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moving through such venturi devices 1s not limited, and
many alternatives exist, each with its own potential benefits.
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WAVE ENERGY CONVERSION APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional of co-pending U.S.
patent application Ser. No. 15/339,649 (whose entire con-
tents are hereby incorporated by reference), filed Oct. 31,
2016, and which 1s a divisional of U.S. patent application
Ser. No. 14/266,763 filed Apr. 30, 2014 (whose entire
contents are hereby incorporated by reference), which 1ssued
as U.S. Pat. No. 9,500,176 on Nov. 22, 2016, and which 1s
a divisional of U.S. patent application Ser. No. 12/777,409,
filed May 11, 2010 (now abandoned), and the Ser. No.
12/777,409 application also claims the benefit of the prior
filing date of Provisional Patent Application Ser. No. 61/278,
327 filed Oct. 5, 2009, entitled “Venturi, Chambered Venturi
and Optimized Venturi-Based Ocean Wave Energy Device”
(whose entire contents are hereby mcorporated by reference)

and which 1s a continuation-in-part of U.S. patent applica-
tion Ser. No. 12/389,928 filed Feb. 20, 2009, which 1ssued

as U.S. Pat. No. 8,925,313 on Jan. 6, 2015, and which also
claims the benefit of the prior filing date of Provisional
Patent Application No. 61/066,702 filed Feb. 22, 2008
(whose entire contents are hereby incorporated by reference)
and incorporated herein by reference in 1ts entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] This mvention relates, generally, to wave-driven
energy conversion devices that convert the abundant natural
energy present 1n the oceans and other bodies of water mnto
clectrical or chemical energy.

Description of Prior Art

[0003] 2a. Overview
[0004] 2al. Water Turbines
[0005] Water turbines have been used to extract useful

energy Irom moving water, or water under pressure, for
thousands of years. Many different types of water turbines
have been mmvented and used in the past to extract energy
from water under a variety of circumstances, e.g., Francis
turbines, Pelton turbines, Kaplan turbines, etc.

[0006] The design of water turbines 1s a mature discipline.
Most modern water turbines convert the kinetic and/or
potential energies of water into rotary motion that can be
used to create electricity. The efliciencies of these mature
turbine technologies can be quite high, often exceeding
90%. And 1t 1s relatively easy to find an existing water
turbine design that will optimally harvest the kinetic and/or
potential energy available in almost any river or dam.
[0007] 2a2. Wave Energy Devices

[0008] Attempts to extract energy Irom waves moving
across the surface of an ocean are relatively new. Some
devices of this type have been built, described in prior
patents and proposed in the literature.

[0009] There are many good reasons to engage in such
research and development etflorts. Ocean waves represent a
renewable energy source whose harvesting would not
degrade the environment and ecology of the earth. Ocean
waves also represent a very concentrated energy source,
offering the potential for the harvesting of large amounts of
energy using relatively small devices.

Jul. 19, 2018

[0010] Most wave energy devices are constrained to use 1n
relatively shallow ocean waters where they may be anchored
in some manner to the ocean floor. When anchored to the
ocean floor, a wave energy device may create and exploit a
tension between the immovable ocean bed and the vertical
oscillations of the waves. These types of devices are gen-
erally not capable of operating 1n the deeper parts of the
ocean.

[0011] Among the many wave energy devices proposed or
built, some are able to operate in the deeper parts of the
ocean. Many of these devices utilize a buoy at the surface of
the ocean, and a submerged component, which, 1n one way
or another, exploits the relatively motionless waters which
are found a short distance below the ocean’s surface to
facilitate the extraction of energy. Some of these devices
utilize submerged turbines that are moved through the still
waters by the action of waves above causing the turbines to
rotate and generate power.

[0012] 2a3. Energy in Waves

[0013] Waves traversing the surface of the ocean represent
a repository of a large fraction of the total energy imparted
to the earth by the sun. The sun heats the land and the oceans
and much of this heat energy passes 1nto the atmosphere.
Differential heating of the atmosphere across the surface of
the earth, 1n conjunction with the rotation of the earth, causes
the atmosphere to move across the FEarth’s surface, some-
times at relatively high speeds.

[0014] When the atmosphere moves over the surface of
the earth’s lakes and oceans, 1t 1mparts some of 1ts kinetic
energy to the waters at the surfaces of those lakes and
oceans, thereby creating waves on the surfaces of such
bodies of water. The amplitudes of those waves 1ncrease as
long as the wind blows parallel to the direction 1n which the
waves are propagating. The uninterrupted distance over
which the wind blows 1n a direction parallel to a wave’s
propagation, and over which 1t imparts increasing amounts
of energy to that wave, 1s called the “fetch” of the wave.
[0015] Typical ocean waves range 1n height from three-
tenths of a meter (0.3 m) to five meters (5.0 1n). At higher
(1.e. more polar) latitudes, ten-meter (10.0 m) waves are not
uncommeon.

[0016] 2a4. The “Wave Base”

[0017] Water molecules and other particles contributing to
the propagation of “deep-water” waves (1.e. those moving
across waters with depths of about 50 feet or more) have
circular orbits. (These orbits become elliptical as the water
becomes shallower.) In deep-water waves, the radi1 of the
orbits of the water molecules decrease exponentially with
increasing depth. The radi1 become vanishingly small as the
depth approaches one-half the wavelength of the waves.
This special depth 1s called the “wave base.” A wave 1n the
ocean does not move the water located below the wave base
to any significant degree. The water below this depth and
any objects tloating 1n 1t are substantially stationary, even as
waves move across the surface overhead.

[0018] It 1s possible to use the motion of waves at the
surface of the ocean to move a submerged component
up-and-down through the relatively still waters beneath the
waves, €.2. Beneath the Wave Base.

[0019] 2a5. Extracting Power from the “Still” Water
Beneath the Waves

[0020] The prior art includes a type of wave-energy device
capable of extracting power by leveraging the motion of
waves at the surface of the ocean against the still waters
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located beneath the waves U.K. Patent 45018/72 by 1.
Bichard, 1973. See FIG. 1. It includes a unidirectional or
bi-directional propeller suspended from a buoy by a shait or
cable. As the buoy moves up and down 1n response to
passing waves, the propeller 1s moved up and down through
the relatively still waters below the surface. This up-and-
down motion of the propeller through relatively still waters
compels the propeller to spin. The propeller spins 1n a
constant direction 1f the propeller 1s bi-directional but 1ts
direction of rotation reverses 1f the propeller 1s unidirec-
tional, such a device does not generate much power.
[0021] Even though the force driving the water back and
forth through such a suspended turbine would be great, the
speed of the water’s movement through the turbine would be
relatively slow. When driven by waves with a height of 4
meters and a period of 8 seconds, the maximum speed of a
suspended turbine relative to the water around it would be
about 1.6 meters per second. At this speed, it would be
difficult to extract a sigmificant amount of energy from the
flowing water with a simple turbine because the amount of
power that can be extracted from a flowing stream of water
by a turbine 1s proportional to the cube of 1ts speed. In other
words,

Power available for extraction=0.5.4y"

Power actually extracted=0.5k4v>

[0022] Where “A” 1s the cross-sectional area of the stream
of water from which power 1s extracted (in this case, the
cross-sectional area swept by the rotating blades of the
turbine), “v”” 1s the speed of the water moving through the
turbine, and “k’ 1s a constant that equals the efliciency of the
turbine.

[0023] A reasonably sized device of the kind 1llustrated 1n
FIG. 1 (e.g. a turbine diameter of 7 meters), with a turbine
of reasonable efliciency (e.g. k=0.5), would only produce an
average of about 16 KW when driven by waves with a height
of 4 meters and a period of 8 seconds.

[0024] Since ocean waves rise and fall with a relatively
slow speed (the maximum of which 1s generally only one or
two meters per second), 1t 1s diflicult to extract much energy
from the water constrained to tlow through a propeller at that
same slow speed.

[0025] 2b. Device Proposed by Heck

[0026] In “Wave Responsive Generator” (U.S. Pat. No.
4,44°7,7740) Heck claimed a wave energy device that also
suspended a turbine beneath a buoy like the one discussed
above. However, Heck proposed surrounding his device’s
submerged turbine with a cylindrical housing designed to
shield the turbine from damage from underwater debris.
Heck further proposed (although he did not claim) a modi-
fication to his wave energy device in which frusto-conical
sections would be added to the ends of the submerged
cylindrical turbine housing. The effect of these frusto-
conical sections would be to accelerate the speed of the
water which entered the cylindrical turbine housing and
which passed through, and powered, the enclosed turbine.
Although Heck did not provide any specifics about the
implementation of this modification, his illustrations provide

some information.
[0027] According to the drawings, e.g. FIG. 1 of U.S. Pat.

No. 4,447,740, which 1s duplicated 1n FIG. 2 of this patent,
the frusto-conical extensions on the ends of the cylinder in
Heck’s device (D~=1.16 D,) would be rather small, and

would be expected to increase the speed of the water passing,
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through the associated turbine by 1.3x (a 30% increase) and
to increase the power generated by the associated turbine by

1.8x (an 80% 1increase). (See Section 2¢ below.)
[0028] 2c¢. Heck Device Water Speed and Power

[0029] Reter to FIG. 2.

D =diameter of the opening of frusto-conical section
appended to the cylindrical turbine housing, 1.e., the diam-
cter of the mouth of the Heck device.

D, =diameter of the cylindrical turbine housing, i.e., the
diameter of the throat of the Heck device, and of the turbine
enclosed therein.

A =cross-sectional area of the mouth of the Heck device.
A, =cross-sectional area of the throat of the Heck device, and
of the water flowing through the enclosed turbine.

V =speed of the water entering the mouth of the Heck
device.

V,=speed of the water flowing through the throat of the
Heck device, and through the enclosed turbine.

P =power available for extraction from the water entering
the mouth of the Heck device.

P,=power available for extraction from the water flowing
through the throat of the Heck device.

k=efliciency with which the turbine of the Heck device
extracts power from flowing water.

p=density of ocean water (i.e. 1025 kg/m").

[0030] Pixel measurements of an immage of FIG. 1 of
Heck’s U.S. Pat. No. 4,447,740, which shows the embodi-
ment of his device that incorporates the frusto-conical
sections, yield the following relative measurements:

D =304 pixels

D, =262 pixels

D,=(262/304) D,

D,=0.862 D,

Assume D =1.0 [a relative point of reference], therefore:

D, = 0.862

Ar:]_[D;?/zt ]_[/4:.25]_[
An=||Dis4 || 0862%/4=186] |

V, = (A, ] AV, (0.25]_[ /0.186]_[)14 = 1.3V,

[0031] The speed of the water passing through the turbine
of Heck’s wave energy device would be expected to increase
by a factor of 1.3, or by 30%, as a result of the frusto-conical
extensions appended to both ends of the cylindrical turbine
housing, as illustrated 1n Heck’s drawings.

P, =k0.5pAV; = k0.50(025] [)v? = 0.125kp[ | ¥}
Py = k0.5pA,V;} = k0.50(0.186] [}(1.3v7) = 0.204kp| | ¥/

P/ P =(0.204kp| | v?)/0.025k0[ | v7)=138

[0032] The 30% increase 1n the speed of the water passing
through Heck’s turbine would be expected to result in an
80% increase 1n the power available for extraction, and 1n
the power which would ultimately be extracted.

[0033] In keeping with the example offered in section 2a5
(paragraphs 00019-00024), a reasonably sized Heck device

of the kind 1illustrated i FIG. 2 (e.g. a venturt mouth with
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a diameter of 7 meters), with a turbine of reasonable
elliciency (e.g. k=0.5) would produce an average of about 30
kW when driven by waves with a height of 4 meters and a
period of 8 seconds (an 80% increase over the earlier power
level of 16 kW—produced in the absence of any venturi
device). However, the cost of constructing and maintaining
a /-meter diameter buoy and venturi device, including a
6-meter turbine, 1s unacceptably high for a device with an
output of only 30 kW 1n rather energetic 4-meter oceans.

[0034] 2d. Problems with the Heck Device

[0035] The Heck device fails to generate enough power to
justity 1ts cost of construction, deployment and maintenance.

[0036] Another problem with the Heck device 1s its use of
a single central pipe which encloses the turbine shait and 1s
also responsible for maintaining the attachment, and fixing
the position (in a rigid manner), of the turbine and the
cylindrical housing. The stress on this single central support
would be much greater than necessary and mtroduce serious
concerns regarding the ability of the device to survive the
rigors of its time at sea.

[0037] Therefore a need exists for an apparatus which 1s
capable of utilizing the energy of ocean waves to generate
clectrical energy which has the capability of accelerating the
water flowing through a submerged component of the power
generation system to the degree that suflicient power 1is
generated to justily cost of construction, deployment and
maintenance of the device and at the same time the device
1s sufliciently robust to withstand the stresses imparted
thereto by the wave motion at the surface of the ocean.

SUMMARY OF INVENTION

[0038] This mvention provides an improved design for
wave energy devices of the types proposed by Bichard and
Heck, as well as an improved design for all other varieties
of venturi-based wave energy devices. In addition, this
invention provides a method for optimizing the design of the
venturt component used in these types of devices. This
optimization 1s made with respect to the degree to which the
design’s resulting ventur: eflect will accelerate the water
flowing through the submerged component of the power-
generation system, €.g. a turbine or suction device.

[0039] The preferred embodiment of this invention uti-
lizes a ventur1 tube embedded within an outer cylindrical
housing. The preferred embodiment of this invention rigidly
connects the submerged venturi tube to the buoy above
through multiple struts arranged about the periphery of the
tube and the buoy. The preferred embodiment of this inven-
tion incorporates a venturi throat whose cross-sectional area
1s specifically designed to optimize the amount of power
extracted from a portion of ocean perturbed by waves with
specific patterns of wave height.

[0040] This imnvention 1s an apparatus for generating elec-
trical energy which includes a flotation member which 1s to
be disposed adjacent to the ocean surface with a venturi
having a mouth and throat disposed in the ocean beneath the
flotation device by means connected therebetween so that
the ventur1 moves responsive to wave action, the cross-
sectional area of the throat of the ventun relative to the
cross-sectional area of the mouth of the ventur1 causes water
flowing through the throat of the ventur1 to have a speed of
more than two times the speed of the water at the mouth of
the ventur1 but no more than the choke speed of the venturi.
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A motion-generated means 1s disposed 1n the throat of the
venturt and 1s connected to an electrical generator for
producing electrical energy.

[0041] This invention also includes a method for optimiz-
ing a venturt device having a mouth and throat for gener-
ating electrical energy from ocean waves which includes
selecting the height of the ocean waves, selecting the peri-
odicity of the ocean waves, selecting the choke speed for the
water tlowing through the ventur1 device and establishing
the relative cross-sectional area of the throat of the venturi
device as compared to the cross-sectional area of the mouth
of the venturi device so that speed of the ocean water
flowing through the throat 1s at least two times the speed of
the water at the mouth but no more than the choke speed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] FIG. 1 1s anillustration of a prior art turbine device;
[0043] FIG. 2 1s an illustration of an additional prior art
turbine device:

[0044] FIG. 3A 1s a cross-sectional view of a structure

similar to that of FIG. 2 but having a ventur1 designed 1n
accordance with the principles of the present invention;
[0045] FIG. 3B 1s a side elevational view of alternative
structure similar to that of FIG. 3A, but with a housing there
about;

[0046] FIG. 3C 1s a partial cross-sectional side view of the
structure as shown in FIG. 3B;

[0047] FIG. 4A 15 a side elevational view of a preferred
embodiment of an apparatus constructed 1n accordance with

the present invention;

[0048] FIG. 4B 1s a partial cross-sectional view of the
device as shown 1n FIG. 4A;

[0049] FIG. 5 1s a partial cross-sectional view illustrating
a turbine disposed at the throat of a venturi device;

[0050] FIG. 6 1s a graph 1llustrating the effect of reducing
the throat diameter relative to the diameter of the mouth of
a venturt device on the relative throat area, relative water
speed, relative available power, and relative device power;
[0051] FIG. 7 1s a graph 1llustrating the choke speed of a
venturi device relative to the depth of the device as disposed
in the ocean;

[0052] FIG. 8 1s a graph which shows the optimal avail-
able power which can be made available for extraction
within a ventun1 device through the selection of an optimal
relative venturi throat cross-sectional area (expressed in the
graph as the diameter of an equivalent circular area) with
respect to a range of likely choke speeds with respect to a
specific wave height and wave period;

[0053] FIG. 9 1s a graph which shows the optimal amount
of power which can be made available for extraction within
a ventur1 device through the selection of an optimal relative
venturi throat cross-sectional area (expressed in the graph as
the diameter of an equivalent circular area) with respect to
a range of likely wave heights with respect to a specific
choke speed and wave period;

[0054] FIG. 10 1s a graph which shows the optimal amount
of power which can be made available for extraction within
a ventur1 device through the selection of an optimal relative
venturi throat cross-sectional area (expressed in the graph as
the diameter of an equivalent circular area) with respect to
a range of likely wave periods with respect to a specific
choke speed and wave height;

[0055] FIG. 11 1s a graph 1llustrating the relationship of the
power available within a venturi device with respect to a
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range of possible relative venturi throat diameters with
respect to a specific wave height and wave period and choke
speed;

[0056] FIG. 12 1s a graph similar to the one 1n FIG. 11 but
with respect to a diflerent wave height, period and choke
speed;

[0057] FIGS. 13A-13D are graphs illustrating the speed of
the water at various portions along a wave as depicted in
FIG. 13 A as well as the water flowing through the throat of
a venturt device as shown in FIG. 13C and the power
available 1n the throat of the venturi device as shown 1n FIG.
13D;

[0058] FIG. 14 illustrates the actual speeds and relative
power levels of a ventun1 device operating 1n water having,
a specific wave height, wave period and choke speed with
respect to the devices relative throat cross-sectional area
(expressed 1n the graph as the diameter of an equivalent
circular area);

[0059] FIG. 15 15 a graph illustrating power optimization
curves similar to that shown 1n FIG. 14, but with respect to
different wave heights and periods with a choke speed that
1s specific;

[0060] FIG. 16 1s a graph illustrating the optimization of
the relative ventur: throat cross-sectional area (expressed in
the graph as the diameter of an equivalent circular area) with
respect to diflerent sets of expected wave conditions;
[0061] FIG. 17 1s a graph illustrating the optimization of
the relative venturi throat cross-sectional area (expressed in
the graph as the diameter of an equivalent circular area) with
respect to a combination of expected seasonal wave condi-
tions;

[0062] FIG. 18 1s a table comparing the prior art device of
FIG. 2 to an equivalent device optimized according to the
principles of the present invention;

[0063] FIG. 19 1s a graph illustrating the amount of power
available for extraction from the prior art device as shown 1n
FIG. 2 and by an equivalent device optimized according to
the principles of the present invention;

[0064] FIG. 20 illustrates an alternative embodiment of
venturi device constructed in accordance with the principles
of the present invention;

[0065] FIGS. 21A and 21B 1illustrate yet another alterna-
tive device constructed 1n accordance with the principles of
the present invention

[0066] FIGS. 22A, 22B and 22C 1illustrate an additional
alternative device constructed 1n accordance with the prin-
ciples of the present invention;

[0067] FIGS. 23A and 23B 1llustrate an alternative venturi
device 1n which suction created by the venturi throat 1s used
to draw air through a turbine to generate electrical energy;
[0068] FIGS. 24A and 24B are similar to the alternative
device 1n FIGS. 23 A and 23B, but the suction force 1s used
to draw water through the turbine; and

[0069] FIGS. 25A and 25B 1illustrate an alternative
embodiment 1n which lifting means 1s incorporated into the
buoy to modily the position of the venturi and or the
generator.

DETAILED DESCRIPTION

[0070] This mvention provides an improved design for
wave energy devices of the types proposed by Bichard and
Heck, as well as an improved design for all other varieties
of venturi-based wave energy devices. In addition, this

invention provides a method for optimizing the design of the
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venturi component used 1n these types of devices. This
optimization 1s made with respect (o the degree to which the
design’s resulting ventur: effect will accelerate the water
flowing through the submerged component of the power-
generation system, e.g. a turbine or suction device.

[0071] The preferred embodiment of this invention uti-
lizes a ventun1 tube embedded within an outer cylindrical
housing. The preferred embodiment of this invention rigidly
connects the submerged ventur1 tube to the buoy above
through multiple struts arranged about the periphery of the
tube and the buoy. The preferred embodiment of this inven-
tion 1ncorporates a venturi throat whose cross-sectional area
1s specifically designed to optimize the amount of power
extracted from a portion of ocean perturbed by waves with
specific patterns of height and period, and with respect to the
selected ventur: throat depth.

[0072] For a fuller understanding of the nature and objects
of the mvention, reference should be made to the following
detailed description, taken in connection with the accompa-
nying drawings, in which:

[0073] FIG. 1 1s an 1llustration of a wave energy device
proposed 1n the prior art, and comprises a turbine having a
propeller 20 connected to a hub 22 mounted on a shait 24
suspended beneath a buoy 23 disposed on the surface 28 of
the ocean. This device seeks to exploit the diminution of
wave motion with depth. As the buoy rises and falls, the
submerged turbine 1s moved up-and-down through the rela-
tively still waters beneath the waves, causing the turbine to
rotate, and thus causing the shaft of an attached generator to
rotate, thus generating electrical power.

[0074] FIG. 2 shows a prior art device disclosed 1n U.S.
Pat. No. 4,44°7,740. In this illustration, “D.” denotes the
diameter of the opeming of the frusto-conical lip that Heck
specifies as an optional addition to each end of the cylin-
drical shroud that surrounds the turbine. “D,” denotes the
diameter of the cylindrical shroud surrounding the turbine.

“D,” also denotes diameter of the turbine located within the
shroud.

[0075] FIG. 3A shows one embodiment of the novel
optimized device of the present invention. This embodiment
of the present invention 1s intended to generally resemble the
Heck device except with respect to the construction of the
venturt. In this illustration, “D.” denotes the diameter of the
mouth of the venturi tube and 1s equal to the “D.” of FIG. 2.
“D_7"" denotes the diameter of the narrowest portion of the
venturi tube, 1.e. 1ts “throat”. “D_"" also denotes the diameter
of the turbine located therein.

[0076] FIGS. 3B and 3C are 1illustrations of another

embodiment of the present invention, 1.e. of a wave energy
device utilizing a submerged ventur: device which 1s opti-
mized for the purpose of extracting a maximal amount of
power from the ocean.

[0077] Venturi device 30 including a housing 30aq and a
venturt 31 disposed therein i1s suspended by cables 23
beneath a flotation module 26. The venturi device’s distance
beneath buoy 26 1s held constant, and tension 1s maintained
in cables 25 due to the weight of device 30 and of any
optional attached supplemental weight suspended beneath 1t
by cables. The cables may be flexible or rigid.

[0078] The ventun1 device’s efliciency 1s maximized by
suspending 1t below, or at least as near as possible to, the
wave base characteristic of the longest wavelength of wave
for which energy conversion i1s desired. This preferred depth
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would typically range from twenty (20) to one hundred
(100) meters. FIGS. 3B and 3C are not drawn to scale.

[0079] As venturi device 30 rises, water flows through
venturt 31 from top-to-bottom. As ventur: 30 sinks, water
flows through venturi 31 1n the opposite direction. As the
water tlows through the venturi 31 1ts rate of axial flow (1.¢.
its speed) increases 1n proportion to the reduction in the
cross-sectional area of the venturi. For example, as the
cross-sectional area of the ventur1 31 1s halved, the speed of
the water flow 1s doubled.

[0080] A type of turbine suitable for use within a venturi
1s the family of turbines known as free flow or kinetic
turbines. Simple propeller 21 1s indicated in FIG. 3C for
convenience.

[0081] As water 1s constrained to flow through venturi 31
the turbine blades must rotate. The blades are joined to a hub
(not shown) and the hub rotates conjointly with the turbine
central shaft 24q. It the turbine blades are bi-directional,
shaft 44 rotates 1n the same direction regardless of whether
water 1s entering venturi 31 from the top or bottom. Only the
angular speed of rotation varies as the tube moves up and
down through the water—the angular direction of rotation
does not vary.

[0082] As venturi device 30 rises and falls 1n the water
beneath the surface, water enters the venturi 31 alternately
from the top and bottom, and compels propeller 21 to spin.
Shaft 27 1s connected by connector 42a to flexible but
non-stretchable cable 44, and the flexible cable 1s connected
by connector 426 to central shaft 24a of buoy 26 which
central shaft 1s connected to generator 46 or some other
energy conversion device.

[0083] Accordingly, rotation of propeller 21 causes rota-
tion of central shatt 27, cable 44, buoy shait 24a and hence
the generator 46.

[0084] In this manner, some of the energy of the deep-
water waves which compel buoy 26 and 1ts attached venturi
device 30 to rise and fall 1s converted to mechanical energy.
The potential energy of ventur1 device 30 increases with 1ts
height. Some of the venturi tube’s potential energy that
remains aiter a wave has passed 1s converted into additional
mechanical energy as buoy 26 and its attached venturi 30
falls and again cause the rotation of propeller 21, central
shaft 24, cable 44, buoy shait 24a and generator 46. All or
most of the mechanical energy created during the rising and
falling of ventur1 device 30 1s available for conversion into
clectrical energy.

[0085] FIGS. 4A and 4B are 1illustrations of the preferred
embodiment of this invention. As 1s therein shown a venturi
device 50 1s disposed beneath a flotation member 52 by a
plurality of rigid struts 54, 56, 58 and 60. The ventur1 device
includes an upper section 62 and a lower section 64. The
upper and lower sections define an entrance to a ventur tube
66 which 1s embedded within the ventur1 device 50. The
venturi tube 66 has the cross-sectional area thereotf reduced
toward the midpoint between the section 62 and 64 to define
the throat 68 of the venturi tube 66. This construction i1s
illustrated by the tapered wall 70 connecting the lower
section 64 with the throat 68. Disposed at throat 68 of the
venturi tube 60 1s a means for generation of motion such for
example as a propeller or other similar device. The propeller
72 1s connected by a rigid shait 74 to an electrical generator
76. As the propeller moves responsive to up and down
movement of the flotation member 52, the propeller rotates
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and through the connection 74 causes the generator 76 to
rotate thereby generating electrical energy.

[0086] FIG. S 1s an illustration of a turbine enclosed within
a venturi device. The venturi device will accelerate the water
flowing through the turbine by means of a venturi eflect.
FIG. 5 1s an illustration of a representative ventur1 device
(1.e. a venturi tube 1n this case) and of one possible power-
extraction system (i1.e. a turbine 1n this case) useful in the
extraction of power from a moving fluid (e.g. like seawater).
The ventun1 tube 1n this figure 1s not drawn to scale.
[0087] In this illustration, “Dm” denotes the diameter of
the mouth of the venturi tube, while “Dt” denotes the
diameter of the tube’s throat. “Vm” denotes the speed of the
water entering the tube (from below in this case) while “Vt”
denotes the accelerated speed of the water flowing through
the throat of the tube, and through the turbine located there.
“Pt” denotes the power extracted by the turbine from the
water tlowing through the throat of the venturi tube.

[0088] FIG. 6 illustrates the effect of reducing the diameter
of a venturi device’s throat, relative to the diameter of its
mouth, on several important aspects of its behavior. Reduc-
ing the relative throat diameter (or, equivalently, reducing
the cross-sectional area of the ventun throat relative to the
cross-sectional area of the venturi mouth) increases the
degree to which the speed of the water 1s amplified (1.e. the
line labeled “relative water speed™). Also, since the amount
of power which can be extracted from flowing water is
proportional to the cube of the water’s speed, reducing the
relative throat diameter of the ventur1 device, and thus
increasing the speed of the water passing through it, results
in a substantial increase 1n the amount of power (1.e. kinetic
energy ) which 1s available for extraction within that water.

[0089] FIG. 6 does not impose any upper limit on the
speed to which the water flowing through a venturi device
can be accelerated. In truth, such an upper limit exists and
1s referred to as the “choke speed™ of the water. The choke
speed will vary primarily with the pressure of the water
entering the ventur1 device, and will therefore tend to
increase as the depth of the ventun device below the surface
1ncreases.

[0090] The data in FIG. 6, 1.e. 1n the absence of a choke
limit providing an upper bound on the degree to which the
speed of the water can be accelerated, would suggest that
with an infinitely small ventur1 throat, one might be able to
extract an almost infinite amount of energy. Clearly, that
would be absurd. A consideration of the role of the choke
speed 1s vital 1n determining the optimal throat diameter 1n
a practical venturi device.

[0091] Another tradeotl to be considered 1n 1dentifying an
optimal venturi throat diameter is the fact that the amount of
power that a turbine can extract from a tlowing volume of
water 1s proportional not only to the cube of the water’s
speed, but also to the cross-sectional area of the flowing
water (for example, to the cross-sectional area of a turbine
located 1n the throat of the venturi and used to extract the
power). Thus, as the throat of a venturi grows smaller, the
speed of the water increases (up to the choke speed), which
increases the power available for extraction, but the cross-
sectional area of the water flowing with that increased speed
decreases, which reduces the amount of power for extrac-
tion.

[0092] FIG. 7 1s a graph illustrating the relationship
between the depth of a venturn1 tube (1.e. the depth of a
venturi tube’s throat) and the ventur1 tubes choke speed. A
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ventur1’s choke speed increases with increasing depth due to
a corresponding increase 1n water pressure.

[0093] The temperature of the seawater 1n which a venturi
device will operate will typically range from -2° C. to 30°
C. Within this range of temperatures the vapor pressure of
water, and hence the choke speed of a ventun1 device, will
vary only slightly. Therefore, the choke speed of a venturi
device will only vary to a minor, if not negligible, extent
with respect to the temperature of the seawater entering a
venturi device. Expected seawater temperature can be mcor-
porated 1 to the optimization process described in this
invention 1f so desired by those skilled in the art. However,
tor the sake of improved clarity, a seawater temperature of
20° C. has been assumed 1n the disclosure of this invention.

[0094] FIG. 8 1s a graph illustrating the maximum amount
ol available power (1.e. the line labeled “optimal available
power”’), which can be achieved through the selection of an
optimal relative ventun throat cross-sectional area (relative
to the cross-sectional area of the wventur1 mouth, and
expressed in the graph as the diameter of an equivalent
circular cross-sectional area), with respect to a range of
likely choke speeds. Choke speed (m/s) 1s on the abscissa,
optimal relative throat diameter on the left ordinate and
optimal power in kilowatts per square meter (kKW/m~ on the
right ordinate. As the choke speed increases, the optimal
relative throat cross-sectional area decreases, because the
degree to which the water can be accelerated increases. The
optimal amount of power available, 1n the water flowing
through a ventun1 device, with a suitably optimized venturi
throat increases from 50 to 650 kW/m” (i.e. per m” of the
cross-sectional area of the ventun1 device’s mouth) over the
indicated range ol choke speeds. The actual amount of
power available can be determined by multiplying the
amount of power available per square meter, as specified 1n
the graph, by the cross-sectional area of the mouth of a
venturi device with the specified relative throat diameter (or
the equivalent relative throat cross-sectional area).

[0095] As an example, let’s consider the graph 1in FIG. 8.
Let’s assume that we want to know the optimal amount of
power available to a submerged venturi device, and the
corresponding relative ventur: throat diameter needed to
achieve that optimal level of available power, when our

venturt device will operate 1n waters characterized by a
choke speed of 30 m/s (1.e. at a depth of about 40 meters).

[0096] On the graph shown in FIG. 8, we find that the
optimal available power corresponding to a choke speed of
30 m/s is about 265 kW/m”. We also find that this optimal
amount of power 1s associated with a relative ventur: throat

diameter of about 0.21.

[0097] If we want to calculate the actual throat diameter
and available power for a specific venturi device, we need to
scale each of the relative values specified 1n FIG. 8 by the
appropriate attribute of the mouth of the actual venturi
device. If we have a venturi device with a mouth possessing
a cross-sectional area of 3 m” then the corresponding amount
ol available power when such a device operates 1n waters

with a choke speed of 30 m/s 1s:
3 m**265 kW/m*=795 kW

The equivalent diameter (1.e. “Dm’™) of a ventur1t mouth with
a cross-sectional area of 3 m” is:

(IIDm*)/4=3 m” so Dm=1.95 meter
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Therefore, remembering that the optimal relative throat
diameter 1s 0.21, we may calculate the corresponding diam-
cter of the throat of our actual venturi device (“Dt”):

Dr=0.21*%1.95 m=0.41 meter

The corresponding optimal cross-sectional area (1.e. “At”) of
the ventur1 throat for our sample ventur: device 1s:

A=T1(0.41 m)*/4=0.13 m”

[0098] FIG. 9 1s a graph illustrating the optimal amount of
available power, which can be achieved through the selec-
tion of an optimal relative ventur1 throat diameter (or a
corresponding optimal ventur: throat cross-sectional area),
with respect to a range of likely wave heights. Wave height
1s shown on the abscissa, optimal relative throat diameter on
the left ordinate and optimal power on the right ordinate. As
the wave height increases, the optimal relative throat diam-
cter (with respect to the diameter of the mouth 1 an
equivalent ventur1 tube) increases. The optimal amount of
power available per square meter of the cross-sectional area
of the ventur1 mouth, 1n the water tflowing through the throat
of an optimized venturi device, increases ifrom O (in the
absence of waves) to 700 kW/m” (with respect to waves with
a height of 15 meters). A more likely range of wave heights
would be 3 to 6 meters, with respect to which the corre-
sponding optimal amounts of available power would be 138
to 277 kW/m”.

[0099] FIG. 10 1s a graph illustrating the optimal amount
of available power, which can be achieved through the
selection of an optimal ratio of the cross-sectional areas of
venturi throats to mouths, with respect to a range of likely
wave periods. Wave period 1s shown on the abscissa, optimal
relative throat diameter on the left ordinate, and optimal
power on the right ordinate. As the wave period decreases
(and the energy of the waves therefore increases), the
optimal relative throat diameter (with respect to the mouth
diameter 1n an equivalent venturi tube) increases. The power
available 1n the water flowing through the throat of an
optimized venturi device increases from 100 to 1470 kW/m”
as the wave period decreases from 15 seconds down to 1
second. A more likely range of wave periods would be 11 to
7 seconds, and the corresponding optimal amounts of avail-
able power would be 134 to 210 kW/m".

[0100] FIG. 11 1s a graph 1llustrating the relationship of the
power available (1.e. the line labeled “relative available
power’) within a ventur: device with respect to a range of
possible relative ventuni throat diameters (1.e. ranging from
1.0, 1.e. a throat diameter equal to the diameter of the venturi
mouth, down to 0, the absence of any throat at all). This
graph illustrates the basic mechanism for selecting an opti-
mal ventur1 throat diameter with respect to a specific set of
wave conditions.

[0101] The relationships expressed in this graph apply not
only to ventun1 tubes, but also to any venturi device. The
square of the indicated “Relative Throat Diameter” provides
the relative cross-sectional area of the throat of any venturi
device relative to the cross-sectional area of the devices
mouth. The graph’s use of a “Relative Throat Diameter™ 1s
based on the assumption of a radially symmetrical venturi
tube, but the data in the graph applies with equal force to
venturi device of any form or design.

[0102] Note that FIG. 11 reveals an optimal relative diam-
cter for the throat of the ventur: device (and a corresponding
optimal relative cross-sectional area) when driven by waves
of the specified kind, 1n water characterized by the specified
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choke speed. This optimal throat diameter, and/or cross-
sectional area, 1s a unique value with respect to the following
combination of wave height, wave period and choke speed.

[0103] The graph in FIG. 11 1s based on the following
assumptions:

[0104] a choke speed of 25 m/s,
[0105] a wave height of 4 meters, and
[0106] a wave period of 8 seconds.

[0107] With respect to these assumptions, the maximum
available power occurs when the relative throat diameter 1s
0.23, which 1s equivalent to a relative throat area of 0.053.
With respect to this optimal ventur1 device configuration,
and with respect to the specified wave height, wave period,
and choke speed, the available power 1n the water flowing
through the throat of the ventur1 tube would be increased by
a factor of 280x with respect to the amount of power
available 1n the unaccelerated water outside the venturi
device. With respect to the wave conditions specified above,
the amount of power available in the unaccelerated water
flowing in to the venturi device’s mouth is 0.661 kW/m".
Theretore, the actual amount of power available with respect
to the optimal relative ventur: throat diameter of 0.23 1s:

0.661 kW/m°*280=183 kW/m’

183 kW/m~ is the optimal, or maximal, amount of power
which can be made available by a ventun1 device submerged
in water characterized by the specified choke speed when the
device 1s driven by waves with the specified height and
period.

[0108] FIG.121s a graph like the one 1n FIG. 11. However,

this graph of the relationship of the power available with
respect to the relative venturi throat diameter 1s with respect
to a different set of wave conditions and choke speed.

[0109] Note that FIG. 12 reveals an optimal relative diam-
cter for the throat of the venturn device (and a corresponding
optimal relative cross-sectional area) when driven by waves
of the specified kind, 1n water characterized by the specified
choke speed. This optimal throat diameter, and/or cross-
sectional area, 1s a unique value with respect to the following
combination of wave height, wave period and choke speed.

[0110] The graph 1mn FIG. 12 1s based on the following
assumptions:

[0111] a choke speed of 30 m/s,
[0112] a wave height of 6 meters, and

[0113]

[0114] With respect to these assumptions, the maximum
available power occurs when the relative throat diameter 1s
0.275, which 1s equivalent to a relative throat area of 0.076.
With respect to thus optimal ventur1 device configuration,
and with respect to the specified wave height, wave period,
and choke speed, the available power in the water tlowing
through the throat of the ventur1 tube would be increased by
a factor of 136x with respect to the amount of power
available 1n the unaccelerated water outside the venturi
device. With respect to the wave conditions specified above,
the amount of power available in the unaccelerated water
flowing in to the venturi device’s mouth is 3.33 kW/m?>.
Therefore, the actual amount of power available with respect
to the optimal relative ventur: throat diameter of 0.275 1s:

a wave period of 7 seconds.

3.33 kW/m’*136=455 kW/m”

455 kW/m? is the optimal, or maximal, amount of power
which can be made available by a venturi device submerged
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in water characterized by the specified choke speed when the
device 1s drniven by waves with the specified height and
period.

[0115] FIG. 13A displays a cross-sectional profile of a
typical deep water wave, as 1t might appear 11 1t were sliced
along a plane parallel to its direction of propagation and
normal to the surface of the ocean. The wave illustrated in
this figure has a height of 4 meters and a period of 8 seconds.
Note that the wave begins and ends at points described as
“troughs™ where the water 1s at 1ts lowest level during the
wave cycle. Also, note that the wave reaches a “peak”
mid-way through 1ts period. The vertical distance between
the troughs and the peak 1s the measure of the height of a
wave.

[0116] FIG. 13B displays the relationship of the vertical
speed of the water at the surface of a wave to the height of
that water along the wave’s profile. The same wave height
displayed in FIG. 13A 1s also shown this figure. However,
FIG. 13B includes a line denoting the vertical speed of each
point along the surface of the corresponding portion of the
wave’s profile. Note that the speed reaches 1ts maximum at
the points on the wave’s surface that represent the vertical
midpoints of the wave’s profile. In the sample shown, the
maximum speed of 1.57 meters per second occurs at 2 and
6 seconds after the wave’s trough. These represent one and
three-quarters ol the wave’s progress towards i1ts next
trough.

[0117] FIG. 13C displays, for reference, the same wave
profile shown 1n FIGS. 13A and 13B. FIG. 13C also includes
the same vertical speed profile for the reference wave, which
ranges from O to 1.57 m/s. FIG. 13C includes a line, 1.¢.
labeled “amplified speed”, which represents the speed which
would characterize the water traveling through the throat of
a venturi device which possessed a ratio of mouth-to-throat
cross sectional areas, 1.e. a “venturi factor”, of 18.9. This
amplified speed profile ranges from 0 to 30 m/s. In other
words:

[1Input speed 0 to 1.57 m/s]*[ventur! factor of 18.9]=
[throat speed O to 29.7 m/s]

[0118] FIG. 13C also displays what the actual water-speed
profile, of the water flowing through the throat of a venturi
device with a ventur: factor of 18.9, would be 1t the water
entering the venturi device mouth was characterized by a
choke speed of 25 m/s. This 1s the choke speed one might
expect to encounter with a venturt device operating at a
depth of about 22 meters.

[0119] FIG. 13D displays the amount of power that would
be available 1n the throat of a ventur1 device with a venturi
factor of 18.9, when 1t 1s driven by waves with a height of
4 meters and a period of 8 seconds, when the water tlowing
through the venturi device has a choke speed of 25 m/s. Note
that the amount of available power 1s truncated at a level of
424 kW/m*. This truncation, or upper-limit, of the level of
available power 1s a direct consequence of the truncation, or
upper-limit, of the amplified speed of the water flowing
through the throat of the ventur1 device.

[0120] Note that the power levels displayed 1n this graph
are specilied 1 terms of power per square meter (1.e.
kW/m?). This is because these power levels are relative to
the total size of the ventur1 device. In particular, these power
levels are relative to the amount of water that will enter a
particular ventur1 device. For example, a ventur1 device
through which flows twice the volume of water as that which
flows through another venturi device will likewise have
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twice as much power available for extraction. The power
levels specified 1n this graph, and 1n many of the other
graphs referred to 1n this patent, will be expressed 1n terms
of KW/m?, where the area is in relation to the cross-sectional
area of the venturi mouth of any particular venturi device.
The actual power level associated with any particular device
will be determined by multiplying the cross-sectional area of
the venturi device’s mouth by the relative amount of power
specified.

[0121] FIG. 14 shows the relationship between the actual
speeds and power levels (still relative to the cross-sectional
area of the ventur1 device’s mouth) and the relative throat
diameters with respect to a ventur1 device operating 1n
waves with a height of 4 meters, a period of 8 seconds, and
a choke speed of 25 m/s. Note the power level associated
with the ambient water entering the mouth of the ventur:
device (1.e. before any amplification of 1ts speed has
occurred) is 0.661 kW/m=. Also note that the power level
that would characterize a Heck wave energy device, which
possesses a relative venturi throat diameter of 0.862, would
be 1.2 kW/m~, an 80% improvement. Finally note that the
maximum possible power level associated with a venturi
device optimized according to the principles of this inven-
tion would be 184 kW/m”, an improvement of 28,000%. An
optimized venturi device can make available 15,000% more
power than an equivalent Heck device.

[0122] Also note in FIG. 14 that the optimal relative throat
diameter (1.e. 0.23) 1s slightly less than the diameter at which
the speed of the water passing through the throat of the
venturi device first begins to reach and/or exceed the choke
speed (1.e. at 0.23).

[0123] FIG. 15 shows four power optimization curves,
similar to the curve illustrated for 4-meter waves in FIG. 14.
These four curves of available power correspond, respec-
tively, to waves with heights and periods of:

[0124] 2 meters and 7 seconds,
[0125] 4 meters and 8 seconds,
[0126] 6 meters and 9 seconds,
[0127] 8 meters and 10 seconds.
[0128] Note that, with respect to each unique wave type,

there 1s a corresponding unique relative venturi throat diam-
cter that would result 1n an optimal amount of power being
made available for extraction. Obviously, an actual wave
energy device deployed mm a real environment will be
subjected to a variety of wave types. Therelore, the selection
of the one relative ventun throat diameter for a particular
wave energy device must balance the eflects of that particu-
lar diameter on the overall power of the device.

[0129] FIG. 16 shows the results of optimizing the relative
venturi throat diameter with respect to two different sets of
expected wave conditions. (Note the assortment of wave
types contributing to each wave condition 1s admittedly
rudimentary. However, we are keeping this simple for the
purpose of facilitating understanding 1n the optimization
principles involved.)

The set of wave types labeled as “calm oceans” includes:

[0130] 60% of waves with a height of 2 meters and a
period of 7 seconds,

[0131] 30% of waves with a height of 4 meters and a
period of 8 seconds,

[0132] 8% of waves with a height of 6 meters and a
period of 9 seconds,

[0133] 2% of waves with a height of 8 meters and a
period of 10 seconds.
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The set of wave types labeled as “active oceans” includes:
[0134] 10% of waves with a height of 2 meters and a
period of 7 seconds,
[0135] 20% of waves with a height of 4 meters and a
period of 8 seconds,
[0136] 60% of waves with a height of 6 meters and a
period of 9 seconds,
[0137] 10% of waves with a height of 8 meters and a
period of 10 seconds.
[0138] FIG. 17 shows the results of optimizing the relative
ventur: throat diameter with respect to a combination of
individual “ocean conditions” which might characterize a

deployment site over the course of a year. This optimization
1s with respect to the following balance:

[0139] 60% (or about 7 months) of calm oceans, and
[0140] 40% (or about 5 months) of active oceans.
[0141] An actual deployment site might include compli-
ploy g P

cated wave conditions over the course of a year. Conditions
might even vary from year to year. In an actual optimization,
one would likely catalogue the frequency with which each
distinct wave type 1s observed at a particular deployment site
(with whatever resolution in terms of height and period 1s
desired) over the course of a suitable period of time, e.g.
over the course of a year. The amount of power derived from
cach wave type could then be weighted by the frequency
with which 1t was observed, or with which 1t 1s expected to
be observed 1n the future, and the sum of the weighted power
contributions associated with each wave type can then be
used to compute the overall power level which would be
expected with respect to each possible relative venturi throat
diameter.

[0142] FIG. 18 15 a table comparing a Heck ventur1 device
with an equivalent device optimized according to the prin-
ciples of this invention. The comparison 1s made on the basis
of devices with a 7-meter diameter ventur1 device mouth,
whose vertical oscillations are being driven by waves with
heights of 4 meters, and periods of 8 seconds, 1n waters with
a choke speed of 25 m/s.

[0143] FIG. 19 shows a comparison between the amount
of power that would be made available for extraction by a
Heck wave energy device and by an equivalent device
optimized according to the object of this invention. The
power levels displayed 1n this figure are displayed relative to
waves with heights ranging from 0 to 10 meters (and periods
of 8 seconds, and choke speeds of 25 m/s). Note that the
relative ventun throat diameter of the Heck device remains
constant at 0.862, while the optimal diameter varies con-
tinuously from (with respect to very small waves) to 0.36
(with respect to the most energetic waves). The power made
available within a Heck wave energy device 1s uniformly,
and substantially, less than that made available by an equiva-
lent optimized device.

[0144] FIG. 20 1s an alternate type of venturi device to
which this invention would apply with equal force. It utilizes
a ventur1 tube 1n which each cross-sectional area normal to
the axis of the ventur: tube 1s rectangular mstead of circular.
It also uses, as 1ts power extraction mechamism, a turbine
utilizing an axis of rotation normal to the axis of the venturi
tube. This type of turbine extracts energy from the water
flowing through throat 131 of ventur1 tube 130 regardless of
the vertical direction of the water’s travel. Water entering
either mouth of venturi tube 130 induces the same rotational
motion i perpendicular-axis turbine 120a. Such a turbine
can be attached directly to an alternator or generator 146 by
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a shaft 124a or the turbine’s rotational energy can be
transmitted by any combination of solid (rigid) or flexible
shafts to buoy 26.

[0145] If an alternator or generator 146 1s located within
the sidewalls of venturi tube 130 as depicted 1n FIG. 20, the
clectrical energy generated 1n response to the rotation of the
perpendicular-axis turbine 120q 1s transmitted to the surface
via one or more electrical conductors. Such conductors
extend along one or more of the cables or struts 54-60
supporting ventur: tube 130 beneath buoy 26. The optimi-
zation of this type of venturi device would also fall within
the scope of this patent, as would the optimization of any
other type of submerged ventur1 device.

[0146] FIG. 21 1s another alternate type of ventur1 device
to which this invention would apply with equal force. It
utilizes a pair of wedge-shaped venturi devices that act in
concert to spin an embedded turbine. The optimization of
this type of venturi device would also fall within the scope
of this patent, as would the optimization of any other type of
submerged venturi device.

[0147] FIGS. 21A and 21B depict one of many possible
embodiments of the novel ventur1 wave-energy device that
are within the scope of this invention. FIG. 21B 1s a
cross-sectional view of housing 168 taken along line 21B-
21B 1n FIG. 21A.

[0148] Water wheel 164 1s mounted for rotation about axle
165 1n housing 168 that includes two substantially parallel
vertical walls 166A and 166B. Housing 168 has two com-
partments that are in fluud communication with one another.
The first compartment 1s defined by sidewall 166 A, front
wall 168 A, and back wall 168B. Front and back walls 168 A,
1688 converge toward one another from top to bottom,
creating a venturi eflect at the bottom of the first compart-
ment. The second compartment 1s defined by side wall 1668,
front wall 170A and back wall 170B. Front and back walls
170A, 1708 diverge from one another from top to bottom,
creating a venturi effect at the top of the compartment.

[0149] Axle 165 of water wheel 164 1s positioned 1n the
center of housing 168 so that half of the water wheel 1s 1n the
first compartment and half 1s 1n the second compartment.

[0150] The left compartment as viewed in FIG. 21A
receives water entering from the top and accelerates it as it
moves toward the bottom, due to the decreasing cross-
sectional area of the left compartment. Also any water
entering the right compartment from the bottom accelerates
as 1t flows through the right compartment’s decreasing
bottom to top cross-sectional area.

[0151] FIG. 22A 1s yet another alternate type of venturi
device to which this invention would apply with equal force.
It utilizes a semi-rigid venturi shroud 133 having ribs 156
and fabric 158, which could, in some embodiments, be
collapsible. This type of ventur1 device, unlike the types
discussed earlier, would only generate significant amounts
of power when pulled up by 1ts associated tlotation device.
A turbine 120B 1s disposed 1n the throat 160 of the venturi
and 1s connected by a shaift 124B to a generator 146B. The
venturi shroud might fully or partially collapse as the venturi
device descends on the falling side of a passing wave. The
optimization of this type of ventur1 device would also fall
within the scope of this invention, as would the optimization
of any other type of submerged ventur: device.

[0152] FIG. 22B 1illustrates how such an alternative
embodiment of a venturi device as shown in FIG. 22A, 1.e.

one employing a collapsible ventur1 shroud, might fit inside
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a canister 155 for storage, and perhaps as an aid to deploy-
ment. Such a portable optimized venturt device might be
usetul as a power supply for buoys or life raits.

[0153] FIG. 22C illustrates how such an alternate embodi-
ment of a ventun1 device might operate 1n conjunction with
a buoy.

[0154] A further discussion of FIGS. 22A-C follows. A
preferred embodiment of the full-sized venturi-pinwheel
wave-energy device transmits 1ts rotary energy to the surface
through mechanical shait or cable (44 1 FIG. 3C) that 1s
attached to the central shait (27 in FIG. 3B) of the turbine
(21 1 FIG. 3C). The mechanical rotational energy 1s con-
verted into electrical energy with a generator mounted above
the water line. To adapt this technology to small, portable
devices, a small water-prool generator 1465 1s located near
the turbine 1205 and shares a common axle 1245 waith 1t.

[0155] The resulting power 1s transmitted to buoy 26qa
through primary electrical cable 144 which may also support
the ventur1 shroud assembly as it hangs beneath buoy 26aq.
The preferred embodiment of a portable version of the
venturi-pinwheel device includes central rigid support 157
securing cable assembly 144 to the turbine assembly. Central
rigid support 157 maintains the vertical alignment of venturi
shroud 133 and turbine 1205 as the venturi shroud 1s pulled
toward the surface by buoy 26a. The upward force provided
by the buoy acts on the upper end of rigid support 157, and
the drag induced by the unfurled venturi shroud 133 acts on
the lower end of support 157. For the same reason that a
wind vane orients itself to point into the wind, the central
rigid support, and 1ts attached venturi shroud, are compelled
to point toward the buoy. Without this central rigid support,
the orientation of the ventur: shroud could be unstable, 1.e.,
under the influence of water moving past 1t as 1t rises, the
shroud would tend to turn sideways and a collapsible shroud
would tend to partially collapse.

[0156] Because of 1ts small size, solid turbine blade 12056
(FIGS. 22A and 22B) 1s advantageous, instead of an articu-
lating bi-directional turbine. Ventur1 shroud 133 funnels
water nto the turbine, 1ncreasmg the water’s speed, while
the buoy and turbine are rising. A preferred embodiment of
the tull-sized venturi-pinwheel wave-energy device has a
bi-directional ventur: shroud allowing it to generate power
when falling as well as rising. These adaptations allow the
portable embodiment of the turbine to extract a significant
amount of power from the seawater only while the buoy and
turbine are rising.

[0157] It 1s also possible to construct a “mimaturized”
version of the preferred embodiment of this device, 1.e., a
bi-directional venturi tube incorporating a bi-directional
turbine. Such a device can utilize a local water-proot gen-
erator or a shait transmitting rotational energy to a buoy at
the surface of the water. For some applications this inter-
mediate design may be advantageous. The scope of this
disclosure includes all vanations 1n the sizes of the devices
disclosed.

[0158] A preferred embodiment of a portable version of
the venturi-pinwheel device, which incorporates a collaps-
ible ventur shroud, also contains rigid collar 160 serving as
the base for the collapsible ventur1 shroud 133 to constrain
its alignment. Propeller/turbine 1205 1s positioned concen-
trically with rnigid collar 160 because the lumen of rigid
collar 160 1s the narrowest part of the lumen created by

shroud 133. Rigid frame members 156 have a first end
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pivotally secured to rigid collar 160 1n circumierentially
spaced relation to one another.

[0159] FIG. 22B illustrates the configuration of the por-
table embodiment depicted in FIG. 22A when 1t 1s 1ncorpo-
rates a collapsible venturi shroud and i1s stored within a
canister 1535. Rigid frame members 156 of venturi shroud
133 p1vot toward rigid central support 157 of the device, and
venturi shroud fabric 158 collapses like a retracted umbrella.
Such a stored device may be slid out of storage canister 155

following the removal of optional canister lid 62.
[0160] FIG. 22C depicts the portable embodiment of

FIGS. 22A and 22B with small buoy 26a. This embodiment
has utility 1n connection with a life raft. When the assembly
of FIGS. 22A and 22B i1s connected to buoy 26a by cable
144, the nising and falling of the portable venturi shroud
generates electrical power. A life raft itself can serve as the
buoy. This portable embodiment has utility 1n providing
clectrical power to distress beacons, locator devices, water
distillation equipment, and the like.

[0161] FIGS. 23A and 23B illustrate an alternate type of
wave energy device, and inclusive ventur1 device, to which
this invention would apply with equal force. This wave
energy device 1s similar to that illustrated in FIGS. 3B and
3C but uses the reduced and/or eliminated lateral pressure 1n
the water tlowing through the throat of an optimized venturi
device to create a sucking force. In this type of wave energy
device embodiment the suction created at 233 by the venturi
throat 1s used to draw air through a turbine 229 located in the
buoy 26 at the surface. Such a device would likely 1ncor-
porate one-way valves 234 to prevent water from rushing in
to the pipes used to communicate the partial or full vacuum
to the turbine at the surface when the suction 1n the venturi
throat diminishes at or near the peaks and troughs of the
waves driving the device’s motion.

[0162] FIGS. 24 A and 24B illustrate another alternate type
of wave energy device similar to that illustrated 1n FIGS.
23A and 23B, and inclusive venturi device, to which this
invention would apply with equal force. Like the device
illustrated 1n FIG. 23, this device would exploit the suction
created 1n the throat of an optimized venturi device to extract
power from the ocean. This wave energy device however
would use the sucking force to draw water through the
turbine. Water would be able to enter the turbine through an
inlet 224C, and a full or partial vacuum created by the
suction in the venturi throat would be used to draw water out
of the turbine, thus causing it to spin. The advantage of this
device, over the one illustrated 1 FIG. 23, 1s that the pipe(s)
connecting the venturi throat to the turbine would contain
water instead of air. Thus, when the suction diminished near
the peaks and troughs of the waves driving the vertical
motion of the device, there would little, 11 any, tendency on
the part of the water in the ventun1 throat to rush 1n to the
pipe(s). Thus, 1t might not be necessary to utilize one-way
valves 1n this type of device.

5. Detailed Description of the Preferred

Embodiment
[0163] 3Sa. Basic Design
[0164] The preferred embodiment of this invention (see

FIG. 4) incorporates a buoy 52 rigidly attached to a sub-
merged, radially symmetrical ventur: tube, with a bi-direc-
tional turbine located 1n the throat of the ventun tube. In the
preferred embodiment, the venturi tube 1s attached to the
buoy by means of struts 54-60 located about the periphery
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of the tube and buoy. In the preferred embodiment, the
rotation of the submerged turbine causes the attached turbine
shaft to rotate, which, 1n turn, causes the shaft of an attached
alternator to rotate. In the preferred embodiment, the rota-
tions of the alternator’s shaft result in the generation of
clectrical power.

[0165] However, many alternate embodiments are pos-
sible for a wave energy device that facilitates, and optimizes,
its power extraction by means of an optimized ventur: eflect.
All such alternate embodiments are within the scope of this
ivention.

[0166] Sb. Optimization of Venturi Effect for Waves of
Constant Height

[0167] 3Sbl. Assumptions

[0168] For the sake of 1illustration, we will discuss the
optimization of the ventur1 eflect created within a wave
energy device of the type 1llustrated in FIG. 4. The following
discussions regarding the optimization of the ventun eflect
would apply equally well, with only slight, 11 any, modifi-
cation, to other embodiments of venturi-based wave energy
devices.

[0169] We will discuss the optimization of a venturi
device from the perspective of a limiting, or maximum,
overall device size. The types of venturi-based wave energy
devices being discussed here have maximum practical sizes.
However, the scope of this patent 1s not limited to the size
of the energy device and applies with equal force to devices
of all sizes.

[0170] The diameter of a buoy employed in this type of
device (or the maximum width of the ocean surface area
displaced by such a floating component) should not be more
than a small fraction of the wavelength of the waves from
which power 1s to be extracted 1f 1t 1s to remain optimal.
Otherwise, the buoy will begin to “integrate” the wave’s
motion. That 1s, the amplitude of the buoy’s vertical oscil-
lations will begin to decrease with respect to the amplitude
of the vertical oscillations of the waves passing beneath it.
You can mmagine that if a buoy’s diameter were twice as
great as the wavelength of the waves passing under 1t, then
it would be difficult for the buoy to move up-and-down at all.
The buoy would overlay as many wave crests as wave
troughs and the net result would be little, 1T any, vertical
movement.

[0171] However, it 1s much more likely that the diameter
of a venturi-type wave energy device will be limited by
practical considerations related to construction, deployment
and maintenance, rather than being limited by its tendency
to integrate waves. For instance, there might be practical
considerations that dictate that the maximum diameter of a
practical wave energy device might be 7 meters.

[0172] Therefore, when we discuss varying the diameter
of the throat of a ventur tube in order to optimize the venturi
ellect, and the resulting extraction of power, we will discuss
that throat diameter relative to a fixed (though arbitrary)
diameter of the corresponding mouth of the ventun tube.

[0173] Furthermore, even though we will discuss the
optimization of the diameter of the throat of a ventur device,
relative to the diameter of 1ts mouth, the same discussion and
optimization procedure could apply with equal validity to
the cross-sectional area of the throat of a ventur: device,
relative to the cross-sectional area of 1ts mouth. We discuss
the optimization process relative to the diameters of a
presumably radially symmetrical venturi tube. However, the
same process, discussed in terms of the respective cross-
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sectional areas, would apply to the optimization of venturi
devices which were not radially symmetrical, and for which
a reference to a diameter would be inappropnate.

[0174] We will also frequently discuss the optimization
process, and the various quantities related to that process, in
terms made relative to the cross-sectional area of the mouth
of a ventur1 device. For instance, we will often express a
power level as some amount of kilowatts per square meter.
Obviously, power levels are not usually expressed relative to
an area. We express such power levels as a level of power
proportional to the cross-sectional area of the mouth of the
venturi device under discussion. The actual power level can
be obtained by multiplying the relative level specified by the
cross-sectional area of the mouth of the ventur1 device under
discussion.

[0175] FIG. S illustrates a sample ventur: device with a
mouth of diameter “Dm” which we will assume to be fixed
at some arbitrary value, and a throat of diameter “Dt” which
we will vary 1n our e {

"y

ort to optimize the ventur: eflect
influencing the power available for extraction from the
turbine.

[0176] 5b2. Competing Factors

[0177] The optimization of a ventur: device, with respect
to the degree to which it amplifies the speed of the water
entering the venturi’s mouth, mvolves two competing fac-
tors.

[0178] As the cross-sectional area of a ventur1 tube 1s
reduced, the speed of the water that flows through that tube
1s increased. If you will examine FIG. 6 you will see a line
(1.e. “relative throat area”) that specifies the relationship
between the relative cross-sectional area of a venturi tube’s
throat, and the corresponding relative throat diameter—both
quantities being “relative” to the corresponding attributes of
the venturi tube’s mouth. This also specifies the area which
will be swept by the blades, of any turbine operating therein.
This area 1s proportional to the square of the throat’s
diameter. Furthermore, since the power generated by a
turbine enclosed 1n the ventun1 tube’s throat 1s proportional
to the area swept by 1ts blades, this same line specifies how
the amount of power that a turbine could extract from water
will change as a consequence of changes to 1ts diameter.

[0179] In FIG. 6 you will see a line (1.e. “relative water
speed’”) that specifies the relationship between the mouth-
relative diameter of a ventur: tube’s throat and the relative
speed of the water that will move through it (1.e. relative to
the speed of the water that enters the ventun1 device). The
water’s speed 1s mversely proportional to the square of the
diameter. (Actually, the degree to which the speed of the
water 1s amplified 1s equal to the area of the mouth divided
by the area of the throat. If you halve the area of the throat,
relative to the area of the mouth, then you double the speed
of the water that will flow through 1t, relative to the speed of
the water which enters the mouth.)

[0180] In FIG. 6 you will see a line (1.e. “relative available
power”’) that specifies the relationship between mouth-rela-
tive diameter of a ventur: tube’s throat and the amount of
power available 1n water moving through that throat at the
corresponding speed. This 1s the power that will be available
in the water flowing through the ventuni tube’s throat
relative to the power available in the water entering the
venturi tube’s mouth.

[0181] Finally, in FIG. 6 you will see a line (1.e. “relative
device power”) that specifies the relationship between the
mouth-relative diameter of a venturi tube’s throat and the
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amount of power available per square meter of the cross-
sectional area of a stream of water moving at a particular
speed. The “relative device power” 1s that “relative available
power’ (1.e. power per unit cross-sectional area) multiplied
by the cross-sectional area of the venturi tube’s throat. When
the cross-sectional area of a ventur1 device’s throat narrows,
the water speeds up, which increases the amount of power
available per unit of cross-sectional area, but the total
cross-sectional area available decreases, so a tradeodl exists.
This tradeofl 1s what this invention seeks to optimize.
[0182] The “relative device power™ illustrated 1n FIG. 6
specifies how much power would be available for extraction
by a turbine located 1n the throat of a venturi tube relative to
the amount of power that would be available by a turbine
located 1n the mouth of the venturi tube. The interesting
observation to note here i1s that even though a turbine 1n a
venturi tube’s throat would presumably be smaller than a
turbine which could be located 1n a venturi tube’s mouth (or
simply located 1n the water without benefit of a venturi tube
as 1 Bichard), nevertheless, the amount of power which
would be available for extraction by a turbine 1n the tube’s
throat would be much greater than the amount of power
which would be available for extraction by a turbine in the
tube’s mouth, or a turbine outside the tube all together. This
increase in the overall amount of power available for extrac-
tion 1s a consequence of the correlation between the amount
of power available and the cube of the water’s speed.
[0183] The lines shown in FIG. 6 would suggest that a
venturi tube throat with a microscopically small diameter
would be capable of producing an almost 1nfinite amount of
power. The reason why the graph 1n FIG. 6 suggests this
non-sensical possibility 1s because this graph fails to account
for the “choke speed” of the water that 1s moving through a
venturi tube (explained below).

[0184] The choke speed of the water results 1n an optimal
relative venturi throat diameter that 1s significantly greater
than zero.

[0185] The optimal diameter of a ventur1 tube throat 1n a
venturi-based wave energy device 1s influenced by the choke
speed (1.e. the depth) of the water 1n which the ventur1 tube
will operate, the height of the waves which will power the
vertical oscillations of the ventur: tube, and the period of
those waves. This mvention provides a method of optimiz-
ing the performance of a venturi-based wave energy device
with respect to these factors.

[0186] 35b3. Ventunn Choke Speed

[0187] With respect to any given water pressure (1.€. water
depth) there 1s a maximum speed to which the water can be
accelerated by a venturi tube, or venturi effect. This maxi-
mum water speed 1s called the “choke speed” of the venturi
tube, and the magnitude of the choke speed depends heavily
upon the water’s pressure (or depth). When the speed of
water tlowing through a ventur1 tube would, but fails, to

exceed the tube’s choke speed, that condition 1s called
“choked flow.”

[0188] FIG. 7 provides a graph 1llustrating the relationship
ol a ventur1 tube’s choke speed to the depth of the venturi
tube’s throat. The algorithm used to calculate the choke
speed of a venturi tube as a function of depth 1s not explained
in this patent, but 1t will be familiar to anyone skilled in the
art

[0189] A ventun1 tube accelerates the speed of the water
moving through it by converting some of the omni-direc-
tional kinetic energy (i1.e. “pressure”) of the water entering,
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the tube i1nto additional speed of the overall water tlow.
However, when this speeding of water flowing through a
venturi tube occurs, the lateral pressure of the water, 1.e. the
pressure of the water normal to the axis of flow, decreases by
a similar amount. In this way, energy 1s, as 1t must be,
conserved. Thus, a venturi tube aligns the random motions
of the water molecules entering the tube so that more and
more of those water molecules move 1n directions parallel to
the axis of the tube. So, even though the motions of
individual water molecules are no more energetic when
traveling through a venturi tube, the macroscopic tlow of the
water traveling parallel to the axis of the ventur tube, 1.e. the
kinetic energy of the macroscopic tlow, increases greatly.

[0190] This decrease in the lateral pressure of fluids mov-
ing through a venturi tube 1s why these tubes are useful 1n
creating a homogeneous dispersion ol materials within a
fluid. For instance, the carburetor 1n an automobile uses a
venturi tube to facilitate the injection of fuel 1into an accel-
erated stream of air, thus creating a homogeneous mixture of
air and fuel that 1s suitable for combustion. It 1s the reduced
lateral pressure created 1n the flow of air passing through the
venturi tube of a carburetor that allows the fuel to disperse
so evenly.

[0191] Or, 1n other words, the fuel disperses so evenly 1n
the air, as the air passes through a ventur tube, because the

fuel doesn’t encounter any resistance to its motion as it
enters the stream of air from a direction normal to the axis

of the venturi tube.

[0192] For a wave energy device, like the one comprising
the preferred embodiment of this mvention, and illustrated
in FI1G. 4, the maximum speed to which the ventur tube will
be able to accelerate the water will depend largely on the
depth of the ventun1 tube’s throat.

[0193] The speed of the water flowing through the throat
of a ventur1 tube 1s a multiple of the orniginal speed of the
water entering the tube. The magnitude of this multiplying
factor (1.e. this “venturi factor”) 1s invariant with respect to
any particular venturi tube design, and equals the ratio of the
cross-sectional areas of the mouth and the throat. For
example, 11 the cross-sectional area of the throat 1s one-tenth
the cross-sectional area of the mouth, then the ventur: factor,
by which the speed of the water entering the tube 1s
multiplied, 1s equal to 10x (1.e. 1/0.1=10).

[0194] However, the speed of the water entering the mouth
of the ventur1 tube, when multiplied by the ventur1 factor,
cannot exceed the choke speed of the water.

[0195] At a certain point, as the speed of the water closely
approaches the choke speed of the ventun tube, the pressure
of the water will fall below the water’s vapor pressure. At
that point “cavitation” will occur. This means that the water
will tlash boil and create bubbles of gaseous water vapor.
Care must be taken that cavitation not be allowed to cause
pitting and wear on the turbine and on the walls of the
venturi throat.

[0196] 3Sb4. Optimum Determined with Respect to Choke
Speed
[0197] FIG. 8 shows the relationship between the maxi-

mum amounts of power that can be made available through
the application of this invention (i.e. the line labeled “opti-
mal available power”), relative to the choke speed of the
water 1n which the venturi device will operate. The data in
FIG. 8 are based on a wave height of 4 meters and a wave
pertod of 8 seconds and the determination of an optimal
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relative venturi throat diameter with respect to each choke
speed (1.e. the line labeled “optimal relative throat diam-
cter”).

[0198] The maximum amount of power that can be made
available for extraction within the throat of a ventur1 device
increases from a low of 50 kW/m” when the choke speed is
about 13 m/s (the choke speed characteristic of the water at
the surface of the ocean), to a high of 650 kW/m” when the
choke speed 1s about 47 m/s (the choke speed characteristic
of water at a depth of about 100 meters). Further increases
in the maximum amount of power available for extraction 1n
a venturi device can be achieved through further increases 1n
the depth, and corresponding choke speed, of the water 1n
which the ventunni device operates. The maximum depth
specified 1 FIG. 8 1s an arbitrary value and does not
represent an upper limat.

[0199] Itis more likely that the submerged venturi devices
will operate in waters characterized by choke speeds ranging
from 20 to 30 m/s. With respect to this range of choke
speeds, the maximum amount of power that can be made
available for extraction within the throat of a venturi device
will range from 120 to 265 kW/m>, respectively.

[0200] A wave energy device with the same overall size,
and differing only 1n the cross-sectional area of 1ts throat and
embedded turbine (1f any), can generate substantially more
power with every increase 1n the depth of its attached venturi
device. Of course, there are practical considerations, such as
weight, stress, environmental concerns, etc., that may make
a relatively modest depth more desirable. Also, 11 a wave
energy device 1s deployed over a continental shelf then the
restricted depth of the water will limait the depth at which the
venturi device can operate.

[0201] Note: The power levels discussed above, and
below, when expressed in terms of kW/m” are referring to
the amount of power available for extraction from each
square meter of the cross-sectional area of the mouth of a
ventur: device. If a ventun1 device’s mouth 1s larger, then
proportionately more power can be extracted from a simi-
larly designed ventur1 device.

[0202] 3b5. Optimum Determined with Respect to Wave
Height
[0203] FIG. 9 shows the relationship between the maxi-

mum amounts of power that can be made available through
the application of this invention, relative to the height of the
waves driving the vertical oscillations of a venturi device.
The data 1n FIG. 9 are based on a choke speed of 25 m/s and

a wave period of 8 seconds.

[0204] The maximum amount of power that can be made
avallable for extraction within the throat of a ventur1 device,
optimized according to the object of this invention, increases
from zero, when there are no waves present to drive the
submerged venturi device, to a high of almost 700 kW/m~
when the venturi device 1s driven by waves with a height of
15 meters. Of course, waves with heights exceeding 15
meters would offer the opportunity to make even higher
amounts ol power available for extraction. The maximum
wave height specified 1n FIG. 9 1s an arbitrary value and does
not represent an upper limait.

[0205] It 1s more likely that waves with heights ranging
from 3 to 7 meters would drive the vertical oscillations of a

submerged venturi device. With respect to this range of

wave heights, the maximum amount of power that can be
made available for extraction within the throat of a venturi

device will range from 140 to 320 kW/m?, respectively.
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[0206] A wave energy device with the same overall size,
and diflering only 1n the cross-sectional area of its throat and
embedded turbine (1f any), can generate substantially more
power when driven by waves of greater height.

[0207] 3b6. Optimum Determined with Respect to Wave
Period
[0208] FIG. 10 shows the relationship between the maxi-

mum amounts of power that can be made available through
the application of this invention, relative to the period of the

waves driving the vertical oscillations of a ventur1 device.
The data in FIG. 10 are based on a wave height of 4 meters
and a choke speed of 25 m/s.

[0209] The maximum amount of power that can be made
avallable for extraction within the throat of a ventur1 device,
optimized according to the object of this invention, increases
very rapidly when the wave period becomes less than 4
seconds—a very unlikely prospect for waves with a height
of 4 meters. The maximum amount of power available for
extraction when the ventur1 device i1s driven by 4 meter
waves with a period of 15 seconds is about 100 kW/m~.
[0210] It 1s more likely that a wave energy device will be
driven by waves with periods ranging from 10 to 7 seconds.
With respect to this range of wave periods, the maximum
amount of power that can be made available for extraction
within the throat of an optimized ventur: device will range
from 147 to 210 kW/m?, respectively.

[0211] A wave energy device with the same overall size,
and diflering only 1n the cross-sectional area of its throat and
embedded turbine (1f any), can generate substantially more
power when driven by waves of shorter periods.

[0212] 3b7/. Two Examples of an Optimal Venturi Throat

[0213] FIGS. 11 and 12 show the relationship between the
diameters of the ventur: throat (relative to the diameter of the
venturt mouth) for two sets of conditions that might exem-
plify the operation of submerged ventur1 devices.

[0214] FIG. 11 shows how the amount of power which
would be available within the throat of a submerged venturi
device, relative to the amount of power available at the
mouth of the venturi, would change as a consequence of the
diameter of the venturi tube’s throat (or the corresponding
cross sectional area of the ventur: device’s throat) when the
corresponding wave energy device were driven by waves
with a height of 4 meters and a period of 8 seconds, and the
water were characterized by a choke speed of 25 m/s (1.e.
corresponding to a depth of about 22 meters).

[0215] The relative amount of power available for extrac-
tion reaches a peak, of about 280 times the amount available
at the mouth of the venturi device, (1.e. an absolute amount
of 184 kW/m” in the throat compared to 0.7 kW/m~ at the
mouth) when the diameter of the ventur1 throat 1s about 23%
(1.e. 0.23) the diameter of the ventur1 tube’s mouth. Under
these conditions, any other throat diameter, relative to the
mouth diameter, will result 1n a sub-optimal amount of
power being available.

[0216] The relative throat diameter corresponding to the
optimal amount of power available for extraction 1s slightly
less than the throat diameter at which the water’s speed first
begins to exceed the water’s choke speed. I.e. the optimal
amount of power 1s found at a relative throat diameter that
1s smaller than the diameter at which the water’s choke

speed begins to limit the flow of water through the ventur:
tube.

[0217] FIG. 12 shows how the amount of power which
would be available within the throat of a submerged venturi
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device would change as a consequence of the diameter of the
venturi tube’s throat when the corresponding wave energy
device were driven by waves with a height of 6 meters and
a period of 7 seconds, and the water were characterized by
a choke speed of 30 m/s (1.e. corresponding to a depth of
about 40 meters).

[0218] The relative amount of power available for extrac-
tion (per square meter of the cross-sectional area of the
mouth) reaches a peak, of about 136 times the amount
available at the mouth of the venturi device, (1.e. an absolute
amount of 455 kW/m~ in the throat compared to 3.3 kW/m"
at the mouth) when the diameter of the ventur: throat is
about 27.5% (1.e. 0.275) the diameter of the venturi tube’s
mouth. Under these conditions, any other throat diameter,
relative to the mouth diameter, will result 1n a sub optimal
amount of power being available.

[0219] 3b8. Calculate the Power for a Specific Throat
Diameter

[0220] 3Sb5a. Ambient Water Speed

[0221] For the purposes of this discussion, we will calcu-

late the amount of power which will be available within a
venturt device having arbitrary mouth and throat cross-
sectional areas for waves with a constant height of 4 meters,
and a constant period of 8 seconds. We will further assume
a depth of about 22 meters, and a corresponding choke speed
of 25 m/s. We make our calculations relative to a venturi
tube with a mouth possessing a diameter of 5 meters, and a
throat possessing a diameter of 1.15 meters. (This corre-
sponds to a ventur1 factor of 18.9.)

[0222] As a first step 1n calculating the power available for
extraction within the throat of our sample ventur1 device,
consider the characteristics of the wave that drives the
vertical oscillations of the buoy and 1ts attached submerged
venturi device.

[0223] Please refer to FIG. 13A. This figure illustrates the

changes 1n the height of the water’s surface, as a function of
time, which characterizes the passing of a 4-meter wave.

[0224] FIG. 13B illustrates the vertical speed with which
the height of the ocean changes as a 4-meter wave passes.
This 1s the same vertical speed that will characterize the
oscillations of the submerged ventur1 device. It will also
define the speed at which water will enter the mouth of the
submerged venturi device. (Note: Water will enter the upper
mouth of the submerged ventur1 device as the wave carries
the buoy, and submerged ventur1 device, higher. Water will
then enter the lower mouth as the wave allows the buoy, and
submerged venturi device, to fall.)

[0225] Note in FIG. 13B that the points of maximum
vertical speed are associated with the midpoints of the
wave’s height. The vertical speed falls to zero at the peaks
and troughs of such a wave.

[0226] 5b5Sb. Calculate the Ventur: Factor

[0227] The next step 1n calculating the power for a specific
ventur:t throat diameter (or for a specific venturi throat
cross-sectional area) 1s to determine the venturi factor for the
ventur1t device (1.e. the degree to which the speed of the
water entering the venturit device’s mouth will be amplified
as 1t passes through the ventun1 device’s throat).

[0228] In order to calculate the ventur:1 factor for a par-
ticular ventur: device, we need to know the specific venturi
tube mouth and throat diameters (or equivalent specific
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venturi tube mouth and throat cross-sectional areas). In this
example, the relevant diameters are:

[0229] Dm=venturi tube mouth diameter, e.g. 5 m
[0230] Dt=ventun tube throat diameter, e.g. 1.15 m
[0231] If the ventun1 device 1s not a radially symmetrical

tube, then we can specily the cross-sectional areas of the
mouth and throat directly. However, 1f the device 1s a tube
(as 1n this example), then we can calculate the cross-
sectional areas mathematically from the specified diameters:

Am = venturi tube mouth cross-sectional area

At = ventun tube throat cross-sectional area

Am = ]_[ Dm* [4=025[ [ (5 m)’

At = ]_[ D /4 = 0.25]_[ (1.15 m)?

[0232] The venturi factor “V1” 1s defined as the ratio of the
cross-sectional areas of the mouth and throat. For this
example, the ventun1 factor 1s calculated as follows:

Vf = Am/ At = 0.25]_[ (5 m)2/0.25]_[ (1.15 m)? = 18.9

[0233] 3b8c. Speed Through the Ventur: Throat

[0234] FIG. 13C illustrates the speed profile (1.e. “ampli-
fied speed”) that would result from a simple multiplying of
the speed of the water entering the ventur1 device by the
venturi factor. In other words, FIG. 13C illustrates the result
of amplifying, by the ventun1 factor, the “vertical speed of
the wave surface”, 1.e. the speed of the water entering the
mouth of the ventur1 device. This amplified speed profile 1s
a simple amplification of the speed profile of the water
entering the venturi device.

[0235] However, the actual speed of the water passing
through the throat of the ventunn device 1s limited by the
choke speed of the water, 1.e. 25 m/s 1n the case of this
sample calculation. In FIG. 13C, the line entitled “choked
amplified speed” 1llustrates what the profile of the speed of
the water flowing through the throat of the venturi device
would actually look like. Note that the speed does not
exceed the choke speed.

[0236] 5b8d. Power Available for Extraction within the
Ventur: Throat
[0237] At any particular time on the x-axis of the graph 1n

FIG. 13C, the speed of the water tlowing through the throat
of the venturi device can be determined. That speed is then
used as mput to the following equation to determine the
power available for extraction at that particular moment:

Vi = speed of the water flowing
through venturi throat at time = 7 seconds
Prn = power available for extraction in the venturi throat at time =
n seconds

Prn(Watts) = 0.50 Ar Vi

p(seawater) = 1025 kg/ m’
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-continued
Af = 0.25]_[ (1.15 m)? = 1.04 m?

Vo =25 m/s (determined through an examination of FIG. 13C)

[0238] Therefore, at the 2-second mark of the graph 1n
FIG. 13C, where the speed of the water flowing through the

venturi throat 1s limited to the choke speed of 25 m/s, the
power available for extraction by a turbine with a cross-

sectional area equal to the cross-sectional area of the venturi
throat will be:

P, =0.5(1025 kg/m’)(1.04 m*)(25 m/s)’

= 8,328,128 W
= 8.33 MW

[0239] At the 2-second mark, FIG. 13D 1ndicates that the

power available for extraction from the water flowing
through the ventur: throat (assuming a ventur factor of 18.9,
as in this example) will be 424 kW/m~ (i.e. 424 kW per
square meter of the mouth area of the venturi device). We
can verily the agreement of our calculated result with the

value 1ndicated in FIG. 13D:

P,[chart] = (424 kW /m*)Am

= 8.33 MW

[0240] 5b8e. Average Power

[0241] Adter calculating the instantaneous power available
for extraction with respect to a multitude of evenly spaced
moments during the period of the wave driving the wave
energy device, the average power can be calculated.

[0242] The average amount of power associated with the
power curve displayed in FIG. 13D is 234 kW/m*. When
multiplied by the cross-sectional area of the mouth of the
venturi device considered 1n our example (1.e. by “Am”) this
average power level equals 4.6 MW,

[0243] 35b9. Calculate the Optimal Throat Diameter

[0244] The calculations 1llustrated above, for determining
the power available for extraction with respect to a specific
ventur1t throat diameter (or cross-sectional area) can be
repeated for every throat diameter under consideration,
typically ranging from the diameter of the venturi mouth
down to 0 (exclusive of 0 of course).

[0245] FIG. 14 shows a graph created by evaluating the
power available for extraction with respect to every possible
relative throat diameter within the range of 1.0 (1.e. a throat
with the same diameter as the mouth) down to 0.0, exclusive
(1.e. we don’t actually evaluate a relative throat diameter of
zero since this would preclude the flow of any water).
Repeating the calculation demonstrated above with respect
to each possible relative throat diameter creates the graph in
FIG. 14. However, 1n FIG. 14 a mouth diameter of 1.0 1s
used, and the corresponding throat diameters are expressed
relative to that unity mouth diameter.

[0246] We use relative throat diameters 1n FIG. 14 instead
ol actual diameters since this 1s a more general illustration
of the process. We could transform the graph in FIG. 14, 1n




US 2018/0202415 Al

to an equivalent graph of the venturi tube discussed 1n the
example above simply by changing the scale of the hor-
zontal axis from its current 1.0-t0-0.0, to an equivalent 5
m-t0-0.0. We would then adjust the vertical scale of each line
in the graph to correspond to the values that would be
obtained from a venturi device with a mouth diameter of 5
meters, instead of the 1-meter mouth diameter used 1n FIG.
14. We could do this by multiplying the range of values
along the vertical scale in FIG. 14 by Am (as defined above).
[0247] The optimal relative throat diameter 1 FIG. 14 1s
found at 0.23, whereas the optimal specific (1.e. “non-
relative”) throat diameter that would be obtained for the
ventur:t device specified 1 our example above would be
found at:

Optimal throat diameter (i.e. optimal Di#)=0.
23*Dm=0.23*5m=1.15m

[0248] Sc. Optimization of Ventur: Effect for a Variety of
Waves
[0249] Locations where wave energy devices might be

deployed are not generally characterized by waves of con-
stant height and period. Any body of water that 1s perturbed
by wind blowing across its surface will be populated by
waves of varying heights and periods. Theretfore, any effort
to optimize the cross-sectional area of the throat of a wave
energy device’s venturi tube will be improved by a consid-
eration ol what impact the final design will have on the
performance of the device with respect to the full comple-
ment of the various wave types which will drnive 1t.

[0250] FIG. 15 shows a sample venturi-throat optimiza-
tion with respect to four different wave types. The four lines
in FIG. 15 correspond to waves of heights of 2, 4, 6 and 8
meters, and periods of: 7, 8, 9 and 10 seconds, respectively.
Note that the optimal relative diameter (or corresponding,
relative cross-sectional area) for the throat of a ventun
device will be different with respect to each of the four types
of waves.

[0251] There are many ways to achieve a comprehensive
optimization of the cross-sectional area of the throat of a
venturl device. We will discuss two of these ways below,
with respect to the four sample wave types specified 1n FIG.

15.
[0252] 3Scl. Optimize Total Annual Energy Production
[0253] If you can determine the relative contribution of

cach wave type to the full spectrum of wave types that will
characterize a particular deployment site (likely with respect
to an annual survey), then you can calculate, in the manner
illustrated 1n FIG. 15, the optimal ventur1 throat diameter
appropriate to each one. Then, by summing weighted con-
tributions of the available power associated with each of the
particular wave types evaluated, you can determine what the
average available power would be, over the time span
represented by the survey, with respect to each venturi throat
diameter evaluated, for a device deployed at such a site. In
this manner, you can deploy a ventuni device that possesses
a ventur1 throat diameter that will result 1n an optimal total
annual amount of power.

[0254] FIG. 16 shows two lines created through the sum-
mation of weighted contributions from the four individual
wave-type lines illustrated in FIG. 15. The two lines 1n FIG.
16 correspond to two diflerent weighted summations of the
four lines of FIG. 15. One line 1n FIG. 16 corresponds to a
representative “calm ocean” scenario in which the total
wave complement contains contributions of: 60% from
2-meter waves; 30% from 4-meter waves:; 8% from 6-meter
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waves; and 2% from 8-meter waves. The other line 1n FIG.
16 corresponds to a representative “active ocean’” scenario 1n
which the total wave complement contains contributions of:
10% from 2-meter waves; 20% from 4-meter waves; 60%
from 6-meter waves; and 10% from 8-meter waves.
[0255] FIG. 16 shows that with respect to the calm ocean
wave profile the optimal ventur1 throat diameter will be
0.185 (relative to the ventur1 mouth diameter). And, with
respect to the active ocean wave profile the optimal relative
ventur1 throat diameter will be 0.25.

[0256] If a deployment site were to be characterized by 7
months of relatively calm oceans, as illustrated 1n the first
line of FIG. 16 (e.g. perhaps during the late spring, summer
and early fall); and by 5 months of relatively active oceans,
as 1llustrated in the second line of FIG. 16, (e.g. perhaps
during the winter); then the optimal relative venturi throat
diameter, as illustrated in FIG. 17, would be 0.23.

[0257] 35c2. Optimize for Greatest Minimum Energy Pro-
duction
[0258] If one desires to ensure that the contribution of

clectrical power from a farm of venturi-based wave energy
devices 1s always at, or above, a predictable minimum level
during any desired period of time, e.g. during a typical year,
with respect to particular intervals within that period of time,
¢.g. with respect to every day, month, etc. during a typical
year, then one can do the following:

[0259] 1. Calculate the amount of power available with
respect to every throat diameter under consideration,
with respect to the wave complement characteristic of
every interval during the specified period of time (e.g.
every month of a typical vear).

[0260] 2. Identify (e.g. plot) the minimum amount of
power associated with each of the specific intervals
(e.g. each typical month) with respect to each throat
diameter.

[0261] 3. And, identily the maximum power level 1n this
set of throat-diameter-specific mimmum power levels.
The throat diameter associated with this peak minimum
power level will keep the overall power level of the
farm of devices at, or above, the greatest possible level
over the desired period of time.

[0262] For example, with respect to the two wave sce-
narios evaluated 1in FIG. 16, the optimal amount of power
available during a “calm ocean” 1s lower than the amount
available during an *‘active ocean”, therefore, the optimal
minimum relative venturi throat diameter needed to ensure
the greatest possible mimmimum level of power available
within an optimized wave energy device would be 0.185.
This constitutes the relative throat diameter which ensures
that the amount of energy available within each wave energy
device during the periods of relatively “calm” (and relatively
“feeble”) oceans 1s maximized.

[0263] 35c3. Greater Actual Complexity

[0264] Of course, the actual determination of an optimal
venturi throat diameter (or equivalent cross-sectional area)
will be more complicated than suggested by the examples
provided above. An actual determination of the optimal
diameter will likely involve a consideration of a broad range,
and high-resolution differentiation, of wave heights and
periods. An optimization of a venturi device’s relative throat
diameter would likely best be accomplished through the
cvaluation of one or more annual tabulations of high-
resolution wave data characteristics observed at a prospec-
tive deployment site.
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[0265] 3d. Iterative Optimization

[0266] The methods of optimization described above are
limited 1n many respects:

[0267] First of all, surveys of past wave characteristics
may not be completely accurate. Such surveys sometimes
represent hourly, or even daily, peak (1.e. most typical) wave
heights and periods. In any case, 1t would likely not be
practical to log the height and period of every single wave
encountered at a site for an entire year. For this reason, the
available historical wave data will almost always represent
an 1mperfect estimation of the actual conditions.

[0268] Furthermore, even 1 a perfectly accurate high
resolution record could be obtained for a potential deploy-
ment site, 1t would always represent an historical record of
wave conditions. Such an historical record would likely not
provide a perfectly accurate prediction of future wave con-
ditions.

[0269] Also, when multiple waves pass a point on the
surface of the ocean 1n close proximity to one another they
“interfere” with one another. In other words, a composite
wave appears to pass such a point instead of multiple
individual waves. This composite wave will be composed of
contributions from each of the individual discrete waves
involved, and 1t will likely lack a pertectly sinusoidal wave
shape. The optimization methods discussed earlier were
based on an assumption of purely sinusoidal waves.
[0270] In addition, the drag that a submerged venturi
device will impose on the vertical movements of the asso-
ciated wave energy device would be expected to change,
perhaps abruptly, when the water tlowing through the ven-
tur1 throat would, 1f 1t were able to do so, exceed the choke
speed of the ambient water. When the speed of the water
entering the ventuni device, after amplification by the ven-
tur1’s characteristic ventur: factor, would exceed the water’s
choke speed, then some of the water which would otherwise
enter the venturi device and flow through 1t, must instead be
pushed out of the way by the rising or falling ventur1 device.
At such moments the drag imposed by the venturi device
will increase and the ventur: device will begin to act like a
parachute or sea anchor.
[0271] Such a pattern of 1rregular or non-uniform drag will
tend to alter the rate, phase and amplitude of a wave energy
device’s rising and falling—causing it to deviate from a
purely sinusoidal pattern. The resulting irregular rate of
vertical ascent and descent, as well as the reduced amplitude
of the device’s vertical motions, will violate the assumptions
on which the prior discussions regarding the optimization of
the ventur1 throat’s diameter were based.
[0272] For all of these reasons, and others, the following
would likely constitute a better optimization protocol:
[0273] 1) Create an mnitial optimization of the relative
venturi throat diameter by a method similar to the ones
discussed above. (If the relationship between the drag
of a wave energy device’s ventur: and its speed can be
determined through simulation, or field trials, then this
dynamic contribution to the vertical speed of the
device’s venturi can be factored 1n to the optimization
methods discussed earlier.)

[0274] 2) Deploy an iitial device, perhaps a small
prototype, optimized by the method 1n step 1 above, at
the selected site.

[0275] 3) Monitor the actual speeds with which water
enters the venturi device (from eirther mouth) for a
period of time (probably for one year). This would
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likely best be accomplished by populating a high-
resolution array of water speeds with the average water
speeds encountered during fractional periods of time of
a constant duration (e.g. the average water speed
detected during every muillisecond). If the goal of
optimization 1s to maximize the minimum energy avail-
able during any block of time of a particular duration,
¢.g. during any particular 24-hour period, then separate
arrays could be utilized for every such block of time,
¢.g. for every 24-hour period, in order to allow for the
optimization of the mmimum power output.

[0276] 4)a) To optimize for greatest annual total power
output, calculate the optimal ventur1 throat diameter on
the basis of this high-resolution array of water speeds
in a manner similar to the ones already discussed
above.

[0277] b) To optimize with respect to maximizing the
mimimum energy which will be made available dur-
ing any block of time of a specified duration, calcu-
late the optimal ventun throat diameter with respect
to the speed-readings gathered with respect to every
such block of time, and use the throat diameter
associated with the greatest minimum power-level
threshold over all of the evaluated blocks of time.

[0278] An optimized throat diameter identified in this
manner, 1f 1t diflers from the throat diameter of the moni-
tored device, will cause the device to encounter choke
speeds at different times, and for diflerent durations, than the
monitored device when exposed to identical wave condi-
tions (unless choke speeds are encountered by neither the
monitored nor the optimized device). Therefore, although a
single iteration of this procedure will likely result 1 a
sufliciently optimized result, 1t may be desirable to iterate
this procedure multiple times, applying the optimized throat
diameter identified at the conclusion of each iteration to the

device to be monitored during each subsequent iteration.
[0279]

[0280] When the water flowing through a ventun1 device 1s
accelerated to a point at which 1t reaches, and would, 1f
possible, exceed, the choke speed of the water, then cavi-
tation will occur. (It will actually occur at the point at which
the lateral pressure remaining in the water drops below the
vapor pressure of the water. And, the vapor pressure of the
water 1s dependent on the temperature of the water. Cavi-
tation usually occurs at a speed equal to, or only slightly
greater than, the actual choke speed.)

[0281] The relative ventun throat diameter (or equivalent
relative cross-sectional area) at which the optimal amount of
power 1s made available for extraction with respect to waves
of a particular height and period, 1s often only slightly more
narrow (1.¢. associated with only a slightly greater venturi
factor) than the diameter at which the water first begins to
reach, or exceed, 1ts choke speed. It may be desirable in
some circumstances, especially in cases where the materials
and/or design of a ventun1 device would render 1t especially
susceptible to damage from cavitation, to select a venturi
throat diameter which, with respect to a given pattern of
wave heights and periods, 1s slightly sub-optimal with
respect to the amount of power generated, but which none-
theless minimizes the likelihood that cavitation will occur.

[0282] Cavitation can sometimes (depending on the
design and materials used) cause pitting, and in other ways
damage, the components of a submerged turbine, and the

Se. Avoiding, or Reducing, Cavitation
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walls of the ventur1 device, especially when such cavitation
occurs 1n close proximity to those components.

[0283]

[0284] When the water flowing through a venturi device 1s
accelerated, both 1ts pressure and its temperature drop. If the
temperature of the water drops to, or below, the freezing
point of that water then 1cing can occur. If this problem 1s
anticipated, or observed, then 1t may be desirable to reduce
the ventuni factor by utilizing ventur1 devices possessing
relatively larger throat cross-sectional areas than would be
considered optimal solely 1n relation to the power output of
those devices.

[0285] 3Sg. Comparison of Preferred Embodiment with
Similarly Sized Fleck Device

[0286] The optimized embodiments of venturi-based wave
energy devices proposed here will generate significantly
more power than similarly sized Heck venturi-based wave
energy devices. Below we compare a Heck wave energy
device with a similarly sized device that has been optimized
according to the method of this patent.

31. Avoiding Ice Deposits

[0287] Let us assume the following conditions:
[0288] Wave height=4 meters
[0289] Wave period=8 seconds
[0290] Choke speed=25 m/s
[0291] Ventur1 mouth diameter=7 meters
[0292] Turbine efliciency=0.5
[0293] The diameter of the venturi throat of a Heck device,

relative to the ventur1 mouth diameter, 1s 0.862 (as explained
carlier).

[0294] The diameter of the ventur: throat, relative to the
venturt mouth diameter, when optimized according to the
method of this patent, relative to a wave height of 4 meters,
a wave period of 8 seconds and a choke speed of 25 m/s 1s

0.23 (see FIG. 14).
[0295]

Diameter of venturi throat:

Theretore:

For Heck device = 0.862 %7 meters = 6.0 meters
For optimized device = 0.23 %7 meters = 1.6 meters

For “No ventur?” = 1.0 %7 meters = 7.0 meters
Cross-sectional area of ventun throat:

For Heck device = ]_[ (6.0 m)? /4 = 28.3 m>

For optimized device = ]_[ #(1.6 m)*/4=2.01 m*
Cross-sectional area of venturi mouth:

For all devices = ]_[ (7 m*)/4=385m"
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Venturi factor tor device:

For Heck device = 38.5 m*/28.3 m* = 1.36
For optimized device = 38.5 m* /2.01 m* = 19.2

For no ventury, i.e. just an open turbine= 1.0

As defined earlier, power available for extraction=0.5 A v°
[0296] Average available power for each device, with

respect to water entering the mouth of the device with a
speed profile as defined in FIG. 13B, and remembering the

equation above:

For Heck device = 60 kW
For optimized device = 9,000 kW = 9.0 MW

For no venturi= 32.3 kW

[0297] As defined earlier, power actually extracted=0.5 k
AV
[0298] For the Heck device, the optimized device, and for

an open turbine lacking a ventur1 device, the average
extracted power equals k, or, 1n this example 0.5, times the

average available power.

[0299] While the Heck venturi device increases the
amount of power extracted by the device’s turbine by less
than 2x, a properly optimized ventur1 device (the object of
this mvention) increases the amount of power extracted by
the device’s turbine by 280x.

[0300] An optimized venturi-based wave energy device
can generate 4,500 kW of electrical power while a similarly-
sized Heck device, driven by the same waves, can only
generate 30 kW. Or, 1n other words, a Heck device can only
generate 0.7% as much power as an optimized device when
driven by waves of the type specified in this example.
[0301] FIG. 18 shows a table summarizing this compari-
son of the Heck and optimized wave energy devices.

[0302] FIG. 19 shows the differences in the amounts of

power available for extraction within a Heck wave energy
device, and a similarly sized optimized device. The opti-
mized device provides significantly more power with respect
to all wave heights. (For the sake of scale, only power levels
corresponding to wave heights greater than, or equal to, 0.1
meter are shown in FIG. 19.) Though not shown in FIG. 19,
the optimized device provides 2.4x 109% more power at a
wave height of 0.01 meter; 61,500% more at a wave height
of 2 meters; 15,400% more at a wave height of 4 meters; and
SO On.

6. Alternate Embodiments

[0303] 6a. All Optimal Submerged Venturi Devices

[0304] The scope of this invention 1s intended to cover all
wave energy devices employing submerged ventur: devices
which incorporate a venturi effect which approaches, to any
non-trivial extent, an optimal level with respect to 1ts real or
anticipated pattern of movement in relation to 1ts surround-
ing water; or, equivalently, all submerged ventur1 devices
which incorporate a venturi effect which approaches, to any
non-trivial extent, an optimal level with respect to the
pattern with which water moves through the ventur: device.
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[0305] The difference between what 1s trivial and what 1s
non-trivial with respect to a ventur1 eflect 1s necessarily
subjective. However, a ventur1 factor of 2x appears to
establish a reasonable threshold. Therefore, the scope of this
patent 1s intended to include any submerged venturi device
that amplifies the speed of the water entering 1t by a factor
that equals, or exceeds, 2x. Or, 1n other words, the scope of
this patent 1s intended to include all submerged venturi
devices which double, or more than double, the speed of the
water that enters the device.

[0306] With respect to this definition, the wave energy
device proposed by Heck would be regarded as incorporat-
ing a ventuni effect of trivial extent, and Heck’s device

would therefore not iniringe on this patent.
[0307] 6b. All Types of Venturi Devices

[0308] The scope of this mnvention 1s mtended to cover
wave energy devices employing all types of submerged
ventur: devices when they are optimized to any non-trivial
extent. A ventur1 tube 1s the most obvious type of venturi
device. However, the scope of this invention also applies
with equal force to non-trivially optimized ventur: devices
of other designs. For instance, the scope of this patent would
apply to the ventun1 device embodiments 1llustrated 1n FIGS.
20 through 24, 1f they were optimized to a non-trivial extent
with respect to the degree to which they amplify the speed
of the water that enters their mouths.

[0309] o6c. All Manner of Flotation Devices

[0310] The scope of this invention 1s intended to cover all
wave energy devices employing submerged ventur: devices
that are moved partially, or entirely, by means of a loosely
or rigidly attached flotation device. These flotation devices
include buoys, boats, ships, and other objects or devices
which remain near, at, or above the surface of the water by
means of their natural buoyancy, or by active means 1nvolv-
ing the expenditure of energy, or by any other means.

[0311] 6d. All Manner of Power Extraction

[0312] The scope of this mvention 1s mtended to cover
wave energy devices employing ventur1 devices used in
association with all manner of power extraction devices and
designs. For instance, the embodiments discussed at length
in this patent involve venturi devices in which turbines are
located 1n the throats of the ventur1 devices. The turbines are
driven by water tlowing through the ventur: devices. How-
ever, because they are positioned 1n the ventur: throats, the
turbines are driven by the water at the point of its greatest
speed, and therefore at the point at which the water’s kinetic
energy, and associated extractable power, are at their great-
est.

[0313] While 1t would seem obvious that an optimal
venturi design would place a turbine, or other power extrac-
tion component, in the narrowest portion of the venturi
device (1.e. 1n the ventur throat), it 1s conceivable that the
power extraction could be accomplished at a location
between the throat and one or both mouths of a venturi
device. The scope of this patent 1s intended to cover all of
these types of embodiments as well.

[0314] The scope of this invention 1s intended to cover not
only wave energy devices employing ventur1 devices that
incorporate a turbine 1n the venturi, but also those that utilize
any, and all, other means of utilizing the accelerated waters
flowing through a ventur1 device to extract power.

[0315] One such alternate method of extracting power
from the water tflowing through a submerged venturi device
1s by means of exploiting the reduced, or absent, lateral
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pressure 1n the water whose speed 1s amplified by the venturi
device. The scope of this invention 1s intended to apply with
equal force to wave energy devices that exploit the “suction™
created by the water speeding through a submerged venturi
device. FIG. 23 1llustrates one possible embodiment of this
type of venturi device power extraction scheme. The ilet of
an air turbine i1s connected to the atmosphere above the
surface of the ocean. The exhaust from the air turbine, 1.e.
the port through which air 1s evacuated from the turbine, 1s
connected to tubes that extend below the surface of the
ocean and into the ventur: device. Holes positioned about the
throat of the venturi tube allow air from the connected tubes
to be drawn from the tubes and into the water flowing
through the ventur: throat.

[0316] As water flows through, and accelerates through,
the ventur1 device, air 1s drawn out of the pipes connected to
the venturi throat’s suction ports. The suction induced 1n the
pipes 1s communicated to the air turbine. And air 1s subse-
quently drawn out of one port 1n the turbine, and flows 1n
from the other port. The flow of air through the turbine
powers the turbine. And the turbine’s rotations can be used
to drive a generator or alternator.

[0317] This “air sucking” embodiment oflers the advan-
tage of allowing the turbine to be located in, or near, the
buoy at the surface, thus facilitating maintenance. It 1s likely
that one-way valves would be required in the air suction
pipes to prevent the back tlow of water 1n to the pipes during
the cyclic pauses 1n the suction which would be associated
with the peaks and troughs of the waves driving the sub-
merged venturi’s motion.

[0318] Other embodiments of such suction-based power
extraction schemes are possible, and these other embodi-
ments would also be covered by the scope of this patent.

[0319] Another alternate method of extracting power from
the water flowing through a submerged ventur: device 1s by
a means similar to the suction-based method described
above. Instead of using the reduced, or absent, lateral
pressure of the water 1n the ventur: throat to draw air through
an air turbine, 1n this embodiment, the reduced, or absent,
lateral pressure of the water 1n the ventur: throat 1s used to
draw water through an external water turbine. FIG. 24
illustrates one possible embodiment of this type of venturi
device power extraction scheme. As with the air sucking
embodiment, this “water sucking” embodiment also offers
the advantage of allowing the turbine to be located 1n, or
near, the buoy at the surface. This would be expected to
facilitate any repair or maintenance activities.

[0320] Furthermore, during those recurring moments
when the vertical motion of the buoy, and 1its attached
submerged ventur1 device, pause between crests and
troughs, the water 1n the suction tubes will be ready to be
immediately drawn out again once the vertical motion, and
the associated suction, resume. With an air-based suction
system like the one described above, water would tend to
flow up from the venturi throat 1n to the suction tubes during
those moments when the suction pauses. With an air-based
suction system i1t would likely be desirable to employ
one-way valves, or some other mechanism, to prevent water
from tlowing 1n to the suction tubes when the partial, or full
vacuum, drawing the air out of the tubes was lost. If water
were allowed to flow 1n to the suction tubes between vertical
movements, then some residual suction would be lost, and
power would be wasted. A water-based suction power
extraction method would not necessarily require such one-
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way valves. Also, because water 1s largely incompressible, a
water-based suction scheme would likely have a higher
elliciency than an air-based scheme.

[0321] The scope of this patent 1s intended to apply with
equal force to wave energy devices that utilize any kind of
power extraction and generation scheme, and regardless of
whether or not power extraction occurs within, or outside,
the throat of the ventur: tube. In particular, the scope of this
invention 1s intended to apply to wave energy devices
utilizing generators, alternators, or any other means of
converting mechanical energy into electrical energy. The
scope of this mvention 1s also intended to apply to wave
energy devices utilizing any other means of converting the
energy obtained from the ocean by such devices 1n to any
other form of useful energy, e.g. converting such energy 1n
to useful forms of chemical energy. The scope of this
invention 1s also ntended to apply to wave energy devices
utilizing the energy made available within, or outside, the
throat of an optimized venturt device to accomplish any
useful function, e.g. to desalinate seawater, to extract min-
erals from the ocean, to capture and sequester carbon 1n the
ocean or the atmosphere, eftc.

[0322] 6e. All Manner of Ventur1 Movement

[0323] The scope of this mvention 1s intended to cover
wave energy devices employing venturt devices that are
moved vertically, or horizontally, in response to wave
motion near the surface of the ocean. However, 1t 1s also
intended to cover those energy devices, which operate on the
ocean, or on other large bodies of water, and which employ
venturt devices that are lifted partially, substantially, or
entirely, by other means. For instance, the scope of this
patent 1s intended to apply to those wave energy devices that
move their attached submerged ventur1 devices entirely by
means of the wave-induced motions of their attached tlota-
tion devices. It 1s also intended to apply to those wave
energy devices that supplement the movement of their
attached ventur1 devices by means of mechanical devices,
hydraulic devices, winches, compressed air, etc. There may
be some advantage to be gained by using such active means
to partially, or fully, move a submerged venturi device
relative to the supporting flotation device. For instance, it
may be desirable to use such secondary lifting means to
partially oppose the natural vertical motion of the waves.
The purpose of this artificial counter motion might be to
change a primarily sinusoidally-varying vertical motion into
a more linear motion. This could allow the venturi device to
utilize a greater venturi factor, and to enjoy waters traveling,
at the maximum rated venturi throat speed for longer periods
of time, while perhaps also avoiding the increases in drag
and turbulence which would be associated with non-linear
water speeds which would not just reach, but would, i
possible, exceed the choke speed of the device, thus further
maximizing the extraction of power from such wave-in-
duced vertical motion. The purpose of such active move-
ments of a submerged ventur1 device might also be to
increase the amplitude of the submerged ventur1 device over
that which would be provided naturally by the driving
waves.

[0324] FIGS. 25A and 25B illustrate another embodiment
of this invention. This embodiment incorporates two
optional features either of which, or both of which, may be
incorporated 1n an embodiment of this mvention.

[0325] In the embodiment illustrated in FIGS. 25A and
258, the struts 227, or cables, which at one end are attached
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not directly to the buoy 26, but 1nstead to a platform 81. The
platform 81 1s then attached to one or more lifting means 80a
and 805. These lifting means, are then attached to the buoy
26. Thus, the lifting means are able to modify the degree to
which the buoy and ventur:1 tube are vertically separated.
These lifting means can be used to modily the vertical
separation and the vertical motion of the submerged ventur:
tube so that its motion 1s no longer precisely synchronized
with that of the waves passing beneath the buoy.

[0326] In the absence of this lifting means, the vertical
speed of the submerged venturi tube, and the speed with
which water enters the mouth(s) of the ventur1 tube, moves
between maxima and minima in a sinusoidal fashion. This
means that the optimization of the ventun1 tube’s design by
the method of this mnvention must try to find an optimal

balance between these extremes of ambient water speed.

[0327] Through the mcorporation and use of this lifting
means, the vertical motion of the submerged ventur: tube 1s
partially decoupled, by means of active lifting (or dropping)
of the ventur1 tube with respect to the buoy. Thus, the
sinusoidal motion of the waves which drive the motion of
the buoy can be used to generate a less extreme vertical
movement of the attached venturi tube. Thus, the method of
optimization described 1n this invention can be applied to a
“flatter” and more constant pattern of water movement and
speed. This will make 1t possible to incorporate a relatively
narrower venturi throat, and to generate greater amounts of
power, with respect to any particular wave pattern. Of
course, 1t will also add complexity and cost to this wave
energy device, and would likely increase the amount of
maintenance required.

[0328] FIG. 25B also illustrates another optional feature of
this invention. In this embodiment, the generator 46 1s
attached, not directly to the buoy as 1n the preferred embodi-
ment, but to a platform 83. This platform 83 is attached to
one or more lifting means 82a and 82b. These lifting means
are then attached directly to the buoy (not illustrated), or, as
illustrated in FIG. 258, to the platform 81 of the venturi tube
lifting assembly. Thus, 1t becomes possible to move the
position of the generator, and its attached shaft or cable, and
the attached turbine, with respect to the ventur: tube. This
generator-lifting assembly makes it possible to move the
turbine 1n to, and out of, the throat of the ventur:1 tube to a
certain extent.

[0329] Moving the turbine out of the throat of the venturi
tube can be used to accomplish a number of desirable
objectives. For instance, when the water 1n the narrowest
portion of the throat of the venturi tube 1s manifesting, or
about to manifest, cavitation, then moving the turbine to a
position 1n the venturi tube 1 which the water’s speed 1s
slower, and cavitation 1s absent, can help to prevent damage
to the turbine, It would also be possible to create a more
constant rate ol angular motion in the turbine, shaft and
generator, by incrementally moving the turbine away from
the throat as the speed of the water 1n the throat 1s acceler-
ating, and toward the throat as the speed of the water 1s
decelerating, 1t will be possible to expose the turbine to a
more constant rate of water tlow. This would 1n turn cause
the attached generator to be driven with a more uniform rate
ol turning.

[0330] FEaither the ventun1 tube lifting means, or the gen-
erator lifting means, or both, can be incorporated in to an
embodiment of this invention to achieve desirable effects.




US 2018/0202415 Al

1-30. (canceled)

31. A wave energy conversion apparatus, comprising:

a flotation device adapted to float on a surface of a body
of water;

the flotation device being selected from the group con-
sisting of ship, boat and buoy;

a Ventur1 tube which includes an internal hourglass-
shaped ventur1 surface having an upper portion having
an upper mouth, a lower portion having a lower mouth,
and a constricted region between the upper portion and
the lower portion;

the Ventur1 tube having a water channel defined by the
hourglass-shaped venturn surface;

at least one tlexible connector operatively connecting the
Venturi tube to the flotation device such that when the
apparatus 1s 1n an operative position in the body of
water, the Venturi tube 1s positioned below the tlotation
device and a distance below the surface of the body of
water, and water flows downwardly 1n the channel and
through the constricted region when the apparatus
moves upwardly by wave action in the body of water
and water flows upwardly 1n the channel and through
the constricted region when the apparatus moves down-
wardly by wave action 1n the body of water;

the at least one flexible connector allowing a longitudinal
axis of the Venturi tube to move relative to a longitu-
dinal axis of the flotation device;

a turbine 1n the channel and driven by water tflowing in the
channel; and

a generator to which the turbine 1s operatively connected
and configured such that when the apparatus 1s 1n the
operative position 1n the body of water, the generator 1s
positioned below the flotation device and a distance
below the surface of the body of water.

32. The apparatus of claim 31 wherein the Venturi tube

has a casing surrounding the ventur1 surface.

33. The apparatus of claim 32 further comprising a first
extension cull extending upwardly from the upper mouth
and a second extension cull extending downwardly from the
lower mouth, and the casing and the first and second
extension culls defining a continuous cylinder.

34. The apparatus of claim 31 wherein the upper and
lower portions are both longer than the constricted region.

35. The apparatus of claim 31 wherein a cross-sectional
area of the constricted region 1s less than one-half of that of
one of the upper or lower mouths.

36. The apparatus of claim 31 wherein a cross-sectional
area of the constricted region 1s less than one-fourth of that
of the upper or lower mouths.

37. The apparatus of claim 31 wherein a cross-sectional
area of the constricted region 1s less than one-sixteenth of
that of the upper or lower mouths.

38. The apparatus of claim 31 wherein a cross-sectional
area of the constricted region relative to the cross-sectional
areas of the first mouth and the second mouth causes water
flowing through the constricted region, when the apparatus
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1s the operative position 1n the body of water, to have a speed
that 1s more than two times the speed of water entering the
first mouth or the second mouth.

39. The apparatus of claim 31 wherein a cross-sectional
area of the constricted region relative to the cross-sectional
area ol one of the first and second mouths causes water
flowing through the constricted region, when the apparatus
1s 1n position 1n the body of water, to have a speed that 1s the
lesser of the choke speed of the water tlowing through the
channel and at least three-and-a-half times the speed of
water entering the one of the first and second mouths.

40. The apparatus of claim 31 wherein the turbine 1s
positioned 1n the constricted region.

41. The apparatus of claim 31 wherein the generator 1s at
the Ventun tube.

42. The apparatus of claim 31 further comprising a first
extension cull extending upwardly from the upper mouth.

43. The apparatus of claim 42 further comprising a second
extension cull extending downwardly from the lower mouth.

44. The apparatus of claim 43 wherein the first extension
cull 1s an extension ol the Venturi tube and the second
extension cull 1s an extension of the Ventun tube.

45. The apparatus of claim 42 wherein the Venturi tube 1s
connected to the flotation device such that when the appa-

ratus 1s in the operative position in the body of water, a top
of the first extension cufl 1s near or below a wave base of the

body of water.

46. The apparatus of claim 31 further comprising an
extension cull extending downwardly from the lower mouth.

4’7. The apparatus of claim 31 wherein the at least one
flexible connector 1s configured such that a rotational axis of
the generator can move relative to a longitudinal axis of the
flotation device.

48. The apparatus of claim 31 wherein the generator 1s
operatively connected to the turbine by a shatt.

49. The apparatus of claim 31 wherein the apparatus 1s
configured such that the flotation device and the Venturi tube
are separated by 20 to 150 meters when the apparatus 1s 1n
the operative position 1n the body of water.

50. The apparatus of claim 31 wherein the at least one
flexible connector 1s configured to allow the Ventur: tube to
be moved upwardly towards the flotation device when the
apparatus 1s 1n the operative position 1n the body of water.

51. The apparatus of claim 31 wherein the at least one
flexible connector includes at least one cable.

52. The apparatus of claim 51 wherein the at least one
cable 1s non-stretchable.

53. The apparatus of claim 31 wherein the at least one
flexible connector includes a plurality of cables.

54. The apparatus of claim 31 wherein the at least one
flexible connector includes at least one strut.

55. The apparatus of claim 31 wherein when the apparatus
1s 1n the operative position 1n the body of water, the Venturi
tube 1s centered underneath the flotation device.

% o *H % x



	Front Page
	Drawings
	Specification
	Claims

