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Locomotion of deformable bodies in an ideal fluid:
Newtonian versus Lagrangian formalisms

Alexandre Munnier*

February 17, 2009

Abstract

This paper is concerned with comparing Newtonian and Lagrangian meth-
ods in Mechanics for determining the governing equations of motion (usually
called Euler-Lagrange equations) for a collection of deformable bodies im-
mersed in an incompressible, inviscid fluid whose flow is irrotational. The
bodies can modify their shapes under the action of inner forces and torques
and are endowed with thrusters, what means that they can generate fluid jets
by sucking and blowing out fluid through some localized parts of their bound-
aries. These capabilities may allow them to propel and steer themselves.

Our first contribution is to prove that under smoothness assumptions on
the fluid-bodies interface, Newtonian and Lagrangian formalisms yield the
same equations of motion. However and rather surprisingly this is no longer
true for nonsmooth shaped bodies.

The second novelty brought in in this paper is to treat for the first time
a broad spectrum of problems in which several bodies undergoing any kind
of deformation can be involved and to display the Euler-Lagrange equations
under a form convenient to study locomotion and to perform numerical simu-
lations.

These equations have been used to develop a Matlab toolbox (Biohydrody-
namics Toolbox) that allows to study animal locomotion in a fluid or merely
the motion of submerged rigid solids. Examples of such simulations are given
in this paper.

Keywords and Phrases: Biodynamics, ideal fluid, Lagrangian and Newtonian
Mechanics, PDE-ODE coupled system, shape sensitivity analysis.
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1 Introduction

1.1 History

In the last decade, significant efforts have been done by mathematicians in studying
problems relating to the general theme of locomotion in a fluid by shape-changing
bodies [20, 51 8 19} 13}, 16} B3], 17, 28], (15l 25| 27]; see also [30] for an interesting survey
on this topic and further references. The underlying motivation of these works is
to better understand the impressive swimming capabilities evolved by fishes and
aquatic mammals.

Experiments have shown that the vortices generated by the tail of fishes play a
crucial role to understand their locomotion and some models incorporate artificially
vortices [24, [34] BI]. If we do not neglect the viscosity effects, the relevant model



consists in the non stationary Navier-Stokes equations for the fluid coupled with
Newton’s laws for the fish-like swimming object. This perspective is the one adopted
in [, 22, [7], 29].

Nevertheless, among numerous mathematical articles studying fish locomotion,
most of them address the case of a potential flow which is by definition vortex-free.
It is the point of view we have chosen in what follows and on which we focus from
now on.

1.2 Newtonian versus Lagrangian formalims

Among all of the papers referenced above, one can essentially find two methods to
derive the governing equations of motion for the fish-like swimming bodies: either
authors invoke Newton’s laws (and use Newtonian formalism) or they apply Hamil-
ton’s principle (and use Lagrangian formalism). Let us describe succinctly these
two approaches.

Classical Mechanics

With Newtonian formalism, the dynamics of the fluid and the dynamics of the
bodies are in a first time treated separately and next coupled.

Each body is handled as an independent mechanical system subject to exterior
hydrodynamic forces and torques expressed by means of the fluid stress tensor.
Newton’s laws for linear and angular momenta apply and yield a system of ordinary
differential equations (ODE’s) whose unknowns are the degrees of freedom of the
bodies. The dynamics of the perfect fluid, for its part, is driven by Euler’s equations.

The coupling between bodies and fluid is realized not only through the hydrody-
namic forces but also through kinematic constraints. Indeed, the region occupied by
the fluid as well as its velocity along the bodies’ boundaries depend on the locations
and velocities of the bodies.

With this approach and in term of complexity, it does not matter whether the
fluid is confined or not or how many the submerged bodies are.

Analytic Mechanics

Governing equations of motion can also be obtained by applying Hamilton’s prin-
ciple to the system fluid-bodies in its entirety. This idea goes back to the works of
Thomson, Tait and Kirchhoff. In the book [I8, chap. VI, page 160], Sir H. Lamb
explains that: The cardinal feature of the methods followed by these writers consists
in this, that the solids and the fluid are treated as forming together one dynamical
system, and thus the troublesome calculation of the effect of the fluid pressures on
the surfaces of the solids is avoided.

With this approach, on the contrary to what happens with Newtonian formalism,
the more bodies are involved, the more involved is the problem.

Indeed, once the Lagrangian function of the system has been set, the derivation
of the equations of motion requires it to be differentiated with respect to the so-
called generalized coordinates corresponding to the degrees of freedom of the system.
Obviously, more bodies means also more degrees of freedom. Within this process,
one usually needs to differentiate the solution of an initial/boundary value problem
(namely, equations of Fluid Dynamics) with respect to parameters relating to the
geometry of the fluid’s domain (i.e. to compute shape derivatives). Although quite
involved, this task can be carried out using classical tools of shape optimization
[26] 27].

Notice however that this difficulty can be overcame when the following restrictive
hypotheses hold, what is assumed in most of the papers:



H1) There is only one body in the fluid.
H2
H3

H4

The overall system body-fluid fills the whole space.
The body is neutrally buoyant.

(H1)
(H2)
(H3)
(H4)

The system body-fluid is at rest at time ¢t = 0.

The method to obtain the Euler-Lagrange equations in this case is sketched in
Subsection [I.6] An other way to avoid the shape-derivative difficulty consists in
replacing (H1) by:

(H1") The dynamics of the immersed bodies are hydrodynamically decoupled,

which means that each body is handled as if being alone in the fluid. It can be
relevant when the immersed bodies are very far one from the others but is not any
longer when they are close as shown in Section

Equivalence between both formalisms?

It is classical for monogenic mechanical systems (i.e. systems having forces which
derive from a potential) involving both holonomic and nonholonomic constraints,
that either Newton’s laws or D’Alembert’s (or Hamilton’s) principle suffice in pro-
viding Euler-Lagrange governing equations of motion [3| §13 pages 64-67] (or [I1}
§2.3 pages 44-45]). More recently, the equivalence has been also shown for multibody
systems in [32]. However, to our knowledge, this problem has not be investigated so
far for more complex systems like the coupled fluid-structure systems we are dealing
with.

1.3 Main results

In this article, we consider a set of submerged deformable bodies, not necessarily
neutrally buoyant, self-propelled partly by shape-changes and partly by thrusters,
inside a potential fluid flow. The system fluid-bodies occupies either a bounded,
partially bounded or unbounded domain of RY (N = 2,3). Shape-changes as well
as the running of the thrusters are assigned as functions of time and generically
termed controls. We denote by F the domain of the fluid, by B the domain of the
n bodies and we denote:

e (SN) the system of coupled equations in which the dynamic of the fluid is
governed by Euler’s equations and the dynamics of the bodies by Newton’s
laws.

e (SL) the system of equations obtained by applying Hamilton’s principle to the
Lagrangian function of the overall system fluid-bodies.

We say that both systems are equivalent if each one can be deduced from the other.
We shall prove:

Theorem 1.1 If the boundary of the fluid domain is smooth enough and the thrusters
inactive then (SN) and (SL) are equivalent.

The smoothness assumption is fundamental. Indeed, consider the simplest case in
which a rigid solid is alone in a fluid of infinite extend. Denoting by T the stress
tensor of the fluid and by n the unitary vector normal to 0B directed toward the
interior of the solid, then the net hydrodynamic forces exerted by the fluid on the

solid is:
/ Tndo.
B

We claim that:



Theorem 1.2 There ezists a nonsmooth-shaped rigid solid for which:

e The Lagrangian function of the system fluid-solid and next (SL) are well de-
fined and lead to d’Alembert’s paradox (the solid moves along a straight line
with constant velocity).

e For the motion obtained above |Tn| ¢ LY(0B). Therefore, Newton’s law for
the solid’s linear momentum fails to apply and (SN) cannot be written.

Going back to the general smooth case, we denote by c the controls variable (i.e.
the variable controlling the shapes of the bodies and the running of the thrusters)
and by q the generalized variable (which corresponds to the degrees of freedom of
the system fluid-bodies, the unknowns of our problem). We will show that for any
given smooth function ¢ — c(t), the Euler-Lagrange equation of motion takes the

form: 4oL OL
——— -~ =TF! (1.1)
dt 0q 0Oq
where L = L(q, q,c, ¢) is the Lagrangian function and F¢ a generalized force due to
the work of the trusters. We will show that, once expanded, equation (L.1)) turns

into a second order non-linear ODE in q:
Mq: F(q7 q,C,C,C), (12)

and we will compute explicitly the mass matrix M and the Christoffel symbol T" to
end up with an expression which involves only data of the problem on 9B.

1.4 Numerical simulations

Equation (1.2)) is the core of the Biohydrodynamics Matlab Toolbox (BhT). BhT is
free, distributed under licence GNU GPL. A complete description of the toolbox is
available on its home page:

http://bht.gforge.inria.fr/

In Section [7] we use it to perform numerical simulations. We show how two rigid
moving solids deeply interact in a fluid when they are close what proves that the
hydrodynamically decoupled bodies assumption is not always relevant. Further, we
illustrate how BhT allows to study in terms of power and torques the forward motion
of a pair of fish-like swimming articulated rigid bodies.

1.5 Organization of the paper

In the next subsection, we recall the method described for instance in [I5] to derive
the Euler-Lagrange equations of motion under hypotheses (H1-4) listed in Subsec-
tion

Section [2]is devoted to the setting of the general problem: topological and geo-
metrical data are made precise, shape-changes and thrusters actuations are properly
described as well as the configuration and phase spaces.

In Section[3] we use Lagrangian formalism to obtain formally the Euler-Lagrange
equations. For this purpose, we compute the energy of the system and introduce
the definitions of allowable controls and Lagrangian solution for the self-propelled
motion problem.

In Section [4] we use Newton’s laws to get the Euler-Lagrange equations. We
end up with a system of coupled equations (some of them being PDE’s and other
ODE’s). We define symmetrically to what has been done in the preceding section
what is a Newtonian solution for the self-propelled motion problem.


http://bht.gforge.inria.fr/

Newtonian and Lagrangian solutions are next compared in Section [5| distin-
guishing between models with and without thrusters. The section ends up with a
counterexample of a nonsmooth-shaped solid for which Newtonian formalism fails
in providing the equations of motion whereas they can be obtained with Lagrangian
approach.

In Section [6 we consider back the formal equations obtained at the end of
Section [3] and we expand it in the form of a system of second order ODE’s whose
unknowns are the degrees of freedom of the system fluid-bodies.

These ODE’s are used in the core of BhT which is used in Section [7] to perform
numerical simulations: in a first subsection, we illustrate how distant moving rigid
solids interact in a fluid and a in the second subsection we study a pair of fish-like
swimming articulated rigid bodies.

The appendix contains technical results.

1.6 A particular case

In this section only, let us assume that:

(H1) There is only one body in the fluid.

(H2) The overall system body-fluid fills the whole space (identified with R3).
(H3) The body is neutrally buoyant.

(H4) The system body-fluid is at rest at time ¢t = 0.

The shape of the body is described in a moving frame R s attached to the body by
a so-called shape variable s.

The location of Rj; with respect to a Galilean fixed frame is given by g € G :=
SE(3) (the Euclidian group) and its velocity (expressed in Rjs) by a pair (£2,v),
where v is the translational velocity and Q the angular velocity (we use the same
notation as in [23], chap 15] we refer to for details).

Because of (H3), the Lagrangian of the system fluid-body is merely equal to the
kinetic energy:

1 Q
L:= §(Q,v,s)M(S) v |,
S
where M(s) is the mass matriz of the system (see e.g. [24] [15] 27]).

The fundamental point is that under assumptions (H1-3), the mass matrix de-
pends on s only. It is a consequence of the isotropy of the configuration (as seen by
an observer attached to the body, all of the positions and directions in the fluid are
equivalent). In [I5], this idea is expressed by saying that the Lagrangian is invariant
under superimposed Tigid motion.

The mass matrix is symmetric (as being the polarization of a quadratic form)
and can be displayed into the following bloc form:

_ [M(s) N(s)
M(S) - |:NT(S) P(S) ’
so that the Lagrangian can be expanded:
1

L= (€, v)M'(s) <{Iz> + (Q, v)N(s)s + %STIP(S)S

Following [I8], we introduce the angular and translational impulses:

() = (2)



as well as the impulses related to the deformations:

@) — N(s)s.

For any pair (g, ¢) of TG (the tangent bundle of G), we denote (q, q) its coordinates
in a chart U x FE and (§2, v) stand for the related angular and translational velocities.
We compute that:

do () .. 0 () .. O x N Vet € B
dtogq \ v .qiaiq v) P T @ xv-Qxv)’ 4 €r

where the pair (Q2*,v*) corresponds to the coordinates (q,q*). We next easily
obtain that:

doL ., OL .,

%%.q oq
dt<P+L>'(V*>+<P+L>'(n*xv—ﬂxv*)’ Vg € E.

Since the Euler-Lagrange equations of motion are (see e.g. [23] Theorem 7.3.3 page
187]):

d OL oL
S g - =g =0, V' €E
dt 94 q aq q ) q €k,
we get:
d
a(l‘[%—A):(l’[—i—A)><Q+(P—1—L)><v7
%(P+L):(P+L)><Q.

Under assumption (H4), this system can be integrated to obtain:
II+ A\ 0
P+L) 7

(“) — _(M(s)"'N(s)s.

A%

what leads to:

This expression is the one obtained in [I5]. It is very convenient to study the motion
of the shape-changing body since it gives the velocity with respect to the shape
variable. Nevertheless getting the FEuler-Lagrange equations under such a simple
form rests deeply on assumptions (H1-4) which ensure the isotropy (or symmetry
using formalism of [23]) of the configuration. This isotropy is broken when either:

e the fluid is partially or totally bounded,
e there is several bodies in the fluid,
e or the body is not neutrally buoyant.

In such cases, the mass matrix depends also on q turning out the problem in a much
more involved one. All of these cases are addressed in this article.



2 Setting of the problem

2.1 Topological and geometrical data

Let (eq,...,en) denote a reference Galilean frame by which we identify the physical
space to RN (N = 2 or 3). At any time ¢ > 0 we denote by B := U™, B; the open
region of RY occupied by the n deformable bodies (n € N, n > 1) and by F the
domain of the surrounding fluid which is assumed to be also open and connected.
The set M, independent of time, is next defined as the disjoint union:

M:=B,U...UB,UF.

The boundary 9F of the fluid is assumed to be a lipschitz continuous surface (N = 3)
or curve (N = 2). This regularity allows one to define almost everywhere on OF
the unitary normal directed towards the exterior of the fluid:

n:oF — SN

where SN~ stands for the unitary sphere of R¥.
In the sequel, the exterior boundary OF \ OB is assumed to be bounded (so the
fluid domain is either bounded or an exterior domain).

2.2 Kinematics of the shape-changing bodies
Systems of coordinates

The coordinates in the frame (e;) are denoted with lowercase letters x = (z1,...,2n)
and are commonly called the spatial coordinates (see [23], chap 15]).

The material coordinates of the i-th body, denoted X = (X1, ..., Xy), are given
relatively to an orthogonal frame (Ei, ..., E4;) whose origin is chosen to be at the
center of mass of the body at time ¢ = 0. In this frame and at time ¢ = 0, the i-th
body occupies the domain BY (usually termed reference configuration).

Attached to the i-th body, we define also a moving frame (el*,...,e%). We
choose it such that its origin coincides at any time with the center of mass of the
body and we denote by x* = (z7,...,z}) the related so-called body coordinates. In
this frame and at any time the body occupies the region B;.

We can assume in addition that at time ¢ = 0, (E}) = (e/*) and hence that

J
Br = BY (see figure .

Shape space

The deformation of the i-th body is described with respect to the body-fixed frame
(eg»*) by a diffeomorphism ¢; : B? — B} of class C™ (m € N, m > 1) equal to the
identity outside a large ball B; (see figure . We denote by D; the set consisting of
all such diffeomorphisms. It is thoroughly described in Apppendix, Section [A] We
have therefore with our notation:

x* = ¢;(X).
Let D¢; stands for the Jacobian matrix of ¢; and denote J¢; := | det D¢;|. Then
the related volume elements satisfy the identity:

dx* = J;(X)dX.

Likewise, the surface elements do* and do® of B* and 9B respectively are linked
by the formula:
do* (x*) = Jo6:(X)do?(X),



Figure 1: Reference configuration BY and domain of the deformed body Bj :=

¢i(BY).

where J,¢; := |(D¢;)~T'n|J¢; is the tangential Jacobian.
The density p; of the deformed i-th body is deduced from the given density p?
of the body at time t = 0 by the conservation-of-mass principle:

P =p(¢; ). (2.1)

We denote then
dm{ := p%dX,

the element of mass in B? and likewise:
dm] = p;dx*,

is the element of mass in B;. Since we assume that the deformations are due to
inner forces and torques only, Newton’s laws ensure that the center of mass and
the angular momentum of the body with respect to its attached frame (e}*)
remain unchanged when it undergoes shape-changes. We get:

/ x*dm] = Xdm? =0,
B; B?
which can be rewritten, upon a change of variables and taking into account (2.1)):
#:(X) dm{ = 0. (2.2a)
5
Differentiating with respect to time, we get:

bidm? =0, (2.2b)
or equivalently:
bi(d; ) dmy = 0.

i

The same arguments yield for the angular momentum:



Figure 2: The fixed frame (e;) and the moving frame (ei*

J
domain of the body is B; := R;¢;(B?) +r;.

) with e%* = R;E.. The

e When N = 3:
¢i X ¢;dm; =0, (2.2¢)
B?
or equivalently:
¢i(07 ") x x"dm; =0
B}
o When N =2:
i - ¢ dm) =0, (2.2d)
5!
or equivalently:
di(e7 ") - x"Hdm; =0,
B;
where x1 1= (—xq, 1) for all x = (21, 72) € R%
It will be made clear later on that in the following cases:
(C1) when N = 2, for bounded and unbounded domains F,
(C2) for bounded F only when N = 3,
we must have in addition:
V- ¢ dx* = bi(o;7 1) -ndo* =0, (2.2¢)

B: OB

expressing the conservation of the overall volume of the fluid.

10



Rigid motion

As already mentioned, G := SE(N) stands for the rigid body group (or Euclidian
group). The elements g € G consists of pairs (R,r) where R € SO(N) is a rotation
matrix and r € RY. They would sometimes be identified with the matrix:

(R r
g_01a

and for any vector x = (z1,...,zn5)7 € RY, we denote

(=G D6 &

In particular we will made no difference in the notation between the pair (R,r) and
the associated isometry of RYV defined by (2.3). At any time and for anyi = 1,...,n,
there exists g; = (R;,r;) € SE(N) such that

i i
ej = RiE]’7

and r; gives the location of the center of mass of the i-th body (see figure . With
our notation:
x = g;x",

and B; = ¢;(BF). We deduce, since Jg; = 1 and J,g; = 1, that:
dx = dx*,

and
do = do*.

With evident notation we can define the density of the i-th body by:
pi(x) == pj (x7),
and the element of mass by:

dm; = p;dx.

Velocities of the bodies
According to the relation:
x = gi¢i(X),
we deduce that the Fulerian velocity at a point x of B; is:
vi(x) = Gig; 'x + Rigi (7 (97 %)),

where g; := (Ri, ), (95, Gi) € TG and (¢, ¢Z) € S;. Classically, we define the vector
w; (when N = 3) or the scalar w; (when N = 2) by:

RiRlTx _Jwi xlx when N = 3,
w; X when N = 2,

and we get for all x € B;:

. ) hen N —
1X:{wzx(x r;)+1; when 3, (2.42)

wi (x =)t + 1 when N = 2.

11



We can rewrite the Eulerian velocity:

vi(x) = {(wz X (x —13) +E:) + Rigs(¢; (97 'x))  when N =3, 25)

(wi (x — 1) + 1) + Ridi (07 (g, %)) when N = 2.
The body (or convective) velocity reads, for all x* € B;:

(x) (i x x* 4+ RT#) + ¢i(¢; 1 (x*))  when N = 3,
v (Qix*t + RT#) + di(6; (%)) when N = 2,

where

Q, = RiTwi when N = 3,
Q; = w; when N = 2.

Observe that v; is given in the fixed basis (e;) whereas v* is given in the body-
attached basis (e").

2.3 Thrusters

The running of the thrusters of the i-th body is described by a function v; €
H='/2(0BY) (the dual of the Sobolev space H'/2(0BY) defined for instance in [21]
§7.3 pages 38-42]). The function v; stands for the normal component of the velocity
of the fluid blown out by the thrusters. It must satisfies in cases (C1-2) only:

Vi, V172008, xm1/2(08;) = 0- (2.6)

When v; is more regular, namely in L%(9B;), this condition turns into:

/ v;do = 0. (2.7)
aB;

The running of the thrusters can equivalently be defined by a function v? € H=/2(0BY)
such that, in the cases (C1-2) mentioned above only:

(V036 0is 1) -12(080) x 11 /2(080) = 0.
Both functions v; and 1 are linked through the identity:

vi(x) = V?(X).

2.4 Configuration and phase spaces
The configuration space

The fluid is assumed to be incompressible and inviscid. We denote py > 0 its
constant density and we set:
dmy = pypdx,

the element of mass.

The classical configuration space for such a fluid is the set Diffyo(Fp, F) of
the smooth, volume-preserving diffeormorphisms from F, onto F. Notice that this
space depends on F and hence on all of the elements ¢; and g;. Thus, the fluid
cannot be described independently of the shapes and positions of the bodies.

We deduce that the configuration space @ of the system fluid-bodies is the set
of all the triplets (¢, g,n) such that:

12



1. ¢:=(P1,.-.,0n) € D1x...XDy, 8 :=(g1,--.,9n) € G* and n € Diff,1(Fo, F).
2. For any pair of indices (¢, j) such that i # j:
B N Bj := g:i¢s(B)) N g;0,(BY)
- —0
Bin (RY\ M) := g;¢0:(B;) N (RN \ M)

=,
= 0.

The latter condition means that the bodies are not allowed to touch or overlap each
other or to go out of M.
The phase space
For any (¢, 8,7, ¢,8.7) € TQ, we denote
1

u:=non -, (2.8a)

the Eulerian velocity of the fluid. The slip boundary condition for inviscid fluid
yields:

u-n=v; -n+y; on db;, (2.8b)
u-n=0onJdF\IB, (2.8¢)
where v; is defined by (2.5).

Definition 1 The phase space P consists of all the septuplets (¢,g,n,¢,g,ﬁ,u)
such that:

1. (¢.8.n,¢,8,1) € TQ.

2. vi=(vi,...,vn) € HY2(0By) x ... x H Y/2(9B,,).
3. For any index ¢, conditions hold.

4. For any index ¢, condition holds.

. Identities hold.

The phase space is a vector bundle whose base space is () and related projection
mq is defined by:

(V21

7TQ(¢’ g’ 777 (’b, g7 ’r.]’ V) = (¢’ g’ 77)'

Potential flow, modified configuration and phase space

We seek the Eulerian velocity of the fluid as the gradient of a potential function 1:
w:=Vy in F. (2.9)
The incompressibility of the fluid entails V - u = 0 and hence:
A =0in F. (2.10a)

The boundary conditions (2.8)) lead to Neumann boundary conditions for ¢, which
read:
On = v; -n+v; on 9B;, (2.10b)

with the convention that 9,9 = 0 on unspecified boundaries. When (C1-2) hold,
we have to add a condition to ensure the uniqueness of ¢, namely:

/ ¢do = 0. (2.10c)
0

F\OB
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Boundary value problem is well-posed, as detailed in Appendix, Section [D}
Therein, it is also explained where conditions (C1-2) come from.

The fluid has no own degree of freedom left because v is completely determined
by System . The element 7 can be canceled in the definition of the configu-
ration space () and the definition of the phase space can be simplified as follows:

Definition 2 The phase space P in the case of a potential flow consists of all the
quintuplets p := (¢, g, ¢, g, ) such that:

L (¢.g, ¢.8) € TQ.
2. vi=(v1,...,vp) € HY2(0B)) x ... x H Y2(dB,).

w

. For any index i, conditions (2.2 hold.

=~

. For any index i, condition (2.6 holds.

The projection mg must be modified accordingly.

3 Lagrangian description

3.1 Mass and inertia tensors

We denote by m; > 0 the mass of the i-th body while its inertia tensor in the
moving basis (e?*) reads, when N = 3:

J
Ir:= / Ix*|’Id — x* ® x* dmj,
B;
or equivalently upon a change of variables:

I = / 16:(X) PId — 64(X) ® ¢5(X) dm?.
B

It can also be expressed with respect to the fixed frame (e;):

I, = R,I;RT.

I = /B* |x"‘\2dm;’k7

jo. / 16:(X)|2 dm?.
BY

When N = 2 it is a scalar:

or equivalently:

3.2 Kinetic and potential energies

Due to relations (2.2)), the kinetic energy of the i-th body is, when N = 3:
y Lo 1 . 1 =1 1Ny |2
Ky = omilti|" + 5 - Qs + 5 | [Rigi(¢; (g; x))|” dmi,
2 2 2 /s
and when N = 2:

1 ) 1 1 S 1, —
KYim g+ S0P E+ 5 [ (R0 (07 ) P dm,
Bi
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the last term being the kinetic energy of deformation. It can be rewritten:
1 D=1 —1 N2 1 i 2 1,0
5 [ 1RGi67 7 XD P dmi = 5 [ 16:(X) dm?.

B; B?

We denote

K:=> K,

the overall kinetic energy of the bodies. Setting the potential gravity function
G(x) = —gzn,

(where g stands here for the standard gravity), and by virtue of Archimedes’ prin-
ciple, the potential energy associated with the buoyant force is, for the i-th body:

P = 7/8 G(x)(p; — py) dx, (3.1a)

i

or, upon a change of variables:
P - /B Glgix) (o} — ps) x (3.1b)

The overall potential energy related to the buoyant force is:
P = Z P,
i

At last, the kinetic energy of the fluid is:

1 1
K i g [ amg =5 [ (vufam;.

and the Lagrangian function, defined on the phase space P reads:

L:=K'+K'-P (3.2)

3.3 Euler-Lagrange equations of motion of the self-propelled
motion problem

As already mentioned, shape-changes and thrusters actuation are referred to as
controls.

Definition 3 (Allowable controls) We call allowable controls, any pair (¢(t), v(t))
of smooth functions that satisfy, for all ¢:

1. ¢(t) = (¢1(t), . ,¢n(t)) €Dy x...x Dy,
2 w(t) = (1 (t),. .., vn(t)) € H-Y2(B)) x ... x H-V2(0B,),

L d
3. For any index ¢, conditions (2.2)) hold with ¢ = d—(f,

4. For any index ¢, condition ({2.6)) holds.

A compatibility condition for the initial positions and velocities of the bodies is also
needed for the problem to be well-posed.

15



Definition 4 A pair (go, go) € T'G™ is said satisfying the compatibility condition
at a given time tg relatively to a pair of allowable controls (¢(t),v(t)) when

((to): 80 2 (t0), 80, v (t0)) € P. (3.3)

dt
Consider now the projection 7wprgn : P — TG"™, defined by:

mran (P) = (8,8)-
Let U x E be:
e a local chart of TG™ in a neighborhood of (gg, o),

e included in the image by mrgn of a local chart of the phase space P nearby
an element po = (¢, 8o, o, &o, Vo)

We denote (q,q) the variables in U x E and 0L/0q and OL/0q are the related
partial derivatives of L.

Definition 5 (Lagrangian solution) We call Lagrangian solution of the self-
propelled motion problem with given allowable controls (¢(t),v(t)) and initial data
(80, 80) satisfying the compatibility condition , any twice continuously differ-
entiable function ¢ — g(t) € G™ defined in a neighborhood of ¢y and such that:

d .
1. g(to) = go and d—%(to) = go.
2. The coordinates of (g, g) are (q,q).

3. For all t nearby to, (q,q) solve the EDO:

oL

d“@wy¢—%@m»¢=www»¢,v¢eﬂ (3.4)

dt 9¢
where

(1) = (6(0). 8(0), 2 (1), "B (1) w(1)),

and F! stands for generalized forces induced by the thrusters actuation.

Since the actuation of the thrusters has been modeled as non-holonomic constraints
(namely as constraints on the velocity of the fluid), the Lagangian formulation
required the use of generalized forces (see for instance [11 §2.4 pages 45-50]). The
expression of these forces will be given later on, in Proposition |5.1

4 Newtonian description

We assume that the fluid flow is driven by Euler’s equations. In such a fluid, the
stress tensor is

T :=(—p+ psG)Id, (4.1a)

where p stands for the pressure of the fluid. Remind that we have denoted by u
the Eulerian velocity of the fluid and by py its constant density. The equations of
motion read:

d
pfau:V'T in F, (4.1b)
V.ou=0  inF, (4.1¢)
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where

%u =0+ (u-V)u, (4.1d)

is the particular derivative. We add the already mentioned slip boundary condition
for inviscid fluid:
u-n=v,-n+vy; ondBb;, (4.1e)
u-n=20 on OF \ 0B, (4.1f)

where v; is the velocity of the i-th body defined by (2.5).
Newton’s laws apply to the bodies and yield:

d ,
a(mim) =— /aB Tndo — g(m; —mf)es, (4.2a)
d | oy
ﬁ(ﬂiwi) = —/ (x —r;) x Tndo + gmY(r} —r;) x e3 when N =3, (4.2b)
oB;
d o
a(liwi) = —/ (x —r;)t - Tndo + gm’y (v — r;)t ey when N =2, (4.2¢)
oB;
where
7n}::]2<hnﬁ (4.2d)
rl = L/ xdm (4.2¢)
f = mlf 5, f .

We add initial conditions for the bodies and the fluid:

u(0) = ug, g(0) = go, &(0) = go, (4.3)

with (g0, &o) satisfying the compatibility condition (3.3). The system of equations
(4.1), (4.2) and (4.3 allows to described thoroughly the self-propelled motion of

the bodies.

Potential flow

Seeking now the Eulerian velocity of the fluid as the gradient of a potential function,
u= Vi,

System (4.1)) must be replaced by (2.10). The pressure (and hence also the stress
tensor T) is obtained by means of Bernoulli’s formula:

|vw|2>
2 7

P =Dpo—ps (&df + (4.4)
where pg is constant in F (but depends on time). As with the Lagrangian approach,
the fluid has no own degree of freedom left. In particular, the initial data for the
fluid in (4.3) must be canceled.

Definition 6 (Newtonian solution) We call Newtonian solution of the self-propelled
problem with allowable given controls (¢(t), v(t)) and compatible initial data (gg, &o),
any continuously differentiable function t — g(t) = (g1(t),...,gn(t)) € G™ defined

in a neighborhood of ¢y and such that:

d )
1. g(to) = go and d—%(to) = go.

2. All of the pairs (w;,T;) associated with (g;, ;) := (gi,dg;/dt) by relations
(2.4) solve the system of coupled equations made up of (2.10)), (4.1a]), (2.5),
(12) and (53).
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5 Newtonian versus Lagrangian modeling

This section is concerned with comparing Lagrangian solutions of Definition [5] with
Newtonian solutions of Definition [fl Remind that the thrusters have been modeled
as non-holonomic constraints on the system fluid-bodies (more precisely as con-
straints on the velocity of the fluid). For such constraints and within Lagrangian
formalism, the use of generalized forces is required. Generally, the expression of such
forces is not easy to determine. To avoid this difficulty, we shall assume in a first
time that there is no thruster and show that Lagrangian solutions and Newtonian
solutions match. In a second time, we will use the Newtonian approach to derive
the expression of the generalized forces induced by the thrusters in the Lagrangian
model.

5.1 Equivalence for the model without thruster

In this subsection only, we assume that v = 0.

Theorem 5.1 Assume that OF is of class CY''. Then Newtonian solutions of
Deﬁnitz’on@ and Lagrangian solutions of Definition @ (with F* = 0) match.

The proof of this theorem rests on a set of lemma. Remind that ¢ is the potential
of the fluid defined by (2.10) and define, for all p € P the mapping A, € H'(RY)’
(the dual of the Sobolev space H(RY)) by:

Ap(9) ;:/fw-wdmf, Vo € HY(RV). (5.1)

Let U x E be the chart of TG™ already defined earlier, above Definition [5| Using
the same notation as therein we claim:

Lemma 5.1 Under the hypothesis of Theorem[5.1] and for any smooth function

d¢ dg
t— p(t) = -, == P
p(t) = (¢.8 o V) €D,
we have: 4 oA BA
Pog——2-q=0in H'RY), Vg €E.

dt 0q a 0q
Proof: We give the proof for N = 3, the case N = 2 being similar.

We denote (g,g) and (g,g*) the elements of TG™ of coordinates (q,q) and
(9, q*) respectively. We associate to (g, &) and (g, &*) the pairs (w;, r;) and (w}, r;")
like in . Likewise, to any p := (¢, g, ¢, &) € P, we associate the velocity fields
v; defined on 93; by .

All of the coordinates being fixed but ¢, the mapping q € E — ¢ € H(F) is
linear (because q — Ont is). We deduce that the function ¢* := (0¢/0q)-q* is har-
monic in F and satisfies the following Neumann boundary conditions (homogeneous
on unspecified boundaries):

O™ = (W} X (x —1;) + 1) -n on IB;.

Invoking Reynolds’s formula and next Green’s formula (see (E.8) in the Appendix),
we deduce that:

(%qu q) (¢) = /f Vi T dimy (5.22)

- Z/%@(wf X (X —15) + 1) - nday. (5.2b)
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On the other hand, we have also, according to Reynolds’s formula again:

;‘q </ @dmf> q —Z/ X (x —r;) +17) - ndoy,

which leads to: oA 5
P % o *
_ q [ Jpe— dm > . q .
( oq ) (#) dq </]-'(p d

Differentiating with respect to ¢ this identity and exchanging both derivatives in
the right hand side, it comes:

(G )@= gt ([oam) o

Reynolds’s formula yields:

i ([opins) =3 [, v
_ /6 _eOuday. (5.3)

It remains to apply Green’s formula once more time to the right hand side:

jt(/ <Pdmf> [ vevodm; = ane)

and we get the conclusion of the lemma. H

The proof is based on the extensive use of both Green’s and Reynolds’s formula.
These formula required the domain F to be smooth enough (Lipschitz continuous for
Green’s formula and C"! i.e. continuously differentiable with Lipschitz continuous
derivative for Reynolds’s formula).

We use this lemma to prove:

Lemma 5.2 Under the hypotheses of Lemma[5.1], we have, for all ¢* € E:

d oK/ V|2 . .
%aq a4 a4 _Z/ <6¢+ )(wiX(X—I‘i)+ri)~ndaf.
Proof: From the identity:
1
Kf = §Ap(¢)7

we deduce that, for all q* € F:

Polt) 1L (2

vt 2 )+ 3Ap(07),

According to ([5.2al), both terms in the right hand side are equal. We obtain therefore
after some algebra:

d oK' ., OKS _, dohp .. 0N ., OAp .,
iog ¥ g 9 (dt oq 4 0 q>(w)+<8q~q>(5tw)

1 /0A, ., 1 i
+2<(9(;)'(1>(1/’)—2Ap(1/) )s
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where we have defined:
w’r - % . a*
= 9q q*.
Lemma [5.1] tells us that the first term in the right hand side vanishes and according
to @ the second one can be rewritten as:

OAp ., . .
(6(; -q ) (O)) = ; aBiatw(wi X (x —r;) + 1) -ndoy.

Going back to the definition of Ay, and applying Reynolds’s formula, we get:
0Ap ., % .
(G2 a) ) =% [ [V x (x= x4 50) -ndoy + Ap(),

and the proof is completed. W

Concerning the buoyant force, we use the same notations as in the proof of Lemma/5.1
and Lemma [5.2] and we deduce easily from the expressions (3.1)):

Lemma 5.3 For any i€ {1,...,n}:
d op; _op; OF;

ok e ot Vet e E
dtaqq (‘3qq 9q q, qQ €L,

and
oP;

~7q .
The last lemma we need is a straight consequence of Lemma (in the Appendix):

.k

q = —g(m; — mzj})eg T +gm}(r§c —1;) Xes w.

Lemma 5.4 For alli € {1,...,n}:
d OK? OK? . d, .. ., d
- : q" = —(mr) 1] 4 — (Lw;) - W)
i oq T aq 4T glmiEd) E gl e

We have now all the material for the proof of Theorem [5.1]

.k

Vq* € E.

Proof of Theorem [5.1k Remind that
L=> K'+ K/ -) Pi
and apply successively Lemma and to obtain Newton’s laws (4.2). B

The regularity required in the theorem for OF is crucial as proven in Subsection [5.3]

5.2 Model with thrusters
Let us define 9* as being the potential of the flow related to the thrusters. It solves:
—AY' =0in F,

and satisfies Neumann boundary conditions (homogeneous on unspecified bound-
aries):

Ont! = v; on 0B,;.
Consider next the mapping AL, € H*(RY) defined like in (5.1)) by:

A;(go) ::/ Ve -Vitdms, Ve H'(RY). (5.4)
f
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Proposition 5.1 Assume that OF is of class CY''. Then, the generalized force
arising in Definition[J] is defined by:

ANt
Fl g =— ( aq" .q*) (), Vq*€E. (5.5)

The proof of this proposition is similar to the proof of Theorem after Lemmalb.1
has been replaced by:

Lemma 5.5 Under the hypothesis of Proposition and for any smooth function

d¢ dg

== P
dt’dt’y)e )

t—p(t) = (o8,

we have:

doN, .,

oA, . OA?
L R s I
dt 09 dq

Oq

g in HY(RYN), Vg € E.
Proof: We have no longer
Op = v;-n on B,

but rather:
OnY = v;-n+v; on B,

where the velocity fields v; is defined by (2.5). It entails that identity (5.3]) turns

out to be: p
— </ sadmf) =/ ©(Ont) — Ont)") doy.
dt \Jr oF

Apart from this modification, the proof is similar to the one of Lemma |

5.3 Non equivalence counterexample

In this section, we show that the conclusion of Theorem[5.1]does not hold any longer
when the smoothness assumption on OF is missing. We exhibite a two dimensional
nonsmooth solid moving vertically in a fluid and for which Newtonian solution of
Definition [6] does not exist although Lagrangian solution of Definition [5] be well

defined.
&-complex plane Wo w-complex plane
§ w:= f(§) 3i/2
i
-2
1

BO

2
]:0
D
\1
y &1
w —3i/2

Figure 3: The function f is a conformal mapping from C\ D onto FV.
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Theorem 5.2 Consider the solid pictured on the right of Figure [3 and assume
that the system fluid-solid fills the whole space. Then for suitable initial data, La-
grangian formalism applies and leads to d’Alembert’s paradox (uniform straight mo-
tion). However, with notation of Section[§:

Tn| ¢ L' (9B),
and the net hydrodynamic force exerted by the fluid on the solid:

/ Tndo,
oB

is not well defined. Consequently, Newton’s laws (4.2)) fail to apply.

Proof: We use complex analysis to compute explicitly the potential function, so
we identify the space with C (the set of the complex numbers). However we will
mix the complex notation ¢ = &; + i& (i> = —1) with the real one £ = (&,&)7
and even with the polar coordinates (r,6), r = [¢| and 6 = Arg (&) (i.e. & = re®?).

The solid has an axis of symmetry and we assume that at the time ¢ = 0 this axis
coincides with the imaginary axis and that the center of mass of the rigid body lies
at the origin. If we assume in addition that the density of the rigid body is constant,
then, for symmetry reasons, its center of mass will remain on the imaginary axis
for all ¢ > 0 whenever the initial velocity of the solid is vertical. Therefore, within
this configuration, the system has only one degree of freedom.

We denote by ih the position of the center of mass of the solid and i/ stands for
its velocity. Remind that we denote BY the domain of the solid at time ¢t = 0 and
FO is the domain of the surrounding fluid. The boundary 08° is the image of the
unitary circle by the mapping:

2

JIATE R R
£ 38% -1
which is a conformal mapping from C\ D, the exterior of the unitary disk D, onto
FY. We denote w := f(£) for all ¢ € C\ D. Following [9, Chap XIII], we introduce,
for all w € F, ¢¥(w) := 11 (w) + ivb2(w) the complex holomorphic potential function.
Commonly, v is the actual real valued potential function while 15 is the stream

function. The potential can be rewritten in the form:

$(w) = heo(w — ih), (5.7)

where (w) := ¢1(w) + ipa(w), the functions ¢; and s being both defined and
harmonic in the fixed domain F° and independent of h. In order to compute ¢, we
introduce the function:

(5.6)

¢:=pof,
and we denote ¢1 := R(p) and ¢2 := F(¢p). According to [9), formula (5) page 222],
¢2 solves a Dirichlet boundary value problem:
~A¢s =01in C\ D,
¢2 = _éR(f) on 8Da
[V2| — 0 as [¢] — +o0.

The last condition tells us that the fluid is quiescent at infinity. We can extend f(§)
and f(1/€) as Laurent’s series at £ = 0. We get:

O =56+ 567 + Y som € Ve T el > 173,
E>1
FU/E) =6 4 36+ 3 o Ve, Jel <3
E>1
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Writing then that ¢o(e??) = —(f(e?) + f(e~))/2 we obtain the expression of
$2(e?) in the form of a Fourier’s series:

Bo(e?) = f% cos(f) — Z 3% Lcos((2k +1)0), VO € [-m, 7],

k>1

and we deduce that, (using here the polar coordinates (r,#), due to the geometry
of the domain):

¢2(7‘,9):—§M—Z3_k_1w Vo [-ma¥r>1. (5.8)

6 r2k+l ’
k>1

Observe that ¢5 can actually be extended as an harmonic function outside the disk
of center 0 and radius 1/ V3.

Lagrangian formalism

Let us compute now the Lagrangian function L(h, h) of the system fluid-solid. We
assume that the density of the solid and the density of the fluid, pf > 0 are equal.
Hence the solid is neutrally buoyant and the Lagrangian function reduces to the
kinematic energy of the system, namely:

1 .
L(h,h) = 3 (m|h|2 +/ PF|V¢2|2dw> ;

].'

where m > 0 stands for the mass of the solid. Notice that [Vis| = |[Vi)q]| for ¢
is an holomorphic function. This expression can be turned into, upon a change of
variables and applying Green’s formula:

L(h,h) = %W2 <m+/ $20n 2 de) ,

oD

and we deduce that the Lagrangian function does actually not depend on h. Euler-
Lagrange’s equation of motion is merely:

d oL ,. 7
aﬁ(h) = (m + /3D¢23n¢2 de) h =0, (5.9)

what, after integrating, leads to so-called D’Alembert’s paradox:
h(t) = ho, Yt >0.

The solid has a straight uniform velocity.

Newtonian formalism

Let us now invoke Newton’s laws with the same configuration. Making use of
Bernoulli’s formula, we get:

mh = —/ (5{(&1 + ;V¢1|2) nodoy, (5.10)

oB

where n = (n1,n2)7 is the unitary normal to dB directed toward the interior of B.
According to ([5.7]), we obtain that:

Jp1

ey
Ous () = hipa(w = i) — [ 522

(w — ih).
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Plugging this expression into (5.10), and upon a change of variables, we get:

. ) 1
m+/ $20ncpodoy | = —\h|2/ L9gf? = 221 nydoy, (5.11)
oD B 2 811)2

where we are use again that |V | = [V¢a| and [V | = [Va| for ¢ and ¢ are both
holomorphic functions. This equation fits with if and only if the right hand
side term vanishes. We are going to show that it is actually undetermined, in the
sense that the amount inside the integral does not belong to L'(9B). We have, on

the one hand:
/ doy S/ Vi |doy,
o8 oB

and arguing again that |V¢i| = [Va|, it comes, upon a change of variables:

J

01
(9’UJ2 "2

Jp1 n
8w2 2

1/2
doy < (mes (0B))/? (/ |Vg022dcrf)
oB

1/2
< (mes (0B))'/? </ |V¢2|2dof) < +o00.
oD

On the other hand, going back to (5.11), we have, applying the same change of
variables:

/ [Vipo|*nadoy :Pf/ [V ()P f/ ()| 72S(—=" /(")) ds. (5.12)
oB —7

Let us then compute the behavior of [Va(e®)?|f" ()| 723 (—e f/(¢'?)) nearby
6 = 0. By virtue of (5.8, we get:
Do 02

where

5 2k + 1)
E>1

In addition, one readily obtains that:
, . , 1
() 72S(=e f(e)) = —z07 +000). (5.14)

Summarizing (5.13), (5.14]) we get
V2 (e)[?|f'(e)|2S(—e f'(e)) = =" + O(0),

what proves that (5.12)) is undetermined. W

The velocity of the fluid is infinite nearby the singular points of 95 as well as
the hydrodynamic forces although the energy of the system be always finite.

This phenomenon is well known in airfoils theory (see [9, Chap. XII, §c. pages
211-212]). The problem can be overcame by introducing circulation in the fluid
flow in such a way that the velocity be finite at the singular point. In other words,
circulation is used as a new degree of freedom of the fluid flow and its value is set
according to Kutta-Joukowsky’s law.

However, this method does not apply with our problem since the solid under
consideration has two singular points.

24



6 Explicit Euler-Lagrange equations

The aim of this section is to repeat in the general case (i.e. after relaxing hypotheses
(H1-4)) the method carried out in Subsection We start from the Euler-Lagrange
equations under their abstract form — (5.5) and we expand it into a more explicit
form, convenient for numerical simulations.

6.1 Kirchhoff’s law
For all (¢,g,¢,g,u) in the phase space P, we define the elementary potentials

Y", 9% and ' as being harmonic functions in F satisfying Neumann boundary
conditions (homogeneous on unspecified boundaries):
" = (wi x (x—r;)+1;) -nondB; when N =3,
" (Wi (x = 1)t + 1) -non 9B; when N = 2
Ont? = Ridi(6; " (9; %)) - m on OB;,
Oatht = v; on OB;.
According to Kirchhoff’s law, we get the decomposition for the overall potential:
Y =97+l (6.1)
When N = 3, Euler’s angles, defined in the Appendix, Section provide a lo-
cal charts of SO(3) and TSO(3) in which we denote 8, = (6},6%,607) and 6; =
(61,07,03) the coordinates of the pair (R, Ry) (remind that Ry is the rotation
associated with the rigid motion of the k-th body). It allows us to introduce for

i =1,...,6n the functions ¢}, also harmonic in F and such that:
OnY; =€;-n on 0By, fori=06(k—1)+7, (6.2a)
O = w§ X (x — 1) -non dBy fori=6(k—1)+3+ 7 (6.2b)

forall k € {1,...,n}, j € {1,2,3} where the rotation vectors w$ are also defined in
the Appendix, Section Denoting as well ry, = (r},r2,73) and 1, = (7}, 7%,73) the
coordinates of ry and Iy in the basis (e;), we get a further decomposition of ¥":

Y= szilﬁg(k—l)ﬂ + V6 (k—1) 4345
k7

When N = 2, the pair (Ry, Ry) is merely parameterized by a pair (0y,wy) € R?
(actually, we have in this case wy = Q) = 0, all of them scalar). We get only 3n
elementary potentials 9] and the boundary conditions (6.3a)) turn into:

OnY; =€ -n on 0By, fori=3(k—1)+j, (6.3a)
o7 = (x —11)*" -1 on 9By, for i = 3k, (6.3b)
for all k € {1,...,n}, j € {1,2}. We deduce that in this case we have:

W=D 1y Wk
kg

6.2 Mass matrices

The symmetric added mass matriz associated to the rigid motion of the bodies is
defined, when N = 3, by:

Jr VT - Vordmy o [R VO] Vg, dmy

o

Jr Vg - VT dmy e [ Vg, - Vi, dmy
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It is a matrix of size 3n x 3n when N = 2.
The generalized coordinates read:

e When N =3: q:=(r1,04,...,1,,0,) and q := (1"1,91,...,1"”,9“).
e When N =2: q:=(r1,01,...,r,,0,) and q := (f1,w1,...,Tpn,wy),

and we denote from now on:

p:=(a,¢ q ¢ v),

the elements of P. We get the following expression for the part of the kinetic energy
of the fluid due to the rigid motion of the bodies:

1, .
K/ = 5q~M{q.

Observe that M/ is a matrix but can also be thought of as a bilinear form in .
To express the overall kinetic energy of the fluid, we introduce:

K/, ::/ vy vytdmy, K7, ;:/ vy -Vt dmy,
' F ' F
1
K ;:5/ V|2 dmy, K, ;:/ Vipd - Voot dmy,
F F
1
th ::5/ |V¢t|2dmf,
].‘
what leads to the decomposition:
K=K +K!,+ K], + K] + K], + K{. (6.4)

By analogy with M/, we introduce as well the following bilinear forms on the phase
space P, obtained as the polarization of the different parts of the kinetic energy in

" For all Pa = (qa ¢,Qa; ¢avya) and Py ‘= (qv ¢7 qba (.bbv Vb)a we set:

M@@mqﬁzj(ﬁv¢%@wvwﬂmﬁq; (6.52)
MLMM@EXLVW@WVM¢W)% (6.5b)
M () = [ V) VU ) dmy. (6.5¢)
M%Aémuw:=/;vw%¢a-v¢%uwdmﬁ (6.5d)
W (o) = [ V() Dt w)dmy. (6.5

In these definitions, we have denoted for instance 1)%(¢) instead of 1% to emphasize
the dependance of the function with respect to qb As already mentioned, this
dependance is linear (since 9, depends linearly on ¢))

Rewriting by means of the mass matrices we get:

1, ) N 1 -
Kf = Ja M¢+ M (d)a+ M/, (v)q+ §M§(¢,¢)

+1),(6,0) + 31 (v,0). (66)
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At last, we define the bloc-diagonal matrix:
M2 := diag(mgId, Q7 T;Q), (6.7a)
where ﬁk = RkR;{ and:
MP := diag(M3, ..., M}). (6.7b)

The kinetic energy of the bodies reads:

1
Kb = Fa- Mbq. (6.7¢)

6.3 Explicit computation of the Christoffel symbols
The expression of the Lagrangian function is, according to (3.2)):
L=K'+K/-P, (6.8)

and the Euler-Lagrange equations of motion are:
—— - — =F" (6.9)

where F? is the generalized force induced by the actuation of the thrusters and

computed in Proposition Combining and , it comes:

b b f !
iaK _oK® 40K’ OK7 = i@j_aj + Ft. (6.10)
dt 0q dq dt 9q  0dq

dt 09 oq
The game consists now in expanding each term in this equality. It is done in a
succession of lemma.
To shorten notation, all of the quantities in what follows are equal to 0 for
unspecified indices.

Lemma 6.1 (Free rigid motion) The following identity holds:

4 OK"  9K® {Mbd +T0(q @) + T8 4(d)a when N =3, (6.11)

dt 94 dq | MG +T0,(d)a when N = 2.

e The term T (called Christoffel symbol in [23, §7.5 pages 196-197]) is a rank-3
tensor defined by:

100 0s oQ: o0
reye .— = E 2% ) Qe el Ul IO T 9 1=
(T2 2[(3@ 39k> At <aoj 26, ) 1%

oar 0N
+<aej+aai)'ﬂlﬂk}’

if i,5,k € {60 —1)4+3+4,6(0—-1)+3+7,6(0—1)4+3+Ek'} for some
le{l,...;n} and ', K € {1,2,3}.

e The other Christoffel symbol Fi’q,d(g'b) s a rank-2 tensor:
— When N = 3:

- L (O o
(Tha(@)f = - (5 -6) 5.

if j,ke{6(l—1)+3+3,6(l—1)+3+k'} for somel e{l,...,n} and
ik € {1,2,3).
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— When N = 2:

if j =k = 3l.

Proof: Starting from the definitions (6.7]), straight computations together with the
results of Section [B] yield the expressions of the Christoffel symbols. W

We restate Lemma [5.3] under another form:

Lemma 6.2 (Potential energy) For all k € {1,...,n}:

o When N = 3:
doP 0P —g(my; —my) ifi =6(k—1)+3,
<dt8('1_(‘9q). = gm’}ﬂf,.(r";—rk)Xeg ifi=6(k—1)+17,
Z i € {1,2,3).
(6.12a)
o When N = 2:
<dap _ f”P) _ [ —glm —mh) =342
dt Bq aq l'_ gmljﬁ(r]fv*rk)J—'EQ if i = 3k. .

Both remaining terms in (6.10) are more involved. We need some additional def-
initions to pursue. We set on 0B elementary rigid velocity fields related to the
generalized coordinates:

e When N = 3:
W, '=e;-n on 0By, for i =6(k—1)+ j,
Wi = wj X (x =) -non dBy fori=6(k—1)+3+4,
forall k € {1,...,n}, j € {1,2,3}.
e When N =2:
w;i=e;-n on 0By, for i =3(k—1)+j,
w; = (x — ;) -non 9By fori= 3k,
forall k € {1,...,n}, 7 € {1,2}.
We introduce also the velocity field related to the deformations:
wq = Riw(dy, ' (g7, 'x)) on 0By,

for all k € {1,...,n}. Each w; or wg can be decomposed on 9B into its normal
and tangential components:

w; = wi'n+w; and wg = wyn + wj.
We also need the following quantities, homogeneous to accelerations:
e When N = 3:
— Fori=6(k—1)+3+i, j =6(k—1)+3+5, k€ {1,...,n}, 7,5 € {1,2,3}:

0w,

X (x —rg) + wi X (Wi x (x —1g)) on OB,
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— TFori=6(k—1)+3+i ke{l,...,n},i" € {1,2,3}:
Yiq = w$ X Rudy(y, ' (g5 'x)) on OBy.
e When N =2:
—Fori=j=3k ke{l,...,n}:
Vij = —(x —rx) on OB.
— Fori=3k, ke{l,...,n}
Via = Ridr(0r (g5 x))" on 0By

As usual, the values of these quantities for unspecified indices or/and on unspecified
boundaries are zero. Like for the velocities, we denote 7;; and 7} the normal
components of ;; and v,; on 9B.

At last V, stands for the tangential gradient on 0B, H for the mean curvature
and II for the second fundamental form (see Section |C|in the Appendix for further
details).

To not overload notation, we display the results for the case N = 3 only (the
case N = 2 being quite similar).

Lemma 6.3 (Euler-Lagrange equation for K/) Consider a pair of allowable
controls (¢(t),v(t)), assume furthermore that ¢(t) is twice continuously differen-
tiable and v(t) continuously differentiable and denote:

- d? . dv
¢—W andl/.— E
Then:
iLKf_LKf_Mf"_FMf (q.b)—ka (,-/)_’_lrf(' 9)
dt aq aq - rd r,d Tt 9 T q,9

£ B)a+ TL A+ TH$.8) + TS (bow) + 5T ww), (6.13)

where Mfd((j)) and Mf’t(i/) are rank-1 tensors defined in (6.5)).
The Christoffel symbol T is a rank-3 tensors that reads:

00 == [ (i Sutiw do— [ (SNt dopt [ (St Sl do
OB oB oB

o / (H 0wt B0l + TI(WE, W) — 7%+ oOutlh - WE -+ VoButd? - w7 )f doy

oB

+/ OnpOntl Ont doy Vi, j,k € {1,...,6n}.
oB
The term F{,d((}ﬁ) is a rank-2 tensor defined by:
(T (P)F = — / (V- Vorh) Jwi doy— / (V- Veh)wP doy+ / (VY] Vet wp doy
oB oB OB

-2 / (HOnY! Ontp® + IU(W], W]) — v + Ve Onth® - W] + VoOnth! - W)y doy

oB

+/ Oy Ol Onyy® doy Vi k € {1,...,6n}.
oB
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F,’:t(u) is also a rank-2 tensor:

(O )k = — / (G- byl doy + / (%o - ol doy
oB oB
_ / (HOWT 0t + VBt - Wi ) doy
oB
—l—/ (Hc’)nng n¢t + Vganwt . WE)’L/J: dO‘f Vi, ke {17 .. ,6n},
oB

Last remaining three terms Fg((ﬁ, (;5), Fg’t(é, v) and F{(l/, v) stand for rank-1 ten-
s078:

)& = =2 [ (ot oy + [ (%0 Pup doy
oB oB
=2 [ (WP TG W) + 2500w oy
oB

+/ Onth|Onb??doy Yk e {1,...,6n}.
oB

L3 = [ (g S wldoy + [ (Gt Vo doy
oB oB
- /3 . (HOnt 00" + Vo Onth' - Wi )iy, doy

+/ (H@n ,:anwt+v,,an¢t-w;)¢ddaf Vke{l,...,6n},
oB

(T (w.0)) = — / %2 doy — / (HOud}0nt + Vy0ut! - W)t doy
oB oB

+/ Oy |On! > doy V€ {1,...,6n},
oB

Remark 6.1 Observe that it suffices to compute the elementary potentials on the
boundaries of the bodies only to evaluate all of the quantities (i.e. mass ma-
trices and Christoffel symbols) of the lemma. It will be useful for numerical simu-
lations.

Proof: Starting from the expression of K/, straight computations of the left
hand side term in (6.13)) lead, after some algebra, to the following formal expressions
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for the Christoffel symbols:

ri@ai =2 (50 a) @ - (G ) @a. (6:142)

P M N L (M) L

Iy 4(@)(a,q") == < 96 ~¢> (4.9") + (aqq q

;o

- <8ngl(¢) -q*) q, (6.14b)
oM oM/
I, (w)(é4,q") = (Mé’;(y) -<'1> q° - (Nﬂgjy) : q*) q, (6.14c)
T/ (p, d)q* =2 <W : d)) - (aMia(Z”d’) -q*) : (6.14d)
f Fog

I (é0)d” = <8M5;(”) -és) i - <8Md;§ff’”) q) 7 (6.140)
I (v, v)q" = — <W .q*) . Vg ER. (6.14f)

We need then to differentiate the mass matrices with respect to q or ¢ i.e. with
respect to perturbations of the domain F. The elements of the mass matrices defined
by (6.5) have generically the form:

/ Vipa - Viby oy,
f

where 1), and v}, solve Neumann boundary value problems in F. This problem of
shape differentiation is addressed in Section [E] in the Appendix. We use formula
(E.9) together with (6.14]) and we get the expressions of the lemma. W

It remains only one term to compute in ((6.10)).
Lemma 6.4 (Generalized force) The generalized force in (6.10) reads:

F' =T (1)q + T o(,v) + T, (v, v), (6.15)
where, for all i,k € {1,...,6n} we have:

k r t t n T t r T
(Fi(’/))z = /68(Han1/)kan7/1 + N On" - Wi ); doy — /(%anw OnOnt; doy,
(CLa(30)F = [ (HOwb0ut" + st - wi)i oy — [ 0utOnsions? oy,
oB oB

(TL,(v,v)k = /a B(Hanw,ganzpwvganw~wg)¢tdaf— /6 B|an¢t|2an¢;daf.

Proof: Use Proposition [5.5] and proceed like in the preceding lemma. W

Plugging (6.11), (6.12), (6.13) and (6.15) into (6.10), we obtain a second order
ODE in q. Thus, we have realized our aim: the ODE yields the net rigid motion of

the bodies with respect to the controls ¢ and v (and their derivatives (i), ¢> and v).

7 Numerical simulations

All the simulations displayed in this section have been performed with the Biohy-
drodynamics Matlab Toolbox (BhT) available at
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e http://bht.gforge.inria.fr/ (hosted by INRIA Gforge)
e http://www.mathworks.com/matlabcentral/fileexchange/21872

BhT is free (distributed under licence GNU GPL) and comes with complete html
documentation, including examples and tutorials. It allows to realize numerical
experiments involving a set of rigid bodies or articulated rigid solids in a perfect
fluid. The fluid domain can be partially or totally bounded and the buoyant force
and collisions between bodies are supported. The equations of motion used in BhT
are those obtained in Section [6.3] for the 2d case.

As already mentioned, to solve these equations it is required only to compute the
elementary potential functions on the boundaries of the bodies. For being solutions
of Neumann boundary value problems, these potential functions can be computed
by means of boundary integral formula, that is, only in terms of the boundary data.
As a consequence, from a numerical point of view, the problem can be solved by
meshing the fluid’s boundary only.

7.1 Distant interaction between solids in a fluid

In this subsection we wish to illustrate how submerged bodies interact in a fluid. In
particular, we will show that when the bodies are close, the common hydrodynami-
cally decoupled dynamics assumption is not relevant.

Kissing ellipses

Consider two ellipses neutrally buoyant and set at time ¢ = 0 as shown in fig-
ure We choose horizontal translational initial velocities directed to the left
for the upper ellipse and to the right for the other one and null initial rotational
velocity for both of them. We let then the system fluid-ellipses evolve freely. Under
the hydrodynamically decoupled dynamics assumption, according to d’Alembert’s
paradox, both ellipses should have a straight uniform motion. Actually, they kiss
and half-rotate following the trajectories pictured in figure

A

() t=9 (d) t =16

Figure 4: Screenshots of the motion of the ellipses

All of the movies and data (densities of the solids, of the fluid, initial positions
and velocities...) in this section are available at

http://bht.gforge.inria.fr/Examples/demos.htmll
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(a) Trajectories of the centers of mass of the ellipses.
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(b) Orientations (radians) of the ellipses with respect to
time.

Figure 5: Kissing ellipses: trajectories of the center of masses and orientations.

Aspiration phenomenon

This example illustrate an aspiration phenomenon. Two ellipses are set at time
t = 0 as in figure The upper one is neutrally buoyant while the density of
the other is slightly greater than the fluid’s. The system fluid-ellipses is at rest at
time ¢ = 0. The lower ellipse falls (see figures and drags the other down. One
more time, this phenomenon would not occur under the hydrodynamically decoupled
dynamics assumption.

(a) t=0 (b) t = 3.4 (c)t=6 d)yt=8

Figure 6: The lower ellipse falls and drags the other down.

7.2 Articulated solid bodies

Articulated rigid solids are deformable bodies made up of rigid solids linked together
by hinges. It is a particular simple case of deformable bodies. In the following
example, we consider two articulated fishes swimming one toward the other.
Remind that the deformations and more specifically for articulated bodies, the
relative positions of the solids, are given as functions of time. BhT provides tools
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1 2 3 4 5 6 7 8 T 2 3 4 5 6 7 8
(a) y-coordinates of the ellipses with respect  (b) Vertical velocities of the ellipses with re-
to time (dashed line corresponds to the lower  spect to time (dashed line corresponds to the
ellipse). lower ellipse).

Figure 7: The aspiration phenomenon becomes clear with the graphs of the trajec-
tories of the center of masses and the one of the vertical velocities.

that allow to compute the power and the torques at the joints. Torques are actually
the relevant quantities we are interested in when studying fish locomotion. We refer
to the on-line documentation of BhT for details.

8 Concluding comments

Lagrangian formalism consists in computing first the energy of the fluid flow: it
is obtained by integrating the gradient of the potential (or stream) function over
the fluid domain. This is a smoothing process for the resulting kinetic energy is
more regular with respect to the generalized coordinates than the potential function.
Then, according to the least action principle, Euler-Lagrange equations are obtained
partly by differentiating the fluid’s kinetic energy. Notice that this process is carried
out without difficulties in the example treated in Section [5.3]

Conversely, with Newtonian formalism, forces are computed first, what requires
to differentiate the potential (or the stream) function and yields, in the nonsmooth
case of Section [5.3] an infinite and nonintegrable quantity. Next these forces are
integrated (when it is allowable) along the boundary of the bodies in order to
obtain the hydrodynamic resultant force and next to apply Newton’s laws.

We have proved that both approaches coincide for smooth bodies. Although
Lagrangian formalism is more simple to handle, it does not allow to obtain the
expected governing equations of motion when the bodies are endowed with thrusters.

At last, regarding the problem of existence and uniqueness of solutions for the
self-propelled motion problem, it is precisely the topic the article [27] deals with.

A Shape space

In this section, all the quantities are described in the frame (eg*) attached to the

i-th body. Let B; C RY be a large open ball centered at the origin of the frame
(in particular, let choose B; large enough to contain BY; see figure [1)) and denote
Cr(B;,RY) (1 < m < +00) the vector space of all the m—times continuously
differentiable functions F := (F}, ..., Fiy) from RY into R that vanish outside B;.

This space, endowed with the norm:
L”(B)> 7

ont-twp;

F = max max |[|————
100 i=  max R v o
Y1s-es YN EN

is a Banach space.
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Figure 8: Screenshots of the swimming fishes
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Figure 9: Angles of the joints with respect to time (given functions). Joint 1
correspond the fish’s head and joint 3 to the tail.

We denote U; the open subset of this space consisting of all the functions such
that || F||1,0 < 1. Further, ; := Id + U; is the open subset of the affine space

Id + Cy"(B;,RY) := {Ild + F : F € CJ"(B;,RM)},

consisting of the functions Id+ F' such that F' € U;. A fixed point argument ensures
that for any such function, (Id + F)|pg, is a C™ diffeomorphism from B; onto B;.
The set U; is a manifold, a chart being (U;,U;, A;) where

N:FeUwr o¢:=Id+ F €U;.

For any ¢ € U;, the tangent space Tylf; is equal to the Banach space Cy(B;, RY).

Let us define now D;, the set of all the C™ diffeomorphismes ¢ of RY such
that ¢(B;) = B; and ¢|pn\p, = Id. The set D; is a manifold as well since for any
oo € D;, a compatible system of local charts is (Uy, ¢o(U;), do(A;)).
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Figure 10: Power expanded at the joints
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Figure 11: Torques at the joints

B Rigid motion, Euler’s angles

We introduce the skew-symmetric matrices S; ;= ez @ e; —es ®e3, Sy ;= e; R ez —
es ®e; and S3:= ez ® €1 — €1 ® ez and the matrix of SO(3):

R(@l, 92, 93) = exp(9181) eXp(QQSQ) exp(9383).

We denote 6 := (61,602, 03) and w¢ the vector of R? such that:

%(B)R(H)Tx =wixx YxeR?

and QF such that:
TaR e 3
R(0) 89‘(0)x:ﬂi><x Vx e R”.

One easily check that w$ = e, w§ = exp(0:S;1)es and w§ = exp(61S1) exp(#2S2)es.
Since we have R(0)€2; = w$ and exp(6;S;)e; = 0, we deduce that Q] =
exp(—05S3) exp(—62S3)e1, Q5 = exp(—05S3)es and Q5 = e3. These identities en-

tail:
o0 69;

a0,  96;
Let 6(t) be a smooth given function and denote 0= (91, 91, 91) the first derivative
of 8. Then if € is defined by the relation:

rd
dt

— Q¢ x Q. (B.1)

ROT-RO)x=Qxx VxR

it reads also:

Q=> 6,9
%

and we have:
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Lemma B.1 For alli=1,2,3, the following identity holds:

d ol 0
—_—— = =Q°F x Q. B.2
dtog, 08, " (B-2)
Proof: We have
o .
96 v
and then: s 50
402 _ i,
dt 96; ; 00; J

On the other hand:
89; .

BIY)
00, ZJ: 00; 0

and the conclusion arises with (B.1). W

Let now J¢ be a symmetric, time-dependent matrix and define J := RJ*RT,
w:=RQPand K := Q- J°Q/2. Then:

Lemma B.2 For any i =1,2,3, the following identity holds:

4wy we = 19K 0K
at = YTt ee, 06

Proof: We have:
doK 0K _d
dt 99, 00; dt

and, with (B.2):

w00 (5o - 5.

dt 99, 96

49K 0K _d
dt 99, 00; dt

(J°2) - Q7 + (J°Q) - (2F x Q).
On the other hand:
g(Q]Iw) we = RQ(JEQ) SR+ RICQ - RO
d
= 5, J70) - Q7 + () - (@7 x Q),

and the proof is completed. W

C Second fundamental form

Let us denote S¥~! the unitary sphere of RV. The second fundamental form of
OF, denoted by II, is defined from the differential Dn of the function

n:oF — SV
by the relation:

(Dn(x) -u,w) = —(II(x),u,w), VY (x,u),(x,v) € TIF.
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The second fundamental form is bilinear and symmetric, so when N = 3 it admits
two real eigenvalues k1, ko called the principal curvatures of OF. The associated
eigenvectors 7; (i = 1,2) are the principal directions of OF (see [0, page 129] for a
more precise definition). Therefore, the following relation holds:

(dn -7, 7)) = =1L, 7, 74) (C.1a)
= —Ki, Vi=1,2. (C.1b)

The signs of k1 and ko are chosen such that {n, 71, 72} be a right-handed orthogonal
basis of R?. We denote by H := k; + kg the mean curvature of 9F. When N = 2,
H coincides with &, the curvature of F(¢) and relation (C.1)) turns into:

Dn-7=—-HT,

where 7 is a unitary tangent vector to the curve OF(t). As for N = 3, the sign of
H is chosen such that {n, 7} be a direct orthogonal basis of R?.

D Neumann boundary value problem

In this section we recall some results about the well-posedness of Neumann boundary
value problems. These results can be found in [I], [2]
in the generically form of which is:

—AyY =0in F, (D.1a)

Ont® = g on OF. (D.1b)

We assume that 0F is Lipschitz continuous and g € H~/2(9F) is given (H~/%(9F)
is the dual space of the Sobolev space H'/2(0F); see [21, §7.3 pages 38-42]).

D.1 Bounded domain
In this case, the compatibility condition:
(9 V) 1207 xm1/2(07) = 0, (D.2)
is required for problem (D.1]) to be well posed. We introduce the function space:
XYF):={ € H\(F) : Ay € L*(F)}.

For any ¢ € X'(F), its normal trace Ontp exists as an element of H~'/2(0F).
Lax-Milgram Theorem ensures that there exists a unique weak solution ¢ € X (F)
satisfying:

Vw-Vgpdx:/ gpdo, Ve H(F), (D.3a)
F oF

do =0. (D.3b)
Moreover, we have an estimate:

1Vl x1 ) < Cllgllg-1/2007) (D.4)

for some constant C' > 0 independent of ¢ and g.
Assume now that 9F is C1'! (continuously differentiable with first derivative
Lipschitz contiuous) and g € H'/2(9F), then the solution 1 of (D.3) is in:

X2(F):={¢ € H*(F) : A(0y,¢)) € L*(F),Yi=1,...,N}.
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For such function, both quantities 92¢ := n- D%y n and A, (the Laplace-Beltrami
operator) are well defined on F as elements of H~/2(9F). We have again an
estimate:

IPllxz27) < Cllgll g om)
for some constant C' > 0 independent of 1) and g.

D.2 Unbounded domain

When F is not bounded, the compatibility condition (D.2)) is required only when
N = 2. We define the weight functions:

p(x) == /1 + [x[2log(1 + [x[?) if N =2, (D.5)

p(x) := /1 +|x[? it N =3, (D.6)
and the Lebesgue space:

LY/(F) = {v e D'(R®) = py € L*(RV)},

where D’ (IR?) is the space of distributions. Classical Sobolev spaces must be replaced
by Sobolev spaces:

HN(F):={p € L4(F) : 0,0 € L*(F),Vi=1,...,N},
XN(F) - ={v € Hy(F) : p~ Ay € L*(F)},
HY(F):={y e Hy(F) : p7'0%,,, 0 € L*(F), Vi,j=1,..., N},
XX(F):={v € HY(F) : ‘2Aw€L2(f)}-

When OF is Lipschitz continuous and g € H~Y/2(9F):

e Then the solution of (D.3al), replacing H'(F) by H} (F), exists and is unique
in the case N = 3. In particular, condition (D.3b) is not needed in this case
to ensure the uniqueness.

e When N = 2, solutions of (D.3a) exist in H3 (F) but (D.3b) is required to

ensure the uniqueness.

It can be proved that the solutions are in fact in X3 (F).
As in the case F bounded, if dF is OV and g € HY?(9F), then the solutions
are in X% (F).

E Shape sensitivity analysis

This section is self-contained and independent, including for the notation. We recall
results of shape optimization theory. Most of them have been proved in [27].

Let 7O c RY and define for all s = (s1,5s2,53) € R? diffeomorphisms ¢, of
class C™ (m > 1) in RY and equal to the identity outside a large fixed ball (like in
section . We denote D,,, the Banach space of all such diffeomorphisms.

Denote F := ¢5(F), w; 1= 05,05 0 ¢5 ", 7, := 02, ;P © o ¢! and wP and w7
the normal and tangential components of w; on OF such that:

w; =wi'n+ w;.

Define likewise 7}, the normal component of ;.
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For i € {1,2,3}, let then 1; be the solution of the Neumann boundary value
problem:

—At; =0 in F,
On®; = wj* on OF.

Introduce also for all s € R?, vy, € H-'/2(0F) such that

(Vi ) g-1/207) <1172 (07) = 0,
when N = 2 or when N = 3 and F bounded. Let then 14 and 15 be defined by:
7A17/}7 =0 in .F,
Onti = vi_3 on OF,

for i € {4,5}.
At last, we introduce the functionals, for all s := (s1,$2,53) and all 4,5 €
{1,2,3,4,5}:

Jij(s) == /}_Vz/)i -V dx.
The proof of the following lemma can be found in [27].
Lemma E.1 Assume that
e Fy is Lipschitz continuous,
e the mapping s — ¢ € D,, is of class C* with k > 2 and m > 1,
e the mappings s — vy o0 ¢;+ € H™V/2(0F) are of class C*~1 forl=1,2.
Then J;; is of class Ck~1.

We can compute the derivation of J;; with respect to s, assuming additional regu-
larity on Fy, ¢s and v;:

Lemma E.2 Assume that:
o Fy is of class Ct1,
o the mapping s — ¢ € D,, is of class C? with m > 2,
e the mappings s — v 0 ¢;+ € H'?(0F,) are of class C* forl=1,2.

Then, for all i =1,2,3 and j = 1,...,5, 95,1, is well defined in H(F).
When j = 1,2,3 it solves the Neumann boundary value problem

—A(0s,0;) =0 in F,
and on 0B:
On(0s,15) = Agthjwi — HOnthiOnthy — (Wi, W7i) + Vot - Vpwy' +
— N, 0nt; - w; —V,ont; - w;. (E.la)
When j = 4,5, the boundary condition on OB turns out to be:

6n(88iwj) = Aaijzr'l - Hanwianwj + Vawj . ng? - vaarﬂpj WZ— (E'lb)
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Proof: The problem of differentiating with respect to the shape of the domain
the solution of a Neumann boundary value problem is treated in [I2], Subsection
5.5 pages 202-206], in [14, Section 4] and in [27), Section 4]. We give here only the
formal computations leading to formula .

We prove formula . Let us fix s and 7, specify ¢ = 1 and denote, for

all h € R, ¢n 1= P(s,4h,50,55) (05 )y Fr := On(F) = P(s)4h,52,55)(F°) and ¢y, the
solution of the Neumann boundary value problem:

—Ayp, =0 on Fp, (E.2a)
(9n1/)h = bh on 8]'—h, (E.Qb)

where by, := w) with wy, := 8Sj<bh(q§;1). When h = 0 we have ¢, = 1;. We
introduce By, := bp(¢p) and Ny, := n(¢p), both being defined on 0F,. We denote
merely ¢, B’ and N’ the derivatives of 1, B, and N, with respect to h at h = 0.
On the one hand, we obtain merely:

—Ay' =0 in F.

The derivation of the boundary conditions are more involved. Differentiating with
respect to h the identity:

V(o) - Ny = B, on OF,
when h = 0, we obtain:
O’ +n-D*)jw; +Vip; - N =B on 0F,

where D21/Jj is the Hessian matrix of ;. Denoting 8,211/)]- =n- D21/Jj n and since
w; = win + w; , we obtain that:

Ot + 02¢;wP +n- D*; wl +Vip; - N' =B’ on OF. (E.3)

We use on the one hand, the identity of [12], Proposition 5.4.12 page 196], valid for
any function v regular enough in a neighborhood of F:

Ay = Aptp — Hoptp + 029 on OF,

where A, is the Laplace-Beltrami operator and H the mean curvature. On the
other hand, computing the tangential derivative in the direction w] of the boundary
condition of System (E.2|), we get:

n- D2y Wi — (Y, w]) = Vol - wi on OF. (E.4)
Proposition 4 in Section 5 of [27] yields:
Vi - N = =V, - Vw? —I(V,¢5, w]) on dF. (E.5)
We get hence, plugging and into (E.3):
Ot = Agthy wl — HuPu® + Vs - Gyl + B — Gyu - wT.

It remains to compute the derivative of By, with respect to h. Taking into account
its definition, we have:

— !
B' = (asg ¢h(¢h1) 'Nh) |n=0- (E.6)
Invoking again formula (E.5|), we obtain:

B =~ — M(w],w)) — Vyw' - wi, (E.7)
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which leads to formula (E.la). We proceed likewise for formula (E.1b). W

Reynolds’s formula reads:

0
Bs, (/fij -V, dx) :/a (Vap; - Vi )wi? da+/fV(88i¢j) - Vi dx

F

“l‘/ij'V(asi'wk-)dx. (E.8)
F

It is classical for smooth functions (see for instance [10, formula (85) page 46]) and
can be found, in the context of Sobolev spaces in [12, Theorem 5.2.2 page 172]. More
precisely, we apply here [I2, Corollary 5.2.2 page 172]. Using, for any ¢ € {1,2,3}
and j,k € {1,...,5}, the identities:

/ Aty do = — / (Yot - G+ (o - V)b dor,
OF OF

and

Vi - Vo = ot - Vo 4+ OniOntp;  on OF,

straight but tedious computations yield:

Lemma E.3 For any i, j, k € {1,2,3}, we have:

0
- ( /f Vi, - Vi dx) — [ (V4 Vol do

OF

- /af(Han%@n%‘ + (W], wi) =75 + VoOnthi - Wj + VpOnthj - Wi )b do

- / (H8nwi8n¢k + II(WZ—7 W;;) - 7;’;@ + vaanwi . W;g— + voanwk : W:)wj do
oOF

1o / OnthiOnth; Ot dor
oF

When i,j € {1,2,3} and k € {4,5}, this equality turns into:

0
. ( IACRL dx) — - [ (Vo5 Vonyup do

oOF

- /6]5Han¢ian¢j + 1wy, wi) =5 + VoOni - Wi + V,0nth; - Wi )tbg do

- / (HOntbsOatbn + VDt - W by do + 2 / Dt uth; Duthe o
OF OF

At last, for any i € {1,2,3} and j,k € {4,5}, we have:

0
aSi (/}_ VI/)J‘ . Vwk dx) = —/ (ij . quk)wf do

oF
- / (HOwtiOuth; + VDt - wT b dor — / (HOwtiOtbr + Ny Onthy - Wb, do
OF OF
+2 anwianwjanwk do.
OF

Combining results of this lemma and after some tedious algebra, we get:
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Proposition E.1 The following identities holds:

0 0 0
a ( Y20ntn dU) + ( Y30t dU) -5 ( P20nt3 dU) =
853 OF 852 OF as1 OF

—/ (Vo)1 - Votpo)wy do —/ (Vo)1 - Vopg)wy do +/ (Votpa - Vopg)wi do

oF oOF oF

- 2/ (HOnt20nths + (W3, W3) — v55 + VoOnths - W3 + VoOnths - Wi )thy do
oF

+ 3n1/115’n1/123n1/)3 do. (Ega’)
oOF

0 0
a ( Y40t dU) -5 ( Y204 dU) =
852 OF 851 OF

- / (Vbr - ha)w do + / (Vs - Vgt do
oF oF
— A (Hanwgandu + V<78n¢4 : W;)d}l do
‘F

+ / (H3n¢13n¢4 + V(73n¢4 : WIW’Q dO’, (Egb)
OF

a n
3751 (/{5‘f¢43n1/15 da) =— /8]:(V0¢4 Vs )Wt do

— /a (Hani/llan¢4 + vz78n¢4 : W‘lr)¢5 do
f

- / (HOwv100ts + VyBuths - w])tba do + / Oath1Ontbadatss do.  (E.9¢)
OF OF
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