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1
INTEGRATED MULTI-SENSOR NON-DESTRUCTIVE TESTING
TECHNICAL FIELD
[002] The present invention relates to non-destructive testing and, more particularly,

to methods of acquiring and processing data from a plurality of different sensor types for
non-destructive testing of metallic structures, to an integrated multi-sensor device for
non-destructive testing of metallic structures, to methods of acquiring and processing data
from at least one such integrated sensor device, and to non-destructive testing of pipelines,

including the use of intelligent pigs to diagnose defects in the walls of o1l and gas pipelines.

BACKGROUND

[003] Intelligent in-line inspection (ILI) tools, also referred to as intelligent pigs, are
commonly used for assessing the integrity of pipelines by detecting detects using non-
destructive testing (NDT) techniques. Such defects include, for example, corrosion, metal
loss, cracking (including stress corrosion cracking (SCC)), and other mechanical damage.
NDT techniques that have been employed in various intelligent pigs tools include magnetic
flux leakage (MFL), eddy current (EC), and electromagnetic acoustic transducers (EMAT)
measurements. Some ILI tools have implemented two or more of these NDT techniques
together to better discriminate defect characteristics (e.g., using EC together with MFL to
discern whether metal loss is on the inside diameter (ID) or outside diameter (OD) of the
pipeline wall, sometimes referred to as ID/OD discrimination) and/or to more accurately
discriminate defects impacting pipeline integrity (e.g., longitudinally oriented cracks) from

non-injurious features (e.g., insignificant defects or flaws that generally do not signity, or

develop into, integrity impacting defects).

[004] There remains, however, a further need for improved ILI tools and NDT

transducers and processing techniques and, particularly, for improved integration of ND'T
techniques to provide for improved detection of defects, such as improvements 1n sensitivity,
feature discrimination (e.g., discriminating between significant and insignificant detects, or

between corrosion and pitting or metal loss, etc.), physical characterization (e.g., shape, size,
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metal loss vs. corrosion, etc.), accuracy (e.g., reduced error margins), and/or improved

confidence in the accuracy of the feature discrimination or characterization (e.g., improved

reliability).

SUMMARY

[005] | Various embodiments of the present invention relate to methods and apparatus
for integrating NDT techniques. Some embodiments of the present invention relate to an
integrated multi-sensor device for non-destructive testing of metallic structures and to
methods of acquiring and processing data from at least one such integrated sensor device.
Furthermore, some embodiments of the present invention relate to methods of using an
integrated multi-sensor device to provide for improved discrimination of known inspectable
teatures or characteristics of a metallic structure, and also to provide for measuring or

characterizing non-conventional features or characteristics of a metallic structure.

[006] In accordance with some embodiments, a multi-sensor assembly operable in
characterizing a metallic structure comprises: (1) a housing comprising (i) at least one
electrically conductive coil configured for operation as at least one electromagnetic acoustic
transducer (EMAT) sensor and at least one eddy current (EC) sensor and (ii) at least one
magnetic flux leakage (MFL) sensor, wherein the at least one electrically conductive coil and
the at least one MFL sensor are configured in the housing such that when the housing is
disposed adjacent to or in contact with the metallic structure, the at least one coil and the
MFL sensor are operable to acquire EMAT, EC, and MFL signals from a localized region of
the metallic structure corresponding to the portion of the housing disposed adjacent to or in
contact with the metallic structure; and (2) at least one deflection sensor configured to
generate a signal representative of the spatial position of the housing. The at least one
electrically conductive coil may comprise a common coil that is operable as both at least one
EMAT sensor and at least one EC sensor and/or may comprise separate coils for

implementing at least one EMAT sensor and at least one EC sensor.

[007] In various embodiments, the signal representative of the spatial position of the
housing 1s capable of being used to correct or compensate at least one of (i) at least one of the
acquired EMAT, EC, and MFL signals, and (ii) at least one of the spatial positions associated
with at least one of the acquired EMAT, EC, and MFL signals.

[008] In accordance with some embodiments, an in-line inspection instrument for

insertion into a pipeline (e.g., an intelligent pig) may be implemented by arranging a plurality
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of such multi-sensor assemblies 1n a circumferentially spaced configuration and oriented
such that each multi-sensor assembly is operable to acquire signals from a respective
circumferential portion of the wall of a pipeline into which the pig is inserted. In such
implementations, the respective signals representative of the spatial position of the housings
of different ones of the multi-sensor assemblies are capable of being processed to provide a

measurement of the inner diameter of said pipeline.

[009] Various embodiments of the present invention provide a method for
characterizing a metallic structure, the method comprising: acquiring, for each of a plurality
of localized regions of the metallic structure, an electromagnetic acoustic transducer (EMAT)
signal, an eddy current (EC) signal, a magnetic flux leakage (MFL) signal, and a deflection
signal representing the spatial movement of a member in response to the topography of a
surface of the metallic structure as the member moves in a direction parallel the surface; and
processing the acquired signals to characterize each of one or more features of the metallic
structure based on at least two of the EMAT, EC, MFL, and deflection signals acquired from
a common localized region in which at least a portion of the feature is located. In some
embodiments, the EMAT, EC, MFL, and deflection signals are acquired for each localized
region from sensors that are integrated as a multi sensor assembly having a head portion such
that the sensors generate the EMAT, EC, MFL, and deflection signals for each given
localized region when the head portion is disposed adjacent to or in contact with the given

localized region.

[0010] The processing may comprise performing a correlation based on at least two
of the acquired signals; for example, the correlation may be performed based on the acquired
detlection signals and the acquired MFL signals over contiguous localized regions in which
the signals are acquired. Additionally, the processing may comprise determining a
characteristic of a given feature according to processing a first one of said acquired signals,
and correcting the determined characteristic of the given feature based on a second one of
said acquired signals. As another example, the processing may comprise at least one of (1)
correcting spatial coordinates associated with at least one of the acquired EMAT, EC, and
MFL signals based on the acquired deflection signal, and (ii) correcting the magnitude of at
least one of the acquired EMAT, EC, and MFL signals based on the acquired deflection
signal. The processing may also be performed according to a point-by-point comparison of at
least one of (1) at least two different types of the acquired signals, and (ii) characteristics

determined from at least two different types of the acquired signals.
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[0011] Additionally, some embodiments of the present invention relate to an
Electromagnetic Acoustic Transducer (EMAT) array and associated methods for inspecting a
metallic structure by using an element of the EMAT array to induce an acoustic excitation in
the metallic structure, and detecting reflections of the acoustic excitation from boundaries of
the metallic structure using one or more neighboring or adjacent elements of the EMAT
array, thus providing for inspecting regions of the metallic structure that are located between
EMAT array elements. Although such an EMAT array and associated methods may be
implemented using an array of multi-sensor devices that each comprises one or more EMAT
sensors 1n addition to one or more other transducers (e.g., MFL and/or EC and/or caliper),

alternative implementations may employ only EMAT sensors.

[0012] Some embodiments of the present invention described hereinabove and
hereinbelow may be used for inline inspection of metallic pipelines, with the integrated
sensor devices and/or EMAT arrays being implemented as part of an inline pipeline

inspection tool, commonly known as a “pig.”

[0013] Further, some embodiments of the present invention relate to a provider or
supplier of an inline inspection tool (e.g., a pig) that includes such multi-sensor devices
selectively enabling one or more of the sensors and/or one or more data acquisition sequences
associated with one or more of the sensors, with such selective enablement capable of being
implemented according to alterable information stored in the inline inspection tool and/or
multi-sensor devices therein, such as the software or firmware that is operable in controlling
the multi-sensor devices and/or a key (e.g., cryptographic) that indicates which sensors and/or
acquisition sequences are enabled for use. Such selective enablement and altering may be
performed remotely via a communication network (e.g., a private or public network, such as
the Internet), allowing for a customer or subscriber to alter (upgrade or downgrade) the
functionality of their inline inspection tool in a convenient manner (e.g., on an as-needed or
on-demand basis). The downloaded information (e.g., key or software/firmware) may be
stored 1n one or more storage media used by the controller of the multi-sensor devices of the
inline mspection tool either in an online manner (e.g., directly upon downloading) or in an
offline manner (e.g., after initially downloading the information to a storage medium separate
from the one or more storage media used by the controller of the multi-sensor). Alternatively
or additionally, information for altering the features of the multi-sensor devices in the inline
inspection tool may be provided by means other than a remote network connection, such as
by a CDROM delivery to the customer or subscriber by conventional mail, or by way of

In-person on-site servicing by the provider or supplier (or other service provider). Features
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may be enabled for a limited number of uses and/or a limited time period. The price (e.g.,
one-time price, a subscription fee, etc.) paid by a customer or subscriber may be based, in any
of a variety of ways, on the features that are selectively enabled. For example, pricing may
be on a per feature (e.g., data acquisition sequences and/or sensors) basis, or on a group-of-
teatures basis, and may alternatively or additionally be associated, on an individual or

group-of-features basis, with number of uses and/or a time period.

[0014] It will be appreciated by those skilled in the art that the foregoing brief
description and the following detailed description are exemplary and explanatory of this
invention, but are not intended to be restrictive thereof or limiting of the advantages which
can be achieved by this invention. Additionally, it is understood that the foregoing summary
of the invention is representative of some embodiments of the invention, and is neither
representative nor inclusive of all subject matter and embodiments within the scope of the
present invention. Thus, the accompanying drawings, referred to herein and constituting a
part hereof, illustrate embodiments of this invention, and, together with the detailed

description, serve to explain principles of this invention.

BRIEF DESCRIPTION OF THE DRAWINGS

_[0015] Aspects, features, and advantages of embodiments of the invention, both as to

structure and operation, will be understood and will become more readily apparent when the
invention 1s considered in the light of the following description made in conjunction with the

accompanying drawings, in which like reference numerals designate the same or similar parts

throughout the various figures, and wherein:

[0016] FIG. 1A depicts a side view of an 1llustrative pipeline inline inspection tool or

p1g that may be implemented in accordance with some embodiments of the present invention;

[0017] FIG. 1B depicts a magnified view of a portion of the illustrative pipeline

inline inspection tool or pig depicted in FIG. 1A according to some embodiments of the

present invention;

[0018] FIG. 2A schematically depicts a pipeline portion that may be inspected by an

inline inspection tool according to some embodiments of the present invention;

[0019] FIG. 2B depicts an expanded view of one of the straight segment portions of
the pipeline portion depicted in FIG. 2A;

[0020] FIG. 2C shows an expanded view of a section of the straight segment portion
depicted in FIG. 2B;
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- [0021]) FIG. 3 schematically depicts the section shown in FIG. 2C in more detail

along with three integrated multi-sensor devices of a pig moving along the axial direction to
acquire signals from the section, in accordance with some embodiments of the present

invention;

[0022] FIG. 4 schematically depicts an integrated multi-sensor device according to

some embodiments of the present invention;

[0023] FIG. 5 1s an 1llustrative block diagram of a multi-sensor device 1in accordance

with some embodiments of the present invention;

[0024] FIG. 6 1s an operational tlow diagram illustrating various methods for
processing signals acquired from a multi-sensor device, in accordance with some

embodiments of the present invention;

[0025] FIG. 7 depicts another method for acquiring and processing signals from a

multi-sensor device, in accordance with some embodiments of the present invention;

[0026] FIG. 8 shows a representation of MFL and caliper sensor signals juxtaposed
atter each acquired sensor signal has been mapped onto a three-dimensional grid

representative of the inner pipeline wall, in accordance with processmg the MFL and callper

sensor signals accordlng to some embodiments of the present 1nvent10n

[0027] FIG. 9 schematically depicts an illustrative pipeline cross-section in the region
of a dent, with one of the multi-sensor devices shown at each of four locations as it traverses
the pipe and acquires samples at the illustrated representative sampling rate, in accordance

with some embodiments of the present invention; and

[0028] FIG. 10 schematically depicts a partial cross-sectional view of a pipeline and
an array of EMAT sensors operated to acquire signals therefrom, in accordance with some

embodiments of the present invention.

DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0029] While the ensuing illustrative embodiments of the present invention are
presented in the context of pipeline inspection and, more particularly, to iz situ non-
destructive testing of pipelines by using a pig, those skilled in the art will understand that the
present invention 1s limited neither to sensors for use in a pig nor to pipeline inspection, and
that some embodiments of the present invention may be applied to any of many other

applications involving non-destructive testing of metallic structures.



10

15

20

25

30

CA 02729223 2010-12-23

WO 2009/156862 PCT/IB2009/006499
7

[0030] Figure 1A depicts a side view of an illustrative pipeline inline inspection tool
or pig 1 that may be implemented in accordance with some embodiments of the present
invention. Pig 1 includes a plurality of a multi-sensor devices 5 arranged in a circular/ring 7
configuration, magnetizing brushes 15a and 15b respectively coupled to opposite poles of a
magnet (not shown), odometer wheels 25, and an instrumentation vehicle 45. A magnified
view of the rearward portion of the inline inspection tool of FIG. 1A is depicted in FIG. 1B,
showing in more detail a rearward sensor that comprises a sensor head 12 attached to an
armature 14 (which 1s rotatably attached coaxially with an odometer wheel 25) and that
comprises one or more sensors (e.g., caliper, EMAT, EC, etc.) as will be understood by those
skilled in the art in view of the herein disclosure. As is well known, to inspect a pipeline,
p1g 1 1s inserted into the pipeline, such as the one shown in Figure 2, and as pig 1 is
propelled through the pipeline, it acquires signals from the pipeline wall. For ease of
reference and clarity of exposition, the ensuing embodiments are described with reference to
generally cylindrical coordinates corresponding to the generally cylindrical shape of a

pipeline in which the pig is disposed for inline inspection thereof.

[0031] More specifically, Figure 2A schematically depicts a pipeline portion
comprising several straight segments separated by several bends, Figure 2B depicts an
expanded view of one of the straight segment portions 27 (e.g., a spool), and Figure 2C
shows an expanded view of a section 29 thereof (i.e., Region of Interest (ROI)). Coordinates
are schematically depicted with respect to the spool, with the z-axis being oriented along the
axial direction corresponding to the scan direction, the radial direction being oriented normal
to the z-axis, and the azimuthal angle corresponding to the angular rotation about the z-axis,
with the azimuthal (or circumferential) direction being oriented in a direction mutually
perpendicular to the radial and axial directions. As schematically depicted in Figure 2C, by
way of example, the ROI includes a narrow, elongated axial feature (“feature” also referred to
herein as an attribute or characteristic) 21 and a circumferentially and axially extending
feature 23. Such features (or attributes or characteristics) may represent one or more of at
least the following: topological/topographical/geometric variations (e.g., dents, scratches,
peeling, wall thickness, etc.), material property (e.g., compositional) variations (e.g., surface
and/or bulk property variations, such as due to corrosion or to differences between bulk

material and surface coating material, etc.), and mechanical property (e.g., stress/strain)

variations.

[0032] Figure 3 schematically depicts feature 23 in more detail, illustrating that

feature 23 may comprise contiguous regions having distinguishable characteristics, such as
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distinguishable topographical/topological/dimensional features (e.g., due to metal loss) and/or
distinguishable material properties (e.g., due to corrosion) and/or distinguishable mechanical
properties. Figure 3 also schematically illustrates three of the integrated multi-sensor
devices 5 of pig 1 moving along the axial direction to acquire various signals, described
further hereinbelow, for sensing topological/topographic/geometric features, mechanical
properties, and/or material properties at a down pipe sampling rate (schematically indicated
by indicia 28) that depends on the acquisition rate and the spatial resolution of the sensors
and at a circumferential sampling rate that depends on sensor device (head) density and the
number of sensors of a given type per sensor head. While the circumierential distance
between heads may be designed to be small or negligible, in alternative embodiments, rather
than providing a single circumferential ring 7 of integrated multi-sensor devices 5, two or
more circumferential rings may be provided with the sensors from different rings offset in the
circumferential direction (i.e., azimuthally) to provide a desired circumferential spatial

resolution (e.g., without necessarily requiring a particularly close circumferential packing of

the multi-sensor devices 1n a given ring).

[0033] In various embodiments, such features (or properties, or characteristics, or
attributes) as determined from one or more of the acquired signals may be represented as
absolute quantities or values (€.g., wall thickness in millimeters) and/or as relative values
(e.g., change in wall thickness on a point-by-point basis), and may be based on calibration to
a known, measured value and/or with respect to a reference value measured using a difterent
sensing modality. Accordingly, in accordance with some embodiments of the present
invention, features are identified in a data stream when data from one or more sensors and/or
its modes (e.g., for an EMAT sensor) deviate from a determined reference beyond a specified
limit and/or minimum tolerance threshold of the sensor technology. As understood by those
skilled in the art, Integrity Assessment codes are established in the industry (e.g., API,
ASME, DNV, etc.) that all fundamentally require information on the geometry, mechanical
material properties and/or stress-strain state, remaining wall thickness, and continuity ot
material. Accordingly, as will be understood by those skilled in the art, various embodiments
of the present invention provide such information, and provide for accurate representations of

localized regions of interest of a pipeline for purposes of structural integrity assessment.

[0034] Referring now to Figure 4, an integrated multi-sensor device S according to
some embodiments of the present invention 1s shown in more detail. As shown, according to
such embodiments, integrated multi sensor device 5 comprises at least a caliper transducer

10, a magnetic-flux-leakage (MFL) transducer 20, and an eddy current (EC) and
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Electromagnetic Acoustic Transducer (EMAT) coil 30. As shown in Figure 4, the coil 30,
and the MFL transducer 20, are located within a common housing, referred to herein as
sensor head 50, which may be implemented with a lower cover or housing 37 and a
wear-resistant, non-conductive (1.e., non-electrically conductive, such as a polymer) cover 33,
which may contact the inner wall of the pipe as the pig moves therethrough. Simply by way
of example, in some implementations, sensor head 50 may have a transverse dimension of
about 1 to 2 centimeters and an axial dimension of about 2.5 to 5.0 centimeters, though its
size may vary outside these illustrative dimensions depending on the implementation. The
sensor head 50 1s attached to a sensor arm 40, which is attached to the body of the multi-
sensor device at a joint which includes a caliper sensor 10. For clarity, Figure 4 does not
explicitly depict other components that, in various embodiments, may be included within
head S0, such as circuitry for driving, as well as for receiving signals from, coil 30 (e.g.,
transmit/recelve circuitry), local memory for storing acquired data, a processor (e.g.,
microcontroller) operable, for example, in controlling the sensors as well in transferring
acquired data from local memory to a storage medium or media (e.g., semiconductor

memory) located 1n instrumentation vehicle 45.

[0035]) Figure S 1s an illustrative block diagram of a multi-sensor device 5 in
accordance with some embodiments of the present invention, schematically representing that
each of the sensors in one multi-sensor device are connected to a microprocessor 75. More
specifically, multi-sensor device 5, in such an embodiment, includes a microprocessor 75; a
caliper sensor 10; an MFL transducer 20 implemented as at least one (i.e., one or more)
axially oriented Hall sensor 22, at least one radially oriented Hall sensor 24, and at least one
circumferentially oriented Hall sensor 26; an EC/EMAT coil 30; a coil driver 35; a memory
80 for storing acquired signal data and/or programs executed by microprocessor 75; and a
power supply 90 to power the microprocessor 75 and other components that may require
power (e.g., memory 80, coil driver, etc.). As understood by those skilled in the art, power
may be supplied from a power source in the instrumentation vehicle to power supply 90,
which may be implemented as a power regulator or converter (e.g., a switched mode power
supply) to generate and control the power requirements of the various powered components
in multi-sensor device 5. Alternatively or additionally, power may be supplied from a power
source in the instrumentation directly to the microprocessor and/or other cbmponents (e.g.,
eliminating power supply 90). While memory 80 is depicted as separate from microprocessor
75, memory 80 generally represents any memory located in multi-sensor device 5, such as

one or more on-chip (i.e., on-chip with respect to the microprocessor) and/or off-chip
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memories, which may be implemented as one or more types of memory (e.g., volatile,
non-volatile, SRAM, DRAM, FLASH, etc.). Data collected from the sensors as well as
programs implemented by the microprocessor may be stored separately or together in one or

more of such on-chip and/or off-chip memories.

[0036] The microprocessor 75 may be located in any of a variety of locations in the
multi-sensor device, such as in the arm or sensor head 50. After acquiring data (e.g., storing
1t in memory 80 and/or another local memory), microprocessor 75 may (e.g., periodically or
on an as-needed basis) output the collected data to other devices (e.g., memory located in the
instrumentation part 45) for storage and/or further processing. In some embodiments,
microprocessor 75 may be operable to pre-process certain acquired data. In some
embodiments, the microprocessor in addition to interfacing and collecting data from each of

the sensors, also controls the functionality of the coil 30 (e.g., to control excitation of the coil

‘with desired excitation waveforms). According to the some embodiments, microcontroller 75

may be mounted on a circuit board and connected to the single coil and configured to induce
a waveform in the coil via a coil driver 35 and thereby create an eddy current and/or acoustic

vibration in the pipeline wall adjacent the sensor body. Though not explicitly depicted as

‘such, microprocessor 75 may be coupled to receiver circuitry for receiving signals from the

EC/EMAT coil. In some embodiments, such receiver circuitry may be provided together
with (e.g., integrated with) transmitter circuitry of the coil driver 35 so that the
microprocessor interfaces with the EC/EMAT coil via the coil driver (e.g., transceiver) for
both exciting the coil and receiving signals from the coil. In accordance with stored program
control, which may be responsive to various user inputs or user set-up, and which may be
user alterable, microprocessor may be operable to control via the coil driver 35 when and
how the coil is driven to generate electromagnetic radiation for concurrently or separately

generating/sensing EC signals and/or one or more EMAT mode signals.

[0037] In accordance with some embodiments, a plurality of the multi-sensor devices
S may share and be connected to one microprocessor, €.g., one or more multi-sensor devices
would not house a microprocessor, but would be communicably coupled to a microprocessor
housed 1n another multi-sensor device. Additionally, in some embodiments, a master
processor may be located within the pig, such as in the instrumentation part 45, to provide

overall control and management of microprocessors located in the multi-sensor devices 5.

[0038] The caliper or deformation sensor 10 measures a rotation about a pivot axis

where the sensor arm and head are mounted. Rotational movement about the pivot axis



10

15

20

25

30

CA 02729223 2010-12-23

WO 2009/156862 PCT/IB2009/006499
11

generates a signal in the sensor which then can be interpreted. The caliper sensor 10 may be
implemented using any of a variety of transducer types (e.g., optical, electrical, magnetic,
electromechanical (such as a rotary variable differential transformer (RVDT), magnetic, etc.)
to convert rotational motion into a relative or proportional measurable signal reflecting a
change 1n strain, capacitance, resistance, etc. The known dimensions of the sensor head 50
and arm 40 can be used to determine a deflection distance of the head 50. When considered
in context of a plurality of circumferentially arranged integrated multi-sensor devices around
an axis-symmetric tool in a pipe, this allows for measurement of inner diameter of the pipe.
Additionally, as will be further understood below, the determined deflection of the head may
be used to correct or compensate acquired signals (e.g., their magnitudes) and/or the spatial
postition associated with the acquired signals. For instance, if the head is angled as it
traverses the sloped wall of a depression in the axial direction, then the actual displacement in
the axial direction for the sampled signals may not equal the linear displacement determined
from, for example, the odometer wheels, but may be corrected for the angle of the sensor
head. One or more additional sensors may be provided to determine the head orientation; for

example, an additional rotational transducer may be provided to measure the rotation about

the pivot that joins the head to the arm.

[0039] In accordance with some embodiments of the present invention, Magnetic
Flux Leakage (MFL) sensor 20 is implemented as Hall Effect devices configured to detect
axial, radial, and azimuthal (circumferential) magnetic field components. The Hall Effect
devices comprising MFL sensor 20, which sense variations in the leakage of the magnetic
tflux coupled into the pipeline wall via magnetizing brushes 15a and 15b, are responsive to
localized and volumetric changes in material, such corrosion changes, magnetic differences,
mechanical differences, and geometry changes. While it is known in the art of intelligent pig
in-line inspection tools to measure the magnetic flux leakage associated with defects in
pipeline wall, conventional MFL devices are only able to provide limited quantitative
interpretations for corrosion or metal loss, and are unable to provide any direct measurement
of the amount or extent of loss, as such calculations rely on various assumptions concerning

the magnetic materials and wall thickness behavior.

[0040] As described above, in accordance with some embodiments of the present
invention, coil 30 1s implemented as both an Eddy Current (EC) transducer and an EMAT
sensor, for both generating and receiving EC and EMAT signals. It will be understood,
however, that various alternative embodiments may employ separate coils for EC and EMAT

and/or separate coils for transmission and reception for EC and/or EMAT. In some
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embodiments, coil 30 may be driven with respective signals for inducing an EC signal and an
EMAT acoustic signal, and respective corresponding signals may be received by the coil. In
some embodiments, a common excitation signal may be used to induce both an eddy current
and an EMAT acoustic éignal in the pipeline wall. Regardless of whether the coil is driven
with separate signals or a common signal for inducing an EC signal and EMAT acoustic
signal, each coil drive signal may excite one or more EMAT acoustic signal modes (e.g.,
depending on the frequency spectrum of the excitation signal, the pipe geometry, the
magnetic field strength and orientation, etc.), and the coil may be periodically or
intermittently driven with different signals to cause excitation of different EMAT acoustic
signal modes (e.g., longitudinal modes, shear horizontal modes), which, for example, may
propagate radially (e.g., to measure wall thickness) or circumferentially. Signals received by
coil 30 may be filtered according to frequency and/or reception time to extract or distinguish

signals corresponding to different EMAT modes and/or to distinguish EC signals from
EMAT signals.

[0041] In accordance with some embodiments of the present invention, EC
measurements are used to determine the “lift-off” (or standoff distance) of the coil from the
inner wall as well as to detect near-surface features, e.g., metal loss, material changes,
discontinuities, while a first EMAT mode is used to determine wall thickness (e.g., from the
round-trip time-of-flight for the EMAT acoustic wave to traverse the pipe wall) and to detect
external coating disbondment, and metal loss, and one or more additional EMAT modes (e.g.,
circumferential mode) is/are used to detect axial discontinuities, external coating

disbondment, and metal loss.

[0042] Variations 1n the standoff distance determined from the EC measurement may
be due to various causes, such as sensor movement away from the pipeline wall or absence of
pipeline material (e.g., due to dents or corrosion). In accordance with some embodiments of
the present invention, processing of the acquired EC signal may include comparing the
amplitude and phase of the acquired EC signal to one or more known reference signals (e.g.,
acquired on an essentially identical reference pipeline having known properties), wherein
deviation from and/or similarity to one or more known reference signals is indicative of

various changes in geometry and/or material properties at or near the surface.

[0043] As understood by those skilled in the art, EMAT sensors may be implemented
with ditferent configurations of magnets and coils and may be configured differently

depending on, for example, whether the transducer will rely primarily on exclusively on the
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Lorentz effect (e.g., for non-ferromagnetic materials) or magnetostrictive effect for exciting
and detecting acoustic vibrations in the pipeline material. For instance, coils may be
configured as racetrack, meander, etc., and some EMAT sensors include one or more
magnets disposed over the coil to induce a magnetic field in the underlying material (e.g.,
pipe wall) whereas some EMAT sensors do not include such an overlying magnet, but instead
function in conjunction with a magnetic field coupled into the material from a region laterally
or axially disposed relative to the EMAT sensor (e.g., an external magnet that induces a
magnetic field in the plane of the pipeline wall). Various embodiments of the present
invention may use different types of EMAT sensors, either such that a pig employs only one
type of EMAT sensor or such that a pig employs two or more different types of EMAT
sensors (€.g., a multi-sensor head comprising different types of EMAT sensors; different

EMAT sensor types being in separate heads in the same circumferential multi-sensor ring or

in different circumferential sensor rings, etc.).

[0044] As will be further understood in view of the ensuing description, the EMAT,
EC, MFL, and caliper sensors may be operable to acquire signals at the same sampling rate
(though different sampling rates are possible), and information from various combinations of
the acquired signals may be processed to provide for improved feature detection. For
example, the caliper measurement and the EC measurement include complementary
information at least insofar as they both provide an indication of the standoff distance of the
sensor head. For small standoff distances, both the EC and the caliper measurement may be
used to inform the determination of the metal loss (and other volumetric discontinuities)

from the MFL measurement. More specifically, both the EC and the caliper measurement
may be used to more accurately determine a standoff distance, which in turn is used for point-
by-point correction of the acquired MFL signal, allowing for more accurately quantifying and
segregating the MFL information to allow for accurate determination of metal loss and other
volumetric discontinuities. Also, the caliper measurement further assists

in discerning between ID and OD metal losses, which may be inferred from the EC signal
and MFL signals (e.g., if the MFL signal increases and the EC signal remains the same, then

the volumetric loss may be inferred as being on the outer wall).

[0045] For large standoff distances, the EC signal (which decays rapidly with
standoft distance) may not be detectable; however, the caliper measurement is still available
to provide a standoff distance measurement that is used for the point-by-point correction of
the MFL signal, to allow for quantifying and segregating the MFL information even in the

absence of an EC signal.
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[0046] In further embodiments, the independent standoff distance information
provided by the caliper measurement may be leveraged for segregating the EC signal's

amplitude and phase information, so that the EC signal may be used to further characterize

the defects.

[0047] In yet further embodiments, EMAT signal generation/acquisition 1s also
employed, and may be by way of the same coil used for EC generation/acquisition or by way
of a separate coil/transducer. The EMAT signal is used for providing a measurement of the
wall thickness (based on round-trip time-of-flight) to provide an "absolute" reference of wall
thickness, while the EC/MFL/caliper information is used to calculate relative wall thickness
changes and discern defect location (e.g., inner diameter vs. outer diameter metal loss). In
some implementations, the EMAT signal may be sampled at the same rate and location as the
EC/MFL signals, and the changes in the EMAT-measured wall thickness can also be
compared against the EC/MFL (and caliper) relative wall thickness measurements to provide
additional corroboration of the defect detection. In other implementations, the EMAT signal
may be sampled at a lower rate than the EC/MFL signal (and even along a different portion

of the pipe) to provide a nominal/average wall thickness ("baseline").

[0048] As 1ndicated above, acquisition of the signals from the various sensors
provides for many embodiments for processing the acquired signals in various combinations
to provide for improved characterization of the pipeline integrity (e.g., discerning features
with greater sensitivity, greater accuracy, greater confidence levels, etc.). Figure 6 is an
operational tlow diagram illustrating various methods for processing signals acquired from a

multi-sensor device, in accordance with some embodiments of the present invention. Signals

acquired (step 63) individually from the EC, EMAT, caliper, and MFL sensors 61 at

respective desired sampling rates (€.g., at the same sampling rate) are stored (step 65),
typically as values reflecting a calibration of the sensor (e.g., the acquired signal may be

scaled or normalized according to a calibration factor to provide the stored value).

[0049] The stored data for each sensor then undergoes characterization and/or
calibration on a group-wise basis (step 67); for example, over one or more subsets of the
stored data values, such as the data values corresponding to a plurality of localized regions
(¢.g., pixels or voxels), which may comprise a region of interest (ROI). Such calibration may
include data pre-processing, such as filtering (e.g., spatial filtering over local regions
comprising a plurality of data values corresponding to pixels or voxels), converting voltage

quantities to material property dimensions or spatial dimensions, and/or assessing whether the
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data 1s meaningful. Such processing is subject to various assumptions and error sources, such
as sensor proximity “liftoff” relative to a nominal reference standoff distance, variations in
the orientation of the sensor relative to the inspection area, various types of features causing
responses that are beyond the sensing capabilities and/or sampling resolution, localization
error due to sensors separated by significant distance (e.g., relative to the physical feature),
and assumed nominal reference values (or ranges of values) for signal magnitudes and the

target (1.e., measured structure).

[0050] The group-wise calibrated and/or characterized (e.g. preprocessed) data is then
analyzed or interpreted to identify or extract a spatial representation of physical attributes
characterizing the pipeline structure (step 69) and, in accordance with conventional
techniques, such attributes are provided to a user (step 71) according to various
representations (e.g., user-selectable graphics/visual representations). Based on, for example,
various assumptions and error sources, such as those noted above, each of the determined

physical attributes is associated with some range or degree of error, represented in Figure 6 as

+/-0,.

[0051] In accordance with some embodiments of the present invention, the physical
attributes 1dentified in step 69 are subject to further analysis (step 73) involving, for example,
signal compensation and/or cross-sensor decision logic/algorithms (e.g., based on a
point-by-point comparison of signals and/or features/attributes corresponding to two or more
sensors). In some embodiments, such analysis may include an iterative cross-synthesis
algorithm comprising: (1) defining 1st iteration results from each sensing type and relation to
precise positions within pipe elements representation with 1st compensated prediction per
anomaly type per sensor type (e.g., 1st sensor standoff estimate from IDOD EC sensor used
within 1st stage MFL signal compensations); (2) defining 2™ compensated predictions per
sensor type from cross-correlation and synthesis derived from 1st stage pipeline
representation (e.g., EMAT M2 (i.e., mode 2, corresponding to a circumferentially
propagating mode) may detect a narrow feature (e.g., such as feature 21) which would be
correlated to MFL data at that position; and/or caliper data predicted deformation and inner
wall radial position may be used to compensate MFL and/or EMAT predictions as to wall
thickness (or vice versa; i.e., cross-correlation). Areas with atypical MFL signal activity after
other sources removed (based on compensation) can be targeted for material property

interpretation); and (3) repeatin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>