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HYDROPHONE FOR USE IN A DOWNHOLE TOOL
BACKGROUND OF THE INVENTION
The present invention rélates generally to sensor construction and use in
communication systems and, in an embodiment described herein, more particularly

provides a hydrophone for use in a downhole tool.

Many abplications exist for hydrophones and other pressure pulse sensors.
For example, in the downhole environment, a hydrophone may be used in a tool to
receive signals transmitted as pressure pulses from the surface, a sensor may
monitor seismic signals that create pressure waves in. a wellbore, a drill string may
include a sensor to monitor hydrostatic pressure waves during drilling, etc. Of

course, applications exist in other environments as well.

Unfortunately, conventional hydrophones and other pressure sensors are
typically somewhat fragile, do not respond well to low frequency pressure waves and
are sensitive to movement of the tools carrying the sensors. The fragility and tool
movement sensitivity problems are undesirable in any environment, but are
particularly detrimental in the downhole environment where tool movement, shock
and vibration, temperature extremes, etc. are common. Additionally, where a
pressure sensor is used in a downhole signal transmission system, the lack of low
frequency response is very undesirable since it is known that pressure pulses are
attenuated far less at low frequencies and, therefore, low frequency signals may be
transmitted greater distances. Thus, it would be a significant improvement in the art
to provide a pressure sensor that is robust, is insensitive to movement of the tool

carrying the sensor, and which has enhanced low frequency response.

. Hydrophones used in downhole tools are usually each contained in a fluid-

filled chamber, which is isolated from well fluids by a floating piston. Well fluids are
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typically conductive and sometimes corrosive, acidic, or otherwise harmful to
sensors, and so the ﬂoating piston is used to separate the well fluids from the
hydrophone sensor. The fluid contained in the chamber about the sensor is typically

an inert oil, such as silicone ail.

This configuration, wherein a floating piston separates well fluids from oil in
the sensor chamber, has several drawbacks. Maintenance of the sensor is.
inconvenient, since the chamber must be filled with the oil and evacuated of air each
time the sensor is disturbed. 'fhere is a requirement that the special oil be available
each time the sensor is serviced. Additionally, the floating piston must displace to
transmit a pressure pulse thereacross and may hinder the detection of low frequency
pressure puises by the sensor, due to the mass of the piston and the friction

between its seals and the bore in which it reciprocates.

Therefore, it may be seen that it would be very desirable to provide an
improved and more convenient method of isolating a sensor from well fluids.
Furthermore, it would be very desirable to enhance the low frequency response of a

pressure sensor while obtaining the improved isolation from well fluids.

SUMMARY OF THE INVENTION
In carrying out the princibles of the present invention, in accordance with an
embodiment thereof, a hydrophone is provided which includes multiple piezoelectric

crystals arranged in a stack. Methods associated with improved pressure sensors

are also provided.

In one aspect of the present invention, a pressure pulse sensor is provided

which includes at least one lead titanate piezoelectric crystal. The crystal is sensitive



-3-
to axial forces applied thereto, but is relatively insensitive to lateral forces. The
crystal is, therefore, insensitive to lateral accelerations of the fixture or tool holding

the sensor. Preferably, the crystal is generally disc-shaped.

In another aspect of the present invention, a stack of piezoelectric crystals are
used in a pressure pulse sensor. The crystals may be axially aligned and may be
adhered to each other to thereby permit transmission of tensile forces therebetween.
Acceleration of a tool in which the sensor is carried will preferably create tension in
one portion of the crystal stack and compression in andther portion of the stack,
when the acceleration is along the axis of the stack. In this manner, the output of the
crystals in tension due to the acceleration will cahcel the output of the crystals in
compression due to the acceleration, thereby eliminating any contribution of the tool

movement to the sensor output.

In a further aspect of the present invention, the stack of piezoelectric crystals
"~ are mounted to a tool so that écce!eration of the tool along an axis of the stack
produces compressive forces in one portion of the stack and tensile forces in another
portion of the stack. In _several described embodiments, a mounting portion of the
sensor is aligned with a. center of mass of the crystal stack. When the center of
mass of the crystal stack is accelerated along the stack axis by the mounting portion, -
one portion of the stack is in compression and ancther portion of the stack is in

tension.

In yet another aspect of the present invention, a membrane may be used to
isolate one or more piezoelectric crystals of a sensor from fluid surrounding the

sensor. Preferably, the crystals are in direct contact with the membrane and the
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membrane completely encloses the crystals. The membrane does, however, permit

transmission of fluid pressure puises from the fluid to the crystals.

In still another aspect of the present invention, a membrane enclosing one or
more piezoelectric crystals of a sensor is sealed to a bulkhead. At least one
conductor extends outwardly from the crystals, through the membrane and into the
bulkhead. The membrane may apply a compressive force to the bulkhead at a
circuitous path formed on the bulkhead. Additionally, the membrane may extend into
a passage formed in the bulkhead through which the conductor extends, and the

membrane may be mixed with an insulating substance in the passage.

These and other features, advantages, benefits and objects of the present
invention will become apparent to one of ordinary skill in the art upon careful
consideration of the detailed description of representative embodiments of the

invention hereinbelow and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic partially cross-sectional view of a method embodying
principles of the present invention;
FIGS. 2A&B are top plan and cross-sectional views, respectively, of a first
hydrophone embodying principles of the present invention:
FIGS. 3A&B are top plan and cross-sectional views, respectively, of a second
hydrophone embodying principles of the present invention:;
| FIGS. 4A&B are top plan and cross-seétional views, respectively, of a third
hydrophone embodying principles of the present invention:
FIG. 5 is a cross-sectional view of a fourth hydrophone embodying prin.ciples

of the present invention; and
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FIG. 6 is a cross-sectional view of a fifth hydrophone embodying principles of

the present invention.
' DETAILED DESCRIPTION

Representatively illustrated in FIG. 1 is a method 10 which embodies
principles of the present invention. In the following description of the method 10 and
other apparatus and methods described herein, directional terms, such as “above”,
"beiow", “upper”, “lower”, etc., are used for convenience in referring to the
accompanying drawings. Additionally, it is to be understood that the various
embodiments of the present invention described herein may be utilized in various
orientations, such as inclined, inverted, horizontal, vertical, etc., without departing

from the principles of the present invention.

In the method 10, a pressure pulse sensor 12 is installed in a downhole tool
14, which is positioned in a well suspended by a tubing string 16. Attached to a
wellhead 18 at the earth's surface is an acoustic impulse gun or air gun 20, or
another type of pressure pulse transmitter. The gun 20 is used to apply a series of
pressure pulses to fluid 22 in the well, to thereby transmit a signal to the remotely
located sensor 12. A suitable gun for use in the method 10 is described in
copending application serial no. 09/184,794, the disclosure of which is incorporated
herein by this reference. Note that the fluid 22 may be liquid, gas, or a combination
of liquid and gas, and the signal may be transmitted through the fluid outside of the
tubing string 16, inside the tubing string, or a combination of inside and outside the

tubing string.

it is to be clearly understood that the principles of the present invention are

not limited to applications in which a pressure pulse sensor is installed in a tool
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attached to a tubing string positioned in a well and a pressure pulse transmitter is
positioned at the earth's surface to transmit a signal through fluid in the well as
described above for the method 10. Instead, principles of the present invention may
be incorporated in many other applications. For example, the tool 14 could be
conveyed on wireline or slickline, the sensor 12 could be installed in casing 24 lining
the well, the pressure pulse transmitter 20 could be in the well, the sensor could be

installed in an environment other than a well, etc.

Due to the advances in the art provided by the present invention, which are
described in detail below, the applicants are now able to communicate signals via
pressure pulses between the gun 20 and the sensor 12 at frequencies less than 20
Hz. Preferably, signals are transmitted at frequencies between 1 and 20 Hz in the
method 10. Such low frequency pressure pulse signals are received at far greater

depths than before possible with conventional pressure pulse sensors.

Referring additionally now to FIGS. 2A&B, a hydrophone 30 embodying
principles of the present inveﬁtion is representatively iIIustfated. The hydrophone 30
may be used for the sensor 12 in the method 10, or in other methods. The
hydrophone 30 has capabilities which enable the low frequency communication
desirable for the method 10. Additionally, the hydrophone 30 is convenient to
manufacture and maintain, is robust, is highly sehsitive to pressure pulses applied

thereto, and is insensitive to movements of the tool in which it is installed.

The hydrophone 30 includes multiple generally disc-shaped piezoelectric
crystals 32, which are arranged so that they are axially aligned in a stack 34. Thus,
the stack axis 36 corresponds to the axis of each of the individual crystals 32. For

purposes that are described more fully below, the crystals 32 are adhered to each
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other, for example, using an adhesive, so that tensile force may be transmitted from

each crystal to adjacent crystals.

The stack 34 is enclosed by a relatively thin membrane 38. The membrane
38 isolates the crystals 32 from contact with fluid surrounding the hydrophone 30, but
permits pressure puises to be transmitted from the fluid to the crystals. For example,
in the method 10, the hydrophone 30 could be directly exposed to the well fluid 22,
without risk of damage to the crystals 32. Note that the membrane 38 eliminates the
need for an oil-filled chamber surrounding the hydrophone 30 and enhances the

sensitivity of the hydrophone to pressure pulses applied thereto.

Preferably, the membrane 38 is made of an epoxy material and is in direct
contact with the crystals 32 for maximum transmission of pressure pulses. However,
it is to be clearly understood that other materials may be used for the mefnbrane 38,
and that it is not necessary for the membrane to be in direct contact with the crystals

32, in keeping with the principles of the present invention.

The crystals 32 are wired in parallel using conductors 40. The conductors 40
are attached to connectors 42 for interconnection of the hydrophone 30 to a tool's

communication system.

Note that the crystal stack 34, the conductors 40 and the connectors 42 are all
contained by the material, such as epoxy, of which the membrane 38 is also formed.
This configuration makes for a very robust sensor which is also very convenient to
install and maintain in a tool. The disc-shaped construction of the crystals 32, and

their combination into the stack 34, also contributes substantially to the robustness of

the hydrophone 30.
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The connectors 42 are positioned in a mounting portion 44 of the hydrophone
30. The mounting portion 44 is generally annular-shaped and extends radially
outward from the membrane 38. The mounting portion 44 is substantially thicker
laterally and axially than the membrane 38 and is capable of serving as a facility for
mounting the hydrophone 30 to a tool. Holes 46 are provided through the mounting
portion 44 for fasteners (not shown) to attach the hydrophone 30 to a tool. Of
course, other means of attaching the hydrophone 30 to a tool or other device may be

provided without departing from the principles of the present invention.

The mounting portion 44 serves another purpose in the hydrophone 30, which
substantially erihances the functionality of the hydrophone. Specifically, the
mounting portion 44 is configured so that it ensures that acceleration of the tool (to
which the hydrophone 30 is attached) along the axis 36 does not contribute to the
output of the hydrophone. In part, this result is achieved by aligning the mounting

portion 44 with a center of mass 48 of the stack 34.

When the tool, device, fixture, etc. to which the hydrophone 30 is attached is
accelerated along the axis 36, the mounting portion 44 transfers this acceleration to
the center of'mass 48 of the stack 34. It will be readily appreciated by one skilied in
the art that acceleration of the center of mass 48 along the axis 36 in the upward
direction as viewed in FIG. 2B will cause compression of the crystals 32 above the
center of mass and will céuse extension of the crystals below the center of mass.
Since the crystals 32 are wired in parallel and piezoelectric crystals produce opposite
outputs in response to compression and extension of the crystals, the outputs of the
crystals due to acceleration along the axis 36 cancel each other out. Thus, the

configuration of the mounting portion 44 ensures that tool movement, vibration,
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shock loads, etc. along the axis 36 result in compression in one portion of the stack
34 and tension in another portion of the stack, thereby permitting the outputs due to
the compression and tension of the crystals 32 to cancel out so that the overall
output of the hydrophone 30 includes no contribution due to movement of the tool

along the axis 36.

Another feature of the hydrophone 30 reduces or eliminates any contribution
to the hydrophone output of tool movement in the lateral direction, that is,
perpendicular to the axis 36. The crystals 32 are preferably made of lead titanate,
which, when configured aé in the hydrophone 30, are substantially insensitive to
lateral forces applied thereto. Thus, the hydrophone 30 output does not include
contributions due to either axial or lateral movement of the tool to which it is

attached.

It is to be clearly understood that it is not necessary for a pressure pulse
sensor constructed in accordance with the principles of the present invention to
include lead titanate piezoelectric crystals, or for such a pressure pulse sensor to
include multiple lead titanate crystals. For example, a hydrophone could include only
one lead titanate crystal, or could include multiple crystals of another material, or a
combination of materials including lead titanate, etc. Additionally, note that the stack
34 of the hydrophone 30 includes an even number of crystals 32, with the center of
mass 48 being located between equal whole numbers of the crystals above and
below the center of mass. However, an odd number of the crystals 32 could be
used, with the center of mass 48 being located within one of the crystals. Therefore,
it may be clearly seen that the principles of the present invention are not limited by

the details of the specific embodiments described herein.
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Referring additionally now to FIGS. 3A&B, another hydrophone 50 embodying
principles' of the present invention is representatively illustrated. The hydrophone 50
is similar in many respects to the hydrophone 30 described above, but differs in at
least one respect in the manner in which it is mounted to a tool, fixture, or other

device.

The hydrophone 50, like the hydrophone 30, includes a stack 52 of generally
disc-shaped piezoelectric crystals 54 aligned with an axis 56. The stack 52 is
enclosed by a relatively thin membrane 58 which isolates the stack 52 from contact
with fluid surrounding the hydrophone 50, but permits pressure pulses to be
transmitted from the fluid to the crystals 54. The crystals 54 may be lead titanate or

another material.

The hydrophone 50 includes a mounting portion 60 which is aligned ‘with a
center of mass 62 of the stack 52, so that acceleration forces applied to the
mounting portion are transferred to the stack center of mass. In this manner, like in
the hydrophone 30, when the tool to which the hydrophone 50 is attached
accelerates upwardly along the axis 56 as viewed in FIG. 3A, the portion of the stack
52 above the center of mass 62 will be compressed and the portion of the stack
below the center of mass will be extended. Of course, the opposite will occur when
the tool is accelerated downwardly along the axis 56. Thus, the output of the
hydrophone 50 will include no contribution due to the acceleration of the tool along
the axis 56. Additionally, if the crystals 54 are made of lead titanate, the hydrophone
50 output may also not include any contribution due to the acceleration of the tool

perpendicular to the axis 56.
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Note that the mounting portion 60 differs in at least one significant respect
from the previously described mounting poﬁion 44 of the hydrophone 30 in that it is
attached at opposite lateral sides 64 of the stack 52. These attachments are at ends
of two legs 66 of the yoke-shaped upper part of mounting portion 60. The two legs
66, ét their attachment to the stack 52 via the membrane 58, have the c_enier of
mass 62 centered between them, both laterally and longitudinally. Thus, when the
mounting portion 60 is made to accelerate due to acceleration of the tool to which it

is mounted, that acceleration is transferred to the center of mass 62 of the stack 52.

The lower part of the mounting portion 60 has threads 68 formed thereon for
installing the hydrophone 50 in a tool, fixture or other device. A seal 70 provides
fluid isolation for connectors 72 in the mounting portion 60, and the connectors are
interconnected to the crystals 54 in parallel via conductors 74, which extend through

the legs 66.

An opening 76 is formed through the hydrophone 50 between the membrane
58 and the mounting portion 60. The opening 76 ensures that fluid pressure is

applied substantially evenly or symmetrically to the crystals 54.

Ih the hydrophone 50, there are eleven crystals 54 and the center of mass 62
is within a middle one of the crystals. Thus, the hydrophone 50 illustrates that there
may be an odd number of crystals 54 and the mounting portion 60 may be aligned
with a center of mass 62 within one of the crystals, without departing from the

principles of the present invention.

Referring additionally now to FIGS. 4A&B, another hydrophone 80 embodying

principles of the present invention is representatively illustrated. The hydrophone 80
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is similar in many respects to the hydrophone 50 describéd above, but differs in at

least one significant respect in the configuration of its mounting portion 82.

In the hydrophone 80, the mounting portion 82 has yoke legs 84 which extend
parallel to a longitudinal axis 86 of a stack 90 of piezoelectric crystals 92, instead of
extending perpendicular to the axis 56 as in the hydrophone 50. Nevertheless, the
attachment of the legs 84 to opposite .lateral sides of the stack 90 remains aligned
with the stack center of mass 88. The hydrophone 80 also includes an opening 94
formed between the mounting portion 82 and a membrane 96 enclosing the stack

90, for even or syrhmetrical application of fluid pressure to the crystals 92.

FIG. 4A shows an alternate cbnstruction of the hydrophone 80 in which the
legs 84 extend completely circumferentially about the stack 90 and, thus, are not
really "legs", since they then join to form a hollow cylinder. in that case, the opening
94 is placed in fluid communication with fluid surrounding the hydrophone 80 via
another opening (not shown) extending laterally through the hollow cylinder formed

by the "legs” 84.

Referring additionally now to FIG. 5, another hydrophone 100 embodying
principles of the present invention is representatively illustrated. The hydrophone

100 is depicted mounted within a tool, fixture or other device 102.

As with the other hydrobhones described above, the hydrophone 100 includes
a stack 104 of axially aligned piezoelectric crystalé 106 enclosed' by a relatively thin
membrane 108. However, the hydrophone 100 does not have a discreet point or

points at which it is mounted to the tool 102. Instead, the hydrophone 100 includes a
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mounting portion 110 which is distributed in an arifiular space between the

membrane 108 and the tool 102.

The mounting portion 110 is made of a very compliant material, such as an
elastomer, which permits limited movement of the stack 104 relative to the tool 102.
A radially enlarged portion 112 of the membrane 108 prevents inadvertent removal
of the stack 104 from within the mounting portion 110 and provides a location for
connectors, such as the connectors 42 of the hydrophone 30. The radially enlarged

portion 112 is also aligned with a center of mass 114 of the stack 104.

- The hydrophone 100 illustrates that it is not necessary for a pressure pulse
sensor constructed in accordance with the principles of the present invention to have

discreet mounting points for attachment to a tool.

Referring additionally now to FIG. 6, another hydrophone 120 embodying
principles of the present invention is repreSentatively illustratéd. Unlike the
hydrophones 30, 50, 80, 100 described above, the hydrophone 120 does not have a
mounting portion aligned with a center of mass of a stack of crystals. However, the

hydrophone 120 does include features which permit enhanced interconnection of

hydrophones and other sensors to tools.

Specifically, the hydrophone 120 includes a bulkhead 122, which is provided
with threads 124 and annular grooves 126 for seals (not shown) for securely and
sealingly attaching the hydrophone 120 to a tool. The bulkhead 122 enables
conductors 128 to pass from the interior of a membrane 130 enclosing a stack 132 of

crystals 134, which may be surrounded by pressurized fluid, to the interior of a tool,

which must be isolated from the fluid.
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In one unique featite of the hydrophone 120, the iémbrane 130 is formed so
that it exerts an inwardly directed force on threads 136 which form a circuitous path
on the bulkhead 122. Specifically, in the preferred embodiment, the membrane 130
is made of an epoxy material which contracts as it cures. The epoxy material is
introduced into a mold which is attached to the bulkhead 122 and, as the epoxy
material cures, it grips tightly about the threads 136, thereby preventing fluid

communication between the epoxy material and the threads.

in another uhique feature of the hydrophone 120, the epoxy material extends
into a tube 138 brazed to the bulkhead 122. The tube 138 preferably contains an
insulating substance 140, such as magnesium oxide powder. As the epoxy material
is introduced into the mold as described above, some of the epoxy enters the tube
138 and mixes with the insulating substance 140. This mixture 142 forms a plug
which further prevents fluid communication through an internal péssage 144 of the

tube 138.

The hydrophone 120 may then be installed in a tool with the stack 132
enclosed by the membrane 130 being exposed to pressurized well fluids, while the
conductors 128 extend through the bul.khead 122 and into the interior of the tool

isolated from the well fluids.

Of course, a person skilled in the art would, upon a careful consideration of
the above deécription of representative embodiments of the invention, readily
appreciate that many _modiﬂcations,_ additions, substitutions, deletions, and other
changes may be made to these specific embodiments, and such changes are
contemplated by the principles of the present invention. Accordingly, the foregoing

detailed description is to be clearly understood as being given by way of illustration
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and example only, the spirit and scope of the present invention being limited solely _

by the appended claims.

WHAT IS CLAIMED IS:
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at least one lead titanate piezoelectric crystal.

2. The sensor according to Claim 1, wherein the crystal is generally disc-
shaped.

3. The sensor according to Claim 2, wherein the sensor includes multiple
ones of the disc-shaped crystals in a stack.

4. The sensor according to Claim 3, wherein the crystals are wired together in
parallel. |

5. The sensor according to Claim 1, wherein the sensor includes multiple
ones of the crystals in a stack, and wherein the stack is mounted so that acceleration
applied to the stack along a longitudinal axis of the stack applies a compressive
force to a first portion of the stack and a tensile force to a second portion of the
stack.

6. The sensor according to Claim 5, wherein there are equal numbers of the
crystals in the first and second stack portions.

7. The sensor according to Claim 1, wherein the sensor includes multiple
ones of the crystals in a stack, and wherein the stack is mounted so that acceleration
applied to the stack along a longitudinal axis of the stack applies a compressive
force to a first portion of the stack and a tensile force to a second portion of the
stack.

8. The sensor according to Claim 7, wherein there are equal numbers of the
crystals in the first and second stack portions.

9. The sensor according to Claim 1, wherein the sensor includes multiple

ones of the crystals in a stack, the stack having a center of mass, and wherein the
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stack is mounted so that acceleration applied to the stack along a longitudinal axis of
the stack applies a compressive force to a first portion of the stack on a first side of
" the center of mass and a tensile force to a second portion of the stack on a second
side of the center of mass.

10. The sensor according to Claim 9, wherein there are equal numbers of the
crystals in the first and second stack portions.

11. A pressure pulse sensor, comprising:

a stack of piezoelectric crystals, the stack having a longitudinal axis, and
acceleration of the sensor along the longitudinal axis produéing a compressive force
in a first portion of the stack and a tensile force in a second portion of the stack.

12. The sensor according to Claim 11, wherein the stack has a center of
mass, and wherein the first stack portion is on a first side of the center of mass and
the second stack portion is on a second side of the cenfer of mass.

13. The sensor according to Claim 12, wherein equal numbers of the crystals
are on the first and second sides of the center of mass.

14. The sensor according to Claim 11, wherein an output of the first portion
dﬁe to acceleration of the sensor along the longitudinal axis cancels out an output of
the second portion due to acceleration of the sensor along the longitudinal axis.

15. The sensor according to Claim 11, further comprising a mounting portion
configured for mounting the sensor, the mounting portion being attached to the

stack.

16. The sensor according to Claim 15, wherein the mounting portion is

S
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attached at the center of mass of the stack.
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17. The sensor according to Claim 15, wherein the mounting portion includes
a generally ring-shaped member encircling the stack.

18. The sensor according to Claim 17, wherein the ring-shaped member is
centered longitudinally between the first and second stack portions.

19. The sensor according to Claim 15, wherein the mounting portion is
included as a part of an enclosure surrounding the stack.

20. The sensor according to Claim 19, wherein the enclosure includes a
membrane portion which isolates the stack fro\m contact with fluid surrounding the
sensor while transmitting pressure from the fluid, to the stack.

21. The sensor according to Claim 15, wherein the mounting portion is
attached at opposite lateral sides of the stack.

22. The sensor according to Claim 21, wherein the mounting portion includes
a yoke having multiple legs, each leg being attached to the stack.

23. The sensor according to Claim 22, wherein the yoke legs are attached to
the stack at points centered between the first and second stack portions.

24. The sensor according to Claim 22, wherein the yoke legs extend parallel
with the stack longitudinal axis.

25. The sensor according to Claim 22, wherein the yoke legs extend
perpendicular to the stack longitudinal axis.

26. The sensor accofding to Claim 15, wherein the mounting portion includes
a relatively compliant attachment of the stack to an outer housing.

27. The sensor according to Claim 26, wherein the compliant attachment at

N

least partially encircles the stack.
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28. The sensor according to Claim 26, wherein the compliant attachmen_t
completely encloses the stack.

29. A pressure pulse sensor, comprising:

a group of multiple piezoelectric crystals aligned with an axis; and

a mounting portion attached to the group of crystals, acceleration of the
mounting portion along the axis causing acceleration of the group of crystals and
producing compression of a first portion of the group of crystals along the axis and
extension of a second portion of the group of crystals along the axis.

30. The sensor according to Claim 29, wherein the mounting portion includes
a membrane isolating the 'crystals from fluid surrounding the sensor and permitting
fluid pressure transfer to the crystals from the fluid.

31. The sensor according to Claim 29, wherein an output of the first portion
due to the acceleration along the axis is canceled out by an output of the second
portion due to the acceleration along the axis.

32. The sensor according to Claim 29, wherein an equal number of crystals
are in the first and second portions.

33. The sensor according to Claim 29, wherein the crystals are made of lead
titanate.

34. The sensor according to Claim 29, wherein the mounting portion is
attached to the group of crystals aligned with a center of mass of the crystals.

35. The sensor according to Claim 29, wherein the crystals are attached to
each other in a manner permitting transfer of tensile force therebetween.

36. The sensor according to Claim 29, wherein the crystals are adhesively

N Y

bonded to each other.
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37. The sensor according to Claim 29, wherein the mounting portion encloses
the group of crystals, the mounting portion having a relatively thin part and a
relatively thick part. |

38. The sensor according to C_Iaim 37, wherein the relatively thin part isolates
the crystals from contact with fluid surrounding the sensor and permits transfer of
fluid pressure from the fluid to the crystals.

39. The sensor according to Claim 37, wherein the relatively thick part is
aligned with a center of mass of the group of ¢rystals.

40. The sensor according to Claim 29, wherein the mounting portion includes
at least one attachment to the group of crystals aligned with a center of mass of the
group of crystals.

41. A pressure pulse sensor, comprising:

at least one piezoelectric crystal; and

a membrane in direct contact with the crystal, the membrane isolating the
crystal from fluid surrounding the sensor and the membrane permitting transfer of
fluid pressure from the fluid to the crystal.

42. The sensor according to Claim 41, wherein the membrane is made of an
epoxy composition.

43. The sensdr according to Claim 41, wherein at least one conductor
extends from the crystal and through the membrane.

44. The sensor according to Claim 41, further comprising a bulkhead

attached to the membrane.

45. The sensor according to Claim 44, wherein the membrane is sealingly

attached to the bulkhead.

* c L L} S *
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46. The sensor according to Claim 45, wherein the membrane exerts an
inwardly directed compressive force to the bulkhead to form a seal therebetween.

47. The sensor according to Claim 45, wherein the membrane contacts the
bulkhead at a circuitous path formed on the bulkhead to form a seal between the
membrane and bulkhead.

48. A sensor assembly, comprising:

at least one sensor element enclosed by a merhbrane; and

at least one conductor extending outwardly from the sensor element, through
the membrane and to a bulkhead, the membrane being attached to the bulkhead
with a pressure-bearing seal.

49. The sensor assembly according to Claim 48, wherein the membrane
extends at least partially into the bulkhead.

50 The sensor assembly according to Claim 48, wherein the bulkhead
includes a passage into which the conductor extends.

51. The sensor assembly according to Claim 50, wherein the passage
contains an insulating substance surrounding the conductor and insulating the
conductor from the bulkhead.

52. The sensor assembly according to Claim 51, wherein the insulating
substance is magnesium oxide powder.

- 53. The sensor assembly according to Claim 51, wherein the membrane is
made of a material which cures from a liquid state, and wherein the membrane is
mixed with the insulating substance in the bulkhead prior to curing.

54. A method of transmitting a signal via pressure pulses, the method

* c L N S *

comprising the steps of:
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installing a pfessui"é pulse sensor at a location refriote from a pressure 'pulse
source;

generating pressure pulses carrying the signal from the pressure pulse
source, the pressure pulses being generated at less than 20 Hz; and

receiving the pressure pulses at the pressure pulse sensor, the pressure
pulse sensor generating an output in response to the pressure pulses.

55. The method according to Claim 54, wherein in the installing step, the
pressure pulse sensor includes at least one lead titanate piezoelectric crystal.

56. The method according to Claim 54, wherein in the installing step, the
pressure pulse sensor includes a stack of piezoelectric crystals.

57. The method according to Claim 54, wherein in the installing step, the
pressure pulse sensor includes at least one piezoelectric crystal enclosed by a
membrane, the membrane isolating the crystal from fluid surrounding the sensor and
permitting transfer of fluid pressure from the fluid to the crystal.

58. A method of transmitting a signal in a subterranean well, the method
comprising the steps of:

installing a pressure pulse sensor in the well;

generating pressure pulses from a pressure pulse source remote from the
pressure pulse sensor, the pressure pulses carrying the signal and being generated
at less than 20 Hz, and the pressure pulses being transmitted through fluid in the
well between the pressure pulse source and the pressure pulse sensor; and

receiving the pressure pulses at the pressure pulse sensor, the pressure

pulse sensor generating an output in response to the pressure pulses.

* [ L M [ *
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59. The method é(_:t‘:ording to Claim 58, whéreiﬁ in the generating step, the
fluid is a selected one of liquid, gas, and a combination of Iiduid and gas.

60. The method according to Claim 58, wherein in the installing step, the
pressure pulse sensor includes at least one lead titanate piezoelectric crystal.

61. The method according to Claim 58, wherein in the installing step, the
pressure pulse sensor includes a stack of piezoelectric crystals.

62. The method according to Claim 58, wherein in the installing step, the
pressure pulse sensor inclﬁdes at least one piezoelectric crystal enclosed by a
membrane, the membrane isolating the crystal from fluid surrounding the sensor and

permitting transfer of fluid pressure from the fluid to the crystal.

* c L M § *



