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(57) Abréegée/Abstract:
An absorber unit 100 for the absorption of wave energy from a body of water 99 comprises an absorber element 110 of the front

pivot type with a front end 111 comprising a front pivot axis 113 around which the absorber element 110 under operation
reciprocates between a lower turning position and an upper turning position, and with a rear end 112 extending from a lower rear
edge 114 to an upper rear edge 115. The lower rear edge 114 Is located In a first radial direction 116 at a first distance from the
pivot axis 113, the upper rear edge 115 Is located In a second radial direction 11/ at a second distance from the pivot axis 113, the
first and second radial directions 116, 117 define an acute tip angle of the absorber element 110, and the first distance determlnes
the absorber element length. The abso ‘ber unit 110 further comprises a frame structure 121 that defines an absorber chamber
122 and Is configured to be essentially at rest with respect to the body of water 99. The frame structure 121 pivotally supports the
absorber element 110 within the absorber chamber 122 from the essentially horizontal front pivot axis 1 13 at an axis height Fa
above an average surface level S of the body of water 99, wherein the absorber element 110 In an idle position under still water
conditions Is partially submerged, with an idle draught Fd of the absorber element being determined by the depth of submersion of
the lower rear edge 114 below the average surface level S. A bottom plate 130 attached to the frame structure 121 has a front
portion 131 arranged underneath the absorber element 110 and an upwardly projecting rear portion 132 aft of the absorber

element 110.

<o
Sy SR VEEEEN
.l.!.\‘\-c.c..--.
. N r
' e [ [ [
T
o

‘ l an a d a http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191




w0 2013/007261 A1 1] 0F 0 IO VAR 10 0 Y RO 0 A

(43) International Publication Date

CA 02841913 2014-01-14

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burecau

WIPOIPCT

17 January 2013 (17.01.2013)

(10) International Publication Number

WO 2013/007261 Al

(1)

(21)

(22)

(25)

(26)
(30)

(71)

(72)
(75)

(74)

(81)

International Patent Classification:
FO3B 13/18 (2006.01)

International Application Number:
PCT/DK2012/050249

International Filing Date:
4 July 2012 (04.07.2012)

Filing Language: English
Publication Language: English
Priority Data:

11173842.3 13 July 2011 (13.07.2011) EP

Applicant (for all designated States except US). FLOAT-

ING POWER PLANT A/S [DK/DK]; Vermundsgade
40A, 3, DK-2100 Copenhagen © (DK).

Inventor; and
Inventor/Applicant (for US only): KOHLER, Anders
[DK/DK]; Klausdalsbrovej 124, DK-2860 Sgborg (DK).

Agent: CHAS. HUDE A/S; H.C. Andersens Boulevard 33,
DK-1780 Copenhagen V (DK).

Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,

(534) Title: WAVE ENERGY ABSORBER UNIT

101

\ 111
1
%i\ 113

110

Fig. 1a

131 121

130

(84)

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, S8Y, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

of inventorship (Rule 4.17(iv))

Published:

114

with international search report (Art. 21(3))

100

[
km

102
112
A‘\
134 132 133

(57) Abstract: An absorber unit 100 for the absorption of wave energy from a body of water 99 comprises an absorber element 110
of the front pivot type with a front end 111 comprising a front pivot axis 113 around which the absorber element 110 under opera-
tion reciprocates between a lower turning position and an upper turning position, and with a rear end 112 extending from a lower
rear edge 114 to an upper rear edge 115. The lower rear edge 114 is located in a first radial direction 116 at a first distance from the
pivot axis 113, the upper rear edge 115 1s located n a second radial direction 117 at a second distance from the pivot axis 113, the
first and second radial directions 116, 117 define an acute tip angle of the absorber element 110, and the first distance determines the
absorber element length. The absorber unit 110 further comprises a frame structure 121 that defines an absorber chamber 122 and i1s
configured to be essentially at rest with respect to the body of water 99. The frame structure 121 pivotally supports the absorber ele-
ment 110 within the absorber chamber 122 from the essentially horizontal front pivot axis 1 13 at an axis height Fa above an average
surface level S of the body of water 99, wherein the absorber element 110 in an idle position under still water conditions is partially
submerged, with an idle draught Fd of the absorber element being determined by the depth of submersion of the lower rear edge 114
below the average surface level S. A bottom plate 130 attached to the frame structure 121 has a front portion 131 arranged under -
neath the absorber element 110 and an upwardly projecting rear portion 132 aft of the absorber element 110.
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Title: Wave Energy Absorber Unit

Technical field

The Iinvention relates to an absorber unit for the absorption of wave energy from a body
of water, the absorber unit comprising an absorber element of the front pivot type with
a front end comprising a front pivot axis around which the absorber element under op-
eration reciprocates between a lower turning position and an upper turning position,
and with a rear end extending from a lower rear edge to an upper rear edge, wherein
under operation the front end faces towards the incoming waves, and the rear end fac-
es away from the incoming waves, wherein the lower rear edge is located In a first ra-
dial direction at a first distance from the pivot axis, and the upper rear edge is located
IN @ second radial direction at a second distance from the pivot axis, wherein the first
and second radial directions define an acute tip angle of the absorber element, wherein
the first distance defines the absorber element length, and a frame structure configured
to be essentially at rest with respect to the body of water, the frame structure pivotally
supporting the absorber element from the essentially horizontal front pivot axis at an
axis height Fa above an average surface level S of the body of water, wherein the ab-
sorber element In an idle position under still water conditions is partially submerged,
with an idle draught Fd of the absorber element being determined by the depth of sub-

mersion of the lower rear edge below still water.

Background

In the recent decades, increased focus has been directed to the exploitation of renew-
able energy sources. Wave energy Is a renewable energy resource created by large
storms hundreds of kilometres offshore that generate and transmit huge amounts of
energy that travels great distances (via swell) and mixes with local influences (seas) to
arrive at our shores. It iIs a genuinely renewable energy source and distinct from tidal
energy. Wave energy as a renewable energy source has a number of advantages. One
advantage i1s the high power density of wave energy that suggests it has the capacity to
become the lowest cost renewable energy source. A further advantage Is the predicta-
bility of wave energy: unlike solar and wind, wave energy levels can be predicted many
days In advance, making it less challenging to integrate wave energy with national

power supplies.
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A major challenge of the exploitation of wave energy Is to optimize energy production
year round, Including increasing the efficiency of the energy absorption, harvesting en-
ergy under varying wave conditions, maximizing production up-time of a wave energy

plant, and minimizing the cost of energy production.

A wave energy plant using absorbers of the front pivot type is disclosed in DK 174 463
B1 where a plurality of front pivot absorber elements are pivotally attached to a sub-
merged platform to swing around a horizontal pivot axis arranged at the front of the ab-
sorber element. Under operation, incoming waves travel from the front end towards a
rear end of the absorber element interacting with it to absorb both kinetic and potential
energy from the waves. The resulting motion of the absorber element with respect to
the platform frame is exploited by a hydraulic power take-off system. The disclosed ab-
sorber element comprises a floating body with a closed top and an open bottom and
may further be divided into cells with perforated walls acting as flow resistance for wa-

ter flowing into and out of the floating body.

Disclosure of the invention

One object of the present invention is to provide a wave absorber unit comprising an
absorber element of the front pivot type, the absorber unit allowing for the efficient ab-

sorption of wave energy under varying wave conditions.

A further object of the present invention is to provide a wave absorber unit for use In a

wave energy plant.

According to one aspect, the object of the invention Iis achieved by an absorber unit for

the absorption of wave energy from a body of water, the absorber unit comprising

- an absorber element of the front pivot type with a front end comprising a front pivot
axis around which the absorber element under operation reciprocates between a lower
turning position and an upper turning position, and with a rear end extending from a
lower rear edge to an upper rear edge, wherein, under operation, the front end faces
towards the incoming waves, and the rear end faces away from the incoming waves,
wherein the lower rear edge Is located in a first radial direction at a first distance from
the pivot axis, and the upper rear edge Is located in a second radial direction at a se-

cond distance from the pivot axis, wherein the first and second radial directions define
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an acute tip angle of the absorber element, wherein the first distance determines the

absorber element length, and

- a frame structure defining an absorber chamber and being configured to be essential-
ly at rest with respect to the body of water, the frame structure pivotally supporting the
absorber element within the absorber chamber from the essentially horizontal front piv-
ot axis at an axis height Fa above an average surface level S of the body of water,
wherein the absorber element in an idle position under still water conditions is partially
submerged, with an idle draught Fd of the absorber element being determined by the
depth of submersion of the lower rear edge below the average surface level S, wherein
the frame structure comprises sidewalls defining the absorber chamber in an axial di-
rection parallel to the front pivot axis, and a bottom plate essentially extending in the
axial direction from sidewall to sidewall, wherein a front portion of the bottom plate has
a minimum distance and a maximum distance from a level of the front pivot axis, the
minimum distance corresponding to the sum of the pivot axis height Fa and the idle
draught Fd of the absorber element, and the maximum distance not exceeding the ab-

sorber element length FI.

According to a broader aspect of the above-mentioned absorber unit, the frame struc-
ture defines an absorber chamber and is configured to be essentially at rest with re-
spect to the body of water, the frame structure pivotally supporting the absorber ele-
ment within the absorber chamber from the essentially horizontal front pivot axis at an
axis height Fa above an average surface level S of the body of water, wherein the ab-
sorber element In an idle position under still water conditions is partially submerged,
with an idle draught Fd of the absorber element being determined by the depth of sub-
mersion of the lower rear edge below the average surface level S, and comprises a
bottom plate arranged underneath the absorber element extending from a front edge to
a rear edge, wherein the rear edge Is placed behind the front edge as seen in a longi-
tudinal direction from the fore end to the aft end of the absorber unit, and wherein, un-
der still water conditions, the front edge Is placed at a level below the absorber element
idle draught, and the rear edge Is placed at a level above the idle draught and below
the average surface level of the water, and wherein the distance of the rear edge from

the front pivot axis Is larger than the absorber element length.

The average surface level S of the body of water is the planar level obtained by aver-

aging out variations in surface elevation, e.g. resulting from wind waves. The average
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surface level corresponds to a still water level of the body of water, 1.e. the surface level
under still water conditions. To a good approximation, the reference of the average sur-
face level S may be mapped to a level on the frame structure of the absorber unit,
which frame structure level may thus be taken as an equivalent reference for the con-

5 figuration and/or operation of the absorber unit. For floating structures, slow changes of
the average sea level on a time scale exceeding the operation regime of wave energy
harvesting, e.g. tidal changes In sea level, do not affect the reference of the average
surface level S, because the floating structure follows such slow changes in the aver-
age sea level. The frame structure may thus be considered at rest with respect to the

10 average surface level of the body of water at time-scales corresponding to the wave
periods of the waves to be harvested. Also, frame structures attached to fixed founda-
tions may comprise means for following changes in sea-level on a time-scale exceed-

INg the operation regime of wave energy harvesting.

15 The term "vertical" refers to a direction parallel to gravity and the term "horizontal” re-
fers to directions perpendicular thereto. The vertical direction is essentially perpendicu-
lar to the average surface of the body of water. The terms "top" and "bottom" of the ab-
sorber are defined with respect to the position of the absorber when In use or at least
when deployed In a body of water, wherein an "upward"” direction from the bottom to-

20 wards the top points out of the water and a "downward" direction points from the top
towards the bottom into the water. The term "level” refers to the vertical position of a
horizontal plane. Levels above the average surface level S may be used to specify
heights above still water. Levels below the average surface level S may be used to
specify depths below still water. Two horizontal directions may be defined as directions

25 parallel to the average surface level of the body of water, wherein an axial direction Is
parallel to the front pivot axis, and a longitudinal direction is perpendicular to both the
axial direction and the vertical direction. The longitudinal direction goes in the direction
from the front end to the rear end of the absorber element and from fore to aft of the
absorber unit. The terms "front” and "rear" as well as “fore” and "aft” are derived from

30 the position of the absorber under conditions of normal use for which it i1s configured,
wherein the direction of wave propagation is from the fore/front end facing towards the

Incoming waves to the aft/rear end facing away from the incoming waves.

An absorber element of the front pivot type I1s an element, which is configured to be

35 pivotally supported for rotary motion around a pivot axis arranged at the front end.
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An idle position of the absorber may be defined with respect to the body of water under
still water conditions. In its idle position, the absorber element I1s configured to be sus-
pended from the front pivot axis at a predetermined axis height above still water, and is
partially submerged. An idle draught of the absorber element Is determined by the
depth below still water of the absorber element’s submerged lower rear edge. Typically,
a principal portion of the absorber element is under water with only a minor top portion
of the absorber element sticking out of the water. A front side of the absorber element
extends from the front end to the bottom of the rear end of the absorber element. The
front side surface faces towards the incoming waves thus forming the pressure side of
the absorber element. The front side inclination under idle conditions is the angle of the
first radial direction with respect to the still water level and may be referred to as the

operating angle of the absorber element.

The front pivot axis Is arranged In an essentially horizontal direction allowing the front
pivot type absorber element to reciprocate up and down in a rotary motion of the ab-
sorber element body around its front pivot axis, thereby absorbing kinetic and potential
energy from the waves driving the motion. The reciprocating motion of the absorber el-
ement body Is performed aft of the front pivot axis with respect to the idle position,
thereby covering a stroke volume between the upper and lower turning positions. Typi-
cally, the front pivot axis of the absorber element is located close to the fore end of the
absorber unit. The rear end of the absorber element faces In the direction of the aft end
of the absorber unit, the main body of the absorber element floating aft of the front pivot

axis.

The absorber element Is operated In the absorber unit comprising a frame pivotally
supporting the absorber element from the front pivot axis at a given pivot axis height
above the average surface of the body of water. The submerged portion of the absorb-
er element yields buoyancy to the absorber element. The buoyancy provides a lifting
force In an upward direction, which in the rising phase of a wave lifts the absorber ele-
ment to swing around the front pivot axis in an upward direction. Furthermore, the
submerged portion of the front side provides a pressure surface of the absorber ele-
ment extending from the pivot axis downward into the water where it interacts with the
Incident wave to absorb kinetic energy of the wave. The rising wave thus accelerates
the absorber element in an upward direction to an upper turning position, thereby ab-
sorbing both potential energy and kinetic energy from the wave. As the wave falls

again, the absorber element recovers from the upper turning position to a lower turning
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position mainly under the influence of gravity, assisted by further downward acting
forces, such as adhesion of the outer surfaces of the absorber element to the retracting
body of water. Driven by a subsequent wave, the absorber element rises again from
the lower turning position to the upper turning position. Thereby, the incident wave field
transfers a substantial portion of its energy to the absorber by driving the reciprocating
motion of the absorber element with respect to the absorber unit's frame. This energy
may be harnessed by means of a power take-off means driving electrical generator
means for converting the absorber motion Iinto useful electrical energy. The power
take-off means may e.g. be a hydraulic system comprising pumps mounted between
the absorber element and the absorber unit frame, wherein the pumps are used to
generate a pressure for driving a hydraulic turbine. Alternatively, the power take-off
system may be a direct energy conversion system, wherein the mechanical motion of
the absorber element I1s converted mechanically and linked to directly drive the input
shaft of an electrical generator. Alternatively or in addition to converting the absorber
element motion into useful energy, such as electrical energy, the absorber may also be
used In a break water system. By absorbing a substantial portion of the energy of In-
coming waves over a broad spectral range, the absorber element acts as efficient

break water for calming/protecting the waters located aft of the absorber.

The absorber unit is at the fore end open for receiving the incoming waves In the ab-
sorber chamber, and the aft end Is at least partially open for fluid communication be-
tween the absorption chamber and the body of water aft of the absorber unit. The re-
ciprocating motion of the absorber element is driven by the repetitive pressure build-up
and pressure release within the absorber chamber. The absorber unit comprises In a
pbottom region of the absorber chamber a bottom plate. A front portion of the bottom
plate Is arranged underneath the absorber element, wherein the front portion of the bot-
tom plate has a minimum distance and a maximum distance from a level of the front
pivot axis. The bottom plate Is arranged close to the lowest turning position that limits
the maximum stroke volume for motion of the absorber element in a downward direc-
tion. Thereby, the vertical confinement of the incident waves Is improved, and an en-
hanced build-up of the pressure I1s achieved, which drives the movement of the ab-
sorber element with respect to the frame of the absorber unit. As a result, an improved
absorption efficiency is achieved. The minimum distance should at least at the rear end
of the absorber element exceed the sum of the pivot axis height Fa and the idle
draught Fd In order to allow for a minimum of downward motion of the absorber ele-

ment. Preferably, the maximum distance does not exceed the absorber element length
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FI. The maximum distance reflects that an advantageous stroke volume of the absorber

element Is arranged rearward of the longitudinal position of the front pivot axis.

Preferably, the bottom plate i1s essentially horizontal in the axial direction.

In a longitudinal direction, the bottom plate is placed between the fore end and the aft
end of the absorber unit. A rear portion of the bottom plate may extend in a rearward
direction beyond the rear end of the absorber element, wherein the rear portion defines

a rear end of the absorber chamber.

A front edge of the bottom plate Is located upstream, a rear edge of the bottom plate Is
located downstream with respect to the general direction of propagation of the waves
through the absorber unit. The front edge Is typically at the front end of the absorber
chamber as defined by the sidewalls. In one embodiment, the front egde of the bottom
plate is Iin a longitudinal direction located roughly at the vertically projected longitudinal
position of the front pivot axis. Preferably, the front egde of the bottom plate is in a lon-
gitudinal direction located at the vertically projected longitudinal position of the front
pivot axis within 10%, alternatively within 20%, alternatively within 30% of the absorber

element length.

Preferably, the absorber element is essentially wedge shaped having a front side ex-
tending from the front end to the lower rear edge, a rear side extending from the lower
rear edge to the upper rear edge, and a top side extending from the upper rear edge to
the front end. The front side forms the pressure surface interacting with the incoming
waves. Advantageously, the front side Is concavely shaped as seen In the direction
from the front end to the back end. Preferably the front side bulges inwardly with re-
spect to a straight line extending along the first direction from the front end to the lower
rear edge. The rear side surface faces away from the incoming waves thus forming the
wake side of the absorber element. The shape of the rear side surface thus affects the
wave generation in the wake of the absorber unit. Advantageously, the rear end of the
absorber element as seen In a cross-sectional plane perpendicular to the front pivot ax-
IS IS shaped to follow a circular arc around the front pivot axis extending from the lower
rear edge to the upper rear edge, wherein the radius of the circular arc is equal to the
absorber element length. Thereby, the undesired generation of loss generating waves
IN the wake of the absorber unit Is avoided. Further advantageously, the tip angle of the

absorber element 1s between 10—-70 degrees, alternatively between 20-60 degrees,
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preferably between 25-50 degrees. An advantageous value for the tip angle, and ac-
cordingly for an associated length to height ratio, Is preferably determined according to
the wave conditions, under which the absorber element predominantly Is operated.
Long period shallow waves, e.g. In shallow waters, may require a small tip angle,
whereas high amplitude waves coming in with a high frequency may require a relatively
short wave absorber with a large tip angle. Advantageously, according to one embodi-
ment, the absorber element has a tip angle alpha of about 30 degrees, and a length to

height ratio of about 2.

Further, according to one embodiment, the absorber unit is configured for a given value
of the idle draught Fd of the absorber element, and the frame structure supports the
front portion of the bottom plate at a level below the average surface level S, wherein
the depth Is In the range between 1.1-1.7 times the given value of the idle draught Fd,
alternatively 1.2—1.5 times the given value of the idle draught Fd, or about 1.3 times the
given value of the idle draught Fd. The given ranges for the depth below still water
where the bottom plate front portion iIs placed reflect advantageous values for the
stroke volume range of the absorber element that should be covered with regard to ab-

sorption efficiency.

Further, according to one embodiment, the front portion of the bottom plate is essential-
ly planar. Preferably, the bottom plate is arranged essentially horizontal in the axial di-
rection, such that the front edge of the bottom plate i1s essentially parallel to the front
pivot axis. The front portion of the bottom plate may be inclined in the longitudinal di-
rection within the above-mentioned limits for the distance of the bottom plate from the

level of the front pivot axis and/or from the average surface level of the body of water.

Further, according to one embodiment, the front portion of the bottom plate I1s arranged
essentially horizontally. According to this embodiment, the bottom plate I1s arranged es-
sentially horizontal in the axial direction. Furthermore, the front portion of the bottom
plate Is essentially horizontal also in the longitudinal direction to within a few degrees.
An essentially horizontal planar front portion of the bottom plate improves stability of
the frame structure with respect to the body of water under the influence of varying

wave fields.

Further, according to a preferred embodiment, the bottom plate further comprises a

rear portion projecting from a rear end of the front portion In an upward direction,
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wherein the minimum radial distance between the front pivot axis and the rear portion
of the bottom plate Is larger than the absorber element length. The rear portion of the
pbottom plate Is arranged aft of the absorber element, and close to the stroke volume
defined by the reciprocating motion of the absorber element. The upwardly projecting
rear portion of the bottom plate closes a lower portion of the absorber chamber In a
rearward direction and thereby improves pressure build-up In the absorber chamber

during the upward stroke.

Further, according to a preferred embodiment, the rear portion of the bottom plate ex-
tends from a bottom edge level at the rear end of the front portion to a top edge level
above the bottom edge level and below the average surface level S such that the ab-
sorber chamber above said top edge is In fluld communication with the portion of the
body of water aft of the absorber unit. The rear end of the absorber chamber is only
partially closed so as to allow for fluild communication across a rear plane defined by
the rear portion of the bottom plate. Thereby, pressure release during the downward
‘recovery” stroke i1s improved such that the energy stored in the absorber element may
be extracted by a power take-off system instead of being consumed by work to be per-

formed on the body of water for removing water from the absorber chamber.

Further, according to one embodiment, a height of the rear portion of the bottom plate
as measured In a vertical direction 1s at least 10%, preferably at least 20%, most pref-
erably at least 30% of the distance of the bottom edge level from the average surface
level S, and at most 80%, preferably at most 60%, and most preferably at most 40% of
the distance of the bottom edge level from the average surface level S. The limitation to
a minimum height reflects the goal to increase the pressure build-up during the upward
stroke of the absorber element. This Is balanced against the goal of facilitating the
pressure release during the downward stroke of the absorber element as reflected by

the limitation to a maximum height.

Further, according to one embodiment, the minimum radial distance between the front
pivot axis and the rear portion of the bottom plate exceeds the absorber element length
by at least 0.5%, preferably by at least 1%, most preferably by about 2% and by at
most 20%, preferably by at most 15%, most preferably by at most 10%. These values
specify upper and lower limits for the minimum distance between the upwardly extend-
INg rear portion of the bottom plate and a rear end of the stroke volume covered by the

absorber element’s reciprocating motion. The upper limit for the minimum distance re-
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flects the goal to increase the pressure build-up during the upward stroke of the ab-
sorber element. This I1s balanced against the goal of facilitating the pressure release
during the downward stroke of the absorber element as reflected by the lower [imit for
the minimum distance. Preferably, the optimisation of the minimum radial distance of
the rear portion Is performed in combination with the optimisation of the height of the

rear portion.

Further, according to one embodiment, the rear portion of the bottom plate Is a planar
plate projecting from the rear end of the front portion of the bottom plate in a rearward
direction so as to form on the aft-side an acute inclination angle with respect to a hori-
zontal level. The upwardly projecting rear portion of the bottom plate is inclined in a
backward direction. Preferably, the plane defined by the rear portion of the bottom plate
IS tangent to a circular arc within the angular range defined by the reciprocating motion

of the absorber element.

Advantageously, the angle of inclination measured on the backside of the rear portion
of the bottom plate and with respect to the horizontal is between 50 and 80 degrees,
preferably between 60 and 70 degrees, when using an absorber with a tip-angle of

about 30 degrees.

Further, according to one embodiment, the position of the rear portion of the bottom
plate and/or the area covered by the rear portion of the bottom plate are adjustable.
Adjusting the flow through the rear end of the absorber chamber allows for adjusting
the absorber unit to cope with production in a broader range of sea-states. For exam-
ple, by reducing the area blocked at the rear end of the absorber chamber or by In-
creasing the distance between the absorber element and the rear portion of the bottom
plate, the pressure build-up may be reduced, thereby allowing for production at bigger
waves. Furthermore, an adjustable rear portion of the bottom plate may contribute to

the storm protection of the absorber unit.

Further, according to one embodiment, the rear portion of the bottom plate is adjusta-
ble by releasing means that are automatically activated when a threshold of a value
representing the energy contained in the iIncoming wave 1s exceeded. A guantity moni-
tored in order to determine If a threshold is exceeded may be a pressure exerted on the
rear portion, a pressure measured In the absorber chamber, measured or forecast

wave data (e.g. significant wave height), or the like. Triggering a releasing means may



10

15

20

25

30

35

CA 02841913 2014-01-14

WO 2013/007261 PCT/DK2012/050249

11

open the rear end of the absorber chamber In order to reduce pressure build up to a
minimum. The trigger may also be activated by another safety related event, such as
catching the absorber element in a storm protection position when an upper limit for the
upper turning position is exceeded. Thereby, a safety device Is provided for the physi-
cal protection of the absorber unit against excessive loads, e.g. during a storm. A safe-
ty device increases the reliability and the survivability of the absorber unit under harsh

wave conditions.

Further, according to one embodiment, the frame structure comprises sidewalls defin-
INg the absorber chamber in an axial direction parallel to the front pivot axis. Preferably,
the bottom plate essentially extends in the axial direction from sidewall to sidewall.
Sidewalls of the absorber chamber may in an axial direction confine the wave propaga-
tion to the absorber chamber, and contribute to directing the incoming waves onto the
absorber element. The sidewalls of the absorber chamber may be placed closely adja-
cent to sidewalls of the absorber element so as to increase confinement of the incom-
INg waves In the axial direction, increase pressure build-up inside the absorber cham-
ber, and enhance interaction of the incident waves with the absorber element to In-

crease the absorption efficiency.

Advantageously, according to one embodiment, the absorber unit comprises a Iimit
stop for limiting the motion of the absorber element at an upper and/or lower limit posi-
tion, the limit stop preferably being provided with shock absorption means. Advanta-
geously, the maximum angular amplitude of the absorber element motion with respect
to the idle position is £30 / 220 / £15 degrees depending on the wave conditions, under
which the absorber unit i1s to be operated. A limit stop Is provided to mitigate any dam-
ages to the absorber element and/or the structure of the absorber unit when such op-

eration angles are exceeded.

Advantageously, according to one embodiment, the frame structure is attached to or
part of a floating platform. A floating platform is particularly useful for offshore opera-
tion. Typically, the absorber unit Is part of an offshore floating platform, which is
moored using a rotating mooring system allowing the platform to “wave vane”, 1.e. to
follow the prevalent direction of the incident waves such that the front end of the ab-
sorber element faces towards the incoming waves. Furthermore, the floating platform is
typically configured and dimensioned so as to rest in the body of water when assuming

a given wave climate. To that end, active and passive stabilizing means may be pro-
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vided on the platform. Advantageously, a plurality of absorber units, each comprising a

front pivot absorber element, may be combined Iin the same platform.

Advantageously, according to one embodiment, the frame structure is supported by a
foundation fixed to the seabed. Fixed foundations may be useful for deployment close
to the shore at low sea depths. Furthermore, a combination of floating modules an-

chored between fixed foundations may be conceived.

Further, according to one embodiment, the absorber unit is configured as a detachable
module, wherein the frame structure Is provided with releasable attachment means for
attaching the frame structure to cooperating receiving means on a docking structure.
This embodiment allows for rapid exchange of modules, thereby facilitating easy ser-

vice/maintenance and reducing down-time of a given installation/platform.

Advantageously, according to one embodiment, the detachable module comprises
power take-off and energy conversion means such that the module Is self-contained
and/or has an easily detachable interface comprising mechanical fasteners and an

electrical power connector.

According to a further aspect of the invention, a wave energy plant comprises one or
more absorber units according to any of the preceding claims. VWWhen using an absorber
unit of the above mentioned type In a wave energy plant, the reciprocating motion of
the absorber element with respect to the absorber unit's frame is harnessed by a power
take-off system comprising conversion means for converting the harnessed energy Into
a desired form of useful energy, such as an electrical generator. In a wave energy

plant, typically a plurality of absorbers Is arranged in parallel next to each other.

According to a further aspect of the invention, a wave breaker comprises one or more
absorber units according to any of the preceding claims. Advantageously, an absorber
element/unit according to any of the above mentioned embodiments may be used as
an open wave breaker. The absorption element/unit according to the invention may
have a surprisingly high absorption efficiency of up to /0% or even more. The energy
contained by the outgoing waves aft of the absorber element/unit may thus be effec-
tively reduced as compared to incoming waves. At the same time, such a wave breaker
system Is open for fluid communication and the exchange of marine life, while on the

leeward side providing coastal protection, protecting marine structures/installations,
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such as wind farms or fish farms, protecting spawning areas, or the like. Thereby, the
environmental impact of the wave breaker is minimised while providing an efficient pro-
tection against waves. Further advantageously, a plurality of absorber elements/units Is
arranged In parallel and next to each other along a protection line. Furthermore, a plu-

5 rality of absorber elements/units may be cascaded in series in order to increase the to-
tal wave absorption and improve the protection. In a cascaded arrangement, the down-
stream absorber elements should be dimensioned smaller than the upstream absorber
elements, In order to account for the reduced size of the waves aft of the upstream ab-
sorber elements/units. Further advantageously, the absorber elements/units of the

10 open wave breaker are used for driving power take-off means for producing useful en-
ergy from the motion of the absorber elements with respect to the frame structure sup-

porting them.

Brief description of the drawings

15
The invention is In the following further discussed with reference to exemplifying em-
bodiments, wherein the drawings show on
Fig. 1a a schematic cross-sectional view of an absorber unit,
20
Fig. 1b  a schematic cross-sectional view illustrating the geometry of the absorber
unit of Fig. 1a,
Fig. 2A, 2B, 2C examples of different bottom plate profiles,
25
Fig. 3 a graph comparing the efficiency of the different bottom plate profiles of Fig.
2A-2C, and
Fig. 4 a wave breaker arrangement for the protection of a wind farm.
30

Detailed description of the invention

Fig. 1 shows an embodiment of an absorber unit 100 for the absorption of wave energy
from a body of water 99, wherein Fig. 1a shows a cross-sectional view of an absorber

35 unit, and Fig. 1b illustrates geometry parameters of the absorber unit of Fig. 1a.
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The absorber unit has a fore end 101 and an aft end 102, wherein, under operation, the
fore end 101 faces towards the incoming waves 103, and the aft end 102 faces away
from the incoming waves 103 towards a wave field 104 in the wake of the absorber unit
100. A side facing towards the incident wave field 103 may be referred to as the wave-
ward side and a side facing towards the outgoing wave field may be referred to as the

lee-ward side of the absorber unit 100.

The absorber unit 100 comprises an absorber element 110 of the front pivot type with a
front end 111 and a rear end 112. The front end 111 comprises a front pivot axis 113
around which the absorber element 110 under operation reciprocates between a lower
turning position and an upper turning position. The rear end 112 has a lower rear edge
114 and an upper rear edge 115. The lower rear edge 114 is located In a first radial di-
rection 116 at a first distance F| from the pivot axis 113, and the upper rear edge 115 Is
located In a second radial direction 117 at a second distance from the pivot axis 113,
wherein the first and second radial directions define an acute tip angle alpha of the ab-
sorber element 100. The first distance F| determines the absorber element length. Un-
der operation, the front end 111 faces towards the incoming waves 103, and the rear
end 112 faces away from the incoming waves 103 towards the outgoing waves 104 In
the wake of the absorber unit 100. The absorber element 110 has a rear side 118 ex-
tending at the rear end 112 from the lower rear edge 114 to the upper rear edge 115, a
top side 119 extending from the front end 111 to the upper rear edge 115, and a front

side 120 facing the incoming waves at an angle beta with respect to the average sur-

face level. In the Idle position the front side Is Inclined at an idle position angle 0. In

the embodiment shown In Fig. 1a, the tip angle i1s about 30 degrees, the front side 120
IS preferably concavely shaped (not visible) bulging inwardly with respect to the straight
line from the front pivot axis 113 to the lower rear edge 114, and the rear side 118 of
the absorber element 110 1s shaped to follow a circular arc around the pivot axis 113,
l.e. with a radius corresponding to the absorber element length Fl, so as to avoid gen-
eration of waves due to a reciprocating radial displacement of the rear side surface as

the absorber element 110 moves up and down Iin the body of water 99.

The absorber unit 100 further comprises a frame structure 121 defining an absorber
chamber 122. The frame structure 121 is configured to be essentially at rest with re-
spect to the body of water 99, such that the motion of the absorber element 110 with
respect to the frame structure 121 at rest can be harnessed to produce useful energy.

The frame structure 121 pivotally supports the absorber element 110 within the ab-



10

15

20

25

30

35

CA 02841913 2014-01-14

WO 2013/007261 PCT/DK2012/050249

15

sorber chamber 122 from the essentially horizontal front pivot axis 113 at an axis
height Fa above an average surface level S of the body of water 99. In an idle position
under still water conditions, the absorber element 110 Is partially submerged, and an
idle draught Fd of the absorber element 110 is determined by the depth of submersion
of the lower rear edge 114 below the average surface level S. The frame structure 121
comprises sidewalls defining the absorber chamber 122 in an axial direction parallel to
the front pivot axis 113, and a bottom plate 130 essentially defining the absorber
chamber 122 In the downward direction. In the axial direction the bottom plate 130 es-
sentially extends from sidewall to sidewall. A front portion 131 of the bottom plate 130
provides stablility to the frame structure 121 by damping any heave, yaw or roll due to
the added mass of the portions of the body of water above and below the stabilizing
plate 130 that have to be displaced when performing any such motion. A rearward ex-
tending horizontal portion 133 of the bottom plate 130 further contributes to the stabiliz-
INg effect. The front portion 131 of the bottom plate 130 Is essentially horizontal to with-
IN a few degrees at a level Fb below the average surface S of the body of water 99.
Placing the first portion 131 at a level close to the level of the lower rear edge 114 of
the absorber element 110 In the lowest possible turning position of the absorber ele-
ment 110 has the advantage of increasing the absorption efficiency over a broad range
of wave conditions. In the embodiment shown In Fig. 1, the depth of the level Fb of the
front portion 131 of the bottom plate 130 below the average surface level S is about 1.3
times the idle draught Fd of the absorber element 110. A rear portion 132 of the bottom
plate 130 projects in an upward direction up to a level Fc corresponding to or above the
idle draught level Fd of the absorber element 110. The rear portion 132 of the bottom
plate 130 extends from a level of a bottom edge 134 at the rear end of the front portion
131 of the bottom plate 130 to a level of a top edge 135 above the bottom edge level
and below the average surface level S such that the absorber chamber 122 above said
top edge 135 is In fluid communication with the body of water 104 aft of the absorber
unit 100. The upwardly projecting rear portion 132 of the bottom plate 130 further en-
hances pressure build-up during the rising phase of a wave while allowing for an effi-
clent pressure release during the falling phase of the wave, thereby increasing absorp-
tion efficiency. In the embodiment shown In Fig. 1, the rear portion 132 is a planar plate
arranged at an rearward inclination of 65 degrees with respect to the horizontal, and
the level Fc of the top edge 135 of the rear portion 132 of the bottom plate 130 i1s about
40% to 50% of the idle draught Fd above the level Fb of the front portion 131. The rear

portion 132 thereby impedes the outflow In the lowest portion of the absorber chamber
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122 In a rearward direction by blocking about 30% to 40% of the area of the rearward

cross-section.

Fig. 2 shows three configurations of the bottom portion of an absorber chamber 222
defined within a frame structure 221 of an absorber unit 200. The configurations of Fig.
2A and Fig. 2B show two different bottom plate profiles 230, 240. The preferred bottom
plate profile 230, type A, has a horizontal front portion 231 and an upwardly projecting
rear portion 232 analogue to the configuration of Fig. 1 discussed above. Bottom plate
profile 240, type B, Is equivalent to profile type A apart from the upwardly projecting
rear portion 232. The configuration of Fig. 2C has no bottom plate and is considered as
a reference. Performing tests on all three configurations under otherwise identical con-
ditions demonstrate the increase in absorption efficiency achieved by adding a bottom
plate. Representative results of such tests on the different configurations of Figs. 2A—
2C are compared to each other in Fig. 3, wherein the results are normalised to the ref-
erence efficiency achieved by configuration C, i.e. in the absence of any bottom plate.
Addition of a bottom plate 240 (type B) improves the absorption efficiency by about
20%, whereas the further addition of an upwardly projecting rear portion 232 to a hort-
zontal front portion 231 of bottom plate 230 (type A) improves the absorption efficiency

by more than 100% as compared to the configuration without bottom plate (type C).

Fig. 4 shows an open wave breaker arrangement 400 for the protection of a wind-farm
401 located In the sea outside a shore line 402 against incident waves 403, 405 that
may arrive from different prevalent directions 404, 406, wherein a given line of the
wave breaker arrangement may be configured to cope with waves coming from a wide
range of Iincident angles. The wave breaker arrangement comprises a plurality of ab-
sorber units 407 arranged next to each other on a line of protection. The absorber units
407 of the wave breaker arrangement 400 may be attached to or part of a floating plat-
form moored to the seabed. Alternatively or in combination thereto, the absorber units
407 of the wave breaker arrangement 400 may be supported by a foundation fixed to

the seabed.

Preferably, the wave breaker arrangement 400 is open for fluid communication across
the line of protection to allow the exchange of marine life between the wave-ward and
the lee-ward side of the wave breaker 400, while on the leeward side providing coastal
protection and protecting the wind farm. Thereby the environmental impact of the wave

breaker 400 Is minimised while providing an efficient protection against waves. Fur-
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thermore, the absorber units of the open wave breaker may be used for driving power
take-off means for producing useful energy, thereby adding to the energy production of
the wind-farm while at the same time increasing up-time and facilitating service/repair
of the wind-farm by breaking the waves. |In one embodiment, a line of protection may

be defined between adjacent foundations of wind-mills, typically at the periphery of the

wind-farm.
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Claims

1.  Absorber unit (100) for the absorption of wave energy from a body of water (99),
the absorber unit (100) having a fore end (101) and an aft end (102), wherein under
operation the fore end (101) faces towards the incoming waves (103), and the aft end

(102) faces away from the incoming waves (103), the absorber unit (100) comprising

- an absorber element (110) of the front pivot type with a front end (111) comprising a
front pivot axis (113) around which the absorber element (110) under operation recip-
rocates between a lower turning position and an upper turning position, and with a rear
end (112) extending from a lower rear edge (114) to an upper rear edge (115), wherein
under operation the front end (111) faces towards the incoming waves (103), and the
rear end (112) faces away from the incoming waves (103), wherein the lower rear edge
(114) Is located In a first radial direction (116) at a first distance from the pivot axis
(113), and the upper rear edge (115) i1s located in a second radial direction (117) at a
second distance from the pivot axis (113), wherein the first and second radial directions
(116, 117) define an acute tip angle (alpha) of the absorber element (110), wherein the
first distance determines the absorber element length Fl, and wherein the absorber el-
ement (110) has a rear side (118), a top side (119), and a front side (120),

the absorber unit (100) further comprising

- a frame structure (121) defining an absorber chamber (122) and being configured to
be essentially at rest with respect to the body of water (99), the frame structure (121)
pivotally supporting the absorber element (110) within the absorber chamber (122)
from the essentially horizontal front pivot axis (113) at an axis height Fa above an av-
erage surface level S of the body of water (99), wherein the absorber element (110) in
an Idle position under still water conditions is partially submerged, with an idle draught
Fd of the absorber element (110) being determined by the depth of submersion of the
lower rear edge (114) below the average surface level S, wherein the frame structure
(121) comprises a bottom plate (130), wherein a front portion of the bottom plate (130)
has a minimum distance and a maximum distance from a level of the front pivot axis
(113), the minimum distance corresponding to the sum of the pivot axis height Fa and
the Idle draught Fd of the absorber element (110), and the maximum distance not ex-

ceeding the absorber element length FI.
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2. Absorber unit according to claim 1, wherein the absorber unit (100) is configured
for a given value of the idle draught Fd of the absorber element (110), and the frame
structure (121) supports the front portion (131) of the bottom plate (130) at a level Fb at
a depth below the average surface level S, wherein the depth is in the range between
1.1-1.7 times the given value of the idle draught Fd, alternatively 1.2-1.5 times the
given value of the idle draught Fd, or about 1.3 times the given value of the idle draught
Fd.

3. Absorber unit according to any of the preceding claims, wherein the front portion

(131) of the bottom plate (130) is essentially planar.

4. Absorber unit according to claim 3, wherein the front portion (131) of the bottom

plate (130) Is arranged essentially horizontally.

5. Absorber unit according to any of the preceding claims, wherein the bottom plate
(130) further comprises a rear portion (132) projecting from a rear end of the front por-
tion (131) In an upward direction, wherein the minimum radial distance between the
front pivot axis (113) and the rear portion (132) of the bottom plate (130) Is larger than

the absorber element length FI.

6. Absorber unit according to claim 5, wherein the rear portion (132) of the bottom
plate (130) extends from a bottom edge (134) level Fb at the rear end of the front por-
tion (131) of the bottom plate (130) to a top edge (135) level Fc above the bottom edge
level Fb and below the average surface level S such that the absorber chamber (122)
above said top edge (135) iIs In fluild communication with the body of water (104) aft of
the absorber unit (110).

/. Absorber unit according to claim 5 or claim 6, wherein a height of the rear portion
(132) of the bottom plate (130) as measured in a vertical direction is at least 10%, pref-
erably at least 20%, most preferably at least 30% of the distance of the bottom edge
level Fb from the average surface level S, and at most 80%, preferably at most 60%,
and most preferably at most 40% of the distance of the bottom edge level Fb from the

average surface level S.

3. Absorber unit according to any of the claims 5—/, wherein the minimum radial dis-

tance between the front pivot axis (113) and the rear portion (132) of the bottom plate
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(130) exceeds the absorber element length Fl by at least 0.5%, preferably by at least
1%, most preferably by about 2% and by at most 20%, preferably by at most 15%,

most preferably by at most 10%.

9. Absorber unit according to any of the claims 5-8, wherein the rear portion (132) of
the bottom plate (130) is a planar plate projecting from the rear end of the front portion
(131) In a rearward direction so as to form on the aft-side an acute inclination angle

with respect to a horizontal level.

10. Absorber unit according to any of the claims 5-9, wherein the position of the rear
portion (132) of the bottom plate (130) and/or the area covered by the rear portion
(132) of the bottom plate (130) are adjustable.

11. Absorber unit according to claim 9, wherein the rear portion (132) of the bottom
plate (130) I1s adjustable by releasing means that are automatically activated when a

threshold value representing the energy contained in the iIncoming wave Is exceeded.

12. Absorber unit according to any of the preceding claims, wherein the frame struc-
ture (121) comprises sidewalls defining the absorber chamber (122) In an axial direc-

tion parallel to the front pivot axis (113).

13. Absorber unit according to any of the preceding claims, wherein the absorber unit
IS configured as a detachable module, wherein the frame structure is provided with re-
leasable attachment means for attaching the frame structure to cooperating receiving

means on a docking structure.

14. Wave energy plant comprising one or more absorber units according to any of the

preceding claims.

15. Wave breaker comprising one or more absorber units according to any of the pre-

ceding claims.
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