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PORTABLE SYSTEM FOR PZT-BASED INSPECTION OF BOLTED
CONNECTIONS

BACKGROUND

[0001] This application claims priority to U.S. Provisional Patent Application
Serial No. 62/747,382, entitled “Portable System for PZT-Based Inspection of Bolted
Connections,” filed October 18, 2018, the entire contents of which are hereby incorporated by

reference.

[0002] This disclosure pertains to systems and methods for inspecting bolt

connections.

[0003] Bolt connections are the most commonly used connection element in
structures and devices of the oil and gas industry. Bolted connections commonly fail due to
insufficient or excessive preloads during installation or a loss of axis load (i.e., self-loosening)
caused by external dynamic loads in service. Harsh environment and vibrations will cause the
bolt connections, particularly in valves, to loosen over time. Loose valves tend to make a lot
of noise and accelerate wear and tear. Failure to achieve perfect sealing could cause leaking
of hydrocarbons in the ocean and could create severe problems — both environmental and

financial.

[0004] One of the most pressing matters regarding integrity assessment in the oil
and gas industry is the inspection and monitoring of bolted connections, including flanged
joints. The connections help to integrate miles of pipelines together, and are often a weak point
in the pipeline system. A weakening of the connection can lead to leakage of pipeline contents,
which is harmful to the economy of the operating company as well as the health of the
environment. Despite the availability of many testing methods, there is still a need for a product

that can rapidly, effectively and non-invasively inspect the integrity of a bolted connection.

[0005] Currently, most bolt connection inspections use complicated equipment that
requires the use of an experienced technician or is too expensive for most users. Furthermore,
for harsh, remote environments such as the deep sea, inspection of bolted joints becomes even
harder and costlier. Most of the typical methods require permanent installation of transducers

onto or near the bolted connections, which may be difficult to maintain for remote locations.
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SUMMARY

[0006] The present disclosure relates generally to systems and methods for

inspecting bolted connections in harsh conditions.

[0007] In the present disclosure, piezoelectric impedance methods are used to
monitor bolted connections. Piezoceramics are a type of piezoelectric material that generate
an electric charge when subjected to a stress or strain and also produce a stress and strain when
an electric field is applied. Due to this special piezoelectric property, piezoceramics can be
utilized as both an actuator and a sensor. In preferred embodiments described herein, PZT
(lead zirconate titanate), a type of commonly used piezoceramic material with high

piezoelectric effect, is used.

[0008] Various piezo based techniques, such as acoustic emission, impedance
analysis, active and passive sensing can be used for structural health monitoring (SHM) of
various structures. Among these, a piezo based active sensing approach for metal structures
has shown potential to detect and characterize even minute structural damages. In an active
sensing approach, one or several transducers can be utilized as actuators which generate guided
waves to the surrounding structure or media. Other transducers are used as sensors to detect
the wave response. Since the material properties of the structure or media affects the wave
propagation, the change of the material properties due to material change or structural change

can be detected by analyzing the signal responses.

[0009] The present systems and methods transform piezo-based monitoring
techniques into portable systems and methods. Previously, piezoelectric elements required
permanent bonding onto a structure in order to properly transmit stress waves across the
structure to be received by other piezoelectric elements. Analysis of the stress waves allowed
the operator to infer the status of the structure. The PZT transducers utilized in present
embodiments are mounted on opposing ends of spring-loaded rods and can be moved apart to
accommodate a structure for testing. The springs cause the PZT transducers to push against
opposing parts of the structure in a stable but temporary fashion. The device can be physically
moved to monitor the status and health of multiple different bolted connections. In preferred
embodiments, the piezoelectric elements may be attached to the “biting” ends of a C-shaped
fixture. As the fixture clamps onto a structure (e.g., a flange), the piezoelectric elements can
perform their inspection using the aforementioned monitoring methods (i.e. active sensing and

impedance). One pair of PZT transducers can conduct active sensing, as one transducer

2.
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generates vibrations that travel across the structure as stress waves and the distally placed
second transducer receives these waves. Analysis of the received waves gives insight into the
status of the structure. The electromechanical impedance method can also be utilized through
either one of the PZT transducers by analyzing the shifts in frequency. After completion of the
inspection, the fixture can be loosened and used to inspect another structure. This system can
be integrated with robotic vehicles, such as autonomous underwater vehicles (AUVs) for

automated inspection of remote bolted structures.

[0010] The present systems and methods allow for a quantitative inspection of
bolted joints or other structural interfaces without any permanent installation. As the data can
be easily processed by a computer, no expert is needed to properly use the technology. Thus,
the present systems and methods make structural monitoring/inspecting more convenient and

cost-effective for determining the integrity of target structures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 shows a configuration of an exemplary portable coupling mechanism

for PZT based inspecting in accordance with preferred embodiments described herein.

[0012] FIG. 2 shows a closer view of PZT transducers in an exemplary portable
coupling mechanism for PZT based inspecting in accordance with preferred embodiments

described herein.

[0013] FIG. 3 shows a configuration of an exemplary portable coupling mechanism
for PZT based inspecting in accordance with preferred embodiments described herein, in use

in an exemplary inspection application in air and in water.

[0014] FIG. 4 shows experimental results for an active sensing method to inspect a
series of torques applied on a tested bolted connection in air, using an exemplary portable

coupling mechanism for PZT based inspection.

[0015] FIG. 5 shows experimental results for an active sensing method to inspect a
series of torques applied on a tested bolted connection in water, using an exemplary portable

coupling mechanism for PZT based inspection.
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[0016] FIG. 6 shows an exemplary use of an exemplary portable coupling
mechanism based inspection device, integrated with sensors and incorporated with a remotely

operated vehicle (ROV) for remotely inspecting subsea bolted structures.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0017] The present disclosure relates to inspecting bolted connections.

[0018] The conventional way using lead zirconate titanate (PZT) transducers (or
any piezoelectric material) is to permanently install them onto the surface of a target structure
to conduct related measurements. However, this requires an abundance of transducers for
different locations of monitoring a large structure. It is also difficult to replace defective
transducers if the structure is located in a remote environment. The present disclosure pertains

to a portable and noninvasive inspection device in order to overcome these difficulties.

[0019] In preferred embodiments, an exemplary portable coupling mechanism
includes at least two adjacent PZT transducers, each attached to an end of a rod, with an
insulating pad between the PZT transducer and the rod. The rods are generally positioned end-
to-end in a linear fashion, where the ends that meet are the ends with the PZT transducers, and
are mounted on a fixture. The rods each have a spring or other mechanism that forces the
transducer ends together. The fixture may generally be C-shaped, or may have parallel arms.
The fixture allows the rods to move away from each other in a linear fashion, in order to
separate the transducer ends and allow a test structure to be placed between the PZT
transducers. The force from the springs causes the transducer ends to compress against the test

structure.

[0020] FIG. 1 shows a configuration of an exemplary portable coupling mechanism
100 for PZT based inspection. The portable device 100 consists of a fixture 120, such as the
illustrated C-shaped steel fixture, which holds a set of two linear ball bearings, a first linear
ball bearing 101 and a second linear ball bearing 102, a first shaft rod 103 and a second shaft
rod 104, a first spring 105 and a second spring 106, and a first PZT transducer 109 and a second

PZT transducer 110, which may be waterproof.

[0021] FIG. 2 shows a closer view of a first transducer end 113 and a second
transducer end 114 of the first and second rods 103 and 104 and the springs 105 and 106, with
insulating pads 107 between the PZT transducers 109 and 110 and the ends of the rods, and
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with a first magnet 111 and a second magnet 112. The PZT transducers 109 and 110 rest
adjacent to each other as the springs 105 and 106 push them together. The shaft rods 103 and
104 can be separated, or pulled back away from each other, to utilize the inspection device to
inspect a structure. This is shown in greater detail in FIG. 3, showing a configuration of an
exemplary portable coupling mechanism 200 for PZT based inspecting in accordance with
preferred embodiments described herein, in use in an exemplary inspection application in air
and in water. Once the rods 203 and 204 are released, the springs 205 and 206 push the PZTs
209 and 210 against the bolted connection 225 to allow effective coupling for inspection tasks.
The rubber pads 207 absorb the opposite signal from transducers 209 and 210 to ensure the
received signals are exclusively from the generated waves traveling across the structure.
Therefore, based on a pair of PZT transducers 209 and 210, active sensing is used. One
transducer 209 acts as an actuator to generate stress waves, such as a swept-sine wave with an
amplitude of 10V from 1000 Hz to 350 kHz, that travel across the bolted connection 225, and
the waves are received by a distally placed second transducer 210 that acts as a sensor. A base
support 230 may also be included. The inspecting device should preferably also include
connectors or other devices (not shown) with sensing and transmitting abilities in
communication with to the PZT transducers to receive and transmit signals providing

information about the characteristics of the bolted connection.

[0022] An example of inspection data using the exemplary inspecting device is
shown in FIG. 3. FIG. 4 shows the results of using the active sensing method corresponding
to a series of torques applied on the bolted connections in air. In this example, as shown in
FIG. 4, the strength of received signal increases as torque is applied from 0 to 30 f{t-1b on the
bolt. A similar experiment was conducted underwater as well, as shown in FIG. 5. The result
clearly demonstrates that signal strength correlates highly with the applied torque. Therefore,

such analysis of the received waves gives insight into the status of the structure.

[0023] FIG. 6 shows an exemplary use of the exemplary portable coupling
mechanism based inspection device, which is an alternative embodiment of the design shown
in FIGs. 1-3 that acts as a more advanced manipulator model integrated with sensors and
incorporated with a remotely operated vehicle (ROV) for remotely inspecting subsea bolted

structures.
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WHAT IS CLAIMED IS:
1. A portable system for inspecting characteristics of a bolted connection,
comprising:

a first PZT transducer;

a second PZT transducer movably positioned adjacent to the first PZT

transducer;

a first rod having a first transducer end on which the first PZT transducer is
mounted and having a first spring for applying a force on the first rod to move the first

PZT transducer toward the second PZT transducer;

a second rod having a second transducer end on which the second PZT
transducer is mounted and having a second spring for applying a force on the second
rod to move the second PZT transducer toward the first PZT transducer, wherein the

second rod is movably positioned in a linear fashion adjacent to the first rod;

a fixture on which the first rod and the second rod are movably mounted,
wherein the fixture connects to ends of the first spring and the second spring, wherein
compressive force between the first spring and the second spring cause the first PZT
transducer and the second PZT transducer to move toward each other, and wherein
movement of the first rod away from the second rod compresses the first spring and the
second spring against the fixture and permits placement of at least a portion of a bolted

connection between the first PZT transducer and the second PZT transducer.

2. The portable system of claim 1, further comprising insulating pads located
between the first PZT transducer and the first transducer end of the first rod and insulating pads

located between the second PZT transducer and the second transducer end of the second rod.

3. The portable system of claim 1, further comprising devices in communication
with the PZT transducers to transmit signals providing information about the characteristics of

the bolted connection.

4. The portable system of claim 1, wherein the first PZT transducer, the second

PZT transducer, the first rod, the second rod, the fixture, and the connectors are waterproof.
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5. The portable system of claim 1, wherein the first PZT transducer acts as an

actuator and the second PZT transducer acts as a sensor.

6. The portable system of claim 1, wherein the first rod and the second rod further

comprise linear ball bearings.

7. The portable system of claim 1, wherein the fixture is C-shaped.

8. A method for inspecting characteristics of a bolted connection, comprising:

(a) transiently attaching a portable system to at least a portion of a bolted

connection, wherein the portable system comprises a first PZT
transducer, a second PZT transducer movably positioned adjacent to the
first PZT transducer, a first rod having a first transducer end on which
the first PZT transducer is mounted and having a first spring for applying
a force on the first rod to move the first PZT transducer toward the
second PZT transducer, a second rod having a second transducer end on
which the second PZT transducer is mounted and having a second spring
for applying a force on the second rod to move the second PZT
transducer toward the first PZT transducer, wherein the second rod is
movably positioned in a linear fashion adjacent to the first rod, a fixture
on which the first rod and the second rod are movably mounted, wherein
the fixture connects to ends of the first spring and the second spring, and

connectors attached to the PZT transducers,

wherein the portable system is transiently attached to at least a portion of the

bolted connection by moving the first rod away from the second rod to
separate the first PZT transducer from the second PZT transducer, by
positioning the portion of the bolted connection between the first PZT
transducer and the second PZT transducer and by releasing the first rod
and the second rod, whereby compressive force from the first spring and
the second spring cause the first PZT transducer and the second PZT
transducer to move toward each other and to contact opposing positions

on the portion of the bolted connection;
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(b) transmitting signals from the PZT transducers through the connectors to

provide information about the characteristics of the bolted connection;
(c) removing the portable system from the bolted connection; and

repeating steps (a) and (b) for additional bolted connections using the portable

system.

9. The method of claim 7, wherein the portable system further comprises a first
insulating pad located between the first PZT transducer and the first transducer end of the first
rod and a second insulating pad located between the second PZT transducer and the second

transducer end of the second rod.

10. The method of claim 7, wherein steps (a), (b), and (c) are performed underwater.

11. The method of claim 7, wherein the first PZT transducer acts as an actuator and

the second PZT transducer acts as a sensor.

12. The method of claim 7, wherein the first rod and the second rod further comprise

linear ball bearings.

13. The method of claim 7, wherein the fixture is C-shaped.
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FIG. 5
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