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(57) Abrege/Abstract:
Electrical energy Is produced at a remote site by converting kinetic energy from fluid flow to electrical energy using a downhole

harvesting apparatus. The downhole harvesting apparatus includes a vibrating sleeve member that vibrates in response to fluid
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flow through a tubular housing structure. The vibration of the sleeve is used to generate electrical power. The harvesting apparatus
may Include features to help maintain constant fluid flow in the tubular structure. The harvesting apparatus can be tuned to different
vibration and flow regimes In order to enhance energy conversion efficiency.
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(57) Abstract: Electrical energy 1s produced at a remote
site by converting kinetic energy from fluid tflow to electri-
cal energy using a downhole harvesting apparatus. The
downhole harvesting apparatus includes a vibrating sleeve
member that vibrates in response to fluid tlow through a
tubular housing structure. The vibration of the sleeve is
used to generate electrical power. The harvesting apparatus
may include features to help maintain constant fluid flow
in the tubular structure. The harvesting apparatus can be
tuned to different vibration and flow regimes in order to
enhance energy conversion elficiency.
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ENERGY HARVESTING FROM FLOW-INDUCED VIBRATIONS

Field of the Invention

[0001] This invention 1s generally related to harvesting energy and more particularly to

converting kinetic energy from a tlowing fluid into electrical energy to power equipment.

Background of the Invention

[0002] In order to recover natural resources from subterranean formations it 1s often
necessary to perform tasks related to exploration, monitoring, maintenance and construction in
remote locations that are either difficult or impractical for personnel to reach directly. For
example, boreholes may be drilled tens of thousands of meters into the earth, and in the case of
offshore drilling the borehole may be thousands of meters under water. One of the technical
challenges to pertorming tasks in such remote locations i1s providing power to equipment. It 1s
known to power downhole and undersea equipment via either stored energy or wireline
connection to the surface. However, both of these techniques have disadvantages. For example,
a wireline connection to the surface limits that distance at which the equipment can operate
relative to the energy source, and may require a relatively significant portion of the limited
volume of a borehole; and 1n many situations running a wireline 1s not even possible. Using
stored energy avoids some of the disadvantages of a wireline connection to the surface, but
relatively little energy can be stored 1in comparison to requirements because of size limitations.
For example, the available volume 1n a borehole environment 1s relatively small for a battery

having a relatively large storage capacity. Further, both wireline connection to the surface and
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stored energy techniques require the presence of operators, €.g., a surtace vessel to either provide
the wireline energy or recharge the energy storage means. Therefore, it would be beneficial to be
able to generate electrical power 1n a remote location, e.g., 1n relatively close proximity to a well
tool which consumes the electrical power without the need for physical connection with the
surface or retrieval for recharge.

[0003] Various techniques are known for converting the kinetic energy associated with
flowing fluid into electrical energy. US patent 6504258 describes a downhole power generator
which produces electrical power from vibrations in response to fluid flow. One limitation of this
design 1s that the flow rate 1s greatly affected by the energy harvesting function. It 1s accordingly
an object of the present invention to provide a method and an apparatus to harvest kinetic energy

from fluid flow with minimal interterence with fluid flow.

Summary of the Invention

[0010] In accordance with one embodiment of the invention, an apparatus for converting
kinetic energy from fluid flow to electrical energy comprises a housing with at least two
openings through which fluid 1s permitted to traverse; a vibrating sleeve operatively connected
on the outside of the housing; the vibrating sleeve containing at least two sleeve openings; and
the vibrating sleeve characterized by mechanical properties that permit the vibrating sleeve to
oscillate and a device that converts sleeve oscillation to electrical energy.

[0011] In accordance with another embodiment of the invention, a method for converting

kinetic energy to electrical energy, the method comprising the steps of flowing fluid in a first
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direction through the at least two openings of a tubular housing, vibrating a sleeve operatively

connected on the housing in response to the flowing fluid through the at least two sleeve

openings; and generating electrical energy in response to the vibrating sleeve moving in an

oscillatory manner.

[0012] In accordance with another embodiment of the invention, an apparatus for
converting kinetic energy to electrical energy comprises a housing having a first axial flow
passage formed therethrough; a vortex shedding sleeve located on the end of the housing; the
vortex shedding sleeve characterized by mechanical properties that permit the vortex shedding

sleeve to oscillate; and a device that converts vortex shedding sleeve oscillations to electrical

cnergy.

[0012a] In accordance with another embodiment of the invention, there is provided an
apparatus for converting kinetic energy to electrical energy comprising: a housing with at least
two openings through which fluid 1s permitted to traverse; a vibrating sleeve operatively
connected on the outside of the housing; the vibrating sleeve comprising at least two sleeve
openings configured to align with the at least two openings; the vibrating sleeve characterized
by mechanical properties that permit the vibrating sleeve to oscillate, the oscillations of the
vibrating sleeve simultaneously opening one of the at least two openings and closing one of
the at least two openings, resulting in a nearly constant fluid flow into the housing; a device
that converts sleeve oscillations to electrical energy; and wherein at rest about 50% of the at

least two openings are blocked by the at least two sleeve openings.

[0012b] In accordance with another embodiment of the invention, there 1s provided a
method for converting Kinetic energy to electrical energy, the method comprising the steps of:
flowing fluid in a first direction through at least two openings of a housing; vibrating a sleeve
operatively connected on the housing in response to the flowing fluid through at least two
sleeve openings which are configured to align with the at least two openings; generating
electrical energy in response to the vibrating sleeve moving in an oscillatory manner; and
wherein at rest about 50% of the at least two openings are blocked by the at least two sleeve

openings, the movement of the vibrating sleeve simultaneously opening one of the at least two
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openings and closing one of the at least two openings, resulting in a nearly constant fluid flow

into the housing.

[0012¢] In accordance with another embodiment of the invention, there is provided
apparatus for converting kinetic energy to electrical energy comprising: a housing having a
first axial flow passage formed therethrough; a vortex shedding device located on the end of
the housing; the vortex shedding device characterized by mechanical properties that permit
the vortex shedding device to oscillate; and a device that converts vortex shedding device

oscillations to electrical energy.

[0013] One advantage of the invention 1s that electrical energy can be produced in a
remote environment. The energy harvesting device does not rely on a physical connection
with a device at the surface for power. Further, because the source of kinetic energy 1s not
dependent on a limited reservoir of fuel or battery power, the device can produce electrical
energy continuously. A further advantage of the invention 1s that the fluid flow in the tubing

remains nearly constant.

[0014] Further features and advantages of the invention will become more readily
apparent from the following detailed description when taken in conjunction with the

accompanying drawings.

3a
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Brief Description of the Drawing

[0015] Figure 1 1llustrates an energy harvesting device located on the end of a production
tubing.
[0016] Figure 2 1llustrates an embodiment of the energy harvesting device of Figure 1.

[0017] Figure 3A and 3B illustrates an alternative embodiment of the energy harvesting

device.

[0018] Figure 4 illustrates a cross-sectional view of the vibrating sleeve with two offset
openings.

[0019] Figure 5 illustrates orientation of the energy harvesting device of Figure 3 with two

aligned openings.

[0020] Figure 6 illustrates orientation of the energy harvesting device of Figure 3 with two
openings on one side.

[0021] Figure 7 illustrates orientation of the energy harvesting device of Figure 3 with four
openings, two per side.

[0022] Figure § 1llustrates a cross-sectional view of the vibrating sleeve of Figure 3 with four
openings, two per side.

[0023] Figure YA and 9B illustrates the energy harvesting of Figure 1 with a series of
alternating magnets.

10024 ] Figure 10 illustrates the embodiments of Figure 9A and 9B with cylindrical flexures.
[0025] Figure 11 illustrates the embodiment of Figure 9A and 9B with a vibrating sleeve

which moves relative to stationery coils.
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Detailed Description

[0026] The particulars described herein are by way of example tfor purposes of discussion
of the illustrated embodiments of the present invention in order to provide what 1s believed to be
a useful and readily understood description of the principles and conceptual aspects of the
invention. No attempt 1s made to show structural aspects of the invention in more detail than 1s
necessary for a fundamental understanding of the invention.

[0027] The invention may be implemented 1n various different embodiments of a device for
converting external stimuli 1n the form of kinetic energy from the surrounding environment into
electrical energy. The embodiments are described below in the context of the source of kinetic
energy being vibrations caused by normal operations associated with creation and production of
a petrochemical recovery well, fluid flow through a borehole, or both. However, the invention 1s
not limited to petrochemical wells. The apparatus and method 1s described as being performed
with a producing well in which fluid 1s produced from a formation into a tubular string and 1s
then flowed through the tubular string to the earth’s surface.

[0028] Fig 1 illustrates a downhole energy harvester system (100) which embodies principles
of the present invention. In the illustrated embodiment (101), a well includes a tubular string
(104) (such as a production, injection, drill, test or coiled tubing string) that extends into a
wellbore of the well (101). The tubular string may include a central passageway (103) that
communicates a flow (102) from a subterranean formation zone (106) (or to a formation zone 1n
the case of an injection well). The wellbore (101) includes pertorations (110) which allow
access to the subterranean formation zone (106) through the casing (107). The zone (106) may

be defined (i.e., 1solated from other zones) by one or more packers (105). Flud flow (102) 1s a
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primary source of vibrational energy downhole, and this vibrational energy 1s captured by a
vibrational energy harvesting mechanism (108) for purposes of converting the vibrational energy
into downhole electrical power.

[0029] During oil recovery operations fluid flows through production tubing and, in many
instances, this creates structural vibrations due to flow instabilities. These structural vibrations
can be an important source of harvestable energy for downhole power. The very end of the
production tubing is, 1n many cases, an aspirating cantilever type geometry. The packers as in
Fig. 1 hold the tubing anchored to the casing, creating a cantilever that 1s free to vibrate. As
fluid flows into the tubing, an instability 1s created, which drives the cantilever to vibrate at a
certain frequency. Therefore, an optimal position for an energy harvester would be very close to
the tip where the amplitude of vibrations 1s the greatest.

[0030] An energy harvester (108) i1s located at the end of the tubular string (104) in the
present embodiment. The energy harvester (108) harvests kinetic energy from fluid tlow
(represented by arrows (102)). During production of a well there 1s a constant outflow of oil
upstream through the tubular string (104) and this fluid flow provides a large amount of kinetic
energy. This kinetic energy can be harvested to provide electrical power downhole. The device
(108) functions to convert the kinetic energy of a fluid flow 102 in the well 101 into electrical
energy. In particular, the energy conversion 1s made from the hydraulic domain to the electrical
domain by means of first converting tluid flow into vibrations, and then converting the vibrations
into electrical energy. In the illustrated embodiment, fluid flows through a cylindrical (tubular)
housing having an inlet and outlet. Kinetic energy associated with the fluid flow 1s converted to

mechanical energy in the form of vibrations. Various techniques are known 1n the art for
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converting fluid flow into vibrations, and any of those techniques might be utilized depending on
the desired characteristics for a particular purpose. The present invention 1s concerned with
converting the vibrations to electrical energy. In particular, the invention concerns a vibrating
device which keeps the flow rate nearly constant and prevents flow pulsations. These flow
pulsations can be dangerous for any mechanical device located along the tubing. The energy
harvester (108) 1s located at the end of the tubular string (104) and therefore 1s minimally
interfering with the fluid flow 1n the tubing. The kinetic energy generated 1s not as a result of the
opening and closing of any type of inlet for fluid flow.

[0031] A variety of methods may be used to produce electrical power from the vibration of
the vibrating sleeve, including a coil and magnet, with relative displacement being produced
between the coil and the magnet as the member vibrates. The energy harvesting device may
include a piezoelectric material and a mass, with the mass bearing on the piezoelectric material
and inducing strain as the member vibrates. It could also include a piezoelectric material as part
of the vibrating sleeve so that strain 1s induced 1n the piezoelectric material as the member flexes
when 1t vibrates. The electrical power may then be used to power one or more downhole power
consuming-components, such as actuators, sensors, etc.

[0032] Fig. 2 shows an energy harvesting device (108) for converting kinetic energy
associated with fluid flow into electrical energy for use in accordance with an embodiment of the
present invention. The energy harvesting device (108) uses a spring (202) and a mass (201)
mounted on the end of the tubular string (104). The mass (201) 1s attached to a vortex shedding
device (203) extending into a flow passage which 1s positioned perpendicular to fluid flow (102).

This vortex shedding device (203) provides a forcing that can be excited by turbulence in the
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flow and/or by vortexes shedding. This forcing will displace the mass (201) 1n an axial direction
(205) which in turn compresses the spring (202) with the potential energy being stored in the
spring (202). The energy 1s then harvested from the vibrating mass-spring system using certain
mechanical to electrical generator systems. The frequency of oscillations of this energy
harvester (108) can be tuned by varying the mass and/or spring constant. To enhance energy
harvesting the frequency of oscillation may be selected to tune the energy harvesting device
(108) to the source of vibrations.

[0033] Fig. 3A and 3B illustrates a further embodiment of an energy harvesting device (108).
The embodiment 1s mounted on the exterior of a tubular string (301) and consists of a vibrating
sleeve member (304), a spring member (302) and a stopper member (303). The vibrating sleeve
member (304) has two or more sleeve openings (305). The present embodiment has two sleeve
openings (305) which are located at 180° from each other and are located at opposite ends of the
vibrating sleeve member (304). The sleeve openings (305) are aligned with two or more
openings through the tubular string (306) as depicted 1in Fig. 3B. The sleeve openings (305) are
circular but other shapes would serve the same purpose and the present embodiment 1s not
restricted to circular shapes. The vibrating sleeve member (304) 1s attached to a spring member
(302) and a stopper (303). The stopper (303) serves to attach the vibrating sleeve member (304)
and the spring member (302) to the tubular string (301) and also to support the spring member
(302). The vibrating sleeve member (304) has flow passages formed through it. The vibrating
sleeve member (304) and stopper (303) can be made from any metals/alloys for example steel or
aluminum but are not limited to these materials. The material density can be changed or tuned to

match a target weight in order to produce the desired system response, such as the amplitude and
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natural frequency of the motion. The energy harvesting device 1s anchored to the tubular string
(301) 1n the following manner: the stopper (303) 1s anchored to the tubular string (301) and to a
first end of the spring member (302). The second end of the spring member (302) 1s attached to
the vibrating sleeve member (304) and this anchors the energy harvesting device in place.
[0034] Referring to Fig. 4 a cross-section of the embodiment of Fig. 3A and 3B 1s depicted.
As the fluid (401) flows from the external region (410) into the internal region (411) of the
tubular string (301) 1t will cause the vibrating sleeve member (405) to vibrate 1in an axial
direction (205). The vibrating sleeve member (4035) 1s positioned so that at equilibrium 50% of
each of the sleeve openings (408) and (409) are shielded. Fluid flow (401) enters the tubular
string (301) through the sleeve openings (408) and (409). As fluid flows through the sleeve
openings (408) and (409) the vibrating sleeve member (405) vibrates as the pressure exerted by
the fluid moving from the annulus into the tubular string (301) 1s greater than the spring (404)
reaction force. As the vibrating sleeve member (405) moves upward as depicted in Fig. 4 the
opening marked 1 (408) in Fig. 4 1s obstructed, therefore, reducing the flow rate through that
opening. On the other hand the flow through the opening marked 2 (409) 1s increased, since
more area 1s exposed, and the total flow rate through the tubing 1s nearly constant. As the sleeve
keeps moving upward the force on the sleeve decreases below the spring reaction force and the
sleeve will change direction. As the sleeve moves downward the process 1s repeated 1n the
opposite direction. This instability allows for sustained axial oscillations of the sleeve. The total
flow rate into the tubular string (301) remains nearly constant because as the opening marked 1
(408) closes the opening marked 2 (409) opens which ensure the same amount of area 1s always

exposed thus keeping the flow of fluid through the tubular string (301) nearly constant. Aligning
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the sleeve openings (405) and (408) ensures that the flow rate in the tubular string (301) remains
nearly constant. By choosing the right combination of sleeve weight and spring stiffness the
oscillation frequency of the sleeve can be controlled while the oscillations amplitudes are set by
the natural pressure difference between the environment downhole and upstream.

[0035] Referring to Fig. 5 the sleeve openings (501) and (502) are aligned. The arrangement
of the sleeve openings in this embodiment 1s aimed at enhancing lateral vibrations. The lateral
vibrations are generated because as the vibrating sleeve oscillates different amount of fluid flow
enters into each sleeve opening causing the tubular string (301) 1tself to laterally vibrate. Energy
can also be harvested from the lateral vibrations of the tubular string (301) by using the energy
harvesting techniques disclosed in a previously filed application United States Serial No.
12/366,119, filed February 3, 2009, the contents of which are hereby incorporated by reference.
[0036] Fig. 6 and Fig. 7 depict different orientations of the sleeve openings. Fig. 6 depicts
the vibrating sleeve with two sleeve openings on one side. This configuration will reduce lateral
vibrations if desired. Alternatively Fig. 7 depicts the vibrating sleeve with two sleeve openings
per side. The orientation of the sleeve openings in Fig. 7 would yield vibrations only in the axial
direction as the geometry 1s symmetrical.

[0037] Fig. 8 depicts a cross-section of Fig. 7 where the vibrating sleeve has four sleeve
openings, two per side. Vibrating sleeve member (804) has sleeve openings (806) and (807) on
one side of the sleeve and sleeve openings (808) and (809) on the opposite side of the sleeve.
The vibrating sleeve (804) 1s positioned so that at equilibrium 50% of each of the sleeve
openings 1s shielded. As fluid flows through the sleeve openings i1t will cause axial oscillations

of the sleeve. This total flow rate into the tubing remains nearly constant because as the

10
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openings marked (806) and (808) closes the opening marked (807) and (809) opens which ensure
the same amount of area 1s always exposed thus keeping the flow of fluid through the tubular
string (802) nearly unchanged.

[0038] Fig. 9A and 9B illustrates the energy harvesting device with a series of alternating
magnets. The vibrating sleeve member (9035) 1s characterized by a plurality of stacked annular
magnets (903), each of which 1s radially polarized. In particular, the radial polarization of
adjacent magnets in the stack 1s alternated. The coils (902) are wound 1n partial wraps around
the magnets, and disposed so as to enhance or even maximize the magnetic flux changes as the
magnets move along an axis defined by the vibrating sleeve member (905). Cylindrical
magnetically permeable backing plate (901) 1s disposed around the coils and the stacked
cylindrical magnets, respectively. The specifics of the magnets and coil design have been
previously disclosed in United States Serial No. 12/366,119, filed February 3, 2009, the contents
of which 1s hereby incorporated by reference. A spring is selected to achieve a desired resonant
frequency.

[0039] Representatively illustrated in Fig. 10 the spring is embodied as cylindrical flexures
(1001). The vibrating sleeve member (1002) 1s attached on both sides to the cylindrical flexures
(1001) and anchored to the tubular string. The vibrating sleeve member (1002) contains the
plurality of stacked annular magnets (1003) as described in Fig. 9A and 9B. The flexures (1001)
can perform the dual functionality of providing spring force and constraining movement in
undesired directions e.g. up and down 1n the present embodiment. These flexures are compact
structures made up a network of interconnected beams which are usually arranged 1n a zig-zag

pattern. The flexures (1001) can be designed to have an appropriate axial spring constant to

11
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achieve a desired resonant behavior, while being appreciably more rigid along the lateral
direction so as to allow the vibrating sleeve to essentially float around the tubing and eliminate
the need for bearings. These flexures mitigate out of plane movement of the magnets.

[0040] Fig. 11 1llustrates the energy harvesting device with a set of stationary coils attached
to a cylindrical magnetically permeable backing plate (1101) which are placed around the
vibrating sleeve member (1103) and are kept static by attaching the cylindrical magnetically
permeable backing plate (1101) to the anchoring rings (1102) as shown in Fig. 11. As the flow
instability 1s excited the vibrating sleeve member (1103) will vibrate creating relative motion
between the magnets on the sleeve and the coils which will induce an electric current.

[0041] It should be noted that the application of any of the various embodiments of the
invention described above 1s not limited to the production phase of natural resource recovery
operations. For example, a significant amount of fluid energy 1s available during fracturing
operations, and a similar device may be used for distributed sensor networks or other
applications requiring energy downhole, based on the energy harvesting principles described
above. Another possible application 1s to use this Energy Harvester inside an oil/gas pipeline.
Another application outside the oil industry could be placing these devices along currents in
rivers, water pipelines, sewers, wind passages, and any other flow that can induce vibrations and
theretore shaking the module that transtorms kinetic energy into electric one.

[0042] While the invention is described through the above exemplary embodiments, it will
be understood by those of ordinary skill in the art that modification to and variation of the
illustrated embodiments may be made without departing from the inventive concepts herein

disclosed. Moreover, while the preterred embodiments are described in connection with various

12
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1llustrative structures, one skilled in the art will recognize that the system may be embodied

using a variety of specific structures. Accordingly, the invention should not be viewed as

limited except by the scope of the appended claims.
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CLAIMS:

1. An apparatus for converting kinetic energy to electrical energy comprising:
a housing with at least two openings through which fluid 1s permitted to

traverse;

a vibrating sleeve operatively connected on the outside of the housing;

the vibrating sleeve comprising at least two sleeve openings configured to align

with the at least two openings;

the vibrating sleeve characterized by mechanical properties that permit the
vibrating sleeve to oscillate, the oscillations of the vibrating sleeve simultaneously opening
one of the at least two openings and closing one of the at least two openings, resulting in a

nearly constant fluid flow into the housing;
a device that converts sleeve oscillations to electrical energy; and

wherein at rest about 50% of the at least two openings are blocked by the at

least two sleeve openings.

2. The apparatus of claim 1 wherein sleeve oscillations are generated 1n response
to fluid tlow.
3. The apparatus of claim 1 wherein sleeve oscillations are generated in response

to vortex shedding from a vortex shedding device.

4, The apparatus of claim 1 wherein sleeve oscillations are axial oscillations.

J. The apparatus of claim 1 wherein sleeve oscillations are lateral oscillations.

6. The apparatus of claim 1 wherein the at least two openings are circular.

7. The apparatus of claim 1 wherein the at least two sleeve openings are otfset on

opposite sides of the vibrating sleeve.
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8. The apparatus of claim 1 wherein the at least two sleeve openings are aligned

on the same side of the vibrating sleeve.

9. The apparatus of claim 1 further including at least one spring member that

controls the range of relative motion and defines a resonant frequency of the apparatus.
10. The apparatus of claim 9 wherein the spring member includes a flexure.

11. The apparatus of claim 1 wherein the vibrating sleeve moves in response to

natural flow fluctuations.

12. The apparatus of claim 1 wherein the housing 1s a segment of production
tubing.
13. The apparatus of claim 1 further comprising:

at least one coil attached to at least one backing plate; and

the vibrating sleeve member comprising a plurality of stacked annular magnets
arranged with respect to the at least one coil such that magnetic flux from the magnets induces

an electric current through the coil in response to relative motion between the magnets and at

least one coil.

14. The apparatus of claim 13 wherein the at least one backing plate 1s placed

around the vibrating sleeve.

135. The apparatus of claim 13 wherein the at least one backing plate is attached to

an anchoring ring.

16. The apparatus of claim 13 wherein the vibrating sleeve moves relative to the at

least one coil which 1s stationary.

17. The apparatus of claim 1 wherein the vibrating sleeve weight corresponds to a

predetermined natural frequency.
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18. A method for converting kinetic energy to electrical energy, the method

comprising the steps of:
flowing fluid 1n a first direction through at least two openings of a housing;

vibrating a sleeve operatively connected on the housing in response to the
tlowing fluid through at least two sleeve openings which are configured to align with the at

least two openings;

generating electrical energy in response to the vibrating sleeve moving in an

oscillatory manner; and

wherein at rest about 50% of the at least two openings are blocked by the at
least two sleeve openings, the movement of the vibrating sleeve simultaneously opening one
of the at least two openings and closing one of the at least two openings, resulting in a nearly

constant fluid flow 1nto the housing.

19. The method of claim 18 further including a step of generating oscillatory

movement of the vibrating sleeve in response to the fluid flow.

20. The method of claim 18 further including a step of generating oscillatory

movement of the vibrating sleeve in response to vortex shedding of a vortex shedding device.

21. The method of claim 18 further including a step of controlling a range of

relative motion with a spring and defining a resonant frequency with the spring.

22. The method of claim 18, further comprising moving the vibrating sleeve in

response to natural flow fluctuations.

23. Apparatus for converting kinetic energy to electrical energy comprising:
a housing having a first axial flow passage formed therethrough;

a vortex shedding device located on the end of the housing;
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the vortex shedding device characterized by mechanical properties that permit

the vortex shedding device to oscillate; and
a device that converts vortex shedding device oscillations to electrical energy.
24, The apparatus of claim 23 wherein the housing is production tubing.

235. T'he apparatus of claim 23 wherein oscillations of the vortex shedding sleeve

are generated 1n response to fluid flow in the environment.

26. The apparatus of claim 23 wherein oscillations of the vortex shedding sleeve

are generated 1n response to vortex shedding in the environment.

27. The apparatus of claim 23 further including at least one spring member that

controls the range of relative motion and defines a resonant frequency of the apparatus.
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