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ON THE DYNAMICS OF FLOATING STRUCTURES

DAVID LANNES

ABSTRACT. This paper addresses the floating body problem which consists
in studying the interaction of surface water waves with a floating body. We
propose a new formulation of the water waves problem that can easily be gen-
eralized in order to take into account the presence of a floating body. The
resulting equations have a compressible-incompressible structure in which the
interior pressure exerted by the fluid on the floating body is a Lagrange multi-
plier that can be determined through the resolution of a d-dimensional elliptic
equation, where d is the horizontal dimension. In the case where the object
is freely floating, we decompose the hydrodynamic force and torque exerted
by the fluid on the solid in order to exhibit an added mass effect; in the one
dimensional case d = 1, the computations can be carried out explicitly.

We also show that this approach in which the interior pressure appears as a
Lagrange multiplier can be implemented on reduced asymptotic models such
as the nonlinear shallow water equations and the Boussinesq equations; we
also show that it can be transposed to the discrete version of these reduced
models and propose simple numerical schemes in the one dimensional case.
We finally present several numerical computations based on these numerical
schemes; in order to validate these computations we exhibit explicit solutions
in some particular configurations such as the return to equilibrium problem in
which an object is dropped from a non-equilibrium position in a fluid which is
initially at rest.

1. INTRODUCTION

1.1. General setting. Krylov published in 1898 a method to compute the hydro-
dynamic loads for ship motions in waves, assuming that the presence of the ship did
not perturb the waves, but the floating body problem was probably formulated by
Fritz John in two celebrated papers [28, 29]. It consists in studying the motion of
the mechanical system formed by a fluid and a partially immersed solid C(t). The
fluid is delimited above by a free surface, and is assumed to be incompressible and
in irrotational motion, while the solid C(t) can have a prescribed motion or can be
freely floating. In the latter case, the motion of the solid is governed by Newton’s
laws in which the gravity force (and possibly other external forces) is complemented
by the force and torque exerted by the liquid on the solid.

This is a complex problem in which two free boundary problems are involved.
The first one is the standard water waves problem consisting in describing the
evolution of the surface of the fluid when it is in contact with the air. The second
free boundary problem comes from the fact that the wetted surface 0,C(t), i.e. the
portion of the boundary of the solid in contact with the fluid, depends on time.
For these reasons, Fritz John considered a much simplified problem. Expressing
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2 DAVID LANNES

the velocity U in the fluid domain €2 in terms of a velocity potential ®,
U=Vx.® and Ax.,®=0 in €, and 0J,2=0 at the bottom,

he made the following assumptions

e A linear model for the evolution of the free surface waves is considered in
the exterior domain (i.e. where the surface of the fluid is not in contact
with the solid), namely

¢ — (0.9),._, =0,
8,5(I>|z:0 + g( = 0,

where g is the gravity and ¢ the parametrization of the free surface above
the rest state z = 0.

e The motion of the solid is assumed to be of small amplitude.

e The variations of the wetted surface 0, C(t) with time are neglected.

On the interior domain (i.e. under the structure), the continuity of the normal
velocity across 0yC, yields the additional condition

on®=U, n

where U, is the velocity of the solid on the wetted surface and n the upward unit
normal vector; when the solid is in forced motion, this is a known function of time,
and when the solid is freely floating it must be deduced from the Newton’s laws
that govern the motion of the solid. In the latter case, it is necessary to know the
pressure exerted by the fluid on the bottom of the boat (called the interior pressure
P,); this is done in [28] using the linearized Bernoulli equation,

Py _Pam
e (O T e

where P,y is the atmospheric pressure, and (,, the parametrization of the bottom
of the solid.

Finally, some transition conditions are needed at the contact line that separates
the interior and exterior domains. In [28], these conditions are not stated clearly
and not completely correct; as we shall see, this is mainly because the velocity
potential @ is not the appropriate quantity to express such transition conditions.
In [29], it is further assumed that the motion in time is harmonic at some given
frequency, so that the full problem reduces to a spectral problem, in which the main
difficulty becomes the analysis and/or numerical computation of the associated
Green functions.

Fritz John’s approach of the floating body problem, though oversimplified in
many aspects (it misses in particular the nonlinear effects, the evolution of the
wetted surface, etc.), is still used and studied a lot, both theoretically and numer-
ically. Tt has been slightly generalized to include second order effects [38] (though
still neglecting the time variations of the wetted surface) and is still the principal
method used in the extensive literature devoted to floating structures such as wave
power devices for instance [37, 35]; it is also the basis of softwares like WAMIT,
widely used to compute the motion of offshore structures in waves.

More recently, the nonlinear effects in the floating body problem have been
taken into account in various numerical studies, mostly based on boundary element
methods for the resolution of the potential equation (see for instance the review
[12]). The nonlinear aspect of the underlying hydrodynamics is taken into account
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by a nonlinear boundary element method (see [21, 23] for instance), and the hy-
drodynamic forces on the wetted surface can be computed at each time (see for
instance [30]), which allows the description of the evolution of the contact line.
These methods require the resolution of boundary integral equations and have a
big computational cost. This is also the case of the CFD approach based on the
numerical resolution of the full Navier-Stokes equations (see [40] and references
therein).

All these methods have in common that they require the resolution of a (d + 1)-
dimensional elliptic problem in the fluid domain (d is the horizontal dimension), or
a boundary integral equation, in order to compute the interior pressure P; through
Bernoulli’s equation as explained above; moreover, the presence of the time deriv-
ative of the velocity potential in this expression yields considerable stability issues
in the numerical simulations [30].

In this paper, we propose a different approach than the one initiated by F. John
and in particular, we no longer seek to recover the interior pressure P; through
Bernoulli’s equation. More precisely, we propose a new formulation of the full
(nonlinear) floating body problem in which

e The transition conditions at the contact line can be expressed in a simple
way and the evolution law for the contact line can be derived.

e The problem is stated as a d-dimensional compressible-incompressible model
in which the interior pressure P; is found as the Lagrange multiplier asso-
ciated to the constraint that the surface of the fluid coincides with the
boundary of the solid under the floating body (i.e. ¢ = ().

The interest of this formulation, itself based on a new formulation of the standard
water waves equations in terms of ((,Q), where @ is the horizontal discharge,
is that the dimensionality of the elliptic equation one has to solve to find P; is
reduced: it is now a simple d-dimensional elliptic equation (as opposed to the
d + 1 elliptic equation on the potential one has to solve in the approach described
above). Replacing P; by the solution of this elliptic equation, one can moreover
eliminate the constraint ( = ( in the interior region, exactly in the same way
as the incompressible Euler equations can be transformed into an unconstrained
quasilinear evolution equation on the velocity. Note also that the compressible-
incompressible structure mentioned above is typical of congested flows that appear
in several contexts such as two-phase flows [5, 7, 43], traffic jams [3], formation of
crowds [13], granular flows [36, 42], compressible-low Mach coupling in gaz dynamics
[41], etc.

We also want in this paper to take advantage, with this new formulation of the
floating body problem, of the progresses that have been made in recent years in
the mathematical study of the motion of a rigid body C(t) totally immersed in an
incompressible perfect fluid confined to a domain ). This is also a problem that
has attracted a lot of attention, starting with the works of d’Alembert, Kelvin and
Kirchoff. The equations governing the motion are provided by the Euler equations
for the dynamics of the fluid in the region Q\C(¢) outside the solid, often (but not
necessarily) complemented with an irrotationality assumption. The existence and
uniqueness of classical solutions to this problem has been proved in [39, 44, 24];
in [19] the authors used the added mass effect to prove that the regularity of the
motion of the solid is limited only by the regularity of the boundary of the solid.
Roughly speaking, the added mass effect consists in the fact that some components
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of the hydrodynamics force and torque applied on the solid act as if the mass-inertia
matrix in Newton’s law were modified by the addition of a positive matrix. This is
because a rigid body has to accelerate not only itself but also the fluid around it.
Exploiting this effect is necessary for a sharp mathematical analysis of the equations
[19, 18] and plays also a crucial role for the stability of numerical simulations in
many fluid-structure interaction problems [9]. This added-mass effect can be quite
complex however, since it depends strongly on the location of the solid with respect
to the boundaries of the fluid domain [18]; in the case a floating body considered
here, the analysis is complicated by the fact that the boundary of the fluid domain
is a free surface, which moreover intersects the surface of the body. The second
goal of the paper is therefore to

e Exhibit the added-mass effect in our compressible-incompressible formula-
tion of the floating body problem

e Take advantage of the simplicity of the elliptic equation on the interior
pressure P; to get a simple expression of the mass-inertia matrix (which
becomes explicit in 1 + 1 dimension).

Of course, the resulting formulation of the floating body problem remains quite
complex. From the mathematical viewpoint, proving a local well-posedness result
is a very challenging issue since, not speaking of the coupling with the solid motion,
it requires several results on the water waves equations that are important open
problems. For instance, the regularity of the surface on the whole domain is not
expected to be better than Lipschitz because there is an angle/wedge at the contact
line!, there is no result on the mixed initial-boundary value problem for the water
waves equations, etc. The numerical simulation of the full water waves equations is
also quite demanding. For these reasons, and with the goal of being able to study
numerically real wave-structure interactions, and in particular nonlinear effects (ef-
forts on offshore platforms in extreme events, wave energy converters, etc.), one is
led to derive simplified asymptotic models. We shall consider here the case of shal-
low water configurations for which the asymptotics of the water-waves equations
(without floating body) is now well understood [2, 25, 33]. There are however only
a few references that extend the resulting asymptotic models in the presence of a
floating body. In [31] the authors used a Boussinesq model to describe the flow
under the free surface, while solving the potential equation for ® under the floating
body (from which the interior pressure P; is recovered along the lines described
above). Closer to our approach, [27] and [17] propose a system of two Boussinesq
systems (one under the structure, and the other one under the free surface), and
the interior pressure is numerically solved so that these two sets of equations are
compatible; the formulation used in these references does not however allow to write
a simple explicit elliptic equation on the interior pressure as in the approach we
propose here. The third goal of this paper is therefore

e To use the strategy explained above (in the case of the full water waves
equations) in order to allow for the presence of a floating structure in vari-
ous shallow water models — we consider here the nonlinear shallow water
equations and a Boussinesq system. More precisely, we show that in the
presence of a floating body, these models can be written under the form
of a compressible-incompressible system. To every model corresponds a

LAt the day, the best result in terms of low regularity for the surface elevation in the water
waves equations is H3/214/2=¢(R%), for some & > 0 explicit [1].
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particular Lagrange multiplier and therefore a particular interior pressure
P,
e To generalize this approach to numerical schemes; we show in particular
how to find a discretization of the interior pressure in such a way that it
plays the role of a discrete Lagrange multiplier.
e Show the efficiency of this method with some numerical computations for

the one dimensional nonlinear shallow water and Boussinesq models.

In these numerical computations, the fact that the interior pressure is the discrete
Lagrange multiplier associated to the constraint that the surface of the fluid under
the floating structure coincides with the boundary of this latter allows us to solve the
equations in the full computational domain (without having to handle the coupling
between the interior and exterior regions); the surface elevation computed in this
way coincides at machine precision with the bottom of the solid in the wetted region.
Under the assumptions described above, the floating body problem can therefore
be solved numerically very efficiently.

1.2. Organization of the paper. We first describe in Section 2 how the waves
are affected by the presence of a floating structure, without considering the mo-
tion of the solid itself. The formulation of the equations is first given in §2.1; it
follows from this formulation that the horizontal discharge (or the vertically aver-
aged vertical velocity V) is a natural quantity to express the transition conditions
at the contact line. We therefore seek in §2.2 a formulation of the water waves
equations in terms of this variable (and of the surface elevation). After proving
that such a formulation exists and is closed (i.e. that all the physical quantities
involved can be reconstructed in terms of the horizontal discharge and of the sur-
face elevation), we generalize this formulation in §2.3 in the presence of a floating
structure. This formulation has a compressible-incompressible structure: it is com-
pressible in the exterior region, and incompressible under the floating structure.
The interior pressure P; naturally appears as the Lagrange multiplier associated to
the ”incompressibility” condition ¢ = (y, and it can be found by solving a simple
d-dimensional elliptic equation.

In Section 3, the motion of the floating structure is considered. We first consider
in §3.1 the case of a solid with a forced motion, while the case of a freely float-
ing solid is studied in §3.2. In the latter case, the motion of the solid is found
through Newton’s laws where the force corresponding to the interior pressure P; is
the buoyancy force; this force is decomposed into several components, one of which
corresponding to an added mass effect. Let us mention that in both cases (forced
motion and freely floating body), specific attention is paid to the one-dimensional
case: the elliptic equation for the interior pressure P; is then one-dimensional and
can be solved explicitly.

The evolution of the contact line is then studied in Section 4, in the one dimensional
case in §4.1, and in the two-dimensional case in §4.2. We also explain in §4.3 the
modifications one has to carry out when the boundaries of the floating structure
are vertical at the contact line.

In Section 5, we replace the water waves equations for the free surface by simpler
asymptotic models. The case of the nonlinear shallow water equations is considered
in §5.1, while the Boussinesq equations are treated in §5.2.

We then show in Section 6 how to implement our approach at the level of the nu-
merical scheme. To this end, we consider a simple one dimensional configuration
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in which the solid is only allowed to move vertically and has vertical lateral walls
(the contact points are then independent of time). We show how to discretize the
interior pressure in such a way that it plays the role of a discrete Lagrange mul-
tiplier for the numerical scheme. The equations are presented in §6.1 when the
hydrodynamic model is the nonlinear shallow water equations. Particular atten-
tion is paid to the ordinary differential equation resulting from Newton’s law. We
are in particular able to find a simple nonlinear second order ODE governing the
motion of the solid in the return to equilibrium problem (the solid is dropped from
an out of equilibrium position in a fluid initially at rest). The numerical scheme is
then presented and studied in §6.2, and this approach is extended in §6.3 when the
underlying hydrodynamic model is the Boussinesq system.
The numerical computations based on these schemes are then presented in Section
7. For the nonlinear shallow water equations, several configurations are considered
in §7.1: a fixed solid, a solid in prescribed motion, and a freely floating solid. In the
last two cases we can derive formulas for explicit solutions for some configurations
and use them to validate our numerical simulations. Numerical simulations when
the hydrodynamical model is the Boussinesq system are then presented in §7.2.
Finally, several results are postponed to Appendices. In Appendix A we derive
an alternative equation for the interior pressure, while the equations of motion for
the solid structure are given in Appendix B in a body frame instead of the Eulerian
frame.

1.3. Notations. We just introduce here some basic notations; a full table of nota-
tions is provided at the end of the paper.

- We denote by d = 1,2 the horizontal dimension.

- The gradient operator with respect to the horizontal variables X € R? is denoted
by V; the full (d + 1)-dimensional gradient operator is denoted Vx ., where z is
the vertical variable.

- If A € R™! we denote by A}, € R? its horizontal components, and by A, its
vertical (last) component.

- We denote by e, the unit upward vertical vector, and by e, and e, the unit
vectors in the horizontal directions z and y.

- When d = 2, we write X = (z,y) and sometimes use the notation 9; = 9,

02 = 0.
- We denote with single vertical bars | - | norms over the horizontal plane R?, and
with a double bar || - || norms over the fluid domain Q. For instance,

o= ([ r2)" et = ([ 112)”

2. WATER WAVES AND FLOATING STRUCTURES

2.1. The free surface Euler equations with a floating structure. Let us
consider here the dynamics of the waves in the presence of a partially immersed
device (typically a ship or a floating wave energy converter). Denoting by C(t) the
volume occupied by the (solid) device at time t, we write dC(t) its boundary and
OwC(t) the wetted surface, that is, the portion of dC(¢) in contact with the water,
and by Z(¢) C R? (d being the horizontal dimension) its projection on the horizontal
plane, which we shall refer to as the interior domain. The exterior domain E(t) is
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h(X,t)

-~ S Xy £

then naturally defined as

E(t) = RNZ(t).
We consider in this paper the case where overhanging waves do not occur and where
the wetted surface can be parametrized by a graph of some function (¢, X), for
all X € Z(t). The surface of the water is therefore determined by the graph of a
function X € R? + ((t, X) satisfying the constraint (¢, X) = (y(t, X) on Z(t).
Denoting by hg the typical depth at rest and by —hg + b(X) a parametrization of
the bottom, the domain Q(t) occupied by the fluid at time ¢ is therefore given by

Qt) = {(X,2) e R —hg +b(x) < 2 < (t, X)}.

Notation 1. For any function f defined on R?, we denote with a subscript i its
restriction to the interior domain Z(t) and with a subscript e its restriction to the
exterior domain £(t),

fi = f\I(t) and fe = f\su)'

We assume that the flow is incompressible, irrotational, of constant density p,
and inviscid. We can then formulate the equations as a set of equations in Q(t),
complemented with boundary conditions and a constraint associated to the presence
of the immersed structure:

e FEquations in the fluid domain Q(t). Denoting by U and P the velocity and
pressure fields, the equations are given by

1
(1) o4U+U .- Vx, U = —;nyzP—geZ
2) divU = o,
(3) curl U = 0,

where ¢ is the acceleration of gravity and p the constant density of the
water.

e Boundary conditions at the surface. The surface being bounding (i.e. no
fluid particle crosses it), one gets the traditional kinematic equation

(4) HW(—-U-N = 0 with N<_1vc>,
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where we denoted U(t, X) = U(t, X, ((t, X)) the trace of the the velocity
field U at the free surface.

The assumption that the pressure is given by the constant atmospheric
pressure P,y on the exterior domain (i.e. on the portion of the surface of
the fluid that is not in contact with the immersed structure), gives if we
write P = P__ and with Notation 1,

(5) EC = Patm~

e Boundary condition at the bottom. Assuming that the bottom is imperme-
able, we get another boundary condition at the bottom

1

where we denoted by U, the trace of U at the bottom.

e (Constraint in the interior domain. By definition, the surface of the fluid
coincides with the bottom of the solid structure in the interior domain;
according to Notation 1, this yields

(7) Ci = Cw~

It is important to insist on the fact that the interior pressure P; is not known and
must be determined from the above equations. Similarly, the interior and exterior
domains Z(t) and £(t) are also unknowns of the problem that we must determine.
To this end, we need another set of boundary, or transition, conditions at the
contact line (defined as the part of the bottom of the boat which is in contact both
with air and water). Let us first give some notations.

(6) Up-Ny=0 with N,,:(W),

Notation 2. We denote by I'(¢) := 0Z(t) = 0E(t) the projection of the contact line
on the horizontal plane

It is implicitly assumed that ¢, P;, etc. (resp. (e, P,, etc.) are smooth in Z(t)
(resp. £(t)) and that they can be extended by continuity on the closure of these
domains; however, they are certainly not smooth on the whole horizontal plane R?.

We only have the following boundary conditions at the contact line:

o Continuity of the surface elevation. There is no jump of the surface eleva-
tion at the contact line,

(8) Celt,) =Gi(t,r)  on  D(2).
o Continuity of the pressure at the contact line. We assume that
(9) Pi(t,") = Patm on  T(2).

The equations (1)-(6) together with the constraint (7) and the boundary condi-
tions at the contact line (8)-(9) form the free surface Euler equation in the presence
of a floating body C(t), that we can also see as constrained free surface Fuler equa-
tions.

Remark 1. The transition conditions (8)-(9) obviously exclude the configuration
where the boundaries of the solid are vertical at the contact line. We show in §4.3
how to handle such configurations and generalize (8)-(9).

Of course, further information is needed on the motion of the solid: it can be
fixed, in prescribed motion, or freely floating for instance. These situations will be
addressed in Section 3.
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2.2. A formulation of the classical water waves equation in ({,Q) vari-
ables. Taking Z(t) = () and £(t) = R?, equations (1)-(6) are the classical (i.e.
without any floating structure) free surface Euler equations, also called water-waves
equations. These equations are cast on the (d+ 1)- dimensional domain Q(¢) which
is itself unknown.

Several reformulations of these equations have been proposed in order to work with
a set of equations on a fixed domain. Among these reformulations, one of the most
popular is the Zakharov-Craig-Sulem formulation [46, 10], which is a set of two
scalar equations on ¢ and on %, the trace of the velocity potential at the surface.
The dimension reduction of this formulation is one of its main features: ¢ and
depend only on the horizontal space variables, so that the z dependency has been
removed.

Working with ¢ and v is therefore quite usual when analyzing the water waves
problem, but the asymptotic models that are used for applications in oceanography
are generally not cast in terms of ¢ and . For these models, a dimension reduction
is also done to eliminate the vertical variable z, but this reduction is performed using
a different procedure, namely, vertical integration. Consequently, the asymptotic
models (such as the nonlinear shallow water equations, the Serre-Green-Naghdi
equations, etc.) are cast in terms of ¢ and @, where @ is the horizontal discharge
defined as follows.

Notation 3. We denote by @ the horizontal discharge defined as

¢(t,X)
Q(t, X) = / Vit X, 2)dz,
—ho+b(X)

where V' is the horizontal component of the velocity field U.

Such a formulation in (¢, Q) variables is also much more adapted than the clas-
sical ({, %) formulation to handle the transition conditions at the contact line. The
aim of this section is therefore to derive a new formulation of the full water waves
equations in terms of ¢ and Q.

2.2.1. The integrated Euler equations. Integrating along the vertical variable z the
momentum equation (1), it is well known [45, 8] that, in absence of any immersed
solid, one can derive a set of equations coupling the water depth A to the vertically
integrated horizontal component of the velocity @) and given by

atC + V- Q = 07
(10) ¢ 1
atQ+V'(/ V®V)+ghV(+7/ VPyu =0,
—ho+b P J—ho+b
where the non hydrostatic pressure Pyy is given by
C(th)
(11) Pt X2)=p [ (U Vx.w)

In (10)-(11) however, several quantities are not explicit functions of ¢ and Q; it is
therefore necessary to prove that the full velocity field U in Q(¢) can be recovered
from the knowledge of ¢ and ). In the next section, the technical tools for such a
reconstruction are provided.
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2.2.2. The average and reconstruction mappings. It is convenient to introduce here
the Dirichlet-Neumann operator which plays a central role in the Zakharov-Craig-
Sulem formulation. We recall first that the Beppo-Levi spaces H*(R%) and H'(Q)
are defined for all s > 0 by
(12) H*(RY) = {f € L{,.(R"), VfeH'(R)"}

H'(Q) = {f € L), Vx.feL*(Q)"™"}
and are endowed with the (semi) norms |f|;. = [V f|gs-1 and || f]| 5. = ||[Vx - f]l2

respectively. Note that the fact that the following definition makes sense stems
from Proposition 3.3 in [33].

Definition 1. Let ¢,b € W1°(R?) be such that infga(ho + ((X) —b(X)) > 0. The
Dirichlet-Neumann operator G[(] is defined as
HI/Q(Rd) N H—I/Q(Rd)

P =y 1+ ‘VCPanCD\z:c

where ® € H'(Q) is the variational solution of the boundary value problem

{ Ax. =0 in Q,
O, =,  9,9._ =0.

G[¢] -

We can now state the following proposition that shows that the velocity field U
can be reconstructed from ¢ and V', where V is the vertically averaged horizontal
component of the velocity defined as

( o 1 ¢(t,X)
13 Vit, X :7/ V(t,X,z)dz with h=ho+ (-0,
) t,X) h(t, X) J_hoto(x) ( ) 0

and where we recall that the velocity in the fluid domain is U = (V,w). Quite
obviously, @ and V are related through the identity

Q=hV with h=hy+(—b,

so that the proposition also implies that one can reconstruct U from ¢ and @. In
the statement, the notation L? (€2, div, curl) is used for the set of admissible velocity
fields,

LE(Q,div, curl) := {U € L*(Q)% div U = 0,curl U = 0 and U, - N}, = 0}.

Proposition 1. Let (,b € W1°(R?) be such that infra(ho + ((X) — b(X)) > 0.
The average mapping

L2(Q,div,curl) — HY2(R4)?
A[C] 4 - ¢
U::(w> = V=g LV

and the reconstruction mapping

Ax ., ®=01inQ
HY2RHY  —  L2(Q,div, curl) : ’ . —
R Vb, with o = -G (V- (hV))
an@lz:—hoﬁ»b =0

are well defined and R[(] is a right-inverse of A[(].
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Proof. In order to prove that the average mapping is well defined, we just need to
prove that V belongs to H'/2(R%) if U is in L?(Q,div,curl). This is done in the
following lemma.

Lemma 1. Let (,b € WH(R?) and U = (V,w) € L2(, div,curl). Then one has

/ C (X2

—ho+b

VeHZ2RHY,  with V=

S

Proof of the lemma. Let us define o(X,2) = ~({(X) — b(X))z + ¢(X). Denoting

h
also U = (V,w), with U(X,2) =U(X,z + O'(X[: z)), one has
— 1 /°
V=— V(X,z)dz.
ho J

We then define V on the strip & = R% x (—hg,0) by

W(X,2) €S,  V(X,2)= hiox(z|D|) VX 2z,

— o

where x : R — R is a smooth, even, function that is compactly supported and equal
to 1 in a neighborhood of the origin (therefore, for z < 0, x(z|D|) is a smoothing
operator). One readily remarks that V = ‘7‘ »—0, S0 that the result follows from the
trace theorem if we can establish that V € H'(S)%.
Since S is bounded in the vertical direction and since V vanishes at the bottom,
it is enough by the Poincaré inequality to prove that all the components of V X7z1~/
are in L?(S). The strategy of the proof is as follows: first, we prove that V - V and
V1.V are in L2(S), which implies that all the horizontal derivatives of V are in
L2. We then prove that 9,V is also in L2(S).
- Control of V - V. From the definition of ‘77 one computes

~ 1 z
V.V= —X(Z|D|)/ V- V(X,z)dz.
hO 7h0

We also know that U is a divergence free vector field; after the change of variable
z+ z+ 0(X, z), this yields

V- V+ %azw =0, where V7 =V- %VU@Z,

so that

Plugging this expression into the above integral and integrating by parts, we obtain

WYV =GN [ (Vo 0.0 - 0m)d]
:X(z|D|)[—% th-V—F%(VG'V—W‘FUb'Nb)]a
—no

where we used the fact that ¢ __, = U__
Uy - Ny = 0, this yields

g = Ub. Since by assumption

hOV-f/:X(z|D|)[—% . Vh-V—i—%(VUJ}—W)}.
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Since V € L%(S) and h,o € W1(S), this implies easily that V-V € L2(S) (we
did not use the presence of the smoothing operator x(z|D|) here).

- Control of V* - V. Since U is irrotational, one has V* -V = 0; after the same
change of variables as above, this yields (V7)+ -V = 0, or equivalently

h
viey = FOVLU -0, V.
Proceeding as for the previous step, we deduce that
~ 1 [? h h
hoV -V = x(z|D|)[ - f/ Vin-v+ 22vie v - 22vie. v,
h ) _p, h h

with V, = V|z:7ho+b. We can proceed as above for the first two components of the
bracket, so that the only thing that remains to prove is that the bottom contribution
is in L2, namely, that

X(z|D))[V*b- V5] € L*(S)

(we removed the factor hg/h since it belongs to W°°(S) and therefore plays no role
for this regularity claim). Using the smoothing properties of Poisson kernels (see
Lemma 2.20 in [33] for instance), it is enough to prove that V+b-V; € H~1/2(R%),
which is a classical consequence of the fact that U € L?() is curl-free.

- Control of V in L2((—hg,0); HY(R?)). This follows directly from the previous two
points. Note that the statement remains true if x is replaced by x’ in the definition
of V.

- Control of 82‘7. One directly gets from the definition of V that

hod.V = |D|<X’(z|D|)/Zh V(X, z)dz) + y(z|D))V.

The first term in the r.-h.-s. belongs to L?(S) thanks to the previous point, while
the second term is trivially in L?(S). This proves the claim and concludes the proof
of the lemma. O

We now need to prove that the reconstruction mapping is also well defined, i.e.
that it is indeed possible to construct ® according to the procedure given in the
statement of the proposition. This is done in the following lemma.

Lemma 2. Let ¢,b € WH(R?) and V € HY/?(R%)4.

i. The quantity ¢ := —G[¢]~Y(V - (hV)) is well defined in H—/?(R%).

ii. There exists a unique variational solution ® € Hl(Q) to the boundary value
problem

AXA’Z(I) =0 m Q,
q)lzZC = w’ anq)‘z: = 0

—ho+b
iii. Denoting U = Vx .®, one has U € LZ(Q, div, curl).
Proof of the lemma. For the first point, one needs to show that there exists a unique

Y € H'/?(R?) such that G[¢]¢ = =V - (hV). Equivalently, one needs to show that
there exists a unique ® € H'(Q) such that

Ax.®=0 in Q,
0n®._ =V (hV),  9,@|_ =0

—hg+b



ON THE DYNAMICS OF FLOATING STRUCTURES 13

or, in a variational form,

V‘PEHI(Q)a / Vx:® Vx.p= _/ V'(hV)@Izzc'
Q Rd

Remarking that for all ¢ € C°°(Q) N H () (which is dense in H'(Q) as shown in
[14] or Proposition 2.3 of [33]) one has

v Ve = / N2(RT) - A2 ()
Rd R4

< WV g2l A72V (02 )2
< |hlwr= Vg2 lIVx 2002,

the last inequality stemming from standard product estimates and Remark 3.14
in [33]. Tt follows that the right-hand-side in the above variational formulation
defines a linear form on H'(Q); the existence and uniqueness of ® and therefore of
Y =@, __, follows classically from the Lax-Milgram theorem.

The proof of the last two points of the lemma is straightforward and therefore
omitted. (]

The only thing left to prove is that 2R[(] is a right inverse to 2, i.e. that for all U €
LZ(div,curl), one has R[¢]A[¢(]U = U. Let us therefore denote U’ = R[¢]A[¢]U and
show that U’ = U. By construction, one has U'-N = —V-(hV) (with U’ := UirC).
But since U is divergence free and that its normal trace vanishes at the bottom,
one also gets by integrating the incompressibility relation that U - N = —V - (hV).
It follows that the normal traces of U and U’ coincide at the surface and at the
bottom (where they both vanish). Since they are also divergence and curl free, one

deduces that U = U’. O

2.2.3. The classical water waves equations in the (C,Q)ﬁvariables. It follows from
Proposition 1 that one can replace U = (V,w) by R[]V in the formulation (10)-
Ql), hereby obtaining a closed system of equations in (¢, Q). More precisely, writing

V = Q/h and defining the "Reynolds”? tensor R and the non hydrostatic acceler-
ation anyg as

¢
(14)  R(hQ) = / RV - V) & (BT - T),

—ho+b

1 /¢ ¢ _ _ _

15 (@ =7 [ V[ @RV + (V) T RAT) -],
—ho+ z

with e, the vertical upward unit vector, we can rewrite (10)-(11) under a closed

form. The following proposition is therefore a direct consequence of Proposition 1.

Proposition 2. If ¢ and U solve the free-surface Fuler equations (1)-(6), then
(¢,Q), withQ = hV and V as in (13), solve the following closed system of equations

2This terminology introduced in [8] is of course improper but the analogy with turbulence can
be useful. Replacing statistical averaging by vertical integration, R measures the importance of
the variations of the horizontal velocity field V' with respect to its average. These variations are
only due to non-hydrostatic (dispersive) effects since the flow is assumed to be irrotational; in the
general case with vorticity, R takes also into account the shear effects induced by the vorticity [8].
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in (¢,Q)
0(+V-Q=0,

2Q+ 7 (;Q© Q)+ ghVC +V R(h,Q) + haxn(h, Q) =,
where R(h, Q) and axu(h, Q) are as in (14).

(16)

Remark 2 (The energy in ({, Q) variables). The total energy of the fluid

1 1
Eguia = *9/ ¢+ */ [U?
2 Rd 2 Q(t)

is formally conserved by the free surface Euler equations (1)-(6). In the Zakharov-

Craig-Sulem formulation, this energy can be written in terms of ¢ and v (where
Y =& _. and U = Vy .®), namely,

Buia =50 [ ¢+ [ 06w

As seen in the proof of Lemma 2, one has 1 = —G[(]7!V - Q, and we can express
F in terms of ¢ and @,

1 1 _
(17) Buia=y9 [ ¢+ [ V@6l Ve

2 Rd 2 Rd

2.3. The water waves equations with a floating object in the ({,Q) vari-
ables. Our purpose in this section is to generalize the formulation (16) of the water
waves equation as a closed system of equations in terms of (h, Q) in the presence of
a floating solid. Before we state this generalization, let us remark that, in absence
of any immersed device, the acceleration arg := 92¢ of the surface of the fluid can
be deduced from (16),

arg(h,Q) = -V - 0,Q
(18) =V [V . (%Q ® Q)+ ghV(+ V- (R(h, Q)) + hangu(h, Q)}

Under the floating structure, the acceleration of the surface is imposed by the
motion of the structure, i.e. one has 8¢ = 9%(,,, and the relation 9?¢ = apg is no
longer true. This implies that an additional term must be added to the momentum
equation to account for the presence of the structure. More precisely, one has
the following proposition in which the interior pressure is expressed as a Lagrange
multiplier associated to the constraint (7). We recall that we use the notation

Po=Pw and Pi=Ppyq,
that R(h, Q) and axu(h, Q) are defined in (14)-(15), and that apg(h, @) is defined
in (18).

Proposition 3. Let us consider a solution of the free surface Euler equations in the
presence of a floating structure (1)-(6) and (7)-(9), and let in particular ¢ and U
be the associated surface elevation and velocity field. Then ¢ and Q, with Q = hV
and V as in (13), solve the following system on RY,

0(+V-Q=0,

P00+ Y (108 @)+ ghVC+Y - R(1,Q) + hann(h,Q) = -2,
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with the surface pressure P given by

{—V-WVH):—%@AwmamQ)oniﬂm
= Latm and P

(20) P,
‘Pi|r(t) = Patm>

and with the coupling conditions at the contact line

(21) =G and Qe=Q;i on T(t).

Conversely, if ¢, Q and Z(t) solve (19)-(21), and if moreover the initial conditions
(€%, Q%) satisfy

(22) = Cw,ey and V- Q° = —0iCw|,_, oM Z(0),

then for all t > 0, one has ((t,-) = Cw(t,-) on Z(t).

Remark 3. One of the advantages of working with the (¢, Q) formulation of the
water waves equations is that, in (21), the transition condition on @ at the contact
line can be expressed very simply. This would not be the case if we had worked in
the hamiltonian variables ({, ) of the Zakharov-Craig-Sulem formulation.

Remark 4. The interior pressure P; is given by the simple elliptic equation (20)
cast in the interior region Z(¢). In the component apg of the source term of this
elliptic equation, time derivatives of the velocity field are present (through the non-
hydrostatic acceleration ayy). In the configurations investigated in this paper it is
very convenient to proceed this way; however, it is also possible to express these
time derivatives of the velocity in terms of the pressure field (using Euler’s equa-
tions). This latter approach leads to a different equation for the interior pressure
(equivalent of course to (20)) which can also be of interest (in deep water settings
or for the mathematical analysis of the equations for instance). We therefore derive
it in Appendix A.

Remark 5. One can use the classical balance of energy for the water waves equations
when the pressure at the surface is not constant to see that the energy conservation
in (h,Q) variables given in Remark 2 must be modified as follows in the presence
of a floating structure,

d P, — P, VP,

*Eﬂuid:* 6t<717atm:7/ Q;l

dt I(t) P Z(t) P

For the sake of convenience, we introduce the following terminology (note that

according to the last point of the proposition, the constraint (7) is equivalent to
the assumption (22) on the initial data).

Definition 2. The set of equations (19)-(21) form the water waves equations with a
floating structure in (¢, Q) variables. It is always assumed that the initial condition
satisfies (22) so that the constraint (7) is automatically satisfied.

Proof. The mass conservation equation
HW(+V-Q=0

is obtained classically by integrating the incompressibility condition (2) and using
the kinematic condition (4) and the impermeability condition (6).
Integrating vertically the horizontal component of the momentum equation (1), one

gets

¢ ¢

V®W+/‘ VP =0
—ho+b

@Q+vw/

—ho+b
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Denoting by P the trace of the pressure at the surface of the fluid, one can write

¢(t,X)
(VP)(t, X, 2) = V(B—I—/ —0.P(t,X,2")d")

C(t)X)
=V(P+ / pg — 0. Pxu(t, X, 2')d2")
where we used the vertical component of (1) to derive the second identity. We
therefore get
(VP)(t,X,2z) = VP + pgV({ + VPxu
and the averaged momentum equations takes the form

¢ 1 [¢
atQ+V'(/ V®V)+ghVC+*/
—ho+b —ho+b

Using Proposition 1, one can rewrite this equation as

1
VPNu = —h;VB.

0:Q+V - (1Q® Q)+ gV -+ V- Rih Q) + hanu(h, @) = ~ho V2.

On the exterior domain, one has P = Py, by (5) and the right-hand-side vanishes;
in the interior domain, the right-hand-side is equal to —h%VBi with P; to be
determined. In order to do so, we use the mass conservation equation together
with the constraint (7) to obtain that

V-Q=-8( in Z(t).

Taking the divergence of the momentum equation, one gets therefore the following
elliptic equation for P;,

-V (%VBI) = _8132Cw + aFS(haQ)a

and we deduce from (9) the boundary conditions P, = P,y on the boundary
I'(t) = 0Z(t). To obtain the boundary condition on ) stated in (21), we just need
to remark that

¢

Qe(t,X)fQi(t,X):/ (Ve(t, X, 2) = Vi(t, X, 2))dz;

—ho+b

since the flow is incompressible and irrotational, we know by standard elliptic theory
that the velocity field U and therefore V' is smooth in the interior of 2. This implies
that the r.-h.-s. in the above expression vanishes, and therefore that Q. = @; on
['(t). This achieves the proof of the first part of the proposition.

For the second part, we just need to remark that (19)-(20) imply that 82¢ = 92(,,
so that ¢ = (, provided that (¢, 9:¢) and ((w, 01w ) coincide at t = 0, leading to the
assumptions on the initial conditions made in the statement of the proposition. [J

3. COUPLING WITH THE SOLID DYNAMICS

We address in this section the coupling of the water waves equations with a
floating structure (19)-(20) with the motion of the partially immersed solid which
at time ¢ occupies the volume C(t). This coupling was already present in (19)-
(20) but through the presence of the second time derivative 97(,, which is not a
natural quantity to describe the dynamics of the solid. We therefore want to derive
a version of the equations (19)-(20) in terms of the velocity of the center of mass
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of the solid, and of its angular velocity.

We first consider in §3.1 the case where the motion of the solid is prescribed; the
case of a freely floating object is then treated in §3.2. In both cases, the general two-
dimensional case is treated first, and the one-dimensional case where considerable
simplifications can be performed is considered subsequently.

Notation 4. Throughout this section, we shall denote by G(t) = (X¢(¢), 2¢(t)) €
R2*! the coordinates of the center of mass of the solid and by Ug its velocity

oon-(223)- (38

where the dot stands for the time derivative.
We also denote by w(t) = (wy(t),wy(t)) € R**! the angular velocity of the solid.

As for the kinematic condition (4), one easily derives that

(23) 8t<W - Qw ! NW =0 on I(t) with NW = < _V1CW )

and where U, denotes the velocity of the solid on the wetted surface,
VX eI(t), U,(t,X)="Uc(t X, ((t X)),

and Uc(t, X, z) is the velocity at time t of the point (X, z) € C(¢). From standard
solid mechanics, we have therefore,

(24) U, =Us+wxrg with “G“’X>:<<W<Xt5<>Xf2<t>)’

so that (23) gives the following relation
(25) Oéw=(Ug+wxrg) Ny in ZI(t).
We now have to distinguish two different situations

e The solid is in prescribed motion, in which case G and w are known func-
tions of time

e The solid is freely floating, in which case the evolution of G and w are
unknown functions whose evolution is coupled to the wave motion.

3.1. The case of a structure with a prescribed motion. When the motion of
the solid is prescribed, there is no influence of the flow on its motion, but the flow is
of course affected by the presence of the solid. This influence is taken into account
by the interior pressure P; in the equations (19)-(20) (the flow is pressurized). In
the following proposition, we show how this pressure can be computed in terms of
the position of the center of mass and of the rotation matrix. We consider first
the most general case d = 2; the simplifications in the one dimensional case d = 1
where many computations can be carried out explicitly are described in §3.1.2.

3.1.1. The general two dimensional case. Before stating the main result of this
section, it is convenient to introduce the following notations. We first define the
second fundamental form associated to the solid structure. Denoting by n,, =
ﬁNw the upward unit normal vector to the solid C(¢) on the wetted surface
0wC(t), and by Tx 0yC the tangent plane to this surface at the point (X, ( (¢, X)),

the second fundamental form is the bilinear mapping

TX8WC><TX8WC — R

I (t,t) 5 —(Veny, t),
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where Vin,, is the directional derivative of ny in the direction t. We also define
the tangent vector Uy, , as

v,
Qw,‘r _Qw - (Qw ' NW)eZ - < KW . VCW ) s
and we also define Q[rg](+) as the quadratic form

Q[I‘G](VG,M) = (Ld X NW) ’ ((..d Xrg— QQWJ') -V 1+ ‘VCW|2]:I(QW,T’QW,T)'
We recall that it is always assumed that the initial condition satisfies (22) so that
the constraint (7) is automatically satisfied.

Proposition 4. Denoting by Ug the velocity of the center of mass and by w the
angular velocity, the water waves equations with a floating structure then take the
form

O(C+V-Q=0,
M%WW%Q®@+WN@H%RWQH%mMm@=SHSH+WR

with the coupling conditions at the contact line

Ce = Ci and Qe = Qi on F(t),

and with the source terms given in the exterior and interior domains by
. . h .
S?=0 and S/ =--VF/ (j = LI, III)
p

where: - Bil corresponds to the interior pressure one would have if the solid were

fized,

[
= |r

~V - (RVE;) =aps(h,Q) on I(t),
= Patm7

- P depends linearly on the first time deriatives of Ug and w,
{_V(ZVPF) :—(UG+w XI‘G) 'NW on I(t),

I
=i |p

- Bim gathers the quadratic terms in Vg and w,

{—V~ (%Vﬂim) = Qlrg|(Vg,w) on ZI(t),
11
= rw

Remark 6. The formula for EiH and Bim involve r¢ and N, which require the
knowledge of G = (Xg, z¢) and (. They can both be deduced from Ug and w.
Indeed, the position of the center of mass is found by solving (denoting by Gg the
initial position of the center of mass)

G=Ug  G(0)=G
while (, is determined by the position of the solid which, at time ¢, is given by
C(t) = {G(t) +O{) (M —Gy),M € C(O)}
with the rotation matrix © satisfying

O=wx0O, 0 =Id



ON THE DYNAMICS OF FLOATING STRUCTURES 19

Remark 7.

- If C(t) is a sphere with a fixed center of mass (i.e. if Ug = 0), then Q[rg](Vg,w) =
0 and S™ is therefore identically zero. This follows from simple computations and
from the observation that, for a sphere of radius R, one has

1 1
I(t,t') = E(t’t/)’ U,,=U,=wxrg and N, = —E\/l + |Viw|?re.

- Similarly, Q[rg](Ve,w) = 0 if the solid is constrained to move vertically (so that
Ve =0 and w = 0). We shall use this remark in §6 for the configuration for which
we provide numerical schemes and simulations.

Proof. By linearity of (20), it is enough to prove that
(26) 02y = (Ug +w xrg) - Ny — Qrg](Va,w) on  ZI(t).
Time differentiating (25), one gets in Z(?),

¢ = (Ug+w xrg+wxtg) Ny + U, - 0Ny,

and we therefore look closer at the terms (w X rq) - Ny, and U, - 0;Ny:
- The term (w X fg) - Ny. By definition of rg and using the fact that
Oilw =U,, - Ny, we get
(wXx1g) Ny = —(w X Ny) - I
= (wx Ny) - (Ug — (U, - Nw)e.),
and therefore

(WXi'G)'Nw:(waw)'(Q

W

LW XTg).

- The term U, - 0;Ny. Since the vertical component of N, is time and space
independent, and denoting by V, the horizontal component of U, one has

Uy, 0Ny ==V, - V({U, - Ny)
== ((Vy-VIUy) - Ny + V- (V- VIVG).
Recalling that U, = Ug + w X rg, we deduce that
Uy - 0iNy == [w x (V- V)re)] - No + V- H(G) Vs
where H((y) denotes the Hessian matrix of (. Remarking further that
V, Vrg = U, -, we finally get
Uy 0Ny = (w x Ny) - Uy, - + V- H(Cw) V.
Gathering all these elements, we get that
¢ = (Ug+wxrg) Ny + (wx Ny) - (2U,,, —w xrg) +V,, - H((w)Vy,
The identity (26) follows therefore if we can show that
nw -V, HGV

WT’QWT W
L) V1I+IVGl

In the canonical basis (t1,t2) of the tangent space, with t; = (1,0,0,(y)T and
_ T ) 1
to = (0,1,0,Cw)", the of the second fundamental form is 7\/WH(CW)’ and the

tangent vector U, . is represented by V  , so that the result follows. [
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3.1.2. Simplification in the one dimensional case. When the horizontal dimension
d is equal to 1, the number of unknown variables reduces:

e For the solid. In dimension d = 1, the velocity of the center of mass
has no transverse component, Ug = (ug,0,wg)?, and w = (0,w,0)T is
perpendicular to the (z, z) plane. We therefore adapt our notations for the
sake of simplicity

)" )"

G = (v¢,2¢)", Ug = (ug,wa)", rg = (v — g, (w — 2¢

Instead of the six components vector (Ug,w), the motion of the solid is
determined by the three dimensional vector (ug, wag,w).

e In the fluid. Similarly, in the fluid, the velocity U = (u,0,w)? has no
transverse component, and the horizontal discharge takes the form @ =
(¢,0). The water waves equations (19) in (¢, Q)) variables therefore simplify
into a system of two scalar equations on ((,q), in which the operators
R(h,Q) and anu(h, Q) defined in (14)-(15) are therefore denoted R(h,q)
and anu(h, q) for the sake of clarity.

e For the interior domain. Assuming (as we shall always do without loss of
generality in dimension d = 1) that the interior domain is an interval, we
write

() = (2 (1), 2+.(1)).

The water waves equations with a floating structure (19)-(21), as well as the equa-
tions for the interior pressure given in Proposition 4 take a much simpler form due
the smaller number of variables. The most striking simplification however is that
among the three components of the interior pressure described in Proposition 4,
the computations of the last two — that take into account the motion of the solid
structure — can be carried out explicitly. It is convenient at this point to introduce
the following notation for a horizontal averaging in the interior domain that take
into account the shape of the immersed region of the solid.

Notation 5. If f is a function defined on Z(t) = (z_(t), . (t)), we define its average
and oscillating components as
1 o f .
<f>3:T1 n and "= f—(f).
- Ja_
. h

We can now state the following proposition in which it is shown that the contri-
butions due to the motion of the solid in the momentum equation for the fluid can
be computed explicitly.

Proposition 5. Assume that d = 1 and that the position of the center of mass and
the angular velocity are some given functions of time t — G(t) = (z¢(t), z¢(t)) and
t — w(t). The water waves equations with a floating structure (19)-(21) take the
form

at( + ach = 07
1
0q + az(ﬁcf) + ghd,¢ + 0.R(h, q) + haxu(h, q) = ST+ ST 4 ST,
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where the source terms S', S and S™ are given by

e

S5¢=0 and SII = [ax(%qz) + gh0.¢ + 9. R(h, q) + haxu(h, Q)] "

: 1
St=0 and Str=UZ -rg+ idz(|rg|2)*
STM=0 and SM=—uk(0:C0)" + 2ucw(re - Ni)* +w?((Gw — 2¢)re - Ng)©
and with the coupling conditions at the contact points
=G and qe=q at x=u(t)
Proof. We shall repeatedly use the following lemma in this proof.

Lemma 3. Letx_ < x4 and g,h € C([x_,x4]) be such thatinfh >0 on [x_,z4].
There exists a unique solution P € CY([x_,x]) to the boundary value problem

—0,(h0, P) =09 in (x_,z4),
P(z+) =0,

and moreover one has, using Notation 5,
—hd,P =g in [z_,z4].
Proof of the lemma. Integrating, one gets
—h0,P=g+c
for some integration constant c. Dividing by h, using the fact that P(x_) = 0, and

integrating again yields
—P = = —.
[ i)
The value of ¢ is then given by the fact that P(z) = 0, namely,

c=—(9);
plugging this into the expression for —hd, P derived above, this gives the result. [

In dimension d = 1, the equation for P! becomes, in (z_(t),z4(t)),
h
—0y (Eaxﬂf) = aFS(h7 Q)

1

with the boundary condition Bilwi(t) = P,im. It follows from Lemma 3 that

h 1 *
=5 0:Pi = [0:(5,0°) + gh0:C + 0uR(h, @) + hawn(h, )]
Similarly, the equation for BiH is
h
_81(;812¥I) = uGa:ECW - wG + OJ((.’IJ - LIJG) + (CW - ZG)awa)

: 1
=9, [Ug o + §w|rG\2],
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I
1 |zi(t

with the boundary conditions P = 0. It follows therefore from Lemma 3 that

h . . 1. .
——0,P{' = Ug x5+ Sa(ral’)".
P 2
Finally, one has for P™,
h
—0p (=0, P"") = — ug 03¢y — 2ugw (1 + (9uCw)” + (Gw — 26) 036w
p

- WQ((x - xG)aa:CW + (Cw - ZG)(l + 2(8ICW)2) + (CW - ZG)283CW
=— 0, [uéaxCW =+ 2UGW((17 —2g) + (G — ZG)agch)
+w?(( = 26)(Gw — 26) + (Gw — 26)*0uGu]

with the boundary conditions Bim‘ , = 0. We therefore get from Lemma 3 that

x4 (t

—%&CB{H = —u(0,C)" — 2qu(ré . NW)* — wQ((CW — zg)ré . Nw)*.

Setting S = —2, P} (j = 1,11, I1T) then gives the result. O

3.2. The case of a freely floating structure. When the solid is freely floating,
its motion is still determined by the velocity of its center of mass and by its angular
velocity. These two quantities are however no longer prescribed functions of time
and must be found by solving Newton’s laws in which the force and torque exerted
by the fluid on the solid play an important role. This strong coupling is investigated
here, and we exhibit in particular the added mass effect that it induces.

We consider first the most general case d = 2; the simplifications in the one dimen-
sional case d = 1 are described in §3.2.2 below.

3.2.1. The general two dimensional case. As above for the case of a prescribed
motion, the motion of the solid is determined by the velocity of its center of mass
Ug(t) = (Va(t),wa(t)) € R**1 and its angular velocity w(t) = (wp(t),wy(t)) €
R2*1. The difference is that these functions are not a priori known any more and
must be determined through Newton’s laws for the floating solid. We shall need
the following notations.

Notation 6. We denote by m the mass of the solid object, and by J(¢) the inertia
matrix of the body relative to the center of mass and measured in the Eulerian
frame; this frame being inertial, the inertia matrix depends on time. Its value is
determined from its value at time ¢t = 0 through the formula

(27) () =emioe”,
where O(¢t) € SO(3) is the rotation matrix found by solving the ODE
(28) O=wxO,  6(0) =Idsys.

We can now state Newton’s laws for the conservation of linear momentum and
angular momentum,

(29) mUg = —mge, + Fhuia
d

(30) % (Jw) = Tﬂuid,
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where Fhyuq and Thyq are respectively the resulting force and torque exerted by
the fluid on the solid?,

(31) Fﬂuid = / (Bl - Patm)Nw and Tﬂuid = / (Bl - Patm)rG X Nw;
T(t) Z(t)

where we recall that Ny, = _V1CW > . We shall show that part of the contribution

of Fiuia and Thyiq can be put under the form of an added mass operator in Newton’s
laws (29)-(30); to this end, we need to introduce the elementary potentials.

Definition 3 (Elementary potentials). Let Z C R? be a bounded domain with
Lipschitz boundary T', ¢, € W1°°(Z) and h € C(Z) be such that infz h > 0. Let
also G = (Xg, zg) € R? and denote by Ny, and rg the vectors fields

VX €I, Ny(X)= ( *VCIV(X) ) and  rg(X) = ( ijf)g))fic )

We define the elementary potentials <I>(Ij) (j =1,...,6) as the unique solutions of
the boundary value problems, for j = 1,2, 3,

{—v Ve = (Ny)j on I {—v VEYT = (rg x Ny); on T

j j+3
o7 =0 o =0,
Definition 4. The mass-inertia matrix is the (time-dependent) 6 x 6 block diagonal
matrix defined as

M(t) = diag(mIdgxgﬂ(t)).

Using the elementary potentials introduced in Definition 3, we define the added
mass-inertia matriz as

M,[h, ®7] = p(/ %(W@E})) - (hVaP)y)

1<j,k<6’
A

with the notation &7 = (<I>(Il), ey <I>(16)).
If S; is a R3-valued function defined on Z, we also define F[h, ®7]S; € RS as

1 .
Flh, ®1]Si = —P(/I H(th)g)) 5i) 1< <6

We can now state the following proposition describing the influence of the fluid on
the solid motion. Note that the equation for the motion of the solid body are given
in the inertial Eulerian frame. It might be convenient in some situation to write
these equations in a reference frame moving with the body. Such a formulation is
provided in Appendix B.

Proposition 6. For a freely floating body, the water waves equation with a floating
structure take the form

oC+V-Q =0,
1
0Q+ V- (3Q@ Q)+ ghV(+V - R(h,Q) + haxu(h, Q) = St 4 84 sHt
with the coupling conditions at the contact line

=G and Qe=Qi on T(t),

3Tt is actually the resulting force and torque after deducing the contribution due to the atmo-
spheric pressure.
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and with the source terms Sij (j = LILIII) as in Proposition 4. Moreover, the
velocity Ug of the center of mass and the angular velocity w satisfy the ODE

U - z
(M + Malh, ®1(,)) < G > = ( g ) + Flh, ®1)(SI+ SI).

In particular, one has conservation of the total energy,

d .

%Etot =0 with Etot = Eﬁuid + Esolid
where Fauya s as in (17) while Esoua 48 given by

_ 1 Ug Ug
EsohdngG+2M< ) >< w >

Remark 8. Tt is shown in Appendix A.3 that M,[h, ®7] is not the exact added mass-
inertia matrix — indeed, some of the terms in F[h, ®z](S! + S{™') contribute to it.
It is however much more convenient to work with the present form, in particular
for the derivation of simplified asymptotic models in shallow water in Section 5.

Remark 9. In order to compute the elementary potentials that appear in the ex-
pression for the added mass, one needs to solve a d-dimensional elliptic problem
in the (bounded) interior region Z(¢). This has to be compared with the (d 4 1)-
dimensional elliptic equation one has to solve in the (unbounded) fluid region ()
in order to compute the Kirchoff potential that appear classically in the expression
for the added mass (see for inctance [19, 18]).

Remark 10. As we shall see in §5.1, Archimedes’ force is contained in F[h, @I(t)]SiI.

Proof. The first step is to rewrite the equation for the angular momentum (30)
under the form

(32) Jw=Tw X w+ Tﬂuid;

this is a classical computation in solid mechanics that we reproduce for the sake of
completeness. Using (27) and (28), one has

%(Jw) =073(0)07w + 03(0)0Tw + Jw

=w x Jw — 3007w + Ju.
Since O0Tw = w x (00Tw) = w x w = 0, (32) follows.
Next, with the notations of Proposition 4, the interior pressure can be decomposed
) P; = Pi + P’ + Pi'y
we can accordingly decompose the force Fhyiq and the torque Thyiq as

Fiia = Fiuia + Fiia + Fiwa - and Thuia = Thwia + Tivia + Tauias

with

Fhao= [ (P1= PNy and Thg = [ (Pl Puwira x N,

(t) (t)

and

Flo = PIN, and T}, = Plrg x N, (j =II1III).
(1) Z(t)
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In order to rewrite (29) and (32) under the desired form, the only things to prove
are therefore that

FI ) ( U
33 i) = M., @ -
(33 (ol ol
and
o 1 j
Thyia p

By definition of the elementary potentials, we have

3
Fiia==Y_[ PV (VoY) e;,
j=17Z()

so that, after integration by parts, we get
3 .
Fl==Y [ v Pheg) e,
i A0)

3
= —pZ/ (Ug+wxrg)- N@%()t)ej,
j=1 ()

where we used the definition of P! given in Proposition 4 to derive the second
identity. Using again the definition of the elementary potentials, we get further
that

3 3
Fitia =pZZ[(/ t oY),V (hVoL) )e; ® ) Uq

j k+3 .
+ (/ @g()t)v . (thD(IJ) ))ej ® ek)w]
Z(t)
and, after integration by parts,
3 3 4 . '
Fiia=—py_ > [(/ Vq):(lj()t) : th’(z()t)ej ®er)Uc
j=lk=1_JI()
+ /I “ Vol - nvelitMe; ® ek)a].

Proceeding similarly for the torque, we have

3
Tinia = — Z P'v. (W‘I’JJS)GJ;
j=17Z()

integrating by parts and proceeding as above, we then get

3
Thia = —pZ/ (Ug+wxr) 'N‘b(zj(;?))ej
= 1w
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and using again the definition of the elementary potentials, we finally get

3) k '
T ([, VoL 190 e o e U
j=1k= 1

(j+3) k+3) )
+( I(t)wg(t VoL e; @ ex)w) .

These expressions for Fil., and TiL. | yield (33).
For (34), we just need to remark that

3 3
s =Y [PiNje; ==Y [ Plv-nvae,
j=1"% j=1"%

Integrating by parts, we deduce that
3

Flig= /Vﬂil-hV@(j)e-

fluid Z . 7€

so that, proceeding similarly for the torque and for the component Bim of the
pressure, (34) follows easily.

In order to prove the conservation of energy, let us recall first that owing to Remark
5, one has

Eﬂuld /atcili atm

and we therefore turn to compute the time derivative of Egojiq. One gets

d U U U U
CltEsolid:mng+M< wG>~< u.f)-i— M( (f)-( (f)

:(Iic )[M(IiG )4—mgez]7

where we used the fact that Jw - w = 0. By Newton’s laws, this gives

d, UG . / P~ Pum [ Ny
dt solid = P rg X Nw
P, - P, m
/ at 'va

the last line stemmmg from (24). Slnce U,, - Ny = 0:( in the interior region Z, one
has 4 i Esolia = — 35 4 Fquia and the result follows®. O

3.2.2. Simplifications in the one dimensional case. When the horizontal dimension
d is equal to 1, the velocity of the center of mass has no transverse component,
Ug = (ug,0,wg), and w = (0,w, 0) is perpendicular to the (z, z) plane; the inertia
matrix is given by J = diag(0, ip, 0), with iy independent of time and the rotation
matrix © takes the form

cos@(t) 0 —sinf(t)

o(t) = 0 1 0
sinf(t) 0 cos6(t)

4The result could also be inferred from the fact the if we write the fluid equation in Zakharov
variables (¢, ), the equations on (¢, v, G, ©) are formally Hamiltonian [11].
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and one has w = —6 (this sign convention ensures that 6 is orientated according to
the standard trigonometric convention in the plane (Ozz)). Newton’s laws therefore
reduce to

U
(35) m < wz ) = —mge, + Fhuia
(36) 06 = Thuid
with

(37) Fﬂuid = / (Bl - Patm)Nw and Tﬂuid = 7/ (Bl - Patm>ré : NW7
Z(t) ()

and where rg = (v — 2, (w—24)7 and Ny = (=0,(y, 1)T. The mass-inertia matrix
is now a 3 x 3 diagonal matrix independent of time,

My = diag(m, m,ip).

In addition to the simplifications already seen in Proposition 5, the elementary
potentials can be computed explicitly in dimension d = 1; consequently, the force
and torque exerted by the fluid on the solid take a much simpler form. Denoting

e = ik )

we can define (recall that the definition of the oscillating component f* of a function
f has been given in Notation 5)

1 ~ - 1 .
M,lh,rg] = / —T(rg)* ®T(rg)" and Flh,rglS) = / —S!T(re)%;
zh zh
we can now state the following proposition describing the interaction of water waves

with a freely floating object.

Proposition 7. Assume that d =1 and that the body is freely floating. The water
waves equations with a floating structure then take the form

8t§ + 690‘1 = Oa
1
0q + 0 (7.0%) + ghOuC + 0, R(h, W) + hau (h, W) = §' + S + ST,
with the coupling conditions at the contact points

=G and qg=q at z=u4(t)

and with the source terms ST, S™ and S™! as in Proposition 5. Moreover, the
velocity of the center of mass Ug and the angular velocity w satisfy the ODE

(Mo + Malh,rc)) ( tg.f’ ) = ( e ) + Flh, re](S!+ sy,

Proof. In dimension d = 1, only three elementary potentials are necessary; rela-
belling for the sake of simplicity, these potentials are given by the equations on

Z(t) = (z- (1), 4(1)),
—0,(h0, @) = —0,¢,  —0.(h0, 07 =1, —0,(h0,®P) = —r§ - N,
with the boundary conditions (D(Ij) =0atz=xz+(t) (j = 1,2,3). We therefore write

®7 the three-dimensional vector with coordinates (®7); = CID(Ij ) A straightforward
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adaptation of Proposition 6 to the one dimensional case shows that (35)-(36) can
be put under the form

Mo+ M@zl (06 ) = (T )+ Fln (s + P

with
1
MJh, ®7] = p / (10,®7) © (10, B7)
T
and

Flh, ®7]8! = — / %(h@xﬂ)(hﬁxtﬁz), Flh, ]S = / L 10, P (1o, 7).
A

Using the definition of ®7 and Lemma 3, and using the Notation 5, one gets the
following expression for —h0, ®7,

—hd, B = (ra”) )
= ( —3( |I“G|

so that M, (h, ®7) = M,[h,r¢] and Flh, & 7]87 = Flh,rg]S?, and the proposition
follows. .

4. COMMENTS ON THE EVOLUTION OF THE CONTACT LINE

The evolution of the contact line T'(¢), and therefore of the interior and exte-
rior domains Z(t) and £(t), is governed by the equations (1)-(9); this evolution is
however quite implicit, and the goal of this section is to derive more explicit for-
mulations of this evolution. We first consider the one dimensional case d = 1 and
then turn to the general two dimensional situation.

4.1. Evolution of the contact line in the one dimensional case (d = 1).
Assuming that the wetted surface is connected, one can write the interior domain
as an interval

I(t) = (z—(t), 2+ (1)),
and we need to find the time evolution of the boundary points x4 (¢). The following
proposition gives an expression for the time derivative 44 (¢) of x4 (t) in terms of

the position and velocity of the center of mass, and of the angular velocity of the
solid.

Proposition 8. Denoting by G = (xg, 2g) the center of mass of the solid and by
w its angular velocity, the contact points x4 satisfy the nonlinear ODEs in time

Ty =— D) ] (e + w(Cw,x — 2a))

(awge)i - (awgw +
1 .
* (amCe):l: - (am’Cw):l: (ZG

where for any function f(t,x), we used the notation f+(t) = f(t,x+(t)).

w(rs —26) + (0ee)+),

Remark 11. Tt is instructive to compare the evolution equation of the proposition
to the equation describing the evolution of the shoreline in the case of a vanish-
ing depth. In this latter case, the condition (38) below, should be replaced by
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he(t,v(t,a))) = 0. Following the same steps as in the proof below, one would obtain
T4 (02Ce)x = (02ge) x
= (Orhe)+Tx + he +(0,10) -
Since by definition he+ = 0, one obtains the kinematic equation
iy =T
The evolution equation of the contact line stated in the proposition involves deriva-

tives of (. and g, and is therefore more singular than the kinematic equation ob-
tained for the evolution of the shoreline.

Proof. By definition of x4 (t) and using the boundary condition (8) and the con-
straint (7), one gets that for all ¢,

(38) he(t, 24 (t)) = hyw(t, x4 (t)).
Differentiating this relation yields

jji((azhe)i - (aa:hw)i) = _((atCe)i - (ath)i)-
Using the first equation of (19), one can replace d;he = —0,qe so that

B4 ((02€e)t — (02Cw)t) = (Othw)+ + (02Ge)+-
We also know from (25) that
Othw = —(d¢ + w(C — 26))0ulw + 2¢ — w(z — z6),
so that the formula of the proposition follows easily. ([
4.2. Evolution of the contact line in the two dimensional case (d = 2).

Assuming that the wetted surface is connected and that the boundary I'(t) of the
interior domain can be parametrized by a closed curve ~(t,-) : [0, 1] — R?, namely,

L(t) = {7(t, ), € [0,1]},
we need to determine the time evolution of ~.

Proposition 9. Denote by G = (Xg, zg) the center of mass of the solid and by
w its angular velocity, and assume that on the time interval [0, T] the contact line
['(t) is parametrized by a C? function v : [0,T] x [0,1] — R2, regular everywhere
(i.e. Oq7y mever vanishes).

i. The function vy solves

at’Y:_ {(Vge _VCW)®V<W}

(XG — w}%((wh - ZG) + wv('y - XG)l)

Ve -valE S,
ve_vw .
(39) +{M}W(ze+wﬁ'<v—Xc>+<v'Qc>H>+aaa%

for some scalar function a € C([0,T] x [0,1]) and where for any function f(t, X),

we used the notation f|_(t,a) = f(t,v(t,a)).

ii. Conversely, if there exists a scalar function a € C*([0,T] x [0,1]) such that v
solves (39) and if ¥(0,-) is a parametrization of the contact line at t = 0, then it is

a parametrization of T'(t) for all times.

iii. Different choices of the scalar function a in (39) correspond to different parametriza-
tions of the same curve.
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Remark 12. Choosing a particular function a in (39) is equivalent to choosing a
particular parametrization for the curve I'(t). For instance, if it can be parametrized
as a polar curve by choosing

v(t, @) == (p(t, @) cos(2ma), p(t, @) sin(2mav)) ,

one gets
1

apCe - pCW
where we used the notation d, = cos(2ma)0,(+sin(2wa)d,. The polar parametriza-
tion is therefore unique; it corresponds to a particular choice of the function a in
Proposition 9.

8,5,0: (V'Qe—(UG-l-erg)-Nw)

I

Proof. By definition of v and using the boundary condition (8) and the constraint
(7), one gets that for all ¢ and all « € [0,1],

(40) he(t,v(t, @) = hw(t, (¢, ).
Differentiating this relation with respect to ¢ gives

01Ce + Ory - Vhe = 01Gw + Oy - Vhy,
so that we can write

Vhe — Vhy
- ”Vhe - Vhvv||2
for some scalar function f. Differentiating (40) with respect to «, we get that
0oy - (Vhe — Vhy) =0,

so that d,7 is proportional to (Vhe — Vhy)*. Since 9,7y # 0, we deduce from the
above that

Vhe — Vhi
“ o0 =~ eh —onp
for some scalar function a. Taking the scalar product of this expression with 0,7y
and using the regularity assumptions made on «y, we deduce that a is C' in space
and time.
Conversely, if v solves an equation of the form (41), and if (0, -) is a parametriza-
tion of the contact line at ¢ = 0, then one easily gets that (40) holds for all times,
so that (t,-) is a parametrization of the contact line for all times.
Let us show now that different choices of a in (41) correspond to different parametriza-
tions of the T'(t). More precisely, let a and @ be two C! functions of space and time,
and let us show that there exists a reparametrization ¢(t,-) : [0,1] — [0, 1] such
that if v solves (41) then F(t, o) := (¢, ¢(t, @) solves (41) with a replaced by a.
From the definition of 74, one has

Dy = (01Ce — 01Gw) + f(Vhe — Vhy) ™

(atCe - at(w)} ‘w + aaofy

97 = Oy o+ 0ipdayop
. Vhe—Vhy
= ~ln = wh P
so that the claim is proved by solving the ODE 0i;p = bo ¢ — a o ¢ and taking
& = p(t, ) as new parameter.
The last step of the proof consists in showing that (41) can be put under the form
(39). Using the relation

(916e = 0iCw)] |, + (a0 @+ 0rp)Day 0 ¢,

ath =-V- Qca
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- ————— ———

-~ S Ny £

which corresponds to the first equation of (19), together with (25),
0w = (UG +w x rg) - Ny
=—(Xg —wi (- z5) +wy(X — Xg)b) - Vi + (26 +wir - (X - Xa)),
the result follows directly from (41). O

4.3. The case of vertical walls. The boundary conditions (8)-(9) at the contact
line are valid under the condition that in the neighborhood of the contact line,
the boundary of the solid is not vertical. Since such a configuration, represented
in Figure 4.3, is also of interest (and we shall use it in Sections 6 and 7 for the
numerical aspects), we show here how to handle it. Of course, the walls would
not stay vertical if the solid were allowed to rotate along the horizontal axis, and
we must therefore assume that the motion of the solid is constrained (by some
additional exterior force) to avoid these situations. The angular velocity is therefore
of the form w = (0,0, wy).

In the presence of vertical walls, we relax the continuity condition (8) on the
water elevation, and consequently replace the continuity condition (9) on the pres-
sure by a more general expression. This generalization of the boundary conditions
(8)-(9) is the following:

o Continuity of the normal velocity at the vertical walls. Denoting by v € R¢
the unit normal vector to I'(¢) pointing towards the exerior region £(t), one
has

(42) V.v=V-v on the immersed part of the vertical walls,

where we recall that V' and V. denote the horizontal velocities of the fluid
and of the solid respectively.

o (Consistency of the pressure jump at the contact line. Integrating the vertical
component of Euler’s equation (1) between z = ¢; and z = (, yields the
condition

Ce
(43) Ei(ta ) = Patm + PQ(Ce - Cl) + p/ (8,510 + U- VX7Z’U]) on F(t),

where w is the vertical component of the velocity field U in the fluid domain.

Of course, whenever ¢; = (, (in particular when the boundary at the contact line is
not vertical), (43) coincides with (9). Allowing for the possibility of vertical walls
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imposes the presence of a fourth source term S in the momentum equation of
Proposition 4 (and Proposition 6 when the solid is freely floating), and the transition
condition on @ at the contact line must be modified. We shall use the following
notations.

Notation 7. For the sake of simplicity, we still denote by (./\/l + M,lh, <I>I]) the

4 x 4 matrix with entries (M + M,[h, (I)IDij (1,7 =1,2,3,6) and by Flh, ®7] the
four dimensional vector with entries (F[h, ®z]); (i = 1,2,3,6).

Proposition 10. Denoting by Ug = (Vg, wa) the velocity of the center of mass of
the solid and assuming that the motion is constrained so that its angular velocity is
of the form w = (0,0,wy), the water waves equations with a floating structure can
be written

atC +V- Q = 07
1
0Q+ V- (EQ ® Q)+ ghV(+ V- R(h, Q) + haxu(h, Q)
— SI + SII + SIII + SIV
with the coupling condition at the contact line
(Qe — Ql) V= (Ce — Cl)(VG + wV(X — Xg)L) -V on F(t),
and S*, S and S as in Proposition 4, and with SIV =0 and
~V-(tvplV)=0 Z(t),

SV = —QVPiIV where v GVED) on (L)
p =pg(<e—Ci)+pri (Oyw + U - Vx w).

=i ‘F(t)
If the solid structure is freely floating, the evolution of Ug and w is given by

(M + Ma[h, @1]) < SVG > < e ) + Flh, ®7](S! + SIM)

v Nw
+/I£i <(XXG)'VJ‘CW )

Remark 13. The adatptation of the proposition to the one dimensional case d = 1
is straighforward. Moreover, the source term STV can then be computed explicitly;
with the notations of Proposition 5, one has

— 1 Ce
S = N o with b= [Q(Ce_Ci)'i'/ (8tw+U'VX,zw)]| )
I un ) A

and the corresponding pressure Biw is

Jo_1/h

T
L. 1/h
Proof. We just prove the transition condition on @) at the contact line. The rest of

the proof is a close adaptation of the proof of Propositions 6 and 4. By definition,
one has

Q. x) = [

—ho+b

P =p_+(py —p-)

(e(tvr) (i(tax)
V(t,X,2)dz and Qi(t,X):/ V(t,X,z)dz.

—ho+b
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As for the proof of Proposition 3, we know that V is smooth in the interior of the
fluid region, so that
Ce(t,X)
Qc(t, X) —Qi(t, X) = / V(t, X, z)dz
Gi(t,X)
Taking the scalar product with v and using the transition condition (42), we get

Ce
R

which yields the result since Vi - v does not depend on z and because Vo = Vg +
wy(X — Xg)*t. O

5. ASYMPTOTIC MODELS

It is classical in the theory of water waves to derive simpler models from the
governing equations. The same approximations lead to simplified versions of the
water waves equations with a floating structure (with the terminology of Definition
2) . We shall consider here two important regimes: the nonlinear shallow water
equations which is a fully nonlinear model (in the sense that no smallness assump-
tion is made on the size of the waves), and the Boussinesq model which is a weakly
nonlinear model, but which takes into account the non-hydrostatic dispersive effects
neglected in the nonlinear shallow water equations. The former is studied in §5.1
and the latter in §5.2.

5.1. The shallow water approximation. In absence of any immersed structure,
the shallow water approximation consists in performing two approximations® on

the averaged Euler equations (16),

(1) Neglect the vertical variations of the horizontal velocity in the quadratic
term. This leads to

¢ — 1
/ VaVahWeV=-QxQ.
—ho+b h

(2) Neglect the non-hydrostatic acceleration,
aNH ~ 0.

We show in this section how to simplify the water waves equations with a floating
structure (19)-(21) under these approximations. The same simplifications as above
must be performed on the momentum equation in (19), but must also be consis-
tently made in (20) for the computations of the interior pressure P;. This means
that the terms R({, Q) and axp(¢, Q) must be neglected in (19), but also in (18).
The resulting nonlinear shallow water equations with a floating structure are given
by

0¢+V-Q=0,

(44) 8tQ+V-(%Q®Q) + ghV( = —h%VB,

5For the classical water waves equations (without floating body) these approximations are valid

2
at leading order under the assumption that p < 1, where p = % is the shallowness parameter
given by the square of the ratio of the depth over the typical horizontal scale. The nonlinear
shallow water equations are obtained by neglecting all the terms of size O(u) in the dimensionless

water waves equations; see for instance [33].
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where P, = Py in £(t) and P; is given by

) {_v-(gvpi>:—a?<w+v[V(iQ@QHng in (),
:Patrrn

=i|r

and with the boundary conditions at the contact line
(46) Qe=0Qi and (. =¢ onl(t).

Remark 14. As for the full water waves equations with a floating structure (see
Proposition 3), the constraint

(=¢o on I(t)
is satisfied at all time provided that the initial conditions verify
= CW‘t:O and V-Q°= —atCWh:U on Z(0),
which we shall always assume.
Remark 15. The equations (44)-(45) can alternatively be written as
o0(+V-Q=0,
0Q+Y - (;Q® Q) +ghVC = —h_VP.
h < hy, (h — hy)P = 0.

This is a typical example of congested flow; in the case g = 0, this model appears
in various contexts such as traffic flows [3, 13], granular flows [36, 42, 43], hydrody-
namics in pipes [6], compressible-low Mach coupling in gaz dynamics [41], etc. As
remarked in [13] the transition conditions on the contact line play a crucial role,
and the computation of the evolution of the corresponding free boundary I'(¢) is
very delicate. For this reason, the ”compressible” part of of the equations is often
approximated as the limit of a singular incompressible system [7, 13, 20]. Our ap-
proach offers an alternative to this method; we establish in [26] a well-posedness
result for (44)-(46) in the one dimensional case, which describes in particular the
evolution of the contact line.

The simpler form of the elliptic equation for the interior pressure allows us to
give a more explicit and more instructive form of the hydrodynamic forces acting
on the solid; we shall denote by Farcn and Fyi, the Archimedes® and nonlinear
force/torque respectively, given by the surfacic integrals

N 1
47 ]:Arh:*g/ C( > and ]:NL:*/ V- (-Q®Q) -V&r,
( ) ¢ I(t) rg X N Z(t) (h )

and by Fr the contribution” coming from the contact line

(48) Jr = —9/ h(0, ®1;
T'(t)

6The standard Archimedes force is the vertical component of the force, given by —g fI ¢, which
is the opposite of the weight of the fluid that the body displaces (with respect to the still water
level). Note that this force can be oriented downwards, for instance if the object is floating on a
large amplitude wave so that ¢ = (w > 0 in the interior region Z(t).

7As we shall see in §6.1.2, this component contains damping forces as well as excitation forces
coming from the wave field.
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as usual &7 = (<I>(Il), ey @(16)) is as in Definition 3, and we denoted by v € R? the
outward unit normal vector to I'(¢).

Proposition 11. Denoting by Ug the velocity of the center of mass and by w
the angular velocity, the nonlinear shallow water equations with a floating structure
then take the form
H(+V-Q=0,
1
@Q+v-%Q®Qy+¢V<=%W+SH+§W
with the coupling conditions at the contact line

Qe = Qi and G =G on F(t),

and with the source terms S and S™ as in Proposition 4, while Sk, is given by
h
Sswe=0 and Siy;= _*VBISWi
; ; P ;

where
~V-(AVP4yw ) =V [V-(3Q© Q) +ghV(] on I(1),
BISW,i‘FM = Lfatm-

In the case where the solid is freely floating, the evolution of Ug and w is given by
the ODE

(M +Ma[h7 (I)I]) ( Ii:)G > = < j_wmie:) ) + Farch + Fr + FNL +F[h7 q)I]SiIHa

with the same notations as in Proposition 6. In particular, one has conservation of
the total energy,

d

dt
and where Egoiq 15 as in Proposition 6 while Esw is given by

1 1 1
Esw=- [ —|QP+= 2,
Sw 2/]Rdh|Q|—i—Q/RdgC

Remark 16 (Vertical walls). Following what has been done for the full water waves
equations in §4.3, it is possible to allow for the possibility of vertical walls by
removing the condition (. = (; from the coupling conditions at the contact line,
and by adding a source term Sé\vlv to the momentum equation with Sé\vjv,e =0 and

Eswiot =0  with  Esw tot = Esw + Esolid,

_h
p

~V - (LVPy ) =0 on Z(t),
VPSIX\hi where { v (p Psw.i) ®)

SV —
SWo BSW,i‘F(t) = pg(Ce — Gi);

the difference between P!V and PSI\V/V,i is that the non-hydrostatic term p [ ée (Oyw +
U - Vx .w) has been neglected in the latter, consistently with the approximations
made to derive the nonlinear shallow water equations.

Proof. The only point that deserves a proof is the derivation of the ODE for w and
U and the energy conservation. It is given by the same ODE as in Proposition 6,
with ST replaced by Séw, namely,

U - z
(M + Mah, @0))) ( G ) = ( mae ) + Flh, @I(t)](séw,i + 5.

w Jw X w
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We therefore need to prove that F[h, @I(t)]SéWJ = Fareh + Fr + FnNL, with Faren,
Jr and Fnr, as in (47)-(48). By definition, one has

Ny,
Flh, (I)I(t)]SéW,i = /IESV‘Ri ( ra X Ny )

- [ Pows¥ - (9 2),
T

by definition of the elementary potentials. Integrating by parts and using the
definition of Pgy ;, one gets

fméﬂﬂ%wfiév@mm+v-%Q®Qﬂ¢L

so that the result follows from a simple integration by parts.
For the energy conservation, one readily gets

d P i_Pam
7&W:,/ Sswa — Latm g
dt (1) p

with Pey ; = BISW71+E}I+£}II. The fact that %Esohd = —%ESW is then obtained
as in the proof of Proposition 6. O

5.2. The Boussinesq approximation. In the nonlinear shallow water model
used in the previous section, the (non hydrostatic) dispersive effects are neglected,
which is not satisfactory for many applications. We consider here a Boussinesq
model, which is the simplest nonlinear model that includes dispersive effects. In
absence of any immersed structure, the Boussinesq approximation consists in per-
forming the following three approximations® on the averaged Euler equations (16),

(1) Neglect the vertical variations of the horizontal velocity in the quadratic.
This leads, as in the shallow water approximation, to

¢ 1

—ho+b

(2) Neglect the variations of the surface elevation and of the bottom in the
above approximations,

1 1
EQ ®Q~ %Q ®Q
(3) Take into account the leading order term of the non-hydrostatic acceration

hg
haNH ~ —gAatQ

8The Boussinesq regime consists in assuming that p < 1 as for the nonlinear shallow water
equations, but also requires a smallness assumption on the amplitude of the surface variations,
namely, ¢ = O(u), where € = % is the ratio of the typical amplitude of the surface variations
over the depth at rest. A similar smallness assumption is also made on the bottom variations.
The Boussinesq equations are obtained by dropping the terms of order O(,u2) in the dimensionless
water waves equations. If the smallness assumption on ¢, namely, ¢ = O(u), is removed, more
terms should be kept for the non-hydrostatic acceleration. The corresponding regime is called
Serre-Green-Naghdi (or fully nonlinear Boussinesq). We refer to [34] for more details, and to [33]
for a mathematical justification of these approximations. We treat here the Boussinesq regime
for the sake of clarity, but the Serre-Green-Naghdi regime could be treated similarly, albeit with

more complicated expressions.
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The resulting Boussinesq equations with a floating structure are given by

Oth +V - Q =0,
49 hZ 1 1
) [1-2A)0Q+ V- (;-Q® Q) + ghV( = ~h_VP,
0 P
where P, = Py, in £(t) and
(50) {—V(ZVPJ = —[1-%A]0w + V- [V-(£Q @ Q) + ghV(]  in I(t),
71‘1““) atm)

and with the boundary conditions at the contact line

(51) Qe=Q; and (=¢ onT(t)

(and here again with the assumption (22) on the initial condition so that the con-
straint (7) is automatically satisfied). As shown in the following proposition, the
source terms created by the motion of the solid in the momentum equations must
be modified, as well as the added mass-inertia matrix. The proof being a simple
adaptation of the proof of Proposition 6, it is omitted.

Proposition 12. Denoting by Ug the velocity of the center of mass and by w the
angular velocity, the Boussinesq equations with a floating structure take the form

W(+V-Q=0,

h? 1
= goA}atQ +V- (h—Q® Q) + ghV¢ = SL + ST+ sH,
0

with the coupling conditions at the contact line
Qe = @ and (e =G on F(t),
and with the source terms SjB (G =LILII) given by
. . ho .
S%,e =0 and SJB7i = —;VBJ&i

1 _ 11 _ plll _

where BB’ilm) = Pym and BB’i\r(t) = BB’i\r(t) =0, and
h
~V-(=VPg;) =V-[V-(£Q&Q)+ghV(]
2 .
~V-(=VPH,) =-(1-%A)[(Us+wxrg) Ny| on Z(t).
2
V- (VPR = (1= 5A)Qlre] (Ve w),

In the case where the solid is freely floating, the evolution of Ug and w is given by
the ODE

tJ - z
(MAMo[h, ®1]+Msg) ( wG) = < j(;ngew >+-7'—Arch+.7:r+]:B,NL+f[h, @1]51131711,

where Fareh and Fr are as in Proposition 11 and

1 h? N
-FB,NL = /;(w V'(%Q®Q)'V¢I and Mg = *pg /I‘I'I@)A (rG » N> .

Remark 17. Contrary to M,[h, ®7], the dispersive correction Mp is not necessarily
positive nor symmetric.
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Remark 18. The energy formally conserved in the case of a freely floating object is
BB tot := EB + Esolid, With Egiq as in Proposition 6 and

1 ho 1
Eg== | (—|Q+220,Q 7/ 2,
B 2/W(holQl+3IBQI)+2 96

Remark 19 (Vertical walls). Similarly to what has been done in Remark 16 for the
shallow water model, it is possible to allow for the possibility of vertical walls, pro-
vided one adds the same? extra source term S&}/v as in Remark 16 to the momentum
equation.

6. ON THE DISCRETIZATION OF THE WAVE-STRUCTURE INTERACTION

We have derived in Section 2 the equations describing the evolution of water
waves in the presence of a floating structure; in Section 5, the same approach has
been used to show how one has to modify simpler asymptotic models (such as
the nonlinear shallow water equations) when a floating structure is present. The
key point was that in order for the interior pressure to be a Lagrange multiplier
associated to the constraint ( = ( in Z in the simplified model, one had to modify
consistently the elliptic equation defining P;. The goal of this section is to push
this strategy one step further, namely, at the discrete level. More precisely, starting
from a numerical scheme approximating some hydrodynamic model without any
floating structure, we show what the corresponding discretization of the additional
terms describing the wave-structure interactions should be in order for the interior
pressure to be a discrete Lagrange multiplier.

For the sake of simplicity, we shall only consider simple configurations here:

e The hydrodynamical models we shall consider are the one-dimensional shal-
low water equations and the one-dimensional Boussinesq equations
e We assume that the solid can only move vertically
e We assume that the structure has vertical sidewalls, so that the interior
region is independent of time, Z = (z_,x).
More complex configurations (moving contact points, more degrees of freedom for
the solid structure, two dimensional case, etc) will be considered in future works;

9n the Boussinesq regime, the term pféc (Otw + U - Vx ,w) can also be neglected in the defi-

nition of P!V provided in §4.3. In order to check that this is the case, we recall that the horizontal
velocity does not depend on z at leading order in y, so that one gets from the incompressibility
condition that w ~ —(z +ho)V -V, and therefore, neglecting the nonlinear terms that are smaller
by a factor e = O(u) in the Boussinesq regime,

Q

Ce _ [Ce
p/ (0w + U - Vx ,w) = —pV -0tV (z+ ho)
Gi Gi

—1
=—pV. 8tV5(h§ — hd).

Now, in the exterior region, one has at leading order in the Boussinesq regime 8;V = —gV{(, and
therefore c
e 1
p/ (Orw+U - Vx w) = pag(hg — h)AC.

G
Under the assumptions that the surface variations are small (in the sense that e = O(u)), one has
(h2 — k%) = O(e) in dimensionless variables and pfg.c (Brw+U - Vx ;w) is therefore of size O(ep)
and must therefore be neglected at the precision of the model. Note that this would not be the
case for the Green-Naghdi model for which the assumption € = O(u) is removed.
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our point here is to show that the discretization of the terms describing the fluid-
structure interaction must be chosen carefully and depend strongly on the numerical
scheme used for the fluid model. To be more precise, an important feature of our
formulations is that if the initial conditions satisfy the compatibility condition (22)
then the constraint (; = (, is automatically satisfied. The discretization of the
source terms due to the floating structure must be done in such a way that this
property is preserved at the discrete level.

NB. For the sake of simplicity, we consider a flat bottom (b = 0) throughout this
section.

6.1. The equations for the nonlinear shallow water model. When the solid
can only move vertically, the horizontal coordinate of the center of mass remains
constant; we take it equal to zero for simplicity, i.e. zg = 0. The position of
the solid is therefore fully determined by the vertical coordinate z¢(t) of its center
of mass; it is a given function of time when the motion of the solid structure is
prescribed, and must be found through Newton’s law when it is freely floating in
the vertical direction.

6.1.1. The case of a prescribed vertical motion. We recall that Proposition 11 de-
scribes the shallow water equations in the presence of a floating structure; in the
particular case of vertical motion considered here, the source term S™ vanishes;
moreover, the source terms Siy, and S can be simplified in horizontal dimension
d =1 as in Proposition 5 (and taking into account that ug = w = 0 here) into

1 1 *
Séw,e =0, Séw,i = [az(EQQ + §gh2)}

SéIVV,e =0, SéIVV,i = —Zgx",
where we refer to Notation 5 for the definition of the oscillating component f*; as
shown in §4.3 and Remark 16 (see also Remark 13 for the simplifications in the

case d = 1), an additional term SLY, must also be added due to the fact that the
walls are vertical at the contact points,

1
SIV :O7 SIV:_ e — Gl——,
SW e SW.i QHC Cﬂf;tj 1/h
where we used the notation [f] = f(x4) — f(x_). Therefore, in conservative form,
the equations take the form

(52) U + 0, (F(U)) = (0,9)"

with
o=(5): 70 (20) (o )

where the source term S is given by
1 1 * 1
53 S, =0, Si = [0, (=¢% + =gh®)]" — zqa* — g[Ce — G =,
(53) (02 (5.0% + 591°)]" = Zaa2” — gl¢ Sl
and with the continuity condition at x = x4
(54) de = 4i-
It is also assumed that the initial condition satisfies the condition (22),

®=Cw., and  0xq) = —0iCw),_, on Z(0),
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which ensures that the constraint (; = (, is automatically satisfied at all times.

6.1.2. The case of an object freely floating in the vertical direction. If the solid is
freely floating, the motion of its center of mass is given by Proposition 11; we can
in the present case (where the motion is purely vertical) simplify the differential
equation on the center of mass, as shown in the proposition below. We recall first
that the average and oscillating components of a function f defined on the interior
region (x4,x_) have been introduced in Notation 5. In the present configuration
of a purely vertical motion, the added mass coefficient can be easily expressed in
terms of the associated variance.

Notation 8. If f is a scalar function defined on Z = (z_, z.), we defined its variance
by

Var(f) = (f2) = (f)*.

We shall also denote by (w cq and zg,cq the parametrization of the wetted surface
and the position of the center of mass at equilibrium, and similarly Ay eq = ho +
Cw,eq- Away from equilibrium, the water depth under the solid is therefore fully
determined by the distance of the center of mass to its equilibrium position, §g =
2G — 2G,eq; consequently, one has hy, = hy oq + 9, and Var(z) and (z) are functions
of d¢ only.

Proposition 13. If the hydrodynamic model is the nonlinear shallow water model
(52) and the object is freely floating, the distance dg = zg — 2G.eq Of the center of
mass to its equilibrium position satisfies the ODE

(m+ma(dc))dc = —cda + pg(C, 427 — Coma™) + Frr(dc, o, (q)),

(55) %<q> — _g% + HNL(6G75G5 <Q>)a

where (e +(t) = (e (t, 1) and the added mass ma(d¢), the stiffness coefficient ¢ and
a(dg) are given by

ma(dc) = pa(dg)Var(z), aldg) = /ﬂf+ i and c¢=pg(xy —x_);

denoting q; = (q) — 2*8¢, the nonlinear terms Fyi, and Hyi, are given by

Fyr (0, da, (q) = POé(st)<m*5r [iw

b
: x . 2
108, (@) = () = (@) (0) Be)? = (0. [1]).

Remark 20. In this equation it is necessary to know the boundary values (. 4 of the
surface elevation in the exterior domain. These quantities are of course determined
through the resolution of the fluid equations (52)-(53).

Remark 21. The excitation forces are due to the incoming waves, while damping
forces are due to the motion of the structure; these two forces are contained in
the term pg((,,+2% — (e,—2*) in the equation for dg. In the return to equilibrium
problem considered in Corollary 1 below, there are no incoming waves and this
force reduces to a purely damping force.



ON THE DYNAMICS OF FLOATING STRUCTURES 41

Proof. In the case where the solid structure is freely floating in the vertical direction,
we deduce from Proposition 11 and Remark 16 that the vertical coordinate zg(t)
of the center of mass ((or equivalently its distance to equilibrium d¢) is found by
solving the second order ODE

T4 *

.. Tt
(m + ma(hW))(sG =-—mg+ P/ }J; SiI,SW +/ PIV7
T — W xr_

with SiI,sw as given in the previous section, and where the added mass m,(hy,) and
the pressure jump P!V at the vertical walls are given by

Ty (1,*)2

mg(hy) = P/ T
PY =p_+ (py — pJW with  py = pg(Ce — G)J.—., -

We can therefore rewrite the equation on ¢ under the form

.’t+ T4 * 2

(m + ma (b)) dc = _(m9+ﬂg/ Cw) +pg(C 4 —Ceﬁx*,)—kp/ }f—@z(z—i).

It is obvious that m,(hy) = mq(dg) with m,(dg) as given in the statement of the
proposition; moreover, we easily get from the mass conservation equation that

¢ = —(x — (2))dc + (q)-

The only thing left to prove is therefore that one has
T4
—mg — pg/ Cw = —pg(z+ — )G
€T
By definition of (y cq, one has
T4
—mg — pg/ Gw,eq = 0.
xr

Since the lateral boundaries of the solid are vertical, we have moreover that, away
from equilibrium,

$+ 3?+
pg/ Cu(t) — pg/ Cw,eq = pg(z4 — 2 )dg,

which proves the result.

We finally turn to derive the equation on (g). Taking into account the formula for
¢; derived above, the second equation of (52) can be written in the interior region
as

. d . d 1 1 . 1
—x*0c + £<x>6c + a(q> = —(&(Eq? + §ghfv)> — dga* — glCe — Ci]]m
_— 1 ] 2
= —dgzx* — m [/_ Eaz(%) + g(CeHr - Ce,*)]
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and therefore

o) =~ —[ L) + (G )

% _% (X((Sg) _ hw
1 .
= TN e+ 7 Se,— H ) ) ;
a(ég) I:g(g ,+ C s )} + NL(6G 6G <q>)
the result follows therefore from the observation that
d T 1
@<x> = _(<H> - <$><E>)5G

O

A particularly interesting situation is the return to equilibrium problem, which
consists in starting from a configuration where the solid is not at its equilibrium
state (zg # 2G,eq, OF equivalently ¢ # 0), with water at rest ({¢ = 0, ¢ = 0), and
let it evolve towards its equilibrium state. This is a particular case of the situation
considered in Proposition 13 in which the ODE takes a more explicit form. In order
to get an even simpler formulation, we assume that the solid is symmetric.

Corollary 1 (Return to equilibrium problem). Assume that the solid is symmetric
around the axis x = xg where g = %(CE+ +ax_). Then, for the return to equilibrium
problem, and as long as the following smallness condition on the velocity is satisfied,

. 16 h
b < —=/gho———,

27 Ty —T—
the position of the solid is fully determined by the ODE

(m +.ma(§G))SG = —cdg — v(dc) + B(dc)(dc)?,
(5G’ 5G)|t:0 = (5%’ O)

The nonlinear damping v(dg) and the coefficient 3(5¢) are given by

v(dc) = pg(zy —x_)[ho — (To(%\/g_(;c;)) ]

B0y = [0, (200,

(56)

P P
where the function 7o(-) is as in (59) below.

Remark 22. In the return to equilibrium problem, there is no incoming wave; the
force pg (¢, + 2% —Ce,—2* ) reduces therefore to its damping component —v(d¢). The
fact that it is indeed a (nonlinear) damping force comes from the observation that

v(6a)d¢ is always positive.
Remark 23. Linearizing around the equilibrium state, the ordinary differential
equation (56) becomes
(x4 —x_)? g
2 Vgho'

which is a standard damped harmonic oscillator equation. This linear equation
matches the equation derived in [28] under further assumptions on the shape of the

(57) (m+ma(0))de = —cdc — pg
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0 1 2 3 4 5 6 7 8 9 10

FIGURE 1. Time evolution of the distance to equilibrium g as
given by the full nonlinear equation (56) (full) and its linear ap-
proximation (57) (dash). Four different initial positions are con-
sidered.

solid!?. The nonlinear ODE (56) can be numerically solved with standard tools. A
comparison with the solution of the linear ODE (57) is shown in Figure 1 in the case
where the floating body is the same as the one described in §6.2 below, and with the
solid density given by ps = 0.8p. These computations show that nonlinear effects
play a significant role for large amplitudes and should therefore not be neglected
for the description of floating structures in the presence of large amplitude waves
for instance.

Remark 24. The corollary furnishes through (56) an explicit solution for the return
to equilibrium problem. We shall use this explicit solution to validate the numerical
scheme derived in §6.2 below general wave-structure interactions.

Remark 25. A byproduct of the proof of the corollary is that the water elevation
at the contact points x4 is related to the velocity of the center of mass through the
relation . . ,
LT
Ce(t, 1) = (7o N 6c))” = ho.

This relation remains true when the solid is in forced oscillation in a fluid initially
at rest (as for the return to equilibrium problem, there are no incoming waves); we
shall therefore use it as a validation for the numerical computations of §7.1.2.

Proof. We just have to use Proposition 13 and express (. + and (g) in terms of ég
and 5g.

10Actually, the mass m is assumed to be negligible with respect to mq (0) in [28], and with our
notations, equation (3.2.12) of [28] corresponds to

(z+ —2-)* ba

2 Vagho

ma(0)oe = —cdc — —pg
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By symmetry reasons, one has () = z¢ and ¢+ = —¢_ and therefore {(g) = 0.
Replacing in the formula for Fyp, given in Proposition 13, we get

1

Fw(badc, (@) = plée® [ 5 0, (oo - a0)?)

and the expression for the coefficient 3(d¢) follows easily.
In order to express (¢ + in terms of d¢, let us recall first that in the exterior region,
one has

O+ (Voh+)R=0 and  OL—(Vgh—)L=0,

where R and L are respectively the right and left Riemann invariant associated to
the nonlinear shallow water equations (52) and given by

R = +2(\/gh = \/gho) and L= —2(/gh—/gho).

Since the fluid is initially at rest, R vanishes identically on (—oo,z_) and L van-
ishes identically on (z4,00). In particular, evaluating at © = x_, one finds that
h(t,z_) is a root of the third order polynomial equation

q—
58 ™ = Vhot? + 2= =0.
For each value of r := zqﬁ? there exists one or three real roots of this third order

equation (see Figure 2):
e One positive real root 7o(r) if r <0
e Two positive roots 7o(r) and 71(r), and one negative real root mo(r) if
0<r< %hgﬂ =:70.

e One negative eigenvalue 75(r) if 2(1—’\@ > 1.

Since the solid is dropped with zero initial velocity and with the fluid initially at
rest, the relevant root is the one that passes through the point (0,+/hg) and it is
given by

(59) To(r) = %(\/%Jr C(r) + %)

with the complex constant C'(r) equal to

0y =2(~arr2m +ayi )

(the smallness assumption made in the Corollary ensures that r < rg). It follows
therefore that

q— 2
o(tyz_) = — )" —h
Colt,z_) (70(2\@)) 0
Ty — T .
= (TO(—ZT(;G))Q — ho,
where we used the as above that ¢ = —(z — 2¢)dg. Since moreover (o(t,z4) =

Ce(t,z_) for symmetry reasons, the expression for pg(¢, x5 — (o,—a* ) simplifies
into —v(d¢) as claimed in the statement of the corollary.
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FIGURE 2. Roots of the third order polynomial (58). 79(r) (dash),
71(r) (dots) and 72(r) (dash-dots); here, hg = 15 and ro = 8.61.

6.2. The numerical scheme for the nonlinear shallow water equations. We
first present in §6.2.1 the numerical scheme we shall use for the flow model (here,
the nonlinear shallow water equations (52)); the associated discretization of the
terms describing the wave-structure interaction is then presented in §6.2.2 when
the motion of the solid is assumed to be prescribed. The coupling with the motion
of the solid itself in the case where it is freely floating (in the vertical direction) is
then described in §6.2.3.

6.2.1. The numerical scheme for the hydrodynamical model. For the sake of simplic-
ity, we shall show how to discretize the source terms describing the wave-structure
interaction in the case where the numerical scheme for the flow method is the sim-
ple Lax-Friedrichs scheme. More precise, higher order, schemes would complicate
the analysis, and shall be considered in future works. Let us introduce first some
notations.

Notation 9. - We denote by [0, L] the computational domain; for some N € N*
we let d, = L/N and define (z;)o<j<n and (2;41/2)o<j<n-1 by z; = jo, and
Tjy172 = (§+1/2)0,. We define N + 1 finite volumes by K; = [x;_1/2,211/5] for
1 Sj < N — 1 and K() = [0,:171/2], KN = [xN_l/Q,L].

- For the time discretization, we denote by d; the time step and t"” = nd;, and we
write U = (h},q}) the approximation of U(t",-) on Kj; for second order time
derivatives, we write

.. 1
n .__ n+1 n n—1
Up = 5—?(Uj =207 +U;™).
- We also denote by j”H /2 an approximation at time t" of the flux at the interface

Ljt1/2-

- The ratio of the time and space steps is denoted o = §;/,.

- Finally, we denote by j_ the index of the nearest cell outside the interior region
Z = (z_,z4+) on the left-hand-side of the solid (j_ is the largest integer smaller
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than x_/¢,), and similarly ji for the first cell outside the wetted region on the
right-hand-side.

A general finite volume discretization of (52) can be written under the form

(60) Ut = U} — a(Ffyrye = Fjorge) + 6057

Our aim is to choose a discretization of the flux and of the source term that ensures
that at machine precision, one has (' = (g ; for all j_ < j < j;. Let us base our
analysis on the most simple stable scheme for (52) when there is no immersed solid,
namely, the Lax-Friedrichs scheme for which the discretization of the flux is

1 1
(61) e = §(f( ) +FU)) — %( T U7

We show in the next section how to adapt this scheme in the presence of a floating
structure.

6.2.2. Adaptation in the presence of a structure with a prescribed vertical motion.
In order to take into account the presence of a floating structure, one has to adapt
the Lax-Friedrichs scheme (61) in the interior region, and to provide a discretization
of the source term S in (52) ensuring that one has (' = ¢} ; for all j_ < j < j;.
The second term in the right-hand-side of (61) is a diffusive term that ensures sta-
bility. However, the expression for the wetted pression for the continuous model
relied on the relation 0;0,F1 = 0,0:;q. At the discrete level, the presence of the
diffusive term in the equation for the surface elevation does not seem to be com-
patible with a discrete version of this fundamental relation. We are therefore led
to the following adaptation of the Lax-Friedrichs flux,

5@+ q}) —ax (hp —hy) it j<j_orj>jy,

(62) FT. = AL L
B2 Y+ a)) ifj- <j<j+

for the equation on the surface elevation, while the flux for the momentum equation
is the same as for the standard Lax-Friedrichs scheme

(63) 2,j+1/2 — g(fZ(UjH) +]:2(Uj )) - %(q]'qu —4; )

It is well known that the Lax-Friedrichs scheme is unstable if the diffusive term
is removed. The reason why stability is (numerically) preserved in our case is
because we are able to choose a discretization of the source term that ensures
that on the wetted region (where the diffusive terms are removed), the surface
elevation ( is exactly equal to the parametrization (,, of the solid structure, so
that no instability occurs. This is done in the following proposition where we use
the following notations which corresponds to a transposition of Notation 5 at the
discrete level.

Notation 10. - We use the notation Zék, il and Zgﬁc for the following modified
summations

1 1 1 #l 1 -1
Zaa‘=§ak+ Z aj, Zaj=5az+2%» ete.
i=k k

j=tk j=k+1
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- For any vector (f);_<j<;. we define (f) and f* = (f});_<j<j, by
Zﬁ.ﬁr f‘n/ hn

= 1=

- We also define DyF, as
— ooy
Oy '

We also recall that the interior cells corresponding to the discretization of the
interior domain Z correspond to the indexes j_ < 7 < j4.

(DoFp); = 2L

Proposition 14. Let us consider a floating body in purely vertical motion and
denote by zg the vertical coordinate of its center of mass at time t"™. Let the
discretization of the nonlinear shallow water equations (52)-(54) be furnished by
(60) with fluzes (62) and (63). Defining S} (j— <j <ji) as

(h}, = h3, 1) — (B —h} )
(64) S} = (Do)} — 257w — m)y" — gt T T
J Z§J+ 1/hn
and provided that the initial condition (h°,q°) satisfies, for all j_ < j < jy,
(65) hy=hy,; and  hy;=hy ;= a(F 1 =TT 1/2),
then, for allm € N and j— < j < ji, one has hj = hg ;
Proof. Instead of seeking a discretization of S; = —%Bwﬂi based on its continuous

expression, we shall rather mimic the approach used in the continuous case and
look for a discretization of the interior pressure P; as a discrete Lagrange multiplier
associated to the constraint §; = (.

According to (60) and (62), one has for all j_ < j < j4,

n T Yo n
(h;}+2 _ h;t-‘rl) _ (h;ﬁl _ hj) =— —(qjli'll - q]"+11) + 5(Qj+1 - Qj—l)

2
@]
=- 5(‘1?111 —dj1) + 5 5 (q;LJrll —dj_1).

Using the discretization of the momentum equation and the fact that by definition
h} = hy, ; for j— < j < ji, we therefore want the source terms S} to be such that

2

n n o n ' T
52< +1 - _*5t (Sg+1 Sj —1) + 9 [( 2,j+3/2 _]:2,j+1/2) - (]:2,3'—1/2 _]:51,3‘—3/2)]
or equivalently
(66) j+12gm ISR ﬁ [(DoF™)j41 = (DoF™)j-1]-

On the other hand, S7' should be an approximation on the cell j and at time ¢" of
9. P

S = —h== and we thus look for it under the form
h Pliiye =Py
67 Vio < i< gn — _ 3 Tgt/2 7§12
(67) j- <3 <i+ ; ; 5 :
and, at the boundary points j = j,
_hy P P mr P — P
(68) ST = L and S" = e Tgeml/2

Ty T A N R
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where E;—L denote the interior pressure at x = 4.
We shall now use the following lemma, in which the superscript n for the time
dependance is omitted for the sake of clarity.

Lemma 4. A solution (P

i41/2)j_<j<jy to the equation

Sit1— 551 _ 9j+1—9gj-1

Vi <J<Jj+, 5., 5.
with (S5)j_<j<j, as in (67)-(68) is given by
) . Pj 12 P ! Ik !
Vio <j< , _L:_i_;’_(sz e =
j- <j<js+ ; ) [ > 5 > hk}

h=tio ¢ k=t
where the constant c is given by

+ B+ ]
=[5 Y Pk

P prr BN Zm "

In particular, one has
[P 1
p 5 ZﬁJJr 1

h;

Sj=g; —

Proof of the lemma. It suffices to prove that there exists a constant ¢ such (67)-(68)
are satisfied with S; = g; + c. Rewriting (67) under the form

Piyipp =Py _5 Sj _s9ite
p h; h;

and using the first equation of (68) one easily obtains that

P,
Vio <<y, 2o Zgu Z
P J=Hi- J= ﬂjf
The value of this expression at j = j; — 1 should match the one provided by the
second equation of (68); this is possible only with a particular choice of ¢, which is
the one given in the statement of the lemma. O

In the configuration considered here, the solid is only allowed to move in vertical
translation, so that C”H = zgﬂ where z¢g is the vertical coordinate of the center
of mass (or any other point of the solid). In particular, this quantity does not
depend on j, and one can write

. 1

Cv%jl ZgH 20z (%H xj—l)'
The expression for S; given in the statement of the proposition follows therefore
from (66), the above lemma, and the fact that P = pg(¢F — ¢F), which at the
discrete level, reads

PO = pg(hy = b5 4y) and PP = pg(hy — B ).

1
Conversely, if the source term is given by the expression stated in the proposition,
the above computations show that

Vi_ <j<ijqi, Rt = hptt
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If the assumption made in the statement of the proposition on the initial data
(h°, ¢°) holds, then one has h(; = h(v)‘“j and hjl = hxlv,j and a straightforward induction

shows that A = hy ; for all n € N. O

6.2.3. The case of a freely floating object. The difficulty in the discretization of the
wave-structure interaction is that according to Proposition 14 the discretization
of the source term S™ in (60) requires the knowledge of 25" and therefore the
position of z¢ (or equivalently the distance d¢ to its equilibrium position) at time
t"*2. The time discretization for the ODE (55) is the following

(69)  (mA+ma(68))05T = —6g + pg(Clyay™ — ¢ at™) + Faw (08, ¢f'),

where Fyr, and m, are as defined!! in Proposition 13.
The iterative scheme we use to compute U"*! and 62,” in terms of U™ and
(52,“, 0%) is given in Algorithm 6.2.3.

Algorithm 1 The wave-structure coupling algorithm

Require: The quantities U" = (h", ¢") and (5g+1, 0%) are known
Compute pg (¢, x7"™ — 0 a™"), Fnu(0g, ¢) and m,(6%)
Compute 6% through (69)

Compute the source term S™ with the formula of Proposition 14

Compute U™ with (60)-(63).

Remark 26. In (69), the contribution of pg(Cc#xj_ — (Cy_x*_) and Fyi, has been
treated explicitly. The general fact that Féiid can be put under the form of an
added mass term (see (33)) allows us to treat it here in implicit form, which is of
crucial importance for the stability of the scheme. The numerical importance of
the added mass effects has been evidenced in other fluid-structure interactions [15],

and discussed in particular in [9, 16].

6.3. Using the Boussinesq system as hydrodynamic model. We are consid-
ering here the same situation as in §6.1 with the only difference that the nonlinear
shallow water equations are replaced by the one dimensional Boussinesq equations.

6.3.1. The continuous equations. We recall that Proposition 12 describes the Boussi-
nesq equations in the presence of a floating structure; in the particular case of ver-
tical motion considered here, the source term S’]IBH vanishes; moreover, the source
term SY is the sameas for the shallow water model, S = S&, since the second
order derivative in the source term defining Pé{i vanishes in the case of a purely

vertical motion. Therefore, in conservative form, the equations take the form
(70) DU + 0, (Fs(U)) = (0, S8)"
where the term ¢2/h is replaced by ¢?/hg in the flux,

v=(5) A= 0 ) = (e lage )

HThe nonlinear term Fni, (8¢, 8¢, () that appears in Proposition 13 depends on §¢ and (q)
through ¢ = (q) — x*SG only. Since we choose to compute ¢; through the second equation of
(52) (which is of course equivalent to the equation on (g) in Proposition 13), we rather write
FnL(0G, qi) here.
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and where the source term Sp is correspondingly given by
1

_ o (g LoV e ol — G :
(71) SB,e—O; SB,l— [6a:(h0q + 29h )} ZGT g[[Ce Cl]]f;j 1/h7

finally, the additional dispersive term is
h2
D=(1,1- 3065)?

Of course the same continuity condition (53) and compatibility condition on the
initial data are made, so that the constraint (; = (, is automatically satisfied at all
times.

Remark 27. In the case where the solid structure is freely floating in the vertical
direction, we deduce from Proposition 12 and Remark 19 that the vertical coordi-
nate z;(t) of the center of mass (or equivalently its distance dg to its equilibrium
position) is found by solving the second order nonlinear ODE deduced from (55)
by replacing ¢2/hy by ¢2/ho in the nonlinear terms Fyy, and Hyr,.

Remark 28. The dispersive component of the Boussinesq system does not con-
tribute to the ODE governing the motion of the solid; indeed, the third diagonal
coefficient of the dispersive correction Mp of the added mass matrix vanishes in
Proposition 12. They have however an incidence on the motion of the object since
they modify the wave field and in particular the terms (. 4+ that appear in the
damping/excitation force pg(Ce,+2% — Ce,—z*).

Remark 29. More generally, the dispersive term does not play any role in the

interior region. Indeed, from the first equation of (70), one knows that ¢ is linear in
2

2 in the interior region Z. It follows that the dispersive term —’;—oagatq identically

vanishes on 7.

6.3.2. The discrete equations. The approach is the same as for the shallow water
equations in §6.2; therefore, we only sketch the adaptations one has to perform.
The Boussinesq equations (70) differ from the nonlinear shallow water equations
(52) by the presence of the dispersive term D and a slight modification in the second
component of the flux, namely, 7 must be replaced by Fp as in (70). We shall
therefore use a numerical scheme based on the finite volume discretization (60),
namely,

(72) (DU = (DU)? — a(Fiy e — Fii)a) + 6057,

where the flux numerical flux F7,, , is still given by (62)-(63) — for the sake of
clarity, we shall denote F instead of Fp throughout this section.

The only thing that remains to be specified is the discretization we shall use for
(DU)}. We use

h o
(OU); = (¢ q) — 203",
where O?q” is the classical centered second order approximation of 92 except in the
interior region where it is equal to zero,

Qj—1—2Q;+Qj+1 ifj<j-—2orj>ji+2

1
73 2Q = —
(73) i@ ag{o ifjo —2<j<jy+2



ON THE DYNAMICS OF FLOATING STRUCTURES 51

This discretization is motivated by Remark 29 that shows that the dispersive term
identically vanishes in the interior region. We also discarded the dispersive term
in the first two cells of the exterior domain in order to avoid the singularity at the
contact line. This means that in these cells, the hydrodynamical model considered
locally is the nonlinear shallow water system, which is still physically relevant but
less precise than the Boussinesq model'?. This strategy consisting in switching
locally in the vicinity of a singularity to a less precise but more robust model is
often used to handle wave-breaking for instance [4]. The following proposition
generalizes to the Boussinesq system the result proved in Proposition 15 for the
nonlinear shallow water equations. We omit the proof.

Proposition 15. Let us consider a floating body in purely vertical motion and
denote by zg the vertical coordinate of its center of mass at time t"™. Let the
discretization of the Boussinesq equations be furnished by (72)-(73) with fluz (62)-
(63) and with the source term provided by (64).

If the initial condition (h°,Q°) satisfies (65), then, for alln € N and j_ < j < ji,
one has hij = hg ;.

Remark 30. In the case of a freely floating object, we follow the same lines as in
§6.2.3 and Remark 27 to find the motion of the solid.

7. NUMERICAL SIMULATIONS

We present here some numerical computations based on the schemes introduced
in Section 6. We first consider in §6.2 the case of the nonlinear shallow water
equations, and then in §7.2 the Boussinesq equations.

7.1. Numerical simulations for the nonlinear shallow water model. Through-
out this section, we shall consider a floating object as in Figure 3. It consists of
the union of a rectangular box of width 2R and height 2R sin(7/3) — R and, at the
lower bottom, of a portion of disk of radius 2R and whose center is located at the
vertical of the middle of the top of the solid, denoted by C'. In all the computations
presented below, we take R = 10m.

For the fluid, we shall always assume that the depth at rest is hg = 15m, that the
density of water is p = 1000kg-m~2, we also take g = 9.81m-s~?2 for the acceleration
of gravity.

7.1.1. The case of a fixed object. We assume here that the floating object is main-
tained fixed, at the location C' = (150, 4.57) (this particular height corresponds to
the equilibrium state for the configuration considered in §7.1.3 below). The fluid is
initially at rest but forced on the left boundary (z = 0) with a periodic incoming
swell of amplitude 1m and period T' = 15s. The solution is represented in Figure 4
at different times.

We represented the solid structure in the first plot, but not in the others, in order
to insist on the fact that we solve the equations on the full computational domain
and that, with our choice of pressure, the surface of the fluid matches at machine
precision the boundary of the solid in the wetted region. There is no need to im-
pose this matching as an extra constraint, consistently with the result stated in
Proposition 3 in the continuous case, and Proposition 14 in the discrete case under

1211 the nonlinear shallow water model, terms of order O(u) are discarded, while only O(u2)
terms are neglected in the Boussinesq model.
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FIGURE 3. Shape of the floating structure

10.1372 12,1157

o 20

o 20

FIGURE 4. A wave arriving on a fixed floating structure. Surface
elevation (full) and discharge (divided by a rescaling factor 5,

dash).

consideration here.
As expected from the conservation of mass equation

8tC + awq =0,

the discharge is constant in space (but not in time) in the wetted region since

0¢:(w = 0 when the solid is fixed.

We can also see that part of the wave is reflected, while the other part, is transmitted
to the other side of the solid; this is of course because the flow is allowed to flow

underneath the solid.
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0.1 33

FIGURE 5. A solid in forced vertical motion. Surface elevation

(full) and discharge (divided by a rescaling factor 5, dash), initial
position (dots).

7.1.2. The case of an object in prescribed vertical motion. We represent in Figure
5 the waves created by the floating object when it is in forced vertical motion. We
took an initial position corresponding to zc = 4.57m, and to an oscillation of 10s
and amplitude 2m.

The discharge is no longer constant in the wetted region since 9;(y is not zero.
Since, for a purely vertical motion, it is a function of time only, the discharge is
linear in space in the wetted region, as observed in the computations.

In order to provide some validation of these computations, we can observe that
owing to Remark 25, the elevation of the water at the contact points zy is given
by

Ty —T—

4./9

with 75(-) as in (59). Since d¢ is in the present case a known function of time, this
formula provides an explicit exact solution for the water elevation at the contact
points. In Table 1, we reproduce the error between the solution computed with

our numerical scheme and this explicit formula (the configuration considered is the
same as in Figure 5, and the error computed corresponds to the L>°-norm of the

Colt,a2) = (7o $a))? = ho,
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O 0.00625 | 0.0125 | 0.0250 | 0.05
Error | 0.00106 | 0.00212 | 0.00423 | 0.00846
TABLE 1. Convergence to the exact solution for a solid in forced motion.

O 0.00625 | 0.0125 | 0.0250 | 0.05
Error | 0.00286 | 0.00556 | 0.0111 | 0.0218
TABLE 2. Convergence to the exact solution in the return to equi-
librium problem.

difference between the exact and computed solutions over one period T' = 10s). As
expected, a first order convergence is observed.

7.1.3. The case of an object freely floating in the vertical direction. We now consider
the case where the solid is freely floating in the vertical direction, as in §6.2.3.
Since the motion of the solid is found through the resolution of Newton’s laws,
it is important to specify here the volumic density ps of the solid. We take here
ps = 0.5p. The mass of the solid is then given by m = ps) where the volume V of
the solid is then given by

V=R*V3+21/3-2).
One also easily computes the vertical coordinate of the point C' at equilibrium,

R . 27
Ceq = 5 (1= %)(\/5+ 5 2%

in the numerical computations presented in this section, an horizontal line on the

floating object marks the contact line at this equilibrium state. In the configuration

considered here, one finds z¢ cq = 4.57m.

The first test performed here and represented in Figure 6 represents the return
to the equilibrium when the solid is initially below its buoyancy line, with an
initial vertical coordinate for the point C' given by zc.cq = 2m. For this problem,
we know from Corollary 1 that the motion of the solid can be found directly by
solving the nonlinear ODE (56). This furnishes a reference solution that we can
use to validate our numerical scheme. As shown in Table 2, there is as expected
a first order convergence of the solution computed through the numerical scheme
presented in §6.2 for the nonlinear shallow water equations in the presence of a
floating structure (the error computed in the table corresponds to the L>-norm of
the difference between the exact and computed positions of the center of mass over
the time interval [0, 10s]).

The second test performed here consists in studying the motion of a solid initially
at equilibrium when a waves arrives. The solid is the same as above and the
incoming wave is obtained by forcing a sinusoidal wave of amplitude 3.5m and
period 20s at the left boundary located at 140m from the left boundary of the solid;
when it arrives at the floating structure, the wave is near to the point of breaking.
The result is represented in Figure 7.
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28

FIGURE 6. Return to equilibrium of a solid initially below its buoy-
ancy line. Surface elevation (full), discharge (divided by a rescaling
factor 5, dash), and initial condition (dots). The horizontal line on
the structure marks the contact line at the equilibrium.

FIGURE 7. A wave arriving on a freely floating structure (nonlinear
shallow water model). Surface elevation (full), initial condition
(dots) and rescaled discharge (dash). The horizontal line on the
structure marks the contact line at the equilibrium.

It is also interesting to know the forces exerted on the solid; let us first recall
that the sum of the vertical component of these forces can be decomposed into four
components
(74)  Feer = —¢0g —ma(0)0c + pg(Ce y 0’ — (&) +Fw (6, da, (9)),

T ——

F ~~
restor :=Fadded ::FD+E
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FIGURE 8. Decomposition of the vertical force Fye (thick solid
line) exerted on the structure, as in (74). Damping-excitation force
Fp g (dash-dot), restoring force Fiestor (dash), force due to added
mass Fuqded (dots) and nonlinear corrections Fyy, (solid).

where we used the same notations as in (55); the component Fiestor is the resulting
restoring force (weight plus Archimedes’ force), while Fyqgeq is the force due to
the added mass effect, Fpig stands for the damping and excitation force, and Fnr,
is the nonlinear correction. The forces exerted on the solid in the configuration
considered just above are represented in Figure 8.

Remark 31. Archimede’s principle states that the upward buoyant force that is
exerted on a body immersed in a fluid is equal to the weight of the fluid that the
body displaces. In the case of a floating object, this quantity is easily computed
when the fluid is at rest, but otherwise not intuitive since in order to compute
the displaced fluid, one would need to know what the free surface would have
been without the solid. In Fiestor We have only taken into account the standard
Archimedes force; the corrections due to the perturbations of the free surface have
been included in the damping/excitation force Fpig.

7.2. Numerical simulations for the Boussinesq model. In absence of any
floating structure, the Boussinesq equations (49) admit in horizontal dimension
d =1 solitary waves of the form

¢ = a[sech(K(z — ct))}z, q=cC

9a gho
K=\———t " and c= |—20 _
1203 +dahg M0 ST HZK?

As a brief illustration of the possibility to implement our approach to nonlinear
dispersive wave models, we show in Figure 9 the numerical simulation of a solitary
wave of amplitude a = 3m arriving on the floating structure initially at equilibrium.
It can be observed that a solitary wave of slightly smaller amplitude is transmitted
on the other side of the solid, and that a small part dispersive trail is reflected. The

with
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FIGURE 9. A solitary wave arriving on a freely floating struc-
ture (Boussinesq model). Surface elevation (full), initial condition
(dots) and rescaled discharge (dash). The horizontal line on the
structure marks the contact line at the equilibrium.

FIGURE 10. Decomposition of the vertical force Fyey (thick solid
line) exerted on the structure, as in (74). Damping-excitation force
Fp.r (dash-dot), restoring force Fiestor (dash), force due to added
mass Fadded (dots) and nonlinear corrections Fyy, (solid).

decomposition of the vertical force exerted on the solid during this experiment is
reproduced in Figure 10.

APPENDIX A. AN ALTERNATIVE EQUATION FOR THE INTERIOR PRESSURE

A.1. Derivation of the equation. We derived in Proposition 3 the elliptic equa-
tion (20) for the interior pressure. If we express the time derivatives of the source
term (coming from the non-hydrostatic acceleration in apg) in terms of the pressure
field using Euler’s equation, one obtains another equation for the interior pressure.
In this alternative equation, the time derivatives of the velocity field have been
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removed from the source term. We recall that U = (V,w) denotes the trace at
the surface of the velocity field, and that the Dirichlet-Neumann operator is as in
Definition 1.

Proposition 16. The surface pressure P in (19) satisfies the following equations

BC = Latm,

LGIE ~ Pan) = =086, + V- (V- (V)Y) = Glel(aC + 51U on (1)
P, = Py on  T(t).

Proof. Using the same notations as in the proof of Proposition 1, one can write
U = Vx P, and @ satisfies the Bernoulli equation which, when evaluated at the
surface, can be written

1 1
O = 000:®|__ +9C + 5|07 = (2~ Parm).

Applying the Dirichlet-Neumann operator to this equation, one gets
1 1
OG[Chw + (IGLC], O — i€0: . ) + Gl g€ + 5 1U°) =~ GIA(L ~ Paom)-

We can now use the shape derivative formula of [32] to get

[G[C], 0]y = G[(] (@C(az(pp:c)) + V- (0V)
so that

OGI + 7 - (0CY) + GLAL (06 + 5/U%) = =2 GICUE — P

Taking the restriction of this identity on the interior region Z(¢) and using the
constraint (7) then yields the result. O

A.2. On the solvability of the interior pressure equation. In the previous
section, we derived an equation for the surface pressure P, namely,

(75) ~GIG(R—Pam) = ~08Gu+ V- (V- (V) ~GLel (96 +51U%)  on Z(0),

We must show that there exists a unique solution P — P,,,, to this equations that
vanishes on the exterior region £(t) and such that its trace on I'(¢) also vanishes.
If this is true, then the interior pressure P; will simply be given by

Pi=Pum+P in ZI(t).

Before proving such a result, we need to introduce some functional spaces. Let us
first define the spaces H'/?(Z) and H'/?(T) as follows.

Definition 5. Let T C R? be a bounded domain with Lipschitz boundary.
i. We denote by H'/2 (Z) the Banach space consisting of the restriction to Z of all
the elements of H'/2(R%), and we endow it with its canonical norm.

ii. We denote by HY/2(T) the set of all f € L2(Z) such that f € H'/2(R?), where
f € L%(R%) stands for the extension of f by zero outside Z, and endowed with the
norm _
|f|ﬁ1/2(1) = |f|H1/2(]Rd)'
We can now state the following proposition for nonlocal elliptic equation of the
kind (75). We recall that the Beppo-Levi space H'/?(R%) is defined in (12).
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Proposition 17. Let (,b € W1(RY) be such that infrga(ho + ¢ —b) > hin > 0.
Let also T C R? be a bounded domain with Lipschitz boundary. Then, for all
F e HY*(T)? and all g € H/?(R?), there exists a unique f € HY/?(T) such that

GIlf=V-F+G[clg on I

Moreover, one has

‘f|H1/2 (R4) < C( |§ b|W1 °°)<|F|H1/2 (7) + Ig‘Hl/Q(Rd))
Remark 32. With the notations of Section 3, one can write
0w = (UG +w X rG) * Ny,

which can be put in divergence form as follows

06 = (= (6w = 26) Vo g (X = Xa) + 5l P —n (G —26) (X — Xo)*).

d
Time differentiating this expression, the term 92¢,, is also in divergence form, and
the right-hand-side of (75) can be put under the form V- F 4+ G[(]g for some F' and

g. If F and g have the required regularity, then the proposition implies that there
exists a unique solution P — Py, € HY2(RY) to (75).

Remark 33. A solution P — Puy € H'Y?2(R?) to (75) clearly solves the first two
equation of the system derived in Proposition 16. Using a standard characteriza-
tion of the H'/?(Z) spaces (see Lemma 1.3.2.6 in [22]), the third one, namely, the
continuity condition P; — Pyt = 0 on T, is satisfied in the following sense

1
P, m|?———dX
LIP30 = PP X < .
where d(X;T') denotes the distance between X and the boundary T" of Z.

Proof. Denoting as usual by 2 C R%*! the domain delimited from above by {z = ¢}
and from below by {z = —hg + b}, let us first define H&I(Q) as the completion
for the canonical norm of H'(Q) of the set of all C*°(Q) functions with support in
QU{z=—ho+b}U{z=((X),X €Z}. The main step is to show that there exists
a unique ® € H&I(Q) such that the following variational identity,

Vo € Hj 7(9), /QVX,Z@-VX,ZW= /IVF%:g +/I(G[<]g)<p|z:<-

By Poincaré inequality, the left-hand side defines a continuous and coercive bilinear
form on H{ 7(€2); moreover, one has ¢ _ € HY2(T), and we know that 0;(1<j<
d) maps H'/2(Z) into the dual of H'/2(Z) (see Remark 1.4.4.7 in [22]); similarly,
we know that G[¢] also maps H'/2(Z) into the dual of H'/2(Z) (Proposition 3.3
n [33]). The right-hand-side of the above variational identity therefore defines a
continuous linear form on H/2(Z), and consequently (by the trace theorem), on
¢ € Hy7(Q). The result follows therefore from Lax-Milgram’s theorem.

It then follows from the definition of the Dirichlet-Neumann operator that f :=
®,_. furnishes a solution to the equation G[¢]f = V - F; the uniqueness of the
solution easily follows from the coercivity property.

Finally, the estimate is obtained upon multiplying the equation by f and using
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Cauchy-Schwarz and the following inequalities ([33], Proposition 3.12), for all ¢ €
(e,

1
(%G[CW) < C(mv ‘va‘W1=°°)|w|ip/2
[P < O 16 blwne) (4, GICJ).

O

A.3. An alternative formulation for the motion of the solid structure.
Proceeding as for Proposition 4 — and with the same notations — but using the
formulation of Proposition 16 for the interior pressure, we can decompose P as

p —pl 4 pll 4 plil
where P! — P,,, P and P! vanish on the exterior domain E(t) and satisfy the
following equations in the interior region Z(t),

~GIAE" ~ Pam) = V- (- (V) = GIC) o + 510°)

1 .
;G[C]PH— = —(Ug+wxrg) Ny
1

;G[C]PHI* = Qlrg](Vh,w),
together with the continuity conditions PiI — Potm = PiII = P{H = 0 on I'(¢). The
force-torque corresponding to P! and P! is then given by

/I( )(PI + PIH - Patm)Nw
t

(76) ( i > -
(P' 4+ P — Py )ra X Ny
Z(t)
In order to exhibit the added mass effect associated to PH, we need to work with

)

different elementary potentials than those introduced in Definition 3 — note that
the existence of these elementary potentials in H'/2(Z) is provided by Proposition
17.

Definition 6. Under the same assumptions and with the same notations as in Def-
inition 3, we define the elementary potentials \IJ(I] ) (j = 1,...,6) as the unique
solutions in H'/?(Z) of the boundary value problems, for j = 1,2, 3,

GV =(N); on T [GIAVET = (x6 x Ny); on T
v =0 vt =o.
We can then give the following alternative equation to the one given in Propo-

sition 6 for the motion of a freely floating body. The proof is a straightforward
adaptation and is omitted.

Proposition 18. Under the same assumptions as in Proposition 6 and with the
same notations, the velocity Ug of the center of mass and the angular velocity w
satisfy the ODE

(M + M, [h, T1]) ( %G ) = ( o ges ) +F,
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with F as in (76) and with the added mass-inertia matriz given by

~(j T (k
Malh, ¥71] := p(/Rd v Gl )>1§j,k§6’

and where we recall that \T/(ZJ) denotes the extension by 0 outside L.

Remark 34. The most important thing to insist on is that the added mass-inertia
matrix M,[h, ¥z] differs from the added mass inertia matrix M,[h, ®7| exhibited
in Proposition 6. This is because some of the components of the resulting force
Flh, ®7](SF 4+ SH1) in Proposition 6 can be put as a (possibly negative) added
mass-inertia term.

Remark 35. One can see the added mass-inertia matrix M,[h, ®z] of Proposition 6
as a shallow water approximation of M,[h, ¥z|. Indeed, it is known that in shallow
water, one has at leading order (see Proposition 3.8 in [2] or §3.6 in [33]),

Gl ~ =V - (hVe)

Replacing G[¢] by this expression in Definition 6, one recovers the same elemen-
tary potentials introduced in Definition 6, and doing the same substitution in the
definition of M,[h, ¥z], one recovers M, [h, ®z].

APPENDIX B. FLOATING STRUCTURE EQUATIONS IN A BODY FRAME

In Proposition 6 we gave a formulation of the water waves equations with a
freely floating body where the equations for the motion of the floating structure
are given in the Eulerian frame € = (Oxyz). Another natural possibility is to use
a system of coordinates moving with the rigid body, whose axis are the principal
axes of inertia of the body, and whose origin is the center of mass. We denote by
B(t) = (G(t)z'y'2") this body frame.

Since both € and the body frame 9(0) at ¢ = 0 are orthogonal, there exists a
rotation matrix ©g € SO(3) sending the unit directional vectors (e;, ey, e,) of
to their counterparts (e?,, e2,7 €%) in B(0). If A and A’ represent the coordinates

of some vector in € and 2B(0) respectively, one has therefore
A= @OA/ and 3(0) = @030@%1 with j() = diag(il, iQ, 13),

the scalars i; (j = 1,2,3) denoting the principal moment of inertia of the solid.
Combining this with (27) and (28), the above relations for the change of frame
become at time t follow

(77 A=0nA and I(t) =0(1)IOMT with O(t) = O(t)O,

(we recall that ©(t) stands for the rotation matrix defined by (28)).
The main advantage in working in the body frame is that the mass-inertia matrix
becomes independent of time; we denote it M,,, with

MO = diag(m, m,m, 11, ig, 13)

For the added mass matrix and the source terms, we also need to replace the
elementary potential ®7 by ®7, where for all 1 < j < 3,

V- hve'YT = (), x NI); on T

o9 — o9 and ,
z I (I),(Iy+3) =0
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(i.e. <I)’I(j+3) is defined using the j-th coordinates of rg X Ny in the body frame
rather than in the inertial frame). The equations of motion for the floating structure
can then be written as follows.

Proposition 19. The equations for the velocity Ug of the center of mass and the
angular velocity w given in Proposition 6 can be replaced by

(Mo + Ma[h, %)) < ff.f > - ( —mge. ) + Flh, ®5](SF + S,

30w><w

Proof. We show how to rewrite the equation (30) for the angular momentum in the
body frame. The adaptations for the equation (29) for the linear momentum are
similar and therefore omitted. Owing to (77), one has

£ (0w) = 4 (E30)
=00, Jow’ + OTow';
with (28), this gives
%(jw) = w x (OJw') + OTow'.
Multiplying (30) on the left by OT, we obtain therefore
Jow' + w' x Jow' = Thuia
with

Téuid :/(Bi - Patm)éT(rG X NW)
A

:/(Bl - R’ltm)r/G X N\:V
z
Using the definition of ®/, and integrating by parts, we therefore have

Thuia € =~ /I V- hVEle T — p [[ (8! + M) - vy

=—p / (Ug + @ x rg) - No@5 U™ 4 (Fln, @7)(S+ S1M)) .,
T

with S, SIT and SM as in Proposition 4. Remarking that

(W xrg) Ny =(rg x NL)-&'
3
=3 v (nvey e a,
k=1

one can conclude the proof as for Proposition 6. O
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NOMENCLATURE

General conventions

d

X = (x,y)

z

\Y%

V= (7ayvaz)T
vX,z

(f)

d

f*

e

fi

Var(f)

A= (An, Ay)
Aj,

A

List of notations

I'(t)

oY)

i

¢

Gw

©

w = (wh,wy)
Q(t)

aps

aNu

A[(]

b

C(t)

E(t)

Fhuia

Flh, ®7]S;
‘%[hrrG]Si

G = (Xg,z2c)
G[d]

h(t, X)

ho

H*(R?), H'(Q)
HY2(T), HY*(T)
Z(t)

3(t)

Horizontal dimension

Horizontal variable if d =2; X =z ifd=1

Vertical variable z

Gradient operator with respect to the horizontal variables
Orthogonal horizontal gradient operator

Full gradient operator

The average part of f, see Notation 5

Horizontal dimension, d = 1,2

The oscillating part of f, see Notation 5

Restriction of the function f to the exterior region £(t)
Restriction of the function f to the interior region Z(t)
The variance of f, see Notation 8

A and A, are the horizontal and vertical components of A
Given by (—Ag, Al) if Ah = (Al, Ag)

The trace of A on the surface of the fluid

Ratio d¢/d, of the time step and cell size
Horizontal projection of the contact line

Elementary potential, see Definition 3

Vectors whose components are the elementary potentials QD(IJ )
Surface elevation

Parametrization of the bottom of the solid
Rotation matrix, see (28)

Unit normal vector to the d-dimensional curve T'(¢)
Angular velocity

Angular velocity in dimension d = 1

Domain occupied by the fluid at time ¢
Acceleration of the free surface, see (18)
Non-hydrostatic accelaration, see (15)

Average mapping, see Prop. 1

z = —hg 4+ b(X) is the bottom parametrization
Domain occupied by the solid at time ¢

Exterior region at time ¢

Force exerted by the fluid on the solid, see (31)
Force-torque generated by S;, see Definition 4
Force-torque generated by S; if d = 1, see §3.2.2
Position of the center of mass

Dirichlet-Neumann operator, see Definition 1
Water depth h = ho + (¢, X) — b(X)

Reference water depth at rest

Beppo-Levi spaces, see (12)

Sobolev spaces on the bounded domain Z, see Definition 5
Interior region at time t

Inertia matrix of the solid, see (27)
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i Inertia coefficient if d =1
m Mass of the solid
M(t) Mass-inertia matrix of the solid, see Definition 4
M, Mass-inertia matrix of the solid when d =1
Mah,rg] Added mass-inertia matrix if d = 1, see §3.2.2
M,lh, @7] Added mass-inertia matrix of the solid, see Definition 4
N Non unit upward normal vector at the surface N = (=V(, 1)
Ny Non unit upward normal vector at the bottom N, = (—Vb, 1)
Ny Non unit upward normal vector on the wetted surface
P Pressure field
BLB}I,B%H Decomposition of the interior pressure, see Prop. 4
Biw Additional pressure for vertical walls, see Prop. 10
Pom Atmospheric pressure (constant)
Pnu Non-hydrostatic pressure, see (11)
Q Horizontal discharge
q Horizontal discharge when d =1
Qlrg] Quadratic source term for the interior pressure, see §3.1
rg Position with respect to the center of mass, see (24)
Rk, Q] Reynolds tensor, see (14)
R[(] Reconstruction mapping, see Prop. 1
U Velocity field for the fluid
Ue = (Ve,we) Velocity field for the solid
Ug = (Va,we) Velocity of the center of mass
U, Velocity of the solid on the wetted surface
U r See §3.1
\% Horizontal component of the velocity field
vV Vertically averaged horizontal velocity, see (13)
w Vertical component of the velocity field
x4 (t) Boundaries of the interior region in dimension d =1
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