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To compensate for their weight, the gigantic cargo ships that travel the oceans benefit from Archimedes' thrust. But
why are they so stable and never tip over, even when the sea is rough? By comparison, birds, planes and gliders,
much heavier than air, seem to perform extraordinarily well when flying, like the majestic vulture in the cover
image. We will see that it is their movement that generates a force, called lift, that can compensate for their weight.
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1. A look back at Archimedes' weight and thrust
As soon as it is released, the stone falls to the ground, attracted by its weight. Its fall stops when its support on the ground
provides it with a force exactly opposite to its weight, which is called the reaction of this support (link to the article The laws of
dynamics). The rock is back in balance.

Bodies immersed in a fluid medium, such as air or water, are subjected to pressures on their periphery, the overall effect of
which at rest is reduced to Archimedes' thrust [1], equal to and opposite to the weight of the fluid displaced. In the example of
the stone released into the air, this thrust is much lower than its weight, since the density of the air is about 3000 times lower
than that of a stone. The released rock therefore accelerates strongly, in accordance with the fundamental law of dynamics. On
the other hand, a balloon falls more slowly than the rock and can even rise if it is inflated with a gas lighter than air, such as
helium or hydrogen. In water, the stone also falls but much slower than in the air. At the beginning of its fall, this is due to the
fact that Archimedes' thrust is still unable to compensate for its weight, but the imbalance of the two forces is moderate because
the density of the water is only 3 times lower than that of a stone. Then, when its falling speed becomes significant, the
penetration of the stone into the water encounters a resistance, called drag, sufficient to stop its acceleration and impose a limit
on its falling speed (link to the article Resistance to advancing, or drag).

2. Stability of submarines and surface vessels

 Figure 1. Stability of a submarine's equilibrium. The arrows represent Archimedes' weight and thrust, a) in equilibrium position, b) when
the torque is in the direction of a righting, c) when it is in the direction of a capsizing. [Source: © EDP Sciences, Grenoble sciences]

Submarines and ships can be in balance between their weight and Archimedes' thrust. But is this balance stable in rough seas?
Let us limit ourselves to considering only the most dangerous disturbance, rolling, and start by eliminating the free surface by
imagining the case of a submarine diving. It is a kind of tube, whose straight section has a shape similar to that of an ellipse,
shown in Figure 1. Archimedes' thrust applies to point C, the centre of gravity of the displaced fluid volume [2], which is called
the centre of thrust. The submarine's mass also has a centre of gravity G, point of application of the weight, whose position
depends on the stowage of the masses that make up this vehicle. The position of the centre of gravity can therefore vary. In
equilibrium, points C and G are aligned on the same vertical. Let's imagine a small roll inclination. Figure 1 immediately shows
that, if G is below C, the torque formed by these two non-aligned but parallel forces tends to bring the submarine back to
equilibrium. If G is above C, the torque tends to accentuate the imbalance. The stability condition of the submarine is therefore
clear: it is necessary to give the various masses that make up this submersible positions such that G is below C. This is a
relatively severe condition.

The situation is different for a surface vessel immersed in a combination of two fluids: water and air. One might think that air
doesn't count because it is almost a thousand times lighter than water. What is true is that the thrust of air is negligible compared
to that of water. But it would be wrong to completely forget the air, which comes into play through the existence of the free
surface. The submerged part of the boat is limited by the hull and by the portion of free surface removed by the presence of the
ship, known as the flotation surface. Together, the hull and flotation surface limit the submerged volume V. Let us distinguish
the two parts of Archimedes' thrust, the one on the port side and the one on the starboard side. Any inclination of the vessel
destroys the symmetry of these two pushes, in a direction that tends to restore the balance of the vessel. This is what
distinguishes the case of a surface ship from that of the submarine.

https://www.encyclopedie-environnement.org/en/physics/laws-of-dynamics/
https://www.encyclopedie-environnement.org/en/physics/laws-of-dynamics/
http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig1_stabilite-equilibre-sous-marin.png
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 Figure 2. Stability of a ship's equilibrium when the metacenter M is located above the centre of gravity G. During oscillations the centre of
thrust C moves over the arc of the circle with radius MC = I/V. |Source: © EDP Sciences, Grenoble sciences]

For a given submerged volume and for a given weight, the flotation area can be more or less wide. When it is not very wide, as in
the case of a long pirogue, during a roll inclination, all the points of this surface are close to the axis, so that, since the lever arm
is short, the moment of the return forces due to the pressure of the water on the edges of the hull remains very moderate. On the
contrary, when the waterline is very wide, as in the case of Figure 2, the return torque can be very high, because the hull finds an
increased thrust quite far from the side where the vessel is leaning, and a decreased thrust on the other side. In other words, the
centre of thrust shifts quite strongly from the side where the vessel is leaning, making the righting torque lever arm important.

This results in the existence of a point that has no equivalent in the case of submarines, called the metacenter M, located at the
I/V distance above the thrust centre C on the (vertical) thrust action line. In this expression, I refers to the quadratic moment of
the floating surface [3] with respect to its axis of symmetry. When the vessel is subjected to small inclinations, the metacenter M
remains fixed and point C describes an arc of a circle of centre M and radius I/V. The stability condition requires that G be
below M, not C. The difference from the submarine case is significant: the ship can be stable when G is above C, provided the
metacenter is high enough. Under these conditions, a submarine would be unstable. This requires that, all other things being
equal, the width l is quite large.

One way to obtain high values of the I/V metacentric radius, in order to guarantee the stability of the vessel, is to provide it with
a double hull, none of which is close to the axis. So, since most of the flotation surface is far from the axis of symmetry, the
metacentric radius can become very large. This is the principle of catamarans. Trimarans have a fairly large main hull around
the axis, designed to carry the equipment necessary for navigation, masts, sails and ropes, but also to shelter the crew, flanked by
two very light secondary hulls at a certain distance on each side. At equilibrium, only the central hull is partially submerged, but
a moderate list is sufficient to bring one of the lateral hulls into contact with the water, which thus finds an additional support,
systematically stabilizing. The righting torque due to this additional lateral thrust can be high due to the length of the lever arm.
The trimaran therefore represents an intermediate formula between the monohull vessel and the catamaran, which has the
advantage of becoming very stable at steep inclinations.

3. The bearing capacity explained by the balance of the pressure
forces
What about these flying objects such as planes and gliders subjected to a negligible Archimedes thrust compared to their
weight since they are much heavier than air? The force that allows them to fly away and then fly at a fixed altitude, called lift, is
still the result of the pressure forces on their periphery. The first novelty lies in the speed of these objects: planes stopped at
airports cannot take off [4], they only take off while driving and after exceeding a certain speed.

 Figure 3. Symmetric wing of infinite wingspan in a uniform wind from the left, a) with zero incidence, b) with non-zero incidence.
[Source: © EDP Sciences, Grenoble sciences]

http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig2_stabilite-equilibre-navire.png
http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig3_Aile-symetrique-envergure-infinie-vent-uniforme-1.png
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To understand the origin of this lift, let us first place ourselves in a simplified case to the extreme, by imagining a thin,
symmetrical wing, and of infinite span. The flight of this wing at a speed of V becomes a two-dimensional phenomenon, as
shown in Figure 3a. Imagine an observer in solidarity with this wing, who, like a passenger on an aircraft, sees the external fluid
coming from upstream at speed V. In the case where the wing flies with zero incidence, the flow over the wing, or along the
upper surface, and the flow under the wing, or along the lower surface, are identical. The pressures on the lower and upper
surfaces are also symmetrical and the vertical component of their resultant can only be zero: this wing is not subjected to any lift.

On the other hand, when the wing has a non-zero incidence, the symmetry is broken as shown in Figure 3b : the current lines
tighten over the wing and move away below. Since the flow between two power lines must remain constant, the speed is all the
greater as the power lines tighten. The air velocity is therefore lower along the lower surface than along the upper surface.
However, to slow down the fluid particles that pass along the intrados in this way, resistance must be exerted on them. This
resistance to their advancement is produced by an overpressure that takes place along the bottom surface and slows down the
air locally by pushing it down. As a result, the pressure along the underside of the wing prevails over the pressure on the other
side, and the balance of these pressures over the entire surface of the wing shows a non-zero vertical force. The wing is then
subjected to a lift [5] related to the wing speed and its incidence.

In the case of an aircraft wing, the incidence is imposed by the pilot who, to take off, while the aircraft is already operating at a
sufficient speed, turns the rear flaps down. Even if it does not modify the incidence of the entire wing, the pilot thus destroys the
symmetry between the lower and upper surfaces, and this is what allows the lift to develop and to be able to overcome the
weight. Conversely, to reduce the altitude before landing, the pilot reduces the incidence by raising the aft flaps to reduce or
even negatively affect lift and add weight. In the case of a bird, it is the animal that makes the muscular effort necessary for the
incidence and lift to appear.

The fact that the wing has a certain thickness reduces the effectiveness of this mechanism, but without compromising its
principle. In aeronautics, we talk about the fineness of a wing to describe its slimness. The sails of a boat are good examples of
thin wings. They are also curved by the wind that inflates them, which further accentuates the asymmetry and reinforces the
pressure balance, a kind of horizontal lift transmitted to the boat by the mast. The combination of this lift on the sail and those
exerted by the water on the rudder - another thin wing - and possibly on the keel - a third thin wing - even allows sailing in
headwinds. The rear spoiler of competition cars is also designed to be subjected to lift, but negative lift, i.e. directed towards the
ground like weight, in order to increase the vehicle's handling.

4. The lift explained by the presence of a tourbillon

 Figure 4. Circular cylinder placed in a uniform wind from the left, a) non-rotating cylinder, b) rotating cylinder with angular velocity ω
[Source: © EDP Sciences, Grenoble sciences]

For the explanation of lift by the pressure balance, a strictly equivalent variant is often substituted, which consists in
representing the lifting wing by a vortex. To introduce this notion, and to illustrate the fact that thickness does not play a
primary role, let us first consider a circular cylinder of infinite length placed in a flow from the left (Figure 4). Under conditions
(a), the symmetry between intrados and extrados is complete, the pressure balance is zero, as well as the lift. On the other hand,
in case (b), where the cylinder rotates about its axis, the positions of the two opposite stopping points have both moved
downwards, the current lines passing under the cylinder have diverged, the local velocity has decreased and the local pressure has
increased. On the contrary, above the cylinder, the power lines tightened, the local speed increased and the pressure decreased.
The pressure balance over the entire surface of the cylinder then leads to a non-zero and proportional lift both to the intensity of
the vortex [6] schematized by the rotation of the cylinder and to the speed of the far flow. Rotating masts, similar to the cylinder
in Figure 4, have been designed to propel ships, but their implementation has been hampered by the fact that in strong winds it is
much more difficult to retract them than to reduce the sail area.

Now imagine that it is not the entire cylinder that rotates, but only a film layer, a kind of skin plated on its contour. For the flow
of the ambient fluid, which only feels this skin, the result is the same. The cylinder with this movable skin is subjected to a lift

http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig4_Cylindre-vent-uniforme.png
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whose sign depends on the direction of rotation of the skin.

 Figure 5. Wing of Figure 1b, with the boundary layers of the lower and upper surface that meet downstream to form the wing wake, after
undergoing different thickening. [Source: © EDP Sciences, Grenoble sciences]

But aircraft wings are not covered with moving skins. In fact, it is not the speed of the points belonging to the wall of the wing or
cylinder that counts, but the speed of the fluid beyond a very thin fluid layer, called the boundary layer. This boundary layer
around a wing is sketched in Figure 5, where its thickness is greatly exaggerated to make it visible. It begins at the leading edge,
with a very thin initial thickness, gradually thickens on each side of the wing, without any symmetry due to the incidence, and the
two layers of lower and upper surface eventually meet at the trailing edge to form the wing wake. For example, if the distance
between the leading edge and the trailing edge of the wing is about one meter and the speed is about 100 m/s, or 360 km/h, the
thickness of this boundary layer is less than 1 mm at the trailing edge, where it reaches its maximum. Due to this asymmetry, the
average velocity taken over a closed contour passing at the outer boundary of the boundary layer [7] is non-zero, as if the surface
of the entire wing and boundary layer were a moving skin rotating from the inside.

A vortex therefore necessarily appears around the wing during takeoff. However, initially, no eddies were present. And this
quantity is invariant over short periods of time in relation to the characteristic time of viscous friction. Another vortex, of the
opposite direction and of the same intensity as the one that generates the lift, is therefore also created, but it does not surround
the wing and we will see that it does not follow the plane and remains at the starting point.

5. The lift on a finite wing span

 Figure 6. Schematic flow pattern around a finite wingspan, with the presence of a vortex of intensity Γ, invariant throughout the large
vortex tube that closes at the airport. [Source: © EDP Sciences, Grenoble sciences]

We still have one more step to take to fully understand the emergence of lift, from a wing of infinite span to a real wing of finite
span. Figure 6 illustrates qualitatively, without respecting the length scales, the presence of the vortex along the wing. The
slowing of the fluid particles and the overpressure on the underside of the wing pass through as much as possible in the middle of
the wing and cancel each other out at its ends. A very similar variation appears on the upper surface, but with a different sign.
This effect is therefore variable along the wingspan, maximum in the middle of the wing and lower and lower when going
towards the tips. The large overpressure on the underside pushes the air from the centre to the ends, while the underpressure on
the top surface draws the air from the ends to the centre. This shows a velocity component in the direction of the wingspan, from
the middle of the wing to its tip on the lower surface and in the opposite direction on the upper surface. These transverse flows
lead to the winding of a vortex web at each end of the wing (Figure 6), which forms two marginal vortices, also called tip
vortices. This structure is closed by the vortex left at the starting point and by the vortex created around the wing, thus forming a
long vortex tube closed on itself.

http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig5_aile-couches-limites-intrados-extrados.png
http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig6_schema-ecoulement-aile-envergure-finie.png
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 Figure 7. Illustration of marginal eddies at wingtips. On the left, the winding of these eddies generated by a large aircraft is made visible
by the cloud below it. On the right, at the ends of the wings of a glider, these eddies are made visible by a condensation phenomenon
located near their axis [Source: (left image) DR. (right image) Pixabay]

In the photograph on the left side of Figure 7, it is the presence of a cloud below the plane, drawn into these marginal eddies,
that makes them visible. It should be noted that their diameter is of the same order of magnitude as the length of each wing. In
the case of the glider on the right-hand side of Figure 7, two very thin clouds begin at the rear of the wing [8]. They occupy only
the central part of the marginal eddies, in the immediate vicinity of their axis, where the vacuum due to centrifugal force is
sufficient to generate local condensation of the water vapour present in the air. Indeed, under these conditions, the air that carries
a fairly high humidity, close to saturation, is subjected to local cooling by adiabatic expansion (link to Thermodynamics). This is
what causes the condensation of water vapour.

 Figure 8. V-shaped formation of migratory birds. With the exception of the leader, all the birds in the group are placed in the updraft of
the marginal eddies to minimize the effort required.

The V-shaped formation of migratory bird groups (Figure 8) is explained by the fact that each of them, except the first one,
is placed in the upward current of the marginal eddy of the one before it. This saves him some of the effort needed to maintain
his altitude. Any object or animal subjected to lift (plane, glider, bird or sail) is therefore associated with the formation of a very
large vortex structure, in the form of a long tube closed on itself. This structure is regularly extended throughout the flight. Its
intensity is related to the lift and its energy is taken from the energy supplied to these objects or expended by these birds.

 Figure 9. Glider in the vicinity of rocky slopes on which rising thermal winds can allow it to gain altitude. [Source: DivertiCimes]

http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig7_tourbillons-marginaux.jpg
http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig8_V-oiseaux-migrateurs.jpg
http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig9_planeur.jpg
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The gliding flight of large birds of prey (cover image) is remarkably energy efficient. It is this efficiency, due to both the
wingspan and configuration, that allows them to significantly limit their wing flapping. The gliders (Figures 7 and 9), without
engines and therefore unable to take off, are first towed to altitude by an aircraft. There, detached from the aircraft, they are
guided by the pilot who is looking for thermal updrafts that can carry them even higher, or at least maintain their altitude. Their
own speed and incidence do give them lift, but they are also driven by local currents, both vertically and horizontally.

Balls and balloons are examples of very small flying objects. The lift linked to the existence of a tourbillon makes it possible to
explain their sometimes surprising trajectories, such as those of tennis or ping-pong balls, more or less curved by the movement
of the racket. When the racket brushes the ball over it, the trajectory is strongly curved upwards. The ball is called lifted (from
the English word lift which refers to lift); it is called cut or sliced (from the English word slice) when the racket brushes the ball
from below. Another example is the curved trajectory in the horizontal plane of the football which, starting from the corner
point, enters directly into the goalkeeper's cage.

 Figure 10. Hydrofoil sailboat built by Alain Thébault for sailor Eric Tabarly from an 18.24 m long Tornado trimaran hull. The thin legs
that connect the side shells to the wing are made of titanium, the height of the mast, also made of titanium, is 27 m. This hydrofoil broke
the speed record over a distance of 500 m in September 2009: 51.36 knots, or 95.3 km/h, with a top speed of 55.5 knots, or 103 km/h.
[Source: (left photo) By Ludovic Peron (Personal photo)[CC BY-SA 2.5 (http://creativecommons.org/licenses/by-sa/2.5)], via Wikimedia
Commons. (right photo) By Thomas Lesage (Own work)[CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia
Commons]

Hydrofoils are boats whose hulls are able to emerge from the water when their speed exceeds a certain limit (Figure 10), thanks
to the lift exerted on a relatively thin wing, which remains underwater. This wing is located under the hull, at the ends of the
struts that connect it to the hull. In some cases it is a set of wings that provide this lift, which improves the stability of the
hydrofoil. The great advantage of hydrofoils over ships is to reduce drag by minimizing master torque [9]. We will read in the
article Progress resistance and drag (link) that this drag is proportional to the product of the area of the master torque by the
square of the speed. Thus, instead of the total master torque of the entire hull and wing - for example 4.5 m2 -, when the
hydrofoil is significantly reduced, say to 0.5 m2, which means that it can be divided by 9. So, since the drag is proportional to the
product of this area by the square of the speed, the speed of the hydrofoil can be 3 times greater than that of a ship built on the
same hull without the submerged wing.

 

References and notes

Cover photo. Gliding flight of a griffon vulture illustrating the existence of a lift capable of compensating for its weight.
[Source: Diverticimes]

[1] Archimedes, born in Syracuse around 287 BC and killed during the siege of this city in 212 BC, is one of the great scientists
of Greek antiquity. His main discoveries concern statics and hydrostatics. Two of them still bear his name: Archimedes' push and
Archimedes' screw.

[2] The centre of gravity of a volume is its centre of mass, or barycentre, in the event that it is filled with a homogeneous
medium. The centre of gravity of a surface is defined in the same way, but in two dimensions.

[3] Any flat surface has two main orthogonal axes passing through its centre of gravity. In the case of a ship's waterline, it is the

http://www.encyclopedie-environnement.org/app/uploads/2017/05/poussee-archimede-portance_fig10_hydroptere-Alain-Thébault-1.jpg
http://www.diverticimes.com/
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axis of symmetry from bow to stern and the perpendicular axis. The quadratic moment with respect to each of these axes is
generally expressed by an integral; it is often referred to as the moment of inertia. In the particular case of a rectangle with a long
side L and a short side l, the expression of the quadratic moment with respect to the major axis is Ll3/12. In the case of a surface
vessel, if the volume of the hull can be approached by Llh, where h is proportional to the draught, the metacentric radius is
expressed as MC = l2/12 h.

[4] The flight of helicopters, birds and insects is due to the movement of their blades or wings, rotation for the former, rapid
beating for the latter, which is a major difference compared to aircraft, whose wings remain stationary. The vertical take-off of
some fighter aircraft is the result of another thrust from the jet from the engines.

[5] The theory of this lift, due to fluid mechanics Martin Wilhelm Kutta, German (1867-1944), and Nikolai Joukowsky, Russian
(1847-1921), leads to the Kutta-Joukowsky formula for lift: P = ρVΓ, where ρ designates the density of the fluid, V its velocity
in the distance and Γ the velocity circulation over the closed wing contour.

[6] The vortex intensity is the flow of the vortex vector (rotational velocity) through the right section of the wing. This value is
equal to the velocity circulation on the wing contour, introduced in note[5] and noted Γ.

[7] This average velocity on the wing contour is proportional to a significant magnitude: the velocity circulation on this closed
contour Γ, which is also equal to the intensity of the vortex.

[8] Care should be taken not to confuse these long cloud tubes, possibly present on the axis of the marginal eddies, with the large
trails clearly visible in the wake of jet aircraft. The latter are due to the condensation of the large quantity of water vapour
resulting from combustion and ejected by the nozzle downstream of the reactors. These aerial signatures of a jet plane passing
through are always visible, even in a strong high and in dry air.

[9] In marine vocabulary, any section of the hull perpendicular to the major axis is called a torque and the largest of these is
called the master torque.
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