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(57) Abregé/Abstract:

An embodiment of a piezoelectric assembly for an ultrasonic flow meter comprises a piezoelectric element including a first face and
a second face. In addition, the piezoelectric assembly comprises a first electrode engaging the first face. Further, the piezoelectric
assembly comprises a second electrode engaging the second face. Still further, the piezoelectric assembly comprises an
electrically conductive shim connector attached to the first electrode. Moreover, the piezoelectric assembly comprises a first wire
electrically coupled to the shim connector.
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FIG. 7

(57) Abstract: An embodiment of a piezoelectric assembly for an ultrasonic tlow meter comprises a piezoelectric element mclud-
ing a first face and a second face. In addition, the piezoelectric assembly comprises a first electrode engaging the first face. Fur-
ther, the piezoelectric assembly comprises a second electrode engaging the second face. Still further, the piezoelectric assembly

es a first wire electrically coupled to the shim connector.

o comprises an electrically conductive shim connector attached to the first electrode. Moreover, the piezoelectric assembly compris-
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TRANSDUCER HAVING A ROBUST ELECTRICAL CONNECTION
TO A PIEZOELECTRIC CRYSTAL

BACKGROUND

Field of the Invention

[0001] The invention relates generally to the liquid and gas ultrasonic flow meters. More
particularly, the invention relates to a robust electrical connection to the piezoelectric crystal of
a transducer employed in an ultrasonic flow meter.

Background of the Technology

[0002] After hydrocarbons have been removed from the ground, the fluid stream (either in a
liquid phase or a gaseous phase) is transported from place to place via pipelines. It is
desirable to know with accuracy the amount of fluid flowing in the stream, and particular
accuracy is demanded when the fluid is changing hands, or during "custody transter." Even
where custody transfer is not taking place, however, measurement accuracy is desirable, and
in these situations ultrasonic flow meters may be used.

[0003] An ultrasonic flow meter typically includes two or more transducer assemblies, each
secured inside of a port in the body of the flow meter. The body of the flow meter may also be
referred to as a spool piece. To contain the transported fluid within the flow meter, a connector
is secured over the exterior end of each transducer port in the spool piece. Thus, the spool piece
and end connectors create a pressure boundary and housing that contains the fluid flowing

through the meter.

[0004] To measure fluid flow through the meter, a pair of transducer assemblies is positioned

along the inner surface of the spool piece, such that each transducer assembly faces the other on
opposite sides of the fluid flow through the bore of the spool piece. Each transducer assembly
includes a piezoelectric element. When an alternating current is applied to the piezoelectric
element of the first transducer assembly of the pair, the piezoelectric element responds by
radiating an ultrasonic wave through the fluid flowing through the flow meter. When the wave
is incident upon the piezoelectric element of the second transducer assembly of the pair, the
second transducer assembly responds by generating an electric signal. Some time later, an
alternating current is applied to the piezoelectric element of the second transducer assembly, and
the second piezoelectric element responds by radiating an ultrasonic wave through the fluid in

the flow meter to the first transducer assembly. When the wave is incident upon the

1
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piezoelectric element of the first transducer assembly, that transducer assembly responds by
generating an electric signal. In this way, the transducer assemblies transmit and receive signals
back-and-forth across the fluid stream.

[0005] Each transducer assembly is connected to a cable that extends through the end
connector to the exterior of the spool piece and a remote location, such as an electronics base
enclosure typically mounted to the outside of the spool piece. The cable carries the electric
signal created by the piezoelectric element of the particular transducer assembly to an
acquisition board positioned within the electronics base enclosure or electronic package, where
the signal may be processed and subsequently used to determine the fluid flow rate through the
meter.

[0006] Electrical connections to the piezoelectric element allow for the communication of
electrical signals to and from the piezoelectric crystal. During operations of an ultrasonic
flow meter, temperature fluctuations are a common source of stress on the electrical
connections to the piezoelectric element. For example, liquid ultrasonic flow meters can have
temperature ratings of -50 to +150°C or greater and their transducers need to be able to
remain functional over the full temperature range. Additionally, ultrasonic flow meters that
measure cryogenic liquids such as liquid natural gas (LNG) may experience temperature
swings between ambient temperature (approximately 20°C) or higher and the temperature of
the LNG (approximately -161°C) or lower. Although efforts are made to keep the rate of
temperature change low (i.e., keep the change in temperature per unit time low), rapid
temperature changes (i.e., thermal shock) can occur. Temperature changes can exert stress on
the electrode connections through differences in the coefficients of thermal expansion (CTEs)
of the various materials making up the transducer.

(0007] The piezoelectric crystal contains two electrodes - a negative electrode and a positive
electrode. Typically, an electrical connection to each electrode is accomplished by soldering
a wire directly to each electrode. The piezoelectric crystal is held in place in the crystal
holder of the transducer assembly using epoxy that also acts as a back matching layer to
improve acoustical performance by increasing the bandwidth of the transducer.

[0008] Epoxy is often used to encapsulate all or a portion of the piezoelectric crystal and
associated wires. In addition to improving acoustical performance, the epoxy also helps to
protect the piezoelectric crystal, wires, and electrical connection from corrosion and
mechanical shock. The epoxy encapsulation does have a downside, however, in that the CTE

of the epoxy typically differs substantially from that of the piezoelectric crystal. Epoxies
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typically have CTEs of 15 to 100 ppm/°C, while a piezoelectric material such as lead
zirconate titanate (PZT) typically has a CTE of approximately 3.6 ppm/°C. For a given
temperature change, the epoxy dimensions change more than the piezoelectric crystal
dimensions. The net effect is that the dimensional changes of the epoxy tend to exert a force
at the point where the wire is attached to the electrode and can cause a portion of the electrode
material to break apart from of the piezoelectric material.

[0009] The fact that the electrical connection to the electrode tends to be kept as small as
possible further worsen the stress problem since it concentrates the stress along a relatively
small surface area the electrode. For example, if the electrical connection is a solder joint, it
is typically kept as small as possible to minimize heating of the electrode and piezoelectric
crystal since too much heat from soldering iron can cause damage to the electrode or
piezoelectric material. If the electrical connection is accomplished with conductive epoxy, the
electrical connection can be made a little larger by spreading out the individual strands within
the wire to increase the area of contact with the electrode but this does increase the difficulty
in making the electrical connection.

[0010] An alternative method to making the electrical connection to the electrode 1s to use a
spring or spring-loaded mechanism that biases the electrical connection into engagement with
the electrode such that the connection can freely slide over the electrode of the piezoelectric
crystal. However, this type of electrical connection can degrade over time due to corrosion of
the electrode material and/or connection mechanism causing the electrical resistance of the
connection to increase over time.

[0011) Accordingly, there remains a need in the art for a more robust electrical connection to
the electrodes of a piezoelectric element of a transducer assembly. The electrical connection
would be particularly well received if it offered the potential to withstand thermal and
mechanical stresses experienced during operation over a relatively broad range of

temperatures and applications.

BRIEF SUMMARY OF THE DISCLOSURE

[0012) These and other needs in the art are addressed in one embodiment by a piezoelectric
assembly for an ultrasonic flow meter. In an embodiment, the piezoelectric assembly
comprises a piezoelectric element including a first face and a second face. In addition, the
piezoelectric assembly comprises a first electrode engaging the first face. Further, the

piezoelectric assembly comprises a second electrode engaging the second face. Still further,

the piezoelectric assembly comprises an electrically conductive shim connector attached to
3
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the first electrode. Moreover, the piezoelectric assembly comprises a first wire electrically

coupled to the shim connector.

[0013] These and other needs in the art are addressed in another embodiment by an ultrasonic
flow meter for measuring the flow of a fluid through a pipeline. In an embodiment, the
ultrasonic flow meter comprises a spool piece including a throughbore and a transducer port
extending from the outer surface of the spool piece to the throughbore. In addition, the
ultrasonic flow meter comprises a transducer assembly disposed in the transducer port. The
transducer assembly comprises a case having a central axis, a first end, and a second end
opposite the first end. The case also includes a throughbore extending axially between the
first end and the second end. Further, the second end comprises an opening to the
throughbore of the case. The transducer assembly further comprises a crystal holder at least
partially disposed in the throughbore of the case and extending axially from through the
opening. The crystal holder is coaxially aligned with the case and has a first end disposed In
the throughbore of the case and a second end distal the case. In addition, the transducer
assembly comprises a piezoelectric assembly coupled to the second end of the crystal holder.
The piezoelectric assembly includes a piezoelectric element extending along a central axis
from a first face distal the throughbore of the spool piece to a second face proximal the
throughbore of the spool piece. Further, the piezoelectric assembly includes a first electrode
disposed on the first face. Still further, the piezoelectric assembly includes a second electrode
disposed on the second face. Moreover, the piezoelectric assembly includes a shim connector
attached to the first electrode. In addition, the piezoelectric assembly includes a first wire
electrically coupled to the shim connector and the first electrode, and a second wire

electrically coupled to the second electrode.

0014] Thus, embodiments described herein comprise a combination of features and
advantages intended to address various shortcomings associated with certain prior devices,
systems, and methods. The various characteristics described above, as well as other features,
will be readily apparent to those skilled in the art upon reading the following detailed

description, and by referring to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
0015] For a detailed description of the preferred embodiments of the invention, reference
will now be made to the accompanying drawings in which:
(0016] Figure 1 is a cross-sectional top view of an embodiment of an ultrasonic flow meter;

(0017] Figure 2 is a schematic end view of the flow meter of Figure 1;
4
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[0018] Figure 3 is a top schematic view of the flow meter of Figure 1;

[0019] Figure 4 is an exploded view of an embodiment of an assembly in accordance with the
principles described herein;

[0020] Figure 5 is a cross-sectional view of a transducer housing of Figure 4;

[0021] Figure 6 is an enlarged perspective view of the transducer assembly of Figure 4;

[0022] Figure 7 is a cross-sectional view of the transducer assembly of Figure 4;

(0023] Figure 8 is front view of the piezoelectric assembly of Figure 7;

[0024] Figure 9 is a cross-sectional view of the piezoelectric assembly of Figure 8 taken along
line 9-9;

[0025] Figure 10 is a partial exploded view of the crystal holder and piezoelectric assembly of
Figure 7; and

[0026] Figure 11 is a partial cross-section view of an embodiment of a piezoelectric assembly.

DETAILED DESCRIPTION

[0027] The following discussion is directed to various embodiments of the invention.
Although one or more of these embodiments may be preferred, the embodiments disclosed
should not be interpreted, or otherwise used, as limiting the scope of the disclosure, including
the claims. In addition, one skilled in the art will understand that the following description
has broad application, and the discussion of any embodiment is meant only to be exemplary
of that embodiment, and not intended to intimate that the scope of the disclosure, including
the claims, is limited to that embodiment.

(0028] Certain terms are used throughout the following description and claims to refer to
particular features or components. As one skilled in the art will appreciate, different persons
may refer to the same feature or component by different names. This document does not
intend to distinguish between components or features that differ in name but not function.
The drawing figures are not necessarily to scale. Certain features and components herein may

be shown exaggerated in scale or in somewhat schematic form and some details of
conventional elements may not be shown in interest of clarity and conciseness.

(0029] In the following discussion and in the claims, the terms "including" and "comprising”
are used in an open-ended fashion, and thus should be interpreted to mean "including, but not
limited to... ." Also, the term "couple" or "couples" is intended to mean either an indirect or
direct connection. Thus, if a first device couples to a second device, that connection may be

through a direct connection, or through an indirect connection via other devices, components,



CA 02758843 2013-05-13

and connections. In addition, as used herein, the terms "axial" and "axially" generally mean
along or parallel to a central axis (e.g., central axis of a body or a port), while the terms
"radial" and "radially" generally mean perpendicular to the central axis. For instance, an axial
distance refers to a distance measured along or parallel to the central axis, and a radial
distance means a distance measured perpendicular to the central axis.

[0030] Referring now to Figures 1-3, schematic views of an embodiment of an ultrasonic
flow meter 10 is shown. Meter 10 includes a meter body or spool piece 11 suitable for
placement between sections of a pipeline. Spool piece 11 extends along a central axis 15
between a first or upstream end 11a and a second or downstream end 11b opposite first end
11a. As best shown in Figures 1 and 2, in this embodiment, each end 11a, b each comprises a
mounting flange 12, 13, respectively. In addition, spool piece 11 has a predetermined size
and defines a central through passage 14 extending between ends 11a, b and through which a
measured fluid (e.g., gas and/or liquid) flows.

10031] As shown in Figures 1 and 3, in this embodiment, meter 10 includes four pairs of
transducers disposed in transducer ports positioned along the length of spool piece 11 - a first
pair of transducers 20a, 20b disposed in transducer ports 30a, 30b, respectively, a second pair
of transducers 20c, 20d disposed in transducer ports 30c, 30d, respectively, a third pair of
transducers 20e, 20f disposed in transducer ports 30e, 30f, and a fourth pair of transducers
20g, 20h disposed in transducer ports 30g, 30h, respectively.

0032] Each transducer (e.g., transducer 20a, 20b, 20c, 20d, 20e, 20f, 20g, 20h) is an acoustic
transceiver, and more particularly an ultrasonic transceiver, meaning each generates and
receives acoustic energy having frequencies of above about 20 kilohertz. The acoustic energy
may be generated and received by a piezoelectric element in each transducer. To generate an
acoustic signal, the piezoelectric element is stimulated electrically by way of a sinusoidal
signal, and it responds by vibrating. The vibration of the piezoelectric element generates the
acoustic signal that travels through the measured fluid to the corresponding transducer of the
transducer pair. Similarly, upon being struck by acoustic energy (i.e., the acoustic signal and
other noise signals), the receiving piezoelectric element vibrates and generates a sinusoidal
electrical signal that is detected, digitized, and analyzed by electronics associated with the
meter.

10033] The transducers of each pair of transducers are disposed opposite each other across
through passage 14 and communicate acoustic signals back-and-forth to each other.

Specifically, transducers 20a, 20b are disposed opposite each other across through passage 14

6
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and communicate acoustic signals back-and-forth to each other; transducers 20c, 20d are
disposed opposite each other across through passage 14 and communicate acoustic signals
back-and-forth to each other; transducers 20e, 20f are disposed opposite each other across
through passage 14 and communicate acoustic signals back-and-forth to each other; and
transducers 20g, 20h are disposed opposite each other across through passage 14 and
communicate acoustic signals back-and-forth to each other. An acoustic signal path 22, 23,
24, 25, sometimes referred to as a "chord" or "chordal path," exists between each pair of
opposed transducers 20a, 20b; 20c, 20d; 20e, 20f; and 20g, 20h, respectively.

(0034] Each pair of transducers and associated transducer ports corresponds to a single
chordal path. Each chordal path 22, 23, 24, 25 loosely forms the shape of an "X" with respect
to a different chordal path 22, 23, 24, 25 in top view. As best shown in Figure 2, each pair of
transducers and its corresponding chordal path 22, 23, 24, 25 is disposed at a different "level"
in spool piece 11. Taking Figures 2 and 3 together, the pairs of transducers are arranged such
that the lower two pairs of transducers 20a, 20b and 20c, 20d corresponding to chords 22 and
23, respectively, form the shape of an "X" in top view, and the upper two pairs of transducers
20e, 20f and 20g, 20h corresponding to chords 24 and 235, respectively, also form the shape of
an "X".

[0035] Referring now to Figure 1, the first pair of transducers 20a, 20b will be described in
more detail, it being understood that each pair of transducers of flow meter 10 are similarly
configured and arranged. Chord 22 is disposed at an acute angle 6 relative to centerline 135 1n
top view. The length of chord 22 is the distance between the faces of corresponding pair of
transducers 20a, 20b. As shown in the illustrative pair of transducers 20a, 20b in Figure 1,
points 26 and 27 define the locations where acoustic signals generated by transducers 20a,
20b, respectively, enter and leave fluid flowing through passage 14 of spool piece 11 (i.e., at
the intersection of ports 30a, 30b and passage 14 of spool piece 11). The position of
transducers 20a, 20b may be defined by the angle 6, by a first length L measured between
transducers 20a, 20b, a second length X corresponding to the axial distance between points
26, 27, and a third length "d" corresponding to inner diameter of spool piece 11. In most
cases distances d, X and L are precisely determined during fabrication of the meter (e.g.,
meter 10). Further, the pair of transducers 20a, 20b are usually placed a specific distance
from points 26, 27, respectively, regardless of meter size (i.e., spool piece size). A fluid, such
as crude oil or natural gas, flows in a direction 2 with a velocity profile 3. Velocity vectors 4-

9 illustrate that the gas velocity through spool piece 11 increases toward the centerline 15.

7
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[0036] Referring still to the illustrative pair of transducers 20a, 20b shown in Figure 1,
initially, downstream transducer 20a generates an acoustic signal that propagates across the
fluid in the spool piece 11, and is then incident upon and detected by upstream transducer
20b. A short time later (e.g., within a few milliseconds), the upstream transducer 20b
generates a return acoustic signal that propagates back across the fluid in the spool piece 11,
and is then incident upon and detected by the downstream transducer 20a. Thus, the
transducers 20a, 20b play "pitch and catch" with acoustic signals 22a along chordal path 22.
During operation, this sequence may occur thousands of times per minute. When sound
energy travels from first transducer 20a to the second transducer 20b, it travels against the
fluid flow (i.e., upstream), and when sound energy travels from the second transducer 20b to
the first transducer 20a, it travels with the fluid flow (i.e., downstream).

[0037] The time it takes the sound energy to travel from one transducer to the other is termed
the "transit time." The transit time of the acoustic signal 22a between transducers 20a, 20b
depends in part upon whether the acoustic signal 22a is traveling upstream or downstream
with respect to the fluid flow. The transit time for an acoustic signal traveling downstream
(i.e., in the same direction as the fluid flow) is less than its transit time when traveling
upstream (i.e., against the fluid flow). The upstream and downstream transit times can be
used to calculate the average velocity along the signal path, and the speed of sound in the
measured fluid. In particular, the difference in upstream and downstream transit times for the
chord (e.g., chord 22) is used to determine the mean fluid flow velocity for that chord.
Additionally, the average speed of sound for the chord can also be determined from the sum
of the upstream and downstream transit times. If the meter contains multiple chords, the

mean flow velocity for the meter is obtained by numerically integrating (i.e., taking an

appropriately weighted average of) the mean chordal flow velocities. The volumetric flow
rate through the meter is then the product of the mean flow velocity for the meter and the
cross-sectional area of the meter.

[0038] In general, ultrasonic flow meters can have one or more acoustic signal paths. For
example, as best shown in Figures 2 and 3, in this embodiment, ultrasonic flow meter 10
actually comprises four chordal paths 22, 23, 24, 25 and associated acoustic signals 22a, 23a,
24a, 25a, respectively, at varying levels within the spool piece 11. Each chordal path 22, 23,
24, 25 corresponds to a transducer pair behaving alternately as a transmitter and receiver
similar to first transducer pair 20a, 20b previously described. Also shown in Figure 2 i1s

electronics control package or enclosure 80, which controls acoustic signal generation, and



CA 02758843 2013-05-13

acquires and processes the data from the four chordal paths 22, 23, 24, 25. The flow velocity
of the fluid may be determined at each chord 22, 23, 24, 25 to obtain chordal flow velocities,
and the chordal flow velocities combined to determine an average flow velocity over the
entire pipe. From the average flow velocity, the amount of fluid flowing in the spool piece,
and thus the pipeline, may be determined.

[0039] Referring now to Figure 4, an embodiment of a transducer assembly 200 for sending
and receiving acoustic signals is shown. Transducer assembly 200 is disposed within and
coupled to a transducer port of an ultrasonic flow meter (e.g., port 30a of flow meter 10). For
example, transducer assembly 200 may be used for any of transducers 20a, 20b, 20¢, 20e, 201,
20g previously described. In this embodiment, transducer assembly 200 comprises a wiring
harness 210, a retaining nut 220, a transducer housing 230, and a transducer 300.

[0040] Wiring harness 210 comprises a cable 211 and a connector 212. Cable 211 has a first or
distal end 211a coupled to electrical connector 212 and a second end (not shown in Figure 4)
coupled to the electronics package of the flow meter. Connector 212 is electrically coupled to
transducer 300 through an aperture in retaining nut 220. Together, cable 211 and connector 212
allow communication of electrical signals between transducer 300 and the meter electronics.
Wiring harness 210, and in particular connector 212, are coupled to the transducer port (e.g.,
port 30a) by way of retaining nut 220 and transducer housing 230.

10041] Transducer 300 telescopes axially into transducer housing 230 and is held in place, at
least in part, by retaining nut 220. When transducer 300 and transducer housing 230 are
engaged, a piezoelectric assembly 400 of transducer 300 acoustically couples to a matching
layer 231 coupled to housing 230. Matching layer 231 provides acoustical coupling between the
piezoelectric element 410 and fluid flowing through the ultrasonic flow meter.

[0042] Referring now to Figure 5, a cross-sectional view of transducer housing 230 is shown.
Housing 230 is generally cylindrical and extends along a central or longitudinal axis 235 from a
first or open end 230a to a second or closed end 230b. In addition, housing 230 includes a
throughbore 232 extending between ends 230a, b. Acoustic matching layer 231 is disposed in
throughbore 232 at second end 230b and occludes end 230b. In this embodiment, an annular
seal 237 is formed between matching layer 231 and housing 230. Thus, throughbore 232
defines an inner chamber or volume 233 within housing 230 that extends axially from open end
230a to matching layer 231. Matching layer 231 has an interior side or inner surface 231a

facing chamber 233 and an exterior side or outer surface 231b exposed to the fluids tlowing

through the flow meter.
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[0043] Housing 230 also includes radially outer or external threads 234 and a pair of annular
seals 2395, each seal 235 being disposed in an annular groove or recess 236 in the radially outer
surface of housing 230. Threads 234 allow housing 230 to threadingly engage the transducer
port in the spoolpiece. Once disposed in the transducer port, seals 235 are radially positioned
between housing 230 and the spoolpiece, and further, sealingly engage housing 230 and the
spoolpiece, thereby restricting and/or preventing fluid from flowing axially between housing
230 and the spoolpiece. Although housing 230 has been described as being threadingly coupled
to the transducer port, in general, any suitable means may be used to couple the transducer
housing (e.g., housing 230) to the spoolpiece including, without limitation, a welded
connection.

[0044] Referring to Figures 4 and 5, transducer 300 is inserted into open end 230a and axially
advanced through inner chamber 233 and throughbore 232 until a piezoelectric assembly 400
abuts inner surface 231a of acoustic matching layer 231. To provide good acoustic coupling,
inner surface 231a and outer surface 231b of acoustic matching layer 231 are substantially flat
and substantially parallel to one another. In some embodiments, surfaces 231a, b are flat to
within 0.001 inch or better and parallel to within 0.003 inches or better. Additionally,
transducer 300 is coaxially positioned in housing 230 such that piezoelectric element 410 1s
radially centered against acoustic matching layer 231. Acoustic matching layer 231 has an
axial thickness (measured parallel to axis 235 of housing 230) that in some embodiments is
substantially equal to an odd multiple of one-quarter (1/4, 3/4, 5/4, 7/4, etc.) wavelength of
the sound within the matching layer at the frequency of operation of the transducer.

[0045] Referring now to Figures 6 and 7, transducer 300 has a central or longitudinal axis 350
and comprises an outer housing 301, a pair of insulated wires 340a, b, a spring 390, and
piezoelectric assembly 400. As previously described, transducer 300 is coaxially disposed
within transducer housing 230 and functions to receive and transmit acoustic signals used to
estimate the volumetric flow rate of a fluid flowing through an ultrasonic meter.

[0046] Elongated housing 301 is generally cylindrical has a central axis coincident with axis
350. In this embodiment, housing 301 comprises two parts - a generally cylindrical transducer
case 302 and a generally cylindrical crystal holder 322 coupled to case 302. Holder 322 and
case 302 each have a central axis coincident with axis 350. In other words, holder 322 and case
302 are coaxially aligned.

[0047] Case 302 extends axially along axis 350 from a first end 302a to a second end 302b, and
includes a throughbore 303 extending between ends 302a, b and an annular flange or rib 304
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extending radially inward into throughbore 303. Annular flange 304 defines a seat 305 that
engages one end of spring 340, which extends axially into throughbore 303. Throughbore 303
1s closed off at end 302a by an end cap 306, however, end 302b defines an opening 307 that
receives holder 322. End cap 306 holds a pair of male electrical terminals 308a, b that extend
axially from end 302a through end cap 306. Consequently, end cap 306 may also be referred to
as terminal holder 306. Terminal 308a is electrically coupled to wire 340a, and terminal 308b is
electrically coupled to wire 340b.

[0048] A fill material 313 fills a portion of throughbore 303 proximal end 302a and surrounds
wires 308a, b. Fill material 313 preferably creates an adhesive bond with end cap 306, the
portion of terminals 308a, b extending into throughbore 303, the radially inner surface of case
302, and wires 308a, b to rigidly hold each of these components in place relative to each other.
In general, the fill material (e.g., fill material 313) may comprise any suitable material such as
plastic or epoxy. In this embodiment, fill material 313 is an epoxy that is Injected into
throughbore 303 through an access hole or port 309 in a flowable, liquid form and then cures
and hardens into a rigid solid. Access hole 309 extends radially through case 302 from
throughbore 303 to the radially outer surface of case 302.

[0049] Referring still to Figures 6 and 7, case 302 also includes an elongate through slot 310
extending radially through case 302 from throughbore 303 to the radially outer surtace of case
302. Elongated slot 310 extends along a central axis 311 from a first end 310a to a second end
310b. Axis 311 is parallel to axis 350. In this embodiment, case 302 also includes connection
key 311, which helps ensure transducer assembly 200 is properly oriented for coupling with
connector 212. Terminal holder 306 may comprise a slot 312 that receives and engages
connection key 311, thereby preventing rotation of terminal holder 306 relative to connector

212.
[0050] Referring still to Figures 6 and 7, crystal holder 322 extends along axis 350 between a

first end 322a disposed in throughbore 303 of holder 302 and a second end 322b distal holder
302. Thus, holder 322 is partially disposed in throughbore 303 of case 302 and extends axially
from opening 307 in end 302b of case 302. Holder 322 also includes a throughbore 323 extends
axially through holder 322 between ends 322ab. At end 322b, holder 322 includes a
counterbore 324 defining an annular recess 325 that extends axially along the radially inner
surface of holder 322 from end 322b.

[0051] The radially outer surface of holder 322 includes an annular shoulder 326 defining a

transition in the outer diameter of holder 322. In particular, the outer surface 327 of holder 322
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includes a first section 327a extending axially from end 322a to shoulder 326 and having a first
outer diameter D,, and a second section 327b extending axially from shoulder 326 toward end
322b and having a second outer diameter D, that is greater than first diameter D;. In this
embodiment, first outer diameter D, is substantially the same or slightly less than the inner
diameter of throughbore 307 at end 302b such that end 322a may be slidingly received by
throughbore 307. However, second outer diameter D, is substantially the same as the outer
diameter of case 302 such that shoulder 326 abuts end 302b of case 302 when holder 322 1s
sufficiently advanced into throughbore 307, thereby preventing further axial advancement of
end 322a into throughbore 307.

[0052] Referring still to Figures 6 and 7, holder 322 also includes an aperture 328 extending
radially through holder 322 from first section 327a of outer surface 327 to throughbore 323. A
pin 329 is disposed in aperture 328 and extends through elongated slot 310 in case 302. Pin 329
is fixed to holder 322 within aperture 328 such that pin 329 does not move translationally or
rotationally relative to aperture 328 or holder 322. However, pin 329 shidingly engages slot 310.
In particular, pin 329 has a diameter that substantially the same or slightly less than the width of
slot 310 (measured perpendicular to axis 311). Consequently, pin 329 restricts and/or prevents
case 302 from rotating about axis 350 relative to holder 322, but allows case 302 to move
axially relative to holder 322. The relative axial movement between case 302 and holder 322 1s
limited by engagement of pin 329 with ends 310a, b of slot 310.

[0053] Spring 390 is coaxially disposed within throughbore 303 of case 302 and extends axially
along axis 350 between a first end 390a and a second end 390b. First end 390a abuts seat 305
of case 302 and second end 390b abuts end 322a of holder 322 extending into throughbore 303.
Spring 390, case 302, and holder 322 are sized and configured such that spring 390 is placed in
compression when it is disposed in throughbore 303 between seat 305 and end 322a. However,
the compression of spring 390 is limited by engagement of shoulder 326 and end 302b. In this
manner, shoulder 326 acts as a stop to prevent further insertion of holder 322 into case 302. In
addition, engagement of pin 329 and end 310b of slot 310 prevents holder 322 from exiting
throughbore 303 and disengaging case 302.

10054] Piezoelectric assembly 400 is axially coupled to holder 322 at end 322b. In particular,
piezoelectric assembly 400 is received by counterbore 324 and is seated in annular recess 32).
In addition, piezoelectric assembly 400 extends across throughbore 323 at end 322b, thereby
occluding end 322b. As will be described in more detail below, wires 340a, b are coupled to

piezoelectric assembly 400. It should be appreciated that some slack is provided in wires 340a,
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b extending from terminals 308a, b, respectively, to piezoelectric assembly 400 to account for

the axial movement of holder 322 relative to case 302.

[0055] A fill material 333 fills a portion of throughbore 323 proximal end 322b and surrounds
wires 308a, b. Fill material 333 preferably creates an adhesive bond with piezoelectric assembly
400, the radially inner surface of holder 322, and wires 308a, b to rigidly hold each of these
components in place relative to each other. In general, the fill material (e.g., fill material 333)
may comprise any suitable material such as plastic or epoxy. In this embodiment, fill material
333 is the same as fill material 313 previously described. Namely, fill material 333 is an epoxy
that is injected into throughbore 323 in a flowable, liquid form and then cures and hardens into a
rigid solid.

[0056] Referring now to Figures 7-9, piezoelectric assembly 400 includes piezoelectric element
410, a positive electrode 420, a negative electrode 430, and a shim connector 440. Piezoelectric
element 410 is generally cylindrical and disk-shaped, and extends along a central axis 415
between a first or inner face 411 and a second our outer face 412 opposite inner face 411. A
central throughbore 413 coaxially aligned with axis 415 extends axially through piezoelectric
element 410 from face 411 to face 412. Inner face 411 generally faces throughbore 323 of
holder 322, and outer face 412 generally faces away from throughbore 323. In this embodiment,
faces 411, 412 are planar and parallel to each other. In general, piezoelectric element 410 may
comprise any suitable piezoelectric material including, without limitation, lead zirconate titanate
(PZT). Piezoelectric assembly 400 is coaxially coupled to holder 322 such that axis 415 1s
coincident with axis 350.

(0057] As best shown on Figures 8 and 9, positive electrode 420 is disposed on face 411 and a
negative electrode 430 is disposed on face 412. In this embodiment, positive electrode 420 does
not extend into throughbore 413, however, negative electrode 430 extends along face 412 and,
at least partially, into throughbore 413. Each electrode 420, 430 comprises a relatively thin
layer of a conductive material such as silver or nickel that is sprayed or otherwise deposited on
faces 411, 412, respectively. The axial thickness of each electrode 420, 430 measured parallel
to axis 415 is preferably less than 0.001 inch.

(0058] Without being limited by this or any particular theory, when a time-varying voltage 1s
applied between electrodes (e.g., electrodes 420, 430), an electric field is induced in the
piezoelectric crystal or element (e.g., piezoelectric element 410) that causes the piezoelectric

element to vibrate and emit acoustic energy. Further, acoustic energy incident on the
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piezoelectric element causes the piezoelectric element to vibrate and generate a voltage between

the electrodes.

[0059] Referring now to Figures 8-10, shim connector 440 includes a thin, disk-shaped base
441 disposed along electrode 410 and an extension or tab 451 extending away from base 441
and face 411 at an angle a. In general, angle a may be any suitable angle and is preferably
between 45° and 135°. In this embodiment, angle a is 90° and thus, tab 451 extends
perpendicularly from base 441, face 411 and piezoelectric element 410 into throughbore 323
(Figure 7). In this embodiment, base 441 and tab 451 are integral and monolithic.

[0060] Base 441 includes a first face 442 that engages positive electrode 420, a second face 443
opposite first face 442 and facing away from positive electrode 420, and an aperture 444
extending through base 441 from face 442 to face 443. Aperture 444 has a central axis 445 that
is coaxially aligned with axes 415, 350. In this embodiment, faces 442, 443 are planar and
parallel to each other.

[0061] Base 441 is attached to positive electrode 420 along face 442. In general, any suitable
means allows for communication of electric signals may be used to attached base 441 to
electrode 420. For example, base 441 may be attached to electrode 420 with a conductive
material such as solder or a conductive epoxy. To reduce the likelihood of failure of the joint
between base 441 and electrode 420 due to stresses arising between base 441 and electrode 420,
the surface area of base 441 and shim connector 440 attached to electrode 420 is preferably
relatively large. For example, in this embodiment, shim connector 440 is attached to electrode
420 along the entire face 442. The degree or amount of attachment surface area between the
shim connector (e.g., shim connector 440) and the electrode to which the shim connector is
directly attached (e.g., electrode 420) may be quantified by an "attachment surface area ratio”
equal to the ratio of surface area of the shim connector directly attached to the electrode to the
total surface area of the face of the piezoelectric element to which the electrode and the shim
connector are attached (e.g., total surface area of face 411 of piezoelectric element 410). The
attachment surface area ratio for embodiments described herein is preferably between 0.25 and
1.00, and more preferably between 0.50 and 1.00. In the embodiment shown in Figures 8 and 9,
the attachment surface area ratio is about 0.50.

[0062] As best shown in Figures 9 and 10, tab 451 extends from an outer edge or periphery of
base 441. Tab 451 includes a first face 452 generally extending from and contiguous with first
face 442, a second face 453 generally extending from and contiguous with second face 443, and

a wire attachment receptacle 454. In this embodiment, wire attachment receptacle 454 1s an
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aperture extending through tab 451 from face 452 to face 453. Further, in this embodiment,
faces 452, 453 are planar and parallel to each other.

[0063] In general, shim connector 440 may comprise any suitable material capable of
communicating an electrical signal. However, shim connector 440 preferably comprises a
material exhibiting a coefficients of thermal expansion (CTE) similar to the CTE of PZT (i.e.,
about 3.6 ppm/°C). In particular, shim connector 440 preferably comprises a material having a
CTE between -1 and 9 ppm/°C , and more preferably between 1 and 6 ppm/°C. Examples of
suitable materials for shim connector 440 include, without limitation, Invar, Fe64/Ni36, FeNi36,
UNS K93603, ASTM B753 T36, and UNS K94610.

[0064] Referring now to Figures 7-9, shim connector 440 provides an electrical connection
between wire 340a extending from terminal 308a and positive electrode 420. In particular, wire
340a is attached to tab 451, which is electrically coupled to positive electrode 420. In general,
wire 340a may be attached to tab 451 by any suitable means that allows the conduction of an
electrical signal including, without limitation, solder or a conductive epoxy. In this
embodiment, wire 340a is positioned through wire attachment receptacle 454, bent back over
tab 451, and held in place by solder. Further, wire 340b extending from terminal 308b extends
through aperture 444 into throughbore 413 of piezoelectric element 410, and is attached to the
portion of negative electrode 430 extending into throughbore 413. In general, wire 340b may
be attached to negative electrode 430 by any suitable means that allows the conduction of an
electrical signal including, without limitation, solder or a conductive epoxy. In this
embodiment, wire 340b attached to negative electrode 430 within throughbore 413 by
conductive epoxy that fills throughbore 413 and surrounds wire 340b within throughbore 413.
The conductive epoxy disposed in throughbore 413 maintains the position of wire 308b in
throughbore 413 and electrically couples wire 308b to the portion of negative electrode 430
extending into throughbore 413.

[0065] Referring now to Figure 11, a cross-sectional view of an alternative embodiment of a
piezoelectric assembly 600 is shown. Piezoelectric assembly 600 is similar to piezoelectric
assembly 400 previously described. Namely, piezoelectric assembly 600 includes a
piezoelectric element 610, a positive electrode 620, a negative electrode 630, and a shim
connector 640. Piezoelectric element 610 is the same as piezoelectric element 410 previously
described, except that piezoelectric element 610 does not include a throughbore (e.g.,

throughbore 413). Thus, piezoelectric element 610 is generally cylindrical and disk-shaped, and
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extends along a central axis 615 between a planar first face 611 and a planar second face 612
opposite face 611 and parallel to face 611.

[0066] Electrodes 620, 630 are substantially the same as electrodes 420, 430 previously
described. Positive electrode 620 is disposed on face 611 and a negative electrode 630 is
disposed on face 412. However, since piezoelectric element 610 does not include a
throughbore, neither electrode 620 nor electrode 630 extends in a throughbore.

[0067) Shim connector 640 1s substantially the same as shim connector 440. Namely, shim
connector 640 includes a thin, disk-shaped base 641 disposed along electrode 610 and a
monolithic extension or tab 651 extending away from base 641 and face 611 at an angle a.
Angle o is preferably between 45° and 135°. Base 641 includes a first face 642 attached to
positive electrode 620 with a conductive material 644 (e.g., conductive epoxy), a second face
643 opposite first face 642, however, base 641 does not include any aperture or throughbore.
Base 641 is attached to positive electrode 620 along face 642. Tab 651 extends from an outer
edge or periphery of base 641 and includes a first face 652 generally extending from and
contiguous with first face 642, a second face 653 generally extending from and contiguous with
second face 643, and a wire attachment receptacle 654.

[0068] Although one shim connector 640 is shown attached one electrode (1.e., electrode 620), a
second shim connector (e.g., shim connector 640) could be attached to the second electrode
(e.g., electrode 630). In this embodiment, face 642 is attached to and extends across the entire
electrode 620 and the entire face 611 of piezoelectric element 610. Accordingly, in this
embodiment, the attachment surface area ratio is 1.0. Since the electrical connection between
shim connector 640 and electrode 620 is made over the entire surface area of face 611 and the
entire surface area of electrode 620 opposite piezoelectric element and perpendicular to axis
615, any stresses in the connection between electrode 620 and shim connector 640 are spread
out over the whole area of the electrode 620 instead of being concentrated in a small area.

[0069] The entire assembly shown in Figure 11 can be encapsulated in a rigid epoxy. Any
stresses caused by mismatches in the CTEs of piezoelectric element 610 and epoxy are then
spread out over the entire area of contact between the electrode and shim thereby minimizing
the risk of failure of the electrical connection.

[0070] As previously described, embodiments described herein utilize a shim connector (e.g.,
shim connector 440) to electrically couple a wire (e.g., wire 340a) to an electrode (e.g.,
electrode 420). By utilizing the shim connector, as opposed to directly attaching the wire to

the electrode, embodiments described herein offer the potential to enhance the surface area of
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attachment with the piezoelectric element, and reduce the likelihood of failure of the
attachment due to stresses arising between the piezoelectric element and the attachment to the
piezoelectric element. Specifically, by increasing the attachment surface area according to the
preferred attachment surface area ratios, embodiments described herein allow for distribution
of the stresses over a greater surface area, thereby offering the potential for a more robust
electrical connection that is less susceptible to failure.

[0071) The bent geometry of the shim connector (e.g., shim connector 440) and the angle (e.g.,
angle o) between the base (e.g., base 441) and the tab (e.g., tab 451) of the shim connector offers
the potential to relieve stress on the electrical connection between the shim connector and the
electrode (e.g., electrode 420) due to movement of the wire (e.g., wire 340a) attached to the tab.
For example, the wire may be moved by thermal expansion of the epoxy surrounding the wire
or a person tugging on the wire. However, when the wire is moved up or down within the
holder (e.g., holder 322) or radially inward or outward within the holder, the tab can flex
without causing significant stress on the connection between the base of the shim connector and
electrode, thereby reduce the risk of failure of this connection.

[0072] In the embodiments described herein, the shim connector (e.g., shim connector 440)
preferably comprises a material having a coefficient of thermal expansion similar to that of the
piezoelectric element (e.g., piezoelectric element 400). By closely matching the CTE of the
shim connector with the CTE of the piezoelectric element, embodiments described herein offer
the potential to reduce stresses on the electrode and within the conductive epoxy during
temperature changes, thereby minimizing the risk of failure.

[0073] In the embodiments described herein, the axial thickness of both the shim connector
(e.g., the axial thickness of base 441 of shim connector 440) and conductive material
attaching the shim connector to the positive electrode (e.g., the conductive epoxy bonding
shim connector 440 to positive electrode 420), measured parallel to the central axis of the
transducer (measured parallel to axes 350, 415, 445), is preferably small compared to the
axial thickness of the piezoelectric element (e.g., piezoelectric element 410). Further, the
mass of the shim connector and the conductive material are preferably substantially less than
the mass of the piezoelectric element. If the mass of the shim connector and conductive
material is much less than the mass of the piezoelectric crystal, the presence of the shim
connector and conductive material are less likely to cause an appreciable shift in the resonant
frequencies of the piezoelectric element. Additionally, if the shim connector and conductive

epoxy are very thin relative the piezoelectric element, the shim connector and conductive
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material will be nearly acoustically transparent so that sound energy generated by the
piczoelectric element can pass through the shim connector and conductive material with
minimal absorption or reflection. For example, for a piezoelectric element operating at 1
MHz and having an axial thickness of 0.080 inch, the axial thicknesses of the shim connector
and conductive material are preferably 0.005 inch or less.

[0074] The axial thickness of the shim connector (e.g., axial thickness of shim connector 440
measured parallel to axis 415) is preferably small compared to the wavelength of sound in the
shim connector material at the frequency of operation of the transducer (e.g., transducer 300).
In particular, the axial thickness of the shim connector is preferably less than or equal to 1/20
the wavelength of sound in the shim connector material at the frequency of operation of the

transducer as follows:

Af) .

Axial thickness < :
20

where A(f) is the wavelength of sound in the shim connector as a function of the

frequency (f) of operation of the transducer.

The wavelength of sound in the shim connector material as a function of the frequency (f) of
operation of the transducer is equal to the velocity of sound in the shim connector divided by

the frequency of operation of the transducer as follows:

where, A(f) is the wavelength of sound in the shim connector as a function of the
frequency (f) of operation of the transducer;
f is the frequency of operation of the transducer; and

v is the velocity of sound in the shim connector material.

For example, if the speed of sound in the shim connector material is 5,000 m/s and the
frequency of operation is 1 MHz, the axial thickness of the shim material is preferably
0.00025 m (~ 0.010 in.) or less.

[0075] In the manner described, embodiments described herein offer the potential for a more
robust electrical connection to a piezoelectric element used in a transducer of an ultrasonic
flow meter. The potential advantages of the embodiments described herein may particularly

beneficial when the transducer and piezoelectric assembly are subjected to substantial
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physical stress such as that encountered when required to operate over a large temperature
range or subjected to thermal or mechanical shock.

[0076] While preterred embodiments have been shown and described, modifications thereof
can be made by one skilled in the art without departing from the scope or teachings herein.
The embodiments described herein are exemplary only and are not limiting. Many variations
and modifications of the systems, apparatus, and processes described herein are possible and
are within the scope of the invention. For example, the relative dimensions of various parts,
the materials from which the various parts are made, and other parameters can be varied. The
scope of the claims should not be limited by the preferred embodiments set forth in the
examples, but should be given the broadest purposive construction consistent with the

description as a whole.
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CLAIMS

What 1s claimed 1s:

1. A piezoelectric assembly for an ultrasonic flow meter, comprising:

a pirczoclectric element including a first face and a second face;

a first electrode engaging the first face;

a second eclectrode engaging the second face;

an clectrically conductive shim connector attached to the first electrode; and

a first wire electrically coupled to the shim connector.
2. The assembly of claim 1, wherein the conductive shim comprises a base attached to
the first electrode and a tab extending away from the first electrode and the first face.
3. The assembly of claim 2, wherein the tab 1s oriented at an angle o relative to the base,
wherein the angle o 1s between 45° and 135°.
4. The assembly of claim 2, wherein the first face of the piezoelectric element 1s planar
and the base includes a planar interface surface that faces the first face of the piezoelectric
clement and 1s directly attached to the first electrode.
5. The assembly of claim 4, wherein the interface surtface of the base has a total surface
arca, the first face of the piezocelectric element has a total surface arca, and the ratio of the
total surface arca of the interface surface of the base to the total surface arca of the first face
of the piezoelectric element 1s between 0.25 and 1.00.
0. The assembly of claim 5, wherein the ratio of the total surface arca of the interface
surface of the base to the total surface arca of the first face of the piezoelectric element 1s
between 0.50 and 1.00.
7. The assembly of claim 5, wherein the interface surface of the base 1s directly attached
to the first electrode with a conductive material selected from the group consisting of a
conductive epoxy or conductive solder.
8. The assembly of claim 2, wherein the tab comprises an aperture extending through the
tab, and wherein an end of the wire extends through the aperture.
9. The assembly of claim 2, wherem the shim connector comprises a conductive material
having a coefficient of thermal expansion between -1 and 9 ppm/°C.
10.  The assembly of claim 2, wherein the conductive material of the shim connector has a

coetfficient of thermal expansion between 1 and 6 ppm/°C.
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11.  The assembly of claim 2, wherein the piezoelectric element includes a throughbore
extending axially between the first face and the second face, wherein the second electrode
extends along the second face of the piezoelectric element and at least partially into the
throughbore of the piezoclectric element.
12.  The assembly of claim 11, further comprising a second wire having an end disposed
in the throughbore of the piezoelectric element and clectrically coupled to the second
clectrode.
13. The assembly of claim 12, wherein the base of the shim connector includes a
throughbore, and wherein the wire extends through the throughbore of the base and into the
throughbore of the piczoelectric element.
14.  The assembly of clam 12, wherein the end of the second wire disposed in the
throughbore of the piezoelectric element 1s electrically coupled to the second electrode with a
conductive material selected from the group consisting of a conductive epoxy and conductive
solder.
15. An ultrasonic flow meter for measuring the flow of a fluid through a pipeline,
comprising;:

a spool piece including a throughbore and a transducer port extending from the outer
surface of the spool piece to the throughbore;

a transducer assembly disposed 1n the transducer port, wherein the transducer
assembly comprises:

a casc having a central axis, a first end, and a second end opposite the first
end, wherein the case mcludes a throughbore extending axially between the first end
and the second end, and wherein the second end comprises an opening to the
throughbore of the case;

a crystal holder at least partially disposed in the throughbore of the case and
extending axially from through the opening, wherein the crystal holder 1s coaxially
aligned with the case and has a first end disposed in the throughbore of the case and a
second end distal the case;

a piezoelectric assembly coupled to the second end of the crystal holder,
wherein the piezoelectric assembly includes:

a piczoelectric element extending along a central axis from a first face
distal the throughbore of the spool piece to a second face proximal the

throughbore of the spool piece;

21



CA 02758843 2013-05-13

a piezoelectric element extending along a central axis from a first face
distal the throughbore of the spool piece to a second face proximal the
throughbore of the spool piece;

a first electrode disposed on the first face;

a second electrode disposed on the second face;

a shim connector attached to the first electrode;

a first wire electrically coupled to the shim connector and the first
electrode; and

a second wire electrically coupled to the second electrode.

16.  The ultrasonic flow meter of claim 15, wherein the shim comprises a base attached to the
first electrode and a tab oriented at an angle a relative to the base, wherein the angle o is between
45° and 135°.

17. The ultrasonic tlow meter of claam 16, wherein the base and the tab are monolithic.

18.  The ultrasonic flow meter of claim 16, wherein the first wire 1s directly attached to the
tab.

19. The ultrasonic flow meter of claim 16, wherein the first face and the second face of the
piezoelectric element are planar and parallel, and wherein an interface surface of the base
directly attached to the first electrode is planar.

20. The ultrasonic tlow meter of claim 19, wherein the interface surface of the base has a
total surface area, the first face of the piezoelectric element has a total surface area, and the ratio
of the total surface area of the interface surface of the base to the total surface area of the first

face of the piezoelectric element 1s between 0.25 and 1.00.
21. The ultrasonic flow meter of claim 20, wherein the ratio of the total surface area of the

interface surface of the base to the total surface area of the first face of the piezoelectric element

1s between 0.50 and 1.00.

22.  The ultrasonic flow meter of claam 15, wherein the shim connector comprises a
conductive material having a coefficient of thermal expansion between -1 and 9 ppm/°C.

23. The ultrasonic flow meter of claim 16, wherein the base is attached to the first electrode
with a first conductive material and an end of the second wire 1s attached to the second electrode

with a second conductive material, wherein the first conductive material and the second
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conductive material are each selected from the group consisting of a conductive epoxy or

conductive solder.
24.  The ultrasonic flow meter of claim 16, wherein the piezoelectric element includes a
throughbore extending axially between the first face and the second face, wherein the second
electrode extends along the second face of the piezoelectric element and at least partially into the
throughbore of the piezoelectric element;

wherein the base of the shim connector includes a throughbore; and

wherein the second wire extends through the throughbore of the base and into the

throughbore of the piezoelectric element.
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