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TITLE OF THE INVENTION

Free floating wave energy converter

FIELD OF THE INVENTION

This invention relatés to ocean energy and more particularly wave energy
converters (WEC). As against the rest of the state of the art WEC systems, which
mostly capture energy from the undulations of waves or surge, almost all in the
vertical axis, according to the present invention, energy is extracted from the
wave propagation in the horizontal plane. A ‘Flexible Pipe’ floats on the surface
of water and adapts to the waveform. Air and water are trapped in the pipe and
segregated‘ - due to gravity, into discrete segments or “Slugs” in the crests and
troughs, respectively. The segments get pushed by the waves as they propagate
from one end of it to the other. Thus, energy is extracted by virtue of the
propagation of waves. The segments can flow even against pressure, if applied
at the Outlet. The total pressure in a pipe will be the function of the cumulative

differential pressure of all the water segments in that pipe - less Josses.”

DESCRIPTION OF PRIOR ART

The Wave Energy Converters (WEC) has been known for many years, it
was only during the last decade and a half or so that serious efforts were initiated
towards exploiting it commercially. Several ocean wave energy conversion
devices have since been developed, but only a few matured to full-scale trial
stage, but none yet implemented fully on a commercial scale. The main
disadvantage of the wave power is the uneconomical cost of exiracting wave

energy.

Although several Wave Energy Converters (WEC) and many patents
relating thereto are available in the world today, yet efforts are on to find truly

economical and practicable solutions, particularly for application on a global
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scale. The main problem has been the complexity and high cost of the systems,

which are further compounded by the vagaries and harshness of the ocean.

The World Energy Council estimates that 2TW of energy could be harvested
from the world's oceans, the equivalent of twice the world's electricity

production. However, since waves are neither steady nor concentrated enough it

‘has not yet been possible to extract and supply wave energy viably. The major

problem with designing wave energy converters has been in handling the vast

range of power variations in the ocean waves, from approximately average of 50
kW/m, peaking to 10 MW/m (a 1:200 ratio).

Further the focus has mostly been on improving efficiency of the devices
- through ever more sophistication. As such, the state of the art, wave energy
converters (WEC’s) have become highly sophisticated, specialized and propriety
technologies. This translates into cost escalation, besides increasing the degree
of difficulty in implementation and maintenance. Most importantly, it is unlikely
that of any WEC of today, can be implemented with generic resources. The
devices might be highly sophisticated, even more energy efficient, but perhaps,

not as cost effective - in terms of cost / kW.

Hence, a truly cost effective and simpler solution, which also offers a
high degree of survivability, ‘ease of implementation and maintenance, was

required.
The present invention could poséibly be the simplest and most cost
effective solution, to the vexing problem of wave energy extraction and

integration into the grid.

Types of Wave Ehergy Converters

PCT/IN2006/000273
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The state of the art power conversion devices have been generally classified into

the following basic categories, namely:

Floats or Pitching Devices (Heaving buoys)

These devices generate electricity from the bobbing or pitching action of a
floating object. The object can be mounted to a floating raft or to a device fixed
on the ocean floor. To generate large amounts of energy, a multitude of these
devices must be deployed, each with its own piston and power take off

equipment.

Oscillating Water Columns (OWC)
These devices generate electricity from the wave-driven rise and fall of water in
a cylindrical shaft. The rising and falling water column drives air in and out of

the top of the shaft, powering an air-driven turbine.

Wave Surge or Focusing Devices (Overtopping)

These shoreline devices, also called "tapered channel” or "tapchan" systems, rely
on a shore-mounted structure to channel and concentrate the waves, driving them
into an elevated reservoir. Water flow of this reservoir is used to generate

electricity, using standard hydropower technologies.

Hinged Contour Converters

It is system of buoys consisting of tubular steel cylinders, attached to one
another by hinges capable of interacting with a much large ocean area along its
length. The force which the waves exert in moving each segment relative to its
neighbors is captured by hydraulic rams that press fluid into accumulators,

which, in turn, power a number of generators.

References is also made to USA Patent no. 4,672,222 which provides an

apparatus for producing electricity from wave motion on a body of water
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comprising of self stabilized and modnlarly expandable system of independently
operative point absorbers with respective drive transmission and electrical

generators.

It has, therefore, been long felt need to develop such wave energy
converter, which overcomes the disadvantages of prior art, and energy is

obtained at cheaper rate by simpler method and apparatus.

The present invention is quite unlike the rest of the state of the art
systems. Its uniqueness lies mainly in its principle of operation, as against the
rest of the state of the art WEC systems, which mosﬂy capture energy from the
undulations of waves in the vertical axis or surge, the FFWEC of the present

invention extracts energy from the wave propagation in the horizontal plane.

Further, and most importantly, the FFWEC has no contacting
components and moving part; besides the ‘flexible pipe(s)’ itself. Thus, the

FFWEC is very simple in design, construction, operations, and easy to maintain.

SUMMARY OF THE INVENTION

The FFWEC of the present invention consists)basically of flexible pipes
which float on ocean waves and convert the horizontal Or progressive wave
motion directly into kinetic energy, by pumping or pushing air and water
through the “Flexible Pipes", which can be employed to drive conventional

hydroelectricity generators or pump ocean water into reservoirs, etc.

The FFWEC of the present invention comprises essentially of a normally
buoyant “Flexible Pipe” of adequate length, or plurality thereof, that floats on
the ocean surface and adapts to the wave form, suitably moored so as to maintain
the fore and aft axis generally perpendicular to the waves direction. A special

“Inlet”, integrally attached at the mouth of the flexible pipe ingests graduated
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slugs / segments of air and water into the flexible pipe, synchronous with the
waves. The device works by using the advancing waves (wave progression) to
push separate 'slugs' of water and air along the length of the pipe, thereby
building up the pressure until it is sufficiently high to drivé a turbine or pump
ocean water into reservoirs, etc. Several such pipes could be grouped together; in

series and / or parallel, to make a wave energy form.

According to the present invention, energy is extracted from the wave
propagation in the horizontal plane whereas in the rest of the state of the art
WEC systems mostly capture energy from the undulations of waves or surge,

almost all in the vertical axis.

According to the present invention water and air enter/get sucked into the
‘flexible pipe’ through the ‘““Inlet™, and water gets collected in the troughs
below and air trapped in the crests above, in distinct “segments”, all along the
length of the pipe. As waves propagate along the length of the pipe, all the
segments follow the motion of the waves, with each “segment” moving along

with the corresponding wave. A continuous flow of water and air is thus created.

However, the above is true only when the water in the pipe is split up into
distinct segments, with the water and air being in the troughs and crests,
respectively. Else, neither pressure nor flow can develop in the pipe. Therefore,

the ‘flexible pipe’ can also be termed as a non-positive displacement wave

pump.

If some resistance is applied at the outlet the water in the troughs will get
pushed up the inclines of the previous crests, consequently increasing the
pressure in the pipe. If the backpressure exceeds the total pressure head, the

system stalls. The pressure is highest at the outlet, and progressively reduces up
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the Pipe”, till it becomes negative near the outlet, thus water/air get sucked in as

the waves progress.

An Inlet is a floatable apparatus, flexibly attached at the throat of the
“Flexible Pipe” through an “Inflexible Pipe”, kept afloat by means of one
plurality of buoyancy tanks, inflexible or flexible, with or without provisiovnAfor
controlling buoyancy thereof, either individually or collectively, so as to prbvide
the desirable buoyancy and even ceasing operation by completely sinking or

floating the apparatus.

The Inlet functions to impart some Kinetic Energy to the water slug at the
time of “zero” start and subsequently to ingest graduated amount / volume of air

and water, synchronous with the waves.

In case of inclement wave climate, the inlet functions to ingest only water
so as to sink the flexible pipe or plurality thereof, wherein flow ceases. And
whenever required, ingest only air so as to float the pipe wholly, wherein flow

Cce€ascs.

The “Outlet” is a rigid pipe or a coupling, located at the end of the
“Flexible Pipe”, which could be further connected to a conventional hydropower
generator or a reservoir, via a ‘pressure chamber’. At near-shore locations, where
reflective waves are expected, additional lengths of ‘rigid pipes’ may be attached

to the Qutlet for conveying the fluid flow to the generator-turbine or reservoir.

With the rest of the conditions remaining constant, an increase in the
number of ‘flexible pipes’ and length, will enhances the flow volume and

pressure, respectively.
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At near-shore locations, where reflective waves are expected, additional
lengths of ‘rigid pipes’ may be attached to the ‘flexible pipe’ for conveying the
fluid flow to the generator housing / turbine or any other energy converter or to
a reservoir.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG.1 depicts the principle of the present invention.
FIG 2 is an artist’s impression of free floating wave energy converter and

FIG 2 (b) depicts a preferred embodiment.

FIG 3 shows air and water slugs under in a flexible pipe during idling and

pressure flow conditions.

FIG. 4 shows a typicgl inlet.

FIG. 5 shows inlet with buoyancy control.

FIG. 6 shows inlet with inflatable buoyancy tank and control.

FIG. 7 shows inlet with plurality of inflatable buoyancy tanks and control.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Embodiments of the present invention will be described below

specifically with reference to accompanying drawings.

A good example of the “Flexible Pipe” WEC is surfing. As a surfer rides

down a wave, it follows him, but not the water. In another example, say, if a thin
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and flexible sheet of impermeable material is spread out on a wave train and
some water is poured on it, the water will immediately get collected in the
troughs and start flowing along with the waves. Now, instead of the sheet above,

let us use a hollow flexible pipe, as described in paragraph below:

When the FFWEC is idling, i.e., with no load applied at the outlet, the
water slugs remain in the trough part of the waves as it progresses. Whereas,
under operating load the \%fater slugs get pushed up the crest of the preceding
wave all along the Flexible Pipe. This aspect has been illustrated at Fig 1 (2) and
(b), respectively.

FIG.1 of the accompanying drawings illustrates the behavior of the air
and water segment in a flexible pipe arrangement. For ease of understanding,
we have considered the waves to be regular curves, such as “U” tubes /
manometers connected in series 101. Let us also assume that, initially, water is
filled uniformly in all the trough segments of the pipe 102, with air being |
trapped in the crest segments 103. It can be seen that, since all the segments are
connected in series, any force applied at any point on the pipe will be transmitted
throughout the length of the pipe. Thus, if pneumatic pressure is applied at one
end of the pipe 104, it will ‘push’ all the water segments up the crest slope of the
proceeding wave 105. In other words, a pressure head will be created, which will

be equal to the sum total of all the height displacements of the water segments.

For example, if there are 3 waves of H 1 mtr. each (water displacement in
each segment), the cumulative head will be = 3 mtrs. (max.) 106 (which can

theoretically be increased till infinity).

Now, instead of above experiment, if we consider a wave train, the

opposite will happen; that is, pressure will be generated and the water / air
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segments will start flowing in the pipe along with the wave train. The invention

exploits this characteristic of the wave motion.

The energy that can be generated by a pipe can be calculated by: P =
0.55 He? x Ts per unit crest length, with Hc being the significant wave height
and Ts the period of the wave. This is the total power per length of the wave and
as this energy is being extracted from the surface, the energy that is below the
wave would rise up to replace it, till almost all of the energy that existed above
and below the wave is progressively extracted. Therefore, the maximum energy
which the “flexible pipe” can extract will be all along its length -~ much more

than that by a “point absorber™.

During normal operating cdnditions, the Flexible Pipe can be made to
float with the crests portion remaining above the water surface and the trougﬁs
going below it. By doing so the effective wave height can be increased from the
actual wave to that assumed by the Flexible Pipe. This also helps when the

actual wave heights increase. The Flexible Pipe absorbs the slack.

Fig. 2 depicts an artist’s impression of the FFWEC which describes the
arrangement 201depicting the Waves moving towards the shore 202 reflected
waves near shore (‘turbulence’ area) 203, plurality of ‘Flexible Pipe’ - ‘Air-
Water “Inlet™ 204 - 205, respectively, further connected to the ‘manifold 206,
further to the ‘hard pipe’ in the ‘turbulence’ area 207, terminating at the ‘Air-
Water Pressure Chamber’ 208, with “Air’ and ‘Water’ piping 209 connected to
the generators 210 and depiction of the moorings 211, ‘hard pipe supports’ 212,
drain pipe 213 and grid power supply 214.

Fig. 2 (b) is an enlarged view of ‘the preferred embodiment essentially
comprising the “Flexible Pipe”, Inlet 204 -205 and Outlet 215 the outlet may

further be connected to the other components.



WO 2007/015269 PCT/IN2006/000273

10

15

20

25

10

Fig. 3 of the present invention depicts a flexible pipe floating on waves
301, with water and air slugs in sustained flow 302 & 303. A water reservoir /
tank located at an elevation towards the outlet side of the flow representing the
extent of pressure-head on the flow 304, with the direction of wave motion being
from left to right 305. With no back pressure (no water in the tank) the water
slugs remain in the troughs 302 and when with water in the tank, the slugs are

pushed up the preceding wave crests 306 & 307.

It is preferable that the air and water slugs are ingested appropriate for the
operating conditions. As such, in each phase of the wave, ‘normally water and air
are alternately ingested from trough to crest and vice versa, respectively. This
does not pose any problem if the load is either turned off or varied during

operation.

Incidentally, with the above possibility, we could categorize the FFWEC

as a “Linear Absorber” type as against the “Point Absorber™.

The water mass on the surface of the ocean does not move along with the
waves, ohly the waveform does. Further; ocean waves posses two types of
energy - kinetic and potential. The former is by the virtue of the horizontal
progression of waveform and the latter due to heaving motion or the height
difference between the wave crest and trough - wave height. Since water inside
the flexible pipe flows at the wave velocity and in phase with the waves, at the
time of initial start the Inlet must ingest and accelerate shugs of water from the
initial “zero” relative velocity to that of the waves, both at the right moment and
within a very short period of time (less than a half wave period). This is achieved
by making use of either one or both the types of the wave energy mentioned

above.
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The FFWEC of the present invention is the only WEC to have an inherent
survival capability. During severe wave climate, the “Flexible Pipes” can be
simply submerged, by ingesting only water (no air). Since the pipes will
essentially be made of specific gravity (SG) higher than that of water “one”, they
will sink when filled mostly with water. To raise them again, the pneumatic
pressure that would generally be available in the “pressure chamber” would be
used to purge the water out of the pipes. When the pipes resurface, the system

will be at “zero start state” (with no water in the Pipes).

Before commencing operation (flow), the flexible Pipe and the Inlet
assembly are to be kept empty; else the inertia of the water already collected in
the Flexible Pipe will impede zero speed start. During operation, the air and
water intake phasés\ or timing can be adjusted / tuned by altering the buoyancy.
In both the above cases only water is ingested to sink the flexible pipe. This is
achieved by completely deflating the flexible tanks or flooding the inflexible
tanks of the Inlet, as applicable. For stopping, flow the buoyancy of the Inlet
buoyancy tank is increased to an extent where the mouth of the Inlet cannot enter

the waves. Thus, only “air” is ingested and eventually the flow stops.

Alternatively, the buoyancy of the individual tanks can be varied such
that the apparatus tilts either forward and back, thereby enabling adjustment of
the water / air ingestion timing and even preventing the mouth of the Inflexible
Pipe from ingesting water altogether. Consequently, the flow will stop after all
the water slugs flow out. The flow must not be stopped either by cutting off the
inflow or outflow. If resorted to it could cause severe damage to the Pipes. The
apparatus need not essentiailly have any moving or contacting components.
Whatever control devices required are preferably  located on shore. All
componenis of the above apparatus are made of appropriate dimensions and

material.
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Certain design principles to achieve the desired results are discussed. in

the succeeding paragraphs.

The basic embodiment in Fig.-4 shows, the cavity being a single
Inflexible Pipe 400 protruding sufficiently ahead of the buoyancy tank 401
which normally floats on the surface of water, through the mouth 402 of which
both air and water enter and the outlet of which 403 being ﬁxedly connected
with the flexible pipe 404. Further, the apparatus additionally and generally
consists of a suspension rod 405 with ballast 406, including mooring ring 407
and mooring 408 line, all suspended vertically below it with the total weight and
the fulcrum thus created providing and enhancing stability to the assembly,
particularly in the vertical axis, in order to minimize the pitching motion of the
assembly around its lateral axis. Further more, in order to minimize the torque
that would be created by the moment arm formed due to the distance between
the centre of pressure (CP) 409 and center of gravity (CG) 410, both being kept
co-centric or nearest thereto. The Flexible Pipe, which trails the apparatus,
provides the directional stability. As such, it remains nearly in upright position

and rightly aligned as it floats up and down the waves.

The Inlet generally faces the oncoming waves 410. The inflexible Pipe
projects sufficiently ahead of the main assembly (like a gun from the turret of a
tank) and is made to float at an appropriate height above the still water level, by
adjusting the buoyancy. Therefore, it enters near the trough 411 and exists at the
crest 412 of the waves as they pass (for explaining the sequence, the wave in the
drawing is shown as stationary while the Inlet is shown in three positions,
moving from right to the left). When a wave sirikes the mouth of the Inﬂexible
Pipe the water which enters it is separated from the main water body, while
continuing to move through it at the same wave velocity. The water phase

commences from the trough of an oncoming 413 wave and lasts till its crest and
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the air phase from thereon till the next trough 414. Thus, alternating intake of

water and air slugs is appropriately synchronized with the waves.

The above apparatus has no controlling devices, but can yet function

under fair wave climatic conditions, with average efficiency and reliability.

In another embodiment, added to the above assembly is a provision for
controlling and regulating the buoyancy, whereby the air and water ingestion
timing and volume can be controlled to a certain degree, besides making it
possible to sink the apparatus / system in bad weather or stop operations by
cutting off the water intake and totally float the flexible pipes. The modification

is described in detail below.

Fig. 5, illustrates the above embodiment comprising of an inlet apparatus
501, the buoyancy tank 502, having a pneumatic duct 506, connected through a
hose 505 to the pressure chamber with control devices preferably located thereat,
for varying the pneumatic pressure in the buoyancy tank. By varying the
pneumatic pressure in the buoyancy tank, water is pushed in/out through a water
breathing tube 507, the top end of which is fixedly attached to thé bottom of the
buoyancy tank and the lower end opening into the sea below, consequently
varying the Inlet buoyancy, thereby controlling the air and water intake timing
and volume. The rest of the arrangements of this embodiment remain similar to

those described in Fig. 4 above.

In another embodiment which is illustrated by Fig. 6, the buoyancy tank
602 being inflatable and directly connected with the pneumatic hose 605 as
above, but without the air duct and water breathing tube (the rest of the
arrangements being similar to the previous embodiment described in the above
paragraph). As can be appreciated, the buoyancy can be varied by inflating ~
deflating the inflatable buoyancy tank. | |
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In yet another embodiment illustrated by Fig. 7, two or more inflatable
buoyancy tanks ‘702, connected individually, in groups or jointly through
respective hoses 705 and 706 with the “pressure chamber”, which is normally
shore-based, the pneumatic pressure and controls and switching devices
generally installed at the pressure chamber, the variable buoyancy tanks suifably
arranged on the Inlet apparatus whereby the angle of rotation around the lateral

axis of the Inlet apparatus and its buoyancy, can be controlled.

The inflatable variable buoyancy tanks could be in the shape of
doughnuts, as shown in the diagram, spherical or of any other suitable shape as

in Fig. 6 and its principle operation is also similar to it.

In the above embodiment, plurality of rigid buoyancy tanks similar in
consfruction to the one explained at Fig. 5 above are used instead of the flexible

buoyancy tanks.

Advantages of the present invention:
From the foregoing, it could be appreciated that the FFWEC could offer several
advantages over the state of Athe art wave energy conversion systems. These are
as follows:
e The simplest WEC concept comprising of no contacting parts
o Least Cost/KW (only flexible pipes absorb the wave energy).
e Utilizes components and sub-systems that are readily available (we only
need to select the most suitable components).
e The technologies used are well matured (mostly 'brick and mortar -
minimum hi-tech). |
e Has very high survivability factor under stormy conditions (it submerges,

like a submarine).
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Large-scale deployment possible, within a short time period utilising local
resources.

Highly cost competitive - Design & Development, Capital, O&M and
Production, etc. as compared with the existing state of the art WEC
systems and comparable with the conventional electricity generating
systems.

Very easy to install / un-install and maintain. Only the 'flexible pipes’ and
rigid pipes are to be laid on the ocean. The same being very ligAht‘ in
weight can be implemented with the help of standard vessels and crew
even on a very large scale.

Conventional mooring system.

The concept is rather simple. Involved R&D is not envisaged, i.e. fast
tracking - concept evaluation and iarototype testing through to commercial
deployment.

Does not pose threat to marine life - eco-ﬁiéndly,

The invention is technically feasible and commercially viable.
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CLAIMS:

1. A wave energy converter essentially comprising of a flexible pipe, and an

“Inlet” apparatus

wherein, the said flexible pipe, or plurality thereof, having adequate
length and diameter, with adaptability to follow the wave form, floatable from
nearly above to below the surface of the waves, with an “Inlet” integrally
attached to its throat and terminating at an outlet and the entire apparatus

suitably moored, generally facing the oncoming waves.

2. A wave energy converter as claimed in claim 1, wherein the “Inlet”
apparatus includes an inflexible pipe, the rear end of which fixedly attached to
the throat of the éaid flexible pipe and frontward portion projecting sufficiently
ahead of a buoyancy tank, or plurality thereof arranged in the vertical plane or in
tandem, either or both, with the said inflexible pipe being fixedly and suitably
attached to the said buoyancy tank or plurality thereof,

wherein, some ballast is fixedly attached vertically below the said
apparatus onto a rod, the top end of the rod being fixedly and suitably attached to
the said Inflexible Pipe, ’

wherein, a mooring ring or provision for attaching a mooring line is

fixedly attached at the lower end of the said rod,

wherein, the whole assembly having the adequate buoyancy so as to keep
the Inflexible Pipe normally afloat with all components of the above apparatus

being of appropriate dimensions and material.

3. A wave energy converter as claimed in claim 2, further comprising of a

water breathing tube, wherein the top end of the said water breathing tLibe is
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attached fixedly to the bottom of the said buoyancy tank and the lower end

opening into the sea below it

wherein, from the topmost portion of the said buoyancy tank, a pneumatic
duct connecting to a pneumatic hose, with the said pneumatic hose further

connecting with control devices.

4. A wave energy converter as claimed in claim 3, further comprising plurality
of buoyancy tanks, pneumatic ducts and hose ducts thereof, with the hoses

further connecting to the respective control devices.

5. A wave energy converter as claimed in claim 2, wherein the buoyancy tank
being inflatable and directly connected with the pneumatic hose, with the said

hose further connecting with the said controlling devices.

6. A wave energy converter as claimed in claim §, further comprising plurality
of buoyancy tanks and hoses ducts thereof, with the hoses further connecting to

the pressure chamber, with the respective control devices.

7. A wave energy converter as claimed in claim 1 to 6, having suitable
means, such as pipes, hoses and the like, for conveying the pressure and flow of
the “slugs” of water and air emanating from the outlet of the flexible pipe, to run
conventional generators or pumping water info reservoirs, with the said

generators located preferably onshore,

wherein, further the pneumatic pressure chambers and controlling devices
are also located onshore, the said pneumatic pressure chambers and controlling
devices, in turn having pneumatic hoses connecting the “Inlet” buoyancy control

tanks and on/off devices for pumping air into the flexible pipe when required,
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