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Titre : Etude expérimentale et modélisation de métamatériaux pour les ondes 4 la

surface de ’eau

Résumé

La these concerne 1'étude des métamatériaux dans le contexte des ondes a la surface
de l'eau. Cette étude s'appuie sur une expérience en laboratoire qui permet de mesurer
précisément le champ des ondes.

Dans la premiere partie, nous démontrons expérimentalement et
numériquement que les métamatériaux peuvent étre utilisés pour controler la
propagation des ondes et les propriétés de résonance d'une cavité fermée, y compris le
« cloaking » de ses modes propres. Le milieu anisotrope est conc¢u a partir de la théorie
de la transformation des coordonnées et de 1'homogénéisation d'un probléeme d’onde
tridimensionnel. Ce milieu est constitué par un ensemble de plaques verticales dont
I’espacement est treés inférieur a la longueur d’onde. Cette structure impose une
bathymétrie anisotrope qui influe sur la propagation des ondes différemment selon leur
direction de propagation par rapport a ce milieu structuré. Trois cavités différentes,
fabriquées par une imprimante 3D, sont testées et comparées au cas de référence avec
bathymétrie sans structuration. La profilométrie par transformée de Fourier, ainsi que
des capteurs de déplacement confocaux, sont utilisés pour les mesures de la déformation
de la surface de l'eau résolues en temps et en espace. Les données expérimentales
montrent une capacité remarquable du métamatériau a influer sur la propagation
anisotrope des ondes & la surface de 1'eau.

La deuxieme partie concerne les métamatériaux immergés entre deux eaux pour
lesquels un modele homogénéisé est proposé et la solution numérique par méthode
modale est fournie. Les propriétés anisotropes d'une telle structure sont étudiées
expérimentalement en utilisant la méme technique. Une analyse basée sur le formalisme
de Bloch-Floquet est effectuée pour vérifier la relation de dispersion de ce milieu prédite

par la méthode d'homogénéisation.



L'objectif principal de la troisieme partie de cette these est d'étudier
expérimentalement les états de bord topologiquement protégés dans un guide d'ondes
a géométrie périodique en régime linéaire et non-linéaire. Une des représentations des
états topologiques, fournie par le modele Su-Schrieffer-Heeger (SSH), est appliquée
pour décrire les phénomenes observés. Un guide d'ondes avec une largeur périodique
est comparé au cas régulier d’un réservoir rectangulaire avec une largeur constante.
Des capteurs de déplacement confocaux sont utilisés pour mesurer le champ d'onde
treés précisément. Les données expérimentales sont comparées aux résultats des
simulations numériques 2D et a la prédiction du modele SSH. Les résultats obtenus
montrent que cette configuration tres simple présente toutes les propriétés du modele

SSH avec un excellent accord.

Mots clés : métamatériaux, mécanique des fluides, ondes, homogénéisation, modele

SSH, étude expérimentale



Title: Experimental study and modeling of metamaterials for water surface waves

Abstract

This thesis concerns the study of metamaterials for water surface waves. The study is
based on a laboratory experiment which makes it possible to measure the wave field
precisely.

In the first part, we demonstrate experimentally and numerically that
metamaterials can be used to control the wave propagation and resonance properties
of a closed cavity, including the cloaking of its eigenmodes. The anisotropic medium is
designed using coordinate transformation theory and the homogenization of a three-
dimensional linear water wave problem. This medium consists of a set of vertical plates
whose spacing is much lower than the wavelength. This structure imposes an
anisotropic bathymetry which influences the propagation of the waves differently
according to their direction of propagation. Three different cavities manufactured by
a 3D printer are tested and compared to the reference case with bathymetry without
structuring. Fourier transform profilometry, as well as confocal displacement sensors,
are used for measurements of water surface deformation resolved in time and space.
Experimental data shows a remarkable ability of the metamaterial to influence the
anisotropic propagation of waves on the water surface.

The second part concerns the metamaterials submerged between two water
layers for which a homogenized model is proposed, and the numerical solution by the
modal method is provided. The anisotropic properties of such a structure are
investigated experimentally using the same technique. An analysis based on the
Bloch-Floquet formalism is performed to verify the dispersion relation of this medium
predicted by the homogenization method.

The main objective of the third part of this thesis is to experimentally study
topologically protected edge states in a waveguide with periodic geometry in both

linear and nonlinear regimes. One of the representations of topological states, provided



by the Su-Schrieffer-Heeger (SSH) model, is applied to describe the observed
phenomena. A waveguide with periodic width is compared to the regular case of a
rectangular reservoir with constant width. Confocal displacement sensors are used to
measure the wave field very precisely. The experimental data is compared with the
results of the 2D numerical simulations and the prediction of the SSH model. The
results obtained show that this very simple configuration presents all the properties of

the SSH model with excellent agreement.

Keywords: metamaterials, fluid mechanics, waves, homogenization, SSH model,

experimental study
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Introduction

“If you want to find the secrets of
the Universe, think in terms of

energy, frequency and vibration.”

Nikola Tesla

Everything appears to be in a constant state of motion, whether it is a particle, a
wave, or both at the same time. The idea of a wave per se is a universal, and thus
quintessential concept for every field of physics — starting from the scale of subatomic
particles that exhibit wave-like properties, through the propagation of light, sound,
water (Fig. 1la), or earthquakes to scales as big as that of the gravitational waves
that travel through spacetime. The advances in the field of wave physics from the
last century contribute to the constant development of humankind, whether it comes
to communication over a great distance, harvesting renewable energies, or inspecting
environments previously beyond the reach of a naked eye with examples as diverse as
visualizing our internal organs using ultrasound or capturing the image of the black

hole (Fig. 1b) by an international network of radio telescopes [2]. These analogies

Fig. 1 (a) Satellite imagery of water waves formed at the ocean surface by an internal
wave propagating deeper in the depths [1]. (b) An image of the black hole at the center
of galaxy M87 [2].
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allow to observe the same phenomena throughout different types of waves, but how far
can we push them, and what is the degree of universality between them?

A wave is a disturbance that propagates from the spot where it was created (source)
and carries energy at a certain distance but does not necessarily transfer any mass.
Sound and water waves are mechanical waves. They necessitate a medium to travel
through — a gas, a solid, or a liquid. The speed with which it travels depends on the
material characteristics of the medium. By changing the properties of the medium,
one can control the propagation of the wave. Since water waves are common and
readily visible due to their macroscopic scale, they are often studied to understand
the properties and phenomena of their other counterparts. On the other hand, many
challenges arise due to the inherent water waves complexities, such as nonlinear effects
revealed for large enough surface elevation gradient or its dispersive behavior varying
with depth. In this thesis, we focus on an experimental study of water surface waves.

A medium, through which the wave propagates, with specially designed unique
patterns or structures, is called a metamaterial — from the Greek perd-, meaning
beyond, higher or changed, altered. These specially engineered material properties cause
the wave to interact with the metamaterial in ways not commonly found in nature.
However, some links can be found, through which fascinating phenomena emerge when
it comes to the naturally periodic media. One of the examples illustrates the occurrence
of flow control through an array of unique structures on a shark’s skin [3]. It consists
of millions of microscopic scales (Fig. 2a). Where control of the water flow adjacent to
the predator’s body is essential, i.e., around the gills and at the trailing edge of the

dorsal fin, the scales can move. The size of the scales corresponds to the size of the

Fig. 2 (a) Close-view image of denticles from the surface of the mid-body region in
a bonnethead shark Sphyrna tiburo [3]. (b) Details of typical denticle structure with
the three surface ridges and three posteriorly pointing prongs. Such denticle structure
appears on the body, fins, and tail [3]. (¢) Whole specimen of Morpho rhetenor butterfly
[4]. (d) Transmission electron microscope image showing cross-section of a scale of
Morpho rhetenor [5].



17

boundary layer. It has been shown that the scales indeed do delay the flow separation,
and the usefulness of similar structures is being investigated in aviation [6].

Another example could involve the phenomenon of iridescence which consists in the
fact that certain surfaces progressively change their color as the angle of the incident
light wave changes. This extraordinary quality is attributable to the microstructure
that interferes with light and can be found, i.e., in bird feathers, certain minerals, or
butterfly wings (Fig. 2d). It is therefore evident that by modifying the medium at the
wavelength scale, new material properties are found that allow intricate control of the
wave propagation.

The concept of designing metamaterials exhibiting peculiar behavior has always been
attracting the attention of the scientific and engineering community. Metamaterials,
originally used in electromagnetism [7, 8] gained their worldwide interest especially
when it was shown that they can be used to make objects invisible [9, 10]. The principle
of cloaking using the metamaterial, being one of the most fascinating applications,
is based on the fact that the Helmholtz and Maxwell equations preserve their form
when undergoing coordinate transform. It has been shown that not only the perfect
transmission of the wave through the scatterer can be achieved, but also the scattered
field around the object can be canceled, thus making the object fully undetectable.

During the last two decades, attempts to translate these peculiar properties have
been made for other fields of physics [11, 12]. A substantial interest has been developed
in controlling acoustic [13-17], elastic [18-21], and seismic waves [22-26] using meta-
materials. They have been also employed to control water wave propagation, for which
some of the applications include cloaking [27-30], focusing [31], or guiding the energy
flow [32, 33]. As a result, metamaterials for water waves can be beneficial for coastal
engineering when it comes to wave-free zones, shore protection, energy harvesting, or
designing wakeless watercrafts.

Water wave metamaterials usually consist of the periodic structure at a subwave-
length scale allowing to obtain new global properties. It can be summarized that to
obtain the aforementioned special properties, one can use submerged or surface piercing
pillars, holes in the seabed, or varying depth. Designing such structures would not have
been possible if it had not been for special mathematical tools that allow to reduce
complicated hydrodynamical problems into ones that are easier to approach and solve.
Here, the homogenization technique [34-37] is of a significant importance and
helps, under certain assumptions to replace the original heterogeneous microstructure
with a comparable continuum. An array of heterogeneous thin plates are commonly

employed to manufacture water wave metamaterials [38, 39]. To avoid complicated
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analysis involving an explicit representation of all heterogeneities due to the array of
plates, the model of heterogeneous thin structures can be reduced using homogenization
techniques.

Traditionally, as mentioned before, metamaterials are studied as a subwavelength
structure. This assumption, essential for the homogenization technique, is necessary
to obtain the effective model of the heterogeneous problem. Nonetheless, the exotic
behavior of the wave can be acquired when the size of the structure is comparable to
the wavelength [40, 41]. One of the approaches corresponds to the theory of topological
insulators [42, 43] and is studied in this thesis.

The main objective of this thesis is to investigate both experimentally and theoreti-

cally the possible advances in the design of metamaterials for water surface waves.

Organization of the manuscript

The main body of this thesis consists of six chapters and is organized as follows.

Chapter 1 describes the theoretical foundation essential for the study of water
surface wave systems. First, the mathematical description of linear water wave theory
is specified, and the water wave dispersion relation is derived. Then, the notion of the
propagating and evanescent mode is introduced in the case of a wave in a waveguide.
Later on, we show the usefulness of the cavity eigenmodes when it comes to determining
the solution of the Helmholtz equation, and a definition of cavity resonance is given.
Finally, the last section of this chapter provides the comprehensive derivation of the
effective model for the one-dimensional wave equation and the two-dimensional shallow
water equation by means of the asymptotic homogenization technique for a stratified
medium.

Chapter 2 briefly overviews two experimental techniques used throughout the
presented research in order to measure the wavefield accurately. The Fourier transform
profilometry method that allows for high-resolution space-time resolved measurement
of the water surface elevation is presented. Moreover, we demonstrate the principle
of confocal chromatic measuring, on which confocal displacement sensors used in our
experiment are based.

Chapter 3 concentrates on the experimental study of the metamaterial for water
waves, which consists of the stratified structure at a subwavelength scale, and is placed
at the bottom of the cavity (metabathymetry). The metamaterial cavities of irregular

shape are designed and manufactured using the 3D printing technique. Owing to the
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geometric transformation theory and the homogenization method, we are able to cloak
the deformation of the cavities and make this deformation invisible for water waves.

Chapter 4 presents the homogenized model for the submerged plates array serving
as a metamaterial for water surface waves. This approach, different from the one given
in Chapter 3, allows to abandon shallow water approximation and gain considerable
advantages in metamaterial design. The robustness of such a medium is studied
experimentally, and its anisotropic capacities are investigated. Bloch-Floquet analysis
is performed to compare the band structure of the submerged metamaterial to the
dispersion relation obtained through the homogenization technique.

Chapter 5 focuses on the experimental investigation of the periodic structure
comparable to the size of the wavelength and developed owing to the theory of
topological insulators. The direct mapping between the one-dimensional Su-Schrieffer-
Heeger model and the periodic water waveguide is shown. The presence of localized
zero-energy edge modes is confirmed and studied both in the linear and nonlinear
regimes.

Chapter 6 summarizes the obtained results. Main conclusions from the presented

work are formed, and possibilities of further research opened by this study are offered.






Chapter 1

Theoretical background

1.1 Linear wave theory

In general, the motion of the fluid related to wave propagation can be described by the

Navier-Stokes equation

0
p<81;+u-Vu>:pg—Vp—l—,uAu, (1.1)

where p stands for the density of the fluid, u = [u(x,t) v(x,t) w(x,t)] is a three-
dimensional velocity field (x = [z y z]), Vp denotes the pressure gradient, and u
identifies dynamic viscosity. The vector of external forces g usually contains the
gravitational acceleration and is of the form g = [0 0 — g| (Fig. 1.1). This nonlinear
equation (1.1) mathematically represents the general case of the viscous, compressible
fluid flow that is nonstationary and undergoes external forces. The nabla V and

Laplace operator A are defined as

o o o 0? 0?02
N ox? = Oy? 022

However, many assumptions can be used to considerably simplify the Navier-Stokes
equation when it comes to the scale of the experimental laboratory setting. The
linear wave theory, widely known as the Airy wave theory, is usually used to describe
surface waves [44]. Many approaches scrupulously derive the linearized theory of water
waves [45-47]. Below, we give the main points and relations that are used extensively
throughout this thesis.
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We choose z as the vertical axis, where z = 0 represents the undisturbed free
surface (Fig. 1.1) that is bounded by the impervious bed with a constant depth z = —h.
The surface elevation is denoted as ((x,y,t), where z and y stand for the horizontal
coordinates. We assume that the fluid lying above z = 0 (i.e., air) has a density much
lower than water p. Thus the influence of this fluid on the motion of the water can be
neglected.

We consider the fluid to be inviscid (1 = 0) and irrotational, meaning that there is

no vorticity in the fluid, and the fluid velocity satisfies
V xu=0. (1.3)
This assumption allows to introduce the scalar velocity potential ¢
u=Vo. (1.4)
The compressibility of water can be neglected, thus the continuity equation takes forms
V-u=0. (1.5)

Plugging (1.4) into (1.5), we conclude that the velocity potential ¢ satisfies the Laplace

equation
Ap =0 1in ), (1.6)

where ) denotes the domain occupied by the fluid. The Euler equations, which
represent the momentum conservation of a nonviscous fluid, allow the pressure in the

fluid to be determined. Setting the pressure to be constant on a free surface and

4

y4
y 9]

0 n(,y)

T

Fig. 1.1 Scheme of the water wave system.
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linearizing around the mean level z = 0 as well as assuming a small gradient of surface
elevation, we obtain the dynamic free surface boundary condition
99

5= —gC at z=0. (1.7)

In a similar fashion, a linearized version of the kinematic free-surface condition of
the surface is obtained. It links the vertical component of the velocity field with the

vertical displacement on the mean water surface as follows

99 _ 9¢

= =0. 1.
5, =~ Bt at z2=0 (1.8)

These two above conditions (1.7) and (1.8) can be merged into

?¢ _ 0¢

0z~ 9%, at z=0, (1.9)

and thus eliminate (. Another condition implies no flow through the impervious bottom

n-Vo=0 at z=—h, (1.10)
which in our case reduces to
gf =0 at z=—h. (1.11)

The above approach is often transformed into the frequency domain. The advantage
of getting rid of the time dependence is that we are also getting rid of the additional
initial conditions that would have to be imposed. We benefit from the fact that the
governing equations and boundary conditions for ¢ are linear, so if needed, any time
domain solution can be obtained by inverse Fourier transform of the problem’s solution

in the frequency domain. Hence, we write

$(x,t) = Re [p(x)e '], (1.12)
((x,y,t) = Re {n(m, y)e_im} , (1.13)
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where ¢ and 7 are now complex functions that depends on the frequency w. The

problem, following (1.6), and (1.9), now reduces to

Ap =0 1in , (1.14)
0p  w?
T = 1.1
2 g ¢ at z=0, (1.15)
9¢
= = —h. 1.1
5 0 at =z h (1.16)

Also, the vertical displacement can be expressed by the velocity potential (1.7)

iw
Ultimately, it can be shown that the velocity potential that satisfies the above conditions
is exponentially decaying in the direction of increasing depth. For the propagating

wave with an amplitude A, and whose wavenumber k = [k, k], the potential is of the

form

_ igAcoshk(z + h) ilksayy)

1.1
w cosh kh ’ (1.18)

where k = |k|, and the relation between the frequency w and the wavenumber k& coming
from (1.15) is

w? = gk tanh kh. (1.19)

1.2 Dispersion relation for water waves

The relation (1.19) obtained in the previous section is called the dispersion relation for

water waves

w? = gk tanh(kh). (1.20)

The phase velocity of the wave is defined as ¢, = w/k, whereas group velocity ¢, =

Ow/0k. Thus, using the dispersion relation, we have

vV gk tanh kh vV gk tanh kh 2kh
=—————— and ¢, =——1|1 ) (1.21)

%= I T * Sinh 2%k
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However, for shallow water waves (kh < 1) the dispersion relation can be simplified to

w = \Jghk. (1.22)

When it comes to shallow water waves described by the dispersion relation (1.22),
the angular frequency w is directly proportional to the wavenumber k. It yields
that the group velocity and phase velocity are equal, thus the wave is nondispersive
(Ocp /0w = 0). For the deep water regime kh > 1, we have

w =gk, (1.23)

with the phase velocity ¢, = ¢g/w, and ¢, = ¢,/2 which shows the dispersive character

of the wave (¢, # ¢,).

1.3 Waves in a channel

Assuming harmonic regime with the time dependence chosen as ™! and constant

water depth, the surface elevation 7 satisfies the homogenous Helmholtz equation
An+k*n=0, (1.24)

with the boundary conditions on both walls of the channel (Fig. 1.2)

n
y

_ o

= =0. 1.2
5 0 (1.25)

y=w

y=0

The wavenumber k is given through dispersion relation (1.19). The wavefield can be

decomposed as follows

n(z,y) =Y ful@)gn(y), (1.26)

Y . oyn =0
w An+kn=20

e 8y77 = 0

Fig. 1.2 Scheme of the waveguide of the width w with impermeable boundary conditions
at the wall.
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assuming g, forms an orthonormal basis. Owing to the separation of variables, g, has

to satisfy

gn + K2 gn =0, (1.27)
9,(0) = gy (w) =0, (1.28)

where ¢' = dg/ dy, which yields an infinite set of modes of the form
gn = A, cosay,y, where «, = T, n=20,1,2,... (1.29)
w

Projecting the Helmholtz equation (1.24) on the basis [y’ gmgn dy = dpnn we have

/ow Gm Z [f”gn + (K — ai)fngn} dy =0, (1.30)

n

where f = df/dz, and which gives
fot (K = o) fo =0, (1.31)
The solution of the above equation can be expressed as
fo = a,€™* + be” ™ where k2 =k*— a2, (1.32)

and where a,,, b, stand for the complex amplitudes of the right and left going waves

respectively. Ultimately, the sought wavefield is given by
n(x,y) = Z A, (aneik”w + bne’ik"x) COS QY. (1.33)

This approach lets us recognize two different kind of modes. For k% — (n7/w)? > 0 we

have a propagating mode with
nm\ 2
by = [ K2 — () . (1.34)

On the other hand for (nm/w)* — k* > 0, the wavenumber k,, becomes imaginary, thus

the wavefield is exponentially decaying and the mode is evanescent with

nmw

k=i ()2 yrs (1.35)

w
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The above analysis allows, in some cases, to proceed with the introduction of a
one-dimensional model. The usefulness of this approach will be shown later in this

work to perform the reduction of the model from two-dimensional to one-dimensional.

1.4 Cavity: resonance and modes

Similarly, as in Section 1.3, we assume harmonic regime with the time dependence e~

and constant water depth. The surface elevation 7 satisfies the Helmholtz equation
A+ k*n =0, (1.36)

where the wavenumber £ is given through dispersion relation (1.19). The Helmholtz
equation (1.36) has to be supplied with boundary conditions. In general for water
waves, boundary conditions are of Neumann type (0,7 = 0) and are applied in order
to simulate a vertical hard wall or the impermeable seabed. Nonetheless, one can
also apply Dirichlet (n = 0) or mixed boundary conditions depending on the physical
problem.

The usual modes are solutions of the homogeneous Helmholtz equation (1.36). In
the case of a closed cavity, the wave is unable to escape the cavity and the boundary

conditions select a set of discrete frequencies k,, and eigenmodes 7),, that satisfy
At + k2 = 0, (1.37)

with 047, = 0 at the boundary, where n is the normal to the boundary and n is the

number of the mode. The set of modes 7, provides an orthonormal basis with the

property

(M |11m) = O, (1.38)

where the scalar product is defined as (f|g) = [ f(x)g(x)dx. The benefits of the modes
can now be shown when one wants to solve the Helmholtz equation in the same cavity

with a source s(x)

An + k*n = s(x). (1.39)
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The wavefield 1 can be expanded on the mode basis as
n(x) =D cana(x). (1.40)

Substituting this expansion to the wave equation and using the orthonormality (1.38),

the coefficients ¢,, can be expressed as follows

(s]17m)
=Ty (1.41)
Assuming that the projection of the source term (s|n,) is not zero, when k ~ k,, the
solution is given mainly by the mode 7,. It can be seen that the inherent character
of the modes allows to find a set of functions that are independent of the source, and
they predict the form of the wave when the imposed frequency is close to a resonance

frequency.

1.5 Homogenization technique

Homogenization techniques serve as the foundation for replacing the actual heteroge-
neous microstructure with an analogous continuum, which helps to study the mechanical
properties of metamaterials. Heterogeneous thin plates are commonly employed in
state-of-the-art applications requiring unusual mechanical and thermal properties. Such
structures include, e.g., a wide range of composite thin sheets and panels, which are
widely used in the aerospace and automotive industries, where the need for increased
lightness and strength is always desired. In our situation, they are used to provide a
medium for controlling the propagation of water waves. To avoid the costly calculations
involving an explicit representation of all heterogeneities, modeling heterogeneous thin

structures necessitates homogenized models.

1.5.1 Homogenization of 1D wave equation

We begin with a generalized case of a 1D wave equation that shows the concept of
the homogenization method. We assume a medium with periodically varying material
parameters a(x) and b(x) with a period h (Fig. 1.3a), and introduce the one-dimensional

wave equation as
(a(x)n'(x)) + k2b(x)n(x) = 0

1.42
n(x), a(x)n'(x) € C°, )
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where k is the wavenumber and f’ = df/dx. It is worth noticing that for constant

values of parameters a(x) = a; and b(x) = by the equation (1.42) takes a trivial form
0" (x) + k*n(x) = 0, (1.43)

where the new wavenumber is defined as k = k bi/a;.

However, with a periodically varying medium, we can use the homogenization
technique to simplify the problem. The periodic material parameters a and b cause the
solution to have superimposed small perturbations that are negligible (Fig. 1.3b) yet
make the equation more cumbersome to solve. Thus, we derive the equation satisfied by
large scale variation () with effective, constant parameters. We consider low frequency

regime where

2
A= % > h, (1.44)
and we define the small parameter
e=kh<1. (1.45)
(@) S
x
(b)
T

Fig. 1.3 (a) Periodically varying medium with material properties changing periodically
with a period h. (b) Large scale variation A (blue dashed curve) and variation of an
actual field with a superimposed small perturbation A (plain black curve).
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For simplicity, let us put the system in nondimensional form by introducing x = kx

(a(@)n'(2))" + b(z)n(x) = 0

(1.46)
n(z), a(z)y'(z) € C°,

and now [’ = df/dx. This procedure lets us eradicate the wavenumber k. The
parameters a(z) and b(z) are now periodic over x with period e. Let us rewrite the
problem, imposing

u(z) = a(z)y(x)

uw'(x) + b(x)n(x) =0 (1.47)

u(zx), n(z) € C°.

Now, we introduce two scales for homogenization. First, we associate the macroscopic

scale z with the wavelength and the microscopic scale

e X
We use expansions1
n=ent =n(w,8) +en'(w,6) + (@, ) + (@, ) + - (L.49)
u=Y et =u'(z,6) + eul(z,6) + u(w,€) + Fud(x,€) + ..., |

with the terms 7™ and u" being periodic with respect to £ with period 1 on the interval

€ € (0,1). After changing the coordinates, the differential operator becomes

df(@,§)  0f(z,§)  09f(x,§)
de Oz or  0¢

,_9of 10f
= =t eae

(1.50)

Substituting (1.49) into (1.47) and having in mind that a and b depend only on

microscopic scale £, we obtain

%a@) n° +ent + 22 +...)

Ofeu! +u+... = 2+
u’ + eu' 4+ €u a(§) (dw - (1.51)
)N +ent + 2P +..) =0.

(a% + %(%) (u® + eut + 2u? + .

'For n™ and u™, n is the index placed at the top for clarity of writing. For the parameter €”, n is
its power.
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We can now write the equations for each order of the parameter e. At the order O(—1)

we have
on° _ 0_ ,0
a =0 = T
o =0 g (152)
‘98“6 =0 u® = u'(2),

from which we deduce that at the dominant order n° and u° do not see the variation

due to the microstructure, i.e., depends only on z. At the order O(0) however, we have

{ n a(g) (5 + %) (1.53)

Now averaging (1.53) over £ € (0, 1) and taking advantage of the fact that u°, n° are

independent of ¢ (1.52) and u'(z, &) is periodic, we can write

Lo Ou
/0<+a§+b(g) )dg:

0 1 1
_ ou’(x) N (3u d§+ (e
ox 0 0

SR [u1<x, 1) - u1<x,0>} + /0 b(€) d€ =

=0, periodic over £€(0,1)

= 2 e ),
where (f) = JJ fd¢. Eventually
O | () = 0. (1.54)

ox o0&
_ a”af) + [, 1) = ' (2,0)]

=0, periodic over £€(0,1)
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Hence, we obtain

u%x)::<1>1an%x). (1.55)

a oz
Substituting (1.55) into (1.54) and coming back to the original variables with dimensions
we obtain an effective problem at the dominant order on n(x)

0+ {a M) (b)k*n = 0| (1.56)

1.5.2 Homogenization of 2D shallow water equation

Having shown the idea of homogenization technique for the 1D case for the wave
equation, we can now proceed with two-scale homogenization of the 2D shallow water
equation with a stratified medium. The goal of this section is to transform the shallow

water equation into its anisotropic form with constant effective parameters h, and h,,

h, 0
Vn
0 h,

This approach allows to design a metamaterial structure, i.e., a periodic array of strati-

ie.,

w2

+—n=0.
g

2 N
homogenization

vaxwvm+Zn:o homogenization, 7

fied plates, that create the anisotropy needed to control the water wave propagation.

In this particular case we introduce hy and hy as alternating water depths along x (Fig.
1.4).

yA €

... hihg hy hg hq ...

-y

Fig. 1.4 Alternating water depths h; and hs.
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Let us rewrite the problem according to the previous assumptions in the similar
fashion as in the previous Section 1.5.1

u=h(x)Vn

Vou+<n=0 (1.57)

u, neC°,

where u = [u, u,]”.

Introducing the microscopic scale £ = x/e, where € < 1 and the wavelength is of
the order A = O(1), we shall adjust the differential operators

vovs®Eld

€ ¢ (1.58)
V-u—)V-u%—}aux
e 06

where e, denotes a unit vector along x axis. We use expansions?

n=e" = n°(z,y,&) +en'(x,y,8) + €n* (2, y,£) + 0 (x,y,6) + ...

u

et = u’(z,y,§) + eul(z,y,§) + €u(z,y, ) + Eudlay, O +

(1.59)
where 0" = n"(z,y,£) and u" = u"(z,y,§) are periodic functions over an interval

¢ € (0,1). Substituting (1.59) to (1.57) and making use of (1.58) we get

u’ +eu! +ut+ ... =n(§) (V—i—efa%) (N +ent +en* +...)
w2
V- +eu' +u’ )+ LE) ey + @ )+ et +.0) =0,
(1.60)
It is straightforward to verify that at the order O(—1) we have
h(€)e, 2L =0 0 = n%a,
aif) 2 =y (1.61)
e =0 ud = ul(z,y)

It allows to conclude that at the dominant order 7" and u2 do not see the variation of

the microstructure, i.e., depend only on the macroscopic z and y. At the order O(0),

2For n™ and u”, n is the index placed at the top for clarity of writing. For the parameter €, n is
its power.
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we get
{ 0 = h(¢) (Vm + .5 e
V-u® + % + %2 0 =0,
which can be rewritten as
u) = he) (35 + %)
uf = h(§)9L (1.63)
B G =0

Now averaging (1.63) over ¢ € (0, 1), taking advantage of the fact that u2, n° are
independent of £ (1.61), n' is periodic, and dividing by h(£) we can write

o [ iy (22
ana:y /1(977d€_

_on’ (ﬂf, y)
or

+ [771<I7y7 1) - nl(xayvo)}a

=0, periodic over £€(0,1)

W) = [ (h(f)%”y) g =

o (x,y)
= c‘?y/o h(&) d€.

Ultimately it gives

0
w0 = () I
v (1.64)
uO — < >877
Y ay

By substituting (1.64) into averaged (1.63) and having in mind that [ dul/0¢ d¢ = 0,
by periodicity, we obtain

o, 4,0 0, o w?
%Ul b 1% 8y<h>87+;n =0, (1.65)
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that can be written as

2

(h=H=t 0 of LYW o_
V.[( ; <h>> Vil + = =0, (1.66)

where the volume average (h) = [ hd¢ = 0hy 4 (1 — 0)hy, 0 being the filling fraction

of the layers. The equation (1.66) is the effective equation at the dominant order for

a stratified medium (Fig. 1.4) that eventually allows to design it for a desired degree
of anisotropy.

This classical approach, based on the two-dimensional shallow water equation, is
advantageous in various contexts. However, it has been shown that it cannot account
for the three-dimensional near field effects of the stratified medium [48]. To accurately
catch these effects, the homogenization of a three-dimensional problem has to be used
[49, 50]. This issue is addressed later in Chapter 3.






Chapter 2

Experimental methods

Experimental studies of water wave phenomena require appropriate equipment and
measurement techniques. The accurate reconstruction of free surface displacement,
which reveals the inherent characteristics of the flow, is crucial.

In the last decades many techniques have been developed based on, inter alia
determination of the wave gradient [51, 52], diffusing light photography [53], optical
flow method [54], and many others. Unfortunately, each of these methods suffers
from certain limitations and cannot always be applied to the study of water waves,
especially for systems with variable bathymetry that we study in this thesis. The major
drawbacks include, i.e., the measurement in only a few points, the intrusive character
of the method, the complicated multi-camera system, or the need for integration of
the wave’s gradient field that might lead to error accumulation.

Precise measurements of free surface deformation on a laboratory scale necessitate
methods that are nonintrusive and offer high temporal and spatial resolution. Here, we
present two techniques that are used throughout this thesis and allow to reconstruct

the wavefield efficiently and, most importantly, with high accuracy.

2.1 Fourier transform profilometry

A Fourier transform profilometry technique (FTP) allows to recover full three-dimensional
wavefield. Originally used to retrieve the shape of solid bodies [55, 56|, it was later on
employed to the fluid surface deformation reconstruction [57]. The principle of this
technique is fairly straightforward. The fringe pattern of known properties is projected
onto the surface using a video projector that is placed above at a distance L and whose
optical axis is perpendicular to the flat reference surface (Fig. 2.1). First, the reference

image is taken by a camera whose optical axis is parallel to the one of the projector,
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projector - - camera

N

Fig. 2.1 Typical experimental setup needed for FTP measurements.

water + TiO,

and the distance between them is known (D). The intensity of the reference image I

can be represented by

Io(z,y) = A(z,y) (kpz + @o(2)) + B(,y), (2.1)

where kp = 27 /Ap with Ap being the wavelength of the projected pattern. A(z,y)
and B(x,y) represent the undesirable variation of the image intensity usually coming
from the inhomogeneous illumination of the measured surface or the locally decreased
reflectivity of the surface itself. In order to get rid of these, another image Iz is taken,

where instead of the fringe pattern, the homogenous background is projected

Ig(z,y) = B(z,vy). (2.2)

Later on, the deformed surface is examined, which results in the deformation of the

projected fringes and can be mathematically described as

I(z,y) = Alz,y) (kpx + ¢(z)) + B(z,y). (2.3)

The difference of the measured phases Ay = ¢(x) — ¢o(x) contains the information
about the out-of-plane deformation of the surface and shall be extracted from the

registered images. To do so, we perform a Hilbert transform of the recorded images I
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Fig. 2.2 Synthetic recovery of the phase difference. (a) Reference image Iy. (b) Image
of a deformed surface I. (c) Recovered phase difference Aep.

and I, from which the background intensity I is subtracted

H(ly — Ip) = Az, y) expli(kpz + do(x))], (2.4)
H(Iyp — Ip) = A(z,y) expli(kpx + ¢(x))], (2.5)

where i is the imaginary unit. Now, it is straightforward to obtain the phase difference

Ay by taking the imaginary part of the following expression
In[H(Iy — Ig) - H*(Iy — Ip)] = In |A]* + iAg. (2.6)

This approach allows to obtain Ap and fully weed out the unwanted intensity variations
A(z,y) and B(x,y). The next step is to find the direct relation between the phase
difference Ay and the surface elevation n(z,y). This problem can be addressed

using geometrical optics. Ultimately, we obtain the so-called phase-to-height ratio
[58, 59, 56, 60]

n(w,y) = _Ael (2.7)

- Ap—kpD’
from which the desired surface deformation is obtained. A synthetic example for a
phase difference recovery is shown in Fig. 2.2. Here, the coefficients A =1 and B = 0.
The warp of the fringes due to the deformed surface is clearly visible (Fig. 2.2b). The
imposed phase difference (Fig. 2.2c) matches exactly the recovered one.
When it comes to the application of this technique to the water surface waves
measurements, particular difficulty arises since it requires diffusive reflection of light on

the liquid surface. We shall ensure the reflectivity of the inherently transparent water
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surface without changing its physical properties that could have a detrimental effect
on the studied phenomena. It has been shown that the use of titanium dioxide (TiO,)
as a pigment allows to avoid undesirable effects, especially the increase of attenuation
that happens using other pigments or paint [61]. Sedimentation of the titanium dioxide
particles is relatively slow unless they aggregate. When the surface is measured, this
phenomenon could lead to the change of the plane in which the measurement is taken.
To prevent the sedimentation and aggregation of the particles, we use clean deionized
water.

In order to calibrate the method, we use a triangular wedge of known dimensions
(Fig. 2.3). This way, we can verify the measured parameters L, D, and kp. To translate
the pixels into meters, we take a picture of a 1 x 1cm? grid placed at the level of the
reference plane. The spatial and temporal resolution of the method depend solely on
the camera parameters. Typically, we use the image resolution of 2048 x 2048 px?, with
the resulting pixel size of 0.25 mm/px. The usual camera frame rate is set to 50 fps
and corresponds to a sufficient number of points recorded in the time domain for a
water surface wave of a given frequency.

I

T [px] r [px] r [px]

Fig. 2.3 The top panel represents typical images from the FTP technique (an example
for a calibration wedge). The bottom panel shows corresponding intensity profiles
through the centerline.
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2.2 Confocal chromatic measuring

For even more precise measurements, confocal displacement sensors are used. Even
though one sensor allows to measure the displacement at one point at a time, it
offers a significant advantage compared to the previously described Fourier transform
profilometry technique. Thanks to the confocal chromatic measuring principle, the
sensor is able to measure the distance of a transparent object, in our case - the water
surface. That is why the fluid does not have to be dyed in any way. Notably, compared
to FTP, titanium dioxide does not have to be used. Moreover, sensors of this type
are capable of detecting several layers of transparent material. In our experiments,
this possibility is acknowledged to measure not only the vertical displacement of a free
surface but also to determine with very high precision the water depth or thickness of a
fluid layer which is of great importance when it comes to the repeatability of successive
measurements.

The principle of confocal chromatic measurement is based on emitting a white
polychromatic beam onto the target surface. Owing to a system of multiple optical
lenses, the white light is dispersed into monochromatic beams (Fig. 2.4) by controlled
chromatic deviation, which is assigned to each wavelength. Only the light at wavelengths
that are perfectly focused on a target surface is used for the measurement. Reflected
beams pass through an optical fiber to a spectrometer, then are split by wavelength
and focused onto a CMOS image sensor. Furthermore, due to the fact that the emitter
and receiver are arranged in the same axis, shadowing is avoided, which is a major
drawback of regular laser triangulation sensors.

In our experiments two sensor heads Keyence CL-P070 are used along with the
controller and optical unit [62]. This system allows to measure the distance or depth

up to 70 mm and its resolution is equal to 0.25 yum.

sensor head

short medium long
v range range range

Fig. 2.4 Simplified scheme of the confocal chromatic measuring principle.






Chapter 3

Metabathymetry. Regular modes in

irregular cavities

3.1 Motivation

It has been shown that water wave metamaterials can be used to redirect the wave and
create reflectionless waveguide [32, 39]. However, the presented approach is limited
by the degree of the deformation of the channel. The higher the deformation, the
less effective the metamaterial structure becomes. Recent developments in the field
have led to the conclusion that water wave metamaterials can produce a much higher
level of anisotropy than predicted by the usual approach found in related problems for
electromagnetic or acoustic waves [48]. Less attention has been devoted to sloshing
dynamics, where resonance properties of a cavity strongly depend on its geometry
yielding phenomena such as high spots [63, 64].

We benefit from these findings to create a metamaterial cavity whose deformation is
invisible for the water wave even for a high degree of the bend (Fig. 3.1). To establish
the effectiveness of the cloaking, we study the eigenmodes and eigenfrequencies of
the cavity before and after the deformation, expecting that the behavior of the wave
remains unchanged. In this case, the periodic, subwavelength structure that serves as
a medium in which the water wave propagates (metamaterial) is put at the bottom
of the cavity to change its shape (bathymetry) (Fig. 3.2). That is how the term
metabathymetry is conceived to describe this particular ensemble of layered plates.

Mathematical approaches to metamaterial design vary significantly throughout
the disciplines and the category of waves it serves. In this chapter we benefit from
the coordinate transformation theory [9, 65] and the homogenization of the fully

three-dimensional water wave problem [48, 36, 66].
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flat bathymetry
(not cloaked)

metabathymetry

(cloaked) ’
Fig. 3.1 Example of a rectangu-
lar cavity eigenmode (left) and its

equivalent in a irregular cavity with Fig: 3.2 '_I‘OP view of the deformed
and without cloaking (right). cavity with metabathymetry.
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3.2 Geometric transformation of shallow water equa-
tion

Situations in fluid dynamics where the horizontal length scale is much greater than the
vertical length scale are common, so the shallow water equations are widely applicable,
e.g., they are used with Coriolis forces in atmospheric and oceanic modeling, as a
simplification of the primitive equations of atmospheric flow. In our case, assuming
harmonic regime, we can write that

2

V- (hV) + “;n —0, (3.1)

where h = h(x,y) stands for slowly varying water depth (where the wavelength A > h),
n is the vertical displacement of a free surface, w is the angular frequency, and g is
the gravitational acceleration. We assume the shallow water limit (khy < 1), where
the wavenumber k is given through the dispersion relation w? = ghok?. However,
in the case of periodic metabathymetry we cannot assume that the bathymetry is
slowly varying. The homogenization technique for this problem is presented in the
next sections. First, let us show that the shallow water equation under the change of
coordinates preserves its form, i.e., of Helmholtz type, which is a crucial condition to a
successful design of the metabathymetry. We consider the two dimensional shallow

water equation in the form

V- (hVn) +9n =0
n-Vn=0on dQ, (3.2)

defined in the virtual space (X,Y), where v = w?/g denotes a constant introduced
for clarity of writing, 02 is the boundary, n stands for the vector normal to it, and
V =[0/0X 0/0Y]T. Multiplying the equation by an arbitrary test function ¢ € H!,

we can obtain a variational (weak) formulation of the problem:

/Qv-(hvn)¢dXdY+/wadXdY=o.

Using Green’s first identity we obtain

—/Q(hvn)deXdY+/mn-(hvn)T¢d5+/QfmdedY:o.
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Taking advantage of the homogenous boundary condition (3.2), we can eliminate the

boundary term and simply write that

~ [ o) Vedxay + [y dxay —o. (3.3)

Now, by changing variables from virtual (X,Y) to real (z,y) space, the gradient
operator V = [0/0X 0/0Y]" becomes

g Oz 0 oy 0

0X ~ 90X 0z 0Xdy’

0 _md o

oy 9Y oxr 9OY Oy

Defining the Jacobian of the above transformation as

Oz Oy
J=|9X oX

Oy Oy |V

0X oY

we can write that

V=1J'V,,, where V,, =[0/0xd/0y]".

Then, knowing that

ox oy
ox oy
dy =Gy X+ 5y ¥

we can define the relation between the products of exact differentials in real and virtual
space using properties of exterior (wedge) product
ox dy ox dy
deANdy = | =—=dX + —=dY | A | ==dX + == dY
vAY <8X Tax ) (ay "oy )

which after reduction becomes

dz A dy
) 3.4
det J (34)

dX AdY =
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On combining this result (3.4) with (3.3) and again integrating by parts, we conclude

that
JhJt n JhJT
/Q (V”ﬁy' (detJV””y”> * detJ) pdrdy = /agn' <detvaW ydo=0.

Since 1 € H! is an arbitrary function, we can choose v such that it is equal to zero in
the bulk and nonzero on the border or vice versa. Having in mind that v = w?/g, this

fact allows to write

JhJT w?
Vay * (detJvmyn> + gdetJ77 =0,
JhJT

which shows the invariant quality of the form of the shallow water equation to the

change of coordinates.

3.3 Cavity design and homogenization

Let us consider the 2D SWE in a virtual space (X,Y)

wQ
Vxy - (hoVxyn) + ;77 =0,

n-Vxyn =0 on 0f, (3.6)

where hy is the reference water depth, n is the vertical displacement of a free surface,
w is the angular frequency, g is the gravitational acceleration, OS2 is the boundary, n
is the vector normal to it, and Vxy = (9/0X, 8/0Y)". We assume shallow water
limit (kho < 1), where the wavenumber k is given through the dispersion relation
w? = ghok?®. Now, applying geometrical transformation from virtual (X,Y) to real

(x,y) space, as shown in Section 3.2, we obtain

Jhod” W
v ( detd V”) T odets ="
Ihod”
det J

Vn) =0 on 09, (3.7)
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Fig. 3.3 (a) The cavity in the virtual space (X, Y), i.e., before coordinate transformation
with width L, and height L,. (b) The cavity in the real space (z,y), i.e., after
coordinate transformation with bending angle ¢, with a local coordinate system of the
metabathymetry with a rotation angle o (note a misprint in [32]). (c) Section scheme
of the metabathymetry. The subwavelength structure consists of periodic layers with
thickness 0/, water depths h™ and h~, and periodicity £.

where J stands for the Jacobian matrix of the transformation, and now V = (9/dz, 9/dy)7.
The 2D SWE preserves its form, i.e., of Helmholtz type. Due to the fact that ¢ is
not tunable in conventional conditions, we need a volume preserving (nonmagnetic)
transformation (detJ = 1). We choose a simple shear deformation of the cavity, which

leads to the change of coordinates © = X, y = tan X + Y, and whose Jacobian matrix

J:[ ! 0]. (3.9)

tanp 1

is

By changing the coordinates (Fig. 3.3), the anisotropy is introduced (3.7) and
has to be realized in practice. To do so, we insert a particularly oriented anisotropic
medium (with an angle «) with different effective water depths in x and y directions,
i.e., hy and h,. We obtain

2 hy 0
V- (RahRZ:Vn) + o;n =0, where h= [095 5 ] ) (3.9)
v

and R, is the conventional rotation matrix with a rotation through an angle a with

respect to x axis (Fig. 3.3b).
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A= hy/h, 50 -

45

Fig. 3.4 Effective parameters h,, h, as Fig. 3.5 Angle of rotation « as a function
functions of the angle . of the angle .

Now, by identifying (3.7) and (3.9), and having in mind the geometry of the cavity
(3.8), we obtain explicit formulae for the water depths h,, h,, and the rotation angle a
as functions of bending angle ¢ and the reference water depth hy. Hence, the depths

hy, hy, and the angle « are such that (note a misprint in [32])

h

hgc:?O(Q + tan’p — tanpy/2 + tan? ),
h

hy = 50(2 + tan®e + tanpy/2 4+ tan® @),

tan2a = —2/tano. (3.10)

It has been shown that the effective anisotropy, being the result of the presence of
the metabathymetry, cannot be inferred from the shallow water equation even in the
shallow water regime, as 3D effects affect the flow over a rapidly varying bathymetry
due to the strong impact of the evanescent field [36, 48, 49]. Thus, the modelling,
which predicts that the effective water depth tensor is related to the arithmetic and

geometric averages (Section 1.5.2) of the actual water depths
hy = (K17, h, = (h), (3.11)

underestimates the degree of the anisotropy due to the metabathymetry ((h) =
Oh~ 4+ (1 — @)h™, where 0 is the filling fraction of the layers, Fig. 3.3). To properly
model the aforementioned effects, the homogenization of the full 3D linear water
wave problem must be used. Considering harmonic regime with time dependence e“?,

assuming that the fluid is inviscid and incompressible, and knowing that the flow is
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irrotational, the velocity potential ¢(xy, yp, z¢) satisfies

A¢ - 07
2
% = w—¢ at z; =0,
0z 9
n-Vo=0onT, (3.12)

where I' is the nonflat bottom, n is the vector normal to it, and z; = 0 corresponds to
the unperturbed free surface. Following the homogenization process as presented in

[48-50] we obtain the cell problem defined with respect to undimensionalized variables

Ty =¢

(0, 2) = (5, g) , (3.13)

defined at the microscopic scale € = wy/f/g < 1. Thus, the potential ® in the unit cell
Y (Fig. 3.6) satisfies

AD =0,
0P
9, =0at 2. =0,
n-Vé=0onT, (3.14)

1 1
(5,2 ) =P —5, 2 L
<2’Z ) < 2" ) "
0P (1 ) 00 ( 1 )
0z, 90 °r - Oz, 97
As shown in [48-50], the effective water depths h, and h,, derived from a fully three
dimensional problem (3.14) are of the form

0P

y Oz,

hy =1

dY, h, = (h), (3.15)

where /¢ is the periodicity of the metabathymetry and Y is a unit cell with only one
layer of the structure. Comparing (3.11) to (3.15), it comes into view that only h,
is affected by 3D near field effects. It has been shown that h, in (3.15) might be
much smaller than (h~1)~! predicted by 2D approach. As a consequence, the resulting
anisotropy can be much larger than the one predicted by the classical homogenization
of layered media.

The determination of h, (3.15) is done by solving a cell problem of the homogenized

three dimensional water wave problem (3.14). The solution can be provided by using
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1

Fig. 3.6 Three dimensional structure of the metabathymetry in (x,, vy, 2¢) coordinate
system and a zoom on the two-dimensional unit cell Y in (z,, 2,) coordinates.

the modal method, whose principle is based on matching eigenfunction expansions.
The corresponding example of the implementation of the modal method is described

in detail in Appendix A.

3.4 Determination of real water depths

The method presented in previous sections allows to calculate the effective parameters
for already existing geometry: h; and h;. This direct approach (Fig. 3.7) does not
cause major problems when specifying the anisotropy produced by such a system, and
it is straightforward to obtain the effective parameters. However, in our case, the values
of h, and h, are already known (3.10) and are defined by the reference water depth
ho and the bending angle of the cavity ¢. With such assumptions, there are infinitely
many geometries that realize the desired anisotropy. That is why we need to come up
with an idea and additional assumptions to solve the inverse problem. Therefore, we

use optimization routine for obtaining h* = [h* h~]7

o (M
£(£,0,0%) (h>

Y

min
h*cR2

subject to h™ — h™ >0, (3.16)
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where f(¢,0,h*) is a function whose output is a vector [h, h,]" and is simply the
solution of the system using the modal method presented in Appendix A [48]. Here,
the periodicity ¢ and the filling fraction 6 are constant.

An example of the optimization routine for the cavity with the bending angle
¢ = 30°, being the solution of the problem (3.16) is presented in Fig. 3.8. Here, the
periodicity ¢ and the filling fraction # are constant and set to £ = 0.005 m, 6 = 0.2. In
order to solve this problem of optimization with constraints, we use the Nelder-Mead
simplex search method [67] available in Matlab Optimization Toolbox. The starting
point is chosen randomly from the region where h* > h~. Ultimately, we end up with
a value of the real water depths A" and h~ for a given value of the filling fraction
and periodicity ¢. The dependence of the real water depths on these two parameters
(0,0) is shown in Fig. 3.9. We can see that the thicker the layers, the greater the water
depth At needs to be to achieve the desired anisotropy which suggests that the layers
should be as thin as possible. The periodicity ¢ does not significantly change the values
of the real water depths. However, we have to keep in mind that even a small decrease
in h~ can be detrimental to wave generation. For that, we need a fluid layer thick

enough to produce quality water waves in the cavity using the wavemaker.

h+ h~ ] 96

direct problem

14

inverse problem

| A

Fig. 3.7 The diagram of direct and inverse problem in calculating the anistropy coming
from a layered structure.
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Fig. 3.8 An example of the minimization process (3.16) to find the real water depths
W+, h= (£ = 0.005mm, 0 = 0.2).
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Fig. 3.9 Water depths A", h™ as a function of the filling fraction 6 for different values
of the periodicity ¢ (¢ = 30°).
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(b)

Fig. 3.10 (a) Metamaterial cavity used in experiments. The view from above with a
coordinate system in the real space (z,y, z). (b) Section view with a local coordinate
system used for metabathymetry design (xg, ye, 2¢)-

3.5 Experimental setup

Three metamaterial cavities with bending angles ¢ = 15°, o = 30°, and 3 = 45°
are designed and manufactured using rapid prototyping technique. Three reference
cavities with flat bathymetry and of the same deviation angles ¢, ¢ and @3 are
also built. The dimensions of the cavities are constant and set to L, = 200 mm and
L, = 300mm. This fact allows to preserve the same volume throughout all cavities.
The reference water depth is chosen as hg = 10 mm as a trade-off between staying close
to the shallow-water regime and undesirable attenuation caused by a bottom friction
for small water depths. The parameters h,, hy,, h*, h~, and a are calculated for each
of the three systems based on the routine presented before, and they are summarised
in Table 3.1. Considering wavemaker constraints (b~ > 3mm) and rigidity limitations
of the 3D printed structure (#¢ > 1 mm) we choose § = 0.2, and ¢ = 5 mm.

The wave generator (point source) excites a system with a chirp signal whose
frequency spectrum ranges from 0.3 Hz to 1.5 Hz. This range allows to recover the first
five eigenmodes of the cavity. The partially immerged point source, creating a circular,
linear wave, is placed in one of the corners of the cavity. The corner is chosen based on
the shape of the eigenmodes so that it can be excited in the cavity. Occasionally the
position of the source has to be changed since placing it in the node of the eigenmode
would make it unfeasible to recover. The region where the wavemaker is placed is

sufficiently cut out from the measurements so that the near-field effects are negligible.
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To quantify the wavefield, we use the Fourier transform profilometry (FTP) tech-
nique [58] as well as confocal displacement sensors (2 lasers Keyence CL-P070). FTP
is a technique that uses a fringe pattern projection on a measured surface. In our case,
the water is painted with titanium dioxide (TiO2) so that its surface becomes diffusive
and ready for a fringe projection, whereas the change of physical properties of the
painted water, including viscosity, is insignificant [61]. A high-resolution video projector
EPSON EH-TW9200W is used to project the fringe pattern, and a high-speed camera
Photron FASTCAM Mini WX100 records the deformation of the surface with an
accuracy of more than 0.1 mm. Confocal displacement sensors allow us to measure the
amplitude of the wave in the maxima of eigenmodes with much higher accuracy than
FTP and with pure, transparent water confirming the results of the FTP technique.
Using these methods, we obtain the space-time resolved measurements 7(zx,y,t) that
are later transformed into the frequency domain, resulting in the complex wavefield

n(z,y,w), to extract eigenfrequencies and eigenmodes.

Table 3.1 Cavities dimensions and design parameters.

o [°] 15 30 45
a ] -41.18 -36.95 -31.72
he [mm]  7.66 566  3.82
h, [mm] 13.06 17.68 26.18
p* [mm] 14.56 2083 31.92
h~ [mm] 7.07 507  3.23
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Fig. 3.11 Metamaterial cavity filled with water painted with titanium dioxide. The
circular wavemaker in the corner produces the wave. The fringe pattern is projected
onto the water surface and is necessary for FTP measurements.
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Determination of eigenmodes and eigenvalues

Chirp signal
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Fig. 3.12 (a) Example of the chirp signal s(t) generated by the wavemaker. (b)
Corresponding frequency spectrum of the signal.

Instead of measuring the system’s response by exciting frequencies one by one, we use
the chirp signal, whose wide frequency spectrum allows to recover all desired data with

only one longer measurement. The signal sent to the motor is of the form

s(t) = Acos¢(t), (3.17)

where ¢ = w = 27 f (t). Assuming the linear change in frequency of the signal in time,
ie., f(t) = fo+ kt, where k = (f1 — fo)/(t1 — to), we evaluate the phase ¢(t) using

. /Ot F(r)dr. (3.18)

The example of the signal and its spectrum is given in Fig. 3.12 for the frequency
range fo = 0.5 Hz, f; = 2.5 Hz and the time duration t; — t; = 40 s.

Mesh

Throughout the experiments in the rectangular cavity, it is noticeable that eigenfre-
quencies do not exactly match the predicted theoretical values (Fig. 3.13a) with an
error up to 5% (Fig. 3.13b). However acceptable this error might be, we are able
to reduce it by adding the mesh to the horizontal walls on every four sides of the
cavity. The culprit of this behavior seems to be the meniscus [68] that deforms the
wavefield by attaching the contact line to the wall. The meniscus changes the contact
line, and the wave can be immobilized at the wall when the amplitude is small. By
adding the mesh, we get rid of the undesirable wetting properties of the cavity’s walls.

This method allows a contact line to slide freely and now satisfy the homogenous



3.5 Experimental setup 59

Neumann boundary condition assumed theoretically. With this approach, we are able

to significantly reduce the error that now does not exceed 0.77% and is in the noise

range.
20
a
181 ( )
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= 12r
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w? = k2gh
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Fig. 3.13 (a) Measured eigenvalues with and without mesh over the dispersion relation.
(b) Ratio of measured fj; and theoretical fr eigenvalues for seven first eigenmodes N.

Determination of eigenmodes

The selection of eigenfrequencies from the experiments is made by finding the local
maxima of |7(z,y,w)| obtained by using Fourier transform of the original signal. Based
on the reasoning presented in Section 1.4 we expect the eigenmodes to appear near
the resonance frequencies of the cavity. That is why we assume that the peaks of
the spectrum are equivalent to cavity eigenfrequencies. We measure the signal (s4)
using confocal displacement sensors in a few points of the cavity where the maximal
amplitude is expected (Fig. 3.14a). We then extract the spectra (sp) and average
them (5p)

sp(f) = ivj - /T G (t)e 7 dt (3.19)
8 = — = s (t)e .
r N=\T/) A ’
with 7'=1/f, and N denotes a number of points. Then, the eigenmodes are chosen
as the real part of 7(z,y,w) at the given eigenfrequencies using FTP technique. The

example for a rectangular cavity with flat bathymetry is presented in Fig. 3.14.
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Fig. 3.14 (a) Measured signal in one point of the cavity. (b) Corresponding spectrum
with identified eigenvalues and its measured eigenmodes using FTP method.
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3.6 Experimental results

All of the five eigenmodes recovered in this experiment for the angles ¢ = 15°, ¢ = 30°,
and ¢ = 45° are reported in Fig. 3.15, 3.16, and 3.17 respectively. The higher
modes were difficult to achieve for several reasons. First of all, as we increase the
frequency, the eigenvalues become closer to each other, including degenerate cases, and
are problematic if not impossible to distinguish experimentally. Moreover, when it
comes to higher frequencies, dispersion and dissipation play a significant role in the
water wave experiments, questioning the shallowness of the system and measurement
techniques capacities, as the amplitude of the wave becomes extremely small. Please
note that increasing the amplitude and the frequency of a water wave in our system
would result in a nonlinear problem, which is not studied in this thesis.

The real part of the wavefield for the fifth eigenmode, i.e., the one whose frequency
is the highest in the set of the measurements, is presented in Fig. 3.18 for rectangular
reference cavity and the cavities with the bending angles ¢ of 0°, 15°, 30° and 45°.
In the reference cavities without the metabathymetry the effect of the difference in
geometry is clearly visible. The eigenmodes change their shape significantly with respect
to the angle ¢. The change in the position of nodes and maxima is easily noticeable.
Introducing metabathymetry has an anticipated consequence. The eigenmode pattern
remains the same throughout the measurements, even for the highest angle ¢ = 45°.
It is worth mentioning that in this case, i.e., the mode with the highest frequency and
the highest bending angle, the pattern remains the same, even though the shallow
water approximation here is questionable (A" = 31.92mm) and the friction of the
metamaterial structure becomes more and more significant (h~ = 3.23mm). This
manifests a significant improvement and the benefit of using the homogenization of a
fully three-dimensional linear water wave problem in comparison to previous works

where 2D homogenization was used [32].
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Fig. 3.15 The comparison of the real part of the measured wavefield 7(z,y,w) using
FTP and the numerical prediction both for the cavities with the metabathymetry and
the flat bottom for the first five eigenmodes and the lowest bending angle ¢ = 15°.
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Fig. 3.16 The comparison of the real part of the measured wavefield 7(z, y,w) using
FTP and the numerical prediction both for the cavities with the metabathymetry and
the flat bottom for the first five eigenmodes and the bending angle ¢ = 30°.
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Fig. 3.17 The comparison of the real part of the measured wavefield 7(z, y,w) using

FTP and the numerical prediction both for the cavities with the metabathymetry and
the flat bottom for the first five eigenmodes and the greatest bending angle ¢ = 45°.
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(a)
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Fig. 3.18 (a) Experimental results for the real part of the fifth eigenmode 7(x,y, w)
measured with the FTP technique for different bending angles ¢. The wavefields for
the flat bathymetry (top blue) and the results with the presence of the metabathymetry
(bottom purple). (b) Experimental (symbols) and numerical (plain lines) values of
eigenfrequencies as a function of the bending angle ¢. Results are shown for the
anisotropic bathymetry (purple) and the flat bathymetry (blue).

Comparing the experimental results with the numerical prediction, obtained by
solving (3.9) using the Finite Element Method, we observe an excellent agreement of
the eigenmodes. In order to quantitatively describe the difference between them, we

introduce a pattern error defined as

— ffA |n5($a y,LU) B ﬁ(x? y7w)’2 dA
ffA |n5($ay>w)|2dA ,

where 7g is the normalized wavefield predicted numerically, 7 denotes the normalized

(3.20)

wavefield measured in the experiments, and A is the area of the cavity. The nor-
malization is accomplished by rescaling the wavefield amplitude so that it satisfies
the following condition [[, |n(z,y,w)|*dA = 1. The error increases both with the
increasing angle ¢ and the frequency w. However, in all of the cases, it does not exceed
ep = 5.2%.

The summary of all the experimental values of the eigenfrequencies compared to

the numerical predictions is shown in Fig. 3.18b. The horizontal axis represents the
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angle of the cavity deformation ¢ and the vertical axis - the frequency f. Consecutive
lines correspond to the eigenvalues of the cavity with a bending angle ¢. It can be seen
that the use of the metabathymetry allows having a constant value of eigenfrequencies
(purple symbols), hence meeting our goal and preserving the resonance properties of
the deformed cavities as predicted with coordinate transformation theory.

The efficiency of the metabathymetry is quantified by the eigenfrequency error
defined as

| fs = f]

€F = o (3.21)

where fg is the predicted eigenfrequency, and f stands for the eigenfrequency measured
using confocal displacement sensors. This error is always smaller than the pattern

error ep, and its value varies from 1.4% to 3.1%.

3.7 Conclusions

The metabathymetry allows to retrieve the properties of a regular cavity in a shifted
geometry. The example of one of the eigenmodes is reported in Fig. 3.18a for different
angles . We are also able to maintain the same set of eigenfrequencies for the cavities
with changed geometry (Fig. 3.18b).

The presented experiments show the robustness of the homogenization of the three-
dimensional water wave problem and the coordinate transformation theory in designing
metamaterials for water waves. The designed metabathymetry can be used for the
control of water cavity resonance and the propagation of the wave inside of it. The
efficiency of the anisotropic medium is shown using space-time resolved measurements

of the full water wavefield. Very good agreement with numerical prediction is achieved.



Chapter 4

Submerged metamaterials and their

anisotropic capacities

In Chapter 3 we evaluated the problem of designing the metabathymetry - metamaterial
structure attached to the bottom of the fluid container. This approach works very
well if the shallow water approximation is satisfied. However, for greater water depths,
this assumption is violated. It is natural to think about a structure that would not
necessitate being attached to the bottom of the tank and would be independent of how
deep the container is. That is why we propose a possible solution to this problem that
involves submerged metamaterials.

In this chapter, we study both theoretically and experimentally the array of plates
put between two layers of liquid. Moreover, the homogenized model of such a structure

is shown, and its robustness is verified experimentally.

4.1 Homogenization and dispersion relation

In the bulk, the single submerged plate satisfies the problem
A¢p =0, (4.1)

where the boundary conditions are given by

99

o 0 on walls, (4.1a)
0  w?

L= t 2 =0. 4.1b
9. = g0 =0 (4.1b)
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Fig. 4.1 (a) Scheme with dimensions of submerged metamaterials. (b) System with
defined regions (layers) with the homogenized layer corresponding to the metamaterial
structure.

After homogenization at the dominant order of the metamaterial structure (Fig.
4.1b), we can write corresponding equations in layers 1, 2, 3, where 2 is the homogenized

layer. Defining a fraction of fluid between the metamaterial as 9, we have

Agp =0, (4.2)
00 0
V-llo 9 0|V =0, (4.3)
00 ¥
A3 = 0. (4.4)

Due to the homogenized model, we shall ensure the continuity of the potential ¢ and

its horizontal derivative. At each layers’ boundary, we write

a 2

at z =10 % = %qﬁl, (4.5a)
0 0

at z = —d; % = %, O1 = P2, (4.5b)
0 0

at z = —ds 19% = %, G2 = @3, (4.5¢)

at z = —ds s 0. (4.5d)

8z:
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Owing to the separation of variables we can rewrite the problem (4.2) and its

solutions as

0? _

8;1 — ko1 =0 — Y1 = a1’ + bie

0? _

82(1'022 - ky 2= = P2 = ase™* + bye 7, (4.6)
82

82023 — k‘2s03 =0 — p3 = agekz + b3e_kz,

where the wavenumber k =, /k2 + k2. For the sake of the simplicity of calculations we

rewrite boundary conditions (4.5) as follows

2
at =0 Ocpr _ & (4.7a)
Y1 9
at z = —d, oL _ 902 (4.7b)
1 Y2
1
at z = —d Oz _ 7@@03’ (4.7¢)
Y2 U 3
at z = —d3 angg = 0, (47d)

where 0, = 0/0z. Starting with the boundary condition at the bottom (4.7d), and
substituting (4.6), we obtain

O3 _ tanh(k(z + ds)). (4.8)
Y3
On combining this result with the matching condition at z = —ds, we deduce that
az¢2 1
—= = —ktanh(khs). 4.9
2| = i) (4.9)

Continuing this bottom-up approach, we can write similarily for (4.7c) and (4.7b),
and ultimately using (4.7a), we obtain the dispersion relation for the homogenized

submerged metamaterial structure

tanh(kyh2)+ ﬁ’,; tanh(kh3)
Y 1+tanh(kyh2) tanh(khg)

5 tanh (khi) + 2k
Yo
9 1+ tanh (ki) Uk

(4.10)

tanh(k hg)—&—ﬂk tanh(khg)
Y 1+tanh(ky hz)ﬂ tanh(khs)
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Fig. 4.2 The dispersion relation coming from the homogenized model (4.10) for sub-
merged metamaterial (a) and the resulting anisotropy (b).

4.2 Bloch-Floquet analysis

In order to further investigate the dispersive characteristics of the submerged metama-
terials, we perform the Bloch-Floquet analysis of the system with the support of the
modal method presented in Appendix A. This analysis is carried out in a symmetric
unit cell whose dimensions are (—¢/2,¢/2) x (—ds,0) (Fig. 4.3a). We benefit from the
approach presented in [48] where a similar calculation was done for the plate array
situated at the bottom (as in Chapter 3).

To evaluate the Bloch-Floquet spectrum, we solve the full 3D problem (4.1) in the
unit cell. Since the geometry is independent of y, we can proceed with the reduction

of the model to two dimensions. Thus, following Bloch’s theorem, we obtain

oz +Ly,2) =e"'o(z,y,2), (4.11)
8¢ _ ikgcéai
%( +é,y,2) =e 8I<x?y7z>’ (412)

where a dependence along y takes form e'*v¢. We start with computing the scattering
matrix S using the modal method, akin to the one shown in Appendix A. Due to the

invariance of the geomtry along y axis we can write

o(z,y,2) = eiky%(a:, 2). (4.13)
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Fig. 4.3 (a) Scheme of the symmetric unit cell with dimensions of submerged meta-
material structure. (b) System with defined regions used to solve the full 3D problem
using Bloch-Floquet analysis and the modal method. A and A~ stand for the vectors
of the outgoing and ingoing waves respectively at x = —¢/2. Bt and B~ denote the
vectors of the outgoing and ingoing waves respectively at = = ¢/2.

Now, we shall consider the mode expansion outside the boundary, with ingoing
(A, B7) and outgoing (A~, BT) waves (Fig. 4.3b)

- , , 14
b, 2) =3 (A:elkn(xw/m + A;e—lkn(m+f/2)> on(2) for < — (4.14)

o(x,2) = > (B:[eik”(x_gﬂ) + Bn_e_ik"(”_é/z)) “n(2) for x>

n

. (4.15)

N

The normalized transverse functions adapted to the boundary conditions (4.1a), (4.1b)

are of the form
©n = Ny, cosh(K,(z + d)), (4.16)

where the normalization factor is

N|=

d
N, = §(sinhc(2Knd) +1)] . (4.17)



72 Submerged metamaterials and their anisotropic capacities

The transverse functions satisfy the boundary conditions provided that K, satisfies

the dispersion relation for water waves

W2
— = K, tanh(K,d). (4.18)
g

The relation between wavenumbers comes from ¢ satisfying the Laplace equation (4.1)

and reads
2 2 2
kr =K. — k,. (4.19)

Similar procedure is applied to the regions a € (—(/2,—60(/2) x (—d3,0), B €
(—00/2,00/2) x (—dy,0), v € (00/2,0/2) x (—d3,0), and § € (—00/2,00/2) x (—d3, —ds),
where expansions of ¢, ¢, ¢7, and ¢° are written using corresponding bases ¢, ¢?,
©), and . Subsequently, the mode matching of ¢ and 9,¢ is performed at the
junctions x = ££/2 and = £6¢/2 as in (A.20). An example of the solution ¢ for the
unit cell is presented in Fig. 4.4 for d; = 0.005, dy = 0.055, d3 = 0.1, § = 1/6 and

n?

¢ = 0.012. This approach allows the relations of ingoing (A;", B, ) and outgoing (A

B;) waves to be found!. Hence, we obtain

A~ AT R T
<B+) =S (B_) , where S= (T R) : (4.20)

with R and T being the reflection and transmition matrices. Let us rewrite the system

(4.20) as
My (Af) Y (Bf) | (121)
A B

M, = (T O), M, (] _R). (4.22)
~R I 0 7

IFor the sake of clarity of writing we identify the vector of the components of ingoing and outgoing
waves as AT = AT and B* = BF.

where
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G 3
N
r ;

0.25

-0.25
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Fig. 4.4 (a) Solution ¢(z,0, z) in the unit cell and its horizontal (b) and vertical (c)

derivatives.

Floquet condition (4.11) we

Using the expansions of ¢ and following the Bloch

deduce that

(4.23)
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with p(w, k,) = e*=¢. On combining this result with (4.23), we conclude that

At At

The above eigenvalue problem (4.24) eventually allows to obtain the Bloch-Floquet
wavenumber k,¢ as a function of w and k,¢ in the first Brillouin zone (—m, 7). The
example of this approach is shown in Fig. 4.5 where the band structure is calculated
and compared to the homogenized model from Chapter 4.1 for d; = 0.005, ds = 0.055,
d3 =0.1,0 =1/6 and ¢ = 0.012.

The homogenized model is able to reproduce the band structure with good accuracy
for low frequencies. However, the higher the frequency, the more visible the differences
are. In Fig. 4.5a, we can see that the homogenized model underestimates the value of

the wavenumber k,. Introducing the anisotropy value as

() am

Y

it is noticeable that the anisotropy is the highest for one particular frequency (Fig.
4.5b). The homogenized model seems to overestimate the anisotropic capacities of
the submerged structure. This behavior may be attributed to the limitations of the
dominant order homogenization and possibly be explained by performing higher order
homogenization. Interestingly enough, our model can predict the frequency for which
maximum anisotropy occurs as reported in Fig. 4.5b.

In Fig. 4.5¢, we show the dispersion relation of the homogenized model (4.10) and
compare it to the Bloch-Floquet prediction (white dashed lines, Fig. 4.5d). First of
all, it is clearly visible that the stratified submerged medium is able to produce a high
degree of anisotropy for low frequencies. When frequency increases, the degree of the
anisotropy decreases, which translates to the fact that the metamaterial structure is no
longer at the subwavelength scale and it cannot support relatively small wavelengths.
Consequently, it is inevitable to admit that the presented metamaterial structure can

be designed and optimized for a narrowband frequency spectrum.
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Fig. 4.5 (a) Nondimensional wavenumbers k,¢ (blue) and k,¢ (orange) over the nondi-
mensional frequency wi/ds/g obtained both from the homogenized model (plain lines)
and the Bloch-Floquet analysis (dashed lines). (b) Comparison of the anisotropy of
the submerged metamaterials as a function of the nondimensional frequency w,/ds/g
predicted by the homogenized model (dashed lines) and the Bloch-Floquet analysis
(plain lines). (c¢) The dispersion relation given by the homogenized model as a function
of nondimensional wavenumbers k,¢ and k,¢. (d) Zoom of the dispersion relation from
the homogenized model (4.10) with the band structure obtained by Bloch-Floquet
analysis (white dashed lines).
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4.3 Experimental setup

The anisotropy of the submerged metamaterials is studied experimentally in order
to verify both the numerical prediction given by Bloch-Floquet analysis and the
homogenized model. With the aim of quantifying the wavefield, the Fourier transform
profilometry technique is employed.

The experimental setup consists of a high-definition videoprojector and a camera
with the temporal resolution set as 50 frames per second and whose spatial resolution
is 2048 x 2048 px?. Both are suspended on an aluminium profile at the height of
L = 1000mm over a water tank with dimensions 600 x 1760 mm?. The distance
between the lenses of the camera and the videoprojector is equal to D = 400 mm.

The submerged metamaterial structure (Fig. 4.6) is designed to be of total width and
length of L, = L, = 590 mm to fit the water tank both parallelly and perpendicularly.
The structure is manufactured using 48 laser-cut plexiglass plates of height Ay = 50 mm
and thickness 8¢ = 2mm, where the periodicity ¢ = 12mm and the filling fraction
0 = 1/6. Further thinning of the plates would make them too flexible and therefore
not rigid enough to withstand forces generated by the water waves. The periodicity
¢ = 12mm is chosen to be sufficiently smaller than the typical wavelength comparable
to the size of the tank. Meeting the experimental constraints such as the depth of the
tank (120mm), or the dispersion relation of water waves, leaves us with placing the
plates at the height of hy = 45 mm. Such a structure is verified numerically and should

be able to produce anisotropy of the order A = 5.

Fig. 4.6 (a) Side view of the metamaterial structure manufactured using laser-cut
plexiglass and its dimensions. (b) View from the above of the metamaterial structure
with its total width and length.
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The region of interest is of the size 512 x 335 mm? which corresponds to the resolution
of the image 2048 x 1340 px? with a pixel size of 0.25 mm/px. The obtained image
represents the area of the tank entirely covered with the metamaterial structure.

The wavemaker with a circular end of diameter ¢gouece = 40 mm is placed at the
center of the region of interest (Fig. 4.7). The tip of the wavemaker is connected to
the motor with an aluminum rod to diminish the shadow and, therefore, maximize the
measurement area. The linear motor realizes vertical sinusoidal motion with a frequency
range of fiource € [2, 7] Hz and typical amplitude of Agouree € [1, 3] mm creating a source
of the circular wave for our system. The wavefield is measured frequency by frequency
with a step of Af = 0.5 Hz.

4.4 Experimental results

The Fourier transform profilometry technique provides the space-time resolved mea-
surements of the free surface elevation n(z,y,t) and can detect waves whose amplitude
is as small as 0.1 mm. The wavefield measured at each frequency is later transformed

in the frequency domain using Fourier transform as follows

~ 1 r —i2m
ey, ) = 7 [ ne,y e dt, (4.26)

where T'= 1/f. The temporal signal starts usually 2s before the emission of the wave
by the source and ends when the wave reaches the closest boundary of the water tank.
This is to avoid the reflection in the measurement region that could make the data
treatment more cumbersome.

The complex fields of 7(z,y, f) at the fundamental frequency are computed and
presented in Fig. 4.8 and Fig. 4.9. The fundamental frequency is chosen as one that
presents a maximum in the spectrum and corresponds to the frequency of the source
with a negligible error smaller than 0.3%. The contribution of the higher harmonics is
also negligible and usually of the order of 2-4% when it comes to the first harmonic
(2f0). The maximum amplitude of the wave near the source depends on the water depth
hy that varies throughout the experiments but usually is in the range of 0.5 — 5 mm.

In order to examine the anisotropic behavior of the submerged metamaterial
structure, the measurements are performed for three different water depths h;: 2 mm,
5 mm, and 10 mm. The water depths h, and h3 are constant and equal to 50 mm and

45 mm, respectively.
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LN

Fig. 4.7 Experimental setup. The circular wavemaker is placed in the middle of the
region of interest creating the wave. The fringe pattern is projected on the surface to
allow Fourier transform profilometry measurements.



4.4 Experimental results 79

The real parts of the complex fields 7(x,y, f) for three different water depths h;
are reported in Fig. 4.8 for the frequencies f: 2 Hz, 3 Hz, and 4 Hz and in Fig. 4.9 for
the frequencies f: 5 Hz, 6 Hz, and 7 Hz. It can be clearly seen that the submerged
metamaterial medium is able to produce the anticipated anisotropy. This effect is
evident for low frequencies and small water depth h;.

In order to examine the anisotropic behavior of the structure more quantitatively,
we measure the wavelength in x and y direction. We benefit from previously obtained
complex wavefields to obtain A\, measured at /(x,y = 0) and A, measured at f(z = 0, y).
The wavelength is calculated in two ways. First, we measure the distance between two
peaks of the waves as presented in the (Fig. 4.10). The second approach consists of
the fitting of the wave with the Hankel function of the first kind defined as

HP (ko) = Jo(kyp) + iYo(ky2), (4.27)

where Jy stands for the Bessel function of the first kind, and Y, denotes the Bessel
function of the second kind. In general, they are defined by

)

kex\” (—(kyx)?/4)" (k) cos(pm) — J_p(ke)
I lko) = ( 2 ) 2 nl'(v+n+1) Yolksw) = 2, sin(pr)

n

(4.28)

where I' is the Gamma function and the wavenumber k, = 27/\,. A similar approach
is adopted for the wavelength \,. In our case, the Bessel functions are of order 0. Using
these two methods to obtain the wavelengths, we can define the errorbar in Fig. 4.11,

where we present the ensemble of the experimental data. When it comes to calculating

() -

we must evaluate the value of the error mentioned above according to the error

the anisotropy

propagation theory. The error of the value of the anisotropy €4 can be calculated as

GG () -

This leaves us with quite considerable uncertainty concerning the value of anisotropy.

However, its mean value corresponds very well to the value predicted by the Bloch-

Floquet analysis.
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_1 1

Fig. 4.8 Real part of 7(x,y, f) for different water depths h; (2 mm, 5 mm, 10 mm -
from left to right) and varying frequency f (2 Hz, 3 Hz, 4 Hz - from top to bottom).
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Fig. 4.9 Real part of 7j(x,y, f) for different water depths h; (2 mm, 5 mm, 10 mm -
from left to right) and varying frequency f (5 Hz, 6 Hz, 7 Hz - from top to bottom).
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Fig. 4.10 The colormap shows the real part of /j(z,y, f) from the experimental mea-
surement for f = 6 Hz and h; = 2 mm. The plots show the horizontal and vertical
profiles for x = 0 mm and y = 0 mm respectively with the best fits of Hankel function
H(k,x) and H°(k,y) (orange curves).
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Fig. 4.11 Experimental values (symbols) for the wavelengths X, (orange), A, (blue)
and resulting anisotropy A (purple) compared to the prediction of homogenized model
(plain curves) and Bloch-Floquet analysis (dashed lines). The data is presented for
different water depths hy: 10 mm (left), 5 mm (center), 2 mm (right).

All the experimental values of A\, A\, and the resulting anisotropy are reported in
Fig. 4.11. Under the scrutiny of the experimental data, it is evident that the anisotropy
increases with decreasing water depth h;. As expected, experiments confirm the
decrease of the anisotropy for higher frequencies. The highest value of the anisotropy
is obtained for the lowest water depth h; = 2mm and reaches A = 4. The anisotropic
behavior is still visible even for higher frequencies. For the water depth of h; = 10 mm,
the anisotropic capacity of the metamaterial is still noticeable for low frequencies to
disappear almost completely for higher ones.

The Bloch-Floquet analysis is able to predict very well the anisotropic characteris-
tics of the submerged metamaterials. Even though the homogenized model slightly
underestimates the value of the wavelength A\, (perpendicular to the direction of the
metamaterial structure) it represents a useful alternative to predict maximal anisotropy

efficiently.
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4.5 Conclusions

The homogenized model for submerged water-wave metamaterials presented in this
chapter offers a valuable tool when it comes to metamaterial design. It can accurately
foresee the anisotropic capacities of such a structure, particularly the frequency band
for which maximal anisotropy is manifested. This result is verified using Bloch-Floquet
analysis that can further and more precisely determine the dispersion relation for
submerged metamaterials. The experimental data confirm with a very good agreement
the theoretical analysis.

In order to further improve the homogenized model, higher order homogenization
can be done to explain the discrepancies between the model and the actual behavior of
the system. Since it has been seen that we can expect high anisotropy for thin fluid
layers (h; — 0), it might also be advantageous to consider replacing the layer with an
effective boundary condition [69] that could possibly compensate for the differences

between the presented homogenized model and the actual metamaterial structure.



Chapter 5

Su-Schrieffer-Heeger model for

water waves in a periodic channel

Conventionally, metamaterials are considered as artificially structured media, with a
unit cell whose dimensions are much smaller than the wavelength. This subwavelength
condition, much needed in the context of the homogenization process, plays a crucial
role in obtaining the approximation of the effective medium. However, it is also possible
to design a structure where the peculiar behavior of the wave can be observed even
though its length is comparable or even greater than the size of the unit cell [40, 41].
In this chapter, we focus on such structure for water waves developed owing to the
theory of topological insulators.

The study of topological insulators was set in motion after the discovery of the
quantum Hall effect [70, 71]. Since then, it has been investigated and realized for
the wave systems in various contexts, inter alia, in acoustics [72-75], photonics [76—
79], phononics [80-82], or mechanics [83-86]. A fundamental feature of topological
metamaterials is the presence of edge modes, i.e., topologically protected modes
localized on the boundaries.

Undoubtedly, one of the simplest and most famous representations of the topological
states is given by the Su-Schrieffer-Heeger model (SSH) [87, 42], whose properties
generated a lot of interest in acoustic [88-90] or water wave system [91]. However, to
benefit from the SSH model, these approaches usually use coupled resonator systems
or band structure analysis thanks to the Zak phase.

Our study uses a different, more direct approach to describe a water wave system
using the SSH model. A periodic water wave channel with alternating cells of two
different widths and equal lengths is studied, allowing to map the 1D SSH model onto

our system straightforwardly.
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5.1 Model reduction. From 2D Helmholtz equation
to SSH model

The infinite water wave channel with periodically varying width wy, wy and the length
of a cell d is considered as shown in Fig. 5.1a. The free surface elevation of the wave

n(z,y) with time harmonic dependence chosen as e satisfy the two-dimensional
Helmholtz equation with the homogenous Neumann boundary condition corresponding

to vanishing normal velocity on the walls

An+kn=0, (5.1)
gz = 0 on walls, (5.2)

where n is a vector normal to the boundaries of the channel and the wavenumber k
satisfies the dispersion relation for water waves w? = gk tanh(kh), where g denotes the
gravitational acceleration, w stands for the angular frequency, and h is a depth of the
channel. Further reduction of the 2D Helmholtz equation is obtained by assuming
that the wavelengths are sufficiently large (low frequencies). Assuming the cut-off as

k < 7/wy (Section 1.3), preventing the propagation of the transverse modes, we can

(a) 2D continuous

—_— el

(b) 1D continuous

\ \ \ \ \ \ \ z
P Q P Q P Q
Tp—1 L1 T T Ln+1 Lpt1 Lp+2
(c) 1D discrete
P Qn-1 P, Qn P Qn+1 Ppio

Fig. 5.1 (a) Scheme of the two-dimensional water wave periodic channel consisting of
the cells with different widths wy, wy and the length d. (b) One-dimensional continuous
approximation leaves us with n depending only on x. On the axis, we identify points
corresponding to the change of the channel widths. (c¢) Scheme of the one-dimensional
discrete SSH model corresponding to the water wave channel.
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proceed with the one-dimensional, continuous wave equation
0 + k*n =0, (5.3)

where now 1 = n(z) depends only on the horizontal direction z. There are two types
of cross sections: P and @); section P occurs where w; — ws; section () occurs where
wy — wi. At each cross section, where the width of the channel is changing, we must
ensure the continuity of the free surface elevation and its derivative (flow rate) with

the jump conditions

[n] =0, (5.4)
0, (5.5)

where [f] = fT — f~ describes the difference at each cross section from the right side
limit (f*) and the left side limit (f~). Having reduced the two-dimensional continuous
model into the one-dimensional continuous, we can proceed with a further reduction
to the one-dimensional discrete description. Owing to the known analytical solution
to the equation (5.3) with the condition (5.4) we derive the relationship between the

neighboring points (here for sections Q)

/(A P+

n(x9) = n(zF) cos kd + 77(:2") sin kd, (5.6)
/(P —

n(xg_l) = n(z") coskd — 77(:2” sin kd. (5.7)

Multiplying equation (5.6) by ws, equation (5.7) by w; and summing them, we obtain

sin kd
won(a )+ win(e ) = (wn -+ wa)n()) cos kd + === (wy () — wirf (277)).

=0, by continuity (5.5)

(5.8)

As shown above, taking advantage of the condition (5.5) we can eliminate the derivatives

at given points. Following the same approach for the sections P we have

sin kd

wan(al) + win(el,,) = (wy + won(a@) coskd + o (<war (297) + wi (237))

=0, by continuity (5.5)

(5.9)
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We introduce the coupling coefficients s and ¢ as

w1 W
s=—— and t=—".
w1 + W w1 + Wa

(5.10)

They depend only on the geometry of the system, are positive, and their sum is equal

to unity
s+t=1. (5.11)
Now, identifying F = cos kd, and for the sake of simplicity writing that
Qu=1(29) and P, =p(), (5.12)
we can ultimately describe our system by

$Qn_1 +1Q, = EP,, (5.13)
tP, + Py = EQ,. (5.14)

which in fact corresponds to the eigevalue problem

HX = EX, (5.15)
where
0 s Qn—1
0 t P,
H = ° and X = . (5.16)
t 0 S Qn
S 0 T Pn+1

The above representation of our system directly matches the SSH model. Moreover,
the pseudoenergy E(k) = cos kd is analogous to its SSH model counterpart. Since the
SSH Hamiltonian H depends exclusively on the geometry, the eigenfrequencies k are

directly given by the eigenvalues of H.
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Fig. 5.2 The dispersion relation of the SSH model (5.19). (a) Pseudoenergy F as a
function of the Bloch wavenumber ¢ for s = 1/3. (b) The unwound dispersion relation
- undimensionalized wavenumber k over the Bloch wavenumber ¢ for s = 1/3.

In order to find the dispersion relation of the system, we assume the Bloch wave

solution given by
P, = Pc? and Q, = Qe'", (5.17)

where ¢ is the Bloch wavenumber. By substituting (5.17) into (5.13) and (5.14), we

end up with an eigenvalue problem

( 0 seiq+t) (P) . (P)‘ (5.18)
se'l 4t 0 Q Q

This 2 x 2 Hamiltonian matrix of the periodic one-dimensional SSH system allows to

find directly the dispersion relation of the system

E = coskd = j:\/52 + 2st cos q + t2. (5.19)

Owing to the chiral symmetry [42], the dispersion relation is symmetric around £ = 0
(Fig. 5.2a) that can be unwound as kd = (m+1/2)r (m =0,1,2...) (Fig. 5.2b).

Moreover, it appears that the first zero energy mode (E = 0) occurs when the
wavelength A is four times larger than the length of the segment d. It can be easily
derived as E =0 — kd =7/2 — X = 4d.
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5.2 Numerical illustration

To further illustrate the usefulness of the SSH model for water waves, we consider a
finite channel with 2N = 14 segments and its symmetric analog with 2N + 1 = 15
segments. The channel is closed on both ends, which is accounted for by the homogenous
Neumann boundary condition on each wall, where normal velocity vanishes. This fact
can be represented by changing the first and last equation and introducing so-called
ghost nodes: Gy = Qg at the beginning of the channel, and G; = @)y at the end, that
satisfy EGy = Py, and EG; = Py for the case with even number of segments (2N).
The Hamiltonian and the vector of unknowns of the eigenvalue problem HX = EX

then becomes

0 1 0 ... ... .. (,) Co
s 0 ¢ : P,
0t 0 s : Q@1
H=|: : and X = : ) (5.20)
t 0 s 0 QN-1
: s 0 t Py
0 10 Gy

Similarly, we can obtain the Hamiltonian H for the case with an odd number of
segments. The eigenvalues obtained from the SSH model for the case with an even
number of segments is shown in Fig. 5.3a and for the case with an odd number of
segments is reported in Fig. 5.3b (for all possible values of s and ¢ =1 — s). Due to
the recurrent nature of the model (5.13, 5.14) it is straightforward to obtain an explicit

form of the zero energy mode localized at the edge for the system (5.20)

(S’;) =c ((1)) (—j)n (5.21)

where ¢ is the normalization constant.
Parallelly to this analysis, we numerically solve the full two-dimensional eigenvalue

problem corresponding to the even and odd case separately

An = —k*n, (5.22)

0
a—z = 0 on walls. (5.23)
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The solution is obtained using Finite Element Method for w; = 0.05, wy = 0.1, d = 0.1,
L = 1.4 (L being the total length of the channel), and is shown in Fig. 5.3a for the
case with an even number of segments, and in Fig. 5.3b for the case case with an
odd number of segments. It can be clearly seen that for an even number of segments
(2N = 14, Fig. 5.3a) the system hosts one localized mode with zero energy. For s < t
the edge wave is localized on the left side of the channel (Fig. 5.4a) and vice versa, for
s > t the mode is localized on the right side (Fig. 5.4c). This behavior can be easily
explained when we look again at the form of the edge wave (5.21) derived from the
SSH model. It appears that only the edge segments where w; < wsy are able to host
the edge wave.

Analyzing the case where we have an odd number of segments (2N + 1 = 15, Fig.
5.3a), we see that for s < t, our system can host two zero energy modes - one localized
at the left end and the other localized at the right end. For s > ¢, the edge mode
disappears, as our system is unable to host the localized edge wave since on both ends
we have segments with w; > ws. It is worth mentioning that for s = ¢, we obtain the
case where the channel is rectangular, thus the localization of the zero energy mode
does not occur (Fig. 5.4b).

The slight difference between eigenvalues obtained by the SSH model and the
numerical solution can be explained by the fact that one-dimensional approximation is
not able to account for the actual widths of the channel. However, the one-dimensional
approximation is still satisfactorily accurate as long as the aspect ratio of the segments

is small enough and the wavelength is large compared to the width of the channel.

——1D SSH 4
— — 2D Helmbholtz

cos(kd)

E =

: 0?2 0.‘4 0164 0.8 ) 0 7 rOfZ 0.4 0.6 0.8 ;7
s =w /(w1 + ws) s =w;/(w; + wy)

Fig. 5.3 The eigenvalues of the channel with (a) an even number of segments (2N = 14)

and (b) an odd number of segments (2N + 1 = 15) obtained by the SSH model (plain

curves) and the numerical simulation (dashed curves) as a function of the parameter s.
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Fig. 5.4 The amplitude of the edge mode defined as the absolute value of the free surface
elevation A = |n(x,y)| for different values of the coupling coefficient: (a) s = 1/3,
(b) s = 1/2, and (c¢) s = 2/3. The comparison between the SSH model prediction
(symbols) and the numerical simulation using Finite Element Method (plain curves).
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5.3 Experimental setup

The experimental setup is based on a periodic channel (Fig. 5.5a) of the length
L = 140 cm and periodically varying width w; = 5 ecm and wy = 10 cm that corresponds
to s =1 —t =1/3. The channel consists of 14 segments of the length d = 10 cm. The
height of the channel is equal to 5cm so that it can accommodate the layer of water
of the depth h = 2 cm that is constant throughout the experiments. The aspect ratio
of the cells is small enough to accurately mimic the characteristics of the SSH model,
as shown in the previous section. On the other hand, it has to be sufficiently big in
order to avoid the detrimental effects of the meniscus that forms on the walls of the
channel and whose size is of the order of 2mm. Its presence in the channel with a
small aspect ratio could lead to the undesirable shift in eigenfrequencies of the channel

[92]. The reference rectangular channel of the same length and width w = 5 cm is also

wavemaker
(linear motor) ~—

displacement
sensor

Fig. 5.5 (a) The photo of the periodic channel with dimensions. The wavemaker is
placed at the left end of the channel (top view). (b) The picture of the left end of
the channel with the wavemaker and the two confocal displacement sensors suspended
above the channel.
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manufactured in order to verify the regular modes of a straight cavity (s =t).

The realization of the point source is done by placing the wavemaker consisting of
the linear motor with cylindrical tip (Fig. 5.5b) of the diameter ¢s = 2 cm and that
is placed on the left end of the channel in the segment of smaller width, 0.5 cm from
the wall. The wavemaker realises vertical sinusoidal motion of the amplitude range
A € [0.5mm, 15mm] and the frequency up to fs = 2.5Hz, which corresponds to the
cut-off needed by the one-dimensional approximation.

Two confocal displacement sensors are placed above the channel (Fig. 5.5b) and
are separated by the interval of 10 cm, corresponding to the length of the segment,
allowing to measure at two cross sections simultaneously to facilitate the measurements.
The sensors are connected to the trolley to quickly change its position and measure at

different points along the channel.

5.4 Experimental results

The confocal displacement sensors provide the signal with an acquisition frequency of
1 kHz. The source is positioned at the left end of the channel where the maximum

amplitude of the edge mode is expected.

5.4.1 Linear regime

The wavemaker realizes the vertical pseudoperiodic motion corresponding to the chirp
signal (Section 3.5), whose length is t = 60s and whose frequency spectrum varies
from 0.1 to 2.5 Hz so that the first cut-off frequency is fully covered. The spectrum is
measured every 2.5 cm. We report in Fig. 5.6a the average of all measured spectra for
the periodic channel with s = 1/3. The edge mode is visible at fr = 1.097 Hz which
corresponds to kd = m/2 and is represented by the most prominent resonance peak
surrounded by the large band gap. Vertical dashed lines correspond to the eigenvalues
given by the numerical solution of the two-dimensional Helmholtz eigenproblem (5.23)
and are in excellent agreement with the experimental results.

A similar procedure is done for the rectangular channel (s = 1/2). We can see that
resonance modes are now equally spaced (Fig. 5.6b) and follow the regular modes of the
rectangular cavity as expected (kL = mm with m = 1,2,...). The comparison between
the experimental values (dots), one-dimensional prediction by the SSH model (plain
curves), and the two-dimensional eigenproblem solved numerically (dashed curves) is

shown in Fig. 5.6¢c. Local maxima obtained experimentally for s = 1/3 (blue dots)
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Fig. 5.6 (a) Averaged spectrum of the free-surface elevation for s = 1/3 (blue curve)
with a 2D numerical prediction (dashed lines). (b) Averaged spectrum of the free-
surface elevation for s = 1/2 (orange curves) with a numerical prediction (dashed lines).
(¢) Comparison of the 1D (plain lines) and the 2D (dashed lines) prediction of the
eigenvalues with the experimental values for s = 1/3 (blue dots) and s = 1/2 (orange
dots).

and s = 1/2 (orange dots) are reported. An excellent agreement of theoretical and
experimental results is obtained with a slight difference between 1D and 2D models
coming from the geometry’s aspect ratio.

The ensemble of the experimental results is presented in Fig. 5.7b and is compared
to the numerical simulation using Finite Element Method Fig. 5.7a. The simulation is
carried out as follows. We solve the two-dimensional Helmholtz equation with a source

term s(x,y)

An+ k= s(z,y), (5.24)
gz = 0 on walls. (5.25)

for wavenumbers k = k + i, where the imaginary part of the wavenumber accounts

for the viscous attenuation in the bulk and is given by Stokes equation

4K pw

= 5.26
pg + 3yK? (5.26)

where p denotes dynamic viscosity, p is water density, g stands for the gravitational

acceleration, and ~y is the surface tension. The source is modelled as a Gaussian bell of



96 Su-Schrieffer-Heeger model for water waves in a periodic channel

I
]
x
©
£
o
>
o
s

0 2 4 6 8 10 12 14 0

z/d []

Fig. 5.7 (a) The absolute value of the free surface elevation obtained using Finite
Element Method. (b) Experimental results for s = 1/3.

the form

s(@y) = — exp l— <(:” o) - yO)Q)] , (5.27)

o 2 2
2mo,0, 207; 20,

where 0, = 0, = w;1/30, o = d/2, and yy = wy/2. The profile of the wave is obtained
by averaging the result along the y axis and is presented in Fig. 5.7a for different
frequencies f = w/27, where w? = gk tanh(kh).

The edge mode localized at the left side of the channel is clearly visible and
corresponds very well to the numerical simulation. It is surrounded by the band gap

after which we see the bulk modes of the channel. The profile of the absolute value

1

= 1D SSH
0.8+ 2D H?Imholtz
e experiment
?: 0.6 -
3,
<04
0.2 -
0
0 0.2 0.4 06 4 [m] 0.8 1 1.2 1.4

Fig. 5.8 The edge mode localized at the left side of the channel obtained experimentally
(blue dots), by 2D simulation (plain curve), and by the SSH model (5.21) (pink
symbols).
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of the free surface elevation for the edge mode is presented in Fig. 5.8. An excellent

agreement is obtained between the experiment and both 2D and 1D SSH prediction.

5.4.2 Nonlinear regime

With increasing amplitude of the source, i.e., the wave’s amplitude, the appearance of
secondary peaks around the resonance peak of the edge mode is observed. To further
investigate this phenomenon, the dependence of the spectrum on the amplitude is
studied. Since we are no longer in the linear regime, the approach using a chirp signal
that benefits from the linear properties of the Fourier transform can no longer be used.
Therefore, the point source realizes vertical sinusoidal motion with the frequency f,
and the amplitude A,. Two sets of measurements are studied for different values of f,
and A,. Both of them are focused around the frequency of the edge mode. The first

set is done for

A; €10.5,0.6,0.7,...,1.9,2.0,2.5,...,4.5,5,6,...,9,10] mm, (5.28)
fs € [1.040,1.160]Hz, A f; = 0.002 Hz,
and the second set
A €10.5,0.7,0.9,1.1,1.3,1.5,2.0,2.5,5, 10, 15 mm, (5.29)
fs €0.900,1.200] Hz, Afs = 0.003 Hz.
1 05
Ay =2.5mm
08 (a) 0457 (b) fs = 1.065Hz
osk [ | | | [ . - 4
L .
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Fig. 5.9 (a) The example of the experimental measurement for A = 2.5mm, f
1.065 Hz and (b) corresponding spectrum.
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For each amplitude of the source Ay, the amplitude of the wave is registered using
a confocal displacement sensor at x/d = 4. The signal of the length ¢ = 20s is
measured for a given frequency f,, then the frequency is increased by Af,, and the
stationary state of the wave is anticipated before registering the next signal. Usually
it takes around 80s to measure one signal for the pair (As, fs). Due to the time
consuming procedure, an automatic script is put in place that changes both A, and f;
and registers the signals. To avoid the change of the water properties, the channel is
covered with a transparent foil preventing the surface from being polluted, and also to
suppress the evaporation that would result in decreasing the water depth and therefore
changing the resonant frequencies. The example of the measurement for one pair of
(As, fs) = (2.5mm, 1.065 Hz) is shown in Fig. 5.9. The signal is carefully trimmed to
obtain an integer number of periods to extract the exact values of its spectrum.

The determination of the resonance curves is done by extracting the values of the
fundamental frequency, first five harmonics (fo, . .., f5) and its amplitudes (Ao, ..., As)
(Fig. 5.10). One measurement for the pair of (A, fs) represents one point on the

resonance curve.

o
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05
0.45 0.45
05
(fOs AO) Ag =2.5mm
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Fig. 5.10 The determination of the resonance curves. The resonance curve of (a) the
fundamental frequency Ao(fo) and (c) the first harmonic A;(f;) for A; = 2.5mm. (b)
The spectrum of the the measurement for (As, fs) = (2.5 mm, 1.065 Hz) from which
the values of the frequencies (fo, ..., f5) and the amplitudes (Ao, ..., As) are extracted.
The example shows the position of (fy, Ag) (red triangle) and (f1, A1) (yellow triangle)
on the corresponding resonance curves (a) and (c) respectively.
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We report in Fig. 5.11 three different regimes of the resonant behavior of the edge
mode for Ay = 0.7mm (Fig. 5.11a), A; = 2.5mm (Fig. 5.11b), and A; = 15 mm (Fig.
5.11c). As the driving frequency fs corresponds almost exactly to the fundamental
frequency fp and the harmonics (f; = 2fo, fo = 3fo,...) (with an error smaller than
1%, inset Fig. 5.11a) we compare them on the same horizontal axis f;.

We can see that for A, = 0.7mm we obtain only one resonant peak of the edge
mode, and the contribution of higher harmonics is relatively small (less than 20 %).
For the amplitude of the source of A; = 2.5 mm (Fig. 5.11b) secondary peaks around
the main resonant peak of the edge mode appear (first bifurcation). The contribution
of the harmonics becomes more important. It seems that the peak on the right side
of the peak of the fundamental frequency (blue curve) of the edge mode corresponds
to the maximum of the second harmonic (yellow curve). On the other hand, the left
side peak correlates with the maximum of the first harmonic (orange curve). With
further increase of the amplitude A, we can observe the emergence of two more peaks
(second bifurcation) reported in Fig. 5.11c where the resonant curves for A; = 15 mm
are shown. The amplitudes of the first and second harmonic are now higher than the
fundamental frequency amplitude.

Experimental measurements show the existence of strong nonlinear interactions near
the resonant frequency of the edge mode. Similar behavior for the rectangular channel
was obtained experimentally and described theoretically in [93-95]. The apparent
energy transfer between the fundamental frequency and the harmonics can be obtained
using the approach presented in [96].

To further investigate the emergence of the resonant peaks around the edge mode,

we introduce the Ursell number as follows

AN?

U= 15

(5.30)

where A\ = 4d stands for the wavelength of the edge mode and h denotes the water
depth. The ensemble of the measurements is shown in Fig. 5.12 for the range (5.29)
and in Fig. 5.13 for the range (5.30). It appears that the first bifurcation, where
two secondary peaks emerge, happens when the Ursell number U = 25. The peaks
are placed almost symmetrically at around +5% fr away from the main resonance of
the edge mode (fg). The second bifurcation, i.e., when two additional peaks arise
at approximately +£10% fr away from the original edge mode resonance, occurs at
U ~ 100.
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Fig. 5.11 Resonant curves of the fundamental frequency Ag(fs) (blue curve), the first
harmonic A;(f;) (orange curve), the second harmonic Ay(fs) (yellow curve), the third
harmonic As(fs) (purple curve), and the fourth harmonic A4(fs) (green curve) for
(a) As = 0.7mm, (b) Ay = 2.5mm, and (c) A; = 15mm. The inset of (a) shows the
relation between the driving frequency fs and the measured fundamental frequency fy.
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Fig. 5.12 (a) Resonant curves for the set of measurements (5.29) for the fundamental
frequency. (b) The measured amplitude of the normalized fundamental frequency
fo/fr as a function of the Ursell number U. (¢) The measured amplitude of the first
harmonic f;/2fg as a function of the Ursell number U. (d) The measured amplitude of
the second harmonic f5/3fr as a function of the Ursell number U. (e) The measured
amplitude of the third harmonic f3/4fr as a function of the Ursell number U. (f) The
measured amplitude of the fourth harmonic f;/5fg as a function of the Ursell number
U. The inset shows the region around the edge mode peak, where the measurements
are carried out.
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Fig. 5.13 (a) Resonant curves for the set of measurements (5.30) for the fundamental
frequency. (b) The measured amplitude of the normalized fundamental frequency
fo/ e as a function of the Ursell number U. (c) The measured amplitude of the first
harmonic f1/2fg as a function of the Ursell number U. (d) The measured amplitude of
the second harmonic fo/3fg as a function of the Ursell number U. (e) The measured
amplitude of the third harmonic f3/4fg as a function of the Ursell number U. (f) The
measured amplitude of the fourth harmonic f4/5fg as a function of the Ursell number
U. The inset shows the region around the edge mode peak, where the measurements
are carried out.
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Subsequently, the form of the resonant modes near the edge mode is studied. The
amplitude is measured at z/d € [2,3,...,9]. In the regime where the first bifurcation
occurs, for U = 50, we can observe two secondary peaks (orange and yellow triangles)
around the main edge mode peak (blue triangle) (Fig. 5.14a4). It appears that the
form of the mode still accurately follows the SSH prediction (5.21) and is immune to
the slight change of the frequency, which is reported in Fig. 5.14a;. We also show the
prediction of the edge mode form obtained by using the two-dimensional numerical
simulation of the Helmholtz equation. Similarly, in the regime where the second
bifurcation occurs, two additional peaks emerge (U = 300, Fig. 5.14b;), and the modes
preserve their form following almost exactly the form of the edge mode (red squares)
(Fig. 5.14ay).
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Fig. 5.14 (a;) The spectrum for U = 50. The main resonant peak of the edge mode is
shown (blue triangle), as well as corresponding secondary peaks on the right (yellow
triangle) and left (orange triangle). (ag) The modes for the main peak (blue symbols)
and secondary peaks (yellow and orange symbols). The prediction of the 1D SSH model
(red squares) and 2D Helmholtz equation (plain black curves). (b;) The spectrum
for U = 300. The main resonant peak (yellow triangle), corresponding secondary
peaks (purple and blue triangle), and two additional peaks (green and orange triangles,
respectively). (bg) The form of the edge mode for the main peak (yellow symbols),
secondary peaks (purple and blue symbols), and two additional peaks (green and
orange symbols).
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5.5 Conclusions

The main objective of the presented work is to experimentally investigate the topologi-
cally protected edge states and band gaps in a water waveguide with periodic geometry.
One of the representations of the topological states provided by the Su-Schrieffer-Heeger
model is applied to describe the observed phenomena. A waveguide with step periodic
width (s = 1/3) and corresponding rectangular tank with constant width (s = 1/2)
are manufactured and examined using confocal displacement sensors allowing the
measurement of water free surface elevation. Two-dimensional numerical simulations
are carried out in order to verify the SSH model and experimental data. The obtained
results show that this very simple setup exhibits all the properties of the SSH model
with an excellent agreement to the water wave systems.

Moreover, the system is also studied in the nonlinear regime, where two bifurcation
regimes are found. The first bifurcation corresponds to the emergence of two secondary
resonances around the primary edge wave resonance for Ursell number U > 25. The
second bifurcation, with the appearance of two additional peaks around the main edge
mode resonance, is recognized for U > 100. It is shown that the edge mode is immune
to these subresonances and preserves its form even for a high degree of nonlinearity.
This phenomenon, intuitively interpreted as energy transfer between the fundamental

frequency and harmonics, needs further theoretical study to be fully understood.



Chapter 6

Conclusions and perspectives

6.1 Summary and conclusions

In this thesis, we have presented various experimental aspects of wave propagation
on the water surface. We have obtained the control of the water wave propagation
through specially designed structures. We have shown several types of these structures
that have been studied both theoretically and experimentally. First, we presented
the way of controlling the wave by the array of vertical plates changing the shape
of the bathymetry. Next, our attention focused on a similar stratified structure, but
it was submerged between two layers of water this time. Both systems mentioned
above had a characteristic length, i.e., spacing between the plates, much lower than
the wavelength. Ultimately, we evaluated the unusual properties of the channel with
periodically varying width and constant depth. In contrast to the previous ones, this
setup had a characteristic length (length of the cell) comparable to the size of the

wavelength.

Metabathymetry

In the first experimental part of this thesis (Chapter 3), we have shown the array of
plates connected to the bottom of the tank to influence the water wave propagation.
The wave, "feeling” different water depths in different directions, was able to change
its behavior to our wish.

We have chosen to study this kind of structure in the context of the cavity eigenmodes
and eigenfrequencies. The specially designed metamaterial bathymetry allowed to

preserve the regular, rectangular cavity properties in a deformed geometry. We have



106 Conclusions and perspectives

maintained both the eigenmodes’ shape and the eigenfrequencies’ values even for a
high degree of deformation.

We have shown the advantages of the homogenization of the three-dimensional
water wave problem over the two-dimensional approach. The presented experiments
have shown that the homogenization of the three-dimensional water wave problem
combined with coordinate transformation theory led to the successful design of the
metabathymetry. The robustness of the anisotropic medium has been shown using
space-time resolved measurements of the entire water wavefield. The applications of
such a structure include shore protection, or creating a wave-free region by deviating

the wave.

Submerged metamaterials

In Chapter 4, we have shown the ability of the submerged array of vertical plates,
surrounded by two layers of liquid to provide an anisotropic medium for water wave
propagation. We have established the dispersion relation for such a medium by using
the homogenized model, a practical tool for designing the metamaterial structure. It
could accurately predict the frequency band for which maximal anisotropy occurred.

This relation has been verified using Bloch-Floquet formalism and has shown a
good agreement when foreseeing where the maximal anisotropy takes place. However,
the obtained dispersion relation overestimates the degree of anisotropy.

We have performed an experimental study of such submerged structures for several
different configurations. The measured wavefields have proved that an anisotropic

behavior indeed occurs and obeys the developed theoretical model.

SSH model for water waves

The primary purpose of Chapter 5 was to investigate topologically protected edge
states and bandgap in a waveguide with periodically varying width. One of the
topological state representations provided by the Su-Schrieffer-Heeger model has been
employed to describe the behavior of the water wave in such a medium. A rectangular
waveguide with constant width and a tank with periodically varying width have been
manufactured and inspected with a confocal displacement sensor by measuring the
surface deformation.

The obtained experimental data has been compared with the results of the 2D
numerical simulations and the prediction given by the SSH model. The results have
shown that this uncomplicated setup presents all the properties of the SSH model with

excellent agreement.
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In addition, the system has been examined in a nonlinear regime where we have
found two bifurcation regimes. The first bifurcation corresponds to the appearance
of two secondary resonances around the original edge wave resonance. The second
bifurcation, where two additional peaks appear, has also been recognized. We have
seen that the shape of the edge mode is unaffected by these subresonances and retains

its shape despite the nonlinearity of the wave.

6.2 Future works

The presented research opens a wide range of possibilities for the continuation of the
development of metamaterials for water surface waves.

When it comes to the second project concerning submerged metamaterials (Chapter
4), higher-order homogenization can be done to improve the homogenized model and
explain the differences between the model and the system’s actual behavior. Since
it has been shown that high anisotropy can be expected for a thin fluid layer, it
can be considered to replace the layer with effective boundary conditions that would
compensate for the discrepancies between the presented homogenization model and
the actual metamaterial structure.

Detailed attention should be paid to describe theoretically the bifurcations found
for a system described in the third project (Chapter 5), where the waveguide with
periodically varying width is studied. More numerical and theoretical work is needed

to fully understand and explain this phenomenon in a nonlinear regime.






Appendix A

Modal method for the unit cell of
the metabathymetry

In the bulk, the single step satisfies the problem
A¢p =0, (A.1)

where the boundary conditions are given by

9¢

o 0 onl, (A.la)
2
% - %¢ at z = 0. (A.1D)

Fig. A.1 (a) Step scheme with regions. (b) Step scheme with reflected and transmitted
waves in corresponding regions.
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We can write the solution of the problem (A.1) in each region «, /3, and 7 as
¢%(x,2) =) fa(a)eh(2),
o7 (x,2) =D [ (2)eh(2), (A.2)
¢ (x,2) = Y fl(x)pn(2),

where f,, is a function along x direction and ¢, is a transverse function that forms a

complete set of orthonormal basis

0
/gpnapmdz = Opm.- (A.3)
Zh

In order to derive the tranverse functions ¢, for all the regions «, 3, and v, we use the
boundary conditions (A.la) and (A.1b), which yields

don, O, w?
on = 07 Oz = ?80117 <A4)
r z=0
and for every region separately it becomes
dn O, w?
g 07 _— 7()0”7
0z 2=h+ 0z z=0 9
B 2
denl o %l < (A5)
0z | _,- 0z |, 9
o, dal _e,
0z | _p+ 0z |, 9"

The transverse functions satisfying the conditions (A.5) are

0% = N%cosh(K%(z + h')),
©? = NP cosh(KP(z + h7)), (A.6)

n

@) = N cosh(K)(z + h')).

The above normalized transverse functions adapted to the boundary conditions of the

Neumann type at z = h~ or z = h™, and of the Robin type at z = 0 satisfy (A.5) with



111

the dispersion relation of the water waves
w? = gK, tanh(K,h). (A.7)

In order to calculate the normalization factor N,, we use (A.3) for n =m

0
/gpidz =1, (A.8)
“h

and substitute the transverse functions (A.6). It yields

0

/ N2 cosh?(K,(z + h))dz = 1. (A.9)
“h
Solving (A.9) we obtain
-2
N, = \/QKnh +45§17;1(2Knh) = [Z(sinhc(?Knh) + 1)] : (A.10)

Now we need to find f,. To do it we use (A.1)

JAN <2n: fn(m)gon(x)> = 0. (A.11)

After derivation

0 fu P on
Wt — 0. A12
oz P T f (A12)
Taking into account (A.6) we know that
D¢
b =Ko, A3
so (A.12) becomes
82f”+K2f =0 (A.14)
dz? nam '

whose solution is

fo = Apefr® 4 B e T, (A.15)
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Having derived the functions ¢,, and f,, we are able to construct the form of the solution

based on the assumption of reflected and transmitted waves (Fig. A.1b)

¢a($,z) IKOSCSOS +ZR e —iKSx z )
=Y A, oifie B —i—ZBne Hn (=0 58 ), (A.16)
6 (w,2) = D T 0G0 (2).
In order to calculate the unknowns R,, A,, B,, and T,, we impose matching

boundary conditions at the limits of the regions «, [, and v where we want continuity
of ¢ and 0¢/0x, i.e. at z =0

¢*(0,2) = ¢°(0, 2), (A.17a)

ol B 0P

% - - % xzo) (Al?b)
and at z =/

¢7(0,2) = ¢"(L, 2), (A.18a)

0o’ 09"

Or . = or x:e' (A.18Db)

Projecting (A.17a) on z € (—h*,0) at x = 0 we obtain (in region )

/gbagpo‘dz— /gzﬁﬂgoﬁdz (A.19)

—h~ —h~

Substituting (A.16)

0
/gog‘gomdz—l—ZR /(p 'de—ZA /gp fldz—l—ZB elKe/w o2 dz.
—h~ —h~ —h- —h-

(A.20)
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This approach is performed similarly to match (A.17b), (A.18a), (A.18b). Projecting
(A.17b) on z € (—h*,0) at x = 0 we obtain (in region «)

0
0 .. _ [0 ,
_ht —h—
Substituting (A.16)
0
Kq / PoPmdz — ZK Ry / PnPmdz = (A.22)
—h— —h—
—ZKﬂA /gon dz+ZKﬁB o / PP dz.
—h— —h—

Projecting (A.18a) on z € (—h*,0) at = £ we obtain (in region /)

/quﬁ v dz = /gb”goﬂdz (A.23)

—h~ —h~

Substituting (A.16)

ZA it / ¢§¢gdz+23 /90 5dz—ZT /wnsoﬁdz- (A.24)

—h— —h— —h—

Projecting (A.18b) on z € (—h™,0) at x = ¢ we obtain (in region )
0 0
g’ o7
ht
Substituting (A.16)

ZKﬁA el / WPl dz — ZKﬁB /gpngovdz—ZKvT /gomp”dz (A.26)

—h~ —h~ —h~

Knowing that Ky = K}, therefore ¢ = ¢, remembering that (A.3) and defining

0
Com £ / Phrpndz, (A.27)
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we can write the matching conditions (A.20), (A.22), (A.24), and (A.26) as
Com + 3 BuCom = 3 Al + 3 Be5,,,
n N n
K§6om — > KSRybum = > KA, Crin — > K2B,Cr,
S A€ 57 Bubpm = 3 TuComs

S KA — S K Crn = S KOT,6m.

or in a matrix form

—C I elKne] 0 ][R, Com
Kol  KPCT  —KBeKitCT 0 | |A,|  |KS6om
0 el I —C | |B, 0
0 KPelKitcT  _KPCT  —KC°I |T, 0

The sought coefficients R,,, A,,, B,, and T,, can be now calculated and inserted into

(A.16) to obtain the potential ¢ necessary to determine the parameter h, (3.15).

Z Z

Fig. A.2 (a) Example of the solution to (A.28) for the velocity potential ¢ (A.16). (b)
Correspoding horizontal velocity d¢/0z, whose integral provides h, (3.15)



Appendix B

Article: Regular sloshing modes in
irregular cavities using

metabathymetry



Regular sloshing modes in irregular cavities using metabathymetry

Adam Anglart,!** Agnés Maurel,? Philippe Petitjeans,! and Vincent Pagneux

3

!Sorbonne Université, Université PSL, ESPCI PMMH,
Institut Langevin, 1 rue Jussieu, 75005 Paris, France
?Institut Langevin, ESPCI, 1 rue Jussieu, 75005 Paris, France
3 Laboratoire d’Acoustique de 1’Université du Maine,
Avenue Olivier Messiaen, 72085 Le Mans, France

We demonstrate experimentally and numerically that metamaterials can be used to control water
wave propagation and resonance properties of a closed cavity, including cloaking of its eigenmodes.
The anisotropic medium, designed using coordinate transformation theory and the homogenization
of a fully three-dimensional linear water wave problem, consists of bathymetry with a layered struc-
ture at a subwavelength scale. Three cavities with bending angles of 15°, 30°, and 45° were tested
and compared to a reference case with flat bathymetry. Fourier Transform Profilometry, as well as
confocal displacement sensors, are used for space-time resolved measurements of a water surface de-
formation. Experimental data show the capability of water-wave metamaterials to provide a robust

anisotropic medium for wave propagation.

The concept of designing materials that exhibit pecu-
liar behavior, which cannot be commonly found in na-
ture, has always been attracting the attention of the
scientific and engineering community. Metamaterials,
originally used in electromagnetism, during the last two
decades [1, 2] have been of a substantial interest in con-
trolling acoustic [3-7], elastic [8-11], and seismic waves
[12-16]. They have also been employed to control wa-
ter wave propagation, for which some of the applica-

flat bathymetry
(not cloaked)

metabathymetry

‘4
F
|

FIG. 1: Example of an eigenmode in a regular cavity
(left) and in an irregular, shifted, cavity (right) without
cloaking for flat bathymetry and with cloaking thanks to a
metabathymetry.

l' ' 'l

tions include cloaking [17, 18], focusing [19], or guid-
ing the energy flow [20]. As a result, metamaterials can
be beneficial for coastal engineering when it comes to
wave-free zones, shore protection, energy harvesting, or
designing wake-less watercraft. Less attention has been
devoted to sloshing dynamics, where resonance proper-
ties of a cavity strongly depend on its geometry yield-
ing phenomena such as high spots [21, 22]. Mathemati-
cal approaches to metamaterial design vary significantly
throughout the disciplines and the category of waves it
serves. In this paper we benefit from the coordinate
transformation theory [23, 24] and the homogenization
of fully three-dimensional water wave problem [25, 26].
First, we take into account the coordinate transformation
theory (CTT), which is of great use with regard to water
waves. However, it has not been used yet in the context
of cavity resonance and eigenmodes cloaking (Fig. 1),
which we study in this paper experimentally (Fig. 3).
Although the dispersion, being an inherent property of
water waves, makes the CTT unavailable, we stay close
to a shallow water regime and consider our system dis-
persionless. This fact allows to use of the 2D shallow
water equation (2D SWE).

We start with the two-dimensional shallow-water equa-
tion (2D SWE) in a virtual space (X,Y)

w2
Vxy - (hoVxyn) + ?77 =0,
nyr]-n:()on 89, (1)

where hg is the reference water depth, n stands for the
vertical displacement of a free surface, w is the angular
frequency, g denotes the gravitational acceleration, 9
is the boundary, and n identifies the vector normal to it
and Vxy = (0/0X, 0/0Y)T. We assume shallow wa-
ter limit (kho < 1), where the wavenumber k is given
through the dispersion relation w? = ghok?. Now, ap-
plying geometrical transformation from virtual (X,Y) to
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FIG. 2: The cavity in virtual space (X,Y) (a) and in the

real space (z,y) with bending angle ¢ (b). In (b) we show
the top view of the metabathymetry realizing the anisotropy,
an array of layers inclined by an angle « and in (c) the side
view.

real (x,y) space, e.g., by using the variational formula-
tion of the problem, we obtain

Thod” w?
v ( detd W) T aera’ =0
Thod”
. _ 0 2
n (detJvn) 0 on 99, (2)

where J stands for the Jacobian matrix of the tranfor-
mation, and now V = (8/0x, 9/0y)T. The 2D SWE
preserves its form, i.e., is of Helmholtz type. Due to the
fact that g is not tunable in conventional conditions, we
need a volume preserving (nonmagnetic) transformation
(det J = 1). We choose a simple shear deformation of the
cavity, which leads to the change of coordinates z = X,
y =tanpX + Y, and whose Jacobian matrix

J:[l 0}. 3)

tanp 1

By changing the coordinates (Fig. 2), the anisotropy is
introduced (2) and has to be realized in practice. To do
so, we insert a particularly oriented anisotropic medium
(with an angle «) with different effective water depths in
x and y directions, i.e., h, and h,. We obtain

V. (RhRIVY) + 5 =0, where h=|"* 0], (1)
(e (o n 977— ) w - 0 hy bl

and R, is the conventional rotation matrix with a rota-
tion through an angle o with respect to z axis (Fig. 2(b)).
Now, by identifying (2) and (4), and having in mind the
geometry of the cavity (3), we obtain explicit formulae
for the water depths h,, hy, and the rotation angle o as
the functions of bending angle ¢ and the reference wa-
ter depth hg. Hence, the depts h, and h, are the roots
of h? — (2 + tan? p)hoh + h3 = 0, where h, > h, and
tan 2o = —2/tan ¢ (note a misprint in [20]).

It has been shown that the effective anisotropy, being
the result of the presence of the metabathymetry, cannot

be inferred from the shallow water equation even in the
shallow water regime, as 3D effects affect the flow over
a rapidly varying bathymetry due to the strong effect of
the evanescent field [25-27]. Thus, the modeling, which
predicts that the effective water depth tensor is related
to the arithmetic and geometric averages of the actual
water depths

hy = <h_1>_17 hy = <h>7 (5)

underestimates the degree of the anisotropy due to the
metabathymetry ((h) = 6h~ + (1 — 0)ht, where § is the
filling fraction of the layers, Fig. 2). To properly model
the aforementioned effects, the homogenization of the full
3D linear water wave problem must be used. Considering
harmonic regime with time dependence e“!, assuming
that the fluid is inviscid and incompressible, and know-
ing that the flow is irrotational, the velocity potential
d(xg,ye, 2¢) satisfies

A¢ =0,
o 2
—¢ = w—qS at =0,
0z g
n-Vop=0onT, (6)
where I" is the nonflat bottom, n is the vector normal
to it, and z; = 0 corresponds to the unperturbed free
surface.

As shown in [25, 27], the effective water depths h, and
hy derived from a fully three dimensional problem (6) are
of the form

od
Y axr

hy =¢ dy, hy = <h>7 (7)
where ® stands for the potential satisfied in the unit cell
Y, ¢ is the periodicity of the metabathymetry, Y denotes
a unit cell of the metabathymetry, and z, = z;/¢ [25].
Comparing (5) to (7), it comes into view that only h,
is affected by 3D near field effects. It has been shown
that h, in (7) might be much smaller than (h=1)~! pre-
dicted by 2D approach. As a consequence, the resulting

FIG. 3: (a) Metamaterial cavity used in the experiments.
The view from above with a coordinate system in real space
(z,y,2). (b) Section view with a local coordinate system used
for metabathymetry design (z¢, ye, 2¢)-
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FIG. 4: Experimental FTP measurements of the free surface
elevation of the fifth eigenmode 7j(z,y,w) for bending angles
p = 15°, 30° and 45° for the flat bathymetry and for the
metabathymetry. The reference cavity for ¢ = 0° is shown
on the left panel.

anisotropy can be much larger than the one predicted by
the classical homogenization of layered media. Now, we
use the homogenization theory (7) that allows to calcu-
late real water depths h* = [h+ h~]T. However, this
approach needs already preset values of the real geome-
try. That is why we use optimization routine for obtain-
ing h*: miny+cpe Hf(é,ﬁ,h'*‘,h_) — [ha hy]TH, subject
to h™ —h~ >0, where f(¢,6,h* h™) is a function whose
output are the values of h, and h, [25]. The periodicity
¢ and the filling fraction 6 are constant.

Three metamaterial cavities with bending angles ¢; =
15°, o = 30° and @3 = 45° were designed and manufac-
tured using a 3D printer. Three reference cavities with
flat bathymetry and of the same deviation angles @1, s
and 3 were also built. The dimensions of cavities were
constant and set as L, = 200mm and L, = 300mm,
which allowed to preserve the same volume throughout
the set of cavities. The reference water depth was cho-
sen as hy = 10 mm as a trade-off between staying close to
shallow-water regime and undesirable attenuation caused
by a bottom friction for small water depths. For each of
three systems we calculate the parameters hy, hy, b, b~
and « based on the routine presented before and are sum-
marised in Table I. Considering wavemaker constraints
(h~ > 3mm) and rigidity limitations of the 3D printed
structure (6¢ > 1 mm) we chose § = 0.2 and ¢ = 5mm.

The wave generator (point source) excites a system
with a chirp signal whose frequency spectrum ranges from
0.3 Hz to 1.5 Hz. This range allows to recover the first
five eigenmodes of the cavity. The partially immerged
point source, creating a circular, linear wave, is placed
in one of the corners of the cavity. The corner is chosen
based on the shape of the eigenmodes so that it can be

flat bathymetry metabathymetry
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FIG. 5: First 5 eigenmodes for ¢ = 45° — Wavefields
f(z,y,w) from FTP measurements and from direct numer-
ics, for the metabathymetry and for the flat bottom.

excited in the cavity. Occasionally the position of the
source has to be changed since placing it in the node of
the eigenmode would make it unfeasible to recover. The
region where the wavemaker is placed is sufficiently cut
out from the measurements so that the near-field effects
are negligible.

In order to quantify the wavefield, we use the Fourier



Transform Profilometry (FTP) technique [28] as well
as confocal displacement sensors (2 lasers Keyence CL-
P070). FTP is a technique that uses a fringe pattern
projection on a measured surface. In our case, the water
is painted with titanium dioxide (TiOz) so that its sur-
face becomes diffusive and ready for a fringe projection,
whereas the change of physical properties of the painted
water, including viscosity, is insignificant [29]. A high-
resolution video projector EPSON EH-TW9200W is used
to project the fringe pattern, and a high-speed camera
Photron FASTCAM Mini WX100 records the deforma-
tion of the surface with an accuracy of more than 0.1 mm.
Confocal displacement sensors allow us to measure the
amplitude of the wave in the maxima of eigenmodes with
much higher accuracy than FTP and with pure, transpar-
ent water confirming the results of the FTP technique.
Using these methods, we obtain the space-time resolved
measurements 7(x,y,t) that are later transformed into
the frequency domain, resulting in the complex wavefield
n(x,y,w), to extract eigenfrequencies and eigenmodes.
The selection of eigenfrequencies from the experiments is
done by finding the local maxima of |7j(z, y,w)| averaged
in space. Then, the eigenmodes are chosen as the real
part of 7(x,y,w) at the given eigenfrequency and some
of them are presented in Fig. 4 and Fig. 5.

The real part of the wavefield for the fifth eigenmode,
i.e., the one whose frequency is the highest in the set
of the measurements, is presented in Fig. 4 for rectan-
gular reference cavity and the cavities with the bending
angles ¢ of 0°, 15°, 30° and 45°. In the reference cav-
ities without the metabathymetry the effect of the dif-
ference in geometry is clearly visible. The eigenmodes
change their shape significantly with respect to the an-
gle ¢. The change in the position of nodes and max-
ima is easily noticeable. Introducing metabathymetry
has an anticipated consequence. The eigenmode pattern
remains the same throughout the measurements, even for
the highest angle ¢ = 45°. It is worth mentioning that
in this case, i.e., the mode with the highest frequency
and the highest bending angle, the pattern remains the
same, even though the shallow water approximation here
is questionable (h™ = 31.92mm) and the friction of the
metamaterial structure becomes more and more signifi-
cant (h~ = 3.23mm). This manifests a significant im-
provement and the benefit of using the homogenization
of a fully three-dimensional linear water wave problem in

TABLE I: Cavities dimensions and design parameters.

v [°] 15 30 45
al’ -41.18 -36.95 -31.72
he [mm] 7.66 5.66 3.82
hy [mm] 13.06 17.68 26.18
AT [mm] 14.56 20.83 31.92
h™ [mm] 7.07 5.07 3.23

®
05 b

FIG. 6: Experimental (symbols) and numerical (plain lines)
values of the eigenfrequencies as a function of the bending
angle . Results are shown for the anisotropic bathymetry
(purple) and for the flat bathymetry (blue).

comparison to previous works where 2D homogenization
was used [20].

All the five eigenmodes recovered in this experiment
for the highest angle ¢ = 45° are reported in Fig. 5.
The higher modes were difficult to achieve for several
reasons. First of all, as frequency increases, the eigen-
values become closer to each other, including degenerate
cases, and are problematic if not impossible to distin-
guish experimentally. Moreover, when it comes to higher
frequencies, dispersion and dissipation play a significant
role in the water wave experiments, questioning the shal-
lowness of the system and measurement techniques ca-
pacities, as the amplitude of the wave becomes extremely
small. Please note that increasing the amplitude and the
frequency of a water wave in our system would result in a
nonlinear problem, which we do not study in this paper.

Comparing the experimental results with the numer-
ical prediction obtained by solving (4) using the Fi-
nite Element Method, we observe an excellent agree-
ment of the eigenmodes. In order to quantitatively



describe the difference between them, we introduce
a pattern error defined as ep = [, |ns(z,y,w) —
fi(z,y,w)|*dA/ [, [ns(z,y,w)|* dA, where g is the nor-
malized wavefield predicted numerically, 7 denotes the
normalized wavefield measured in the experiments, and
A is the area of the cavity. The normalization is accom-
plished by rescaling the wavefield amplitude so that it
satisfies the following condition [, |n(z,y,w)[*dA = 1.
The error increases both with the increasing angle ¢ and
the frequency w. However, in all of the cases, it does
not exceed ep = 5.2%. The summary of all the exper-
imental values of the eigenfrequencies compared to the
numerical predictions is shown in Fig. 6. The hori-
zontal axis represents the angle of the cavity deforma-
tion ¢ and the vertical axis - the frequency f. Consec-
utive lines correspond to the eigenvalues of the cavity
with a bending angle . It can be seen that the use of
the metabathymetry allows to have a constant value of
eigenfrequencies (pink dots), hence meeting our goal and
preserving the resonance properties of the deformed cav-
ities as predicted with coordinate transformation theory.
The efficiency of the metabathymetry is quantified by
the eigenfrequency error defined as ex = |fs — f|/|fsl,
where fg is the predicted eigenfrequency, and f stands
for the eigenfrequency measured using confocal displace-
ment sensors. This error is always smaller than the pat-
tern error ep, and its value varies from 1.4% to 3.1%.
The metabathymetry allows to recover the properties of
a regular cavity in a shifted geometry. The example of
one of the eigenmodes is reported in Fig. 4 for differ-
ent angles ¢. We are also able to maintain the same set
of eigenfrequencies for the cavities with changed geom-
etry (Fig. 6). The presented experiments show the ro-
bustness of the homogenization of the three-dimensional
water wave problem and the coordinate transformation
theory in designing metamaterials for water waves. The
designed metabathymetry can be used for the control of
water cavity resonance and the propagation of the wave
inside of it. The efficiency of the anisotropic medium
is shown using space-time resolved measurements of the
full water wavefield. Very good agreement with numeri-
cal prediction is achieved.
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Experimental study and modeling of metamaterials for water surface waves

This thesis concerns the study of
metamaterials for water surface waves.
The study is based on a laboratory
experiment which makes it possible to
measure the wave field precisely. In the first
part, we demonstrate experimentally and
numerically that metamaterials can be used
to control the wave propagation and
resonance properties of a closed cauvity,
including the cloaking of its eigenmodes.
The anisotropic medium is designed using
coordinate transformation theory and the
homogenization of a three-dimensional linear
water wave problem. This medium consists
of a set of vertical plates whose spacing
is much lower than the wavelength.
This structure imposes an anisotropic
bathymetry which influences the propagation
of the waves differently according to their
direction of propagation. Three different
cavities manufactured by a 3D printer are
tested and compared to the reference case
with bathymetry without structuring. Fourier
Transform Profilometry, as well as confocal
displacement sensors, are used for
measurements of water surface deformation
resolved in time and space. Experimental
data shows a remarkable ability of the
metamaterial to influence the anisotropic
propagation of waves on the water surface.
The second part concerns the metamaterials
submerged between two water layers for
which a homogenized model is proposed,
and the numerical solution by the modal
method is provided. The anisotropic
properties of such a structure are
investigated experimentally using the same
technique. An analysis based on the
Bloch-Floquet formalism is performed to
verify the dispersion relation of this medium
predicted by the homogenization method.
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The main objective of the third part of this
thesis is to experimentally study topologically
protected edge states in a waveguide

with periodic geometry in both linear
and nonlinear regimes. One of the
representations  of topological  states,

provided by the Su-Schrieffer-Heeger (SSH)
model, is applied to describe the observed
phenomena. A waveguide with periodic
width is compared to the regular case of
a rectangular reservoir with constant width.
Confocal displacement sensors are used to
measure the wave field very precisely.
The experimental data is compared with the
results of the 2D numerical simulations and
the prediction of the SSH model. The results
obtained show that this very simple
configuration presents all the properties
of the SSH model with excellent agreement.
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RESUME

La thése concerne I'étude des métamatériaux dans le contexte des ondes a la surface de I'eau. Cette étude s'appuie sur
une expérience en laboratoire qui permet de mesurer précisément le champ des ondes. Dans la premiére partie, nous
démontrons expérimentalement et numériquement que les métamatériaux peuvent étre utilisés pour contrdler
la propagation des ondes et les propriétés de résonance d'une cavité fermée, y compris le « cloaking » de ses modes
propres. Le milieu anisotrope est congu a partir de la théorie de la transformation des coordonnées
et de 'homogénéisation d'un probléme d’onde tridimensionnel. Ce milieu est constitué par un ensemble de plaques
verticales dont 'espacement est trés inférieur a la longueur d’onde. Cette structure impose une bathymétrie anisotrope
qui influe sur la propagation des ondes différemment selon leur direction de propagation par rapport a ce milieu structuré.
Trois cavités différentes, fabriquées par une imprimante 3D, sont testées et comparées au cas de référence avec
bathymétrie sans structuration. La profilométrie par transformée de Fourier, ainsi que des capteurs de déplacement
confocaux, sont utilisés pour les mesures de la déformation de la surface de I'eau résolues en temps et en espace.
Les données expérimentales montrent une capacité remarquable du métamatériau a influer sur la propagation
anisotrope des ondes a la surface de I'eau. La deuxiéme partie concerne les métamatériaux immergés entre deux eaux
pour lesquels un modéle homogénéisé est proposé et la solution numérique par méthode modale est fournie.
Les propriétés anisotropes d'une telle structure sont étudiées expérimentalement en utilisant la méme technique.
Une analyse basée sur le formalisme de Bloch-Floquet est effectuée pour vérifier la relation de dispersion de ce milieu
prédite par la méthode d'homogénéisation. L'objectif principal de la troisieme partie de cette thése est d'étudier
expérimentalement les états de bord topologiquement protégés dans un guide d'ondes a géométrie périodique en régime
linéaire et non-linéaire. Une des représentations des états topologiques, fournie par le modéle Su-Schrieffer-Heeger
(SSH), est appliquée pour décrire les phénomenes observés. Un guide d'ondes avec une largeur périodique est comparé
au cas régulier d’'un réservoir rectangulaire avec une largeur constante. Des capteurs de déplacement confocaux sont
utilisés pour mesurer le champ d'onde trés précisément. Les données expérimentales sont comparées aux résultats
des simulations numériques 2D et a la prédiction du modéle SSH. Les résultats obtenus montrent que cette configuration
trés simple présente toutes les propriétés du modele SSH avec un excellent accord.
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ABSTRACT

This thesis concerns the study of metamaterials for water surface waves. The study is based on a laboratory experiment
which makes it possible to measure the wave field precisely. In the first part, we demonstrate experimentally
and numerically that metamaterials can be used to control the wave propagation and resonance properties of a closed
cavity, including the cloaking of its eigenmodes. The anisotropic medium is designed using coordinate transformation
theory and the homogenization of a three-dimensional linear water wave problem. This medium consists of a set
of vertical plates whose spacing is much lower than the wavelength. This structure imposes an anisotropic bathymetry
which influences the propagation of the waves differently according to their direction of propagation. Three different
cavities manufactured by a 3D printer are tested and compared to the reference case with bathymetry without structuring.
Fourier transform profilometry, as well as confocal displacement sensors, are used for measurements of water surface
deformation resolved in time and space. Experimental data shows a remarkable ability of the metamaterial to influence
the anisotropic propagation of waves on the water surface. The second part concerns the metamaterials submerged
between two water layers for which a homogenized model is proposed, and the numerical solution by the modal method
is provided. The anisotropic properties of such a structure are investigated experimentally using the same technique.
An analysis based on the Bloch-Floquet formalism is performed to verify the dispersion relation of this medium predicted
by the homogenization method. The main objective of the third part of this thesis is to experimentally study topologically
protected edge states in a waveguide with periodic geometry in both linear and nonlinear regimes. One of the
representations of topological states, provided by the Su-Schrieffer-Heeger (SSH) model, is applied to describe
the observed phenomena. A waveguide with periodic width is compared to the regular case of a rectangular reservoir
with constant width. Confocal displacement sensors are used to measure the wave field very precisely. The experimental
data is compared with the results of the 2D numerical simulations and the prediction of the SSH model. The results
obtained show that this very simple configuration presents all the properties of the SSH model with excellent agreement.
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