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AN ANNULAR BUOYANT BODY

The present invention relates to a buoyant body, and
to a method of at |least partially extinguishing heave
nmoti on of such a buoyant body.

Buoyant bodi es subjected to swell oscillate in
various directions. "Heave" is one such oscillation
nmotion that i1s induced by swell in a vertical direction.
Li ke other oscillatory notion of buoyant bodies, heave
has vari ous drawbacks. Apart fromthe obvi ous disconfort
t hat can be experienced on board a buoyant body subjected
to such heave, that notion induces high accel erations on
the platformthat adversely affect the supported
structures, especially with swell having a period cl ose
to the heave natural period of the buoyant body.

The heave natural period Theae Of a buoyant body may
be expressed by the foll owi ng equati on:

M + M ME]
Thogwe = 27 — heave — 21T Ilw (1)
J o255, + e85

where Theave represents the heave natural period, M
represents the mass (displacement) of the buoyant body, p
represents the density of water, g represents
accel eration due to gravity, and S represents the
wat er pl ane area of the buoyant body. M, represents the
added mass of the buoyant body as commonly defined by the
person skilled in the art. The added nmass M, varies as a
function of the shape of the buoyant body, of its
draught, of the period of the swell, and of other
factors, and may be conputed, for exanple, by neans of a
recogni zed diffraction-radiation code. Unless otherw se
indicated, all of the variables in the equations and
formul ae of the present description use the neasurenent
units of the International Systemof Units (SI).

The forces exerted on the buoyant body conprise
firstly the Froude-Krylov forces associated with the
vari abl e pressure field generated by the swell that is
not di sturbed by the buoyant body, and secondly the
diffraction forces associated with the diffraction of the
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swel | by the buoyant body. Those forces can al so be
conputed by neans of diffraction-radi ati on codes.

Buoyant bodi es provided with "nobonpool s" are known
to the person skilled in the art, in particular anpng
floating drilling platfornms. A "noonpool" is a
downwar dl y- ext endi ng openi ng that passes through the
buoyant body while intersecting the waterplane. Their
dynam ¢ behavior, and in particular the verti cal
oscillation ("piston node") of the mass of water in the
nmoonpool has been perceived as a drawback. In the
article entitled "On the piston and sl oshing nodes in
moonpool s" (J. Fluid Mech. (2001), vol. 430, pp. 27-50),
B. Molin has analyzed this "piston node" of vertical
oscillation of the mass of water contained in such
nmoonpool s on floating platfornms. However, it has not
been proposed to use that oscillation to counter the
excitation forces exerted by the swell on the buoyant
body.

Each of US Patent Applications US 2009/126616 Al and
US 2006/ 045628 Al descri bes a buoyant body having a
moonpool adapted to increase the added nmass of water
driven vertically with the buoyant body, in order to
increase the inertia of the buoyant body and thus in
order to increase its heave natural period, so that said
natural period is above the normal range of periods for
swell. Unfortunately, that suffers fromthe drawback of
| eading to an increase in the excitation forces exerted
by the swell on the buoyant body.

An object of the invention is to propose a buoyant
body in which heave notion is mnimzed, in particular in
the vicinity of the heave natural frequency of the
buoyant body.

In at | east one enbodi nent of a buoyant body of the
invention, this object is achieved by the fact that the
buoyant body is an annul ar buoyant body including a
central noonpool, and is configured such that, in water,
with swell of a period substantially equal to a natural
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period of the buoyant body while it is noving with heave
nmotion, vertical forces exerted on the buoyant body by a
mass of water oscillating in the central noonpool in

phase opposition relative to the swell, conpensate at
| east partially for the vertical excitation forces
exerted on the buoyant body by the swell. In the context

of the present description, it should be clear for a
person skilled in the art that a "period substantially
equal to a heave natural period" does not necessarily
mean a period exactly equal to said natural period, but
rather that a certain variation relative to said natura
period, e.g. a variation plus or mnus 15% is
accept abl e.

By neans of these provisions, it is possible to
reduce very significantly the heave notion of the buoyant
body. In addition, these provisions offer additional
advantages for certain applications. |In order for the
vertical forces exerted on the buoyant body by a mass of
wat er oscillating in the central nobonpool in phase-
shifted manner relative to the swell to be able to
conpensate at |east partially for the vertical forces
exerted on the buoyant body by the swell, the draught of
t he buoyant body should normally be limted, and the area
of the nmoonpool should normally be particularly |arge
relative to the waterplane area. Although this increases
the overall dinensions of the buoyant body relative to
its tonnage, such a wi de annul ar configuration al so
benefits its static stability, to the extent even of
obviating the need for a ballast system even with
superstructures having a particularly high center of
gravity, such as w nd turbines.

Advant ageously, in order to obtain phase opposition
bet ween the mass of water oscillating in the central
moonpool of the buoyant body and the swell, while al so
preserving the robustness of the structure of the buoyant
body, the natural period Tpision Of the vertical
oscillation piston node of the nass of water in the
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central nmoonpool may lie in the range 1.25 to 1.55 tines
a natural period Theave Of the buoyant body while it is
movi ng with heave noti on.

For an approxi mation of the natural period Tpiston Of
the oscillation piston node of the nass of water in the
central noonpool of a buoyant body having substantially
vertical walls, it is possible to use the foll ow ng
formul a:

—
N |d4k,/5,
T‘.:n'srnn =2m "ql ; (2)

d+k

s,
g

T

piston

= 2m In this formula, S; represents the

area of the central noonpool, g is acceleration due to
gravity, and k is a coefficient that, if the central
nmoonpool is |likened to a square openi ng having the sane
area, can be considered to be equal to 0.52, as described
inthe article entitled "On the piston and sl oshi ng nodes
i n noonpools" by B Mdlin, (J. Fluid Mech. (2001), vol.
430, pp. 27-50).

The ratio between the natural period Tpsion Of the
mass of water oscillating in the central noonpool and the
natural period Theave Of @ buoyant body while it is noving
wi th heave notion can thus be expressed by the follow ng
formul a:

Tpiston [ pSy (d+0.52,/5,
I_:'.E'dl:' s = "ql MMy ( 3)

Therefore, the dinensions of the buoyant body and of

its central noonpool may advantageously be as defined by

the foll ow ng fornul a:

p - o
|pS, (d+0.52,5,

125 < | L < 155 (4)
A MMy
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where the added mass M, nornmally lies in the range 0.45 to
0.85 times the mass M of the buoyant body, depending on
its configuration.

Al ternatively, it is, however, possible to use
digital tools, such as hydrodynam c anal ysis software
that is well known to the person skilled in the art such
as WAM T® Princi pi a Di odore™ ANSYS® AQM or some ot her
software, for calculating nore accurately the natural
periods Tpiston @and Theave, the extinction period Teforr, all
of the vertical excitation forces exerted on the various
buoyant bodi es, and the heave response of the buoyant
bodies as a function of the period of the swell.

Thus, in at |east one particul ar enbodi nent, the
annul ar buoyant body includes at |east one payload. In
particular, this at |east one payload may be a device for
har nessi ng energy such as a wnd turbine, but also other
devi ces for harnessing mari ne energy, such as energy from
waves, fromswell, fromtides or fromcurrents, heat
energy fromthe sea, osnotic energy fromthe sea, or any
other types. Anong wind turbines, all types of turbines
known to the person skilled in the art can be consi dered,
e.g. turbines of horizontal or vertical axis, with one or
nore rotors, and with or wi thout a gearbox interposed
between the rotor and the generator, or with any nunber
of bl ades.

Since the buoyant body has an annul ar configurati on,
the at | east one payl oad may be situated off-center
relative to the buoyant body. The annul ar buoyant body
may then have a |arger imersed volunme in the vicinity of
the at | east one payload so as to bal ance the wei ght of
t he payl oad.

In order to keep the buoyant body in position, it
may al so be provided with at | east one anchoring devi ce,
such as an anchoring device for anchoring to a turret
buoy, a fixed-headi ng anchoring device, and a cabl e,
chain, or sone other anchoring device. |In addition, it
may al so include at |east one roll danper device
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i ncorporating, for exanple, an anti-roll keel, an anti-
roll tank, or an arrangenment of a plurality of anti-roll
tanks interconnected via U shaped tubes, etc.

In order to adjust the dynam c properties of the
buoyant body, it is, for exanple, possible to increase
t he added mass of water that follows the buoyant body in
its vertical notion by incorporating at |east one
ext ernal appendage into the buoyant body, such as, for
exanple, a skirt or plates. It is also possible to
i ncorporate into the buoyant body at | east one appendage
in the central noonpool so as to adjust both the heave
natural period and also the swell period at which the
mass of water in the central noonpool oscillates in phase
opposition relative to the swell. Wth such appendages,
t he added mass M, of water oscillating with the buoyant
body may lie in the range 0.55 to 0.85 tinmes the nass M
of the buoyant body, whereas, w thout these appendages,
the added nmass M, may lie in the range 0.45 to 0.65 tines
the mass M of the buoyant body. |In order to increase the
vi scous danmpi ng of the sloshing of the mass of water, the
buoyant body may al so include, in a periphery of the
central noonpool, at |east one roll-danping chanber in
restricted communi cation with the central noonpool.

The present description also provides a nethod of at
| east partially extinguishing heave notion of a buoyant
body that is floating in water subjected to swell of a
period substantially equal to a heave natural period,
wherein said buoyant body is provided with a central
nmoonpool in which a mass of water oscillates in phase
opposition relative to the swell, in order to exert on
t he buoyant body vertical forces that oppose verti cal
excitation forces exerted by the swell.

The invention can be well understood and its
advant ages appear nore clearly on reading the foll ow ng
detail ed description of enbodi nents shown by way of non-
[imting exanple. The description refers to the
acconpanyi ng draw ngs, in which:
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Figure 1A is a diagrammatic view of the top of a
first enbodi mnent of a buoyant body of the invention;

Figure 1B is a diagrammatic side view of the
buoyant body of Figure 1A

Figure 2 is a conparative graph show ng the heave
response of the buoyant body of Figure 1A as a function
of the period of the swell, conpared with a buoyant body
wi thout a central noonpool, and with an annul ar buoyant
body that is not configured so that the nmass of water in
the central noonpool conpensates at least in part for the
vertical force exerted by the swell;

Figure 3A is a graph showi ng both the heave
response of the buoyant body of Figure 1A and the overal
vertical excitation forces exerted on said buoyant body,
as a function of the period of the swell;

Figure 3B is a conparative graph show ng the heave
response of a buoyant body that is not configured so that
the mass of water in the central noonpool conpensates at
least in part for the vertical excitation forces exerted
by the swell;

Fi gures 4A and 4B di agranmatically show the notion
of the buoyant body of Figure 1A and of the nmass of water
inits central noonpool with swell close to or equal to
the heave natural period of the buoyant body;

Fi gures 5A, 5B, 5C, and 5D are diagranmatic vi ews
of the tops of various enbodi nents of buoyant bodies of
the i nvention;

Fi gures 6A, 6B, and 6C di agrammatically show three
di fferent enbodi ments of buoyant bodies with horizontal
pl ates projecting into the central nponpool s;

Figure 7 diagrammatically shows an enbodi ment of a
buoyant body w th danpi ng chanbers around the central
nmoonpool ;

Figure 8 diagrammatically shows an enbodi ment of a
buoyant body with anti-roll keels; and

Figure 9 diagrammatically shows anot her enbodi nent
of an anti-roll device for a buoyant body.
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A first enbodi nent of an annul ar buoyant body 1 of
the invention is shown in Figures 1A and 1B. This
buoyant body 1 has a square shape and is provided with a
central noonpool 2 that is also square in shape. The
buoyant body 1 is also provided with a wind turbine 3
situated off-center on the buoyant body 1. Although the
wind turbine 3 that is shown is a turbine with a
horizontal -axis rotor, it is possible to consider other
types of wind turbine, of horizontal or vertical axis,
with one or nore rotors, and with or wi thout a gearbox
i nt erposed between the rotor and the generator, or with
any nunber of blades. It is also possible to install a
plurality of wind turbines on the sane buoyant body. In
addition, and alternatively, such a buoyant body can al so
serve to support other types of installation, such as,
for exanple, other types of devices for harnessing marine
energy, such as energy fromwaves, fromswell, fromtides
or fromcurrents, heat energy fromthe sea, osnotic
energy fromthe sea, or any other types. The buoyant
body 1 is also provided with an anchoring device
conprising, in this enbodinent, a plurality of anchor
lines 4. However, other alternative anchoring devices
known to the person skilled in the art may al so be
consi der ed.

The buoyant body 1 has a shal |l ow draught, enabling
it to be used in shallow water, and a small anount of
freeboard, offering easy access for the operations of
mai ntai ning the wi nd turbine 3.

The buoyant body 1 and its noonpool 2 are
di mensi oned such that, in the water, wth swell having a
period substantially equal to a heave natural period of
t he buoyant body, the mass of water in the central
nmoonpool 2 oscillates substantially in phase opposition
with the swell. In this way, the vertical forces exerted
on the buoyant body by said nass of water oscillating in
the central noonpool substantially in phase opposition
relative to the swell, are also substantially in phase
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opposition to the vertical excitation forces exerted on
t he buoyant body by the swell.

The person skilled in the art knows diffraction-
radi ati on code capable for cal culating both the added
mass M, and the vertical forces exerted by the swell and
by the vertical oscillation of the mass of water in the
central noonpool 2 as a function of the period of the
swel | for various configurations of the buoyant body 1,
and thus the optimumrati o between the natural period
Tpiston @and the natural period Theave foOr extinguishing
vertical excitation forces. For a buoyant body 1 having
t he configuration shown in Figures 1A and 1B, the added
mass M, is about 0.55 tinmes M whereas the optinmm
Tpiston/ Theave rati o for obtaining phase opposition of the
mass of water in the central noonpool relative to the
swell lies in the range 1.25 to 1.55, and in particul ar
around 1.40. By applying these values to the equation
(3), it can be deduced that, if the central noonpool 2 is
square, the length { of a side of the central moonpool 2
is about 4.0 tinmes the draught d. If this ratiois
applied as a substitute for the draught d in the equation
for the displacenent of the square buoyant body 1:

M= p(l*=¢%)d (5)

the follow ng third-degree polynonial i s obtained:
Ll M=0 (6)
2.0 2.0

Starting froma given displacenent Mand from a
given length L of the buoyant body 1, it is thus possible
to cal culate the opti num size of the central noonpool 2
so as to obtain phase opposition of the mass of water in
the central noonpool relative to the swell and thus
obtain at |east partial extinction of the verti cal
excitation forces exerted on the buoyant body 1.

Starting from the lengths L and { and from the
di spl acenent M the draught d can al so be conputed
directly.
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Thus, for at |east partial extinction of the
vertical excitation forces on a square buoyant body 1
with a displacenent Mof 5900 netric tonnes (t) and a
side length L of 39 neters (n), at the heave period Theave
of the buoyant body 1, each side of its central noonpool
2, which is also square, may have a length ¢ of 23 m.
Wth these dinensions, and in sea water having a density
of about 1027 kil ogranms per cubic neter (kg/nt), the
buoyant body 1 has a draught d of 5.8 m Wthin the
range defined by the formula (4), if the square shape
with L = 39 m and ¢ = 23 m 1is maintained, alternative
enbodi mrents may be considered with different tonnages and
a draught lying in the range 4.4 mto 8.4 m

Figure 2 shows the responses of the buoyant body 1,
of anot her buoyant body al so provided with a central
nmoonpool but that is not optimzed to mnimze the heave
of the buoyant body, and of a buoyant body that is not
provided with a central noonpool. The curve 201
represents the transfer function RAQeae (heave response—
anpl i tude operators) between the anplitude of the swell
and the anplitude of the heave of the buoyant body 1. By
way of conparison, the curve 202 represents the transfer
function between the anplitude of the swell and the
anplitude of the non-optim zed annul ar buoyant body, and
the curve 203 represents that corresponding to a buoyant
body not provided with a central nobonpool.

As can be seen in curve 203, the buoyant body not
provided with a central noponpool has a natural period of
about 8.5 seconds (s), at which the transfer function
RAQ eave reaches a maxi mum of 1.08. The non-optim zed
annul ar buoyant body that has its response represented by
curve 202 has a maximumthat is even nore marked of
nearly 1.4 at a natural period of about 9.5 s.

Conversely, the curve 201 corresponding to the first
enbodi nent of the annul ar buoyant body 1 does not have
such a maxi num and does not exceed a val ue of 1.
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This is due to the fact that the heave natura
peri od Theave Of the buoyant body 1 that, in this exanple
is 5.8 s, corresponds approximately to a mnimumin the
anplitude of the vertical excitation force exerted by the
wat er on the buoyant body 1. 1In Figure 3A, in which the
curve 201 is superposed on a curve 301 representing the
transfer function RAQs:ot (fOrce response-anplitude
operators) between the anplitude of the swell and the
anplitude of all of the vertical excitation forces on the
buoyant body 1, it is possible to see how this curve 301
has a mnimum at a period Teftort, 1N this exanple 6.1 s,
that is very close to the heave natural period Theave Of
t he buoyant body 1. This is caused by the vertical
oscillation of the mass of water in the central noonpool
2, phase-shifted relative to the swell and cancelling at
| east in part the excitation force exerted by the swell
on the buoyant body 1 at said period Teort and at peri ods
cl ose thereto, as represented diagranmatically in
Fi gures 4A and 4B.

The piston-node vertical oscillation of the nass of
wat er contained in the central nmoonpool 2 is then in
phase opposition relative to the swell. The inflows and
outflows of this mass of water generate an oscillating
fl ow around the buoyant body 1 that cones to conpensate
at least in part for the pressure field of the swell on
t he buoyant body 1. This can also be expressed as a
phase opposition between the Froude-Krylov forces and the
diffraction forces exerted on the buoyant body.

For the device to be properly effective, the piston-
nmode natural period Tpiston Should be greater than the
heave natural period Theave Of the buoyant body. The
extinction period of the excitation forces is, in
general, interposed between the piston-node natural
period Tyiston and the heave natural period Theave Of the
buoyant body 1. Thus, in general, Theave<Teffort<Tpiston.

By way of conparison, in Figure 3B, the curve 202 of
t he response RAQ awe Of the non-optimzed annul ar buoyant
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body is superposed on a curve 302 representing the
transfer function RAQs:ot between the anplitude of the
swell and the anplitude of the vertical excitation forces
on the non-optim zed annul ar buoyant body, and that has a
heave natural period Theae Of 9.5 s. Since, in this case,
the period Theave 1S Not close to the period Teffort, the
excitation forces exerted by the swell on the non-
opti m zed buoyant body are not significantly reduced by
the vertical oscillation of the nass of water in the
central nmoonpool. On the contrary, the heave resonance
is actually made worse than for a buoyant body that is
not provided with a central noonpool.

In order to bal ance the buoyant body 1 and in order
to conpensate for the weight of the wind turbine 3, the
buoyant body 1 is ballasted on its side opposite from
said wind turbine 3. However, in an alternative
enbodi mrent shown in Figure 5A, the ballast weight can be
m nim zed by increasing the i nmersed volune, and thus the
di spl acenent, of the buoyant body 1 in the vicinity of
the wind turbine 3. In addition, in other enbodi nents,

t he buoyant body 1 may have shapes other than the square
shape of the first enmbodi nent. Thus, in the enbodi nent
shown in Figure 5B, the buoyant body 1 has a circular
shape, and, in the enbodi nents shown in Figures 5C and
5D, it has triangul ar shapes.

The various enbodi nents of the buoyant bodies of the
invention may be built of a variety of materials, such
as, for exanple, ferrous netal materials, such as steel,
or non-ferrous materials, such as alum numor its all oys,
m neral materials such as concrete, or synthetic
materials, including conposite materials, as well as
conbi nations of a plurality of such different materials.

In addition, any one of the enbodi nents of the
buoyant body may al so i ncl ude appendages around its
out si de periphery and/or in the central nobonpool, in
order to increase the added nass of water acconpanyi ng
t he buoyant body in its vertical notion and/or in order
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to change the natural period Tysion Of the piston node of
oscillation of the mass of water in the central noonpool.
Fi gures 6A, 6B, and 6C thus show t hree potenti al
configurations for horizontal plates 5 installed around
t he periphery of the central noonpool 2 of such a buoyant
body 1 in order to adjust the natural period Tpision. IN
order to danp sloshing of the water in the centra
moonpool 2, the nobonpool nmay al so have danpi ng chanbers 6
around its periphery and separated fromthe center of the
central noonpool 2 by walls 7 having orifices 8 through
whi ch water can pass as shown in Figure 7. Roll-danping
devi ces, such as, for exanple anti-roll keels, or active
or passive anti-roll tank arrangenents, can al so be
i ncorporated into the buoyant body. Figure 8 shows a
buoyant body 1 with anti-roll keels 9 whose hydrodynam c
resi stance danps the roll oscillations of the buoyant
body. A passive anti-roll tank is a tank containing a
mass of liquid and di nensioned such that the sloshing of
the liquid danps the roll. An active arrangenent of
anti-roll tanks, shown in Figure 9, includes two anti -
roll tanks 10A and 10B, interconnected via their bottons
via a U shaped tube 11, and filled with a mass of |iquid.
In this case, the roll induces a displacenent of |iquid,
t hrough the tube 11, between the tanks 10A and 10B. By
the resistance of the tube 11 to the flow of liquid, it
is possible to danp the roll. The tube 11 may al so be
provided with neans for adjusting this resistance to
flow

Al t hough the present invention is described with
reference to specific enbodinents, it is clear that
various nodifications and changes may be nmade to these
exanpl es w t hout goi ng beyond the general scope of the
invention as defined by the clainms. Therefore, the
description and the draw ngs shoul d be consi dered as
being given illustratively rather than restrictively.
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CLAI M5

1. An annul ar buoyant body (1) including a central
nmoonpool (2), characterized in that it is configured such
that, in water, with swell of a period substantially
equal to a natural period of the buoyant body (1) while
it is noving with heave notion, vertical forces exerted
on the buoyant body (1) by a nmass of water oscillating in
the central noonpool (2) in phase opposition relative to
the swell, conpensate at |least partially for the verti cal
excitation forces exerted on the buoyant body (1) by the
swel | .

2. An annul ar buoyant body (1) according to claim1,
configured in such a manner that a natural period Tyston
of a vertical oscillation piston node of said nass of
water in the central nmoonpool (2) lies in the range 1.25
to 1.55 times a natural period Theae Of the buoyant body
(1) while it is noving with heave notion.

3. An annul ar buoyant body (1) according to claim2, with
a waterplane area Sy, an area S; of the central noonpool
in a waterplane, a draught d and a mass M as defined in
the follow ng fornul a:

||p5[,(d+ 0.52,5, -

125 < |
N M+M,

where p is the density of the water and M, i S the

1.55

added mass of water oscillating in phase with the buoyant
body (1) and corresponding to in the range 0.45 to 0.85
times the nmass M of the buoyant body.

4. An annul ar buoyant body (1) including at |east one
payl oad.

5. An annul ar buoyant body (1) according to claim4,
wherein said at | east one payload includes at | east one
ener gy harnessi ng devi ce.
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6. An annul ar buoyant body (1) according to claim4 or
claim5, wherein at |east one payload is situated off-
center relative to the buoyant body (1).

7. An annul ar buoyant body (1) according to claim®,
having a | arger i mersed volune in the vicinity of the at
| east one payl oad.

8. An annul ar buoyant body (1) according to any preceding
claim further including at |east one anchoring devi ce.

9. An annul ar buoyant body (1) according to any preceding
claim further including at |east one roll-danping
devi ce.

10. An annul ar buoyant body (1) according to any
preceding claim further including at |east one appendage
that is external and/or that is inside the centra
moonpool in order to adjust the hydrodynam c
characteristics of the buoyant body.

11. An annul ar buoyant body (1) according to any
preceding claim further including, in a periphery of the
central noonpool, at |east one roll danping chanber in
restricted communi cation with the central noonpool (2).

12. A method of at least partially extinguishing heave
nmoti on of a buoyant body (1) that is floating in water
subjected to swell of a period substantially equal to a
heave natural period, wherein said buoyant body (1) is
provided with a central noonpool (2) in which a mass of
wat er oscillates in phase opposition relative to the
swell, in order to exert on the buoyant body verti cal
forces that oppose vertical excitation forces exerted by
the swell.



