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Abstract: The work presented in this paper shows that Fiber Bragg Grating (FBG) optical fiber sensors
can potentially be used as receivers in a long-range guided wave torsional-mode pipe inspection
system. Benefits over the conventional pulse-echo method arise due to reduced total travel distance
of the ultrasonic guided wave reflections, since reflections from defects and structural features do not
need to propagate a full round trip back to the transmitting collar. This is especially important in
pipe configurations with high attenuation, such as coated and buried pipelines. The use of FBGs as
receivers instead of conventional piezoelectric or magnetostrictive elements also significantly reduces
cabling, since multiple FBG receivers can be placed along a single optical fiber which has a diameter
on the order of only around 100 pm. The basic approach and sample results are presented in the
paper. Additionally, a brief overview of some topics in ultrasonic guided waves is presented as a
background to understand the inspection problem presented here.

Keywords: ultrasonic guided waves; fiber optics; fiber Bragg grating; nondestructive testing;
structural health monitoring; pipe inspection

1. Introduction

Guided wave ultrasound is increasingly being used to solve inspection problems in a wide variety
of applications. This is because guided waves can be used to inspect over long distances from a single
probe position, offer complete volumetric coverage, and can inspect hidden/inaccessible structures,
such as those under water, coatings, insulation, and soil. Before discussing the merger of ultrasonic
guided waves with fiber optic technology, the major topic in this paper, a brief review of some of our
first accomplishments on various topics in ultrasonic guided waves is presented. This illustrates the
background leading to the topic of this paper.

Two textbooks on the subject of wave mechanics fundamentals with emphasis on guided
waves for nondestructive testing (NDT) and structural health monitoring (SHM) are presented by
Rose, [1] 1999, [2] 2014. Some selected developments over the last few decades include the following.
The value of computing and selecting specific wave structures from the phase velocity dispersion
curves was initially pointed out by Ditri, Rose, and Chen [3] 1991, where defects close to a surface
were found with wave structure having lots of energy near the surface. Since then paying attention
to wave structure has led to solutions for many important problems in NDT and SHM. Pilarski,
Ditri, and Rose in [4] 1993, demonstrated the ability to locate wave structure profiles with in-plane
displacement on the surface of a waveguide, which has played a significant role in ice detection and
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the impact of water loaded surfaces on many NDT and SHM problems. A variety of problems in
the aircraft industry are covered by Rose and Soley [5] 2000. Such topics as lap joint, tear strap and
honeycomb inspection are discussed. A method of focusing ultrasonic guided waves in pipe was
introduced by Rose, Sun, Mudge, and Avioli [6] 2003. The phased array focusing approach improves
detection sensitivity, axial and lateral resolution and even penetration power. The ability to generate
dispersion curves for structures having an arbitrary cross section was introduced by Hayashi, Song,
and Rose [7] 2003. Many new applications with guided waves became possible and in particular
a breakthrough in treating guided wave propagation in rails. Guided wave tomography concepts
and several sample problems were coved by Gao, Shi, and Rose [8] 2005. The critical problem of rail
inspection under shelling for transverse crack detection in the rail head along with possibilities of
web and base defect detection was presented by Lee, Rose, and Cho [9] 2008. Adhesive bondline
inspection breakthroughs was reported for certain substrate systems by Puthillath and Rose [10] 2010.
Utilization of magnetostrictive technology advancements for the generation and utilization of guided
waves was reported by Van Velsor, Royer, Owens, and Rose [11] 2013. Guided wave mode and
frequency tuning and optimization is discussed in Philtron and Rose [12] 2014, making it possible
to find defects in a variety of different structures more completely. A phased array system for plate
inspection was developed and reported by Rose, Borigo, Owens, and Reese [13] 2017. This technique
is responsible for amazingly fast inspection of corrosion type defects in large plate-like structures
employing radar type circumferential or sector scans. Other NDT applications for guided waves, for
example, include oil-tank weld detection using EMAT-generated shear-horizontal guided waves [14]
2017, fundamental torsional mode detection of angled cut flaws [15] 2016, and liquid level displacement
measurements using magnetostrictive sensors [16] 2017.

Our background in ultrasonic guided waves thus prepared us for a merger with concepts
presented by Perez, Cui, and Udd [17] 2001. Perez et al. [17] showed the possibility of ultrasonic
wave interaction with fiber Bragg gratings (FBG) in an optical fiber. To date, FBG ultrasonic sensors
have been extensively investigated [18] 2008. The use of the fundamental shear horizontal mode in
plates and torsional mode in pipes is of interest for ultrasonic inspection due to the nondispersive
nature and insensitivity to water loading that these modes offer. However, the majority of FBG
ultrasonic sensors have been used to detect Lamb-type guided waves which are quite different from
the shear horizontal (SH) waves in plates and torsional waves in pipes, there are only a few papers
experimentally describing the usage of FBG sensors for SH wave detection [19-21] but with inclusive
results. The mechanism governing the interaction of an FBG sensor with SH waves in plates has
not been thoroughly reported until our work was recently published by Liu, Philtron, Zhu, Rose,
and Han [22] 2018. Our results in [22] confirm both theoretically and experimentally the feasibility of
using FBG sensors for SH wave detection with a maximum reception efficiency around 45° incidence,
which shows a completely different angular dependence in comparison to Lamb-type wave detection.

In this current paper, taking advantage of the remote sensing (attenuation of the optical signal in
an optical fiber is ultralow) and multiplexing capability of FBG sensors, the work is expanded upon our
previous work in [22] to demonstrate how the technique could be used to extend the range in medium
and long-range pipe inspection applications using torsional guided waves. The use of the fundamental
shear horizontal mode in plates and torsional mode in pipes is of interest for ultrasonic inspection due
to the nondispersive nature and insensitivity to water loading that these modes offer. Since long-range
guided wave pipe inspection is critical and taking place all over the world on thousands of miles
of pipe, the work reported in this paper was intended to investigate if improvements in inspection
reliability and cost reduction would be possible with a hybrid ultrasonic guided wave-FBG approach.
Some earlier work on this subject was reported by Hu, Zhao, and Li [23] 2012 and Ray, Srinivasan,
Balasubramaniam, and Rajagopal [24] 2017. Hu et al. [23] 2012 performed a modeling study suggesting
feasibility to integrate optical fiber sensors into pipeline inspection using the L(0,2) mode, but an
experiment was not reported. Ray et al. [24] 2017 describe the use of fiber optic sensors to detect
changes in the guided wave features of the L(0,2) mode to assess cross sectional irregularities such as
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pipe eccentricity. Obviously, their work does not address torsional wave detection. The work reported
in this paper will illustrate how FBG receivers could be implemented as part of a hybrid ultrasonic
pipe inspection technology using torsional guided waves.

2. Hybrid Ultrasonic—Fiber Optic System Concept

Commercially available systems for ultrasonic guided wave pipe inspection can quickly and
reliably scan large sections of pipeline for flaws. However, there are certain situations where increased
range of an inspection system is desired. This may occur in such situations as for highly attenuative
pipe, such as buried, coated, or generally corroded lines, or in situations where access is limited.
In these situations, use of an alternate method, such as fiber optic sensors, in conjunction with
conventional ultrasonic guided wave inspection can be beneficial to increase inspection range into
the non-inspected region. Fiber optic sensors may be attached to a pipeline during installation and
then left in place for use during periodic inspections. The fiber optic sensors could be placed near the
end of the range of a conventional pulse-echo inspection system, allowing for increased range by as
much as 50%, if the optical system has a similar signal-to-noise ratio. This can be achieved because the
reflected wave energy from a flaw need not travel the full return distance to the actuator, but only back
to the remote fiber optic sensor to be detected.

This concept is illustrated in Figure 1. The conventional ultrasonic collar generates guided waves
in the pipe at location 0. Remote fiber optic sensor(s) are placed at a distance X from the collar,
which should be near, but not beyond, the effective inspection range of the conventional system.
The inspection range of the hybrid system is then extended such that a flaw at a distance Y from the
collar is now detectable from the original collar location through use of the fiber optic sensor. Note that
the optical system could be collocated with the ultrasonic equipment, or not. One key difference
between optical fiber and conventional metal cable carrying ultrasonic signals is that the loss of the
optical signal is very low in comparison.
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Figure 1. Global hybrid ultrasonic guided wave and fiber optic inspection system concept. The range
of a conventional collar at position 0 can be increased beyond position X using a fiber optic sensor
attached near position X. This allows the hybrid system to detect a flaw at a further distance, position Y.

Consider an example coated pipeline with high attenuation. It is possible that a conventional
inspection distance is only 50 feet. Flaws beyond 50 feet from the collar are not detected because
potential flaw reflections are hidden within the noise. However, if a fiber optic sensor was installed
near the 50-foot location, the inspection range could be increased by 25 feet, to a total of 75 feet.
Assuming constant attenuation along the pipe, the ultrasonic wave energy would decrease the same
amount traveling from 50 feet back to the collar, or from 50 to 75 feet and back to the fiber optic
sensor. If the fiber optic sensor has a similar signal-to-noise ratio as the ultrasonic collar, the effective
inspection range can be increased by as much as 50%. The fiber optic sensors could be attached and left
in place (under coatings) during pipeline installation, saving significant time and cost from inspection
and preparation costs to expose the pipe for collar application, particularly for the case where access
must be dug in the middle of a buried section of pipeline. Note that the use of a hybrid system could
be costly due to the need for extra components to perform optical sensing such as the laser, controller,
photodetector, etc. However, in certain cases where it can achieve improved performance, such as in
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cases where increased inspection range provides inspection of previously un-inspectable or expensive
or hard-to-inspect areas, use of a hybrid system will be worthwhile. Future developments will also
lead to reduced cost of optical components. Generally, it is expected that the fiber sensors will be
used in a similar method as for conventional piezoelectric and magnetostrictive sensors, i.e., to detect
reflections from flaws. Although it may be possible to detect flaws between a sender and receiver,
flaw detection is much easier and more straight forward when analyzing a reflected wave signal from
a flaw.

Note also that additional SMS collar(s) could be installed at location X, etc., to extend the inspection
range, but these collars are generally more expensive than optical fiber, would require many, long
cables (typically 16, one per channel) with a remotely used data acquisition system, and there may not
physically be access space to install these collars. The use of fiber optic sensors also allows for many
sensors along a single optical cable.

3. Materials and Methods

An experiment was conducted on a 21-foot section of 6-inch NPS schedule 40 carbon steel pipe.
A segmented magnetostrictive (SMS) collar was placed 3 feet from the pipe end and used to generate
torsional axisymmetric ultrasonic guided waves in the pipe. Generation of ultrasound using the
magnetostrictive effect is described in Ref. [25] 1993. The SMS collar was constructed of copper
meandering coils printed on flexible circuit boards with a design frequency of 64 kHz, which were
placed over a 2-inch-wide strip of iron cobalt (FeCo) that was bonded to the circumference of the pipe.
Olympus UltraWave LRT hardware (OSSA, Waltham, MA, USA) and custom software were used
to generate torsional mode ultrasonic guided waves and collect data. This sending setup, and the
SMS coil design, is identical to the one used and described in Ref. [11]. Optical FBG sensors were
initially collocated with the collar, on the top and bottom of the pipe, and used to receive ultrasonic
guided wave energy. The optical fiber sensors were oriented at 45° relative to the pipe axis and directly
attached to the pipe surface using clear Scotch® tape. Tape was used because a temporary method
for sensor bonding was desired so that the fiber optic sensor could be easily and quickly moved to
various locations during experimental testing. Epoxy or superglue (cyanoacrylate) would be a more
appropriate long-term choice for permanent sensor installation. The 45° orientation was previously
shown to result in maximum reception of shear horizontal-type guided wave energy in plates [22]
2018. Ref. [22] also gives a theoretical justification for why this angle achieves the highest amplitude
response to shear-type guided waves. Two flaws were introduced in the pipe at 13 feet and 10 feet
from the pipe end. A schematic of the pipe is illustrated in Figure 2.

SMS collar N
‘ Nollid
Optical Y X Flaw 1
Sensors “&\*F)?a—) 2
W
3 —> 10’ —> 13 —> 27

Figure 2. Schematic of the 21-foot pipe specimen. The SMS collar and the initial FBG sensor locations
were 3 feet from the pipe end. Flaws were introduced at 13 feet and 10 feet from the pipe end. The side
with flaw 2 will be referred to as the right side. Number and locations of the optical fiber sensors vary
in the different experiments.

A schematic of the test equipment is shown in Figure 3. A laptop was used for data acquisition
and custom software was used to control the UltraWave pulser/receiver hardware. The pulse was sent
to the collar to generate ultrasonic guided waves in the pipe. One or more fiber optic sensors were
coupled to the pipe and a distributed feedback (DFB) laser was used with a locking system to keep
the laser wavelength locked onto the spectral notch of the optical fiber sensor, and a photodetector
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was used to convert the light signal into a voltage signal for recording. Different from the benchtop
narrow linewidth laser used in our previous work [22], the much more portable and low-cost DFB
lasers (A1905LMI, Avanex, New York, NY, USA) were used in this paper with moderate compromise
in signal-to-noise ratio (due to the larger noise of a DFB laser). Furthermore, a two-channel system was
used in this work to demonstrate the multiplexing capability of the FBG sensing system (see Figure 3),
i.e., one DFB laser and FBG pair works at 1550 nm wavelength while the other pair works at 1545 nm.
A dense wavelength division multiplexer (DWDM) was used to optically separate the two channels and
the ultrasonic signals received by the two FBG sensors are acquired simultaneously. Additional details
describing each single-channel setup are found in Ref. [22] 2018. Although the two-channel system
is enough for the demonstration of multiplexing capability, when using this type of optical setup
additional lasers could be added for additional simultaneous reception by fiber sensors connected to
other channels of the DWDM but it is not the focus of this paper. Note that the type of optical fiber
sensor used in this study is a Fabry-Perot interferometer formed by a pair of tandem chirped fiber
Bragg gratings, each with a 5-mm grating length, abbreviated as CFBG-FPI and referred to in this work
simply as an optical fiber sensor. Any reasonable optical fiber Bragg grating type sensor may be used
to detect torsional guided waves; this sensor type was selected due to its relatively high signal-to-noise
ratio, although it has other properties such as the ability to withstand relatively large static strains in

the structure while still using its narrow spectral notch pattern [26] 2017.
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Figure 3. Schematic of the integrated ultrasonic-optical system setup. A servo controller was used to
keep the laser wavelength locked to the slope of the FBG spectrum for each channel. The optical signal
was converted to a voltage signal and recorded using conventional ultrasonic hardware.

4. Results

4.1. Confirmation of Torsional Mode and Flaw Detection

Figure 4 shows a frequency scan (F-Scan) plot of data collected using ultrasound generated by the
SMS collar and received by the optical fiber sensor attached on the bottom of the pipe at 3 feet from the
pipe end. The F-Scan plot shows data from a series of A-scans (amplitude scans) with different pulse
center frequencies vs. distance, with amplitude shown in color. The dead zone, pipe end reflections,
and flaw indications are indicated. These two flaws are located at 7 feet and 10 feet from the sensor
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and on the top and right side of the pipe, respectively. The flaws are 0.5-inch diameter and 0.25-inch
deep drilled holes, which represent a simulated 2% CSA (pipe cross-sectional area) corrosion flaw.

Reflections from a reverse wave are also shown in Figure 4. Although the SMS collar was activated
with directional control, in which two axially-separated coils are used with a time delay to cancel the
backward-travelling wave, the cancellation is not perfect, and therefore extra reflections are shown at
3 feet and 13 feet, and to a lesser extent near 10.5 feet, from the collar location. These signals would
not be as prevalent in a longer length of pipeline, since a 100% reflector (cut pipe end) would not be
present. Also, these reverse wave reflections could be suppressed if two axially-separated optical fiber
sensors are used and a directional control routine is applied on the received signals.
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Figure 4. F-Scan generated using an FBG sensor directly bonded to the bottom side of the pipe at 3 feet
from the pipe end, collocated with SMS sending collar. Flaw indications are shown at 7 feet and 10 feet
from the sensor. Pipe end reflections are shown at —3 feet and 18 feet. Indications at 3 feet and 13 feet
are due to waves traveling from the SMS collar in the reverse direction and bouncing off the near end
of the pipe at —3 feet, a result of imperfect directional control. The optical fiber sensor can clearly be
used for flaw detection.

Even though the FBG sensor is effectively sensing at only a small portion (approximately a
“point”) along the circumference, as opposed to sensing around nearly the full circumference as is
achieved with a conventional long-range ultrasonic collar, it is clear from Figure 4 that positive flaw
detection occurs over a range of frequencies. The ability of the “point” optical fiber sensor to detect
a flaw reflection is dependent on the relative locations of the flaw and sensor, as will be discussed
further below.

For comparison, F-Scan data using solely the SMS collar in pulse-echo mode is displayed in
Figure 5. The two 2% CSA flaws are clearly detectable at 7 and 10 feet. Also, there is a higher
signal-to-noise ratio for this setup, which is typically seen for magnetostrictive sensors. Use of different
optical components, such as a laser with lower noise, could achieve a similar signal-to-noise ratio.
Note also that the dual axially-separated coils allow for directional control and also a suppression
algorithm on the received wave, suppressing the reverse waves shown in Figure 4, which is not possible
for a single fiber optic sensor but could be achieved with multiple fiber optic sensors, as noted above.
The experimental pipe tested here does not highlight the advantages of the hybrid sensing method,
since this application of a short pipe of low attenuation would not benefit from range extension.
The overall goal of this work is to prove that detection with a hybrid system is possible and describe
future applications where it could prove beneficial.
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Figure 5. F-Scan generated using the SMS collar in pulse-echo mode at 3 feet from the pipe end.
Flaw indications are shown at 7 feet and 10 feet from the sensor. Pipe end reflections are shown at
—3 feet and 18 feet. There is a higher signal-to-noise ratio for this setup. Note also that the dual coils
allow for directional control of the received wave, suppressing the reverse waves shown in Figure 4.

4.2. Progressive Damage Test in SHM Mode

Hybrid ultrasonic-optical data was also collected in a structural health monitoring (SHM) mode.
In SHM mode, data was collected on the undamaged pipe, and then after each successive growth
in flaw size. Figure 6 shows enveloped waveforms from several SHM states when the second flaw,
located 7 feet from the sensor, was at 0%, 0.5%, 1% and 2% CSA. As shown, the reflection amplitude
increases as the flaw size increases. Additionally, the reflection amplitude from the flaw at 10 feet from
the sensor remains relatively constant, because the size of this flaw remains the same. Note that the
0.5% and 1% CSA flaws represent a 0.25-inch diameter hole with 0.125-inch depth and a 0.25-inch
diameter hole with 0.236-inch depth, respectively.
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Figure 6. Waveform data (amplitude envelope) for SHM states with flaw growth of 0 to 2% CSA for
the flaw located 7 feet from the optical fiber sensor. Waveforms are shown for an excitation frequency
of 76 kHz using the SMS collar and a single direct-bonded FBG optical fiber sensor used as a receiver.
As the flaw grows, the reflected ultrasonic wave energy from the flaw increases. The optical fiber sensor
can clearly be used for flaw sizing.

4.3. Individual FBG Sensor NDT

It is clear from Figures 4 and 6 that the ultrasonic-optical approach can be effective for flaw
detection. This section assesses the ability of a point-like receiver to reliably detect reflections from a
particular flaw location. What is found is that if the flaw is relatively far from the receiving sensor, then
detection is possible at all circumferential locations (see Figure 7). However, if the flaw is relatively
close to the receiving sensor, then detection is less reliable as it is more dependent on the circumferential
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location of the FBG relative to the flaw (see Figure 8). This result will be dependent on the scattering
field from the flaw at small sensor-flaw distances, which will vary according to flaw geometry and
ultrasonic wavelength. However, at further distances, for circular and many corrosion-like flaws,
the reflected wave will be detectable at nearly any circumferential location due to the wrapping of the
reflected wave path circumferentially around the pipe. Additionally, sweeping inspection frequency to
generate the F-scan further improves the likelihood of detection.
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Figure 7. F-Scans collected using a direct-bonded FBG receiver collocated with the sending collar
at several circumferential locations: (a) top; (b) right side; (c) bottom; and (d) left side of the pipe.
Since the receiver is relatively far from the flaws, both flaws (red ovals) are clearly detectable at all
circumferential locations. Flaw indications are marked by the red ovals. Arrows indicate the axial
location of the fiber optic receiver. Distance is indicated from source/receiver position. When the
receiver is relatively far from the flaw, i.e., multiple pipe circumferences, flaw detection is reliable at
any circumferential location. Note that the indication in (c) at 13 feet (rectangle) is due to a reverse
wave reflection.



Appl. Sci. 2018, 8, 727 9of 14

300

Frequency (kHz)

10 1 12
Distance (ft)

P
=

Frequency (kHz)

10 1 12 0
Distance (ft)

s
°
<«

300

Frequency (kHz)

(d

—

Frequency (kHz)

10 12
Distance (ft)

Figure 8. F-Scans collected using a direct-bonded FBG receiver 6 feet in front of the sending collar
at several circumferential locations: (a) top; (b) right side; (c) bottom; and (d) left side of the pipe.
Since the receiver is relatively close to the flaws, the best flaw detection occurs directly in line with the
flaw location, while the detection at other circumferential locations is unreliable. Clear flaw indications
are marked by the red ovals and less clear or undetectable flaw indications are marked by dashed
red ovals. Arrows indicate the axial location of the fiber optic receiver. Distance is indicated from
the sending collar. When the receiver is near the flaw, but not at the same circumferential location,
flaw detection is not reliable, due to the use of a point-like sensor.

Figure 7 shows F-Scans collected with optical fiber sensors collocated with the collar at four
distinct circumferential positions (top, right, bottom, and left sides). The axial distance to the two flaws
is 7 feet and 10 feet, respectively. Compared to the pipe circumference, this axial distance is relatively
large compared to the pipe circumference, at 4 and 5.8 times the circumference, respectively. At this
axial distance, sensors at all four circumferential positions detect both flaw reflections. It is believed
that detection is possible at all circumferential locations because the scattered wave generated by the
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interaction of the initial axisymmetric wave and the flaw has had sufficient time to spiral around the
pipe by the time the waves return to the receiving sensor locations.

Figure 8 shows F-Scans collected with optical fiber sensors located 6 feet in front of the collar at
four separate circumferential positions. In this setup, the axial distance to the two flaws is 1 foot and
4 feet, respectively. This is a relatively small axial distance between the sensors and flaws at 0.6 and
2.3 times the circumference, respectively. In this case, the sensor located on the opposite side of the pipe
from the flaw has the lowest reflected wave amplitude from that position. In both cases, the sensor on
the opposite side does not effectively detect the flaw, and the reliability of the other sensor locations for
flaw detection is intermittent. This may be due to the smaller amount of energy in the scattered wave
field travelling at high angles relative to the axis of the pipe, and also the natural angular reception
efficiency of the optical sensor which decreases as incident angle increases relative to the pipe axis,
with a maximum efficiency at 45°. The exception is for the sensor at the same circumferential location
(directly in line) with the flaw. The sensor on the top of the pipe clearly detects the flaw at 10 feet,
and the sensor on the right of the pipe clearly detects the flaw at 7 feet. These results suggest that to
have 100% detection coverage of the pipe using point-like sensors, including at axial distances close to
the sensors, an array of optical fiber sensors is preferred—either circumferentially around the pipe,
axially around the pipe, or a combination of the two. An array of sensors can detect flaws regardless of
the closeness of the optical sensors to the flaws.

4.4. Sparse Array NDT

As mentioned at the end of the previous section, to increase flaw detection reliability, a sparse
array of optical fiber sensors could be situated at different circumferential and/or axial locations
along the pipe. This would allow detection of a flaw at any location along a pipe, because if it is
close to one sensor it will also be sufficiently far from other sensors to allow for reliable detection.
Several sparse arrays were simulated by moving the optical fiber sensors to different locations on the
test pipe. An optical fiber sensor was located at O feet, 3 feet, 6 feet and 9 feet from the sending collar
on the top, left, bottom, and right sides at each of those axial locations. Data was collected at two
locations at a time until data from all 16 locations was collected. Data from multiple positions is then
combined to allow for an assessment of a variety of sensor array geometries.

In the present work, two optical fiber sensor arrays are considered. Both spiral down the pipe so
that there is one sensor located on the top, right, bottom, and left sides of the pipe, each at a different
axial location. Group 1 contained sensors on the left, bottom, right, and top, and group 2 contained
sensors on the right, top, left, and bottom of the pipe at axial locations of 0 feet, 3 feet, 6 feet and 9 feet,
respectively. This is shown schematically in Figure 9. These groups were selected such that group 1
had sensors directly in front of the two flaws, while the sensors closest to the flaws in group 2 are on
the opposite side of the pipe (and therefore those two sensors are not expected to easily detect the
flaws). Note that the flaws are located on the top and right sides of the pipe at 10 feet and 7 feet from
the sending collar, respectively.

To combine the four waveforms collected via the four FBGs in each array into a single “group
waveform”, the individual waveforms are processed by suppressing known position-dependent signals
including the dead zone, the direct wave arrival, and the reverse pipe end reflection. When these
events are present in the signals, the amplitude is reduced to a value of 20 mV, chosen because it is
close to the noise level. The amplitude envelope of each of the four waveforms is also shifted in time
to correspond to their respective positions along the pipe axis. After time-shifting, the waveforms
are added, and the average is calculated. Flaws are more easily detectable in the group waveform
than in any individual waveform from a single FBG. Additionally, the combined waveform is more
robust than data from a single location since we are unlikely to miss a flaw due to a particular flaw
position relative to a single sensor. Note that in general, the arrival times of these suppressed features
would be known a priori since the sensor locations are known. This suppression algorithm also adds a
jaggedness to the waveforms, as the suppression is applied as a step function. For the data shown in
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Figure 10, this jaggedness occurs for the approximate length of the initial wave pulse (1 foot) as the
wave passes each sensor location: 1-2 ft, 3-4 ft, 6-7 ft and 9-10 ft.
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Figure 9. Schematic showing sensor locations for array groups 1 (above) and 2 (below). Fiber optic
sensors are indicated by green rectangles and the optical fiber is indicated by the blue line. Dashed lines
indicate the optical fiber and sensor on the far side of the pipe. The pipe is being viewed from the right

side (flaw 2 side).
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Figure 10. F-Scans of the processed group waveforms for both (a) group 1 and (b) group 2 fiber optic
sensor arrays. Flaws (red ovals) are clearly detected at 7 feet and 10 feet from the sending collar across
a wide range of frequencies. The far pipe end reflection is detected at 18 feet. Note that groups 1 and 2
both detect the flaws even though group 2 has multiple sensors near flaws in non-ideal locations for
efficient flaw detection.

Figure 10 shows F-Scans of the processed group waveforms for both (a) group 1 and (b) group 2
fiber optic sensor arrays over 30 to 100 kHz frequencies generated with the SMS collar. The combined
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group 1 and group 2 signals both show good flaw detection capabilities. Both FBG sensor groups
detect the flaws at 7 feet and 10 feet from the collar location, even though multiple sensors in group 2
are on the far side of the pipe from the flaw to which they are nearest. This confirms that the potential
to miss a flaw based on its relative location to a single sensor is greatly diminished using this approach
versus placing a single fiber sensor at a single axial location. The array approach can increase detection
confidence. Creating a group signal from sensors at 4 circumferential locations at a single axial location
can also give a similar result. Depending on inspection requirements and access limitations, different
implementations of a sensor array may be desired. Additionally, the array group signals appear to
be more stable over a wider frequency range, which makes for more reliable interpretation by the
inspector. Due to these characteristics, the F-Scans in Figure 10 are easier to interpret and more reliable
for flaw detection than the F-Scans shown in Figures 7 and 8, for a single fiber sensor at a single axial
and circumferential location.

5. Discussion

It is believed that the work presented here represents the first study of flaw detection in pipes using
an ultrasonic-optical system and torsional ultrasonic guided waves. Torsional wave reception using
FBG sensors was successful, and damage detection, monitoring, and localization were demonstrated.
Additionally, one method for increased confidence for flaw detection was demonstrated, in which
signals from a sparse array of optical fiber sensors were combined.

A hybrid ultrasonic-optical inspection system has a wide variety of potential applications.
One application is with permanently-mounted long-range ultrasonic guided wave pipe inspection
collars. The optical fiber could be far from the excitation area and can increase the effective inspection
range from a single sending collar position. Optical fiber sensors may also be used in places with
limited access for traditional collars. The optical cable is very thin (as little as 80 pm diameter for
bare fiber), so it can easily be mounted under coatings. Additionally, the optical fiber sensors can
withstand harsh environments such as high temperature, radiation, and high levels of electromagnetic
interference (EMI). Finally, the optical fiber sensors have a much wider bandwidth than traditional
piezoelectric or magnetostrictive sensors.

Future work should focus on the development of ruggedized and miniaturized optical
components and the demonstration of system effectiveness in field tests. Tests demonstrating
an increase in inspection range on buried pipe could open avenues for additional applications.
Optical fiber sensors provide unique advantages over traditional sensor types which will encourage
their use in challenging inspection problems in the future.
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