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CASING WALL THICKNESS DETECTION FROM HIGHER ORDER
SHEAR-HORIZONTAL MODE SIGNALS

Inventors: Wei Han and Douglas Patterson
FIELD OF THE DISCLOSURE
[0001] This disclosure generally relates to borehole tools, and in

particular to methods and apparatuses for conducting well logging.

BACKGROUND OF THE DISCLOSURE

[0002] Drilling wells for various purposes is well-known. Such wells
may be drilled for geothermal purposes, to produce hydrocarbons (e.g., oil and
gas), to produce water, and so on. Well depth may range from a few thousand
feet to 25,000 feet or more. In hydrocarbon wells, downhole tools often
incorporate various sensors, instruments and control devices in order to carry
out any number of downhole operations. Thus, the tools may include sensors
and / or electronics for formation evaluation, monitoring and controlling the

tool itself, and so on.

[0003] Development of the formation to extract hydrocarbons may
include installation of tubing (also referred to as tubular members or tubulars),
such as production tubing or steel pipe known as casing, within a borehole,
including the application of cement in the annulus between borehole and
casing. It is known to conduct acoustic inspection of a casing cemented in a
borehole to determine specific properties related to the casing and surrounding

materials.

[0004] For example, the bond between the cement and the casing may
be evaluated, or the strength of the cement behind the casing or the casing

thickness may be estimated, using measurements of reflected acoustic waves.
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This may be generally referred to as casing cement bond logging, which may
be accomplished using a casing cement bond logging tool conveyed through
the formation along the interior of the casing while taking measurements. In
other examples of cement bond logging, a circumferential guided wave may
be used to evaluate casing-related properties. For example, Lamb and shear

wave attenuation measurements may be used to determine cement properties.

SUMMARY OF THE DISCLOSURE

[0005] In aspects, the present disclosure is related to methods and
apparatuses for hydrocarbon tubular evaluation. Methods may include
conveying the logging tool in the tubular with a carrier; inducing with a
transmitter a horizontal shear (SH) wave; identifying higher order SH mode
signals received at a plurality of offset receivers responsive to a higher order
SH mode engendered by the horizontal shear (SH) wave; estimating a
dominant frequency for higher order SH mode from the higher order SH mode
signals; estimating a group velocity for the higher order SH mode from the
higher order SH mode signals; and estimating a tubular parameter using the
dominant frequency and the group velocity. Methods may include receiving
the higher order SH mode signals at the plurality of azimuthally offset

receivers.

[0006] The tubular parameter may be at least one of: 1) location of the
tubular; 1) thickness of a wall of the tubular; and iii) at least one property of a
defect of the tubular; iv) a bond of the tubular with cement; v) outer diameter

of the tubular; vi) a presence of a joint; and vii) a location of a joint. The at
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least one higher order horizontal shear wave mode may have a propagation

that is substantially circumferential.

[0007] Estimating the tubular parameter may comprise estimating the
tubular parameter independent of the fundamental horizontal shear wave mode
(SHO). The tubular may comprise casing installed in the borehole using
cement. Estimating the group velocity may be carried out by estimating a time
delay between a first receiver of the plurality and a second receiver of the
plurality, which may include employing a cross-correlation between a first
portion of the higher order SH mode signals from the first receiver and a

second portion of the higher order SH mode signals from the second receiver.

[0008] The plurality of receivers may include a first receiver located a
first distance from the transmitter along a shortest circumferential path and a
second receiver located a second distance from the transmitter along another
shortest circumferential path, wherein the second distance is greater than the
first distance. Estimating the dominant frequency may comprise performing a
Fast Fourier Transform (FFT) of a portion of the higher order SH mode
signals received at the second receiver to generate a FFT spectrum, and

detecting a peak frequency of the FFT spectrum.

[0009] The tubular may comprise production tubing. Inducing an SH
wave in the tubular may comprise exciting the SH wave with an
electromagnetic acoustic transducer. Methods may include conducting further
operations in the formation in dependence upon the tubular parameter. The
further operations may include at least one of: i) geosteering; ii) drilling

additional boreholes in the formation; ii1) performing additional measurements
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on the formation; iv) estimating additional parameters of the formation; v)
installing equipment in the borehole; vi) evaluating the formation; vii)
optimizing present or future development in the formation or in a similar
formation; viii) optimizing present or future exploration in the formation or in
a similar formation; ix) installing equipment in the borehole; x) producing one
or more hydrocarbons from the formation; xi) repairing the tubular; xii)
replacing the tubular. The tubular parameter may comprise a characteristic of
a structural feature relating to the at least one tubular. The structural feature
may comprise at least one of: 1) tubular ovality of the at least one tubular; ii)
deformation of the at least one tubular; ii1) corrosion of the at least one
tubular, iv) perforation of the at least one tubular, v) a material property of the
at least one tubular; vi) a material property of a material surrounding the at
least one tubular. The horizontal shear (SH) wave may propagate substantially
circumferentially in the tubular. The plurality of offset receivers may be

azimuthally offset and / or axially offset.

[0010] Aspects of the present disclosure include an apparatus for
hydrocarbon tubular evaluation. The apparatus may include a logging tool
having disposed thereon a plurality of transducers, the logging tool configured
for conveyance in a tubular with a carrier; at least a first transducer pair of the
plurality of transducers each configured to induce a horizontal shear (SH)
wave; at least a second transducer pair of the plurality of transducers each
configured to receive the induced horizontal shear (SH) waves; and at least
one processor associated with the logging tool. The at least one processor may
be configured to: identify higher order SH mode signals received at a plurality

of offset receivers responsive to a higher order SH mode engendered by the

-
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horizontal shear (SH) wave; estimate a dominant frequency for higher order
SH mode from the higher order SH mode signals; estimate a group velocity
for the higher order SH mode from the higher order SH mode signals; and
estimate a tubular parameter using the dominant frequency and the group
velocity. Examples of some features of the disclosure may be summarized
rather broadly herein in order that the detailed description thereof that follows
may be better understood and in order that the contributions they represent to

the art may be appreciated.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a detailed understanding of the present disclosure,
reference should be made to the following detailed description of the
embodiments, taken in conjunction with the accompanying drawings, in which
like elements have been given like numerals, wherein:

FIG. 1A illustrates an acoustic logging tool in accordance with
embodiments of the present disclosure.

FIG. 1B illustrates horizontal shear (SH) wave propagation across a
plate thickness.

FIGS. 1C-1E illustrate SH mode particle displacement fields across a
plate thickness.

FIGS. 2A-2D show techniques of tubular evaluation in accordance
with embodiments of the present disclosure.

FIG. 3 shows a flowchart illustrating methods in accordance with
embodiments of the present disclosure.

FIG. 4 is a flowchart illustrating methods in accordance with
embodiments of the present disclosure.

FIG. 5 shows a flowchart illustrating methods in accordance with
embodiments of the present disclosure.

FIGS. 6 A-6F show test results for the SH1 mode using short- and long-
path signals in casing with 7-inch OD and 0.53 inches thickness in mostly free
pipe.

FIGS. 7A and FIG 7B show well test results for SH1 mode using short-

path signals in casing with 7-inch OD and 0.53 inches thickness in mostly free

pipe.
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FIGS. 7C & 7D show the short-path SH1 mode frequency and the SH1
group velocity.

FIGS. 7E & 7F show compensated short-path attenuation and casing
thickness.

FIG. 7G shows detected thickness in contrast to nominal thickness.

FIG. 7H shows error of detected thickness in contrast to nominal
thickness.

FIG. 8A & 8B show near- and far-receiver waveforms in accordance
with embodiments of the present disclosure.

FIGS. 8C-8E show additional test data.

FIG. 8F shows detected thickness in contrast to nominal thickness.

FIG. 8G shows error of detected thickness in contrast to nominal
thickness.

FIGS. 9A-9G show test well results for the SH1 mode using short-path
signals in casing with 7-inch OD, and with 0.318" - 0.452”" thickness over
400-1000 ft depth sections.

FIG. 10 shows curves of normalized group velocity V,/V; with respect

to normalized frequency factor, Q, at various values of shape factor.
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DETAILED DESCRIPTION

[0012] Aspects of the present disclosure relate to apparatus and
methods for tubular evaluation, including, for example, evaluation of casing
installed downhole and the cement bond resulting from the installation.
Techniques described herein are particularly suited to casing integrity

inspection.

[0013] Inspection of underground tubular is well known. Vast
subterranean networks of installed tubular may suffer from defects at
particular, but unpredictable, points. Detection of these defects are highly
desirable. One prominent application is the detection of corrosion defects in
downhole casing and tubing strings. Logging such strings is often the best

(sometimes only) means of detecting these defects.

[0014] Aspects of the disclosure relate to a method for evaluating the
thickness and the quality of casing in presence of surrounding cement. Casing
evaluation may be carried out to estimate casing quality, i.e., wear and erosion
from tool erosion, stress damage from mechanical and thermal loadings, and
corrosion from chemicals (salt, sulfur, etc.) in borehole fluid over time. In the
past, casing or other tubular damage has typically been monitored by
evaluating thickness using various methods, e.g., acoustic tools (casing

resonance, travel time), magnetic flux leakage tool, and eddy current devices.

[0015] Known EM corrosion-monitoring tools typically rely on the
physical phenomena of flux leakage and/or electromagnetic induction. A flux
leakage tool may magnetize the pipe to be inspected until substantially

saturated. Near a point of defect (e.g., a pit, hole, or corroded area) on either
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the interior or exterior of the tubular, a portion of the magnetic flux leaks out
of the tubular and is detected by coils on the tool’s sensors. Since the magnet
must be as close as possible to the tubular, tubing must be removed in order to
inspect casing. Further, detection of slowly varying corrosion with a flux

leakage tool may be problematic.

[0016] Conventional acoustic methods feature several advantages.
Conventional techniques of casing thickness detection may include pulse-echo
(time-of-flight), plane compressional half-wave resonance, constant (non-
dispersive) wave velocity.  While these techniques work well with
fundamental mode (casing resonance), high-frequency harmonic resonances

are subject to mud attenuation or decentralization which are problematic.

[0017] Ultrasonic acoustic tools provide better resolution due to their
high directivity. Unfortunately, at ultrasonic frequencies, acoustic signals are
impacted by weak signals from tool eccentricity, and by multiple coupled
resonances from multiple liners. Embodiments may also excite an acoustic
wave approximating the resonances of different casing and cement layers,

which enhance wave penetration.

[0018] In recent years electromagnetic acoustic transducer (EMAT)
sensor systems, based on well-understood physical phenomena, have been
developed and increasingly deployed in cased well logging, both for casing-
cement bond evaluation and for compressional and shear property
characterization of the material behind casing. In one type of EMAT, when a
wire is placed near the surface of an electrically conducting object and is

driven by a current at a suitable ultrasonic frequency, eddy currents are

0.
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induced in a near surface region of the object. If a static magnetic field is also
present, these eddy currents experience Lorentz forces. These forces cause an
acoustic excitation in the object. In a reciprocal use, an electric signal will be
generated in the wire as a result of acoustic excitation in a metal placed close
to a permanent magnet. Attenuation and/or reflection of the acoustic waves
bear information on the defects and surroundings of the object. See, for
example, US patent application No. 15/288,092 to Kouchmeshky et al, which

is commonly owned and incorporated by reference herein in its entirety.

[0019] Guided wave attenuation cement bond logging (‘CBL’)
measures wave attenuation along a casing circumferential direction. Multiple
transmitters and receivers may be placed inside the casing for compensated
attenuation measurements. See, for example, U.S. Patent No. 7,660,197 to
Barolak et al. and U.S. Patent No. RE43,960 to Barolak et al, incorporated by
reference herein in their entirety. The mechanical properties (e.g., Young's
modulus, shear modulus) of the cement layer behind the casing determine the
attenuation of the waves. An EMAT may be designed to produce a single

waveform, such as shear horizontal waves (SH) or Lamb waves.

[0020] The EMAT-based SH measurement has several distinct and
more complicated features compared to the other methods mentioned above.
First, SH waves propagating in casing typically involve multiple modes,
including the fundamental shear wave mode (SHO mode) (which is essentially
the shear wave in the material) and the higher order modes; that is, modes
greater than the fundamental mode (e.g., SH1, SH2, etc). Secondly, the SHO

and the higher order SH modes in cylindrical casing are dispersive. That is,

-10-



WO 2020/097237 PCT/US2019/060121

the propagation group velocities of the modes are not constant and change
with frequency. Due to the effects of wall thickness on each mode, the
respective frequency of the first order and second order modes (SH1 and SH2,
respectively) decrease with thickness, while each mode group velocity
increases with thickness. Also important, characteristics of this propagation
may be different for approximating a plate (plate model) and casing

(cylindrical model).

[0021] Further, coupling and interference occur as a result of multiple
mode presence and dispersion. The effects of SH wave propagation
parameters (e.g., group velocity, frequency, attenuation, and so on) and casing
size on SH responses have been modeled and interpreted using planar plate
model and the more representative cylindrical casing models. Extensive
theoretical models on the EMAT SH sensor responses, SH wave parameters,
and the effects of casing size and cement properties on measurement are
known. However, these approaches are not practically implementable for
tubular thickness determination, particularly in the case of tubular having a
wall thickness of more than 0.4 inches. For example, accurate estimation of
the thickness necessitates a velocity measurement of the higher order mode of

exceptionally high accuracy, which is technically challenging.

[0022] A method inducing a fundamental shear mode in combination
with a higher order shear mode has been employed to estimate tubular
thickness. See, for example, U.S. Patent No. 8,061,206 to Bolshakov. The
methods include measuring the SHO mode group velocity, measuring the SH1

mode group velocity (Vg), assigning the measured SHO mode group velocity
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as the tubular shear velocity (Vs), estimating a shear wave wavelength A from
the ratio of SHO mode frequency (fo) and the measured SHO group velocity,
and estimating the tubular thickness (d) from the estimated shear wave

wavelength A.

[0023] The method and apparatus of the present disclosure provide for
hydrocarbon tubular evaluation by inducing and measuring shear wave modes
within a wellbore casing or other tubular. Aspects of the disclosure are
particularly suited to facilitating analysis of wellbore casing in a cased hole —
including the casing itself and cement and formation bonding. One or more
electromagnetic acoustic transducers may be employed capable of producing
and receiving various waveforms, including compressional waves, shear

waves, Rayleigh waves, and Lamb waves.

[0024] Generally, method embodiments include conveying the logging
tool in the tubular on a carrier and performing wave propagation evaluation
with the logging tool. This evaluation may include estimating wave properties
for at least one higher order horizontal shear wave mode in the tubular from
measurement information generated at a plurality of sensors on the logging
tool in response to the at least one higher order horizontal shear wave mode;

and estimating a tubular parameter using the wave properties.

[0025] Specifically, the method 1is associated with generating,
receiving, and analyzing shear horizontal waves (SH) propagated in the
casing. More specifically, the SH waves may be generated and detected using
an electromagnetic acoustic transducer (EMAT) device. A device consistent

with or similar to US patent application No. 15/288,092 to Kouchmeshky et al
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is one example of a suitable EMAT device. An EMAT device with at least
two SH transducers and at least two SH receivers located azimuthally around
the casing ID wall. The SH waves comprises of an SHO, and the higher order
SH1 mode and SH2 mode etc. By selecting frequencies for a casing thickness,
the SH waves with a dominant SH1 mode, or a dominant SH2 mode may be
generated. Specifically, the method consists of inducing SH shear waves in
the casing, detecting SH1 mode signals, calculating the frequency of the SH1
mode signal, and measuring the SH1 mode arrival group velocity, and
estimating the casing wall thickness / from the measured SH1 group velocity

Vy and SH1 frequency /. using the relationship

h=mVg(2f)

where m = ~2, is the mode factor for SHI.

[0026] Alternatively, the above proposed method may be extended to
use the SH2 mode signal, comprising of inducing SH shear waves in the
casing, detecting SH2 mode signals, calculating the frequency f of the SH2
mode signal, and measuring the SH2 mode arrival group velocity, and

estimating the casing wall thickness /4 using the relationship

h=m V(2.

where the SH2 mode factor m = ~3.

[0027] Aspects employ feed-back transmitter frequency control
methods optimizing drive pulse frequency and improving thickness detection.

These control methods may excite SH waves at the dominant SH1 (or SH2)

-13-
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mode frequency detected from a previous drive pulse center frequency, such
as, for example, a frequency based on a nominal casing thickness.
Alternatively, methods may first fire a wide-band short pulse, detect the
dominant SH1 (and or SH2) mode in the casing, and then excite a narrow-
band drive pulse at the frequency of the detected dominant SH1 (or SH2)
mode. For a casing thickness within the range of 0.32-0.53 inches, m may be

in a range of 2.0-2.25 for SH1 mode, and in a range of 3.0-3.3 for SH2 mode.

[0028] The SH-higher order techniques of the present disclosure have
been extensively tested over a tubular thickness range of 0.318 inches to 0.53
inches. Improvement over SH plate models is particularly dramatic in thicker
casing (e.g., 0.36 inches). Moreover, it does not require a priori knowledge
of casing shear velocity or prior measurement of SHO mode. In particular
applications, it may be beneficial to employ method embodiments described
herein in conjunction with plate model techniques to improve thin-casing

thickness measurement for improved quality and consistency.

[0029] Aspects of the present disclosure relate to using at least one
acoustic sensor as part of one or more downhole acoustic well logging tools or
distributed sensor systems to produce acoustic information responsive to a
propagating wave in the casing. The sensor may include at least one acoustic
transmitter and at least one sensor disposed on a carrier in the borehole, and
configured to implement techniques of the present disclosure, as described in
further detail below. A receiver and transmitter may be implemented as the
same transducer, different transducers, or one or more transducer arrays.

Transducers may be selected from the group consisting of’ (i) electro-magnetic

-14-
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acoustic transducers (‘EMATS’), (ii) piezoelectric transducers, and (iii) wedge
transducers. The information is indicative of a parameter of interest. The
term “information” as used herein includes any form of information (analog,
digital, EM, printed, etc.), and may include one or more of: raw data,

processed data, and signals.

[0030] FIG. 1A illustrates an acoustic logging tool in accordance with
embodiments of the present disclosure. The tool 110 is configured to be
conveyed in a borehole intersecting a formation 180. The borehole wall 140
is lined with casing 130 filled with a downhole fluid 160, such as, for
example, drilling fluid. Cement 120 fills the annulus between the borehole
wall 140 and the casing 130. In one illustrative embodiment, the tool 110 may
contain a sensor unit 150, comprising transmitters and receivers, which may
include, for example, one or more EMATS as described above, including a
magnet array and at least one sensor coil (or other acoustic transducers), and
configured for evaluation of the cement bond existing between the system of
the casing 130, the borehole wall 140, and the cement 120 according to known
techniques. The transmitters and receivers may be azimuthally distributed
about the circumference of the tool (e.g., six sensors with a 60-degree sensor
spacing between nearest sensors). In some instances, the tool 110 comprises
one or more pads extendable from the tool body. These pads may have the
sensors of the sensor unit distributed among them. See, for example, US
patent application No. 15/288,092 to Kouchmeshky et al, which is commonly
owned and incorporated by reference herein in its entirety. In other
implementations, the sensor unit may be integrated into the body. Sensor unit

150 may include may include electronics configured to record and/or process
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the information obtained, or these electronics may be elsewhere on tool 110 or

at the surface.

[0031] The system 101 may include a conventional derrick 170. A
conveyance device (carrier 115) which may be rigid or non-rigid, may be
configured to convey the downhole tool 110 into wellbore 140 in proximity to
formation 180. The carrier 115 may be a wireline, coiled tubing, a slickline,
an e-line, drill string, etc. Downhole tool 110 may be coupled or combined
with additional tools. Thus, depending on the configuration, the tool 110 may
be used during drilling and / or after the wellbore (borehole) 140 has been
formed. While a land system is shown, the teachings of the present disclosure
may also be utilized in offshore or subsea applications. The carrier 115 may
include embedded conductors for power and / or data for providing signal and
/ or power communication between the surface and downhole equipment. The
carrier 115 may include a bottom hole assembly, which may include a drilling

motor for rotating a drill bit.

[0032] Certain embodiments of the present disclosure may be
implemented with a hardware environment 21 that includes an information
processor 17, an information storage medium 13, an input device 11, processor
memory 9, and may include peripheral information storage medium 19. The
hardware environment may be in the well, at the rig, or at a remote location.
Moreover, the several components of the hardware environment may be
distributed among those locations. The input device 11 may be any data
reader or user input device, such as data card reader, keyboard, USB port, etc.

The information storage medium 13 stores information provided by the

-16-
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detectors. Information storage medium 13 may include any non-transitory
computer-readable medium for standard computer information storage, such
as a USB drive, memory stick, hard disk, removable RAM, EPROMs,
EAROMs, flash memories and optical disks or other commonly used memory
storage system known to one of ordinary skill in the art including Internet
based storage. Information storage medium 13 stores a program that when
executed causes information processor 17 to execute the disclosed method.
Information storage medium 13 may also store the formation information
provided by the user, or the formation information may be stored in a
peripheral information storage medium 19, which may be any standard
computer information storage device, such as a USB drive, memory stick, hard
disk, removable RAM, or other commonly used memory storage system
known to one of ordinary skill in the art including Internet based storage.
Information processor 17 may be any form of computer or mathematical
processing hardware, including Internet based hardware. When the program is
loaded from information storage medium 13 into processor memory 9 (e.g.
computer RAM), the program, when executed, causes information processor
17 to retrieve detector information from either information storage medium 13
or peripheral information storage medium 19 and process the information to
estimate a parameter of interest. Information processor 17 may be located on

the surface or downhole.

[0033] The term “processor” or “information processing device”
herein includes, but is not limited to, any device that transmits, receives,
manipulates, converts, calculates, modulates, transposes, carries, stores or

otherwise utilizes information. An information processing device may include
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a microprocessor, resident memory, and peripherals for executing
programmed instructions. The processor may execute instructions stored in
computer memory accessible to the processor, or may employ logic
implemented as field-programmable gate arrays (‘FPGAs’), application-
specific integrated circuits (*ASICs”), other combinatorial or sequential logic
hardware, and so on. Thus, a processor may be configured to perform one or
more methods as described herein, and configuration of the processor may
include operative connection with resident memory and peripherals for
executing programmed instructions. As shown below, the configuration may
result in some transducers being employed as transmitters and others as
transducers, such that acoustic signals are induced in the tubular at a
transmitter, from which they propagate circumferentially about the tubular and
are detected along the propagation at specific points by respective receivers.
The configuration also results in the transformation of the signals to
intermediate measurements, and through the specific combination of these
various intermediate measurements, provides a measurement of physical

properties of the casing.

[0034] FIG. 1B illustrates horizontal shear (SH) wave propagation
across a plate thickness. The shear-horizontal (SH) wave propagates along the
plate, but its wave stress (or particle) displacement is along the broad
horizontal plane (or at 90 deg perpendicular to the cross-sectional thickness
plane). That is, horizontal shear wave propagation is along the plate, but wave
stress (or particle) displacement is perpendicular to the wall cross section

plane (‘inward and outward’).
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[0035] FIGS. 1C-1E illustrate SH mode particle displacement fields
across a plate thickness. As shown, Referring to FIG. 1C, in the fundamental
mode (SHO), particle displacement is uniform to the plane of the wall cross-
section. The SHO fundamental mode particle displacement is at inward and
outward direction of the thickness plane, and is uniform across the thickness.
Modes above the fundamental mode are referred to as higher order modes.
Referring to FIG. 1D, in the first order mode (SH1), the particle displacement
field is inward and outward with a horizontal nodal plane in the middle. The
higher order SH1 mode displacement is at inward and outward periodic
directions, but with a nodal (zero-displacement) plane in the middle of the
thickness plane. Referring to FIG. 1E, in the fundamental mode (SH2), the
particle displacement field has two horizontal nodal planes. The higher order
SH2 mode displacement has more subset components inward and outward,

and has two nodal planes perpendicular to the thickness plane.

[0036] FIGS. 2A-2D show techniques of tubular evaluation in
accordance with embodiments of the present disclosure. FIG. 2A shows an
axial schematic view illustrating techniques of tubular evaluation in
accordance with embodiments of the present disclosure. FIG. 2B shows a
perspective schematic view illustrating techniques of tubular evaluation in
accordance with embodiments of the present disclosure. FIGS. 2A & 2B show
an acoustic system 200 with four horizontal shear transducers 210, 212, 214,
and 220 placed on the inner diameter of the casing along a circumference of
the inner diameter. Each SH transducer may be an EMAT transducer, and
used as transmitter or receiver. The nominal transmitter and nominal receiver

are azimuthally positioned on the inner casing wall.  In particular
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implementations, operations may include a compensated measurement using
two transmitters and two receivers. The transducers may be configured in
operation as two SH transmitters 210 and 220 and two SH receivers 212 and
214. The receivers may be offset azimuthally, and may be evenly spaced, e.g.,
at 60 degrees apart, as shown in the figure. Note that L is the full-revolution
path length, which is simply the circumference of the ID of the tubular. The
receiver 212 is 60 degrees (path-length L/6) and the receiver 214 is 120

degrees (path-length 2L/6), both relative to the transmitter T1 (210).

[0037] In operation, the transmitter T1 fires and excites SH mode
waves propagating circumferentially in each direction around the casing. The
SH waves are received by the two receivers R2 and R3. For the waveforms
received by the near (relative to T1) receiver R2 and the far receiver R3, each
waveform contains SH signals propagated along a short path (solid path-lines
A12 (230) and A13 (232)) and a long path (dashed path-lines A12c (240) and
Al3c (242)). As depicted in FIG. 2, the short path is that in which the
waveform propagates in the clockwise direction, and the long path
counterclockwise. It should be noted that in other configurations, the
directions for the shortest path and longest path may be reversed such that the

long path is clockwise.

[0038] The group velocity (¥}), frequency, and attenuation of an SH
mode (SH1, or SH2) are estimated for the section of the tubular between the
two receivers. The short-path 230, 232 or long-path 240, 242 signal responses
may be used for SH group velocity, frequency and attenuation measurements.

Similarly, when the transmitter T4 fires, the receivers R3 and R2 waveforms
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also contain short-path SH signals (signals resulting from receiving
waveforms traveling over the short paths 230, 232), as well as long-path SH
signals (signals resulting from receiving waveforms traveling over the long
paths 240, 242). Thus, for each measurement, the SH waves are induced in a

casing, and the signals are received by at least two receivers.

[0039] Other configurations employing the techniques of the
disclosure are foreseen. FIG. 2C shows an acoustic system 200 with four
horizontal shear transducers 2107, 212°, 214°, and 220’ placed along the inner
pipe wall of the casing with an axial offset. The SH wave propagates axially
and its particle displacement is along the circumference of the inner wall of
the pipe. FIG. 2D shows an acoustic system 200 with four horizontal shear
transducers 2107, 2127, 2147, and 220" placed along the inner pipe wall of the
casing with an azimuthal and axial offset. The SH wave propagates both

azimuthally and axially.

[0040] FIG. 3 shows a flowchart illustrating methods in accordance
with embodiments of the present disclosure. Method embodiments may
include detecting and evaluating wall thickness of steel casing from higher
order  shear-horizontal (SH1 or SH2) mode signal responses. Step 302
comprises transmitting SH waves in installed casing, which may be made of
steel. Step 304 comprises detecting higher order SH mode signals (SH1 and /
or SH2 signals) from at least two receivers with an offset spacing. Step 306
comprises determining the dominant frequency f of the received SH mode
signal. Step 308 comprises determining the group velocity ¥, of the SH mode

signal from the signal travel time delay and the spacing offset across the two
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receivers. Step 310 comprises estimating casing wall thickness /2 by applying
an empirical model. This empirical model may be representative of the

relation

h=mV,/ .

with a pre-determined mode factor m for a given higher order SH1 or SH2

mode.

[0041] The SH1 (or SH2 mode) signals are identified, gated, and
processed to determine the mode group velocity and frequency. The tubular
thickness is estimated from the measured SH1 group velocity, the SH1 mode
frequency, and a SH1 mode factor. Alternatively, the casing thickness may
be also estimated from the measured SH2 group velocity, the SH2 mode
frequency, and a SH2 mode factor. The mode factors may be calibrated from
measurements from known thickness or determined from theoretical model.
For nearest path operation (e.g., waveforms from the transmitter passing the
near receiver on the path to the far receiver), in some embodiments the
frequency in the formula may be the averaged frequency of the far receiver
signals for both directions of propagation (clockwise and counter-clockwise).
For group velocity, it may be preferred in some implementations to use cross-
correlation of the gated signals to estimate the time delay of near and far
receiver signals. The relationship suggested in casing thickness determination
ish =m Vg /(2f), where the mode factor m = 2.0 - 2.25 for SH1 mode, m=3.0-
3.3 for SH2 mode, for casing thickness range 0.32 — 0.53 inch tested, and V;

and fare the group velocity and frequency for the mode.

20-



WO 2020/097237 PCT/US2019/060121

[0042] The SH1 (and or SH2) mode signals in the received waveforms
may be analyzed and identified from temporal-frequency responses using
time-frequency method such as spectrogram. Alternatively, the SH1 (and or
SH2) mode may be also identified from casing cylindrical modeled
waveforms. The identified SH mode signals from the near and the far receiver

are then gated and processed for SH mode group velocity and frequency.

[0043] From the time delay for the short-path SH1 mode (or SH2
mode) from the near and the far receivers, and the spacing between the two
receivers, SH mode group velocity may be determined. The received signals
for a SH mode (SH1 or SH2) by the two receivers, from T1 firing, and from
T4 firing, are used to calculate the compensated attenuation in the section

between R2 and R3.

[0044] In some embodiments, the time delays of the SH mode signals
(SH1 or SH2) from the near and far receivers for the T1 firing and for the T4
firings are detected using cross-correlation of near and far signals, and then
averaged to reduce error, for each of the T1 and T4 transmitter firings. The
group velocity for the SH mode can be obtained by dividing the nominal

distance between the two receivers by the averaged time delay.

[0045] FIG. 4 is a flowchart illustrating method embodiments of the
present disclosure. Step 402 comprises exciting horizontal shear waves (SH
waves) in the casing, which may be carried out as described above. Step 404
comprises receiving the SH waves at a plurality of receivers. Step 406
comprises identifying SH1 or SH2 mode signals in the received waveforms.

Step 406 may be carried out by waveform analysis. The SH1 (and or SH2)
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mode signals in the received waveforms may be analyzed and identified from
temporal-frequency responses using time-frequency method such as
spectrogram.  Alternatively, the SH1 (and or SH2) mode may be also

identified from casing cylindrical modeled waveforms.

[0046] At step 410 the identified SH mode signals from the near and
the far receiver may then be gated and processed for SH mode group velocity
and frequency. Step 410 may be configured to select a clean mode (SH1 or
SH2) with less interference from other modes. For example, methods may
include iterative evaluation of signals, beginning, for example, with the signals
attributable to short-path propagation (‘short path arrivals’). If long-path
signals exhibit good signal strength and less mode coupling, they may be

selected 1nstead.

[0047] Step 412 comprises detecting the time delay. The time delays
of the SH mode signals (SH1 or SH2) from the near and far receivers for the
T1 firing and for the T4 firings may be detected using cross-correlation of near
and far signals, and then averaged to reduce error, for each of the T1 and T4
transmitter firings. Step 420 comprises detecting the mode frequency. A
preferred method for determining the SH1 (or SH2) mode frequency is to
process FFT of the far receiver arrival gated and detect the peak frequency of
the FFT spectrum. The two peak frequencies from the T1 and T4 firing are
averaged. The FFT from the far receiver signal, in comparison to that from
the near receiver arrival, may have less noise from transmitter firing and SHO

coupling. In some implementations, the far arrival frequency and the averaged
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frequency from the clockwise and the counter clockwise far arrivals may be

used.

[0048] Step 430 comprises estimating group velocity. SH mode group
velocity may be determined from the time delay for the short-path SH1 mode
(or SH2 mode) from the near and the far receivers, and the spacing between
the two receivers. The received signals for SH mode (SH1 or SH2) by the two
receivers, from each of the T1 firing and the T4 firing, may be used to
calculate the compensated attenuation in the section between R2 and R3. The
group velocity for the SH mode can be obtained by dividing the nominal

distance between the two receivers by the averaged time delay.

[0049] In some implementations, the EMAT SH configuration
comprises six evenly spaced transducers around the casing ID, e.g., at 60
degree spacings. The path may be determined from the full-revolution path
length L, which is simply the circumference of the ID of the tubular, e.g.,
1/6L(N) and 2/6L(F) for Short Path in one propagation direction (e.g., clock-
wise), or 5/6L. (N) and 4/6L(F) for Long Path in the other propagation
direction (e.g., counter-clockwise). For a casing with a known nominal casing
ID or one determined a priori (e.g., using other caliper methods), an averaged
distance receiver based on the ID-OD mid-plane distance, or based on casing
ID, may be used. The transducer spacing between two adjacent transducers
may vary slightly (e.g., in operation of a six-transducer EMAT SH sensor tool)
due to the tool movement, particularly in deviated wells. One technique for
reducing this effect may include summing up the delay times from the six

measurement sectors in total, determining an averaged group velocity, and
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then using the average group velocity to correct and compensate for receiver
spacing variations between individual sectors. The averaged group velocity

thus determined would reduce the error caused by receiver spacing variation.

[0050] Step 440 comprises estimating the thickness of the tubular.
The SH mode group velocity 7, and the frequency f, a predetermined mode
factor m, may be used to estimate the casing thickness 4, using the model
described above. The mode factor m may be calibrated from measurement or
determined from analytical model. It is a constant factor dependent upon the

SH mode and the casing thickness ranges used.

[0051] In some applications, in combination with the technique
described immediately above, it may be beneficial to use the peak frequency
and the group velocity to also estimate parameters of interest using one or
more secondary models, such as, for example, a plate model and a shear
resonance model, and to compare the results. At step 450, quality control of
processing may also be carried out, which result in the modification of
parameters. For example, it may be beneficial to adjust gate windows to
reduce mode interference, adjust arrival delay time (by up to half cycle) to

reduce cycle skipping error in time delay detection, and so on.

[0052] Another aspect of the disclosure is feed-back adaptive
transmitter frequency optimization method. The drive frequency used on an
EMAT SH tool may be selected based on free-pipe theoretical modeled SH
responses and on a known nominal thickness and OD. When casing wall
varies (due to wear, erosion, or drift) from the nominal thickness, the SH mode

frequency would also shift (i.e. out of drive pulse bandwidth) and cause signal
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drop. The method may include generating a SH1- (or SH-2) dominant wave
using a SH1 (or SH2) frequency that was previously determined for a nominal
casing thickness, receiving SH signals, detecting the group velocity and
frequency of SH1 (or SH2) signals, and recalculating the casing thickness

using the above model.

[0053] Additionally or alternatively, the method may comprise steps of
1) firing an initial wide-band pulse based on the nominal (averaged) casing
thickness, and 2) detecting the frequency of dominant SH modes, and 3) firing
a new narrow-band pulse at the detected center frequency, 4) detecting the SH
mode frequency and group velocity and calculating casing thickness. The
initial drive pulse may be a tone-burst of a few cycles, or preferably a wide-

frequency-band short pulse.

[0054] Another preferred signal enhancing method for obtaining a
clean SH mode for thickness detection involves firing multiple drive tone-
burst pulses at incremental frequencies and at incremental pulse cycles, and
determining the instantaneous phase and frequency responses of the various
SH mode signals in the near and the far received waveforms. The
instantaneous responses may be used in selecting the frequency and the pulse
cycle that vielded the largest phase and frequency differences in the selected
SH mode with the other modes (i.e., a SH1 mode of interest with least
coupling from SHO and SH2 modes; or a SH2 mode of interest with least
coupling from ShO and SH1 mode). SHI1 (or SH2) mode signals may be

selected to result in less coupling or contamination by other modes, thereby
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enabling more reliable frequency and group velocity determination, which

provides more accurate casing thickness estimates.

[0055] FIG. 5 shows a flowchart 500 illustrating methods in
accordance with embodiments of the present disclosure. In optional step 510,
a logging tool is conveyed in a tubular using a carrier. The tubular may be
located in a borehole in an earth formation or above ground. The tubular may
be casing installed in a borehole, production tubing, and so on. The borehole
may be filled with downhole fluid. Step 520 may include inducing a
horizontal shear (SH) wave using a transmitter. Step 530 may include
receiving higher order SH mode signals at a plurality of azimuthally offset
receivers. At step 540, at least some of the higher order SH mode signals
received are identified as higher order SH mode signals responsive to a higher
order SH mode engendered by the horizontal shear (SH) wave, such as the
SH1 mode. The at least one higher order horizontal shear wave mode has a
propagation that is substantially circumferential. Step 550 comprises
estimating a dominant frequency for higher order SH mode from the identified
higher order SH mode signals. Step 560 comprises estimating a group
velocity for the higher order SH mode from the higher order SH mode signals.
Step 570 comprises estimating a tubular (e.g, tubing wall thickness)
parameter using the dominant frequency and the group velocity. The tubular
parameter may include at least one of: 1) location of the tubular; ii) thickness
of the tubular; and iii) at least one property of a defect of the tubular; iv) a
bond of the tubular with cement; v) outer diameter of the tubular; and vi)
location of a tubular joint. The tubular parameter is estimated independent of

the fundamental horizontal shear wave mode (SHO).
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[0056] Estimating the group velocity may be carried out by estimating
a time delay between a first receiver of the plurality and a second receiver of
the plurality comprising employing a cross-correlation between a first portion
of the higher order SH mode signals from the first receiver and a second

portion of the higher order SH mode signals from the second receiver.

[0057] As noted, the plurality of receivers may include a first receiver
located a first distance from the transmitter along a shortest circumferential
path and a second receiver located a second distance from the transmitter
along another shortest circumferential path, wherein the second distance is
greater than the first distance. Estimating the dominant frequency may be
carried out by performing a Fast Fourier Transform (FFT) of a portion of the
higher order SH mode signals received at the second receiver to generate a

FFT spectrum, and detecting a peak frequency of the FFT spectrum.

[0058] Optional methods may include using the parameter of interest
to estimate a characteristic of the borehole, the near-borehole formation, or
infrastructure installed in the borehole. Estimation of the parameter may
include the use of a model. In some embodiments, the model may include, but
is not limited to, one or more of: (i) a mathematical equation, (ii) an
algorithm, (iii) an deconvolution technique, and so on. Reference information

accessible to the processor may also be used.

[0059] Method embodiments may include conducting further open-
hole operations in the earth formation in dependence upon formation
information, estimated properties of the reflector(s), or upon models created

using ones of these. Further operations may include at least one of: 1)
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geosteering; ii1) drilling additional boreholes in the formation; iii) performing
additional measurements on the formation; iv) estimating additional
parameters of the formation; v) installing equipment in the borehole; vi)
evaluating the formation; vii) optimizing present or future development in the
formation or in a similar formation; viii) optimizing present or future
exploration in the formation or in a similar formation; ix) drilling the borehole;

and x) producing one or more hydrocarbons from the formation.

[0060] Estimated parameters of interest may be stored (recorded) as
information or visually depicted on a display. The parameters of interest may
be transmitted before or after storage or display. For example, information
may be transmitted to other downhole components or to the surface for
storage, display, or further processing. Aspects of the present disclosure relate
to modeling a volume of an earth formation using the estimated parameter of
interest, such as, for example, by associating estimated parameter values with
portions of the volume of interest to which they correspond, or by representing
the boundary and the formation in a global coordinate system. The model of
the earth formation generated and maintained in aspects of the disclosure may
be implemented as a representation of the earth formation stored as
information. The information (e.g., data) may also be transmitted, stored on a
non-transitory machine-readable medium, and / or rendered (e.g., visually

depicted) on a display.

[0061] The processing of the measurements by a processor may occur
at the tool, the surface, or at a remote location. The data acquisition may be

controlled at least in part by the electronics. Implicit in the control and
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processing of the data is the use of a computer program on a suitable non-
transitory machine readable medium that enables the processors to perform the
control and processing. The non-transitory machine readable medium may
include ROMs, EPROMs, EEPROMs, flash memories and optical disks. The
term processor is intended to include devices such as a field programmable

gate array (FPGA).

[0062] Testing of the techniques of the present disclosure with EMAT-
based sensor tools (e.g., the INTeX tool manufactured by Baker Hughes, a
G.E. Company) showed vast improvement over conventional methods. The
thickness results obtained from the proposed model were in good agreement
with four nominal known casing thicknesses over 0.318 — 0.53 inch. Below

are four test examples illustrating the performance of the new method.

[0063] FIGS. 6A-6F show test results for the SH1 mode using short-
and long-path signals in casing with 7-inch OD and 0.53 inches thickness in
mostly free pipe. The tool used 2 cycles of burst at 179 kHz to excite the SH1
mode. FIG. 6A shows measured waveforms acquired at a near receiver. FIG.
6B shows measured waveforms acquired at a far receiver. As is shown, the
long-path SH1 signals around 5/6L from the near receiver, and the long-path
SH1 signals around 4/6L from the far receiver were both gated and processed
for thickness calculation, using a gate index of 245-280 for the near receiver

and 210-250 for the far receiver.

[0064] Because of dispersion, the SHO arrivals are slightly ahead of
the SH1 signals, while the SH2 arrivals are later than the SH1 mode arrivals.

The long-path SH1 arrivals are substantially clean and display good separation
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with the SHO and SH2 modes. These results are in agreement with those from
a cylindrical casing model, as described above, which qualitatively predicted
the measured responses at the near and far receiver for the long-path SH1

arrivals.

[0065] FIG. 6C shows the measured long-path SH1 mode frequency.
FIG. 6D shows the measured SH1 mode group velocity. The six curves from
six 60-deg azimuthal sectors around casing ID are shown along with six-sector
averaged results. The SH1 frequency is about 235 kHz, which is significantly
higher than the center frequency 179-kHz drive burst. The casing joints are

apparent from the large frequency and velocity spikes.

[0066] FIG. 6E shows detected thickness in contrast to nominal
thickness. FIG. 6F shows error of detected thickness in contrast to nominal
thickness. The detected thickness results show the higher order shear wave
method of the present disclosure (thickness 2 = mV, /(2f), m=2.0 in black) to
be in close agreement with the known nominal 0.53 in. The shear resonance
results (thickness 7z =mVy/(2f), m=2, in red) were quite flat and also agreed
well. These values may be contrasted with thickness values calculated from
the plate model, which resulted in significant overestimation. The averaged

errors in the thickness estimate for the SH1-method were within 0.01 inch.

[0067] FIGS. 7A and FIG 7B show well test results for SHImode
using short-path signals in casing with 7-inch OD and 0.53 inches thickness in
mostly free pipe. The tool used 2 cycles of burst at 267 kHz to excite both
SH1 and SH2 modes. FIGS. 7A & 7B show short-path waveforms acquired at

the near and far receiver, respectively, over a depth range from 22450 to
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22700 feet. The short-path SH1 signals around 1/6L from the near receiver
and those around 2/6L from the far receiver were gated and processed for
thickness calculation.  The SHI arrivals are strong and well separated from
the SHO mode at the front of the packet and the SH2 mode at the end of the

packet.

[0068] FIGS. 7C & 7D show the short-path SH1 mode frequency and
the SH1 group velocity. SH1 frequency and group velocity responses display
low scattering, as compared to the SH2 responses discussed in further detail
below with reference to FIGS. 8B & 8C. The down-shift in the SH1 mode
frequency of ~255 kHz from the drive 267 kHz is apparent in FIG. 7D. The
short-path SH1 signals have less attenuation and stronger signal than the long-
path SH1 signals. Further, the high excitation frequency 267 kHz also excites
stronger SH1 signals than those from the 179 kHz. The location of the casing
collars are easily observed from variations in the frequency and group
velocity. FIGS. 7E & 7F show compensated short-path attenuation and casing
thickness. The SH1-method thickness results for the six 60-deg sectors were
quite good, with a variation band about 0.025 inch, or about 5% of 0.53 inches

(FIG. 7F).

[0069] FIG. 7G shows detected thickness in contrast to nominal
thickness. FIG. 7H shows error of detected thickness in contrast to nominal
thickness. The averaged thickness of the new method (in black) is in good
agreement with the nominal, comparing to the shear wave method (m=2) and
the tool calibration method. The SH1 method (m=2) had an averaged error of

approximately -0.015 inch (-3% of the nominal 0.53 inches). The shear
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method results were underestimated and with a larger error of -0.045 inch.
The plate model estimated thickness was significantly high (0.80°’-1.0"") and

1s not shown here.

[0070] Group velocity dispersion may be used to perform quality
control on the measured data. The measured SH1 group velocity was
clustered around 0.53 inch (estimated thickness), and expectedly increased
with casing thickness. Also expectedly, the SH1 mode frequency was lower
with an increase in thickness. Another useful way to evaluate group velocity
dispersion is to plot the SH1 group velocity as function of f (product of the

measured frequency and the estimated thickness).

[0071] For the examples above of the near and far receiver waveforms,
the short-path SH2 signals around 1/6L from the near and the around 2/6L
from the far receiver, were gated and processed for thickness calculation. The
near- and far-receiver waveforms are shown in FIG. 8A and FIG. 8B. Because
of high attenuation, the SH2 arrivals were weaker than the SH1. They
overlapped with the SH1 for the near receiver and the far receiver. The
theoretical waveforms indicated that the short-path SH2 were close to the SH1
in the front for the near receiver, and also overlapped with the SHO/SH1 in the
tail for the far receiver. Thus short-path SH2 arrivals gated would contain

some coupling from the SHO and SH1 modes.

[0072] FIGS. 8C-8E show additional test data. FIGS. 8C &8D show
the SH2 mode frequency and the SH2 group velocity. The SH2 frequency and
the group velocity were more scattered, with a larger variation band in the

group velocity (+/-5%, except of the joint areas) and a smaller variation band
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(+/-2.5%) in the SH2 frequency. FIG. 8E shows compensated attenuation.
The SH2 attenuations were higher and exhibited more scattering when
compared to the much tighter SH1 attenuations. Note the much larger

attenuations around casing joints.

[0073] FIG. 8F shows detected thickness in contrast to nominal
thickness. FIG. 8G shows error of detected thickness in contrast to nominal
thickness. The casing thickness (the averaged over the six sectors per depth
step) from the SH2-m method in accordance with the present disclosure (2=
mVy/(2f), m=3.0) had the best agreement with the nominal when comparing
results from the present techniques, the plate model results, the shear model
(h= mVy(2f), m=3), and a calibrated method. The averaged error (relative to

the nominal) over the depth range was about 0.01 inch.

[0074] FIGS. 9A-9G show test well results for the SHI mode using
short-path signals in casing with 7-inch OD, and with 0.318” - 0.452”°
thickness over 400-1000 ft depth sections. Casing was cemented in most
depths. The tool used 5 cycles of burst at 268 kHz to excite a dominant SH1

mode at 0.318°" and 0.361°’ thickness.

[0075] FIGS. 9A-9B show test run examples of the near and far
receiver waveforms (from one of the six 60-degree-apart sectors). The short-
path SH1 signals around (1/6)L from the near receiver and those around (2/6)L.
from the far receiver were used in thickness detection. The driver burst is 268

kHz with 5 cycles.
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[0076] FIGS. 9C shows compensated attenuation. The SHI
compensated attenuation results indicated several predominantly cemented
zones (high attenuations) and several mostly free pipe zones (low attenuation).
The SH1 echoes were weaker in the cemented sections (420-470 ft; 670-720
ft; 900-910 ft). The SHI1 frequency and the group velocity (FIGS. 9D &9E)
became noisier in the cemented sections where the compensated attenuations
were much high (FIG. 9C). Overall, the thickness calculated from the SH1
method (7=2.0) and from the plate model, agreed well to each other and
matched quite well to the nominal thickness over the thickness 0.318 to 0.406

in range. (FIGS. 9F and 9G).

[0077] FIG. 10 shows curves of normalized group velocity V,/V; with
respect to normalized frequency factor, Q, at various values of shape factor.
The normalized frequency factor may be expressed as Q =2 fh/Vs, where V; is
casing shear velocity, / is SH1 mode frequency, and / is thickness of the
casing. Shape factor n is a ratio of inner diameter to outer diameter (n =
ID/OD). For a given thickness and group velocity, factor Q can be found from
each shape factor The SH1 mode factor, m, can be also determined using
normalized group velocity using m= 2 fh/Vy = Q/(V,/V;). The test example of
FIG. 10 includes three thicknesses (0.316°°, 0.361, and 0.405°"). From each
thickness and the averaged group velocity, using the above method, the m-

factor was determined as 2.04-2.05.

[0078] The term "conveyance device" as used above means any
device, device component, combination of devices, media and/or member that

may be used to convey, house, support or otherwise facilitate the use of
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another device, device component, combination of devices, media and/or
member. Exemplary non-limiting conveyance devices include drill strings of
the coiled tube type, of the jointed pipe type and any combination or portion
thereof. Other conveyance device examples include casing pipes, wirelines,
wire line sondes, slickline sondes, drop shots, downhole subs, BHA's, drill
string inserts, modules, internal housings and substrate portions thereof, self-
propelled tractors. As used above, the term “sub” refers to any structure that is

configured to partially enclose, completely enclose, house, or support a device.

[0079] “Resonant frequency” refers to a frequency having a frequency
response maximum. The term “significantly close in frequency” as used

herein refers to frequencies having a difference of less than 15 Hz.

[0080] As used herein, the term “fluid” and “fluids™ refers to one or
more gasses, one or more liquids, and mixtures thereof. A “downhole fluid”
as used herein includes any gas, liquid, flowable solid and other materials
having a fluid property and relating to hydrocarbon recovery. A downhole
fluid may be natural or man-made and may be transported downhole or may
be recovered from a downhole location. Non-limiting examples of downhole
fluids include drilling fluids, return fluids, formation fluids, production fluids
containing one or more hydrocarbons, engineered fluids, oils and solvents
used in conjunction with downhole tools, water, brine, and combinations
thereof. An “engineered fluid” may be used herein to mean a human made
fluid formulated for a particular purpose. The term “geosteering” may refer to
changing direction of the drill bit, stopping progression of the drill bit, or

continuing advancement of the drill bit.
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[0081] The term “information™ as used herein includes any form of
information (analog, digital, EM, printed, etc.). As used herein, a processor is
any information processing device that transmits, receives, manipulates,
converts, calculates, modulates, transposes, carries, stores, or otherwise
utilizes information. In several non-limiting aspects of the disclosure, a
processor includes a computer that executes programmed instructions for
performing various methods. These instructions may provide for equipment
operation, control, data collection and analysis and other functions in addition
to the functions described in this disclosure. The processor may execute
instructions stored in computer memory accessible to the processor, or may
employ logic implemented as field-programmable gate arrays (‘FPGAS’),
application-specific integrated circuits (‘ASICs’), other combinatorial or

sequential logic hardware, and so on.

[0082] Thus, configuration of the processor may include operative
connection with resident memory and peripherals for executing programmed
instructions. In some embodiments, estimation of the parameter of interest
may involve applying a model. The model may include, but is not limited to,
(1) a mathematical equation, (ii) an algorithm, (iii) a database of associated

parameters, or a combination thereof.

[0083] Measurements of sonic travel time, or “slowness,” are well
known, and may be considered as depending upon the properties inherent in
Snell’s Law to propagate sound from a transmitter to a receiver through an
earth formation. Slowness is the inverse of the sound velocity. The

measurement is representative of travel time of sound through the formation.
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Typically the term refers to measurements wherein the transmitter and receiver
are in a borehole intersecting the formation, e.g., on a tool string in the
borehole. The speed of sound in the earth formation is governed in
approximation by the physical properties embodied in the Wood-Biot-
Gassmann equations. It is apparent that the values of slowness and velocity
may be used interchangeably in the techniques disclosed herein. The
parameters slowness and velocity are inversely related and the measurement of
either may be converted to the other by simple mathematical relations that are
well known in the art. Thus, the term “velocity” as used herein may refer to

slowness as traditionally understood, as well as other parametric equivalents.

[0084] Substantially the same refers to values within the generally held
value for common deviation, such as, for example, due to noise. The term
“substantially the same™ as applied in the context of signal characteristic refers
to frequencies negating the effects of dispersion and attenuation, such that
differences in effects between two signals having corresponding signal
characteristics are negligible, such as, for example, differences in lateral beam
field of less than 25 percent, less than 10 percent, less than 5 percent, less than
3 percent, less than 2 percent, less than 1 percent, less than 0.5 percent, and so

on, down to and including no difference.

[0085] The estimated parameter of interest may be stored (recorded) as
information or visually depicted on a display. Aspects of the present
disclosure relate to modeling a volume of an earth formation using the
estimated parameter of interest, such as, for example, by associating estimated

parameter values with portions of the volume of interest to which they
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correspond. The model of the earth formation generated and maintained in
aspects of the disclosure may be implemented as a representation of the earth
formation stored as information. The information (e.g., data) may be stored on
a non-transitory machine-readable medium, and rendered (e.g., visually

depicted) on a display.

[0086] Control of components of apparatus and systems described
herein may be carried out using one or more models as described above. For
example, at least one processor may be configured to modify operations 1)
autonomously upon triggering conditions, ii) in response to operator
commands, or iii) combinations of these. Such modifications may include
changing drilling parameters, steering the drillbit (e.g., geosteering), changing
a mud program, optimizing measurements, and so on. Control of these
devices, and of the various processes of the drilling system generally, may be
carried out in a completely automated fashion or through interaction with
personnel via notifications, graphical representations, user interfaces and the

like. Reference information accessible to the processor may also be used.

[0087] The processing of the measurements made in wireline or MWD
applications may be done by a surface processor, by a downhole processor, or
at a remote location. The data acquisition may be controlled at least in part by
the downhole electronics. Implicit in the control and processing of the data is
the use of a computer program on a suitable non-transitory machine-readable
medium that enables the processors to perform the control and processing.

The non-transitory machine-readable medium may include ROMs, EPROMs,
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EEPROMs, flash memories and optical disks. The term processor is intended

to include devices such as a field programmable gate array (FPGA).

[0088] The term “substantially real-time” as applied to methods of the
present disclosure refers to an action performed (e.g., estimation, modeling,
and so on) while the sensor is still downhole, after the generation of the
information and prior to movement of the sensor an appreciable distance
within the context of evaluating the borehole or formation at an associated
resolution, such as, for example, a distance of 100 meters, 50 meters, 25
meters, 10 meters, or less; and may be defined as estimation of the parameter
of interest or production of the current iteration of a model within 15 minutes
of generating the information, within 10 minutes of generation, within 5
minutes of generation, within 3 minutes of generation, within 2 minutes of
generation, within 1 minute of generation, or less. The term “substantially
continuous”™ as applied to measurement in accordance with embodiments of
the present disclosure means that no gaps exist within the measurement
corresponding to a circumference of the borehole at a particular borehole

depth.

[0089] While the foregoing disclosure is directed to the one mode
embodiments of the disclosure, various modifications will be apparent to those
skilled in the art. It is intended that all variations be embraced by the

foregoing disclosure.
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CLAIMS

What 1s claimed is:

1. A method of hydrocarbon tubular evaluation, the method comprising:

conveying a logging tool in a tubular with a carrier;

inducing with a transmitter a horizontal shear (SH) wave;

identifying higher order SH mode signals received at a plurality of offset
receivers responsive to a higher order SH mode engendered by the horizontal

shear (SH) wave;

estimating a dominant frequency for the higher order SH mode from the

higher order SH mode signals;

estimating a group velocity for the higher order SH mode from the higher

order SH mode signals; and

estimating a tubular parameter relating to the tubular using the dominant

frequency and the group velocity.

2. The method of claim 1 comprising receiving the higher order SH mode

signals at the plurality of azimuthally offset receivers.

3. The method of claim 1 wherein the tubular parameter comprises at least
one of: 1) location of the tubular; ii) thickness of a wall of the tubular; and iii)

at least one property of a defect of the tubular; iv) a bond of the tubular with
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cement; v) outer diameter of the tubular; vi) a presence of a joint; and vii) a

location of a joint.

4. The method of claim 1 wherein the higher order horizontal shear wave

mode has a propagation that is substantially circumferential.

5. The method of claim 1 wherein estimating the tubular parameter comprises
estimating the tubular parameter independent of the fundamental horizontal

shear wave mode (SHO).

6. The method of claim 1 wherein the tubular comprises casing installed in

the borehole using cement.

7. The method of claim 1, wherein estimating the group velocity comprises
estimating a time delay between a first receiver of the plurality and a second
receiver of the plurality comprising employing a cross-correlation between a
first portion of the higher order SH mode signals from the first receiver and a

second portion of the higher order SH mode signals from the second receiver.

8. The method of claim 1 wherein the plurality of receivers comprises a first
receiver located a first distance from the transmitter along a shortest
circumferential path and a second receiver located a second distance from the
transmitter along another shortest circumferential path, wherein the second

distance is greater than the first distance, and
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wherein estimating the dominant frequency comprises:

performing a Fast Fourier Transform (FFT) of a portion of the higher order SH

mode signals received at the second receiver to generate a FFT spectrum, and

detecting a peak frequency of the FFT spectrum.

9. The method of claim 1 wherein the tubular comprises production tubing.

10. The method of claim 1 wherein inducing the SH wave in the tubular

comprises exciting the SH wave with an electromagnetic acoustic transducer.

11. The method of claim 1 comprising conducting further operations in the

formation in dependence upon the tubular parameter.

12. The method of claim 11 wherein the further operations comprise at least
one of: 1) geosteering; ii) drilling additional boreholes in the formation; iii)
performing additional measurements on the formation; iv) estimating
additional parameters of the formation; v) installing equipment in the
borehole; vi) evaluating the formation; vii) optimizing present or future
development in the formation or in a similar formation; viii) optimizing
present or future exploration in the formation or in a similar formation; ix)
installing equipment in the borehole; x) producing one or more hydrocarbons

from the formation; xi) repairing the tubular; xii) replacing the tubular.
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13. The method of claim 1 wherein the tubular parameter comprises a

characteristic of a structural feature relating to the tubular.

14. The method of claim 13 wherein the structural feature comprises at least
one of: 1) tubular ovality of the tubular; ii) deformation of the tubular; 1iii)
corrosion of the tubular, iv) perforation of the tubular, v) a material property

of the tubular; vi) a material property of a material surrounding the tubular.

15. The method of claim 1 wherein the horizontal shear (SH) wave propagates

substantially circumferentially in the tubular.

16. The method of claim 1 wherein plurality of offset receivers are

azimuthally offset.

17. The method of claim 1 wherein plurality of offset receivers are axially

offset.

18. An apparatus for hydrocarbon tubular evaluation, the apparatus

comprising:

a logging tool having disposed thereon a plurality of transducers, the logging

tool configured for conveyance in a tubular with a carrier;

at least a first transducer pair of the plurality of transducers each configured to

induce a horizontal shear (SH) wave;
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at least a second transducer pair of the plurality of transducers each configured

to receive the induced horizontal shear (SH) waves;

at least one processor associated with the logging tool configured to:

identify higher order SH mode signals received at a plurality of offset
receivers responsive to a higher order SH mode engendered by the

horizontal shear (SH) wave;

estimate a dominant frequency for higher order SH mode from the

higher order SH mode signals;

estimate a group velocity for the higher order SH mode from the

higher order SH mode signals; and

estimate a tubular parameter using the dominant frequency and the

group velocity.
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