the stored potential energies of the spring

connecting the body mass with the glottal wall and the cover masses coupling spring are
expressed as:

Pz = ;kng + ik3773q§ (2.30)
Py = ;kcl (g1 — q2)° (2.31)
respectively, where 0, P53 = —F3, 0y Pos = —F1 and 0y, Pss = Fry.
In the case of collision, the stored energy in the addltlonal springs is given by:
@c;’l kc"ls] (qj + q2j>2 + ikwln]”ls] (q] + qu) , je{L,2} (2.32)
where 0, @C"l —F; ol Note that the stored potential energy contained in the collision springs

depends on the dlscontlnuous variables, s;. However, SDCOZ is smooth and the restoring force
Fl is continuous, as shown in Figure 2.8.
The total energy of the BCM is given by:

— col
Ho= YKy o+ X2 o+ Yo (2.33)
J J J
—— —— ——
Kin. ener. in masses Pot. ener. in springs Pot. ener. in col. springs

Proposition 2.2. Consider the total energy defined in (2.33). The port-Hamiltonian model of
the BCM is of the form:

%, = [J, — Ry O My + Gou, (2.34a)
Ys = Gzasts (234b)
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where X, = [q1 g2 q3 Te1 Tso s3] is the state vector, u, = [F.y Fyp]' is the input vector given
by the external forces applied on the cover masses, ys = [¢1 2| is the output vector given by

the cover mass velocities, J;, = _OI (I)] where I and 0 are 3 x 3 identity and zero matrices,
respectively, Ry = [0 RJ and Gy = [Gl ] with
dy 0 —d 10
RQZ 0 dQ —dg and G1 =10 1 (235)
—dy —dy dy+dy+ds 0 0

Proof. Consider the total energy of the BCM in (2.33). Defining the state vector as x; =
[91 92 g3 e1 T2 73] ", then, the BCM efforts are given by:

8(71%5 == _Fl _FIQ_Fcl a7rs17_[s :41
OpHs = —Fy + Fig — Fy OryHs = g2
OpHs = F1 + Iy — I} OrsHs = g3

On the other hand, note that Al = q1 —gs, AQ = g2 —¢gs and Ag = ¢3. The forces associated
with the dampers can be expressed as Fyy = —dy (Or,Hs — Op s Hs), Fao = —da (0r s Hs — O Hs)

and Fy3 = —d30;,,Hs, and the dynamics on the momentum can be rewritten as:

7'Tsl = _8q1Hs - dl (87r517'ls - 871'53%8) + Fel
7.1—52 = _anHs - d? (871'527-[5 - a7rs3/7Lts) + Fe2
7'Tsl - _angs + dl (awsle - 871’537-[8) + d2 (awngs - 87T53HS> - d3a7r53%5

1 00

-
01 O] , we can describe

Then, considering the matrix Ry defined in (2.35) and G; = l

the BCM as the port-Hamiltonian system (2.34) where J, = [OI (I)l, R, = lg ]g] and
— 2

0
.- [2]. .

Remark 2.1. Note that the port-Hamiltonian formulation of the BCM in Proposition 2.2 does
not use auxiliary variables, reducing the number of states in comparison with the formulation
in [73, 7}]. Instead, the proposed model use switch variables, s;, in the definition of the stored
potential energy associated with the collision springs. FEven though the stored potential energies
are a function of discontinuous variables, they are smooth, as shown in Figure 2.8a, i.e., the
total energy of the BCM is a smooth function of the states variables. The restoring forces of
the collision springs are a continuous function of the mass positions that vanishes when the
cover masses are not colliding, as shown in Figure 2.8b. This implies that the continuity of the
dynamic equations is preserved. Similar switching principles have been reqularly used, outside
the port-Hamiltonian framework, in lumped-parameter model of the vocal folds, see e.g. [95, 98].
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2.3 CONCLUSION

In this chapter mass-spring-damper systems have been considered to describe the transverse
motion of longitudinal structures using a PHS formulation. In this respect, two examples have
been used: a single layer flexible tube and the vocal folds. In the first case, considering an
axisymmetric behavior, the flexible tube is divided in to n, sections of length ¢,, as shown
in Figure 2.2. Section 2.1.1 describes the procedure to obtain the MSD coefficients from the
physical parameters of the tube, such as the Lamé coefficients, material density and thickness.
This MSD model is used to obtain a scalable PHS formulation considering a linear behavior of
the springs, as shown in Section 2.1.2. The scalability of the finite-dimensional model proposed,
allows us to adjust the space resolution in the longitudinal domain, increasing or decreasing the
number of sections 7, for the description of the structure transverse motion. This is equivalent
to vary the number of elements of the mesh in discretized infinite-dimensional formulations.
However, the proposed model does not require the meshing and stabilization algorithms used
in infinite-dimensional approaches.

In the vocal folds example, the well-known BCM proposed in [72] is used to describe the
vocal folds motion. Considering symmetrical behavior, a PHS formulation of a Hemi-larynx
vocal folds model is proposed in Section 2.2.2. In [73, 74] the PHS formulation of the BCM uses
auxiliary state variables to describe the tissue compression during the collisions. The model
described in Section 2.2.2 provides an alternative PHS formulation that allows to reduce the
dimension of the state vector. In this respect, we include in this representation two switching
functions in the definition of the energy (2.33) to describe the energy stored by the collision
springs used in the BCM. This allows us to include the extra forces applied to the cover masses
during the collision without the use of auxiliary variables as proposed in [73, 74]. Additionally, it
is important to notice that even if (2.33) depends on discontinuous variables (collision switches),
the total energy and the forces acting on masses are continuous, as shown in Figure 2.8.

The port-Hamiltonian models proposed in this Chapter will be used to obtain a finite-
dimensional FSI system, according to the fluid models developed in next Chapters.
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Chapter 3

Finite-dimensional port-Hamiltonian FSI model
with incompressible fluids

In the previous Chapter, a finite-dimensional PHS model based on a MSD formulation is
proposed to describe the transverse motion of a longitudinal structure. For a FSI description
an appropriated model of the fluids that interacts with the structure is necessary. In this
Chapter we focus on the description of a longitudinal incompressible fluid based on a finite-
dimensional PHS formulation that allows us an appropriated coupling with the structure.

From a practical point view, a fluid is considered incompressible when the density variations
can be neglected. According to [99] a criteria to analyze when the density variations are small
enough to be neglected is using the Mach number M (ratio between the fluid velocity and the
speed of sound in the media). In this sense, an incompressibility assumption for the fluid is
adequate if the Mach number satisfies M < 0.3 [99].

In the literature, the interaction between an incompressible fluid and a structure is a prob-
lem widely studied. Several computational approaches have been proposed to obtain an ap-
propriated fluid description and its coupling with the structure using different spatial and time
discretization methods, see for example [10, 12, 19, 21] and [22] among others. A special
problem related with the numerical description of incompressible fluids is the definition of the
pressure in the fluid domain. A possible way to construct an equation for the pressure is using
the Poisson equation, where the Laplacian of the pressure is described through the velocity field
of the fluid. However, in computational methods, as the finite-elements techniques, it is neces-
sary the use of algorithms, such as the pressure-pressure coupling algorithms, to guarantee the
numerical stability of the simulations. Examples of these pressure-pressure coupling algorithms
are backward approximation pressure correction schemes [100] and pseudo-compressible algo-
rithms, such as the PSPG method [23]. However, from a port-Hamiltonian point of view, these
methods are not useful to obtain a power-preserving interconnection between the discretized
momentum sections.

Contribution

In this chapter, we present a scalable port-Hamiltonian model for longitudinal incom-
pressible fluids and the interconnection with a structure with transverse motion. We
introduce the use of instrumental elements, called nodes, that allow us to obtain a
power-preserving pressure-pressure coupling for the ODE’s obtained from the spatial
discretization of the momentum equation.
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Chapter 3. Finite-Dimensional PH-FSI model Incomp. Fluids

3.1 FLUID DESCRIPTION

In this thesis the fluid dynamics is described by the well-know continuity and motion equa-
tions [101], in their incompressible form and neglecting the gravitational effects, leading to:

divv=0 (3.1)
poyv + pv - Grad v + grad p = pdiv (Grad v) (3.2)

where p, v, p and p are the density, velocity field, pressure and viscosity of the fluid flow,
respectively, and the operators div , grad , div , Grad and 0, are detailed in the Notation
Section at the beginning of this thesis.

Notice that (3.1) is, from a mathematical point of view, the approximation of the more
general mass balance 0;p + div pv = 0, where we assume negligible variations of the density,
i.e., Ap << p. We use the Mach number M, the ratio between the fluid velocity and the speed
of sound ¢ in the media (M = ||v||/c), to consider when this incompressibility assumption is
adequate. In this Chapter we study flows with M < 0.3 [99].

In different studies on incompressible flows it is common to relax the condition in (3.1)
to use pseudo-compressible algorithms to define appropriate pressure-pressure couplings in the
space discretization of (3.2), such as the Pressure Stabilization Petrov-Galerkin method, where
—div v+eAp = 0, the penalty method, where —div v—ep = 0, and the artificial compressibility
method, where —div v — e0;p = 0, and where ¢ is some parameter which has to be chosen
appropriately [23]. Similarly, in this chapter we relax the incompressible hypothesis to describe
the pressure in different zones of the fluid domain, allowing us to define an appropriate coupling,
from a port-Hamiltonian point of view, between the incompressible fluid sections.

3.1.1 Finite-dimensional modeling of the fluid

In what follows we consider ny sections of the fluid with uniform cross-sectional area where
the flow is incompressible, as shown in Figure 3.1.a, and infinitesimal compressible sections, that
will be referred to as nodes, to describe the pressure in the coupling zone between two adjacent
incompressible sections, as shown in Figure 3.1.b. The use of nodes to couple incompressible
sections has been applied in [102] for tubes with fixed irregular geometries.

nodes nodes

|
.
]
|
bt
| )
I
I
yY_

(a) Spatial discretization (b) Nodes

Figure 3.1 — Spatial discretization of the fluid domain. a) Division of the fluid domain in n; sections with
uniform cross-sectional area. b) Definition of nodes between adjacent incompressible fluid sections.

From an energy point of view, incompressible sections are kinetic energy storage elements,
describing the fluid motion through the momentum balance:

poOrv = —pov - Grad v — grad p + pdiv [Grad v| (3.3)
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3.1. Fluid description

subject to div v = 0, where py is the reference density of the fluid and v = [v ¢]" with v and ¢
as the longitudinal and transverse velocities of the fluid, respectively.
We define the fluid behavior in nodes using the following assumption.

Assumption 3.1. The volume of a node is small enough, such that the density distribution is
uniform, and the changes in density are only caused by changes in the volume [103, Sec. 5.1,
p.78]. This implies that the mass in each node is constant, i.e., the following relationship is
satisfied

piVi = m (3.4)

where p; and \_/J are the density and volume of the j-th node, and m is the total mass in the
node.

Then, the nodes store potential energy and are used to describe the pressure distribution in
the fluid. Their dynamics are governed by the changes of the fluid density. Then, the governing
equation in a node is given by:

O+ div pv =0 (3.5)

The loss of kinetic energy of a fluid is given by different phenomena [101], such as viscosity
friction with the walls, turbulences and irregularities in the geometry. Thus, we first discuss
the energy dissipation in the fluid, in order to describe a scalable model from the models of n;
incompressible sections and nodes.

3.1.2 Macroscopic power dissipation in the flow

As shown in [101], the dissipation in a Newtonian fluid is associated with the divergence
of the viscosity tensor 7 = —p (Grad v + [Grad V]T) + (%u — Ii) (div v)I. Note that the

term pdiv [Grad v] in (3.3) is the incompressible simplification of —div 7. Then, from a
macroscopic point of view, the power dissipated in a volume V; is given by:

& = /V (v-div T)dV; > 0 (3.6)

According to [101], the dissipated power £y, in volume V; must have the general form:
1
8>\j = iijjQ?Aj Z O (37)

where Jr and A; are the characteristic density, velocity and area of the fluid domain in

volume V;. The dimensionless term \; can be expressed as \; = /\f + )\? , where /\]f- , the
friction loss factor, is a function of the Reynolds number, viscous losses, and )\g is a loss factor
associated with additional resistances determined by the geometry of the fluid domain, such as
sudden changes in the cross-sectional area (see [101, Section 7.5] for details). Then, (3.7) can
be rewritten as

1
SAj = BjQ]’ (2)\jAj|vj‘Uj> >0 (3'8)
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Figure 3.2 — Coupling incompressible fluid sections using nodes with compressible behavior.

where |v;| denotes the absolute value of v;, and the term A;A;|v;|v; describes the rate of
velocity drop in volume V; due to energy losses. This term is equivalent to dissipative terms
used in others works. For example, in [104] the dissipation term, in an infinite-dimensional
form, of 1D flow in a rough pipeline is described by %)\f |v|v/D where D is the pipe diameter
and )\ is obtained from the Haaland equation [101]. Integrating this term in a pipe section
with volume V;, we obtain [, =M oledV = %Mcéﬂﬂﬂﬂj- This result is equivalent to the rate
of velocity drop derived from (3.8), neglecting the geometrical losses.

The )\;-c formula depends on the assumptions considered for the fluid. For example, the
Haaland equation used in [104] is valid only for rough pipelines. However, other equations,
such as the Blasius and Prandtl formulas, can be used according to the fluid conditions (see
[101, Chapter 6] for details). Regarding \Y, given the spatial discretization described above,
we focus on the losses associated with sudden expansions and contractions, i.e.,

0.5 (1 —
g

<1 _ Agi1) , sudden expansion, Aj11 > A;

Aj1
Aj

) , sudden contraction, A1 < A;

where A; is the cross-sectional area of the incompressible fluid section j.

3.1.3 Fluid dynamics of the incompressible sections and nodes

If we consider the j-th section of the fluid of length {; = L/ns, where L is the length of the
fluid domain, and uniform cross-sectional area A;, the upper boundary moves in the transverse
direction with velocity v.;. Figure 3.2 shows that this section is divided in one incompressible
section and the adjacent nodes. As consequence of Assumption 3.1, a change of density in a
node implies a change of the corresponding volume, which generates a variation in the volume
of adjacent incompressible sections.
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3.1. Fluid description

The first effect of the moving longitudinal boundaries, is that the volume of the j-th in-
compressible section is a function of the density of adjacent nodes. Considering a node length
of Q@j, as shown in Figure 3.2, the node volume is given by ‘_/] = Zj (A; + Aj11). Thus, the
volume V; of section j is described by a reference value V" = A;f; minus the corresponding
part of the adjacent nodes, see Figure 3.2, i.e.,

- - m m
Vi =Vr— Al + ) =V — —a; —
J J J(J J 1) j p; J pi1

(1 - Oéj_l) (310)

where a; = A;j/(A; + Aj11) is a dimensionless factor. As we will see in the next subsection,
the description of V; in (3.10) will help us to describe the dynamic pressure in each node.

The second effect of these moving boundaries is that part of the fluid moves in the transverse
direction, induced by the boundary velocity v.;. This implies that the longitudinal flow in the
section is affected by the upper wall movement. As a consequence, from (3.1), we obtain the
following relationship:

Q1 — Q2 — Acjve; =0 (3.11)

where A.; is the contact area of the fluid section with the moving boundary, @1; and Q); are
the inlet and outlet flows in the j-th section, respectively. Thus, denoting by v; the average
longitudinal flow velocity in section j, to satisfy (3.11), we define the inlet and outlet flows as:

1

Quj = Ajvj + S A (3.12)
1

ng = Aj’Uj — §chvcj (313)

where Ajv; is the average longitudinal flow and A.;v.; is the transverse flow in the contact
surface of the moving boundary. Note that (3.12) and (3.13) are equal when the upper boundary
does not move, v.; = 0.

The third effect of the moving boundaries is that the geometry of the tube is time varying,
inducing a rotation of the flow in each section. This rotation generates energy dissipation
by viscous friction, that can be modeled (from a macroscopic point of view) in terms of the
characteristic velocity of the fluid, as shown in Section 3.1.2. To simplify the model, we consider
a two-dimensional flow and the following assumption

Assumption 3.2. Denote by o the transverse component of the fluid velocity and by q; the
position of the moving wall in the j-th incompressible section. The gradient of o is uniform
in each incompressible fluid section and is given by Ogv = v.j/q; and Oco = 0 where £ and
denote the variables of transversal and longitudinal axes, respectively.

Note that, from Assumption 3.2, the transversal velocity in a section j is given by ¢ =
ve;€/q;. As a consequence, the corresponding mean transversal momentum satisfies the fol-
lowing algebraic relationship with the boundary velocity mg = [ poodV; = poVjvj/2. This
algebraic constraint implies that the dynamics of the transversal momentum in each incom-
pressible section is given by a linear combination of the ODEs associated with the mechanical
model, described in Chapter 2, and the ODEs that describes the density behavior in the nodes.

Thus, to obtain a minimal realization we consider the following proposition to describe the
flow in one incompressible section.
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Proposition 3.1. In a fluid section of volume V; and uniform gradient of transversal velocity,
the flow is described by the longitudinal flow momentum dynamics:

Tej = —@¢j — Aejpovvej + Aj(Prj — Paj) (3.14)

where the term A.;pov;ve; represents the effect of the moving boundary in the longitudinal flow,
¢¢j describes the dissipation associated with the viscous tensor, Pi; and Py; are the total pres-
sures at the inlet and outlet boundaries of the fluid section, respectively, and m:; = poV;v;
denotes the longitudinal momentum in volume V; with v; as the corresponding average longitu-
dinal velocity.

Proof. As mentioned above, the corresponding transversal momentum has an algebraic rela-
tionship with the boundary velocity, i.e., the boundary velocity defines the transversal behavior
of the fluid. Thus, it is only necessary to know the longitudinal flow momentum to describe
the fluid in one section. From (3.3) we obtain that:

1
PoOv + poodev + O <2pov2 + p> =1 ((?gv + 8521)) (3.15)

where v is the longitudinal velocity of the fluid and the term pyo0¢v is associated with the
conversion of longitudinal flow into transversal flow and vice versa, induced by the velocity of
the boundary. Integrating in the section volume the first 2 terms of (3.15) and applying the
Leibniz integral rule, we obtain

d
/po&gv + povdevdV; =0 </ povde> — /povvcdecj + /povagvdl/}

Defining the average longitudinal velocity as v; = VL J vdV; and the corresponding momen-
J

tum as m¢; = poVjv;, we have that 7e; = 4 ([ povdV;). Then, considering the relationship
00¢v = O¢ (vv) — v, the incompressibility constraint div v = 0 and the Gauss divergence
theorem, the previous equation can be rewritten as

/poatv + po0OgvdV; =T7re; — /povvcdeCj + /85povvdvj — /povagodvj

:7:('0 — /poUUdeScj +/p0UUdeSCj —|—/p01}841)d‘/j

1 ] 2 ' 2
=t + g0 [ dtaV; =i + 4,5 ((fi) ) 61) )

J J
Substituting (3.12) and (3.13), we obtain the following relationship
/poatv + po90cvdV; =Tej + AcjpPoviVej (3.16)

where the term A.;povjv.; describes the effect of the upper moving wall on the longitudinal
flow in the j-th incompressible section.

Integrating the remaining term of the left hand side of (3.15) and considering a uniform
velocity in the inlet and outlet cross-sectional surfaces of V;, we obtain:

/84 (p;vz +p> dVy = —A;j (Pij — Pyj) (3.17)
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3.1. Fluid description

where P;; and P»; are the inlet and outlet total pressures, respectively.
The integral of the viscous term p (9%v + 0%v) is given by:

/u (821} + 85221) dV; = —¢¢; (3.18)
where ¢¢; represents the force associated with the viscous dissipation. Finally, combining
(3.16), (3.17) and (3.18), and solving for 7;; we obtain (3.14). O

Defining 7y = [me1 -+ 7en f]T as the set of longitudinal momenta, the fluid dynamics in the

ny incompressible fluid sections can be expressed as:
7:l'< = ﬁﬁpl — 197|—P2 — PrVe — ® (319)

where P; = [Py - Pl,lf]T and Py = [Py - -- Pg,zf]T are the sets of inlet and outlet total
pressures, respectively, of the incompressible sections; ve = [vg -+ Vg f]T is the set of boundary
velocities associated with the structure motion, and

A0 - 0 Aqvy, 0 -+ 0

0 T . : O c. . . (bCl
Ur =1 . ,' _‘ . Yr = Po ) _‘ ,' ' o= :

: .. .. 0 : .. .. 0 (/5@

0 - 0 A, 0 0 Ay, !

We now focus on the fluid dynamics in each node. As explained in Assumption 3.1, the
density in each node is assumed to be uniform. Then, from (3.5) the density dynamics of the
j-th node is derived in Proposition 3.2.

Proposition 3.2. Let p; be the density of the node j. The rate of change of p; is given by:

2
( T ng) - Anj% (ch + Uc(j+1)) (3.20)

0
Pj m
where Q’fj and ng are the inlet and outlet flows of the node, respectively, ve; and ve(j41) are
the velocities of adjacent moving boundaries associted with the motion of the structure, Ay; is

the corresponding contact area, and m is the fluid mass of the node.

Proof. Let X_/] be the volume of the j-th node enclosed by a surface S*j, and let the velocity of
any surface element be vg. Consider that the part of gj in contact with the structure has an
area of 24,,;, with A,; = lz-[ , where (' denotes the depth of the node. Then, integrating (3.5)
in volume Vj, applying the Leibniz integral rule we obtain:

0= /atpd‘_/j-f-/div (pv) dX_/j
d [/ ~ —
- % (/pﬂd‘/;> _/,Oj (Vé‘n)dsj+/pj(8gv+8go)dvj

where n is the outward unitary vector to S*j, Given that p; is uniform in VJ we obtain that
[p;dV; = p; [dV; = p;V;. Similarly, notice that the rate of change of the node volume is

given by V; = [ (vg-n)dS;, and that [dvdV; = Q5; — Q1;, where Q7 and QF; are the inlet
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and outlet flows of the node, and f@gvdvj = Ay ('ch +vc(j+1)), where v.; and v.(j41) are
the structure velocities in the contact surface and A,; is the contact area with each moving
boundary associated with the structure motion. Then, the previous equation can be rewritten
as

0= CZ (iVi) = pV; + £ (@8 = Q%) + Anip; (ves + Vo)

=Vip; +pj ( 5~ ll)j) + Anjp; (ch + Uc(j+1)) (3.21)

Rewriting (3.21) we obtain that the rate of change of the node density p; is given by:

. p p
pr =5 (Q = Q8) = An T (ves + vegin) (3.22)
J J
Finally, using the relationship (3.4) we obtain (3.20). O

Defining p = [p1 -+ pa,—1]" as the set of node densities, the fluid dynamics in the ny — 1
nodes can be expressed as:

p= ﬁpQT - ﬁpQg — ¥pVe (323>

where Qf = [Q11 - - Ql(,lf_l)]T and Q) = [Qa1 - QQ(,ZJ,_I)]T are the sets of inlet and outlet
volumetric flows of the nodes, respectively, and matrices 9, and ¢, are given by

i 0 - 0 Appt Aup? 0 - 0
1o . . 1o . ' :
ﬁp = — . and (Pp - .
m : 0 m : 0
o --- 0 p?szl 0 s 0 An(nf—l)p?zf—l An(nf—l)pfzszl

respectively. This density variation implies a change in the pressure in the nodes, which, in
turn, has an associated energy. In this sense, we denote by p? = p; — py the variation of the
static pressure in the j-th node, where py is the pressure at reference density py and p; is the
absolute static pressure in the node. Thus, from the definition of the bulk modulus, g, [105]
we obtain:

p .
pj = fBshn (J) (3.24)
Po
This implies that the density variation allows us to describe the static pressure between 2
adjacent incompressible sections, that can be coupled using a power-preserving interconnection,
as shown in the next section.

3.2 PORT-HAMILTONIAN FORMULATION OF THE FSI MODEL

To obtain a port-Hamiltonian formulation of the overall system we first define the stored
energy in the fluid. For the incompressible fluid sections, the stored energy is the kinetic
energy given by % pOVjUJQ- for the j-th fluid section. Considering the momentum of fluid sections,
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3.2. Port-Hamiltonian formulation of the FSI model

7¢c; = poVjv;, the total kinetic energy of the fluid can be expressed as:

(T SE TR B SES. 2 (325)
;= ZpoViv? = i 3.25
io12 Y i=12mV;
where 6,%. K= ‘:)ﬂj_ = v;. To describe the energy associated with the nodes we consider the
J

fluid as an isentropic process. Then, from the Gibbs equation the variation of the internal
energy of the fluid in the node, U, is given by its work, dif; = —pfdV;. Using (3.4), the
differential of the internal energy can be rewritten as

m
dU; = pfj—dp; (3.26)
Pj
Substituting (3.24) in (3.26) and solving for U;,the internal energy in node j is then given

— 1+ 1In(p;
po (1+ n(p]/Po)). Thus, for the ny — 1
PjPo

by the following non-negative function U; = mgs Pi

nodes, the total energy is

ny—1 o )
j=1 /?jpo

and 0, Uy = %pg’.

As mentioned in Section 3.1.2, the changes in the geometry of the fluid domain induce
a rotation of the flow that generates energy dissipation by viscous friction.  From a port-
Hamiltonian point of view, the power dissipated in the j-th incompressible fluid section is
given by Oy Ky¢p¢;. Comparing this result with (3.8) and defining the characteristic density,
velocity and area as pg, v; and Aj;, respectively, the force associated with the dissipations in
the j-th incompressible fluid section can be expressed as

1 1A
Pcj = SAipodjlvslu; = §ﬁ\W<j’8nngf (3.28)
j
Similarly, note that the inlet and outlet flows can be rewritten as:
A
A
Qoj = AjOr Ky — TJUCJ' (3.30)

Then, the dynamics of the fluid in the j-th incompressible fluid section can be expressed as
the following port-Hamiltonian formulation:

. 1 >\j ch Plj
T¢j = —*7’7r(j‘87rc,-lcf + [A] - Aj - 77%]'] P2j (331&)
24, "% v
cj
, A 0 0 “2u|rp,
Qlj J Az 1j
~Qy| =1 A oKy 00 S Py (3.31b)
_ij* _ ng TrC] _ 2Cj _ 2cj 0 UC]
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Ports for the interconnection with the structure

F; T i Vej A"-jp/ljj T l Vej ATLjpgj T lUC(J"H) Fip T lvc(ﬁ'l)
13 . P . . .

Py Incompressible section j —Q2j Qlj node j —P2;  Pige Incompressible section j + 1 —Qa(j+1)

~ Vi, m¢5) (V5. p;) (Vi+1, mei+1)) s
J ’

Q; e Py Y, 7 Q% Qi+ ! Pyt
S~ e e S~ = S

Inlet Outlet Inlet Outlet Inlet Outlet

port port port port port port

Figure 3.3 — Inputs/outputs diagram of the node j and the adjacent incompressible sections.

Similarly, the dynamics of the fluid in j-th node are modeled by the following port-Hamiltonian
formulation:

p
2 2 2 2 /13j
pi=00, U+ (& -0 B a0 o (3.32a)
Ve(j+1)
Py %2
P2 | _ —%2 o U (3.32b)
—Anﬂhj —Anj% P
—Anjp2j —An]%

Figure 3.3 shows a diagram with the ports of the PHS model of node j and the adjacent
incompressible sections. Notice that inputs of the inlet and outlet ports of node j, namely QF;
and Q% respectively, are compatible with the output of the outlet port in the incompressible
section j and the output of the inlet port in the incompressible section j + 1, Q2; and Q1(j41)
respectively. The static pressures in the outputs of the inlet and outlet ports in the node,
namely pf; and ph; respectively, are only one part of the total pressures in the inputs of the
adjacent incompressible section, namely FP; and P;(j41). This implies that an interconnection
by ports, as described in Section 1.2.1.a, can not be done. However, given the relationship
between the volume of the incompressible sections and the density of the nodes described in
(3.10), we can made a power-preserving interconnection between the fluid sections, as will
be shown in Section 3.2.1. Additionally, notice that the PHS formulation of the nodes and
the incompressible sections provides a set of inputs and outputs that are useful for the fluid-
structure interconnection, as will be shown in Section 3.3.

In the case of ny sections, the term @ in (3.19), can be rewritten as @ = R30, K;. Then,
the governing equations can be expressed as:

P,
WC:—R387TC’Cf+[197r _197'(' _QDW] P2 (333&)
Ve
Q v} 0 0 M, [Py
—Qq| = |-v9] O Ky + 0 0 M| P2 (3.33Db)
P |l M M] 0] v
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3.2. Port-Hamiltonian formulation of the FSI model

where Q; = [Q11 -+~ anf]T and Qg = [Q21 -+ anf]T are the sets of inlet and outlet flows
in the incompressible sections, respectively, F* = [F} - .- Eff]T is a set of forces at the contact
surfaces with the moving structure, and matrices R3 > 0 and M, are defined as

)\1|7TCl|/£1 0 0 Acl 0 0
1 : 1 :
R3 - = 0 ’ MTI' = = 0 ’ (334)
0 T 0 )\ﬂflﬂ—Cﬂf‘/gllf 0 o 0 Acnf

The dynamics of the ny —1 nodes in (3.23) can be written as the following port-Hamiltonian
system

QY
p=00Us + |9, —V, —,] |Q (3.350)
Ve
pY J,
—ph| = |—V, | Opls (3.35b)
—Fr _90;
where pf = [p]; --- p’l)(nf_l)]T and p5 = [p5; - 10’2)(”/[_1)]T are the sets of pressures in the inlet
and outlet node boundaries, respectively, and F? = [F} --- F,ff]T denotes the forces at the

contact surfaces between each section with uniform cross-sectional area and the corresponding
node. Matrices ¥, and ¢, are defined in Section 3.1.3. Note that from the uniform density
assumption in the nodes we have p7; = p5; = p/. Additionally, the forces F} are defined as

FY = Aponypiy + Anjp, Vi € (2,0 — 1], with FY = Ayipf and Ff = Ay, 10,1

3.2.1 Power-preserving interconnection of incompressible fluid sec-
tions and nodes

Note that the outputs {Q1, Q2 } of the incompressible section model are compatible with the
inputs {Qf, Q5} of the node model. Similarly, the inputs {P, Py} are compatible with outputs
{p?,p5}. However, {p/,p5} are static pressures and {P, Py} are total pressures. Thus, we
describe the flow dynamics as shown in the following proposition.

Proposition 3.3. Let P! = p! + p’, and P5 = p§ + p’) be the total pressure sets at the inlet
and outlet boundaries of the nodes where p’ is the set of dynamic pressures in the nodes, and
{P;,Q;} and {P,,Q,} the pairs of total pressure and flow at the inlet and outlet boundaries of
the fluid domain, respectively. There exist matrices Cy, Co, C1, and Cs,, defined as

Gy = [O(Hffl)xl I} , Oy = {I 0(12f71)><1} , Cre = [1 le(nffl)] and
Cow = [le(nf—l) 1} (3.36)
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such that

|
o-[8] [¢]o-[3] (2] P

[ QYT [0 0 0 —Cy | 0O 0 1[pl+p)]
Q5 0 0 Cy 0 0 0 —p5 — Py
T T
P, Cy 0 0 0 0 0, -Q
—Q; 0 0 —C'4 0 0 0 P,
| Qo | . 0 0 0 —Coy% | O 0o || P
Iy
where Ly is the skew-symmetric interconnection matriz of the fluid sections.
Proof. Note that ; = @11 and Qg(j_l) = Q;,Vj € {2,...,ny}. Similarly, Q, = Q2,, and

Q1; = Q2;,Vj € [1,ny —1]. Then, defining the matrices Cy, Cy, Cy. and Cy, as (3.36) and
denoting by u’ = [QTT T P/ P, —Q; Q,] the input of incompressible fluid section and
nodes and by y' = [(p{+p))' — (p5+p2)' Q —QJ B P the corresponding power
conjugated outputs. Then, the total power exchange in the fluid is given by u'y. From the
interconnection rule (3.37) we have u = Zyy, and given the skew-symmetrical property of Z;
we obtain u'y = 0, i.e., (3.37) describes a power-preserving interconnection. L]

To apply the power-preserving interconnection described above, we need to define the dy-
namic pressure in the nodes. In this case we describe the dynamic pressure in node j as
the weighted average of the dynamic pressure in adjacent incompressible fluid sections, i.e.,
pf = Bvia; + vl (1 —a;), and pf = [pf -~ pi ]".

On the other hand, from (3.10), the kinetic energy of the fluid is a function of the node
densities, such that,

9, Ky = f’20 020,V + /;0 V210, Vi = Z; P (3.38)
j
This implies that the dynamic pressure in each node can be expressed as:
ph =1, 0,K; (3.39)
Then, defining the total energy of the fluid as:
He =K+ Us (3.40)

the fluid dynamics (3.33) and (3.35) can be formulated as in Proposition 3.4.
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3.2. Port-Hamiltonian formulation of the FSI model

Proposition 3.4. Let the state variables of the fluid be X}— = [71'4T p']. Using the interconnec-

tion rule (3.37), the fluid dynamics can be described as the following port-Hamiltonian system
with feed-through term:

Xp = (Jy — Ry) Ox, Hy + Gruy (3.41a)
Y= GJT@xf/Hf + Myuy (3.41b)

where Hy denotes the total energy, uy = [PZ- P, v.' ! andyy = [QZ —Q, FzT}T describe the
inputs and outputs in the fluid boundaries, respectively, with v. and ¥’ the sets of velocities and
forces at the contact surface with the mechanical structure. Matrices J; = —JfT, Ry = R]T >0,
Gy and My = —M] are given by:

o[l welry ool we[% ] e

-
where ¥ = I, [C’IT* —CQT*} maps the boundary pressures in the corresponding fluid sections,
¢ = @,+1, (Cy + Cy) My maps the upper boundary velocities in the nodes, 1 = 0.(C] —Cy )]
T
describes the energy flur between the state variables and ¥y = [C’lT* C’QT*} M, defines the feed-

through terms.

Proof. Consider the interconnection rule (3.37) and the expression of the dynamic pressure
(3.39). Systems (3.33) and (3.35) can be rewritten as:

e = —RsOn Ky + 0x (CF = C )9, (0,K5 + Oplhy) + 92CLLP;, = 0:CL P, — prve
p = —lgp (Cl — Cz) ﬁ:aﬂz}Cf — ((Pp + 19[, (Cl -+ Cg) Mﬂ-) Ve

Using the total energy (3.40), we obtain the following port-Hamiltonian system:
T.I'C _ —Rg Q,D aﬂ-CHf + Y —Px| |Up
p —yT 0] | 9pH; 0 —¢][ve
yQ — ﬁT 0 871'ch + 0 @ZJM up
“Fo| |mer =" [OHs ] T [~ O | Ve

T T
where u, = {Pi PO} , Yo = {Qi — QO} describe the power-conjugated input and output,
respectively, at the inlet and outlet boundaries of the fluid domain, and F? contains the set
of forces on the contact surface with the structure. The internal matrices are given by 9 =

-
9. [CT, —CL], 0 = 0o+ 9, (Ca+ C1) My, & = 0(CT — CT)0] and vy = [CL CL] M.
Finally, defining the port-Hamiltonian matrices as in (3.42), we obtain the system (3.41). [

We notice that F} = F, + F where F. is the effective force applied on the contact surface
between the fluid and the structure, and F is a set of extra forces associated with the variation
of volume of each fluid section induced by the motion of the structure. These extra forces are
defined as F = Oq;Hy where q5 = [qs1 -+ qya f]T is the set of heights of each fluid sections of
uniform cross-sectional area.
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In works such as [57], the extra force F is compensated including a state variable to model
the changes in the cross-sectional area, that is equivalent to include q; as a state variable.
However, with this approach, the number of states increases and the resulting fluid-structure
interaction system has a non-minimal realization. In the next section we propose an alternative
way to compensate F.

3.3 FLUID-STRUCTURE POWER-PRESERVING INTERCONNEC-
TION

V7777220770200 7200072707777 7 777770 7777777777777 77777777777777777777]

H|

Figure 3.4 — Finite-dimensional formulation of the fluid-structure system. MSD-based description of the
structure motion. Fluid dynamics description based on nodes (red) and incompressible fluid sections.

In this section we describe the power-preserving interconnection between the fluid model
(3.41) and the structure. We consider a MSD formulation of the structure motion, as shown
in Figure 3.4, whose port-Hamiltonian model is given by:

e
ve=1[0 1I| B‘?sZS] (3.43b)

where g, v and 75 denote the sets of displacement, velocity and momentum of the n; masses
describing the transversal structure motion, Fy denotes the external forces acting on the masses
and H; is the total stored energy. Considering that moving boundary of the fluid domain is
given by the structure motion described in (3.43), there exists an ny X n, matrix C' such that
Cv, = ve and C'F, = F,. This matrix C' is composed only with 0 and 1, and is defined
according to the link between the masses and the corresponding fluid sections with uniform
cross-sectional areas. For example, consider the fluid-structure system in Figure 3.4, where the
length ¢; of the fluid section with uniform cross-sectional areas is equal to the length ¢, of the
masses that describe the transversal structure motion. In this case the matrix C' is equal to
the identity matrix. Figure 3.5 shows another example where ¢; = 20y (ny # n,). In this case
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F27277220 7700072700777 70 77777777770 /7777777777777 7777777777777777777]

5T Sy

Figure 3.5 — Finite-dimensional formulation of the fluid-structure system with ny # ns.

the matrix C' is defined as:

100 0 0
100 0 0
010

C=1010
000 --- 01
0 0 0 0 1]

Remark 3.1. In the previous examples, we considered that the length of the fluid domain
and the length of the structure domain in motion are equal, as shown in Figures 3.4 and 3.5.
Howewver, in some problems the motion of the structure is constrained to one part of the structure
domain. An example of this class of problems is the vocal folds, where finite-dimensional models,
as the BCM, describe the motion only in the folds area that collides. In these cases, matriz C
is defined according to the fluid sections under the moving structure area with motion, as will
be shown in Section J.J.

Defining F, = CTF, 4+ u, where u, denotes external forces, the fluid and structure models
can be coupled using the following power-preserving interconnection rule

VC 0 C 0 _Fc
F,|=|-CT 0 I||v, (3.44)
—Ye 0 -1 0 U,

Considering the relationship qf = qo + Cq,, where qo = [go1 - qon f]T denotes the set of
initial height of incompressible sections, we obtain the expression CTF = CT0q4 My =0, Hy.
Then, the FSI system can be modeled as follows.

Proposition 3.5. Let the port-Hamiltonian models of the structure and the incompressible flow
be described as in (3.43) and (3.41), respectively. Then, the PHS that describes the FSI between
these two sub-systems is given by:
st = (st — Rfs) 8fo’Hf5 + Gfsllfs (345)
Yis = G}—sastHfs (346)
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where xj, = lq) w] [ p'], uj, =[P, P, ul], y;, = [Qi — Qo y!]| and Hys = Hy + H,
denote the state vector, input, output and total stored energy of the FSI system, respectively,
and matrices Jys = —JfTS, Rss = RJTS > 0 and Gy are defined as:

0 I 0 0 00 0 O 0 0
-1 0 [ee0l" [eC)T [0 R 0 0O CTyl, 1

Irs = 0 —pC 0 0 B =g o Rs 0 0 Gps = 9 0 (3.47)
0 —pC —yT 0 0 0 0 O 0 o

Proof. Consider the fluid and structure models (3.43) and (3.41), respectively. Using the inter-
connection rule (3.44) and expressing the effective force applied by the fluid on the structure
as F. = F} — 04, Hy, the dynamics of the structure and fluid can be rewritten as:

9, = On, s

ity = =0y Ho — ROz, Mo+ CT (F7 — 0q,Hy) + 1,

e = —R30: Hy +V0,Hy + Vu, — prCvy
p=—1"0xHy— ¢Cv,

where v, = Or H, and F; = ¢ 0 Hy + ¢ 0p,H s + thjyu,. Considering C"8q, Hy = 8, Hy the
fluid-structure system can be expressed as:

g,1 [0 I 0 0 Dy Hys 0 O

wol _|=T =R Clel CTol 10 Hy|  (CTuy T H

‘ffg o 0 —QOﬂ-O —Rg @ZJ aWCHfS ¥ 0 U,

pl O —C =T 0 DpH s 0 O
aqsfos

vol [0 vuC 9T 0] [0 Hys

ye| [0 T 0 0] |0xHys

prs

Finally, defining the matrices Jsr, Ry, and Gy, as shown in (3.47) we obtain the fluid-
structure interaction model described in (3.46). O

3.4 EXAMPLE: PRESSURE WAVE PROPAGATION IN A FLEX-
IBLE TUBE

The pressure wave propagation in a flexible tube is a common benchmark for numerical
algorithms applied to fluid-structure interaction analysis [10, 12, 9]. We consider a flexible tube
with axisymmetric behavior and we approximate the tube structure and the fluid dynamics
using the models described in Propositions 2.1 and 3.4, respectively. The structure parameters
are approximated using formula (2.1), (2.5), (2.6) and (2.8). Defining n, = ny = N we obtain

lg=10;=L/N qoi =7,V]
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3.4. Example: Pressure wave propagation in a flexible tube

Table 3.1 — Material parameters of the structure and the fluid.

Reference Subsystem Parameters
[10] Structure = 5.75 x 10%Pa, A = 17 x 10*Pa, i = 0.001m, = 0.005m
L = 0.06m, p, = 1.1 x 10°Kg/m?
Fluid pp =1 x 10® Kg/m? , Bs = 2.15 x 10?Pa
[12] Structure p = 11.538 x 10*Pa, A = 17.308 x 10*Pa, h = 0.001m, » = 0.005m
L =0.05m, ps = 1.2 x 103°Kg/m?
Fluid po = 1 x 10° Kg/m? , Bs = 2.15 x 10°Pa

Table 3.2 — Parameters of the fluid-structure model [12].

Sections Subsystem Parameters
N =51 Structure k; = 73.9483N/m, k.; = 2.7 x 107 2N/m, d; = 2.09 x 10~ 2Ns/m
m; = 3.7 x 1075Kg, s = 9.8 x 10~*m
Fluid £y = 9.8 x 107*m, m = 7.7 x 10~8Kg
N =71 Structure k; =51.9883N/m, k.; = 3.86 x 107N /m, d; = 1.48 x 107>Ns/m
m; = 2.65 x 107°Kg, £, = 7.04 x 10~%m
Fluid ¢; =7.04 x 10~*m, m = 5.53 x 10~ ®Kg

where L and r are the length and the internal radius of the tube, respectively. The fluid
cross-sectional area is given by A; = thj%j. The areas of the contact surface in incompressible
sections and nodes are defined as A.; = 2nqs,;¢; and A,,; = 27tqul7j, respectively. Similarly, the
mass of nodes is given by m = ponr2l;1073. As a consequence of {5 = {; the coupling matrix
between the fluid and the structure is given by C' = I. Then, the matrices of the fluid-structure

port-Hamiltonian model described in Proposition 3.5 are given by:

0 I 0 o0 0 0 0 O 0 0
7 I 0 o R _ |0 R, 0 O G Vi 1
fs 0 —¢, 0 |>"* "o 0 Ry of /s 9 0
0 —p —" 0 0 0 0 O 0 o

In this example, we neglect the viscous losses, considering only (3.9) to define the geometrical
fluid loss factor A;. For thw simulation we use the parameters proposed in [12, Section 5.1],
summarized in Table 3.1. We divide the structure into two different numbers of sections,
N =51land N =71. We use 5; = 6.7, By = 1.5 x 107°, and ¢ = 0.4. The parameter values are
summarized in Table 3.2. Using the same input conditions as described in [12], i.e., P, = 0 Pa,
and

P =

1.333 x 103 Pa, 0<¢<3x 10735
0 Pa, otherwise

with a sample time of 4 x 10~°s, we obtain the pressure wave propagation shown in Figure 3.6,
where the structure displacements have been scaled 10 times for the sake of clarity. Note that
the speed propagation and attenuation of pressure waves are in correspondence with the results
in [12, Figure 2]. However, a difference from the results in [12] is the static pressure undershoot
behind the pressure pulse propagation and a negative displacement of the tube walls (dashed
boxes in Figure 3.6). Note that both, the distance between this undershoot and the pressure
pulse, increase as the pulse propagates through the tube. This behavior is consistent with the
results reported in [9, Figure 6], where a 3D model of the flexible tube is studied. Regarding
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Figure 3.6 — Static pressure (Pa) distribution, pf, along the tube and scaled structure displacements for

different time instants and two different numbers of sections. Dashed boxes: static pressure undershoot and
negative displacement of the walls.

Table 3.3 — Parameters of the fluid-structure model using the material specifications of [10].

Sections Subsystem Parameters
N =71 Structure k; =100.604N/m, k.; = 90.85 x 107 2N/m, d; = 4.34 x 10~ *Ns/m
m; = 2.92 x 107°Kg, £, = 8.45 x 10~ *m
Fluid ¢; = 8.45 x 10~*m, m = 6.63 x 10~ 8Kg

the negative displacement, consider the displacement at the half length of the structure shown
in Figure 3.7. This displacement shows the same pattern as the radial displacement reported

= T

@ 2F ST e N =51 [
,E; 1 B / \,__\ _ N — 71 |
) /__,/ .

e op- -
% \"-\, TN 7

2 —1lp o Seo 7
2 | | |

© 0 0.005 0.01 0.015 0.02

time (s)

Figure 3.7 — Displacement of the wall in the half-length point of the structure (Displacements gog and ¢3¢ for
N =51 and N = 71, respectively).

in [12, Figure 3.b]. Then, the main difference with respect to the results reported in [12] is
the displacement at both ends of the tube. This is due to the fact that in [12] the tube is
fixed at both ends, restricting the motion of the tube. In this thesis we do not implement this
restriction, allowing greater displacements at the left hand side of the tube, as shown in Figure
3.6a.

Now, we consider the parameters used in. [10], also shown in Table 3.1. The parameters
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(a) Pressure distribution in the flow (b) Wall displacement

Figure 3.8 — Simulation results for flexible tube using the material parameter of [10]. (a) Static pressure
distribution, pf, along the tube. (b) Wall displacement distribution, g, along the tube.

are obtained using N = 71, 8; = 1.1, B, = 8.5 x 107 and ¢ = 0.8 (see Table 3.3 for details).
The outlet and inlet pressures are defined as P, = 0 Pa and

o {666.5 (1—cos (E2¢)) Pa, 0<t<0.003s
0 Pa, otherwise
respectively.

Figure 3.8 shows the pressure distribution and structure displacement for 3 different time
instants. The pressure distributions shown in Figure 3.8.a at time instants 4 x 1073s, 8 x 10735
and 12 x 1073s are in correspondence with the results reported in [79, Figure 8] and [10, Figure
8] at h = 0.01. Similarly, the shape of the wall displacements shown in Figure 3.8.b are
consistent with the results reported for the fluid-structure interface displacement in [79, Figure
9] and [10, Figure 7] at h = 0.01. However, a difference between our results and those shown
in [79, 10] is given by the negative displacement at the left-end side of the tube in the first
instants of the simulation. As explaining previously, this difference is due to the fact that at
the ends of the tube a free motion of the wall is allowed.

3.5 (CONCLUSION

In this chapter a scalable finite-dimensional PHS formulation for incompressible fluids has
been proposed. An instrumental element, called node, is introduced to allow an appropriate
coupling of incompressible fluid sections. This node is also useful to describe the pressure in
the inlet and outlet boundaries of the incompressible sections. Similarly, a power-preserving
interconnection that combines the properties of PHS interconnections by ports and energy, is
proposed in Section 3.3. This interconnection allows us to couple the fluid and the structure
models with an appropriate characterization of the fluid-structure power transfer.

In order to assess this PHS model for incompressible fluids, the pressure pulse propagation
in a flexible tube is considered as a benchmark. The results obtained with this model are in
correspondence with those reported in [9, 79, 10, 12] using specialized FST algorithms.
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Finally, notice that given the definition of nodes, considering a constant mass m, a pressure
variations imply variations in the node volume. This volume variation implies that, when
the height of two adjacent fluid sections decreases, the length Zj of the node between the
corresponding incompressible sections tends to increase. This node formulation represents a
drawback when applications with structure collisions are considered. For example, in the vocal
folds vibrating cycle, when the structure collides, the assumption that node volume is small
enough with respect to the volume of adjacent incompressible sections, does not hold.

In the next chapter, we consider a more realistic formulation of the fluid dynamics consid-
ering compressibility.
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Chapter 4

Finite-dimensional port-Hamiltonian FSI model
for compressible fluids

The interaction between a compressible fluid and a structure is a problem studied in several
research areas, such as the piston problem in mechanics [106, 107], or the bioengineering study
of the human phono-respiratory system [31, 14, 15, 16].

Similarly to what has been done in Chapter 3, we propose a scalable finite-dimensional
model in a longitudinal domain for a compressible fluid and its coupling with a structure with
transverse motion. As case of study, we consider the fluid-structure interaction in a vocal
folds system expressing the FSI between the intraglottal airflow and the vocal folds. Note that
during the vibrating cycle of the vocal folds, these collide, leading to singularity in the airflow
model.

Contribution

We propose a port-Hamiltonian finite-dimensional model of compressible airflow cou-
pled with a structure using a switched power-preserving interconnection strategy.
This switched interconnection method allows to represent the elastic collision and en-
able/disable the dynamics of the closed fluid sections during the structure collision.

4.1 FLUID DESCRIPTION

In this section we consider an isentropic and compressible fluid with an irrotational flow,
described by the following equations [101]:

Op = —div (pv) (4.1a)
15\ 1 1.,
0yv = —grad <|V| ) — —grad p — —div 7 (4.1b)
2 p p
where T denotes the Newtonian viscosity tensor, i.e.,
2
T=—U (Grad v + [Grad V]T) + (3u - I{> (divv) 1 (4.2)
The static pressure of the fluid is defined from the ideal gas law, i.e.,
nR,T
= 4.3
p=— (4.3)
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where V', n and T are the volume, number of moles and temperature (in Kelvin degrees) of the
gas, respectively, and R, is the universal gas constant.

Using the molar weight M, the airflow pressure can be rewritten as
nM R,T
vV P (0,p)7 (4.4)

p:

where p = Mn/V and (9,p), = R,T/M is the isothermal compressibility. Moreover, isother-
mal compressibility is related to the isentropic compressibility by the thermodynamic relation
(0pp), = v (0pp)y, where v is the specific heat ratio of the gas, v = 1.4 for the air, and
(9,p), = ¢* with ¢ the speed of sound [108, Ch. 8]. The static pressure is given by:
o), = (45)
Py oy
From a thermodynamic point of view, the isentropic fluid can be described using the Gibbs
equation:

1
du = —pd-— (4.6)
P

where « denotes the specific (per unit mass) internal energy. Using the specific enthalpy
definition

h=u+p/p (4.7)

the term %grad p in (4.1b) can be rewritten as
1
—grad p =grad £ (4.8)
p

4.1.1 Finite-dimensional modeling

Similarly to the finite-dimensional modeling for incompressible fluids described in Chapter
3, we divide the fluid domain in n; sections with uniform cross-sectional area and length
ly. Considering that the structure motion is only transversal to the flow, we consider a two-
dimensional fluid describing the longitudinal and transverse component of the velocity field.
Since we assume an irrotational flow, we can reduce the number of state variables using the
following assumption.

Assumption 4.1. Denote by o and v the transverse and longitudinal components of the fluid
velocity. The gradient of v is given by 0o = v./q and Ocv = 0 in each section with uniform
cross-sectional area, where ¢ and & denote the longitudinal and transverse azes, v. and q are
the velocity and height of the structure wall, respectively, and v, < v.

As a consequence of Assumption 4.1, in each section with uniform cross-sectional area we
have ¢ = v.£/q. This implies an algebraic constraint between ¢ and the structure dynamics.
Thus, to complete the flow description, the state variable that is chosen is the longitudinal




4.1. Fluid description

velocity v. Additionally, as v. < v we can use the following approximation |v|* ~ v?. With
these considerations we reduce the velocity analysis to the longitudinal component, whose
momentum equation can be described by:

A

atv_—ag( v +ﬁ) pac (0cv) (4.9)

where ji = %u + K.

To describe the velocity and density of the fluid, we divide the spatial domain in n; sections
for each variable, as shown in Figures 4.1a and 4.1b. We denote by p; the average density in
volume V between longitudinal points C] 1 and C], with C] Co + jls. The average velocity in
volume V between longitudinal points (;_; and (;, with (; = Co + (j+ )E 7 is denoted by v;.
Then, the fluid dynamics are described using a 1D staggered mesh, as shown in Figure 4.1c,
where the boundary conditions are given by the momentum density in the inlet boundary, pv|<~0,
and the energy plus enthalpy in the outlet boundary, (%UQ + h)

¢,,- This mesh is equivalent
f

to the mesh proposed in [59] for one-dimensional discretization of infinite dimensional port-
Hamiltonian systems.

UCﬂf 'Uc,lf
_1_ Vel
Uc(nf—l A Ve2 vc(nffl

R
! 2

P1 P2 pnf—l Pny T_z S V2 Unf—l Unyg

CO Cl C2 Cﬂf 2 Cnf 1 Cnf ___C_O____Z_I____zé ........ C _12;_5_21_1]:_1_@”
(a) Density sections (b) Velocity sections
P1 V1 P2 V2 pnf—l vnf—l pnf vllf 1
pU’foc = ¢ > o 'H’%%’—O(Ev'f'ﬁ)lg,f

ty lr/2

(c) Equivalent 1D staggered mesh

Figure 4.1 — Spatial discretization of fluid variables for the finite-dimensional model. (a) Description of the
density. (b): Velocity description. (c¢): Equivalent one-dimensional mesh.

4.1.2 Dynamics of fluid sections

Note that for an arbitrary section j with average velocity v; the cross-sectional area A; is
uniform and the volume is given by V; = A;¢;. The contact surface S; with the mechanical
structure has a velocity v.; and area A, as shown in Figure 4.2a. For a density section
7, the volume is given by the combination of the half of adjacent velocity sections, VJ =
(Vici+V;) /2 = £4(A; + Aj—1)/2. Similarly, the area of the contact surface is a combination
of the areas of adjacent velocity sections, with the corresponding contact velocities, as shown
in Figure 4.2b. Then, the dynamics of the fluid sections can be expressed as in the following
proposition.
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(a) j-th velocity section (b) j-th density section

Figure 4.2 — Arbitrary j-th sections of the fluid domain. (a) Velocity section. (b) Density section. A.; and v.;
are the area and velocity of the contact surface S; in the velocity section with volume Vj, v; is the
corresponding average velocity and p; is the average density of the section con volume V.

Proposition 4.1. Consider the division of the fluid domain described in Figure 4.1. For the
j-th section of density and velocity, the fluid dynamics is described by the following ODFEs:

. 1 m AC( 1) AC'

p] = —‘7] ( Q — ; Uc(j—l) — p] 2] ch (410)
. 1 /1. 1

vj = 7 (2U]g +fi; — (2 Vi1 +h]+1>> —9; (4.11)

where p; and v; are the avemge densz’ty and velocity of the corresponding fluid section, Q7' =

Jpv|c is the mass flow at Cj, 302 = 2|CJ L and fij = f|,_, are the kinetic energy per unit
mass and specific enthalpy at C] 1 and @; is the average veloczty drop due to energy losses in

the j-th wvelocity section.

Proof. Consider a uniform density distribution in the volume V}, and integrate the continuity
equation using the Leibniz integral rule and Gauss divergence theorem [101] to get the following
relations:

/Vjatpdf/j - —/deiv (pv) dV;

- m m ‘1‘3( i—1) cj
[jpj =1~ Qj Py ; Ve(j—1) — Pj 2]1)0]
. 1 m m ‘lc( i—1) cj
Pj = 7 ( = Q@ —pj ; Ve(j-1) — pjTJUCj (4.12)

where Q7" = A; (pv) ]5], denotes the mass flow at ( = Q:j, ie, @, and QT are the mass
flow at the inlet and outlet boundaries of j-th density section, {A.;,ve;} and {Ac-1), Ve(j—1)}
are the area and velocity pairs of the adjacent contact surfaces, as shown in Figure 4.2, and

Pi = fv pdV; is the average density in volume V.




4.2. Port-Hamiltonian formulation

Similarly, applying the same procedure to the motion equation (4.9), we obtain:

_ 12 f .
/Vjatvdvj_ /Vjax<2v +ﬁ> +0. 0.0 av,

| 1 1 P
‘/}Uj = A] <2'U2 + FL) - - A] <2v2 + ﬁ,) . - /V] ;&C (81»’[)) dV}
11, 1,
b= <2“j +hy = (2”j+1 + ﬁj+1>> — (4.13)
where 107 = 0%|,_, and fi; = fi|c,_,, {307,hj} and {407, /i;41} are the kinetic energy per

unit mass and specific enthalpy at the inlet and outlet boundaries of the j-th velocity section,
respectively. @; = V% ij %830 (0,v) dVj is the average velocity drop due to energy losses in Vj,

and v; = vi ij vdVj is the average longitudinal velocity in the volume V;. O]
J

Note that according to the fluid domain discretization, the longitudinal velocity is defined
at points (;,Vj € {1,...,ns}. The kinetic energy per unit mass at point z; is described as a
2 2
weighted average of adjacent velocities, i.e., 30|, = 3 <U|§j71) (1—a;)+1 <U|C”j) «;, where
a;j = A;/(A; + A;_1). Then, 1? is defined as:

727

1 1 1
517]2. = 511]2»_1(1 —aj) + 51)]2.04]- (4.14)

4.2 PORT-HAMILTONIAN FORMULATION

A scalable PHS formulation of the compressible fluid is presented in this section, starting
from the definition of the total energy of the fluid.

4.2.1 Total energy of the fluid

As mentioned in the previous chapters, to obtain a port-Hamiltonian formulation, we need
to describe the total energy of the system. For the discretized model described above, the
kinetic energy in the j-th section with volume V; associated with the longitudinal velocity is
given by:

1 1 1
lC-z/ 2 p?dV =V 7/ = 0?dV, 415
fi v, 2,01) J J (V, v, 2pv J ( )

where the term V% Iy, +pv2dV; is the average kinetic energy density in volume V; = A;¢;. Denot-
ing by p; the average density on Vj, the average kinetic energy density can be approximated as
%ﬁjvjz. Note that p; = plz, is given by the average of adjacent densities, i.e., p; = (p; + pj1) /2.
Thus, Kf; can be expressed as:

1
Kyj = A5 (0 + pia) 0 (4.16)
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In the case of the left hand side half volume V;/2, shown in Figure 4.1.(b), the kinetic
energy is given by:

1
ICf() = ZAigfplvz‘Q (417)

where A; and v; denote the cross-sectional area and longitudinal velocity at the inlet boundary
of the fluid domain. Similarly, in section #; the average density is defined as p,, = (pn, +p0)/2,
where p, denotes the density at the outlet boundary of the fluid domain, i.e.,
1
ICf"f = ZA”fgf (pﬂf + /)0) vy (4.18)

nf

On the other hand, to describe the stored energy in each section we define the specific
internal energy of the fluid «. Considering small variations on the fluid temperature, the speed
of sound ¢ can be considered as being constant. Then, from (4.5) and (4.6) we obtain:

2

a(p) = ;ln(p) +C, (4.19)

where C, is a constant.

However, with this definition of «, the non-negativity property of the total energy depends
of the appropriate choice of C,. In this sense we consider an available internal energy « > 0 to
describe the internal energy variations. We define the relative pressure of the fluid as:

2
R c
pP=P—Po—= ;(P—Po) (4.20)

where pg is the pressure at reference density py. The available internal energy « is obtained
such that it satisfies d,u = p/p* and A = a + p/p, where A = h — R is the relative enthalpy
per unit mass and /iy is the specific enthalpy at py. Then, « is defined as:

2
a=5< (m <p> + 1) (4.21)
Y Po P

and the relative enthalpy is given by:

= <p> =0, (pa) (4.22)

Y Po
The available internal energy in a density section with volume VJ is given by
Uy = /V p(p)dV; (4.23)
J

where « is defined in (4.21). Denoting by p; the average density in V; = (V;_; +V}) /2, the
average density of the available internal energy in the j-th density section can be approximated
by pjtt; where «; = @(p)|,,. Then, Uy; can be expressed as:

_ 1 -
Upj = 5 (Vi +V3) pitt; (4.24)
The total energy stored in the fluid is given by:
1lf IZf B
Hy = Zlcfj +Zufj (4.25)
7=0 j=1
Ky iy




4.2. Port-Hamiltonian formulation

4.2.2 Scalable finite-dimensional model

From the total energy (4.25), the co-energy variables associated with the j-th velocity and
density are given by:

1
Ou My = 5AiLs (pj + pja) v5 = (QT (4.26)
1 2 1 9 1 s - (1 5 1, A
Op My = JVimvja + 3 Vivy + 5 (Vi + Vi) hy =V (2%’1(1 —ay) + 5oy + ﬁj)
/1 X
:49<fg+ﬁ0 (4.27)

where 07 = 102(1 — aq) + 2oy with aq = Ay /(A; + A4)).
Replacmg (4.26) in the density dynamics (4.10) we obtain:

pr = 57 (O e =00 1s) = (Ao + Ao (4:28)

Similarly, considering that A; — fij 11 = ﬁj - ﬁj+1 and using (4.27), the velocity dynamics
(4.11) can be formulated as:
1 1

0 = ——0p My — ———0)

L H— D 4.29
gf‘/] Pj gf‘/}+1 Pji+1 f J ( )

In the cases of first density and last velocity sections, the dynamics are given by:

1
- - Lo, P, 4.30
11,
‘Il - - o~ /)0 _¢12- 4. 1
" fanfa it ly <QUO+1> ! 43

where the subscripts ¢ and o denote the variables at inlet and outlet boundaries of the fluid

domain, ie., Q" = A;(pv)|s, and 102 + h, = (%vz —i—/%) z,- The term 02 is evaluated by

305 = 3un (1= a0) +3 (vH)? a, with o, = AT /(AT +A,;), where v} and A denote the average

velocity and area external to the fluid domain. In case that the outlet boundary is open to the
1

atmosphere, o, = 1 and 02 = 1 (v)?. Similarly, A, = h(p)|,, where p, is the fluid density at
the outlet boundary.
On the other hand, the power dissipated in an arbitrary velocity section j is given by

Ex; = Oy, Hy®;. From (3.8) we obtain:

B; = dy;0,, Hy (4.32)

where
Ajlvjl

d . =
77y + pin) €4V

>0 (4.33)

ot
Ut
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)

Then, the dynamics in the fluid domain can be written as:
. 1 ~92 N
V= —RiO0,Hy+ 0O Hy — go (vo + A, (4.34)
p=—p 0Hs+ g,Q" —Ive (4.35)
where v = [v; v,, )" and p = [p1 -+ p,, | are the sets of velocities and densities in the
fluid sections, respectively. Matrices Ry = R, >0, @, g, g, and ¥ are given by:
- 1 -
= —% 0 e 0
dpp 0 0 0o L _1 . : 0
O .. c. . 1 V2 Vs .
Ry — . . ‘. : ,(,0:7 . 0 Gy = O
: -0 U - 1 _ 1 1
’ ) ' Vi — Vi 7.
O O dfl?f O . . fO 1 ‘71 f ff
L ng
AL -
p1‘_/1 1 0 0
1 p2Act  p2Aca
i Vo 1% ’
0 (4.36)
pllf—iAc(/1f72) pllf—iAc(/szl) 0
‘/'Uf71
Acws—1)  PrgAens
V Vi

0
and ¥ = —
2 . .
: ’ ‘/;fo1
P/zf
Vuf

9p

(4.37a)

Proposition 4.2. Consider an isentropic and compressible fluid with an irrotational flow.
v,zf]T and p=|p1 - p,zf]T, respectively. Then,
(4.37Db)

Using the discretization scheme described in Section 4.1.1, the sets of velocities and densities

in the fluid sections are given by v = [v;
the fluid dynamics can be characterized using the following port-Hamiltonian system:
Xy = (Jy = Ry) Ox, Hy + Gruy
Vi = G}rafof + Myuy
[T pT] is the state vector, uy = Q1 (302+h,) ve "] and y; = [(L07+h;) —QT —

(F;)T]T denote the inputs and outputs, respectively, and matrices Jy = —JfT, Ry = R; >0

where X} =
and G are given by:
Jp = [_?OT SD], Ry = :}3)4 ol
0 0 O
Gy = L;)p —6% 3} M; = g _?/}T 13 (4.38)
with ¢ = [0 -+ 0 2525).




4.3. Fluid-Structure power-preserving interconnection

Proof. Note that the power conjugated outputs associated with the inputs Q7" and %172 + A,

are given by %1712 + h; and Q" respectively. The output at the inlet boundary is approximated
using the kinetic energy per unit mass plus relative specific enthalpy of the first density section.
Similarly, we define the outlet output as the average mass flow in the velocity section ny minus
the mass flow displaced due to the structure motion in the right hand side half volume V,, /2.
ie.,

1 A 1 A 1
561‘2 + ﬁz‘ = 5’[}% + ﬁl = ﬁapl’ﬂf (4.39)
m m AC"f Acnf
Qo = ng — Po 9 Uclzf = E a’qu Hf — pOTUC”f (440)

Then, the fluid dynamics (4.34)-(4.35) can be rewritten as

IR Qm
v| |—Rs | |0 ’Hf O gv
@24 p] [0 g 0 0 0 Qm
2Yi i p
—-Qm | =|-g] 0 lgvzf] +10 0 | |502 + h, (4.42)
~F: | | o —of P o 4T 0 Ve
Wherew: [O . 0 m]

Finally, defining matrices J¢, Ry, Gy and My as in (4.38), we obtain the port-Hamiltonian
model (4.37). O

Note that, similarly to the fluid model described in Chapter 3, the output forces F; = F.+F
are not the effective forces acting on the fluid-structure contact. The forces F are associated
with the volume variation in each section with uniform cross-sectional area. Note that this
variation of volume is associated with the changes of height in each section, i.e., F = Oq; Hy-
Then, the set of effective forces acting on the contact surface is given by:

F.=F —-F=0"0,H; +¢" < 02+ h ) — Oq,Hy (4.43)

For the j-th Velocity section the extra force and the output force are given by £ i =04,Hr =
C L * Ac' A A Ac' ~ ~
2 (5 + pjr) V7 + 5 (pitty + piattyy) and Fy = 52 (D + Dja) + 7 (Pjvjz + Pj+1vj2~+1) +

A;J (pjtt; + pjr1tijt). Then, the effective force applied on the contact surface of section j is

defined as:

Ac' N N
L (pj + Dj1) (4.44)

Fj= 5

- (Pj@? + 010541 — (pj + pjiv1) %2) +

In the next section, we will see that these extra forces are compensated through a power-
preserving interconnection.
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4.3 FLUID-STRUCTURE POWER-PRESERVING INTERCONNEC-
TION

From Assumption 4.1 we obtain two conditions for the transverse velocity in each fluid
section with uniform cross-sectional area, 0;|c—, ;i = Ui and 0jlezo = 0, and as a consequence
ve;—0 when ¢y; — 0. This behavior is undesirable in applications such as glottis modeling,
where the vocal folds collide at speed greater than 0, i.e, v.; # 0 when the collision occur during
the vocal folds vibrating cycle. To obtain this behavior, we consider the approach proposed in
[74], using switching variables to enable or disable the power transfer between the fluid and the
structure. We consider a threshold value €, such that, the fluid dynamics in V; and its effect on
the mechanical structure are disabled when qy; < €. As a consequence, we define a switching
matrix S, = ST as:

Sel 0
Se= |1 . (4.45)
0 - Sa,
where
1, qn >
sg =14 HI~E (4.46)
07 qfj SG

The power transfer between the fluid and the structure systems is given by uly, = v,/ F,.
We define a matrix C', with elements 0 and 1, as shown in Section 3.3, that maps the output
and input vectors of the mechanical model of the vocal folds to the corresponding velocities and
forces of the fluid model, i.e., S.Cy, = v, and CTSTF,. = u,. The following power preserving
interconnection rule to couple the fluid and structure models is used:

= Lersr S (47

In this rule, matrix C defines the interconnections between the fluid and the mechanical

sub-systems, and matrix S, enables or disables the fluid-structure power transfer according to
the switching variables s.;,Vj € {1,...,ns}.

Consider the general mass-spring-damper model (3.43) to describe the structure motion

with total stored energy H,. Including S, in the fluid equations to enable and disable the

dynamics in each fluid section according to s.; and using the interconnection (4.47), we can
write the fluid-structure dynamics as:

g, = —0x,Hs (4.48a)
7ty = —0y Hy — ROz, Hs+C'S/F, (4.48D)
b = —S. Ry My + Sepd,Hy — Segs (;112 + ﬁ) (4.48¢)
p=—p ST0Ms + g,Q — 9S.Cy. (4.484)




4.3. Fluid-Structure power-preserving interconnection

Note that the term g,Q7" is not switched. This is given by the fact that the inlet mass flow
enters through the left hand side half volume V4 /2 and this section have a motionless wall (see

Figure 4.1).

From a computational point of view, when the dynamics of a velocity section or a density
section are disabled by the switch variables, the corresponding velocity or density state variable
is set to 0 or pg, respectively. This strategy is equivalent to the method proposed in [29] for
a finite-element model of the glottis.

Proposition 4.3. Consider the fluid-structure system (4.48). Denoting by Hss = Hs+Hs the
total stored enerqgy, this system can be expressed as the following port-Hamiltonian system:

Xps = (Jps — Rys)Ox, Hys + Grouys (4.49a)
Yis = G}rsastHfs (449b)

where xj, = [q] w v p']is the state vector, ug, = [Q}" (%f}g + FALO)]T andy s = [(%@f + f;Z) —
Q™" are the inputs and outputs, respectively, at the inlet and outlet fluid boundaries, with the
matrices Jys = —JfTS, Rgs = RJTS > 0 and Gys given by:

0 I 0 0 00 0 O
R B 0 (95.0)" 0R 0 0
=10 o 0 S |7 Bre=1o o s.p of
0 9S.C 0—(Se)’ 00 0 O
[0 0
0 (1¥S.C)'
Gr=1|g . (4.50)
L9p 0

Proof. Considering y; = 0, Hs and (4.43), the fluid-structure dynamics (4.48) can be rewritten
as:

9, = O, Hs

dry = —0y My — ROp Hy + CTSTOTO,H, + CTSTyT (;f}g + ﬁ> — ST 0g,Hy
b = —S. R0y Hy + SupOyHy — Sege (;zﬂ 4 ﬁ>
b=~ STOMH; + ,Qp" — 9S.COH,

The variation of fluid section heights induced by the motion of the structure is given by
the following relationship q; = qo + Cq, where qq is the set of velocity section heights at
the equilibrium point at reference pressure pg, and C' maps the displacement of the structure
masses to the variation of fluid section heights. This relationship leads to:

Og My =C"510q,Hy (4.52)
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where S, is used to enable and disable the corresponding fluid dynamics when the section heights
cross the threshold value e. Then, defining H;s = Hs + H, the fluid-structure dynamics can
be expressed as:

g, 0 I 0 0 Dy Mys 0 0
w| _|-I -R 0 (ISO) | |0 Hys| |0 WSC)T| | QF
ol |0 0 —SeRy Sep avas 0 —Segu %f)g + FALO
pl [0 —0SC —(Sp)’ 0 OpHps] lgp O
; _ 845Hfs
o2 +h;| _ [0 O 0 gy | |OnHys
—QU | [0 ¢S.C —(Sgn)" O | uHys
T OpH s

Finally, defining the matrices J¢;, Rys and Gy, as in (4.50), we obtain the fluid-structure
port-Hamiltonian formulation (4.49). O

4.4 EXAMPLE: AIRFLOW IN THE GLOTTIS.

Figure 4.3 — Vibrating cycle induced by FSI between the intraglottal airflow and the vocal folds.

We consider the vibrating cycle induced by the fluid-structure interaction between the
intraglottal airflow and the vocal folds [109], as shown in Figure 4.3. We use the well-know
body-cover model [72] to describe the vocal folds motion. The port-Hamiltonian formulation
of this system has been presented in Section 2.2. Assuming a symmetrical behavior of the
vocal folds, we only consider a hemi-larynx. The state variables of the structure model are
9. =31 g2 g3]" and 7, = |7y 7 me] ', and the structure parameters are given in Table 4.1.

Applying the proposed discrete modeling of the fluid, we divide the fluid domain in n; = 38
sections with uniform cross-sectional area and length ¢; = 1.5 x 107>m. The glottal tract can
be modeled as shown in Figure 4.4, with 14 sections in the subglottal part, 12 sections in the
supraglottal part of the glottis, and 6 sections under each cover mass. The heights of each
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4.4. Example: Airflow in the glottis.

Table 4.1 — Simulation parameters

Parameters of BCM [72]

my =1 x 107°Kg me =1 x 107°Kg ms=5x107Kg (;=04,5€ {1,2,3}
(5ot = 04,5 €{1,2} ol = k1 = 5N/m ko = 3.5N/m
k3 = 100N/m kcl = 15N/m kcg = 105N/m klg = 2N/m

n; =10°m=2 4 € {1,2,3} n,; =5 x 10°m=2 4 € {1,2} ¢% =1.8x107*m ¢% =1.79 x 10~*m
@ =3x10"3m

Fluid parameters at 36°C
po = 1.142Kg/m y=14 c=352m/s e=18x10""m
L=1x10"2m ¢ =25x10"*m n = 38

Figure 4.4 — Approximation of the glottal tract using the discretization method proposed, considering fluid
sections with uniform cross-sectional areas. Dotted line represents the midsagital plane. Circles denote the
number of velocity section in each glottis part.

section are initialized as follows:

2.5 x 10~%m, 1<j<3
2.5 —02(j —3)] x 1072m, 4<j<14
gjo = { 1.8 x 10~ %m, 15<5<20 (4.53)
1.79 x 10~%m, 21 < j <26
2.5 x 10™2m, 27 < j < 38

To describe the viscous dissipation of the fluid we define the friction loss factor as:

16

M= =
7 Re

(4.54)
where Re = quTlvj'% is the Reynolds number in each velocity section of the glottis [91].
Considering a motionless wall in the subglottal and supraglottal sections, and that only masses
my and msy are in contact with the fluid, we define the interconnection matrix C' as:

O14x1 O1ax1 Opaxa
I6x1  Osx1 Osx1

C = 4.55
06><1 ]16><1 06><1 ( )

012><1 012><1 012><1

-
where T6,; = |1 1 1 1 1 1| . Note that, given the definition of g;, and C' we obtain
that sq = -+ = Sau = 1, Seo7r = +++ = 8383 = 1, S5 = -+ = 5S¢0 and Sg1 = -+ = Sc96
for all simulation time, i.e., from a computational point of view, only 2 switches are relevant.
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BC95 PH18 Proposed Model
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Figure 4.5 — Displacement of the masses of the vocal folds mechanical structure, ¢5; = q; + qSJ-. Solid line is
the body mass displacement (mg in Figure 4.4), dashed and dash-dotted lines are the displacements of upper
and lower cover masses, respectively (mo and my in Figure 4.4, respectively).
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Figure 4.6 — Overlapping of cover masses during the vocal folds collisions. Solid line: deformation for the
upper mass (ms in Figure 4.4). Dash-dot-dotted line: deformation for the lower mass (m; in Figure 4.4).

Simulations are performed in Matlab using the solver ODE23tb with an event location function
to update the switch variables. To evaluate the results we use as reference the body-cover
(BC95) model [72] and the port-Hamiltonian fluid-structure model (PH18) proposed in [74].

The movement of each mass for BC95, PH18 and the proposed model is shown in Figure 4.5.
It can be noticed that in the proposed model the masses exhibit oscillations with a fundamental
frequency of 129.1 Hz, in contrast with the 127.5 Hz and 139.9 Hz of the BC95 and PH18
models, respectively. The fluid-structure model PH18 presents a displacement almost parallel
for the contact masses of the vocal folds, lower mass displacement ¢; (dash-dot-dotted) and
upper mass displacement ¢y (dashed line), respectively), increasing the oscillation amplitude of
¢2. In contrast, for the proposed model the movement of the contact masses shows a difference
in amplitude and phase between the oscillations of ¢; and g9, in correspondence with the wave
propagation through the vocal folds structure, obtaining similar oscillations with the BC95
model.

In lumped parameter models of the vocal folds, a collision occurs when the contact masses
cross the corresponding collision planes. In this thesis, given the hemi-larynx assumption, the
collision plane for the contact masses is the midsagittal plane. The deformation of the vocal
folds given by the elastic collision is proportional to the overlapping, A.;,j € {1,2}, of the
cover masses, as shown in Figure 4.6. Note that the magnitude of the tissue deformation for
the PH18 model is around 2 times the one for the BC95 model. The tissue deformation in the
upper section of the vocal folds (solid line) is greater than the deformation in the lower section
(dash-dot-dotted line) for the PH18 model, i.e., the impact stress is minor in the lower section
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Figure 4.7 — Output Flow in one vibrating cycle.

of the vocal folds. On the contrary, in the proposed model the tissue deformation and impact
stress is more important in the lower section of the vocal folds. This behavior is similar to one
obtained with other lumped-parameter models [88,; 95] and is consistent with the finite-element
study presented in [110].

To compare the behavior of the airflow for the different models, we analyze the output flows
in Figure 4.7. In general, the maximum flow in the vibration cycle occurs when the maximum
opening of the glottal tract is achieved. For the PH18 model case this happens in the first
quarter of the cycle, whereas for the BC95 and our model, the maximum flow occurs in the
middle of the cycle. However, the output flow of the proposed model shows a soft increase in
the glottis opening with a fast decline when the vocal fold is closing. This shape of the output
flow is consistent with the results reported in [93, Figure 7.

Figure 4.8 shows the pressure distribution in the fluid for 3 time instants of the vibration
cycle: 2 instants with a convergent shape of the vocal folds and 1 instant with a divergent
shape. The pressure distributions obtained are consistent with the results of the DNN flow
model proposed in [111, Figures 11-19].

Similarly, Figure 4.9 shows the behavior of kinetic and potential energies of the mechanical
part of the vocal folds, Ky and #s respectively, and the energies of the fluid, K and Z/_{f,
during one vibrating cycle. Note that for the PH18 model, most of the energy is stored in the
mechanical system. The opposite situation occurs for the BC95 model. The proposed model
presents an intermediate behavior between PH18 and BC95. Note that in the proposed model
the maximum of the potential energy occurs in the maximum opening of mass m; and not in
the maximum opening of the glottis as it is for the PH18 model. The potential energy decreases
when the glottis is closing and increases slightly again when the glottis is completely closed.
This latter is due to the energy stored during the elastic collision of the vocal folds. Regarding
the fluid energy, it is important to note that the potential energy of the proposed model is
negligible with respect to the kinetic energy. Regarding the fluid-structure energy transfer, it
has been evaluated per cycle, i.e., chy uydt = chy (FT’UC) dt where T, is the vibrating cycle
period, obtaining a total of 20.2u.J for the proposed model, in contrast with the 16.78u.J and
11.28J for the BC95 and PH18 models.
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Figure 4.8 — Pressure distribution in 3 instants of the vibrating cycle. Upper row: Coronal view of the glottis,
where the dots represents the heights of each velocity sections. Bottom row: Pressure distribution in the
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Figure 4.9 — Instantaneous energy in one vibrating cycle. Left: Kinetic energy s of the mechanical part.

Middle: Potential energy s of the mechanical part. Right: Kinetic energy Ky and available internal energy
Uy of the fluid part.
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4.5. Conclusion

It is well known that the BC95 model describes appropriately the experimental results
on the wave propagation of the real vocal folds motion and the volumetric airflow in the
supraglottal section of the glottal tract. However, given the assumptions on the airflow (static
and uniform flow), the energy transfers between the fluid and the mechanical parts of the
model are not completely described. The effects of the closing of the vocal folds on the output
airflow are neglected. The proposed model solves this drawback, keeping the advantages on
the mechanical motion of the vocal folds. Additionally, the scalability of the proposed model
is a clear advantage over the PH18 model.

4.5 CONCLUSION

In this chapter a scalable finite-dimensional port-Hamiltonian model for compressible fluids
has been proposed. Similarly, a power-preserving interconnection based on a switching matrix
Se is proposed for a fluid-structure coupling. This switched interconnection allows to obtain an
appropriate description of structure collisions in systems such as the vocal folds. This switching
matrix S, is also used to enable and disable the fluid dynamics in the corresponding areas of the
fluid domain when the structure collides, avoiding the singularity problem in the fluid model. As
simulation example we considered the FSI between the vocal folds and the intraglottal airflow.
In this sense the well-known body-cover model is used to describe the structure motion. The
results obtained show that the proposed scalable port-Hamiltonian model is able to replicate
the oscillations and the collisions between the vocal folds. Moreover, the amplitude of masses
movements and the airflow velocity are consistent with previous lumped-parameters models
and real data. Similarly, the energy transfer estimated with the proposed model is greater
than the predicted with other finite-dimensional models of the vocal folds.

In the previous chapters, some scalable finite-dimensional models based on the port-Hamilto-
nian framework have been proposed to describe the FSI in a longitudinal domain. These models
in conjoint with power-preserving methods proposed, provide us of a simplified but appropriate
description of a longitudinal fluid interacting with a structure with transverse motion, as shown
in Sections 3.4 and 4.4. However, for a more detailed description of the fluid dynamics and the
structure motion, it is necessary a more suitable modeling of the FSI system. In this sense, as
a first step in this direction, an infinite-dimensional modeling of the fluid dynamics, based on
the port-Hamiltonian approach, is presented in the next chapter.
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Chapter 5

Infinite-dimensional port-Hamiltonian
Formulation of compressible Fluids

To obtain a more detailed description of a FSI system that the achieved with finite-dimensional
models presented in the previous chapters, it is necessary an infinite-dimensional formulation.
Then, as a first step, in this chapter we present infinite-dimensional models based on the port-
Hamiltonian framework for Newtonian fluids. In this sense, in the following section, we consider
a constant infinite dimensional domain Q2 C X x Y x Z, with spatial variables ( € X, £ € Y
and 5 € Z and boundary 0f.

There exist numerous energy-based models of compressible fluids in the literature, ranging
from simple 1D formulations of isentropic fluids [112, 104] to more complex thermodynamic
reactive flows [65], 3D inviscid fluids [37] and irrotational flows [62]. However, these models
are constrained to one fluid class, given the assumptions used in each case.

Contribution

In this chapter general pseudo and a dissipative port-Hamiltonian formulations for 3D
compressible fluids under non-isentropic and isentropic assumptions are presented. The
considerations on the model structures and operators for 2D and 1D fluids are ana-
lyzed. Finally, we propose a model for 1D non-reactive fluids using the irreversible
port-Hamiltonian approach.

In this chapter, we consider the state variables as functions on a spatial domain €2, i.e., x =
x(¢, €, 5,t) € L? (9, R™). For simplicity of notation, we make the time and space dependences
of the variables implicit, we use a bold notation for vector and tensor functions, and capital
letters for matrices. The reader is invited to refer to the Notation Section at the beginning of
this thesis for details.

In the next sections, general energy-based models of 3D compressible fluids are developed
using the port-Hamiltonian framework, i.e., the fluid dynamics will be described by the following
PDE:

where ‘H denotes the total energy of the fluid and J is a Hamiltonian operator (see Definition
1.2). In the case that J is a skew-symmetric operator that does not satisfy the Jacobi identity,
the system (5.1) is called pseudo port-Hamiltonian formulation. Similarly, in a dissipative
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port-Hamiltonian, the fluid dynamics are expressed as follows:
Ox = JoxH — G*SGOH (5.2)
where Gx is the adjoint operator of G, and S > 0 (see Section 1.2.2 for details).

5.1 NON-ISENTROPIC FLUIDS

In this section, we study the description of non-isentropic Newtonian fluids. We focus in the
description of the thermal domain, specifically, in the second law of Thermodynamics. In this
sense, the entropy (per unit mass) will be considered as a state variable. Entropy variations
imply changes in the temperature that, at the same time, affect the fluid pressure, as shown
by the ideal gas law (4.3). As a consequence, the velocity field of the fluid will be affected by
the entropy. We use the port-Hamiltonian framework to describe these phenomena in the fluid
dynamics. For simplicity, only nonreactive fluids are considered.

5.1.1 Governing equations

For non-isentropic fluids, the governing equations are given by the continuity, motion and
change of internal energy equations [101] associated with the fluid density p = p((, &, 5,t) €
L? (Q,R), velocity field v = v((, &, 5,t) € L*(Q,R?) and internal energy per unit mass u =
u(¢, €& 5,t) € L2 (Q,R), respectively, given by:

Op = —div pv (5.3a)

poyv =—p(v-grad )v—grad p —div 7 (5.3b)
1 1

Ou = —v-grad u — ;div fr— ];div vV — ;’T cgrad v (5.3¢)

where 7 = 7((,&,5,t) € L*(Q,R*3) is the Newtonian viscosity tensor (4.2) and f, =
fr(C, € 5,t) € L2 (Q,R3*3) is the heat flux defined as:

fr=—Kgrad T (5.4)

where T' = T((, &, 5,t) € L? (,R) denotes the temperature and K is the thermal conductivity
matrix [69].

We denote by w = curl v € L?(Q,R?) the fluid vorticity that describes the tendency of
the flow to rotate. Note that using the identity (A.1) the term (v -grad )v in (5.3b), can
be rewritten as (v - grad ) v=grad (%V . V) + w X v, where the term w X v, from the point
of view of energy, describes the power exchange between the velocity field components. This
power exchange due to the fluid rotation can be described using a skew-symmetric matrix called

Gyroscope [66, 113] defined as follows:

-
Definition 5.1. Let w = [wl W w;;} be the wvorticity vector of the fluid. We define the
fluid Gyroscope as a skew-symmetric matriz G,, such that G,v = w X v. For 3D fluids, the
Gyroscope is given by:

0 —Ws3 Wa
Gw = w3 0 —W1 (55)
—Wy w1 0
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On the other hand, we use the specific form of the Gibbs equation to describe the variation
of internal energy due to the variations of the fluid density and the entropy per unit mass,
s =s((, &, 5,1) € L2 (4, R), ie.,

du = —pd <;> + Tds (5.6)

This implies that the thermodynamic equilibrium is given by:
TD,s = Dy — ;Dtp (5.7)
where the material derivative D; is defined as D, = 0, + (v-grad ) . Considering the

relationship grad % = %grad p+ pgrad % and the specific enthalpy definition (4.7), we obtain
that %grad p = grad i — T'grad s, where the term T'grad s describes the effect of the
entropy variations (non-isentropic assumption) in the fluid pressure. Using the thermodynamic
equilibrium (5.7) the governing equations of non-isentropic fluids can be expressed as:

Op = —div pv (5.8a)
1 1
v — —grad <2v v+ /i) — Guv+ Tgrad s — ~div 7 (5.8b)
0
T fs 1.
Os=—v-grad s — — : Grad v — == - grad T — —div f, (5.8¢)
pT pT p

where f, = —% grad T is the entropy flux by heat conduction [101].
Note that the irreversible entropy production, i.e., second law of Thermodynamics, is given
by the following non-negative condition [69]:

1
—p—T‘r :Grad v — pf% -grad T'> 0 (5.9)

where — piTT : Grad v is the rate of entropy production associated with the dissipation of kinetic

energy into heat by viscosity friction, and —;—‘:; -grad T is the rate of entropy production due
to heat flux.

5.1.2 Pseudo port-Hamiltonian formulation

We denote by x = [p v s]" the set of state variables for a non-isentropic fluid. Considering
that the specific internal energy is a function of the fluid density and the specific entropy, as
stated by the Gibbs equation (5.6), the total energy of the fluid described in (5.8) is given by:

1
H= / <2pv-v+pu (p, s)> dQ (5.10)
Q
The fluid efforts are given by the variational derivative of the energy, namely

o, H sVev+h
O0xH = |0H| = pv (5.11)
O0sH pT
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Using (5.11), the fluid dynamics in (5.8) can be related with the energy through the fluid
efforts, i.e.,

(9tp = —div 5\,7'[ (512&)
1 4] 1 4]
v =—grad §,H — —~G 6, H + Sngad s — —div [T SH] (5.12b)
p p p p
8ts:—6"—H-grads—l:Grad OvH
p pT p
1 SH|? 1. [K 5 H
+ — ||grad + —div [grad 1 5.12¢
pT Pl p T (512¢)

The operators and the corresponding adjoints that describe the power exchanges between
the fluid component are defined in the following Lemmas.

Lemma 5.1. Denote by D, the operator defined as D,(-) = [grad s] 5 that describes the effect
of the entropy variation on the pressure gradient. The adjoint operator Dy in the effort space
of the fluid is given by Dy (-) = [grad s

;.

Proof. Consider the inner product

05
(0,H, D0, ) = /Q S H - D0 HAQ = /Q 5, H - [grad s] pHdQ

_ [0 lgrad s] 0, HdQ = / ([grad s] -
Q p Q

5"%) Oy HAQ
p

Defining Dj(-) = [grad s] - ~ we obtain that (6}, D0, H)q, = <D;5V'H763H>Q, ie., Dy is
the adjoint of D,,. O

1
Lemma 5.2. Let T be a symmetric second order tensor and D,(-) = —-div (}) an
p

operator acting on the entropy effort 0;H. The formal adjoint operator D} in the effort space
T .

of the fluid is given by Dx(-) = T Grad —, such that
p p

O0vH
OvH, D;ds — (DrovH, s = — -n| - ——00 5.13
(01, D0 M) — (D0 H 0. H)g =~ [ Fron]- (5.13)

Proof. Consider the inner product

(8, H, D0, ) = /Q S H - [D.8,H] dO

=— | 6JH- [1div [TéSHH d§)
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5.1. Non-isentropic fluids

Using the property (A.10) considering o = 7% pix and u = ‘:07{ the inner product in the

previous equation can be rewritten as:

(0,H, D, M), /57{* Grad léVpH]dQ /39 p H

-/ ([ . Grad ](w)(ss%dg [ H

= (D0, M), — [ OWH [lr‘ssH] -n] 0

] n] 0N}
o0 p pT

Considering boundary conditions equal to 0, (0,H,D,0sH) = (DEdyH,0sH) g, i.e., DE is
the formal adjoint of D,. Finally, from (5.11), 5%{ = 1, i.e., operators D, and D} implicitly
contain the effort associated with the fluid entropy, obtaining the relationship (5.13). O

Lemma 5.3. Let Dr be a differential operator defined as
Dr=09Qr—Rr (5.14)

where Qr(-) = /%T ngad ;HZ describes the entropy production associated with the heat flux,
such that QrdH > O,VdSH;T and Ry = G;SrGr describes the entropy diffusion, where the
operator Gi.(+) = %div () is the formal adjoint of Gr(-) = —grad - and Sy = K/T = 0. Then,
the entropy rate of change due to the heat flux can be expressed as:

L .
—p—lev fr =Dro,H (5.15)
satisfying
(8,1, DroH) ——/ 7 (4 n)on (5.16)
sTl, &TUs Q 00 p s :
Proof. Note that 1 —wdiv fr = f—T grad T + %div fs. Defining Sy = K /T we obtain:
2
1 1
—ngde:FmdgH ;mi—dwnzﬁvﬁmmd&%
pT pT P, p p p

Given that the divergence is the formal adjoint of minus the gradient, it is easy to verify
that G = %div is the formal adjoint of Gr = —grad > Then, the entropy rate of change due
to the heat flux can be expressed as

1
—ﬁdiv fT = (QT — RT) (537‘[ = DT(SSH
The inner product on the left hand side of (5.16) can be expressed as:

6 H S H|? 5 U
A R
ST

:_/<S. ra 53H+58Hdivfs)dﬂ
9 p p

_ / div [53% ] o
Q p

rad

div [STgrad (SSH]) ds?
p
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Finally, using (A.8) we obtain (5.16). O

Notice that the operator Dr has been separated in 2 parts, Q7 and Ry, in order to describe
the physical phenomena, entropy production and diffusion, associated with the entropy flux.
Such that, the non-negative condition (5.9) associated with the irreversible entropy production
can be expressed as:

—D S H + QroH > 0 (5.17)

However, as shown in Section 5.4, the temperature in a ideal gas is a function of the
specific entropy and the fluid density, T = T(p,s). Then, defining a(x) € L*(Q,R) and
F(x) € L*(Q,R?) as a(x) = % and F(x) = F)T%wgrad T(p, s), respectively, the operator Dr
can be rewritten as:

DroH = F'(x)grad (a(x)6,H) + a(x)div (F(x)6,H). (5.18)

This implies that, according Theorem A.6, the operator Dy is formally skew-adjoint. Thus,
using Lemmas 5.1-5.3, the governing equations for non-isentropic fluids can be expressed as an
energy-based model, as shown in the next proposition

Proposition 5.1. Consider a non-isentropic Newtonian compressible fluid, whose total energy
is described by (5.10). Then, the governing equations in (5.8) can be expressed as the pseudo
infinite-dimensional port-Hamiltonian system

dx = T H (5.19)

where x = [p v' s|" is the state vector, 5, H denotes the effort vector of the fluid, and J is an
formal skew-symmetric operator defined as:

0 —div 0
J = | —grad %Gw D, + D- (5.20)
0 —D; —D; Dr
satisfying
H = (fs, e5), (5.21)

where (£, ep)(, denotes the power supplied through the boundary 02, and the boundary flows £y
and efforts ey are given by

—(pv - 1) o (%V'V_'_ﬁ)’an
fy = —Vlsa and ey = (1 -1) |0 (5.22)
- (fs ' 1’1) |8§2 T|aQ

The time derivative of the total entropy of the fluid, S = [ psdS2, is
S:A%mzo (5.23)

for boundary conditions equal to 0, which is in correspondence with the second law of Thermo-
dynamics.
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5.1. Non-isentropic fluids

Proof. The governing equations (5.8) can be rewritten as function of the fluid efforts (5.11), as
shown in (5.12). Using the operators defined in Lemmas 5.2 and 5.3 we obtain

Oip 0 —div 0 S, H
ov| = |—grad %Gw D,+D; | |0,H
s 0 ~D; —D; Qr —Rr] [0:sH

where the entropy production is given by the operators DF and Qr, as shown in (5.17). From
(5.14) and (5.18) we define J as in (5.20) and the state x = [p v' s]", obtaining the system
(5.19).

The energy balance for this system is given by:

T = (6H, T6H) g = /Q S H - ToHA

— (6,1, div 0, M), — (0, H, grad 0,H)q, + (0yH, Dr8H)q — (0H, D6 H)g
1
5 H, Do H) o — [ SuH - ~Gloud HdO
+ (0,1, DroH)q /Q Mo GubiH

Note that, given the skew-symmetric property of the Gyroscope, we have that o,H -
%Gwé‘,?{ = 0. Then, using Lemmas 5.2 and 5.3, and Theorem A.2, the energy balance can be
expressed as

: by ds
H= | 6,H(=6H -n)+ [T -n]- H—i— L
90 p p

(fs - m) 002

Substituting the fluid efforts (5.11), and the boundary flows and efforts in (5.22), we obtain
the energy balance (5.21).

-
Note that the variational derivate of the total entropy & is given by S = [S 0 p} ,
hence

S = / 5. SOXdS, = / 5. ST 5. Hd
Q Q
= /Q (sdiv 0yH + pDyoyH + pGySrdroH) dQ + /Q p(QrdH — DE6H) dO

- / oydS) — / (s (div 6, H) + 8,1 - grad s + div £,) d©
Q Q

where o5 = p (QrdsH — DidyH) denotes the density of irreversible entropy production. Using
the Theorem A.2 we obtain

S:/QasdQ—/m [s0,H + 1,] - n0Q

Finally, assuming that the system is isolated, i.e., [4q [s0vH + f,] - nO2 = 0, and given the
non-negative condition (5.17), then, the density of irreversible entropy production satisfies the
inequality os > 0, obtaining (5.23). O
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Figure 5.1 — Normal vector and tangential plane to the boundary surface 0f2

Remark 5.1. Note that the system (5.19) is similar to a Stokes-Dirac structure because of
the skew-symmetry of the operators involved, and the associated power balance (5.20) with the
appropriate boundary efforts and flows. However, since D,, D: and Dr depend explicitly on
the effort variable 6sH = pT', and not only on the energy variables (p,v,s), then, the Jacobi
identity is not satisfied and (5.19)-(5.21) do not define a Dirac structure. as a consequence,
(5.19) is a pseudo port-Hamiltonian system.

An alternative formulation of non-isentropic fluids is obtained considering the flow and effort
associated with the entropy diffusion by heat flux, i.e., f; = Gro,H and e; = Srfy, respectively.
This leads to the following representation:

Op 0 —div. 0 0 o H
_ 1
OV _ grad pr D, 0 OvH (5.24)
O, 0 -D: Qr —Gi| |6H
fd 0 0 gT 0 €4
where e; = —f, denotes the entropy flux.

Similarly, an alternative to define the boundary conditions is to consider the normal and
tangential contributions of the viscous tensor. We denote by I', the tangential plane to the
boundary surface 02, as shown in Figure 5.1. Considering the pair of orthogonal unitary
vectors (sq,s2) € T, i.e.,

n-s;=n-sy=5,-5S9 =0 (5.25)
the velocity field can be expressed as v = v, + v| where v, = (v-n)n denotes the normal

projection and v = —n x [n x v] = (v -s1)s; + (V- 83)sy, for any (s;,s,) € I' that satisfies
(5.25), is the tangential projection of v. Then, given that [ -n]-v = 7 : vn and using the
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5.2. Isentropic fluids

normal and tangential formulation of v, the boundary conditions defined on the right hand
side of (5.13) can be rewritten as:

ovH
— [T -n]- o) = —/ (UnTn + Vs, Ts; + Vs, Ty ) 092 (5.26)
a0 p a0
where
Y _

Vp =",/ -n=v-n Tm =T7:0N
Vs, = ‘S"TH 81 =v-8; and 75, =T:8n (5.27)
Vs, :(SVTH'SQZV'SQ Ts, = T 18211

are the normal and tangential contributions of the velocity field, and the viscous tensor, re-
spectively. Thus, the boundary ports variables can be rewritten as:

— (pv - ) |oe (%V-V+ﬁ)‘m
_anaﬁ Tnlag
fy = —Vg, ’aQ ey = Tsy |8Q (528)
_V52|6Q Ts2|3Q
- (fs ' n) |8Q T|8Q
Additionally, another point to highlight is the fact that, under an inviscid assumption, the
term %div piT) in the operator D, and the term piT : Grad 5 in the operator D} are equal to

0. Then, the non-negative condition (5.17) of entropy production is only due to the heat flux
of the fluid, i.e., 0, = QrdH > 0.

5.2 ISENTROPIC FLUIDS

In this section we consider that the heat production given by the dissipation of kinetic energy
into heat by viscous friction and the temperature diffusion generate small and smooth variations
in the fluid temperature. This implies that the entropy production by these phenomena is
sufficiently small such that the specific entropy s advects with the flow, i.e., 0;s = —v - grad s.
If s is initially uniform throughout the fluid, then s will remain constant and the entropy
balance in (5.12) can be neglected. This justifies the use of the isentropic equations for small
disturbances in the fluid variables [114].  Additionally, if the viscous effects in the velocity field
are negligible, the fluid can be considered as a reversible process, as shown in [37]. However,
if it is necessary to consider the viscous friction, the process is irreversible and the divergence
of the viscous tensor can be considered as a dissipative term, as shown in [62] for fluids with
irrotational flow. In this section, we present a general dissipative port-Hamiltonian formulation
for isentropic compressible fluids.

5.2.1 Governing equations

Given the isentropic assumption, the Gibbs equation that describes the changes of the
specific internal energy is reduced to

1
du = —pd_ (5.29)
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Similarly, the entropy dynamic in (5.8) is neglected. Then, the governing equations for
isentropic fluids are given by:

Oip = —div pv (5.30a)
1 1

Oyv = —grad (2V v+ ﬁ) —Guv——div T (5.30b)
p

In this case, the model does not have the power exchange between the velocity field and
the specific entropy, described in (5.19) by the adjoint operators D, and Df. The conversion
of kinetic energy into heat by viscous friction is now considered as a power dissipation. In this
sense the term %div T can be expressed as a dissipative element [40], as shown in the following
lemma.

Lemma 5.4. Consider a viscous Newtonian fluid. Defining the operators G.(-) = curl 5 and
Ge(-) = div =, and the corresponding formal adjoints G;(-) = %Curl () and G:(-) = —%grad ().
Then, the rate of change of the welocity associated with the viscous tensor, *div T, can be
expressed as a dissipative port-Hamiltonian term associated with the velocity effort, namely,

1
;div T =G:5:G; [pv] (5.31)
where G = [Q: gg}, Sy = [’%I 21 >0 and G, = [grl , with fi = 3p+ K.

Proof. Consider the viscosity tensor (4.2). Applying the identities (A.4)-(A.6) we obtain

1 1 1 2
—div 7 = —div [—/L {Grad v + [Grad V]TH + —div [(u - H) (div v) I}
p p p 3
1 1 4 )
= —curl [pcurl v] — —grad ((,u + li) div v>
p p 3

Note that G* = %curl is the formal adjoint of G, = curl ;, as shown in Theorem A.4, and

Gr = —lgrad is the adjoint of G, = div =. The divergence of the fluid viscosity tensor can be
expressed as the sum of two dissipative terms, namely:

1
;div T =G uG, [pv] + GG, [pv] (5.32)

where G*ugG, [pv] denotes the energy dissipation by the fluid rotation and GG, [pv] the de-
scribes the energy dissipation by fluid compression. Finally, rearranging terms, we obtain
(5.31) O

Applying Lemma 5.4 the governing equations (5.30) can be expressed as:
Op = —div pv (5.33a)
1
d,v = —grad (2v v+ ﬁ) — GV — G25,Gx [pV] (5.33b)
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5.2. Isentropic fluids

Notice that, from the viscous tensor, the fluid energy losses are given by two different
phenomena: the friction between streamlines when the flow rotates and the friction between
fluid particles when the fluid expands or compresses. These losses are zero under irrotational
and incompressible assumptions, respectively. In some applications such as pipelines, the fluid
is modeled as a 1D incompressible flow. In this case, from Lemma 5.4, this system does not
have energy dissipation. However, given the roughness of the internal surface of the pipe, the
fluid has an energy dissipation due to the friction of the flow with the pipe wall. To model
this dissipation source, a term of the form % plv|v is added ad-hoc to the momentum balance,
where D is the pipe diameter, A is a loss factor and v is the flow velocity [115, 116].

5.2.2 Dissipative port-Hamiltonian formulation

For isentropic fluids, the specific internal energy depends only of the fluid density, as shown
in (5.29). Then, the total energy is given by:

1
H= /Q (2pv V4 pu(p)) dQ (5.34)
and the fluid efforts are
o,H|  [sv-v+h
o0 [t -

Proposition 5.2. Consider an isentropic Newtonian fluid with state variables given by x =

[p v']T. The fluid dynamics can be expressed by the following dissipative port-Hamiltonian

system:
dix = [J — G*SG) 6, H (5.36)

where the operators J, G* and G, and matriz S are

0  —div] .. [o o o o o o
o P I

respectively, and the following relationship holds for the rate of change of the energy:
H < (f3,€0) 4, (5.38)

where

—(n-8,H) (6, + =) [an
fy = d = P P 5.39
o [ dvH|oa and o —n X e,.|gn ( )

are the boundary flows and efforts, with e, and e. as the efforts associated with the power
dissipation by fluid rotation and compression, respectively.
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Proof. Considering the fluid efforts (5.35), then (5.33) can be rewritten as:

op| 0 —div d,H
atV o —grad _%Gw — g;k-STgT 6VH

Defining the state vector as x = [p v']T, operators J, G* and G, and matrix S as shown
n (5.37), the dissipative port-Hamiltonian formulation (5.36) is obtained.

We denote by f. = G,6,H and e, = uf,. the flow and effort variables associated with the
dissipation of fluid rotation, respectively, and by f. = G.0,H and e. = jif. the flow and efforts
variables associated with the dissipation of fluid compression, respectively. The dissipative
port-Hamiltonian system (5.36) can be expressed as the following extended skew-symmetric
representation:

Byp 0 —div 0 0][5H
ov| |—grad %Gw —Gr —G*| |6,H
£ | 0 g, 0 0 e, (5.40)
fC O gc O 0 €C
Je

The rate of change of the total energy is given by:
M= / S H - Oxd) = / S H - TOHAD — / 0 H - GrendS) — / SuH - GreudQ)
Q Q Q Q

where

/ S H - T HAQ = — / <5pH (div 6,H) + 6,H - [grad 6,H] d —

oWH 5. )dQ
Q p

/ SH-Gredn= [ 2T [curl e,] )

/QévH'Q:ec: -

~ Considering the definition of G, and G, in Lemma 5.4, and applying Theorems A.2 and A .4,
‘H can be rewritten as

S H
—/mép”}—[(év”ﬂ~n)6Q—/Qec(gC<5v’H)dQ—/mec( ~n> o0

)
ovH
— /Qer G0 H] — /m leT X p} -nof)

Using the definition of dissipation efforts and the cross product identity n - [u; X uy] =
us - [n X uy], we obtain

N CE I AR

: [grad e d§2

[0 x er]> o0

78



5.3. Considerations for 2D and 1D flows

On the other hand, using

8, H 0 1 0 0o

es| ., |0vH]sa . 00 —nx 0

[fal = ® | with &= | T (5.41)
eclan 0 % 0

we obtain the boundary flows and efforts in (5.39). Then, the rate of change of the fluid total

energy can be expressed as:
. f. f.
. A/

Finally, given that <Ef} , Sy [?]> > 0, the relationship (5.38) is obtained. ]
(& (& Q

Notice that the boundary effort —n X e,|sq = pw X n|sq is equivalent to the vorticity
boundary condition w xn|sq [117, 118], using only the tangential part of the classical kinematic
condition w|aq [119].

Similarly, equation (5.41) denotes the boundary port variables for the extended skew-
symmetric operator 7, in (5.40), and it is equivalent to the boundary port variables definition
proposed in [40] for 1D dissipative systems.

Additionally, under different assumptions, the fluid model proposed in (5.36), corresponds
to port-Hamiltonian models of isentropic fluids described in the literature, as shown in the
following remarks.

Remark 5.2. Consider that the isentropic fluid has an irrotational flow. This implies that
operators G, and G, and Gyroscope matriz G, vanish. Then, the port-Hamiltonian formulation
in Proposition 5.2, can be expressed as:

8tp 0 —div 0 5;;7‘[
Ov|=|—grad 0 —Gf| |0H (5.42)
fc 0 gc 0 €e
Je

satisfying the balance H < (f5,€p) 0, with boundary ports fa,es given by fo = — (n- 6, H) |aq
and ey = (5p7-[ + e—pc) laq, obtaining the fluid model in [62].

Remark 5.3. Consider the fluid as isentropic and inviscid. This implies that the operators as-
sociated with the viscous tensor vanish. Then, the port-Hamiltonian formulation in Proposition

5.2, can be expressed as:
3tp . 0 —div
ov| |-grad —Ce

p

BPZ] (5.43)

Je

satisfying the balance H = (s, €5) 5, with boundary ports (fs,e5) given by fo = — (n - 6, H) |aq
and ey = d,H|oq. This formulation is equivalent to the fluid model in [37].
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5.3 CONSIDERATIONS FOR 2D AND 1D FLOWS

Cross product and the Curl are 3D mathematical operators, hence their defintions have to
be carefully adapted for 2D fluids.
Let us denote by {(,£} the variables associated with the axes of a 2D velocity field v =

[v 0]T. The vorticity is a scalar defined as w = —d¢v + J¢v. For convenience we rewrite w as:
w= —div [Wv] (5.44)
where W = 1 _0 ] is a rotation matrix.

Then, the Gyroscope G, is a 2D velocity field given by:

0 —w
G, = wW = L" 0 ] (5.45)

On the other hand, with respect to the dissipative terms of the viscosity tensor, the operators
G, and G for 2D fluids are defined as:

Gr() = —div [Wp] = [0 64]; (5.46)
* 1 T 1 a
G:() = 1w Tarad ()= | % ] ) (5.47)

Given the operator definitions (5.45)-(5.47), the port-Hamiltonian formulations (5.19) and
(5.36) can be used to describe non-isentropic and isentropic 2D fluids, respectively.

Regarding the boundary conditions for non-isentropic fluids, notice that the tangential
contributions in 2D problems are given by the vector s orthogonal to n. This implies that the
boundary conditions (5.26) associated with the heat generation by viscous friction in 9f2, can
be expressed as:

— [ v-[T-n]oQd= —/ UnTn + VsTsOS) (5.48)
o0 o0
where v, =v-n, ys =v-s, 7, = 7 : nn and 75 = 7 : sn describe the normal and tangential
velocity and viscous tensor contributions. The boundary port variables of the pseudo port-
Hamiltonian formulation in Proposition 5.1 for a 2D fluid are given by:

= (pv-n) oo (3v:v+£)lon
fy = ~Valoo ey = Tnlog (5.49)
_Vs|8Q TS‘aQ
—(fs 1) |aq Taq

In the case of 1D fluids, all terms associated the vorticity vanish, and div = grad = 0.
Thus, in a 1D fluid domain Q = {{ € [a, b] C R}, the velocity field, viscous tensor and entropy
flux are given by the scalar functions v = v(¢), 7 = —10:v(¢) and f, = —==0:T (), respec-

T
tively, where k is the scalar thermal conduction. Similarly, the outward unitary vector to the
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boundaries is given by n|, = —1 and n|, = 1. With these considerations, the fluid formulations
in Propositions 5.1 and 5.2 can be reduced to 1D models equivalent to port-Hamiltonian-based
fluid formulations found in the literature, as shown in the following Remarks.

Remark 5.4. Using the considerations for differential operator and fluid variables described
above, the pseudo port-Hamiltonian formulation in Proposition 5.1 can be expressed as:

Op 0 —0 0 5,H
1 1 -

Ow| = =% 0 $9cs = 30c (7) 5, H (5.50)

9] o s —Fa () Ao+ 3o (30 (3))) L3

where H = ff (%pv2 + pu(p, s)) d¢ and the boundary port variables are given by the boundary
T
flows and efforts, f5 and ey respectively, defined as f5 = [—pv]b pvle —vly vla —f4lb fs\a}
1 1,2 T c ol ) T
and ey = [(502 —f-ﬁ)‘b (511 —i—ﬁ)‘ Tl Tla Tlp T|a] , satisfying the balance H = f; ey.

This fluid model is equivalent to the formulation proposed in [65] for reactive fluids, neglecting
the chemical reaction part.

Remark 5.5. Using the 1D considerations previously described, the dissipative port-Hamiltonian
formulation in Proposition 5.2 can be reduced to

atp 0 _ac 0 5pH
ow| = |—-0 0 —%ag 0H (5.51)
fc 0 —84; 0 Ce

where e, = [if., the total energy is defined as H = ff (%pvQ —l—pu(p)) d¢ and the boundary
port variables are given by the boundary flows f5 = [—pvly, pvld]" and the boundary efforts

_ 1,2 e 1,2 4 ec
eo=[(30* +h+%)| (50" +h+%)|
formulation is equivalent to the model used in [10]] to describe compressible fluids in pipelines,
without the gravitational effects. In this sense, notice that the dissipative term —%8466 1S equiv-

T .
} , satisfying the balance H = £, ey. This dissipative

alent to the term —%|v|v used in [104], where X is the friction coefficient, as shown in Section
3.1.2. Moreover, considering an inviscid fluid (i.e., e. = 0) the model (5.51) corresponds to the
fluid model used in [112] for control proposes.

5.4 ON THERMODYNAMICS AND AVAILABLE INTERNAL EN-
ERGY OF COMPRESSIBLE FLUIDS

In previous sections the specific internal energy for non-isentropic and isentropic fluids is
defined implicitly. In this section the thermodynamical properties of non-reactive compressible
fluids are analyzed. We provide an explicit definition for the specific internal energy and we
describe the utility of using available functions to characterize the variations of the total energy
of the fluid.
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5.4.1 Non-isentropic fluid

We consider the ideal gas law (4.3). Defining the constant r = R, /M where R, is the
universal gas constant and M the molar weight of the gas, the fluid pressure can then be
described as:

p=1rTp (5.52)

where 7 = ¢, — ¢,, with ¢, and ¢, the specific heat capacity at constant pressure and constant
volume, respectively. According to [120, 121] a good approximation of the specific internal
energy is given by

p

N (5.53)

u=c,J0 =
where v = ¢, /¢, is the specific heat ratio.
On the other hand, according to [114, p.295] for gases where the internal energy is propor-
tional to the temperature, such as (5.53), the specific entropy is given by:

s=c¢yln <p> + constant (5.54)
p’Y
Then, the pressure can be expressed as:
p = Aeslvp? (5.55)

where A is a constant. Using this pressure relation, we obtain the following explicit definition
for the temperature and the specific internal energy:

A .

T(s,p) = —e”/vp'™! (5.56)
r

A A (1T

u(s,p) = ——e¥vpt = el () (5.57)

y—1 y—1 p
These definitions of pressure, temperature and specific internal energy, (5.55)-(5.57), satisfy
the Gibbs equation (5.6), i.e.,:

1 1 A
du = <81u) d—+ (Osu) ds = <_A68/fvp'v) d= + <)pfy—1> ds

p p \ew(y—1
1
= —pd— +Tds
P
Similarly, the following thermodynamic relationships are satisfied:
/ey y— p
Oy = Ae*/ v p ™% = e (5.58)
0p(pu) = LlAes/“’p%1 =c, T =h (5.59)
’y —
Os(pu) = Les/"“p“Y =T (5.60)
’ (v —1)

Hence, (5.57) is an adequate formulation for the specific internal energy used in (5.19) for
non-isentropic compressible fluids.
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5.4.2 Isentropic fluid

Now we consider a fluid under a isentropic assumption, i.e., s = sq is constant. In this case,
the fluid pressure is defined as[114]:

p=Ap (5.61)
where A = Ae®0/ is a constant. Then, the temperature and the specific internal energy depend

only on the fluid density, i.e.,

T(p)=—p"" (5.62)

A A 1\
u(p) = ——pt=—-|(= 5.63
0= =24 (0) (5.69

Note that (5.63) satisfies the Gibbs equation (5.29), i.e.,
1 - 1
du = <81a) d— = (—Ap”) d—
L P P
1
p

Another important thermodynamic relationship is given in terms of the speed of sound ¢
and the isentropic compressibility (J,p),, i.e.,

T v— p
¢ =0p), =149 = (v - DT =7 (5.64)
Then, the pressure, temperature and internal energy can be expressed as follows:
c? c? c?
p=—p, I'=————and u = ————, (5.65)
gl cp(v—1) v(v=1)
. . . T 2 T 2
where « satisfies the relationships 0, (pu) = i = 23 Ap” = -7 and J,u = Ap? 2= <=5

Thus, the definition (5.63) for the specific internal energy can be used in the dissipative port-
Hamiltonian model for isentropic fluids (5.36).

5.4.3 Considerations for small temperature variations.

In this section we consider small variations of the temperature in an isentropic fluid domain.
The pressure can be approximated using the speed of sound at a reference temperature, as
shown next.

Proposition 5.3. Consider that the fluid temperature is bounded, i.e., T' € [T, T3], and define
§ = AT/Ty as the mazimum relative variation of temperature in the fluid domain, where

AT = Ty, — T. Denoting by ¢ the square of the speed of sound at reference temperature

*

T* € [T, T3], the pressure of the fluid can be approximated by:

pt=—"p 5.66
S (5.66)

with relative error e, < §.
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Proof. Define the temperature T = T* + AT where T* is the reference temperature and the

speed of sound ¢, = /(7 — 1)¢,T* at the reference temperature 7*. Then, from (5.64) we
obtain:

A=y =1, (T + AT) = + (7 — 1), AT
The relative error of the pressure is given by:

Cp—p| = AT
- P - c? T

Ep

Considering that AT < AT and T > T, we obtain that ep < %T =¢. O

The pressure approximation described in the previous proposition is suitable for applications
with small variations of the temperature, such as for example, the air exhalation in the human
phono-respiratory system, where the temperature varies from 310.15°K(37°C) in the lungs to
305.15°K(32°C) in the vocal tract, leading to a maximum relative variation of £ = 0.016.

To use the pressure definition (5.66) in the fluid model (5.36), it is necessary to redefine the
specific internal energy and enthalpy formulas. Using the Gibbs equation (5.29), we obtain:

2

0t = C;ln(m +C, (5.67)
c2

R* = ; (In(p) +1) + Cu (5.68)

where C, is a constant, and the following relationships are satisfied 0,u* = 4’;—; and 0,(pu*) = h*.

According to (5.30), the fluid dynamics is affected by the use of grad £* in the momentum
balance (see Chapter 4). The error in the fluid dynamics is given by

grad i — grad K*
grad f

g = (5.69)

Och—0ch™

Och
grad fi—grad A*| ,__
grad i

where

G
Then, using the specific enthalpy defined in Section 5.4.2 and (5.68), and considering that
v > 1, the error €4 can be expressed as:

el [ & _ 2 2 _ 2
B pgradp W)graldp = —c 2 _¢

Ep =

C

_ I< I<¢I (5.70)

c? 2 2
< grad p & c

This implies that the approximation error in the dynamics is bounded by &.
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5.4. On thermodynamics of compressible fluids

5.4.4 Available specific internal energy

An advantage of the port-Hamiltonian framework is the use of the total energy as a Lya-
punov function to evaluate the system’s stability [42, 44]. A desirable feature of the total
energy is that H(xo) = 0 and H(x) > 0,Vx # x¢ where xq is a dynamic equilibrium point of
the system.

As shown in previous sections the total energy of compressible fluids is given by:

1
H= /Q SPV v + pu(x)dS2 (5.71)

where u(x) describes the specific internal energy of the fluid. In the non-isentropic compressible
fluid model (5.19) with state variables p, v and s, given the specific internal energy (5.57) the
total energy H(p, v, s) is non-negative and it has a minimum #(0, v, s) = 0 for any {v, s} and
H(p,0,—00) = 0 for any p. This implies that H(p, v, s) has an infinite number of minimum
points, making it difficult to analyze the stability of the system using this function. Another
problem is given by the fact that the pair p = 0 and s = —oo does not define a practical dynamic
equilibrium point for the fluid. Similarly, for isentropic compressible fluids with specific internal
energy (5.63), the total energy H(p,Vv) is non-negative and has a minimum #(0,v) = 0 for
any v, i.e., as in the non-isentropic case, the total energy H(p,v) has an infinite number of
unpractical minima.

To address these problems, as shown in Chapter 4, it is convenient to define the total energy
using an availability function, @ (x), that describes the changes of specific internal energy with
respect to a reference point xg. The framework of the thermodynamic availability function,
formalized for the control of thermodynamic systems in [122] and with roots in [123] and
[124], has been used to derive Lyapunov conditions for the stability analysis of irreversible
thermodynamic systems by many authors [125, 126, 127, 128, 129] just to cite a few. This
available specific internal energy can be defined as:

a(x) = u(x) — u(x0) + fu(x) (5.72)

where f,(x) is a function used to guarantee the non-negativity of @ such that f,(xq) = 0.
Then, the fluid total energy can be described as:

H(x) = /Q ;pv -V + pu(x)dS2 (5.73)

One can notice that this total energy definition is a non-negative function, H(x) > 0 with
minimum #(xo) = 0.

Now denote by pg and £y the pressure and the specific enthalpy at x = xg, respectively, such
that grad py = 0 and grad fip = 0. Then, the terms grad p and grad /i in (5.30) and (5.33)
of isentropic compressible fluids, can be rewritten as grad p = grad p and grad i = grad ﬁ,
respectively, where p = p—py and h = h—ho. This implies that to use the total energy (5.73) in
a port-Hamiltonian formulation of isentropic compressible fluids, the available specific internal
energy (5.72) must satisfy the following relationship:

1
du = —ﬁd; (5.74)
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Solving (5.74) we obtain that

fu(x) = po (1 - 1) (5.75)

P Po

and the available specific internal energy for isentropic compressible fluids is given by:
A A 1 1
A g A g, ( - ) (5.76)
v—1 P Po
In this case, the total energy H(p, v) has a minimum % (pg, 0) = 0 where py is the reference
density and the efforts associated with the total energy (5.73) are given by:

-

Notice that grad £ = grad A = grad 0, (pa). Then, (5.30) can be expressed as the
dissipative port-Hamiltonian system proposed in (5.36) where the total energy, internal energy
and fluid efforts are given by (5.73), (5.76) and (5.77), establishing stability and passivity
properties of the system with respect to the dynamic equilibrium point.

This procedure can also be applied in the case of small temperature variations (see Section
(5.4.3)), where the available internal energy and fluid efforts can be expressed as:

oy 11 5,H _[ivov 49, (pa)
ar(p) = ;ln <p0> + po (p - p(}) , and [5‘1,}_—[ = v (5.78)

respectively, satisfying the relationship grad A* = grad h* = grad 0, (pu*), as shown in
Chapter 4.

On the other hand, for non-isentropic fluids, such as those studied in Section 5.1, the
available specific internal energy must satisfy the relationship

1 ~
dia = —pd— + Tds (5.79)
p

where 7' = T — Ty and Ty is the temperature at the reference density py and reference entropy
so. From the solution of (5.79), functions f, and « are defined as

1 1
Ju = Do <—> —To (s — s0 (5.80
P Po ) )
A A 11
7 = s/l L eso/ew 1l S ) = Ty(s— 5.81
w(p, s) P L po L B (p p0> 0 (5 — s0) (5.81)

satisfying %grad p= %grad p = grad 0, (pu) — Tgrad s. Then, using (5.81), the total energy

H(p, v, s) for non-isentropic fluids, has a minimum H(pg, 0, so) = 0 and the efforts are given
by:

5/17'__[ 3V v+ 0p(ptt)
H| = pv (5.82)
0sH pT
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However, given that the operator D,, of Lemma 5.2, is a function of the effort pT', we obtain
that D,6,H # D,6,H. This makes it difficult to use the energy (5.73) and efforts (5.82) in the
energy-based model described in Proposition 5.1. An alternative model formulation is hence
necessary to use the available specific internal energy to describe the dynamics of non-isentropic
compressible fluids.

An alternative approach to describe irreversible process, such as the non-isentropic fluids,
is given by the irreversible port-Hamiltonian framework.

5.5 IRREVERSIBLE PORT-HAMILTONIAN FORMULATION OF
1D COMPRESSIBLE FLUIDS

As already discussed in Section 1.2.3, the irreversible port-Hamiltonian framework is an
approach focused on the description of the thermal domain, where the first and second laws
of Thermodynamic are included. This approach was initially proposed in [67, 68] for finite-
dimensional systems and extended to infinite-dimensional domains in [70, 71]. The dynamics
of an irreversible system on a 1D domain, Q := {¢ € [a,b] C R}, are given by:

8tX = Z leﬂjéx% + R()j\yoj(st + 6< [Rl(SSH] ,C € [(I, b]

i=1

where J;;,i € {1,2} is an operator of the form J;; = P;;0} with P; = (=1)""'Pj. The terms
Rij,i € {1,2} are defined as 7;;{S, H}7, where 7;; > 0 and {S,H}7, denotes a locally defined
operators, defined in (1.31), between the total entropy S and the total energy #H of the system.
The vector Ry = [Ry1,. .., Ri,]" satisfies the relationship >y R JhjoxH = [0 R 0:0xH !
(see Section 1.2.3 for details).

In the following, we use this approach to develop an irreversible port-Hamiltonian formula-
tion for non-reactive compressible fluids in a 1D domain.

5.5.1 Governing equations of non-reactive thermodynamic com-
pressible fluid

We consider a 1D non-isentropic compressible fluid given by

Op = —0cpu (5.83a)
v = —0 (1 ?) Lo — Lo (5.83b)
v=—0;|=zv") ——=0p— =0T .
t ¢ 9 P ¢ P ¢
1 P T
Oyu = —v0cu — —O¢fr — =0 — —0O¢v 5.83c
: e = 0fr = 0cv = 20 (5.83c)
where p denotes the density per unit length, 7 = —pd.v is the shear stress of the fluid

and fr = —kO.T is the heat flux, with p and £ the fluid viscosity and thermal conductivity,
respectively.
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In a 1D domain the material derivative is defined as D; = 0, + v0;. Then, using the
local equilibrium (5.7) and the Gibbs equation (5.6), as shown in Section 5.1.1, the governing
equations can be expressed as:

Op = —0cpv (5.84a)
1 1
O = —0; (2112) — O (u + Z;) +T0:s — ;847’ (5.84Db)
1 T
Oys = —v0cs — IO—T@U"T — p—Tﬁgv (5.84c¢)

where u and p are given by (5.57) and (5.55), respectively.
Then, defining the total energy of the fluid as:

b1
H = / ipvz + pu(p, s)d¢ (5.85)
O, H [Jv2 +u+p/p
where |0, H| = pU , the fluid dynamics are given by:

0sH i pT

[O,p 0 —0 0 5,H

ow| = [—0 0 %34;8 — %ac (fT) O H (5.86)

Os] [0 =0 = 50 (3) a0 (R0 (5)) | LM

5.5.2 Irreversible port-Hamiltonian formulation

To obtain the irreversible port-Hamiltonian formulation of the system (5.86), it is necessary
to identify the reversible and irreversible parts, ¥, and ¥/;, respectively, of the system dynamics,
such that 9,x = W, + ;. In this particular case, the fluid governing equations (5.86) can be
expressed as:

O 0 =9 07f[s,H] |V 0 0 5, H

dw| =|-0 0 los||om|+]0 0 —10c () 6%

Oy 0 =0 0 J[oH] o —zo (L) Lo (ko (L)) L9
reversible part W) irreversible part ¥;

Notice that the reversible part can be described by an operator having the form (1.15), i.e

W, =T (x)0xH (5.87)
where x = [p v s]" is the state vector of the fluid dynamics and the operator J(x) is given by
j(X) = P18< + PQ(X) (588)
with
0 -1 0 0 0 0
P=|-1 0 0| and Py(x)=1(0 O %ags
0 0 0 0 —20s 0

Regarding the irreversible part ¥, it is necessary to introduce the definition of modulated
skew-symmetric operator, as follows.
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Definition 5.2. Let J be a skew-symmetric operator that satisfies the Jacobi identity. Then,
a modulated operator J is defined as the formal skew-symmetric operator of the form:

Je=MT"(x)TJ [M(x)e] (5.89)
where M (x) depends on the state variables.
Notice that ¥, can be expressed as:

0
W, = — 20T (5.90)
or+o; — %8C/s

where o = — 7.0, (%(ZJ'H) =5 (0¢v)? and op = _%84 (%537—[) = % (0:T)* are the entropy
creation due to viscous friction and heat conduction, respectively. Similarly, —%847' and —%84 fs

describe diffusion phenomena in the velocity and entropy variables, and f; = —%GCT denotes the

specific entropy flux. Defining the entropy creation terms as o, = %Rha(v and o = %RlTé?CT,
the following relationships are obtained:

p T h fs

Ry, = =00 = —= and Ry = —0,T = -2

ot T e T

Then, using (5.91), the irreversible part of the governing equations can be rewritten as:

(5.91)

00 0170 0 0 0 0 0][6H
W, =R, |0 5, 0|0 0 1|0 ||0 5 Of |6,H
00 ilj0o10 0 0 L |6H
p p
jl-réxH
000170 0 0 0 0 0] [s,H L
+Rip|0 5 0[]0 —4C 0l |0 5 O [6H| | —~0 |7 (5.92)
00 Lo 0o 1 00 i [oH]) P |k
JiroxH
with modulated operators
Jire = M (x)Pi,0; [M(x)e] 5.93)
Jire = M ' (x)Pir0,; [M(x)e] 5.94
with
000 00 0 0 0 0
M(x)=10 ; Of, P,=10 0 1], and Pr= 1[0 —£T 0
0 0 % 010 0 0 1

Reformulating Ry, and R;r according to Definition 1.6, i.e., Ry, = 71.{S, H}*Jl and Ryp =

Y1r{S, H}; , where {S,H}% and {S,H}’; arelocally defined operators of the form (1.31),
and the total entropy & is defined as:

S = / ’ psdc (5.95)
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we obtain that {S, H}5 = Ov, {S,H}*le =0T, mir = £ >0 and y17 = 75 > 0. Then, the
irreversible part of the fluid dynamics can be expressed as:

Wz‘ = RlleT(Sx'H + RlleT(SxH + ]\4—r (X)@g (M(X) [1:2 ‘| 5SH> (596)
1

where Ry = [Ry, Rir|" and satisfies

~ ~ B 02><1
Rir J170xH + Rir JirdxH = [[0 R |MT(x)0; (M(X)&{H)]

Proposition 5.4. Let ‘H be the total energy defined in (5.85). Using the skew-symmetric
operators J, Jir and Jip, defined in (5.88), (5.93) and (5.94) respectively, the governing equa-
tions (5.84) of a non-reactive compressible fluid can be expressed as the following irreversible
port-Hamiltonian system

Ox = ToxH + Riy Tir0xH + Rir JirdsH + M T (x)0; <M(x) lRoll 5;H> (5.97)
with boundary inputs and outputs given by
(30" +14) 0] (o) ()]
—7(b) v(b)
g ~v(a)
i —fs((a)) | [ —T(a) |

where X = [p v S]T, JoH describes the reversible part of the fluid dynamics and Ri, Ji-0H +

RirJirdsH + M (x)0, (M(X) [ROJ 53H> describes irreversible part, satisfying the balances
H=u'y (5.99)
, b
S :/ aod¢ — (spv+ 1,) | (5.100)

2 2
where o3 = Y11 ({S,”H}}h) + M ({S, "H}*le> > (.
Proof. Using (5.87) and (5.96) the PDE (5.97) is obtained. On the other hand, the energy

b
balance is given by H = [ 6,H " 9;xd(. Then, using (5.97) the energy balance can be expressed
as: ¢

. b b - -
= / (6H) T T HAC + / (0xH) " [RirTiobuM + RurJirdoH] dC

i /ab e [ M), ( M(x) lfgj 5%)] dc
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From the definition of 7 in (5.88), [* (6xH)" ToH d¢ = [ (0,H) " PdcH d¢ where P1 =

0 -1 0
{—1 0 O] . Similarly, the irreversible part of the fluid dynamic satisfies the relationship:
0 0 0

0
0
[0 R{ M T (x)0 [M(x) s H]

R].leT(SXH + RlTsilT(SxH =

Then, the energy balance can be rewritten as:

b b O
7 = / (6:H)" PLOOHAC + / (6H)" 0
‘ ¢ [0 R M T (x)0¢ [M (x)0xH]

. /ab (0.H)" lMT(X)aC <M(x) lfgl: 6#[)] dg

d¢

= / " 0 (6,H6,H) dC + / "0, ([M (3)0xH] " M (x) m 5s’H> d¢

b b

1 1
= — (6,Ho,H)|" + <5U’HR1T55’H>
p p
(a0
= 21} v | pv

Defining the boundary inputs and outputs as shown in (5.98), the relationship (5.99) is
obtained.
Regarding the entropy balance, we have that

1 1
+ <5S?—LR1T537—[>
p p

a a

— (vr)|s = (TF)I:

a

S = /  16,8]T Ayxdc

-/ (stf ToxH + [0:8]" MT ()0 <M ) [Roll M)) *

b T = T =
v / Ru [0x8]" FirdH + Rip[0xS] " FirdH | dC
a N———

SH}% SH}%
(SHyy (SHyy

where [0xS]" = [s 0 p|. Notice that [5,S]" JoxH = —s0.0,H — 6,HOcs = —0; (s0,H) and
[0x8]T M7 (x) = [0 0 1}. Then, the entropy balance S is given by

S:/basdg—/bag(sév”z'-[+fs)d§
:/b osd¢ — (spv + fs) |Z

where o, = 71, ({S, H}}IT)Q + YT ({S, H}}1T>2 > (. O
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Notice that if the system is isolated, the energy balance (5.99) is reduced to H = 0 and
the entropy balance (5.100) is reduced to the inequality S > 0 , i.e., the fluid description in
Proposition 5.4 satisfies the first and second laws of Thermodynamics.

Remark 5.6. Notice that the structure of the irreversible part of system (5.97) is modulated, in
contrast to the irreversible port-Hamiltonian formulation on infinite dimensional spaces given
in Definition 1.6 (see Chapter 1 Section 1.2.3 for details). The presence of matriz M(x) in
the last term of the right hand side of (5.97), and in operators Jir and Ji-, is due to the state
variables of the compressible fluids. In the case of incompressible fluids, this matriz vanish,
obtaining a standard irreversible port-Hamiltonian formulation.

To illustrate the previous Remark (5.6),as example we consider a simple 1D shallow-water
system described by:

Oth = —0, (hv) (5.101a)
1 1
O (pov) = —0¢ <2p002 + pogh) - 5)\fp0|v|v (5.101b)
1
Ort = 5)\fp0h|v|v2 — Ocfr (5.101c¢)

where h = h((,t) is the water height, v = v((, t) is the average velocity of the fluids, u = «((, t)
denotes the internal energy per unit length, fr is the heat flux, ¢ is the constant of gravity
and po is the mass per unit area. The last term on the right hand side of (5.101b) describes
the dissipation of kinetic energy by viscous friction, where A; is a dimensionless factor [104].
The term A spohlv|v? in (5.101c) denotes the heat production by viscous friction. The term
sArpolv] is equivalent to the friction coefficients used in [130] and [131]. The thermodynamic
properties of « are given by the Gibbs equation, du = T'ds, where s = 4((, t) is the entropy per
unit length. The total energy of this system is given by:

b1 1
H= / ipohv2 + §P09h2 + u(s)d¢

Using the thermodynamic equilibrium 0;u = T'0;s, the dynamics of s can be expressed as:

1), 1
O = §?p0h|v\v2 - T@g (kO T)

Defining the state vector as x = [h, pov, 4], the fluid efforts are given by 6, H = [%pOUQ +
pogh, hv, T]" and the shallow-water equations can be expressed as:

0
Ox = JoxMH + RiJ10xH + RoJo0xH + ¢ | | 0| 0,1 (5.102)
Ry

where J = PO, Jy = Py and J; = P10, are skew-symmetric operators with

0 -1 0 00 O 0 00
P=|-1 0 0|, FP=|00 —1| andAA=1(0 0 O
0O 0 0 01 0 0 01
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and Ry = {S,H}Y, and Ry = 11 {S,H}Y,, where {S,H}5 = hv, {S,H}; = 0T, v =
%Mﬁiw>0andfyl:%>0.

Notice that, for the incompressible fluid described by the shallow-water equations, the
irreversible part of the system (5.102) is in correspondence with the standard irreversible port-
Hamiltonian formulation described in Definition 1.6. That is, the matrix M (x) that appear
in the irreversible port-Hamiltonian formulation of compressible fluids, is a consequence of the

compressibility assumption.

5.6 (CONCLUSION

In this chapter, general port-Hamiltonian formulations for 3D compressible fluids have been
presented. For non-isentropic fluids a pseudo port-Hamiltonian model was proposed in Propo-
sition 5.1. This model presents an appropriate description of the thermal domain, satisfying
the second law of Thermodynamic, as shown in (5.23). However, operators D, and D* depend
explicitly on the entropy effort d,H = pT and, as a consequence, the system (5.19) does not
define a Dirac structure. In the case of isentropic fluids, the dissipation of kinetic energy by vis-
cous friction is considered as a dissipative term [40], obtaining the dissipative port-Hamiltonian
model in Proposition 5.2. As shown in Section 5.3, these port-Hamiltonian formulations can
also be used for 1D and 2D compressible fluids, making the appropriate considerations in the
corresponding operators. Moreover, considering the suitable assumptions, proposed formula-
tions are equivalent to other fluid models in the literature.

Finally, we presented an alternative formulation based on the irreversible port-Hamiltonian
framework to describe non-isentropic compressible fluids in 1D. Unlike the pseudo port-Hamilto-
nian formulation described in Proposition 5.1, this approach allows us to avoid the presence of
fluid efforts in the differential operators that describe the dynamics. Additionally, we obtain an
appropriate description of the first and second law of Thermodynamic, as shown in Proposition
5.4. However, given the compressibility assumption, a matrix M (x) appears in the irreversible
part of the model, obtaining a formulation that differs from the standard form of irreversible
port-Hamiltonian systems on infinite dimensional domains, described in Definition (1.6).
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Chapter 6

Conclusion

In this thesis a finite-dimensional approach based on the port-Hamiltonian framework to de-
scribe the F'SI between a longitudinal fluid and a structure with transverse motion has been pre-
sented. A finite-dimensional formulation based on a mass-spring-damper description has been
proposed in Chapter 2 to characterize the transverse motion of the structure in the longitudinal
domain. To describe incompressible fluids, the fluid domain is divided into n; sections of length
¢y with uniform cross-sectional areas, where the fluid dynamics are characterized through the
average longitudinal momentum. Additionally, a novel instrumental element, called node, has
been proposed in Chapter 3. This node allows us to define the static pressure in an infinitesimal
zone between two incompressible sections of the fluid domain, providing an appropriate way,
from the port-Hamiltonian point of view, to couple finite-dimensional port-Hamiltonian mod-
els of adjacent incompressible sections. In the case of compressible fluids, a description based
on a 1D staggered grid has been proposed in Chapter 4. The flow behavior is characterized
by the average longitudinal velocity of n; sections with uniform cross-sectional areas and the
corresponding ny average densities.

To connect the fluid and the structure subsystems, a power-preserving interconnection that
combines the features of the interconnection by ports and the interconnetion by energy of PHS,
has been presented in Chapter 3. This interconnection provides a suitable description of the
power-transfer between both subsystems. In cases where the structure collides closing a section
of the fluid domain, a switching interconnection approach has been proposed in Chapter 4. To
this end, we use a switching matrix S, to enable and disable the fluid-structure interconnection
in the corresponding sections, according to a threshold value. Similarly, this matrix S, is used
to enable and disable the corresponding fluid dynamics during the collision, allowing us to
avoid the singularities of the fluid model when the fluid domain is closed.

The finite-dimensional approach used in this thesis, allows to reduce the complexity of
the FSI model with respect to the classical computational formulations that requires several
algorithms to guarantee the stability of the numerical results. Moreover, the proposed finite-
dimensional models show an appropriated description of the FSI behavior, as it can be seen in
the numerical simulations. These simulations show results in correspondence with other model
in the literature. Additionally, the scalability of the proposed models allows to set the spatial
resolution, along the longitudinal domain, of the variables of interest. This setting can be
made varying the number of fluid sections n; and structure sections n,. Moreover, as shown in
Section 4.4, the number of fluid sections and the number of structure sections may be different,
allowing greater freedom in the description of the fluid and the structure domains.




Chapter 6. Conclusion

The analysis of the FSI behavior using the models proposed is constrained by the symmetry
hypotheses considered in this thesis, such as an axisymmetric behavior of flexible tubes and
an symmetric movement of the vocal folds in the glottis. Similarly, the structure dynamics are
reduced to the transverse motion only. Similarly, the fluid dynamics analysis is limited to the
longitudinal velocity of the flow. To study phenomena, such as vena contracta and coandra
effects in the glottis during the vibrating cycle of the vocal folds, a more complex model is
required.

In Chapter 5, we presented general formulations based on the port-Hamiltonian framework
for 3D isentropic and non-isentropic compressible fluids. These formulations can also be used
in 1D and 2D fluid problems modifying the differential operators. Similarly, under appropriate
assumptions, the proposed models are equivalent to other formulations in the literature. In
the case of non-isentropic fluids, we have obtained a pseudo port-Hamiltonian formulation.
That is given by the dependency of the differential operators on the fluid efforts associated
with the entropy state variable. This implies that the system described in Proposition 5.1 does
not define a Dirac structure. Additionally, an alternative formulation based on the irreversible
port-Hamiltonian framework is proposed for 1D non-isentropic fluids. The advantage of this
formulation is that it encompasses the first and second principles of termodynamics as a struc-
tural property of the system, which is particularly convinent for stability analysis and passivity
based control design.

FUTURE WORK

For a practical use of the finite-dimensional models proposed in this thesis, as for example
in the study of pathogenesis of phonotraumatic diseases of the vocal folds, the next step is
the parameter identification from real data. However, the application of system identification
methods, such as maximum likelihood and Bayesian inference, to the models proposed has the
own challenges that need be considered in future projects. Similarly, one advantage of the
finite-dimensional models presented in this thesis, is the simplicity of the PHS framework to
define new inputs for the model, as for example external forces acting on the masses of the
structure model. This is useful for control applications in future works. Other possible research
areas where the proposed model can be useful is in system identification and filtering. Consider
for example the voice production process. During phonation we use myoelectric signals that
change the strain of the Thyroarytenoid muscle in the vocal folds (see Figure 2.4). These
changes can be interpreted in two ways: the first one is to consider that the structure model
has time varying parameters; the second one is to consider these changes as an external force
acting on the masses of the structure model. In the first case we can use system identification
methods to estimate the parameters of the system from real data. In the second case where we
consider external forces acting on the structure model. Recent advances in filtering for systems
subject to unknown inputs, will be used to estimate these forces. This information can be
useful for the design of biomedical implants.

As future work with the infinite-dimensional models proposed in Chapter 5, we consider
the study of techniques such as Arbitrary Lagrangian-Eulerian methods [19, 26] and mesh-
less methods [132], and their compatibility with the port-Hamiltonian framework, to describe
systems with time varying domains. Another research line to be considered in future works
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is the extension of the infinite-dimensional port-Hamiltonian formulations to non-Newtonian
fluids. Regarding the irreversible port-Hamiltonian approach, we consider the extension of
the formulation described in Proposition 5.4 to 3D compressible fluids and the development
of passivity-based control methods suitable for the structure of irreversible port-Hamiltonian
systems on infinite dimensional domains.
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Appendix A

Usetul Identities and Theorems

The set of mathematical identities [101, Appendix A] used in this work are described below:

(u-grad )u = grad <;u . u> + [curl u] x u (A.1)
o:|Grad u] =div [o-u| —u-diveo (A.2)
div [fu] = [grad f]-u + fdiv u (A.3)
div (Grad u) = grad (div u) — curl [curl u] (A4)
div ( [Grad u]T) = grad (div u) (A.5)
div [(dlv u) I] = grad (div u) (A.6)
div [u x v] = v - [curl u] — u - [curl V] (A7)

where f is a scalar, u is a vector and o is a symmetric second order tensor.

Theorem A.1 (Gauss Divergence Theorem). Let be a domain 2, enclosed by the boundary
surface OS2, then

/Q (div w)dQ = /8 (un) o0 (A.8)

where n denotes the outward unitary vector to the boundary OS2
Proof. See [101, p. 704] O

Theorem A.2 (Adjoint of div ). Let be the Hilbert space of the square integrable scalar func-
tions, denoted by #y = L*(Q2,R), and the Hilbert space of the square integrable vector functions,
denoted by 3, = L*(Q2,R™). Given the operators div : #, — #y and grad : #y — F,, where
—grad is the formal adjoint of div , then,

/Qf(divu)d9+/g[gradf]-udgz:/mf(u-n)ag (A.9)
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Appendix A. Useful Identities and Theorems

Proof. Denote by (f1, f2)z, = Jo f1f2dQ and (uy, uz)y = [our - updS) the inner products in
#y and #q, respectively. Then,

(f,div ), + (grad f,u),, = /Q £ (div w) d + /Q grad f] - udf
= /Qf (div w) + [grad f] - udQ

“9) / div [fu] d9
Q

(A.8)

= / f(u-n)o
09
where for BC equal to 0, the relationship (f,div u), = (—grad f,u),, is obtained. O

Theorem A.3. [60] Consider the Hilbert space of the square integrable vector functions #,
and the Hilbert space of square integrable second order tensors #y := L*(Q, R™ ™). Given the
operators div : Hy — Hy and Grad : #H; — Hs. Then, the formal adjoint of div is —Grad
and for any symmetric tensor o € #ty and vector u € &y, the following relationship is satisfied

/Q[div a]-udQ+/Qa:[Grad u]dQ:/mu-[a-n}aQ (A.10)

Proof. Denote by (o7, 0'2>3€2 = [q 01 : 02dS) inner product in #y, where oy : 09 = TT(O'ITO'Q).

T T
Considering div o = [div o1 -div O'n] where 0; = {alj . anj} is the j-th column of tensor
o. Then, we obtain:

(div o, u),, :/Q [div o] - udQ = /QZvjdiV o;dS2
J

(‘23) Z/Q —0j - grad uj + div [Ujuj] df2
J

:—/QTT (o-TGrad u) dQ—i-Zj:/aQUj (0j-n)0Q

= — (0, Grad u),, + u - [O'T . n} 0N}

o0N

Thus, for BC equal to 0 we obtain (div o, u),, = (o, —Grad u),, , i.e., —Grad is the formal
adjoint of div .

Now, considering that o is a symmetric tensor in #s, u - [O'T . n} = u - [0 - 1], obtaining
the relationship (A.10). O

Theorem A.4. Let curl 5 be the adjoint operator of %curl . Then,

1 1
/ up - lcurl Uzl ds2 —/ [curl ull “UpdS) = / — [ug X uy] - noQ2 (A.11)
0 p Qlp o2 p
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Proof. Considering the inner product <u1, curl %>;€ we obtain
1

<u1,curl u2> = / U - [curl UZ] dQ)
P lw Jo p

(L0 / (div lw X u1] + 22 [curl u1]> dQ
0 p p

A. 1
(48) / [curl u1] - UodS) +/ lu2 X UI] - nof
Qlp o | p

Rewritten previous equation we obtain the relationship (A.11). Similarly, considering boundary

conditions equal to 0, <u1, curl ﬂ> = <lcurl Uy, 'u,2> , i.e., curl = is the formal adjoint of
P /g p it p

%curl : O

Theorem A.5. Let x € #; be the state vector of a dynamic system, F(x) € #, and a(x) € #Hy
be square integrable vector and scalar functions, respectively, such that, for any f € #,
we obtain that F(x)f € #1 and a(x)f € #y. Define the operator D : #y — Ho as
Df = a(x)div (F(x)f). Then, the formal adjoint D* : #y — o of D is given by D*f =
—FT(x)grad (a(x)f): #y — Hy.

Proof. Let f;,j € {1,2} be a square integrable scalar function. Consider f;* € #, and ij € #

as the scalar and vector functions defined as f* = a(x)f; and fJF = F(x)f;, respectively. Using
the inner product (fi,Dfa)g, , we obtain that:

(f1,Dfo) sy, = /Q fra(x)div (F(x)fs)dQ = /Q fodiv £Ed6

(A.9)

=~ [ lgrad f7]- ffao+ [ fr(#5-n) o0

—— [ lerad (a(f0) - FGOfd2+ [ g7 (4 n) 00

—_ /Q [FT(x)grad (a(x)f1)] f2d2 + /m fo (fF -m) o0 (A12)
Then, considering boundary conditions equal to 0, we obtain the relationship (f, D f5) sy =

<—FT(x)grad (a(x)fl),f2>g€ , ie., D*(-) = —FT(x)grad (a(x)-) is the formal adjoint of
0

D. [

Theorem A.6. Let D : #y — Hy be an operator defined as Df = F'(x)grad (a(x)f) +

a(x)div (F(x)f), such that, for any f € #y we obtain that F(x)f € 1 and a(x)f € #y.

Then, the D is a formal skew-adjoint operator.

Proof. Let f;,j € {1,2} be a square integrable scalar function. Consider f{* € #, and fJF € 7t
as the scalar and vector functions defined as f* = a(x) f; and f” = F(x) f;, respectively. Then,

inner product < f1,D f2>g€ is given by:
0

( fl,@f2>% = /Q (AFT (x)grad (a(x)f2) + fia(x)div (F(x)f)) dQ (A.13)
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Appendix A. Useful Identities and Theorems

Using (A.12) the expression (A.13) is rewritten as:

(D), == [ (AF (grad (a(x)fi) + Lra(adiv (F(x)f)) A2
+ [ (5 (£ n)+ 55 (# - n)) 00

_ B a F . o F .
= <Df17f2>%0 +/89 (fl (f2 n) + [ <f1 n)) o0 (A.14)
Finally, considering boundary conditions equal to 0, from (A.14) we have that < f1,D f2>% =
0
<—Z_)f1, f2>g€ . This implies that the formal adjoint of D is given by D* = —D, i.e., D is a
0

formal skew-adjoint operator. O]
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fluides newtoniens compressibles unidimen-
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ondly, the dynamics of Newtonian fluids
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appropriate coupling, from a PHS point of
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