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2.1 Set up of the experiments 47
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Figure 2.1 – General arrangement of the experimental set-up on the J/80 in 2013. 16 load sensors (green discs), 44
pressure taps (red circles), and wind and boat sensors (blue squares).
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Figure 2.2 – General arrangement of the experimental set-up on the J/80 in 2014. 16 load sensors (green discs),
wind and boat sensors (red circles) as in the experiments in 2013. 54 targets on the spinnaker for photogrammetry
measurement (blues squares) were added and pressure sensors not used.

Voilier instrumenté
de l’Ecole Navale

Sillage des bateaux

Formation des premières vagues

Mes recherches, +/- lié à la voile



Ils apprennent à voler !



Vendée Globe 2016



Vendée Globe 2016



Pourquoi maintenant ?



Chap. 1

La propulsion



Naviguer contre le vent ?

- Navigation en poussée 
(écoulement décollé)

- Navigation en finesse 
(écoulement laminaire)



Ecoulement laminaire

Ecoulement 
décollé et turbulent



Naviguer en “finesse”

Finesse = L / D = 1 / tan(ea)

ea

a



Explication de la portance

Daniel Bernoulli (1700-1782)
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P + 1
2 ρV

2 = Constante

Ecoulement d’un fluide parfait autour d’une 
voile mince
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Utilisation de la polaire « Eiffel » : L = f(D)

Gustave Eiffel
(1832-1923)

- Navigation « au près » : finess𝑒 = 	 )
*
= 1/ tan 𝜖

e

- Il existe toujours un angle limite bmin de remonté au vent



Vent réel ou apparent ?
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ÞUn voilier rapide navigue toujours près du vent apparent :
ÞSi X ≫ 1 alors b est toujours très petit !



Pourquoi augmenter la finesse ?

β = εa +εh

L’angle de remonté au vent apparent 
est égal à la somme des angles de 
plané aéro et hydrodynamique :

Equilibre aéro/hydro (ici 2D)
X = 5⇒ βmax = εa +εh ≈11°, f ~10

DhDh

LhLh

LaLa

DaDa
FaFa

FhFh

εa

εh

δ

β
VA

VS

VT

X = 3⇒ βmax = εa +εh ≈ 20°, f ~ 6

Théorème de Lanchester (1907)



Quille et voile/aile ayant de bonnes finesses

Planeur ayant une bonne finesse

Des machines à 
faire du vent !



Parenthèse 1

Analogie avec la croissance 
des cristaux et l’optique 

géométrique



VT

VS

VS

Polaire de vitesse d’un voilier

- dépend du jeu de voile, 
- de la force du vent
- de l’état de la mer

Courbe VS(q) des vitesses 
cibles en fonction du cap 
par rapport au vent réel.



- Les parties plates 
correspondent aux positions 
atteignable par virement de 
bord (VMG).

- Analogue à la construction 
de Wulff pour les cristaux

VMG
upwind

VMG
downwind

Construction de l’enveloppe convexe : 
V(q)



http://www.thetransat.com

Trajectoire de François Gabart (2016)



Exemple d’une simulation de routage

Méthode des isochrones



Analogie avec la construction de Huygens en optique

Christian Huygens, Traité de la lumière (1690) 

+ lent

+ rapide

Surtout utile avec des indices variables (mirages) : n(x,y,z)

Mais en mer, l’indice dépend du temps … et ce n’est pas un scalaire ! Pire que les 
milieux optiques anisotropes (ellipsoïde des indices)

En mer : V(q) ≠ V(q+π) : A -> B ≠ B -> A



Fin de la parenthèse 1



Plus vite que le vent ?

- Existe-t-il un Xmax ?

- Le théorème de Lanchester est-il 
vraiment une limite ? 

- Ne pourrait-on aller directement contre 
le vent ?



Naviguer face au vent… est-ce possible ?

1920 – Constantin (sur la Seine)

1933 – Lord Brabazon

1980 – Jim Bates

Autogiro, gyrovoile, Archinaute …

Peter Worsley, 2008



Et dans le sens du vent ?

Peut-on aller plus vite que le vent ?

Oui ? Non ?



Blackbird, juillet 2010, record à 2.8 fois la vitesse du vent.

Directly downwind, faster than the wind (DDWFTTW)



Chap. 2

La résistance à 
l’avancement



Comment diminuer la résistance à l’avancement

- Profiler la coque

- Augmenter la longueur de 
coque. Pourquoi ?



- Ondes de gravité

- Motif stationnaire

€ 

αmax =19,5°

Qu’est-ce que le sillage de vague ?

Lord Kelvin
(William Thomson)

1824-1907



l ≈ L

Vitesse limite de coque en mode « archimédien »

Quelle est la vitesse limite ?

William Froude
(1810-1878)

La résistance de vague augmente rapidement avec l/L 

Fr = U
gL



Alain Colas sur Club Méditerranée (72 m de long, Transat anglaise en 1976)

Quelle est la vitesse limite ?

Fr = U
gL



Coque à déplacement 
à sa vitesse limite de coque

(Fr ≈ 0.5)

Coque planante
Bateau de la mini-transat au 

planing (Fr > 1)

Une solution, le planing



Parenthèse 2

L’angle de Kelvin est-il 
vraiment constant ?



- Ondes de gravité

- Résistance de vague

€ 

αmax =19,5°

L’angle du sillage est-il vraiment constant ?

Lord Kelvin
(William Thomson)

1824-1907



From Kelvin to Mach regime in ship wakes
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We revisit the classical problem of the wake pattern behind a disturbance moving at constant
velocity U at the surface of water. From a set of airborne images of ship wakes, we show that
the wake angle decreases as U

�1 at large ship velocity, in a way similar to the Mach cone in a
non-dispersive medium, in contradiction with the celebrated Kelvin result predicting a constant
wake angle of 19.47o. We propose here a simple model in which finite size e↵ects of the disturbance
explains this transition between the Kelvin and Mach regimes at Froude number Fr = U/

p
gL ' 0.5,

where L is the hull ship length. This model is confirmed by results from numerical simulations.

The V-shaped pattern behind disturbances like ducks
or ships moving at constant velocity on calm water is
a fascinating wave phenomenon, first explained by Lord
Kelvin, and described in many textbooks [1, 2] (see Ref.
[3] for a rewarding historical perspective). The wake pat-
tern owes its remarkable shape to the dispersive nature
of surface gravity waves, governed by the dispersion re-
lation !

2 = gk in deep water, from which it follows that
the group velocity cg = d!/dk of a given wavenumber k
is half its phase velocity c' = !/k =

p
g/k. From this

key ingredient, Kelvin, developing for this purpose the
method of stationary phase, has shown that the wave
pattern must be confined in a wedge of half-angle ↵K

independent of the disturbance velocity,

↵K = arcsin(1/3) ⇡ 19.47o. (1)

This result strongly di↵ers from the classical Mach cone
for sound waves, or more generally for any wave in a
non dispersive medium (e.g., the Cherenkov cone for
electromagnetic radiation), leading to a wake half-angle
↵(U) = arcsin(c/U), where c is the phase (and group)
velocity of the wave. While it is generally argued that,
because of the dispersive nature of surface gravity waves,
the simple Mach cone construction does not apply for
ship wakes and must be replaced by the more subtle
Kelvin construction, we show in this Letter that the Mach
construction is actually relevant if the finite size of the
disturbance is considered, because a single group veloc-
ity, independent of the velocity, is e↵ectively selected by
the size of the disturbance.

Since the work of Froude, ship waves have received
considerable interest in naval hydrodynamics, because an
important part of the resistance to motion of a ship is due
to the energy radiated by these waves [3]. The key pa-
rameter governing the geometry of the wake and the wave
drag is the hull Froude number, Fr = U/

p
gL, where g

is the gravity and L the waterline length of the hull. It
is instructive for the following to rewrite this number as
Fr =

p
�g/2⇡L, with �g = 2⇡U2

/g the wavelength of
the longitudinal gravity wave propagating in the ship di-

rection having phase velocity equal to U .

Ship wakes displaying an angle close to the Kelvin so-
lution (1) are usually found at low Fr (i.e., L � �g).
In this case, a double wedge pattern, generated by the
bow and the stern, can be observed (Fig. 1a). At larger
Fr, �g reaches the ship length L, resulting in interact-
ing bow and stern waves. At this point the trim of the
boat is a↵ected and the wave drag strongly increases:
this phenomenon is known as the hull limit velocity —
even if powerful and light motor or sailing boats nowa-
days overcome this limit. At even larger Fr (L ⌧ �g),
the hull partly rises out of the water, in the so-called
planing regime, and the wake pattern becomes narrower,
with angles of 10o or less (see Fig. 1b).

(a)

(b)

D

D

FIG. 1. (Color online) Airborne images of ship wakes taken
from Google Earth. (a) Near Antwerp (51.354o N, 3.879o

W), Fr = 0.15, ↵ ' 20o. Note the double wake pattern, with
intense bow waves and weaker stern waves. (b) Near Toronto
(43.630o N, 79.365o E). Fr ' 1.1, ↵ ' 9o.

- mesure de l’angle a

- mesure de la longueur L

du bateau

- détermination de sa 

vitesse U et donc du 

Froude :

Images Google Earth

Fr = U
gL
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Surprisingly, such narrow wakes, in clear contradic-
tion with the celebrated Kelvin result, have not received
much attention. Note that, at the time of Kelvin, ships
were limited to moderate Froude numbers, which may
explain the common belief in the constant angle pre-
diction. Wakes of small angle have been inferred from
radar measurements [4], but their origin remains contro-
versial. It has been proposed that the non-dispersive na-
ture of gravity waves in shallow water, where the phase
and group velocities cg = c' =

p
gh (with h the wa-

ter depth) are independent of the wavelength, could be
responsible for this Mach-like behavior [5]. However, im-
ages like Fig. 1(b) are frequently encountered in places
where the sea depth is much larger than the character-
istic wavelength, for which the dispersive Kelvin result
should apply.

Fig. 2 shows measurements of wake angles ↵ as a func-
tion of the Froude number, collected from a series of air-
borne images of ship wakes taken from the Google Earth
database [6]. These images are chosen close to active
harbors, where a high resolution, of order of 0.5 � 1 m,
is available. They are taken from high altitude, ensuring
small parallax distortions. Only images where the ship
wake forms straight arms, ensuring a constant boat direc-
tion, are selected. For each image, the ship length L is de-
termined using the spatial calibration provided by Google
Earth, and the wake angle ↵ is defined from the slope
of the line going through the brightest points resulting
from sun glitter or whitecaps, which trace the maximum
amplitude of the wake. The boat velocity U is deduced
from the wavelength in the wake [see Eq. (2) below and
Ref. [7]], from which the Froude number Fr = U/

p
gL is

determined. In spite of a significant scatter, which can
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FIG. 2. (Color online) Red circles: Log-log plot of the wake
angle ↵ as a function of the Froude number, measured from a
set of 37 airborne images (see Supplementary Material). Blue
dash-dotted line: Kelvin prediction ↵K = 19.47o. Blue line:
model (4). Green dotted line: asymptotic law (5). Yellow
squares: Numerical simulations.

be mainly ascribed to the uncertainty in measuring �,
the data clearly shows a plateau at ↵ ' 18.6o ± 1.8o for
low Froude number, in good agreement with the Kelvin
prediction (1). For Fr > 0.5±0.1, this first regime is fol-
lowed by a decrease of the angle down to values of order
of 7o for the fastest boats. Interestingly, this decrease
follows approximately a law as ↵ ⇠ 1/Fr, similar to the
Mach cone problem. We propose in the following a model
which explains the transition between these two regimes
in terms of finite size e↵ects of the disturbance.
We first establish the expression for the wake angle ↵

of a given wavenumber k, following Ref. [8]. Since the
wake is stationary in the frame of the ship, the phase
velocity of each component k of the wave pattern must
be given by the ship velocity projected in the direction
of the wave propagation (Fig. 3):

U cos ✓(k) = c'(k) =
p
g/k. (2)

Accordingly, only wavenumbers k � kg = g/U

2 can
form a stationary pattern. We consider a wave of given
wavevector k emitted at time �t in the direction ✓ given
by Eq. (2) when the boat was in M, with MO= Ut (Fig.
3). Since its group velocity is half its phase velocity, the
distance MH= cgt traveled by this wave is half the dis-
tance MI= c't. It follows that the wedge angle formed
by this particular wavenumber k is

tan↵(k) =

p
k/kg � 1

2k/kg � 1
. (3)

The angle ↵(k), plotted in Fig. 4, vanishes at the lower
bound kg allowed by the ship velocity (corresponding to
the transverse wave �g shown in Fig. 3) and at k/kg !
1, and reaches the maximum ↵K = tan�1(1/

p
8) '

19.47o at km/kg = 3/2. The angle made by the crests
of the waves corresponding to this wavenumber is ✓m =
cos�1(

p
2/3) ' 35.24o. No energy can be found outside

this wedge of angle ↵K , so if all wavenumbers are excited
(Dirac pressure disturbance), the classical wake angle ↵K

is recovered.
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FIG. 3. Geometrical construction of the Kelvin wake. The
wave of wavenumber k emitted in the direction ✓ at time �t

when the ship was in M reaches at time 0 the point H at the
middle of MI.

Bon accord

Evolution de l’angle du sillage

A grand Froude :

sin(α) ~ 1
Fr

=
gL
U

Comme dans le régime de 
Mach !

sin(α) = c
U

- 2 longueurs L et lg, 
- 1 nombre sans dim. Fr



Cylindre de diamètre 3 cm, U = 0.75 m/s



Cylindre de diamètre 3 cm, U = 2.6 m/s 



Lord Kelvin avait-il tort ?

Comment expliquer que l’angle du sillage 
décroisse à haute vitesse ?

=> Effet de la taille L de l’obstacle

- Ship wakes: Kelvin or Mach angle? M. Rabaud and F. Moisy, Phys. Rev. 
Lett. 110, 214503 (2013).
- Mach-like capillary-gravity wakes, F. Moisy and M. Rabaud, Phys. Rev. 
E 90, 023009 (2014).
- Scaling of far-field wake angle of non-axisymmetric pressure 
disturbance, F. Moisy and M. Rabaud, Phys. Rev. E 89, 063004 (2014).
- Narrow ship wakes and wave drag for planing hulls, M. Rabaud and F. 
Moisy, Ocean Eng. 90, 34 (2014).



Fin de la parenthèse 2



Chap. 3

Les bateaux volants et les 
records de vitesse



L’Hydroptère (Alain Thébault) : record à 51 Nœuds 



Quelles limites pour les foils ?

- 1) Résistance mécanique 
(plusieurs fois le poids du bateau)

- 2) Cavitation

- 3) Passage dans les vagues

- 4) Stabilité dynamique 
(asservissement)

- … Jusqu’où ira-t-on ?



Evolution des 
records

de vitesse 
(sur 500 m)

Quelle est la vitesse limite d’un voilier ?

1 nœud = 1 mille marin/heure
=1,852 km/h



Sailrocket 2

(record du monde à 121 km/h en 2012)



Record du monde de vitesse à la voile !
121 km/h !



Qu’est ce qui limite encore la vitesse des voiliers ?

- vitesse du vent ? Non
- vitesse limite de coque ? Non
- cavitation sur les foils ? Non
- couple d’inclinaison (gite) ? Non
- finesse max ? Oui, b > b0

- Des pistes à creuser même si elles 
ne sont pas encore autorisées :

• les engins à éolienne et hélice… 
• l’asservissement des foils





Merci …


