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(57) Abstract: Examples of a pressure wave generator configured to generate high energy pressure waves in a medium are disclosed.
The pressure wave generator can include a movable piston with a guide through which a piston control rod can move or slide. The
pressure wave generator can include a transducer coupled to a medium. During an impact of the piston on the transducer, the control
rod can slide in the guide, which can reduce stress on the rod. The pressure wave generator can include a damper to decelerate the
control rod, independently of the piston. Impact of the piston on the transducer transfers a portion of the piston's kinetic energy into
the medium thereby generating pressure waves in the medium. A piston driving system may be used to provide precise and con-
trolled launching or movement of the piston. Examples of methods of operating the pressure wave generator are disclosed.
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PRESSURE WAVE GENERATOR WITH MOVABLE CONTROL ROD FOR
GENERATING A PRESSURE WAVE IN A MEDIUM

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority under 35 U.S.C. § 119(e) to U.S.
Provisional Patent Application No. 61/446,965, filed February 25, 2011, entitled
“PRESSURE WAVE GENERATOR WITH MOVABLE CONTROL ROD FOR
GENERATING A PRESSURE WAVE IN A MEDIUM,” which is hereby incorporated

by reference herein in its entirety.

BACKGROUND
Technical Field

The present disclosure relates generally to a pressure wave generator for

generating pressure waves in a medium.

Description of the Related Art

Various chemical reactions which are difficult to produce at low temperatures or
pressures can be made to occur rapidly and efficiently at higher temperatures and
pressures. Pressure wave generators can be used to create pressure waves that may be
used to compress a medium, transfer part of the pressure wave energy to that medium,
generate energy in the medium due to concentration of the pressure wave energy, and/or
initiate chemical reactions or physical changes in the medium. The medium may be a

solid, liquid, or gas.

SUMMARY
Various examples of pressure wave generators and methods for using pressure
wave generators are provided. In various implementations, the methods and generators
can be used to generate, augment, and/or utilize high intensity pressure waves directed
into a reaction chamber in order to initiate or increase the efficiency of chemical or

physical reactions in a medium in the chamber. For example, embodiments of the
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methods and generators can be used to increase temperature, pressure, energy, and/or
density of the medium so that reactions that are difficult or uneconomical to attain at
lower temperatures, pressures, energies, and/or densities can be made to occur more
rapidly and/or efficiently at higher temperatures, pressures, energies, and/or densities

provided by embodiments of the methods and generators described herein.

In one aspect, a pressure wave generator having a piston is provided with a control
rod that moves forward into the piston during impact of the piston with a transducer

coupled to the medium.

In another aspect, a pressure wave generator includes a control rod that can move
or slide within a guide in a piston. The pressure wave generator includes a damper system

configured to decelerate the control rod independently of the piston.

In yet another aspect, a pressure wave generator is provided with a piston
launching and driving mechanism that comprise a series of valves for directly injecting
high pressure gas behind the piston to initiate movement of the piston. As the piston
moves along an inner bore of a pressure wave generator housing, the piston uncovers or
opens gas ports in the housing, which allows additional high pressure gas to be injected to
apply additional motive force to the piston so as to accelerate the piston toward a

transducer coupled to a medium.

In one aspect, the pressure wave generator comprises a movable piston having a
first surface and a second surface and a longitudinal axis between the first surface and the
second surface. The piston comprises a guide extending along the longitudinal axis of the
piston from the first surface at least partially toward the second surface. The pressure
wave generator also comprises a housing having an inner bore, a first end, and a second
end, with the piston being at least partially disposed within the inner bore of the housing.
The piston 1s movable within the inner bore of the housing from the first end toward the
second end along a direction parallel to the longitudinal axis of the piston. The pressure
wave generator also comprises a control rod extending longitudinally from a first end to a
second end such that the second end of the control rod is configured to be inserted in the
guide and able to move within the guide without being displaced from the guide during
movement of the piston within the inner bore. The pressure wave generator also may

comprise a transducer slidably accommodated in the second end of the housing. The
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transducer can be configured to be coupled to the medium and adapted to convert a
portion of the kinetic energy of the piston into a pressure wave in the medium upon
impact of the piston with the transducer. The pressure wave generator also comprises a
motive force generator configured to accelerate the movable piston toward the transducer,
wherein on impact of the piston and the transducer, the second end of the control rod

moves within the guide toward the second surface of the piston.

In another aspect, the guide extends longitudinally from the first surface of the
piston to an inner end spaced from the second surface of the piston. The guide comprises
a first cavity extending from an entrance at the first surface of the piston to a second
cavity. The second cavity extends from the first cavity of the guide, wherein a cross-
sectional area of the first cavity is smaller than a cross-sectional area of the second cavity.
The guide may further comprise a waist between the first cavity and the second cavity,
wherein a cross-sectional area of the waist is larger than the cross-sectional area of the

first cavity and smaller than the cross-sectional area of the second cavity.

In one aspect, the pressure wave generator may further comprise a retainer that can
be removably attached to the second end of the control rod. The retainer can have a first
orientation permitting the retainer to be inserted into the guide, the retainer movable to a
second orientation when disposed in the guide, wherein when in the second orientation,
the retainer is inhibited from being displaced from the guide. The retainer has a first
cross-sectional area when in the first orientation and a second cross-sectional area when in
the second orientation. The guide has an entrance at the first surface of the piston, the
entrance having a cross-sectional entrance area. The first cross-sectional area of the
retainer may be less than the entrance area and the second cross-sectional area of the
retainer may be greater than the entrance area. The pressure wave generator further
comprises a lock configured to secure the second end of the control rod to the retainer.

The lock may comprise a locking pin.

In one aspect, the pressure wave generator may also include a damper system
configured to decelerate the control rod independently of the piston. The damper system
may comprise a chamber having an opening, the chamber comprising fluid. The first end
of the control rod can comprise a damper element configured to enter the chamber
through the opening during movement of the piston toward the transducer, wherein the

fluid in the chamber provides a resistive force on the damper element as the piston moves
3



10

15

20

25

30

WO 2012/113057 PCT/CA2012/000133

toward the transducer. The damper element has a cross-sectional area that is smaller than
a cross-sectional area of the opening to the chamber, such that fluid in the chamber can
flow out of the chamber as the damper element moves within the chamber. The damper
system may also include one or more openings to allow the fluid to flow out of the
chamber as the damper element moves within the chamber. The one or more openings
can be configured to provide a desired amount of deceleration or resistive force on the

control rod.

In another aspect, the motive force generator comprises a first motive generator
configured to apply an initial motive force to move the piston from rest toward the
transducer. The motive force generator may also comprise a second motive generator.
The second motive generator may comprise a pressure vessel connected to the housing
and configured to store fluid for applying a fluid pressure force to the movable piston,
wherein the housing comprises one or more fluid ports disposed near the first end of the
housing. The piston can be configured to block the fluid ports when the piston is
disposed at the first end of the housing, and to open the fluid ports to provide fluid
communication with the second motive generator as the piston moves away from the first
end of the housing and toward the transducer due to the motive force of the first motive

generator.

In one aspect, the transducer comprises a tapered portion configured to contact a
portion of the housing to form a seal that inhibits flow of the medium into the inner bore

of the housing.

In yet another aspect, the pressure wave generator may further comprise an impact
detection system positioned at the second end of the housing and configured to detect
impact of the piston with the transducer. The impact detection system may comprise a
pin having a distal end biased against a surface of the transducer and a sensor to detect

motion in the pin.

In one aspect, a piston system is disclosed. The piston system can be used with
embodiments of the pressure wave generator. The piston system can comprise a piston
having a first surface and a second surface and a piston axis extending from the first
surface to the second surface. The piston may further comprise a guide extending

longitudinally along the piston axis from the first surface at least partially toward the
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second surface. The piston system may also include a rod having a first end and a second
end. The second end of the rod can be disposed in the guide and adapted to move within
the guide while the first end of the rod remains outside of the guide. The piston system
may also include a retainer adapted to hold the second end of the rod within the guide and

to inhibit displacement of the second end of the rod out of the guide.

In one aspect, the guide comprises a first cavity extending from an entrance at the
first surface of the piston to a second cavity extending from the first cavity to an inner end
of the guide. The inner end can be spaced from the second surface of the piston, wherein
a cross-sectional area of the first cavity is smaller than a cross-sectional area of the second

cavity.

In another aspect, the retainer can be removably attached to the second end of the
rod. The retainer can have a first orientation permitting the retainer to be inserted into the
guide and the retainer can be movable to a second orientation when disposed in the guide.
When in the second orientation and attached to the rod, the retainer can inhibit or prevent

displacement of the second end of the rod from the guide.

In yet another aspect, the guide has an entrance at the first surface of the piston,
and the entrance has a cross-sectional entrance area. The retainer has a first cross-
sectional area when in the first orientation and a second cross-sectional area when in the
second orientation. The first cross-sectional area of the retainer can be less than the
entrance area and the second cross-sectional area of the retainer can be greater than the
entrance area. The piston system can further comprise a lock configured to lock the rod

and the retainer in the second orientation.

In one aspect, the pressure wave generator comprises a transducer configured to be
coupled to the medium and a movable piston having a guide cavity with an inner end
within the piston. A control rod can extend between a first end and a second end, with the
second end disposed and movable within the guide cavity in the movable piston. The
second end of the control rod can be configured to be retained in the guide cavity during
movement of the piston. The pressure wave generator can include a motive force
generator configured to accelerate the movable piston toward the transducer. Upon
impact of the piston and the transducer, the second end of the control rod moves toward

the inner end of the guide cavity.



10

15

20

25

30

WO 2012/113057 PCT/CA2012/000133

In another aspect, the second end of the control rod comprises an orientable
retainer, with the retainer having a first orientation that allows the retainer to be inserted
into the guide cavity, and a second orientation that inhibits the retainer from being

removed from the guide cavity.

In another aspect, the motive force generator comprises a second motive generator
comprising a first cavity configured to store fluid to apply a fluid pressure to the movable
piston, and a second cavity configured to be at least partially evacuated and to receive
fluid from the first cavity. The movable piston can be configured to accelerate within the
second cavity toward the transducer in response to the fluid pressure of the received fluid.
The motive force generator further comprises a first motive force generator configured to

apply a motive force to initiate movement of the piston from rest.

In one aspect, the pressure wave generator further comprises a damper system
configured to apply a damping force to decelerate the control rod for at least a portion of
the movement of the piston toward the transducer. The damper system may comprise a
cavity containing a fluid, and the control rod may comprise one or more damper elements
configured to enter the cavity during the at least a portion of the movement of the piston.

Fluid resistance on the damper elements in the cavity can provide the damping force.

In addition to the aspects and embodiments described above, further aspects and
embodiments will become apparent by reference to the drawings and study of the

following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

Throughout the drawings, reference numbers may be re-used to indicate
correspondence between referenced elements. The drawings are provided to illustrate
example embodiments described herein and are not intended to limit the scope of the

disclosure.

FIG.1 is a schematic cross-sectional view of an embodiment of a pressure wave
generator having a movable piston with a guide and a control rod that is slidable within
the guide. The example pressure wave generator includes a control rod damper system

and a piston launching system.
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FIG. 1A is cross-sectional view schematically showing an embodiment of a piston
guide with a retainer. FIG. 1A shows the piston guide before the retainer is inserted into

the piston guide.

FIG.1B is a schematic cross-sectional view of an embodiment of a control rod

attached to a retainer within a piston guide.

FIG. 2 is a cross-sectional view schematically showing an embodiment of a

pressure wave generator with a piston in its starting position.

FIG. 3 is a cross-sectional view schematically showing an embodiment of a
pressure wave generator with the piston moved forward (e.g., away from the starting
position of FIG. 2) showing open gas ports that may provide additional motive force to

the piston.

FIG. 4 is a cross-sectional view schematically showing an embodiment of a

transducer.

DETAILED DESCRIPTION
Overview

Various methods can be used for launching a pressure wave in a medium, such as
applying direct mechanical impact on the surface of a medium, detonation, explosions,

electrical sparks, intense radiation beams, oscillating and amplifying mechanisms, etc.

Examples of pressure wave generators are described in the commonly owned U.S.
Patent Publication No. 2010/0163130, which is incorporated by reference herein in its
entirety. This publication describes examples of a pressure wave generator for generating
a pressure wave (or a plurality of pressure waves) in a medium. Any of the example
pressure wave generators, components of the gencrators, or methods for operating
generators described in this publication can be used with the embodiments of pressure
wave generation apparatus and methods described herein. The pressure wave can be used
to compress the medium and increase its temperature, pressure, energy, and/or density.
The pressure wave can be generated by a mechanical impact of an accelerated piston on a
transducer coupled to the medium. The transducer can at least partially convert kinetic

energy of the movable piston into a pressure wave in the medium. In order to achieve high



10

15

20

25

30

WO 2012/113057 PCT/CA2012/000133

energy pressure waves capable of enclosing and compressing material within the
converging medium, substantially precise timing and control of the piston position and

impact time can be used in some cases.

In some implementations, control of piston impact and timing can be provided by
applying motive and restraining forces to the piston and by monitoring piston position.
One possible method for controlling the impact timing is by using a rigid rod attached to
the piston. The rod provides a surface on which a restraining force, such as provided by a
brake, can be applied. In addition, the piston rod can be used for monitoring piston
position. In some implementations, relatively sudden deceleration of the piston during
impact on the transducer may cause damage to the rod such as, buckling of the rod, shear

of its attachment point, or failure in tension due to rebound.

Accordingly, the present disclosure provides embodiments of pressure wave
generators and pistons that may reduce damage on the control rod during impact in some

implementations.

Examples of Pressure Wave Generators

With reference to the drawings, a schematic cross-sectional view of an
embodiment of a pressure wave generator 10 is shown in FIG. 1. The pressure wave
generator 10 includes a cylindrical housing 15 having an inner bore 15a defined by the
housing 15, a first end 16 and a second end 17; a piston 11 movable within the housing’s
inner bore 15a; and a transducer 14 located at the housing’s second end 17. The second
end 17 of the housing 15 may be an open end into which the transducer 14 is slidably
accommodated. The first end 16 of the housing 15 may be at least partially closed. The
inner bore 15a can extend longitudinally along a bore axis 15b. The piston 11 may have a
longitudinal piston axis 11b extending along a direction from a first surface 1la to a
second surface 11c. The second surface 11c faces toward the transducer 14. The piston
11 1s movable in the inner bore 15a from the first end 16 toward the transducer 14 at the
second end 17 along the bore axis 15b. The piston longitudinal axis 11b may be generally
collinear with the bore axis 15b, so that the piston 11 moves within the inner bore 15a

along a direction parallel to the piston axis 11b.

The inner bore 15a of the housing 15 may be evacuated with a pumping system

(not shown) forming an at least partial vacuum region. In some implementations, the inner
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bore can be at least partially evacuated by the pumping system so that pressure within the
inner bore is reduced relative to ambient pressure. The transducer 14 can be capable of
being slightly displaced axially relative to the housing’s second end 17 during an impact
by the piston 11. The transducer 14 comprises an inner, impact, surface 14a facing the
housing inner bore 15a and an outer surface 14b that can be coupled to a medium, such as
a solid, a liquid, a gas, or a plasma. The transducer 14 further includes a holding
mechanism 18 which prevents dislodgement of the transducer into the medium when
impacted by the piston 11 (see also, the example transducer shown in FIG. 4). The
housing 15 may also include a plurality of fluid ports 19 formed around the cylindrical
housing 15 in proximity to its first end 16 through which the piston’s inner bore 15a
communicates with a pressure vessel 20. The pressure vessel 20 can store a pressurized
fluid (e.g., gas) that can flow through the ports 19 and accelerate the piston 11 along the
bore axis 15b (or the piston longitudinal axis 11b) toward the transducer 14 so that the
second surface 11c of the piston impacts the impact surface 14a of the transducer 14. The
impact of the piston 11 and the transducer 14 may cause the transducer 14 to be displaced
along the bore axis 15b into the medium, thereby generating a pressure wave in the

medium.

In the illustrated embodiment, the piston 11 and the transducer 14 are substantially
cylindrical and fit within a cylindrical bore 15a. This is not a limitation, and in other
embodiments the piston 11, the transducer 14, and/or the bore 15a can have shapes (e.g.,

different cross-sectional shapes such as polygons).

The piston 11 can comprise a guide 12, which can be configured so that a control
rod 13 can be at least partially inserted into the guide 12. In the illustrated embodiment,
the guide 12 comprises a central, elongated cavity that extends partly through the piston’s
body from the first surface 11a toward the second surface 11c. The piston guide 12
receives a distal (or second) end 13a of the control rod 13 and allows the control rod 13 to
move or slide within the guide 12. A proximal (or first) end 13b of the control rod
remains outside the guide 12. The guide 12 can extend to a certain length within the
piston’s body. In some implementations, the guide 12 can extend substantially throughout
the entire body of the piston 11 (e.g., entirely to the second surface 1lc). In other
implementations, the guide 12 can extend to various depths within the piston’s body but
less than the length of the entire piston’s body. The length of the guide 12 can be selected

9
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so that it provides a sufficient path for the rod 13 to slide or move therein during the
impact of the piston 11 with the transducer 14, without being displaced from the guide 12

during movement of the piston 11 within the inner bore 15a.

In some embodiments, the piston 11 can have a substantially cylindrical body with
a diameter of about 300 mm, a mass of about 100 kg and a length of about 180 mm. The
piston 11 can be formed from a rigid material such as metal. The guide 12 can be an
elongated cavity, concentrically positioned within the piston’s cylindrical body, with a
diameter of the guide’s opening of about 50 mm and a length of about 140 mm. The guide
12 can have cylindrical, conical or any other cross-section. In the illustrated embodiment,
the guide 12 has an inner end 21 having a shape that is substantially a portion of a sphere
(e.g., hemispherical) to reduce or minimize the stress concentration on the inner end 21 of
the guide 12. Other cross-sectional shapes of the guide can be used such as polygonal,
and the inner end (or other portions of the guide) can be shaped differently than shown in

FIG. 1 (e.g., flat, conical, etc.).

FIG. 1A is cross-sectional view schematically showing an embodiment of the
piston guide 12 with a retainer 22. FIG. 1A shows the piston guide 12 before the retainer
22 is inserted into the piston guide 12. FIG.1B is a schematic cross-sectional view of an
embodiment of the piston 11 with a distal end 13a of the control rod 13 attached to a
retainer 22a within the piston guide 12. In the embodiments schematically shown in FIGS.
1A and 1B, the guide 12 comprises a second cavity 12b adjacent to a first cavity 12a. The
inner end 21 of the guide 12 is disposed at a distal end of the second cavity 12b. The
second cavity 12b narrows at a waist 12c to adjoin the first cavity 12a, which has a
smaller cross-sectional area than the second cavity 12b. The first cavity 12a has an
entrance opening 104 at the surface 11a of the piston 11. In the illustrated embodiments,
the entrance 104 has a circular shape however, any other shape configured to receive the

control rod 13 can be used.

In one implementation, the entrance 104 can be circularly shaped with diameter of
about 30 mm. The second cavity 12b can have a diameter of about 50 mm and length of
about 120 mm while the first cavity 12a can have a diameter of about 30 mm and a length

of about 15 mm. The waist 12¢ can have a curved surface to avoid sharp edges.

10
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As shown in FIGS. 1A and 1B, the pressure wave generator 10 can further
comprise a retainer 22 to retain a portion of the control rod 13 within the guide 12. In one
embodiment the retainer can be a shaped nut 22a that holds a portion of the rod 13 in the
guide 12, allowing the portion of the rod to move substantially freely within the guide but
preventing displacement of the distal end 13a of the rod 13 out of the guide 12 and thus
out of the piston 11.

Embodiments of the retainer 22 are schematically illustrated in FIGS. 1A and 1B.
In FIG. 1A, the retainer 22 comprises a shaped nut 22a that comprises a hemi-spherical
body 101 with an opening 103 in which the control rod 13 can be inserted and secured.
The shaped nut 22a can have two sections removed thereby forming two opposing flat
surfaces 102. The shaped nut 22a can have two different cross-sections depending on the
orientation of the shaped nut 22a in relation to the guide 12 and the entrance 104. In a first
orientation (see, e.g., FIG.1A) the shaped nut 22a is side faced having the opening 103
facing a wall of the guide 12 so that a cross-section of the shaped nut is smaller than a
cross-section of the first cavity 12a (and the entrance opening 104) so that the nut 22a can
be inserted through the entrance opening 104 and first cavity 12a (while in the first
orientation) and then into the second cavity 12b. When the shaped nut 22a is within the
second cavity 12b, the nut 22a can be rotated to a second orientation in which the opening
103 faces the entrance 104 (see, e.g., FIG. 1B), so that its cross-section is larger than the
cross-section of the first cavity 12a and the entrance opening 104. Therefore, when the
shaped nut 22a is in the second orientation within the second cavity 12b, the nut 22a is

prevented from exiting the guide 12 through the entrance opening 104.

FIG. 1A schematically shows the orientation of the retainer 22 in relation to the
guide 12 before the shaped nut 22a is inserted into the guide 12 through the entrance 104.
The two opposing flat surfaces 102 help to obtain clearance in order to insert the shaped
nut 22a through the entrance 104 in the first cavity 12a and into the second cavity 12b.
Once the nut 22a is in the second cavity 12b of the guide 12, the nut can be rotated so that
the opening 103 faces the entrance 104 so that the control rod can be connected to the
retainer 22. The shaped nut 22a can be shaped so that the shape of the nut’s distal end
substantially matches the shape of the guide’s inner end 21 (see, FIG. 1B).

FIG. 1B schematically shows the shaped nut 22a and the distal end 13a of the

control rod 13 attached to the nut 22a and inserted within the piston guide 12. When the
11
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nut 22a is in the position shown in FIG. 1B, the cross-section of the nut 22a is slightly
smaller than the cross-section of the second cavity 12b so that the nut 22a can move
substantially freely within the second cavity 12b. The cross-section of the nut 22a is
larger than the cross-section of the first cavity 12a (and/or the opening 104) so that the nut
22a is inhibited from exiting the guide 12 during operation of the pressure wave
generator. For maintenance operations, the nut 22a can be removed from the guide 12 by
detaching the control rod 13 from the nut 22a, and rotating the nut 22a so that it can be
removed from the cavities 12b, 12a and through the entrance 104. In one implementation,
the nut 22a can be rotated with a tool designed to rotate the nut 22a to insert or withdraw

the nut 22a through the cavities 12b, 12a and the opening 104.

In some embodiments, the retainer 22 can further comprise a lock to secure the
control rod 13 and the retainer 22 in a fixed position. The lock may include a locking pin
(e.g., a locking wire) 106 placed in a narrow slot on the control rod 13 (see, e.g., FIG. 1B).
The locking pin 106 can be adapted to pass through an opening 105 formed in the retainer
22 in proximity to the opening 103 of the shaped nut 22a (see, e.g., FIG. 1A), so that
when the control rod 13 is fastened to the retainer 22, the locking pin 106 can be aligned
with the opening 105. The locking pin 106 can pass through the opening 105, thereby
securing the control rod 13 in a substantially fixed position in relation to the nut 22a. For
example, once the retainer 22 is fasten (e.g. threaded) on the rod’s second end 13a, the
locking pin 106 passes through the opening 105 thereby locking the position of the
retainer 22 and the rod 13, thus preventing the retainer 22 to unwind and detach from the
rod 13. In some embodiments a plurality of locks may be employed. In other
embodiments different locking mechanisms can be used to secure, in substantially fixed

position, the control rod 13 and the retainer 22.

In some methods of attachment, the retainer 22 is inserted in the piston guide 12
and then is rotated by about 90 degrees until the opening 103 faces the entrance hole 104.
The control rod 13 is then inserted into the opening 103 and fastened to the retainer 22
(e.g. with a thread), and the locking pin 106 is aligned with and inserted into the opening
105, locking the position of the control rod 13 and the retainer 22. When the rod 13 is
fixed and locked to the retainer, the rod 13 (and retainer 22) can move or slide within the
second cavity 12b of the guide 12, but the cross-sectional size of the retainer 22
substantially prevents the retainer 22 and the distal end 13a of the control rod 13 from
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exiting the guide 12 through the first cavity 12a or the opening 104. Accordingly, the
distal end 13a of the control rod 13 can move along the length of the guide 12 but is
inhibited from being displaced or dislodged from the guide 12.

With further reference to the example pressure wave generator shown in FIG. 1,
the proximal end 13b of the control rod 13, opposite of the distal end 13a within the
piston guide 12, can be connected to a disk 23 which is configured to act as a piston when
it moves into a damper system 24. In other embodiments, one or more damper elements
(such as disks) may be disposed along the length of the control rod 13 outside the guide
12 (in addition to or as an alternative to the disk 23) to provide deceleration of the rod 13
in the damper system 24. The damper system 24 can decelerate the control rod 13
independently of the movement of the piston 11 and can thereby reduce or minimize the
stress on the rod 13. The damper system 24 can include a pneumatic damper (e.g., as
schematically shown in FIG. 1), a hydraulic damper, and/or an electromagnetic
damper/brake. The pneumatic or the hydraulic damper can be equipped with an adjustable
valve 25 which can be used to adjust the deceleration of the control rod to reduce or
minimize the stress on the rod 13. In some implementations, the damper system 24 can
include a cylindrical body with an entry opening through which the disk 23 enters the
damper system. In another embodiment, the damper system 24 can be conically shaped
(see FIG.1). The length and/or cross-sectional area of the damper system 24 can be
selected (among other factors such as the disk 23 size) to provide a desired deceleration to

or damping force on the control rod 13.

In some implementations the damper system 24 can have a profile that varies
along the length of the damper system 24. For example, the damper system 24 can have a
body with a first portion being substantially cylindrical and a second portion adjoining the
first portion having a bell shape. The first portion of the damper system 24 can have an
entrance that is made of an elastomeric, a plastic, or a rigid rubber material or any other
shock resistive material. Use of such material may be advantageous such that if the disk
23 hits the entrance of the damper system 24, the entrance will yield without breaking.
The disk 23 can be sized and shaped so that when it is at the entrance of the damper
system 24, the disk provides a gap through which a gas can flow out of the damper system
24 (e.g., for a pneumatic damper system). For example, the disk 23 may have a cross-
sectional area that is slightly smaller than a cross-sectional area of the entrance to the
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damper system 24. The damper system 24 may, in some cases, further comprise at least
one additional opening positioned along the length of the damper system 24 through
which the gas can pass out of the damper system 24. In one implementation, different
number or size of openings can be positioned or formed at various locations in the damper
system 24 to allow gas flowing out of the damper 24 to control or moderate the damping

force applied to decelerate the control rod 13.

In one example method of operation, at the starting position of the piston 11 near
the closed end 16 of the bore, the retainer 22 and the control rod 13 are in their own
starting positions. The retainer 22 and the distal end 13a of the control rod 13 may be
spaced from the inner end 21 of the guide 12. The piston 11 can be accelerated forward to
impact the transducer 14. On the impact of the piston 11 and the transducer 14, the distal
end 13a of the control rod 13 having the retainer 22 can move forward within the guide
12, thereby reducing the stress to the rod 13. As the distal end 13a of the control rod 13
moves forward within the guide 12, the disk 23 moves forward in the damper system 24.
In a pneumatic damper system, movement of the disk 23 compresses the gas (e.g., air)
within the damper system 24 and slows down the control rod 13. Thus, the damper system

24 acts to decelerate the rod 13 and thus reduces or minimizes the stress on the rod.

In one embodiment, the damper system 24 can be equipped with a high speed
adjustable valve, such as a piezoelectric adjustable valve, which can be used as part of an
impact timing control mechanism 29. The high speed adjustable valve can be used to
adjust the force on the rod 13 before impact with the transducer, thereby changing the
piston’s velocity for the last portion of its travel prior to impact with the transducer 14

(e.g., during the portion of travel when the disk 23 enters the damper system 24).

Once the piston 11 returns to its starting position near the end 16 of the bore, the
control rod 13 can be returned to its starting position within the guide 12 by applying a
force to the rod 13 to move it back to its starting position, such that the distal end 13a of
the rod 13 and the retainer 22 are spaced from the inner end 21 of the guide 12.

In some implementations, the timing of the impact of the piston 11 on the
transducer 14 can be controlled by the control system 29. The control system 29 may
include one or more processors, controllers, or general or special purpose computing

hardware. The pressure wave generator 10 can comprise a brake 26 for applying a
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restraining force to the control rod 13. For example, the brake 26 may comprise a
magnetic eddy current brake, a frictional brake, a piezoelectric controllable brake, etc.
The control rod 13 may further includes markings 27 such that the control system 29 can
monitor the piston’s position by using an optical system to read the rod’s markings 27
with a position encoder 28. The encoder 28 can send a signal regarding the piston’s

position to the control system 29.

In various implementations, the control system 29 can control impact timing
between the piston 11 and the transducer 14 and/or can control speed and/or location of
the piston 11 for at least a portion of the piston’s movement within the generator 10. In
one implementation, the control system 29 can receive the signal of the piston’s position
from the encoder 28 as an input and can send output signals to the brake 26 and/or a valve
30 which is part of a piston launching system 200 (see, e.g., FIG. 2). For example, the
control system 29 can access control information from one or more previous shots of the
piston 11 and can use such control information to make adjustments to control parameters
for subsequent shot(s) of the piston 11. The control information can include, for example,
a trajectory of the piston, launching system delays, gas pressure(s) within the generator
10, measurements or determinations of friction within the housing 15, the position of the
piston 11 in relation to the transducer 14 at the time of the impact, etc. The control
system 29 can make adjustments to, for example, launching timing, gas pressure(s),
position of the transducer/piston, and so forth in order to adjust impact force and/or
impact time. The control system 29 can include or be in communication with one or more
computer-readable storage media that can be used to store, persistently or otherwise, the
control information. For example, the control system 29 can include a physical computing
device in communication with a volatile or non-volatile storage device that stores the

control information.

Different types of brake systems can be used for applying a restraining force to the
rod 13. Commonly owned U.S. Patent Publication No. 2010/0163130, incorporated by
reference herein in its entirety, describes some embodiments of brake systems that can be
used with embodiments of the pressure wave generator 10. For example, the brake 26 can
comprise a piezo-actuated friction brake, a solenoid actuated friction brake, an
electromagnetic brake (e.g., using eddy currents), etc. In some embodiments, the brake 26
can be preloaded with a desired braking force. In other embodiments the pre-loading force
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of the brake 26 can be accurately measured and controlled by, for example a load cell (not
shown). In one implementation, a load cell may comprise a piezoelectric actuator that can
be connected to a brake shoe and can be in electrical communication with a voltage
driver. A bolt can be connected to the actuator to pre-load the brake by tightening the bolt.
When the piezoelectric actuator is squeezed or compressed, the actuator generates
electrical current (voltage). Measuring the voltage generated by the actuator can provide a
measurement of the brake pre-loading force. Accurate measurements and control of piston
position and braking force can allow accurate control of impact timing and/or impact
force by the control system 29. In some implementations the control system can control

the impact timing with an accuracy of about £10 ps.

In some methods of operating the pressure wave generator 10, the piston 11 is
repeatedly impacted on the transducer 14 in successive “shots.” Calibration of the timing
of the shots, velocity (or kinetic energy or momentum) of the piston, and so forth may be
desired. In some cases, to calibrate successive shots of the piston 11 onto the transducer
14, the moment at which the piston 11 impacts the transducer 14 can be accurately
determined. The force of the impact may cause substantial loads to be imparted onto one
or more surfaces of the piston or the piston’s housing. Such loads can be used to detect
the impact timing via a displacement or acceleration measurement. In some cases, the
measurement accuracy may be affected by variability in an acoustic path. For example, if
an impact sensor is placed on the upper part of the piston housing 15, and an impact force
is initially applied or received by the lower part of the piston’s housing, the impact sensor
on the upper part of the housing 15 will not receive a signal from the impact until the
pressure signal has propagated across the piston 11 or housing 15. As one illustrative
example, for a steel piston with a diameter of 300 mm and assuming a 5 km/s sound
speed in steel, the delay in the sensor reading at the upper part of the housing 15 could be
about 60 ps. Therefore, some embodiments of the pressure wave generator 10 use an
impact detection sensor 31 that is capable of detecting radial expansion of the transducer
14 upon impact. Such an impact detection sensor 31 can further be configured to be used
as a positioning sensor for monitoring transducer position upon the impact of the piston,
and its retrieve to an initial position (position before the impact). Multiple impact

detection sensors 31 can be used in some embodiments.
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The impact detection sensor 31 can be placed on a portion of the housing 15 that
accommodates the transducer 14, such as for example, a transducer seat 400 (see, e.g.,
FIG. 4), and can be in communication with the transducer 14. FIG. 1 schematically
illustrates an example placement of the impact detection sensor 31 on an upper portion of
the housing 15. The impact detector sensor 31 can include a pin and an accelerometer or
any other sensor capable of detecting a movement in the pin. The pin can be preloaded
against the transducer 14 by a biasing element such as, e.g., a spring. Mechanical springs,
differential gas pressures, or gas struts can be used as a biasing element. The impact
detector sensor 31 may further include a seal to substantially seal the transducer 14 from
the atmosphere. In embodiments in which the biasing element comprises a differential
gas pressure sensor, the seal may be optional. The impact detector sensor 31 can further
include a switch to indicate a position of the transducer 14 (for example when the
transducer 14 returns to its initial position within the seat 400). In some implementations,
the impact detector can comprise a cooling system to prevent sensor 31 (accelerometer

and/or position switch) from becoming overheated.

The pin in the impact detection sensor 31 can be formed from a metal or any other
material that has sufficiently high sound speed and the ability to withstand the resulting
stress forces and can transmit the radial expansion of the transducer 14 to the
accelerometer. The pin can extend toward, and a distal end of the pin can touch, the
transducer 14, in order to sense a pressure wave that traverses through the transducer 14
upon the impact of the piston 11. In other embodiments, the impact detection sensor 31
can comprise a sensor capable of detecting the radial expansion of the transducer. The
impact detection sensor 31 can include an optical or capacitive sensor, which may be

placed directly on the transducer surface.

FIG. 2 schematically illustrates a cross-sectional view of an embodiment of a
pressure wave generator 10 comprising a pressure vessel 20 attached to the piston housing
15. In FIG. 2, the piston 11 is shown in its starting position near the first end 16 of the
inner bore 15a. The pressure vessel 20 can be fastened to the piston housing at its first end
16 through a fastening mechanism 202 (e.g., bolts) and fluid (e.g., gas) in the pressure
vessel 20 can be in fluid communication with the piston’s inner bore 15a through ports 19
(see also, FIGS. 1 and 3). A pressurized gas reservoir 203 and control valve 208 can
supply a pressurized gas into the pressure vessel 20. Various possible methods for
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launching the piston 11 toward the transducer 14 are described in commonly owned U.S.
Patent Publication No. 2010/0163130, which is hereby incorporated by reference herein in

its entirety.

In some implementations of the pressure wave generator 10, timing of the start of
piston motion (launch) can be precisely measured or controlled to provide improved
control of the timing of impact with the transducer 14 (impact). In some such
implementations, a cost effective and readily controllable method of providing motive
force on the piston is by employing a pressurized gas. In one example method for
launching and accelerating the piston 11 toward the transducer 14, the pressure vessel 20
is brought to an initial pressure, while the piston is kept in a steady position by applying a
braking force on the control rod 13 (e.g., by the brake 26). At launch, the braking force
can be released rapidly (on order of several micro-seconds when using a piezoelectric
brake actuator in some embodiments), and the force of the pressurized gas can accelerate
the piston 11 toward the transducer 14. In certain such embodiments, the pressurized gas
driver may cause a premature launch if the brake parameters are not accurately predicted.
Also, some such embodiments may tend to slightly retard the piston motion since the
increase in the volume behind the piston at launch tends to rapidly lower the pressure

pushing the piston.

Therefore, certain embodiments of the pressure wave generator 10 employ a
launching system 200 which comprises a series of timed valves, such as pneumatic (puff)
valves 30, which can be used to directly inject high pressure gas into a relatively small
volume 36 behind the piston (see, e.g., FIGS. 1 and 2) to tune an initial motive force
applied to the piston 11. The valves 30 can be in communication with an independently
regulated gas supply 205 (e.g., pressurized air). In other embodiments, the gas supply 205
can be the primary gas supply (such as a pressurized gas reservoir 203). In one
embodiment, a pressurized gas in the pressure vessel 20 can be used to supply high
pressure gas into the volume 36. The independent gas supply 205 can be tuned for each
puff valve 30 to achieve opening synchronization within tens of microseconds in some
implementations. The puff valves 30 can inject the pressurized gas through channels 210
into the small volume 36 behind the piston. As schematically shown in FIGS. 1 and 2, the
volume 36 can be a relatively small gap formed between the piston’s back surface 11a and

the housing’s first end 16. In one method of operation, an initial launching gas pressure
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can be introduced into the volume 36, while the piston is kept in a steady position by
applying a braking force on the control rod (not shown in FIG. 2). At launch, the braking
force can be released and the pressurized gas in the volume 36 can provide an initial
motive force to start moving the piston 11. The pressurized gas of the volume 36 applies
the initial motive force on the piston 11 to move it past a set of gas ports 19 (see, e.g.,
FIG. 3) through which additional pressurized gas, stored in the pressure vessel 20, can be
applied to the piston 11 to accelerate it toward the transducer 14. In such embodiments,
the piston 11 acts as a valve on the gas ports 19 to open the pressure vessel 20 and
introduce an additional motive force onto the back of the piston 11 after the piston 11 has

passed the gas ports 19.

For example, the launching system 200 may include four valves 30 that inject a
gas at about 100 psi (1 psi = 1 pound per square inch = 6,895 Pascals) in the volume 36 to
start moving the piston 11 forward down the piston’s bore at a speed of about 2 m/s. Once
the piston 11 passes the gas ports 19, a highly pressurized gas at about 350 psi or higher
from the pressure vessel 20 enters the volume behind the piston 11 and accelerates the

piston to a speed of about 30 to 100 m/s.

In one embodiment, the launching system 200 may comprises fewer or more
valves 30 to provide the initial motive force to the piston 11. In another embodiment, the
valves 30 can be connected to independent valve timing controllers 209 that control the
amount of gas each valve 30 injects behind the piston 11. The injected pressurized gas
provides enough motive force on the piston 11 to move it forward down the cylindrical

bore to pass the gas ports 19, as shown in FIG. 3.

In different implementations, different types of valves or launching mechanisms,
at different pressures can be applicable for applying initial motive force to the piston 11.
Other embodiments can provide launch control using direct-acting piezoelectrics, spring-
driven mechanisms, inertia-driven mechanisms (e.g., flywheels or similar devices), or

thermal actuators.

In some methods of operation, when the pressure wave generator 10 is in a start
position, the piston 11 can be in the position schematically shown in FIGS. 1 and 2, in
which the piston 11 covers the gas ports 19. While in the start position, the piston 11
therefore inhibits gas from entering the inner bore of the housing 15 through the gas ports
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19. A control system 29 can send a signal to the brake 26 to apply a braking force to the
control rod 13. The control system 29 can send a signal to the valve controllers 209,
signaling the valves 30 to open. At a desired time, the control system 29 can signal the
brake 26 to decrease (or eliminate) the braking force. The piston 11 begins to move
passing the gas ports 19, as shown in FIG. 3, allowing the pressurized gas stored in the
pressure vessel 20 to pass through the gas ports 19 and accelerate the piston 11 toward the
transducer 14. When the piston 11 impacts the transducer 14, it transfers at least part of its
kinetic energy to the transducer. On the impact, the transducer may be elastically
compressed and axially displaced at least partly into the medium, thus at least partially
converting the kinetic energy of the piston into a pressure wave in the medium. During
impact of the piston 11, the distal end of the control rod 13 (and/or the retainer 22) can
move or slide forward within the guide 12, which may reduce the stress on the rod
generated during the impact. The damper system 24 can decelerate the control rod 13

independently from the piston 11 and may reduce or minimize the stress on the rod.

The propagation of the stress wave from the solid components (e.g., the piston 11
and the transducer 14) into the medium can provide the pressure wave in the medium.
When such stress waves are associated with large impact velocities of the piston on the
transducer (e.g., velocities greater than about 10 m/s in some cases), such waves can cause
local pressures which may exceed 1 GPa in some implementations of the generator 10.
Such pressures may be caused by the motion of the transducer 14 into the medium, as
well as by the radial expansion of the transducer as the pressure wave traverses the
transducer. The radial expansion may cause portions of the medium that may be disposed
along the sides of the transducer to be ejected as a “jet.” Such a “jet” may damage seals
used in the generator 10 near the transducer 14. Also, seals may be degraded under high

pressures generated in certain embodiments.

FIG. 4 shows a cross sectional view of an embodiment of a transducer 14 which is
shaped so that it can act as a primary seal for the end 17 of the inner bore of the housing
15 of the pressure wave generator 10. The transducer 14 comprises a surface 401 that
faces a surface 402, which is formed as part of the transducer’s seat wall 400 in the
housing 15. The surface 401 of the transducer 14 may comprise an angled surface (having
one or more angled portions) or a rounded or curved surface. The surface 402 of the seat
wall 400 may comprise a corresponding tapered flat surface or a rounded or curved
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surface. The surface 401 of the transducer 14 can be designed to substantially mate with
the surface 402 of the seat wall. In one embodiment the surface 402 can be part of the
piston housing wall. The configuration of the surface 401 and the surface 402 can provide
a primary seal which, during operation of certain generator embodiments, can squeeze out
or cject at least a portion of the medium that may be trapped in the space between the
transducer 14 and its seat 400. The portion of the medium may be squeezed out or ejected
when the transducer returns to its starting position in the seat 400 following impact by the

piston.

In another embodiment, a secondary seal 403 further can be utilized. The
secondary seal can be made of a material which is capable of handling exposure to the
medium, high temperature, high pressure and frictional forces caused by slight movement
of the transducer 14. In one implementation, the seal 403 additionally can act as a
lubricator. A possible advantage of embodiments using both primary and secondary seals
is that the primary seal can limit the pressure exposure of the secondary seal so that the
secondary seal is subject to lower pressures as compared to embodiments not using the
primary seal. Accordingly, a wider range of sealing materials can be used for the
secondary seal, since the sealing material is subjected to lower pressures in such
embodiments. For example, the secondary seal 403 can comprise a flexible graphite seal
such as, e.g., a GRAFOIL® seal, or a GRAFOIL® die-formed ring available from EGC
Enterprises Inc. (Chardon, Ohio).

Also, in certain such embodiments, the transducer 14 can provide the primary
metal-to-metal seal formed by the transducer’s outer surface 401 on the surface 402 of the
seat 400, and a secondary, circumferential seal 403. Certain such embodiments may
provide several functions including, e.g.: creating a primary seal between two
substantially hard components (e.g., a metal transducer and its metal seat) so that the
obtained seal geometry provides desired sealing under increased pressure. Also, the
pressure of the medium on the transducer can energize the seal, which may increase the

stability of the seal with increasing pressure.

Embodiments of the transducer 14 shown in FIG. 4 may also provide an
expanding volume on the sides of the transducer 14 as it moves forward (e.g., upon
impact of the piston 11), which may slow penetration of the medium along the sides of

the transducer. In one implementation, a draining system (not shown) can be provided to
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remove any medium that penetrates through the primary seal (e.g., the metal-to-metal seal
formed by surfaces 401 and 402) and/or the secondary seal 403. The draining system can
further comprise a sensor to indicate any medium in the draining system and thus leakage
of the primary and/or secondary seals. The configuration schematically shown in FIG. 4
may also provide one or more turns or angles in the medium’s path to the secondary seal

403, which may inhibit formation of a jet of the medium.

The transducer 14 can be secured within the transducer seat 400 through the
holding mechanism 18 that prevents dislodgement of the transducer into the medium
when impacted by the piston 11. The holding mechanism 18 may include a retaining ring
connected to the transducer body as shown in FIG. 4. The outer edge of the retaining ring
can be disposed in a cylindrical groove formed in the seat 400. When the transducer 14 is
inserted within the seat 400 the outer edge of the retaining ring enters the groove 18a,
which inhibits or prevents the dislodgement of the transducer out of the seat 400
following impact by the piston. In some implementations, the retaining ring is positioned
within an undercut formed in the outside diameter of the transducer. In one embodiment,
a split retaining ring having at least two segments can be used as a component in the
holding mechanism 18. Additionally, one or more seals and/or bearings can be provided

to the holding mechanism 18 to secure the transducer 14 within the seat 400.

Since the transducer 14 and the medium will typically comprise different materials
(or different phases of material, e.g., solid and liquid), an acoustic impedance mismatch at
the transducer’s surface 14b facing the medium may occur. The impedance mismatch can
cause a reflection of acoustic energy back towards the piston impact surface 11c, which
may cause the transducer 14 to rebound at least partially away from the medium.
Embodiments of the transducer 14 can provide an improved acoustic impedance match to
the medium. For example, the embodiment of the transducer 14 schematically shown in
FIG. 4 comprises a tapered end 405 that provides a greater area that interacts with the
medium, which may improve the efficiency of the pressure wave transfer and which may
reduce the reflected acoustic energy. The embodiment shown in FIG. 4 also provides
various hard surfaces 401, 402, 400, and 18 relative to which the transducer 14 can be
located for accurate timing control during operation of the pressure wave generator 10.
Additional embodiments of a transducer that can be used with the pressure wave
generators 10 disclosed herein are described in the commonly owned U.S. Patent
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Publication No. 2010/0163130, which is hereby incorporated herein by reference in its
entirety. Various curvatures of the surface 401 or 402 can be used. Also, a wide range of
materials can be used for fabricating the transducer and/or the transducer’s seat. For
example any forging steel with sufficient strength to withstand the impacts can be used

for fabricating the transducer 14 and the piston 11.

Examples of Uses for Pressure Wave Generators

Embodiments of the pressure wave generator can be used to transmit pressure
waves into any suitable medium (e.g., solid, liquid, gas, and/or plasma). In some
implementations, the pressure wave generator can be used as a press for stamping,
embossing, bending, flanging, coining, blanking, punching, or working materials such as,
e.g., metals (e.g., metalworking). In some implementations, the medium comprises a
liquid, a gas, or a mixture of liquid and gas. In some such implementations, the medium
comprises a liquid metal, such as liquid lead or a mixture of liquid lead and lithium. The
pressure wave generator can be used to generate pressure waves in the medium, which
may raise the pressure, temperature, energy, and/or density of the medium, and may
increase the rate of chemical reactions in the medium. For example, embodiments of the
pressure wave generator could be used for controlling a piston in a gas-powered engine

(e.g., a steam engine).

The embodiments of the pressure wave generator disclosed herein may be used for
generation of other energy forms which could result from a concentration of the acoustic
energy. Such energy forms can be used for generation of localized hot spots, ultraviolet
(UV) radiation, x-rays, medical isotopes, neutrons, fusion, and by-products of such
acoustic energy conversion and concentration. For example, some embodiments of the
pressure wave generator can be used to increase the pressure in a nuclear reaction
chamber containing a medium (such as liquid lead or liquid lead-lithium) such that
nuclear reaction rates are increased sufficiently to provide neutron generation or fusion

reactions.

While particular elements, embodiments and applications of the present disclosure
have been shown and described, it will be understood, that the scope of the disclosure is
not limited thereto, since modifications can be made without departing from the scope of

the present disclosure, particularly in light of the foregoing teachings. Thus, for example,
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in any method or process disclosed herein, the acts or operations making up the
method/process may be performed in any suitable sequence and are not necessarily
limited to any particular disclosed sequence. Elements and components can be contfigured
or arranged differently, combined, and/or eliminated in various embodiments. The
various features and processes described above may be used independently of one
another, or may be combined in various ways. All possible combinations and
subcombinations are intended to fall within the scope of this disclosure. Reference
throughout this disclosure to “some embodiments,” “an embodiment,” or the like, means
that a particular feature, structure, step, process, or characteristic described in connection
with the embodiment is included in at least one embodiment. Thus, appearances of the
phrases “in some embodiments,” “in an embodiment,” or the like, throughout this
disclosure are not necessarily all referring to the same embodiment and may refer to one
or more of the same or different embodiments. Indeed, the novel methods and systems
described herein may be embodied in a variety of other forms; furthermore, various
omissions, additions, substitutions, equivalents, rearrangements, and changes in the form
of the embodiments described herein may be made without departing from the spirit of

the inventions described herein.

Various aspects and advantages of the embodiments have been described where
appropriate. It is to be understood that not necessarily all such aspects or advantages may
be achieved in accordance with any particular embodiment. Thus, for example, it should
be recognized that the various embodiments may be carried out in a manner that achieves
or optimizes one advantage or group of advantages as taught herein without necessarily

achieving other aspects or advantages as may be taught or suggested herein.

Conditional language used herein, such as, among others, "can,"” "could," "might,"

"o

"may," “e.g.,” and the like, unless specifically stated otherwise, or otherwise understood
within the context as used, is generally intended to convey that certain embodiments
include, while other embodiments do not include, certain features, elements and/or steps.
Thus, such conditional language is not generally intended to imply that features, elements
and/or steps are in any way required for one or more embodiments or that one or more
embodiments necessarily include logic for deciding, with or without operator input or
prompting, whether these features, clements and/or steps are included or are to be

performed in any particular embodiment. No single feature or group of features is
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required for or indispensable to any particular embodiment. The terms “comprising,”
“including,” “having,” and the like are synonymous and are used inclusively, in an open-
ended fashion, and do not exclude additional elements, features, acts, operations, and so
forth. Also, the term “or” is used in its inclusive sense (and not in its exclusive sense) so
that when used, for example, to connect a list of elements, the term “or” means one, some,

or all of the elements in the list.

Conjunctive language such as the phrase “at least one of X, Y and Z,” unless
specifically stated otherwise, is otherwise understood with the context as used in general
to convey that an item, term, etc. may be either X, Y or Z. Thus, such conjunctive
language is not generally intended to imply that certain embodiments require at least one

of X, at least one of Y and at least one of Z to each be present.

The example calculations, simulations, results, graphs, values, and parameters of
the embodiments described herein are intended to illustrate and not to limit the disclosed
embodiments. Other embodiments can be configured and/or operated differently than the
illustrative examples described herein. Indeed, the novel methods and apparatus
described herein may be embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the methods and systems described

herein may be made without departing from the spirit of the inventions disclosed herein.
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WHAT IS CLAIMED IS:

1. A pressure wave generator for generating a pressure wave in a medium, the

pressure wave generator comprising:

a movable piston having a first surface and a second surface and a
longitudinal axis between the first surface and the second surface, the piston
comprising a guide extending along the longitudinal axis of the piston from the

first surface at least partially toward the second surface;

a housing having an inner bore, a first end, and a second end, the piston
being at least partially disposed within the inner bore of the housing, the piston
movable within the inner bore of the housing from the first end toward the second

end along a direction parallel to the longitudinal axis of the piston;

a control rod extending longitudinally from a first end to a second end, the
second end of the control rod configured to be inserted in the guide and able to
move within the guide without being displaced from the guide during movement

of the piston within the inner bore;

a transducer slidably accommodated in the second end of the housing, the
transducer configured to be coupled to the medium and adapted to convert a
portion of the kinetic energy of the piston into a pressure wave in the medium

upon impact of the piston with the transducer; and

a motive force generator configured to accelerate the movable piston

toward the transducer,

wherein on impact of the piston and the transducer, the second end of the

control rod moves within the guide toward the second surface of the piston.

2. The pressure wave generator of claim 1, wherein the guide extends
longitudinally from the first surface of the piston to an inner end spaced from the second

surface of the piston.

3. The pressure wave generator of claim 1, wherein the guide comprises a
first cavity extending from an entrance at the first surface of the piston to a second cavity
extending from the first cavity of the guide, wherein a cross-sectional area of the first

cavity is smaller than a cross-sectional area of the second cavity.
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4. The pressure wave generator of claim 3, wherein the guide further
comprises a waist between the first cavity and the second cavity, wherein a cross-sectional
area of the waist is larger than the cross-sectional area of the first cavity and smaller than

the cross-sectional area of the second cavity.
5. The pressure wave generator of claim 1, further comprising:

a retainer that can be removably attached to the second end of the control

rod,

the retainer having a first orientation permitting the retainer to be inserted
into the guide, the retainer movable to a second orientation when disposed in the
guide,

wherein when in the second orientation, the retainer is inhibited from being

displaced from the guide.

6. The pressure wave generator of claim 5, wherein the guide has an entrance
at the first surface of the piston, the entrance having a cross-sectional entrance area, the
retainer has a first cross-sectional area when in the first orientation and a second cross-
sectional area when in the second orientation, wherein the first cross-sectional area of the
retainer is less than the entrance area and the second cross-sectional area of the retainer is

greater than the entrance area.

7. The pressure wave generator of claim 5, further comprising a lock

configured to fix a position of the second end of the control rod and the retainer.

8. The pressure wave generator of claim 1, further comprising a damper

system configured to decelerate the control rod independently of the piston.

9. The pressure wave generator of claim 8, wherein the damper system

comprises:
a chamber having an opening, the chamber comprising a fluid;

the first end of the control rod comprises a damper element configured to
enter the chamber through the opening during movement of the piston toward the
transducer, wherein the fluid in the chamber provides a resistive force on the

damper element as the piston moves toward the transducer; and
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one or more openings to allow the fluid to flow out of the chamber as the

damper element moves within the chamber.

10.  The pressure wave generator of claim 1, wherein the motive force
generator comprises a first motive generator configured to apply an initial motive force to

move the piston from rest toward the transducer.

11.  The pressure wave generator of claim 10, wherein the motive force

generator comprises a second motive generator comprising:

a pressure vessel connected to the housing and configured to store fluid for

applying a fluid pressure force to the movable piston,

wherein the housing comprises one or more fluid ports disposed near the

first end of the housing, and

wherein the piston is configured to block the fluid ports when the piston 1s
disposed at the first end of the housing, and to open the fluid ports to provide fluid
communication with the second motive generator as the piston moves away from
the first end of the housing and toward the transducer due to the motive force of

the first motive generator.

12.  The pressure wave generator of claim 1, wherein the transducer comprises
a tapered portion configured to contact a portion of the housing to form a seal that inhibits

flow of the medium into the inner bore of the housing.

13.  The pressure wave generator of claim 1, further comprising an impact
detection system positioned at the second end of the housing and configured to detect
impact of the piston with the transducer and a position of the transducer, the impact
detection system comprising a pin having a distal end biased against a surface of the

transducer and a sensor to detect motion in the pin and the position of the transducer.
14. A piston system comprising:
a piston having a first surface and a second surface and a piston axis

extending from the first surface to the second surface, the piston comprising a

guide extending longitudinally along the piston axis from the first surface at least

partially toward the second surface;
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a rod having a first end and a second end, the second end of the rod
disposed in the guide and adapted to move within the guide, the first end of the

rod remaining outside of the guide; and

a retainer adapted to hold the second end of the rod within the guide and to

inhibit displacement of the second end of the rod out of the guide.

15.  The piston system of claim 14, wherein the guide comprises a first cavity
extending from an entrance at the first surface of the piston to a second cavity extending
from the first cavity to an inner end of the guide, the inner end spaced from the second
surface of the piston, wherein a cross-sectional area of the first cavity is smaller than a

cross-sectional area of the second cavity.

16.  The piston system of claim 14, wherein the retainer can be removably

attached to the second end of the rod,

the retainer having a first orientation permitting the retainer to be inserted
into the guide, the retainer movable to a second orientation when disposed in the

guide, and

wherein when in the second orientation and attached to the rod, the retainer

inhibits displacement of the second end of the rod from the guide.

17.  The piston system of claim 16, wherein the guide has an entrance at the
first surface of the piston, the entrance having a cross-sectional entrance area, the retainer
has a first cross-sectional area when in the first orientation and a second cross-sectional
area when in the second orientation, wherein the first cross-sectional area of the retainer is
less than the entrance area and the second cross-sectional area of the retainer is greater

than the entrance area.

18.  The piston system of claim 16, further comprising a lock configured to

lock the rod and the retainer in the second orientation.
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