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1 Executive Summary

This final report is provided under contract DTPH56-10-T-000009 titled “MWM-Array Characterization
of Mechanical Damage and Corrosion”. The goal of this program was to provide a leap in the capability
to inspect carbon steel pipelines through coatings and insulation for corrosion and other damage,
including mechanical damage and stress corrosion cracking (SCC). The technical approach was built on
the existing JENTEK MWM-Array technology to develop a generational advance in capability. JENTEK
provided substantial matching funds and complementary customer funded programs contributed
substantially by targeting real world applications and providing access to realistic samples. According to
Dr. Neil Goldfine, JENTEK Sensors’ founder and President, “this program is one of the most successful
technology development programs in JENTEK’s over 20 year history.”

The accomplishments of this program and related funding has enabled JENTEK to launch the next
generation 8200 GridStation product line, with demonstrated capabilities that include: (1) corrosion
imaging under insulation and weather jacket, now being deployed for services in major refineries after
successful performance validation testing; (2) SCC cluster mapping and crack depth measurement,
validated by a major international energy company and pending transition into field services;
(3) mechanical damage mapping for geometric and stress behavior; and (4) most recently with the launch
of a major initiative to develop in-line-inspection (ILI) tools that will build on the developments of this
program to deliver revolutionary advances in ILI capabilities.

The JENTEK MWM-Array and MR-MWM-Array technologies use applied magnetic fields at up to three
prescribed frequencies along with high performance electronics, developed by JENTEK, to interrogate
multiple layered constructs such as a coated or insulated pipeline. The electronics applies a current to a
drive conductor at the prescribed frequencies and measures the complex transimpedance at each sensing
element simultaneously. Images are built by moving the array across the part at up to 4 inches per second
with a typical scan path width of about 9 inches. The data is rapidly analyzed using JENTEK’s
Multivariate Inverse Methods (MIMs) that use HyperLattice databases of precomputed sensor responses
to convert the multiple frequency transimpedance responses into images of wall thickness or other
properties of interest, such as SCC crack depth. JENTEK’s GridStation software automatically corrects
these images for variations in insulation or coating thickness, the properties of a weather jacket, and/or the
magnetic permeability variation in the pipeline steel.

This program also developed enhanced scanners and system packaging so that the developed solutions
could be practically implemented in the field. Transition plans have been developed and implemented,
including the training of several field service companies in the use of the GridStation 8200 corrosion
imaging systems. JENTEK has performed several field demonstrations for two focus applications,
corrosion imaging and SCC crack depth measurement, in coordination with pipeline operators and field
service companies. Continuing work with pipeline operators and field service companies is focused on
high priority needs that improve safety while offering cost savings and improved inspection speeds.
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2 Introduction

There is an ongoing need to deliver reliable and practical solutions for high resolution imaging of
mechanical damage and corrosion from outside a pipeline, with and without coatings removed. Coatings
are used for corrosion protection, temperature regulation, and weight control; however, these coatings act
as a barrier to inspection and often are removed for inspection with standard nondestructive evaluation
(NDE) methods. Removal of coatings on pipelines is costly and time consuming, so having an accurate
and rapid method to identify pipeline sections that should have coatings removed followed by high
resolution damage characterization will provide substantial benefit to pipeline operators and improve
safety of existing pipelines. This capability must be delivered in a practical, durable, easy to use system.

The objective of this project was to advance the JENTEK MWM-Array technology to provide
guantitative characterization of pipeline corrosion and mechanical damage as measured through coatings
or insulation. Also of interest were higher resolution images produced with the coatings or insulation
removed. For mechanical damage, quantitative characterization includes geometric variations and
multidirectional residual stresses (near the surface and deeper within the pipeline). In addition, this
program developed capability to detect cracks at damage sites. For corrosion, enhanced high resolution
imaging of both external and internal corrosion was developed for specific applications to support life
management decisions. The JENTEK team built on demonstrated MWM-Array and MR-MWM-Array
detection capabilities to deliver substantially enhanced characterization of damage and a practical means
for implementation. This technology has been successfully applied in the aerospace and manufacturing
industries and, compared to conventional NDE methods, provides substantially improved performance for
imaging curved surface and buried damage through coatings.

3 Project Tasks
The following summarizes the tasks associated with this project.

Task 1a: Develop enhanced MWM-Array imaging capability for mechanical damage characterization
from outside the pipeline

Task 1b: Demonstrate enhanced MWM-Array imaging capability for mechanical damage
characterization from outside the pipe

Task 2:  Develop Low Frequency Internal Corrosion Imaging

Task 3:  Develop Enhanced SCC and External Corrosion Imaging through Coatings

Task 4:  Ferrous and Non-Ferrous Weld Inspection

Task 5:  Develop Scanners and Durable Packaging for Field Implementation

Task 6a: Performance Evaluation of Characterization Capability

Task 6b: Develop Transition Plan

Task 7:  Reports, Training Manuals and Standards

Task 8:  Perform demonstrations and field trials for SCC mapping and crack depth measurement

Task 9:  Perform demonstrations and field trials for detection and characterization of internal and
external corrosion through insulation and weather jacket

Task 10: Evaluate transition requirements and technology/capability gaps

Task 11: Deliver quarterly reports and a final report

The first year of the project was aimed at the development of an imaging capability for mechanical
damage, external corrosion, SCC, and welds in the laboratory. The second year was aimed at enhancing
these capabilities to preliminary inspection in the field. The third year was aimed at demonstrating field
inspection capabilities and developing field durable scanners and packaging. Performance validations
were conducted to evaluate the performance of the SCC and the corrosion imaging capabilities for both
internal and external corrosion. A plan to transition this technology has been developed and implemented.
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4 Impact from Research Results Section

Eddy current technology is widely used in the aerospace industry and is expected to experience increasing
use in petrochemical applications because (1) new eddy current sensor arrays and electronics permit rapid
and reliable imaging of pipeline material conditions, and (2) new lower frequency electronics offers
sufficient signal-to-noise performance to enable penetration through pipeline walls to detect and
characterize internal wall loss from corrosion.

Although a wide variety of coatings are used throughout the oil and gas industry, the sensor design and
operating conditions can be adjusted to accommodate the different inspection requirements. For example,
although the coating material can vary depending upon the application, such as FBE, coal tar, or some
other polymeric material, these coatings are typically electrically insulating. The only property of an
insulating coating that affects the eddy current response is the coating’s thickness. To inspect through
these coatings, a sensor design with a geometry (e.g., spatial wavelength) that is comparable to the
thickness is needed to enable the sensing fields to penetrate the coating. Thus, sensors become relatively
large especially when arrays are used to provide a wide scan path. A sensor with a geometry that is too
small would not be able to inspect through the coating and a sensor with a geometry that is too large
would have reduced sensitivity to the presence of small features. Similarly, the operating frequency of the
instrumentation can be adjusted to accommodate different inspection requirements. Since the depth of
penetration of the induced eddy currents is limited by the skin effect, high excitation frequencies are
typically used for near-surface damage inspections (such as SCC mapping) while low frequencies are
required for through-thickness measurements (such as pipe wall thickness measurement).

Under this program, JENTEK developed solutions for mechanical damage, corrosion imaging through
coatings (internal and external), SCC imaging (including crack depth measurement), and weld
assessment. For each application, solutions have been developed and demonstrated. Two applications,
corrosion imaging through coatings and SCC crack depth measurement, received substantial industry
interest and parallel funding. As a result, these applications in particular have been fully commercialized
and are currently available to pipeline operators and service providers. One indication of the success of
this program was a reference to the JENTEK MWM-Array technology in the Chevron 2013 Annual
report supplement, pg. 57 (quotation provided below):

“Chevron continues to improve process safety and asset integrity through deployment of advanced
technology. In 2013, the company led the industry in deploying meandering winding magnetometer
array, a technology that enables the inspection of pipes through protective barriers to determine
pipe wall condition. The technology was developed by a commercial vendor with Chevron support
and investment and is planned to be made available industrywide.”

5 Final Financial Section

This section reviews the financing associated with this project.
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Table 1. Project Funding Summary.

Project Abbreviated Title Expenditures
As of 05/10/15 Anticipated by end of
Project 460
(acceptance of Final
Report)
Total Characterization of mechanical damage | $1,231,570. $1,235,658.
and corrosion (DOT 460)

highlight that the project was completed on time and on budget. All tasks have been completed and all
milestone deliverable schedules have been met. The original funding for this program was for $1,075,000
of which $500,000 was direct funding from the DOT (note that the project was originally designed with
industry cost sharing requirements, which were removed after the fourth quarter). The matching funds
were replaced by direct funding from DOT. A project extension was proposed, and awarded, to JENTEK
to continue field trials for the Corrosion Mapping Tool as well as the SCC Crack Depth Estimation Tool
to meet high industry demand to transition the technologies for field deployment. The project was
extended by two additional quarters, for an additional budget of $175,000. Thus, the total budget for this
program was $1,235,658.
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6 Detailed Technical Results

This section reviews the basic geometry for the MWM and MWM-Arrays, the multivariate inverse
methods for converting measurement data into meaningful material and geometric properties, the
scanning fixtures developed for use with these sensor arrays, results from numerous demonstration
measurements, and issues for transitioning the technology into widespread field-use.

6.1 Development and Demonstration of Enhanced Mechanical Damage Characterization

6.1.1 Lab Demonstration of Mechanical Damage Imaging — at JENTEK Waltham
Facility

JENTEK received two pipeline sections with manufactured as well as real mechanical damage defects
from PRCI. The samples were provided for inspection with MWM-Array sensors to measure depth
profile of the flaws, as well as estimate the residual stress distributions in and around the flaw regions.
These specimens were only available for a limited time at the start of the DOT program, so we were
forced to use only existing sensor formats. However, these samples enabled us to get off to a fast start on
the mechanical damage tasks, providing data to support our procedure and sensor enhancement efforts.
Measurement results are shown in Figure 1 — Figure 18. Note that no geometric corrections have been
applied to any of this data. All data is “raw” lift-off/magnetic permeability data using a uniform layer
model. This model does not account for local geometric variations.

The two pipeline “ring samples” with three mechanical damage regions are shown in Figure 1. Each
section is approximately 24-in. long, with an outside diameter of 24-in. and 0.25-inch wall thickness.
There are three distinct regions of mechanical damage. They are labeled as BEA 178, BEA 161 and BEA
152. BEA 178 is on one of the pipe sections. BEA 161 and 152 are on the second pipe section. The
approximate length and depth of the three flaws are shown in Table 2.

Measurements on the dent regions were performed with the FA24, FA26 and VWAO003 MWM-Array
sensors. Figure 2 shows a FA24 MWM-Array. The array has two rectangular drive windings placed
adjacent to each other and a linear array of thirty-seven sense elements that are 2.5 mm (0.1-in.) wide.
This provides a net width of the sense element array as 92.5 mm (3.7-in.). The linear array of sense
elements is placed inside one of the drive windings so that the gap between the sense elements and the
drive winding is only 2 mm (0.080-in.). Since this MWM-Array has relatively small sense elements, it
can create high spatial resolution images but, since the gap between the sense elements and drive
conductors is also small, its use is also limited to relatively thin coatings. Both the sense elements and
drive winding are microfabricated onto a flexible insulating substrate. A linear position encoder is
attached to the probe electronics, and provides the array position during the scan. A foam layer behind
the sensor array helps the sensor array conform to the surface of the material being examined. Figure 2
also shows a photograph of the MWM-Array attached to the probe electronics unit being scanned over the
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pipe section. Note that this scanning fixture can be held in one hand and can be used for imaging local
areas. Also, by performing a series of parallel scans, wide areas can be imaged — such as an entire pipeline
section. It should also be noted that all measurements were performed over a clear plastic sheet with
dimensions 2-ft. x 2-ft. x 0.065-in (not shown in Figure 2). The purpose of using the plastic sheet, which
was rigid enough to withstand the weight of the scanner and not deform, was to obtain better lift-off
calculation (depth) as well as provide a stable plane for the scanner to operate.

\ A
Figure 1. Two mechanical damage “ring samples” provided by PRCI. (Left) BEA 178; (Right) BEA 161
and BEA 152.

Table 2. Approximate length and depth (measured) of the mechanical damage flaw regions

Mechanical Damage Region Length (inches) Measured Depth (inches)
BEA 178 14 1.20
BEA 161 5 0.23
BEA 152 5 0.57
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Figure 2. (Left) Photograph of the FA24 MWM-Array with a detail of the sensing elements.
(Right) Photograph of the FA24 MWM-Array clamped to a linear position encoder.
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Figure 3 shows an FA26 MWM-Array. The FA26 sensor has the same drive-to-sense distance as the
FA24 but has higher spatial resolution given that its sense elements are 0.05-in. wide, compared to 0.1-in.
for the sense elements of the FA24. The width of the scan path of the FA26 is almost one-fourth that of
the FA24 sensor — 0.95-in. wide compared to 3.75-in. wide for an FA24. The FA26 sensor was used to
obtain high resolution scan images for the BEA 161 and BEA 152 flaws. The same scanning fixture, as
shown in Figure 2, was used with the FA26 sensor for high resolution imaging of the flaw regions.

Leading Sensing ~ Sensing

= |2

/_H H”HHH L_LH el

Figure 3. FA26 MWM-Array sensor.

Figure 4 shows a VWAQ03 MWM-Array. This array has a 9-in. long, 3-in. wide drive winding and a
linear array of fifteen sense elements, each sense element being 6.5 mm (0.25-in.) square. This provides a
net width of the sense element array of 97.5 mm (3.75-in.). The manual scanning fixture used to scan the
two pipe specimens are shown on the right of Figure 5.

Figure 4. VWAOQO03: (left) photograph and (right) schematic diagrams, of the drive winding and sense
element array

The BEA 178 mechanical damage flaw, shown in Figure 1, was scanned with an FA24 and the VWAOQ03
MWM-Arrays. Both MWM-Arrays were ranged in air and then on the part. An air-shunt calibration was
performed. Manual, hand-held prototype scanners were used for the scanning of this defect as shown in
Figure 5. The VWAO003 scans were performed with the rigid plastic sheet placed over the flaw region and
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tied down with straps to conform to the pipe curvature. The FA24 scans were performed without the rigid
plastic sheet so that the sensor could better conform to the mechanical damage area and obtain more
accurate permeability measurements. The scanning fixture for the FA24 had thick foam backing to allow
better conformity with the dent region. Axial scan images of lift-off and permeability with the FA24
sensor are shown in Figure 6.

The VWAOQ03 scanning fixture setup is shown in Figure 5 (right). The encoder wheel was attached to the
drive of the VWAO0O03 sensor in order to obtain more accurate distance measurements. A 9-inch wide
region around BEA 178 was designated for scanning using the VWAOQO03 sensor. A 3-in. wide spacing
was used, which allowed for a full map of the flaw region yet ensuring some channel overlap. The
relatively large dimensions for this MWM-Array provide sensitivity to the depth of this damage even
though the damage is roughly 1-in. deep. The axial scan images of lift-off and permeability are shown in
Figure 7. The maximum measured liftoff is ~ 0.90 in., whereas the physically measured dent depth was

1.20 in. The reason for the discrepancy is that the grids were not corrected for the non-planer layers.

Figure 5. (Left): FA24 scanning fixture; (Right): VWAOO3 scanning fixture. Note that a clear plastic
sheet with dimensions 2-ft. x 2-ft. x 0.065-in was placed under the scanning fixture on the right. The
purpose of using the plastic sheet, which was rigid enough to withstand the weight of the scanner and not
deform, was to obtain better lift-off calculation (depth) as well as provide a stable plane for the scanner to
operate. The scanning fixture for the FA24 (left) had thick foam backing to allow better conformity with
the dent region.
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Figure 6. Axial scan images of lift-off (top) and permeability (bottom) of BEA 178 using an FA24
sensor. The data shown is at 100 kHz frequency

100.0 kMz - Lift-off scan 100.0 kMz - Permeability scan

—_—
€« & 0 =

Figure 7. VWAO003 scan images of lift-off (top) and permeability (bottom). The axial map of the flaw
and its surrounding region was created by three passes with the VWAOO3 sensors, 3 inches apart. This
allowed for some channel overlap between the scans.

Axial scans were performed using the all three MWM-Arrays sensors were performed on the BEA 161,
shown in Figure 8. Circumferential scans were also performed with the FA24. All three sensors were
ranged in air and then on the pipeline sample, and an air-shunt calibration was performed.

T covee —=

T V3

Figure 8. Mechanical damage flaw BEA 161. Scans were made with the FA24, FA26 and the VWAO003
MWM-Arrays.

Figure 9 shows the axial lift-off and permeability images of the mechanical damage flaw BEA 161 using
the FA24 sensor. Scans were performed from the wider end of the flaw towards the narrow region, as
highlighted in Figure 8 (left). The lift-off image provides an accurate representation of the geometry and
depth of the damage while the permeability image appears to provide some information about the residual
stresses. Neither of these images has been corrected to improve the estimates of the lift-off and
permeability values in the vicinity of local geometry changes; that is the focus of ongoing development
efforts. The B-scan plots of Figure 10 provide another view of property variations. Circumferential scans
images of lift-off and permeability using the FA24 are shown in Figure 11. In general, these images of
the Figures 9 and 11 are consistent with one another.

Figure 12 shows the axial lift-off and permeability scan images of the BEA 161 using the FA26 sensor.
The FA26 sensor, as mentioned above, has a 0.95-in. wide scan path. Grid lines, with 0.75-in. wide
spacing, were drawn on a 0.005-in. thick Mylar shim to act as a guide during scans. Several scans were
performed over the flaw region in 0.75-in. wide increments to create a composite image of the flaw
region. The lift-off and permeability scans using the FA26 are shown below. The image of Figure 12 is
similar to the image obtained with the FA24 shown in Figure 9, except the spatial resolution is better in
Figure 12.
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Figure 9. Axial scan image of Lift-off (left) and Permeability (right) of the BEA 161 using FA24.
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Figure 10. B-Scan plots of lift-off (left) and permeability (right).
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Figure 11. Circumferential scan images of lift-off (left) and permeability (right) of the BEA 161 using
FA24.
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Figure 12. Axial scan image of lift-off (left) and permeability (right) of the BEA 161 using FA26.

VWAO0O03 scan images of lift-off and permeability of the flaw region BEA 161 are shown in Figure 13.
These scans were performed in the opposite direction as the ones performed with FA24 and FA26. The
layout of the VWAO003 sensor did not allow for the scan direction to be same as the FA24 and the FA26
scans. By performing scans in the opposite direction, we were able to obtain complete axial scan images
of the flaw region.
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100.0 kHz - Permeability scan - Set 2

Figure 13. VWAOO3 scans of lift-off (top) and permeability (bottom) of BEA 161.

BEA 152 flaw region was scanned using the FA24, FA26 and the VWAOQO3 sensors. Axial and
circumferential scans were performed with the FA24, whereas only axial scans were performed with the
FA26 and the VWAO003. All three sensors were ranged in air and then on the pipeline sample, and an air-
shunt calibration was performed. Figure 14 shows the mechanical damage flaw region BEA 152.
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Figure 15 shows the FA24 axial scan images of lift-off and permeability. Scans were performed from the
wider end of the flaw towards the narrow region, as highlighted in Figure 15. Once again, the lift-off
image provides an accurate representation of the geometry and depth of the damage while the
permeability image appears to provide some information about the residual stresses. Neither of these
images has been corrected to improve the estimates of the lift-off and permeability values in the vicinity
of local geometry changes; that is the focus of ongoing development efforts. Figure 16 shows the
circumferential scans performed with the FA24 sensor. A 3.0-in. spacing was used to ensure a complete
circumferential map with the sensor, while ensuring some sense element overlap. Figure 17 shows the
axial scans performed on the BEA 152 using FA26. The FA26 sensor, as mentioned above, has a 0.95-in.
wide scan path. Grid lines, with 0.75-in. wide spacing, were drawn on a 0.005-in. thick Mylar shim to act
as a guide during scans. Several scans were performed over the flaw region in 0.75-in. wide increments to
create a composite image of the flaw region. The lift-off and permeability scans using the FA26 are
shown below.

A three-scan axial map of the mechanical damage flaw BEA 152 was obtained with the VWAOQO03. They
were scanned in 3-in. wide increments, covering a region of 9 inches surrounding the damaged region.
Figure 18 shows the axial scan images of the lift-off and permeability with the VWAOQ03 sensor.

Figure 14. Mechanical damage flaw region BEA 152.
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Figure 15. Axial scan images of lift-off (left) and permeability (right) of BEA 152 using FA24 sensor.
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Figure 16. Circumferential scan images of lift-off (left) and permeability (right) of BEA 152 using FA24
MWM-Array sensor

100.0 kHz - Lift-off scan 100.0 kHz - Permeability scan

100 150 200 250 300 350 i 25 30 35 40 45 50 55 60 65 70 75 :
mils rel.

Figure 17. Axial scan images of lift-off (left) and permeability (right) of BEA 152 using FA26 MWM-
Array Sensor
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Figure 18. Axial scan images of lift-off and permeability of BEA 152 using VWAO003.
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6.1.2 Lab Demonstration of Mechanical Damage Imaging — at PRCI TDC,
Houston TX

JENTEK performed a two-day demonstration of the MWM-Array capability for imaging and
characterization of mechanical damage. Several mechanical damage pipe samples — containing dents of
different dimensions, as well as dents with cracks — were made available to us by an oil company. The
purpose of this demonstration was to image and characterize various mechanical damage regions using
several MWM-Array sensors. This included the measurement of dent profiles, the detection of cracks in
dents, and mapping of multi-directional permeability (for residual stress estimation) in and around the
mechanical damage regions.

The VWAO001 MWM-Array sensor, shown in Figure 19, was integrated on to a prototype scanner for the
imaging and characterization of the dent profiles. The VWAOQ01 has 37 sense elements, spaced
approximately 0.25-in. apart to yield a 9.25-in. wide scan path and can produce high resolution images of
dent profiles with a 0.25 in. lift-off. Four scans were performed over the damage region in approximately
6-in. increments. This ensured enough data overlap, as well as complete coverage of the damage region.
Seven dented regions were scanned to determine dent profiles. The sensor calibration performed in air
with no reference standards. Figure 20 to Figure 26 show the dent profiles obtained using the VWAQOL.
Note that the actual depth is exaggerated for the images.

y [

Figure 19. Top Left: The VWAO001 MWM-Array sensor. Bottom Left: Profile of a typical dent
generated by the VWAO001 MWM-Array. Right: VWA001 MWM-Array profile scanner and GS-D8000
impedance instrument.
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Figure 20. VWAO00L_UIN#36_EEE-18-312-8_#47

9

Figure 21. VWAOQ01_UIN#32_EEE-18-312-8_#45

-
-

Figure 22. VWAOO01_UIN#33_EEE-18-312-4_#43
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Figure 23. VWAO001_UIN#37_EEE-18-312-8_#44

Figure 24. VWAO001_UIN#XX_EEE-18-312-7_#51

-

Figure 25. VWAOO01_UIN#38_EEE-18-312-4_#49
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Figure 26. VWAO001_UIN#35_EEE-18-312-7_#50

To detect cracks associated with the mechanical damage sites, the FA24 MWM-Array was used, as well
as the same scanning fixture that was used for the dent profiles (Figure 27). Since MWM-Arrays have
linear drive windings, they are most sensitive to cracks that are perpendicular to the drive. In order to
maximize the sensor response to a crack, the array was scanned over the dented are twice, once at +45° to
the pipe axis and another time at -45° to the pipe axis (Figure 28).

i ! !r, |
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2mm 25mm=0.11in.

Primary-»{

Figure 27. (Left) The FA24 MWM-Array. (Right) The scanning system used for crack detection.
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Figure 28. Schematic of the two orientations of the FA24 as it was scanned over the dented area.
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Figure 29. Permeability images from UIN#32. Scans were performed with the sensor at both +45° and
-45° from the scan path. The crosshair marks the approximate center of the dent.
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100.0 kHz - Permeability scan
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Figure 30. Permeability images from UIN#33. Scans were performed with the sensor at both +45° and
-45° from the scan path. The crosshair marks the approximate center of the dent.
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Figure 31. Permeability images from UIN#36. Scans were performed with the sensor at both +45° and
-45° from the scan path. The crosshair marks the approximate center of the dent.
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Figure 32. Permeability images from Sample 21. Scans were performed with the sensor at both +45° and
-45° from the scan path. The crosshair marks the approximate center of the dent.
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Figure 33. Permeability images from Sample 34. Scans were performed with the sensor at both +45° and
45° from the scan path. The crosshair marks the approximate center of the dent.
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In general, there are six stress components that are required to fully describe the state of stress at a point
in a material (See Figure 34). For this demonstration, the QD-MSG (

Figure 35) was used at relatively high frequency to evaluate only the surface of the material. Therefore,
the sensor response was only sensitive to the surface stresses. In this case, three of the six stress
components can be assumed to be zero since there are no stresses acting on the surface of the pipe (Figure
36). While the state of stress is only dependent on the applied loads, the values used to express that state
of stress are dependent on the coordinate system. Two coordinate systems will be presented (Figure 37).
The first is a cylindrical coordinate system aligned with the pipe. While this system makes sense since
the pipe is a cylinder, it also makes sense to define a coordinate system centered on the dent itself since it
can be easier to interpret the results.

In order to estimates stresses, the relationship between the directional magnetic permeability measured by
the sensors and stress must be determined. Figure 38 shows a typical permeability to stress relationship
for a pipeline steel. In compression (bottom-left quadrant of the figure), the relationship is reasonably
linear. In tension (top-right of the figure), the response is non-linear.

Figure 39 - Figure 44 show the stress estimates for three of the dent samples. To obtain these estimates, a
linear relationship between magnetic permeability and stress is assumed. This assumption will provide
reasonable estimates for compressive stresses, as well as tensile stresses below 50% of the material’s
yield strength. It will result in underestimation of tensile above 50% of the material’s yield strength. The
scale in the images has been removed since the magnetic permeability to stress relationship was not
calibrated using an absolute reference for this limited test.

Figure 34. Schematic describing a generic state of stress in a material. Surface stress (6XX, oYY, 6Z2)
will stretch or compress the material, while shear stresses (tXY, tXZ, t1YZ) will cause the material to
change shape. Note that the shear stress on each face are not unique (i.e. tXY is on the figure twice).
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Figure 35. Photo (left) and schematic (right) of the FA160 Bi-Directional Magnetic Stress Gage
(BD-MSG). Two directional sensors are stacked in a novel configuration so that they can be driven
simultaneously while still providing independent measurements. These sensors can be stacking to for the
Quadri-Directional Magnetic Stress Gage (QD-MSG) that measures the directional permeability in four
directions.

\ Ty 2

Oxx <-— —— Oy —>X

txz \

Txz l
Czz

Figure 36. Schematic of the stresses acting on the surface of a material. Three of the components of
stress (6ZZ, tXZ, 1Y Z) are assumed to be zero.
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Figure 37. Definition of the coordinate systems used to report the stresses. (Top) Cylindrical
coordinates. (Bottom) Dent coordinates.
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Figure 38. Permeability to stress relationship for an X100 material. The testing was performed under
DOT SBIR funding and the sample was provided by NIST.
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Figure 39. Stress state in cylindrical coordinates for UIN#36. Note that the method has not been

calibrated using an absolute reference, so the scales have been omitted. The crosshair marks the
approximate location of the center of the dent.
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Figure 40. Stress state in dent coordinates for UIN#36. Note that the method has not been calibrated
using an absolute reference, so the scales have been omitted. The crosshair marks the approximate
location of the center of the dent.
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Figure 41. Stress state in cylindrical coordinates for UIN#32. Note that the method has not been
calibrated using an absolute reference, so the scales have been omitted. The crosshair marks the
approximate location of the center of the dent.
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Figure 42. Stress state in dent coordinates for UIN#32. Note that the method has not been calibrated
using an absolute reference, so the scales have been omitted. The crosshair marks the approximate
location of the center of the dent.
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Figure 43. Stress state in cylindrical coordinates for UIN#33. Note that the method has not been
calibrated using an absolute reference, so the scales have been omitted. The crosshair marks the
approximate location of the center of the dent.
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Figure 44. Stress state in dent coordinates for UIN#33. Note that the method has not been calibrated
using an absolute reference, so the scales have been omitted. The crosshair marks the approximate
location of the center of the dent.
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6.1.3 Demonstrate Preliminary Capability for Mechanical Damage Imaging —
Permanently Mounted Sensing Capability for Crack Detection and Growth
Monitoring

JENTEK performed a two day demonstration between July 9" — 10" at GDF-Suez research facility in
Saint Denis, France to demonstrate the capabilities of MWM-Arrays to detect and monitor the growth of
fatigue cracks at a mechanical damage site during a pipe fatigue test. MWM-Array sensors were
permanently-mounted over a gouge on the pipe surface. JENTEK was successful in detecting the growth
of cracks and stopping the fatigue test before failure.

The FA178 MWM-Array sensor was selected for this test based on preparation and planning discussions
with the GDF-Suez project team. It was determined during the planning stages that the entire gouge
surface needed to be monitored for crack initiation and growth. Given the short preparation time, an
existing sensor design which was originally developed for scanning inspections of composite materials
was the only available sensor that might provide the needed coverage. The spatially-periodic drive
winding of this sensor was deemed suitable for this test. Figure 45 shows an FA178 MWM-Array. The
sensor has 20, 0.25 in. wide sense elements. It was verified that two FA178 sensor would provide the
coverage needed for crack detection and growth monitoring during testing.

Prior to the testing at GDF-Suez, JENTEK performed measurements on EDM notch samples using the
FA178. Figure 46 shows measurements on a steel plate with three EDM notches. Each EDM notch was
approximately 2-in. long and had depths of 0.010 inches (0.25mm), 0.030 inches (0.76mm), and
0.060 inches (1.52mm). The drive winding of the sensor was oriented perpendicular to the length of the
notches. The nominal lift-off was about 0.015-in., which included a 0.010-in. shim and the thickness of
insulating protective layers on the sensor itself. Measurements were taken both over the notch and at
unflawed locations away from the notches at frequencies ranging from 10 kHz to 100 kHz. Only the
10 kHz and 100 kHz are presented.

As shown in Figure 46, the measurement data away from the EDM notches is relatively consistent for
each of the channels. At the center of the notch (channel 10), for the 0.010 and 0.030-in. notches, there is
a decrease in the effective permeability while for the 0.060-in. deep notch there is an increase in the
effective permeability. The effective lift-off always tends to increase with the notch depth. This data
demonstrates that the sensor is sensitive to the depth of the EDM notches are the available frequencies.

Figure 45. An FA178 MWM-Array sensor.
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Figure 46. FA178 measurement data on a steel plate with three EDM notches of different depths.

Prior to the testing at GDF-Suez, JENTEK conducted FEM analysis to predict the sensor response to
cracks of varying depth and width (crack opening) during the fatigue test. The model geometry is shown
in Figure 47. Since the model is periodic, only two of the half-periods needed to be modeled. The sensor
response was subsequently processed using appropriate permeability/lift-off measurement grids for the
FA178 that were generated with a standard 2D model.

Figure 48 shows the predicted change in sense element response for several frequencies as the depth of
the notch is varied. At 1 kHz, for very shallow notch depths, the response is off of the measurement grid.
At 10 kHz, the permeability and lift-off both continue to increase even for a depth up to 0.200-in. At
100 kHz, the permeability and lift-off reach limiting values for depths near 0.050-in. and there is reduced
sensitivity to deeper notch depths. It is worth noting that the increase in permeability and lift-off at
10 kHz and 100 kHz for deep notches is consistent with the responses measured on the EDM notches.

The same type of analysis was applied to a notch having a rectangular cross-section as shown in
Figure 49. The results are shown in Figure 50. The behavior is generally similar to the responses
observed for the triangular notch.

Figure 51 shows the effect of varying the notch width. At 100 kHz, the response is very sensitive to the
width of the notch. At 1 kHz, the response is much less sensitive to the width of the notch. Ideally, the
measurements taken during the trip to GDF-Suez would have been performed at 1 kHz or below.
However, the available instrumentation (the GS-D8000 impedance instrument) was not capable of
operating this sensor below 10 kHz. Note that JENTEK is currently developing a new, low frequency
impedance instrument (the IN-8200) that will be better suited for this type of measurement. Prototype
instrumentation has been developed, but this instrumentation was not available for the testing at GDF-
Suez.

Page 35



Figure 47. Section of periodicity of the model geometry for a FA178 centered over a long triangular
notch.
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Figure 49. Section of periodicity of the model geometry for a FA178 centered over a long rectangular
notch.
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Figure 51. Simulated rectangular notch response for FA178. The notch width was 0.020-in. (squares),
0.010-in. (triangles), and 0.005-in. (circles). The notch depth is indicated.

The demonstration at GDF-Suez was scheduled for July 9" — 13™ at the GDF-Suez research facility. The
pipe sample, with a 12-inch gouge, would be subjected to variation of internal pressure between 20 bar
(minimum pressure) and 60 bar (maximum pressure). Based on previous experience, it was estimated by
the GDF-Suez project team that approximately 2000 — 3000 cycles will be completed, lasting 2 — 4 days.
The pipe sample selected for this test was 24-inch diameter with a wall thickness of approximately 0.311
in. —0.354 in. JENTEK performed setup and preliminary testing on-site on July 6th.

The FA178 sensors were calibrated in air. A series of verification tests were performed, before and after
the sensor was installed on the pipe sample, to ensure the sensors were properly mounted and that the data
was reliable. Figure 52 shows a series of performance verification data on the grid. First, measurements
were taken in air. Next, measurements were taken on the pipe sample (away from the gouge) with
different insulating shims between the sensor and the pipe. The purpose of this test is to verify that the
sensor will measure reasonable values for the lift-off and magnetic permeability of the pipe, and that the
measurement grid will properly compensate for changes in the distance between the sensor and the
material (lift-off). Note that this is not a calibration step — it is a verification of the air calibration to
confirm that the system is operating properly.

After the sensors were calibrated in air, they were mounted on the pipe sample with the sensors
conforming to surface of the gouge. Figure 53 shows the actual setup for the demonstration. The pipe
sample was in a covered, underground pit. The JENTEK GridStation impedance instrument — GS-D8000p
— was inside a building at the top of the test area along with other GDF-Suez test equipment. The
GS-D8000p was connected to the probe electronics unit using a 30-foot probe extension cable. A special
adapter board was fabricated that allowed the probe electronics unit to operate two FA178 sensors
simultaneously — utilizing 18 and 19 channels respectively.

Figure 54 illustrates the process of permanently-mounting the two FA178 sensors on either side of a clip
gauge used by GDF to monitor the opening of the crack. The sensors were taped down to the gouge
region, on either side of the clip gauge, to prevent the sensors from moving from their desired location
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during installation. The location of the sensor was marked on the pipe surface to ensure that the sensor
could be readjusted to its original location if it needed to be removed during testing. Two wooden wedges
were carved to match the gouge geometry. Foam was applied between the sensors and the wedges to
ensure that the sensor maintained proximity to the gouge surface during testing. Two plastic support
blocks were designed to hold the wooden wedges and foam in place. These supports were held in place
using elastic straps. This mounting system was designed to allow the pipe to change shape during loading
(including rerounding) without significantly affecting the pressure being applied to the sensor.

Figure 55 show a schematic of the sensor placement in the gouge region, as well as an actual photograph
of the sense element locations on the gouge surface. Based on experience gained from prior tests, the
GDF-Suez project team predicted the crack initiation to be detected by Channels 1-18.

Before commencing the full-scale pressure testing, the internal pressure of the test sample was gradually
increased to 60 bars in a series of steps so that the MWM-Array sensor performance could be monitored.
Figure 56 shows the MWM-Array data at 3.9bar, 24.4bar, 29.5bar, and 39.6bar. Each data set was taken
at constant pressure. Between sets, the pressure was cycled 5 times. Table 3 summarizes the static
pressure values and the corresponding minimum and maximum pressures achieved during cycling. The
variation in Figure 56 is due to the differences in the stresses at different points in the gouge as pressure is
applied.

Table 3. Summary of the static pressures and corresponding pressure cycles

Static Pressure Minimum Cycle Pressure Maximum Cycle Pressure
(Approximate) (Approximate)

3.9bar N/A N/A

24.4bar 20bar 30bar

29.5bar 20bar 40bar

39.6bar 20bar 60bar

Following this initial loading procedure, the pipe was subjected to continuous loading cycles from 20bar
to 60bar. During testing, the GridStation instrument would periodically take 3 cycles worth of data. 650
pressure cycles were completed at the end of the first day of testing. Analysis of the data collected during
the first day showed that cracks had already initiated and grown beyond the expected limits for the test.

On the second day, the GDF-Suez team verified that the clip gauge response corroborated JENTEK’s
analysis. The MWM-Arrays were removed to capture images of the gouge region at varying static
pressures. The images confirmed the presence of multiple cracks at the bottom of the gouge. The
MWM-Arrays were re-assembled into the gouge. 25 additional pressure cycles were performed and the
MWM-Array sensors were again removed so that images could be taken under load. Based on the crack
images, the clip gage data, and the MWM-Array measurements, the test was stopped.

The images of cracks in the gouge region, captured by the camera while the pipe was pressurized to
60bar, at 650 cycles and 675 cycles are shown in Figure 57 and Figure 58.

Figure 59 shows the impedance measurements on a measurement grid. Channels 4, 6, and 8 were over the
region where crack initiation occurred, whereas Channels 1, 14 and 16 were over a region away from the
cracks. As can be seen in the grid image, a change in permeability was detected by those channels where
the crack initiation occurred. The channels that were positioned away from the crack initiation location
did not measure any changes in permeability. The change in lift-off could be due to the sensor movement
near the edges of the gouge due to the vertical displacement of the pipe during cycling.

Figure 60 shows the change in the sensor response with changes in load taken during three pressure
cycles, for channels on the cracks (Channels 4. 6 and 8) and away from the crack (Channels 1, 14 and 16).
This illustrates that the predicted models were accurate and the sensor response to change in load was
consistent with the observed change in permeability.
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Figure 61 shows the changes in permeability over one loading cycle. For some channels, a relatively
linear correlation between the magnetic permeability and stress is observed. For other channels, the effect
was not linear. This is consistent with the permeability to stress relationship that was observed during the
DOT Phase | program in residual stress measurement titled “Stress and Geometry Imaging from Outside
the Pipeline”. In that program, the results showed that the permeability to stress relationship was
reasonably linear in compression, but nonlinear in tension, particularly over 50% of the yield strength.
This effect was seen in both X65 and X100 materials. Figure 62 shows that, for some channels (such as
Channel 27, red), permeability drops with additional pressure, which is consistent for a location that is in
tension at over 50% of the yield strength. For other channels (such as Channel 14, green), the
permeability rises for low loads, then drops at higher loads, which is consistent with a material in tension,
but at lower loads stress levels near 50% of yield. Some channels (such as Channel 8, blue) have a
permeability to pressure (not stress) relationship that is hysteretic, so the permeability to pressure
relationship is different depending on if the pipe is being loaded or unloaded. This is consistent with a
temporary rerounding where the pipe will alternate between two different geometries depending on the
load state.

Figure 63 shows a 3-D visualization of the permeability change versus both measurement number (time)
and the distance along the gouge. The values in red represent the peak permeability change, which is
mostly likely around 50% of the yield strength. As the stresses increase, the permeability drops again
which is consistent with the permeability versus stress data shown in Figure 62.

Figure 64 shows the permeability changes measured by the two MWM-Arrays sensors, on either side of
the clip gauge. For clarity, only 7 data sets (evenly spaced over the duration of the test) are shown out of
the 59 data sets collected. The top plot shows the permeability response; the bottom plot shows the
permeability change after performing post-processing baseline subtraction. This clearly shows the ability
of the MWM-Array sensors to reliably detect the crack initiation and monitor the growth. As shown in
Figure 55, the FA178 sensor to the right of the clip gauge (Channel 1 — 18) detected the cracks, as evident
by the large permeability change. The sensor on the left of the clip gauge (Channel 37 — 19) measured a
steady permeability value since no crack formations occurred in that region. The exception is at -50mm
from the clip gage where a small crack may have been forming.

Figure 65 shows the permeability change during the pressure test (up to 675 cycles). The plots on the top
row show the permeability data at maximum pressure (60 bars); the plots on the bottom row are the
permeability data at minimum pressure (20 bars). The red dotted line is the permeability change threshold
(~ 30 rel) based on the simulations performed prior to the full scale testing. The figure clearly shows that,
based on this threshold, it would have been possible to stop the test earlier with much smaller cracks.

After the full-scale pressure test was completed, the internal pressure of the pipe was stepped down from
40 bars to approximately 0 bars, at 10 bar intervals. Figure 66 shows the permeability changes due to the
stepped pressure response, as measured by the FA178 MWM-Arrays. The top plot shows the internal
pressure of the pipe (plotted versus measurement number) being reduced from 40 bars. The middle plot
shows the permeability from a channel that was determined to be away from the cracks (Channel 14). The
bottom plot shows additional channels were there were cracks. These plots were used to estimate the
signal to noise level, which was as high as 24:1. However, the noise level in that calculation included
both measurement noise and legitimate permeability changes due to loading effects. If loading effects are
removed the signal to noise is significantly higher.

Figure 67 shows the data from the same load ramp as the data from Figure 66, but instead plots
permeability change versus pressure for a channel away from the cracks. Also included in the figure is
the permeability change versus stress for an X100 material from JENTEK’s DOT Phase | SBIR program.
While it is difficult to make quantitative comparisons since the relationship between pressure and stress
for this complex geometry is unknown, the curves can be seen to be qualitatively similar in shape and
similar in magnitude.
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Figure 52. Calibration verification data on a measurement grid. This data was collected to verify that the
sensors were reliably measuring lift-off (proximity of the sensor from the pipe surface) and permeability
under no-load conditions.
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pressed into the gouge using shaped wooden stiffeners lined with foam. The stiffeners were held in place
using plastic supports and an elastic strap designed to account for pipe flexing and rerounding.

Pipe
Wall

Channel Channel
37-19 1-18

Figure 55. FA178 sensor placement in the gouge geometry and the corresponding channel location
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Figure 56. The stress distribution at varied pressure. The MWM-Arrays acquired data at static pressures
and the pipe was pressure cycled 5 times between static measurements. The change in permeability is due
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Figure 57. Cracks on the gouge surface at maximum pressure at 650 cycles.
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Figure 59. Test data on the measurement grid. The data is averaged over approximately three cycles.
Changes in permeability measured on Channels 4, 6 and 8 are due to cracking. Changes in lift-off
measured on Channels 1, 14 and 16 are due to changes in the distance between the sensor and the pipe.
The measurement grid is used to separate permeability changes from lift-off changes.
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Figure 60. Pressure cycle data on the grid showing changes in permeability with change in loads.
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Figure 61. (Left) MWM-Array permeability versus measurement number for one pressure cycle. Some
channels (black, yellow, and green) have a good correlation between permeability and pressure. Some
channels (red and blue) have a double valued relationship, creating a “double hump”. (Right)
Permeability versus stress data for an X100 steel collected under DOT funding. The data in compression
(bottom-left quadrant) is linear with stress. The data in tension is nonlinear and double-valued.
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Figure 62. MWM-Array permeability change versus pressure. Over three cycles. The relationship is
repeatable from cycle-to-cycles for all channels. The response to pressure is different based on the
residual stresses at each location. The hysteresis in Channel 8 (blue) is likely due to rerounding.
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Figure 63. 3D Visualization of MWM-Array permeability changes during cycling. The horizontal axis is
provided in measurement number and time (seconds) to illustrate the ability of the MWM-Array to
monitor stress at multiple locations during the test.
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Figure 64. (Top) MWM-Array permeability measured by the two FA178 MWM-Arrays. (Bottom)
Permeability change (with the permeability baseline subtracted) detected by the two FA178 MWM-
Arrays. Note that each figure only shows 7 data sets evenly spaced over the duration of the test.
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Figure 65. MWM-Array permeability data at maximum pressure (~60bar, top) and minimum pressure
(~20bar, bottom) during cycling. Data presented full scale (left) and a condensed scale (right).
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Figure 66. Stepped pressure response, as the internal pressure of the test pipe sample was reduced from 40
bar to 0 bar, at 10 bar decrements.
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Figure 67. MWM-Array permeability behavior observed during loading (Left). The permeability vs.
stress behavior from this test is similar to the behavior observed on X100 steel during a bending test
conducted by JENTEK under DOT funding (Right).
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6.1.4 Enhanced Lab Demonstration of Mechanical Damage Imaging — at PRCI
TDC

On March 4-8, 2013, JENTEK performed a mechanical damage demonstration at the PRCI Repository in
Houston, TX. Measurements were performed on six samples containing shallow dents, as well as dents
with small cracks. Six more samples, containing dents and gouges, were also scanned. All samples were
scanned with the FA24 MWM-Array. Figure 68 shows the scanning setup used for these measurements.
The scanner consists of a 5-foot stainless steel rod (rail) that can be installed onto the pipe surface using
straps. The FA24 MWM-Array sensor (shown in Figure 69) was integrated onto the prototype scanner
for surface crack detection and imaging. The FA24 array has a single drive winding formed into two
rectangular elements placed adjacent to each other and a linear array of thirty-seven sense elements that
are 2.5 mm (0.1-in.) wide. This provides a width for the sense element array of 92.5 mm (3.7-in.). The
linear array of sense elements is placed inside one of the rectangles. A thick layer of foam was placed
behind the sensor to allow the sensor to conform to the pipe curvature. The sensor and the probe
electronics unit are attached to the rod, which allows for axial scans along the length of the pipe at fixed
orientations.

Since the FA24 sensor array has linear drive windings, it is least sensitive to cracks that are parallel to the
drive. In order to ensure that cracks at all angles are detected, the array was scanned over the dented
regions twice — with the drive oriented at +45° and at -45° to the pipe axis as shown in Figure 69.

Figure 70 — Figure 81 show the C-Scan permeability images (at both +45° orientations) obtained using
the FA24 MWM-Array sensor on the six pipe samples with shallow dents. B-Scan plots, showing crack
indications, are shown for the +45° orientation scans for samples that contained possible SCC clusters in
and around the mechanical damage regions.

Figure 82 — Figure 87 show the FA24 permeability scans of pipe sections containing dents and gouges.
Six pipe sections containing manufactured dents and gouges were made accessible to JENTEK for
scanning with the FA24 sensor. Some of the dent regions were severe in geometry (sharp edges with deep
impact points). The scan images shown below are best-effort measurements since JENTEK was not made
aware of these samples prior to arrival on-site. Proper sensor modifications are needed to perform
accurate measurements for crack detection and stress mapping, in and around these gouges. The
permeability images appear to provide some information about the residual stresses in and around the
dent & gouge regions. They also provide information regarding known cracks and possible indications
inside the gouges. These images, however, have not been corrected to improve the estimates of the
permeability values in the vicinity of local geometry changes — that is the focus of ongoing development
efforts.

Figure 68. The FA24 rail scanner being used for imaging of shallow dents at 0° and 45° orientations.
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Figure 69. Top: Photograph of the FA24 MWM-Array with a detail of the sensing elements. Bottom:
Schematic of the two orientations of the FA24 sensor array, as it was scanned over the dented regions.
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Figure 70. FA24 Permeability C-Scans for dent 1 of sample 1. Scans were performed with the sensor at
both +45° and -45° from the scan path. The crosshair marks the approximate center of the dent.
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Figure 71. FA24 Permeability C-Scans for dent 2 of sample 1. Scans were performed with the sensor at
both +45° and 45° from the scan path. The crosshair marks the approximate center of the dent.
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Figure 72. FA24 Permeability C-Scans for dent 1 (only dent) of sample 2. Scans were performed with the
sensor at both +45° and 45° from the scan path. A corresponding B-Scan plot for the +45° orientation
shows the presence of a crack (or crack cluster) near the mechanical damage region. This B-Scan

corresponds to the dashed red line in the top image. The crosshair marks the approximate center of the
dent.

Page 52



100.0 kHz - Permeability scan

2 2 2 B A B an

240 225 %0 55 %0 %5 270 a5 280 25 230 -

A
17 18 19 2 2 2 22 4 AN

240 245 250 255 %0 25 270 a5 20 285 230 P,

Figure 73. FA24 Permeability C-Scans for dent 1 of sample 3. Scans were performed with the sensor at
both +45° and -45° from the scan path.
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100.0 kHz - Permeability scan
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Figure 74. FA24 Permeability C-Scans for dent 2 of sample 3. Scans were performed with the sensor at
both +45° and -45° from the scan path. A corresponding B-Scan plot for the +45° orientation shows the
presence of a crack (or crack cluster) near the mechanical damage region. This B-Scan corresponds to the
dashed red line in the top image. The crosshair marks the approximate center of the dent. The crosshair
marks the approximate center of the dent.
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Figure 75. FA24 Permeability C-Scans for dent 1 of sample 4. Scans were performed with the sensor at
both +45° and -45° from the scan path. The crosshair marks the approximate center of the dent.
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Figure 76. FA24 Permeability C-Scans for dent 2 of sample 4. Scans were performed with the sensor at
both +45° and -45° from the scan path. The crosshair marks the approximate center of the dent.
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Figure 77. FA24 Permeability C-Scans for dent 1 (only dent) of sample 5. Scans were performed with the
sensor at both +45° and -45° from the scan path. A corresponding B-Scan plot for the +45° orientation
shows the presence of a crack (or crack cluster) near the mechanical damage region. The crosshair marks
the approximate center of the dent.
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Figure 78. FA24 Permeability C-Scans for dent 1 of sample 6. Scans were performed with the sensor at
both +45° and -45° from the scan path.
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Figure 79. FA24 Permeability C-Scans for dent 2 of sample 6. Scans were performed with the sensor at
both +45° and -45° from the scan path. The crosshair marks the approximate center of the dent.
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Figure 80. FA24 Permeability C-Scans for dent 3 of sample 6. Scans were performed with the sensor at
both +45° and -45° from the scan path.
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Figure 81. FA24 Permeability C-Scans for dent 4 of sample 6. Scans were performed with the sensor at
both +45° and -45° from the scan path.
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Figure 82. FA24 axial permeability scan image of sample 7. A known axial crack was detected inside the
gouge. Note: Imaging of these types of gouges will require sensor modifications to enable improved crack
detection and stress mapping, in and around the gouges.

100.0 kHz - Permeability scan

Figure 83. FA24 axial permeability scan image of sample 8. Note: Imaging of these types of gouges will
require sensor modifications to enable improved crack detection and stress mapping, in and around the
gouges.

Page 62



100.0 kHz - Permeability scan

Possible Crackindication

Figure 84. FA24 axial permeability scan image of sample 9. Note: Imaging of these types of gouges will
require sensor modifications to enable improved crack detection and stress mapping, in and around the
gouges.
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Figure 85. FA24 axial permeability scan image of sample 10. Note: Imaging of these types of gouges will
require sensor modifications to enable improved crack detection and stress mapping, in and around the
gouges.
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Figure 86. FA24 axial permeability scan image of sample 11. Note: Imaging of these types of gouges will
require sensor modifications to enable improved crack detection and stress mapping, in and around the

gouges.
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Figure 87. FA24 axial permeability scan image of sample 12. Note: Imaging of these types of gouges will
require sensor modifications to enable improved crack detection and stress mapping, in and around the
gouges.

6.1.5 Field Demonstration of Mechanical Damage Imaging

On January 24 - 27, 2011, three JENTEK employees performed a field demonstration on a pipeline with
mechanical damage sites. Access to two dig sites, containing mechanical damage and other features, was
provided. The first dig site contained one reported dent and one reported hard spot. The dent was
scanned using the VWAO001 MWM-Array (shown in Figure 19) to investigate the dent profile and the
hard spot was scanned using the FA24 MWM-Array (shown in Figure 2) to investigate magnetic
permeability variation (see Figure 95). At this site, JENTEK coordinated with an NDT partner to perform
some simple testing to determine if the magnets used during MPI inspection would affect the permeability
response. Scans were performed using the FA24 MWM-Array to determine to what extent the MPI yoke
changed the magnetic permeability of the pipe and how the MWM-Array was affected by these changes.
The second dig site contained one reported dent with an associated hard spot. The area was scanned
using the VWAO001 MWM-Array to investigate the dent profile and the FA24 MWM-Array to investigate
magnetic permeability variation.

To generate the grid, all combinations of lift-off and magnetic permeability over the range of interest are
input into the MWM models to compute the corresponding grid points. The visualization in Figure 88
includes lines of constant lift-off, h, (green in the figure, also called permeability lines) and lines of
constant magnetic permeability, u, (brown in the figure, also called lift-off lines).

To perform a permeability/lift-off measurement, first the real and imaginary parts of the complex
transinductance (Vs/jwlb, where Ip is the drive winding current and Vs is the sense winding voltage) are
measured, at an instant in time, using a parallel architecture impedance instrument with 37 parallel
channels. Then, the GridStation software performs a nonlinear search through the two-dimensional
database (Measurement Grid) to provide simultaneous estimates of the lift-off and magnetic permeability.
In Figure 94 the data shown in blue is a series of measurements taken with the sensor held in the air. In
the measurement grid, this point is called the Air Point. JENTEK uses the air point for calibration,
eliminating the need for reference standards.
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Figure 88. Data from the VWAOO1 plotted on a measurement grid. The data in blue was taken with the
sensor in air, illustration JENTEK ’s use of air calibration. The data in red was taken during a scan over a
dent and shows how the data follows a liftoff line.

Figure 89 and Figure 90 show the pipe and site preparation for dig location #1. The pipe had a coal tar
enamel coating that was removed prior to testing. The pipe was also sand blasted to a clean surface free
of rust. A small amount of debris covered the pipe as a residual of the sand blasting, but this was easily
brushed off.

Figure 90. Interior Site Conditions and pipe preparation.
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There were two reported ILI indications: one dent at the 7:20 clock position (Figure 91) and a “hard spot”
at the 6:49 clock position. Note that both indications were on the bottom of the pipe. No pictures were
taken of the hard spot because the material variation was not visible on the surface of the pipe.

The GridStation system was setup next to the pipe (Figure 92). One 6m meter extension cable was used
to accommodate the length of the scan. Figure 93 shows the prototype scanner that was developed under
DOT funding. This scanner holds the VWAQOL on a fixed surface above the pipe with the channels
arranged around the pipe circumference. The scanner is moved along the pipe over two guide rails that
provide a fixed reference during a single scan that is independent of variations in the pipe geometry.
These rails are then moved circumferentially for each scan to provide coverage of the pipe.

VWA001 MWM-Array

6m Extension and Scanner

Cable

37-Channel Probe

Laptop Electronics Unit

IN7000
39-Channel
Impedance
Instrument

Figure 92. Set-up of the GridStation system.
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Figure 93. Scanning using the VWAOOL.

For the dent, scans were performed with the VWAO001 MWM-Array. Three scans were performed at
5-inch spacing. Note that the scanner covers an 8.25 inch wide scan area, so there is ample overlap
between the scans (3.25 inches). Figure 94 shows the composite image (combination of 3 scans) as
shown by the GridStation software. This data was used to generate 3D profiles (shown in Figure 95).
Note that this capability is still under development under related DOT funding. Note also that this data
can be further corrected using numerical methods (e.g., FEM) to correct for sensor geometry and defect
geometry interactions.

0 2 4 B B 10 12 14 16 18 20 22 24 26 28 30 32 3¢ "

Figure 94. Dent profile image produced with the GridStation software. Color represents the depth of the
dent relative to the nominal pipe surface.

(a) — Depth Exaggerated 5 times
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(b) — Photo

(c) — Actual Depth

Figure 95. Dent 3D profiles produced using the VWAOQOL data. This visualization capability is currently
in development. Color represents the dent depth relative to the nominal pipe surface. Note also that this
data can be further corrected using numerical methods (e.g., FEM) to correct for sensor geometry
and defect geometry interactions.

Scans were performed on the hard spot (Figure 96) using the FA24 MWM-Array. The set-up was similar
to the setup of the VWAOOL. These scans were conducted using the FA24 in a 4-wheeled adjustable cart.
Each image (Figure 97) is a composite of 5 scans with 3-inch spacing. Variations in permeability were
observed that are significant compared to the variation found elsewhere on the pipe (Figure 98).

Grid was laid out for the FA24
scans over the hard spot area

Figure 96. Location of the hard spot and set-up of the GridStation system.
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Figure 97. FA24 scans. (a) Permeability measurements in the area of the reported “hard spot”. (b)
Permeability measurements taken over a 135 inch by 3.7 inch section of pipe. Note that the axes on this
image are not on the same scale.
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Figure 98. Cumulative distribution functions and probability distribution functions for the background
permeability and the permeability in the area of the hard spot.

In addition, we used the FA24 to examine the effects of magnetization. Specifically, we were concerned
with the use of magnets during MPI inspection affecting the MWM-Array measurements of permeability.
For the two digs, we asked that the MWM-Array testing be performed prior to MPI. However, it would
add flexibility to the schedule if we could remove this requirement.

We scanned a section of the pipe that was free of known defects. A technician with an NDT partner
applied an MPI yoke multiple times to multiple sections of the scan area and the region was scanned
again. The mean permeability of the section was minimally affected. Both the absolute maximum and
absolute minimum values decreased, which is the expected result from magnetization. Table 4
summarizes the effects observed from the magnetization. Note that the difference in the maximum
permeability was small (2.0%), but the difference in the minimum permeability was larger (8.9%).
Looking at the scans (Figure 99), this drop in permeability was focused on one area. Additional tests are
necessary to determine why this area is different since the same procedure was performed over the entire
length of the scan. If we can determine the cause, we may be able to reduce the effects of this type of
magnetization. However, note that the permeability change is more significant when compared to
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permeability changes due to residual stresses surrounding a dent. It is therefore still JENTEK’s
recommendation that MWM-Array inspections be performed before MPI.

Table 4. Relative permeability values over the MPI test area.

% Change relative to
Before MP| | After MPI hard spot signal

Minimum 28.4 25.3 8.9%
Maximum 38.4 37.7 2.0%
Mean 33.6 33.4 0.6%

Note that this effect is more significant when compared to typical permeability changes that are due to
residual stresses around a dent.
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Figure 99. FA24 MWM-Array scans before and after magnetization using an MPI yoke. The expected
result is to see a change in permeability, but no significant change in liftoff. However, note that liftoff is
a measure of the distance between the sensor and the pipe. Therefore, it is normal to see variation from
scan to scan.
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Figure 100. Exterior site condition.

Figure 100 shows the pipe and site preparation for dig location #1. The pipe had a coal tar enamel
coating that was removed prior to testing. The pipe was also sand blasted prior to testing. To protect the
pipe while the coating was removed, the pipeline operator wrapped the pipe in a thin plastic. This wrap
was not removed for the MWM-Array testing.

There were two reported indications: one dent at the 12:20 clock position (Figure 101) and a “hard spot”
at the 12:32 clock position. Note that these indications were reported to be only 4cm apart and will be
treated as a single location for the MWM-Array testing and analysis.

For the dent, seven scans were performed with the VWAOO1 at a 5 inch spacing (Figure 102). Set-up of
the GridStation system was similar to the previous dig. Note that the scanner covers an 8.25-in. wide
scan area, so there is ample overlap between the scans (3.25 inches). Figure 103 shows the composite
image (combination of 7 scans) as shown by the GridStation software. This data was used to generate 3D
profiles (Figure 104).

' Pipe wrapped
in plastic

AT NG 2T 500 101l

Figure 101. Dent location cover by a thin plastic wrap
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Figure 102. MWM-Array VWAOQO01 scanned over the dented area.
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Figure 103. Composite scan image of the dent using the GridStation software. Color represents the depth
of the dent relative to the nominal pipe surface. Note the area around the dent where the material
protrudes above the nominal pipe surface (darker green). The seam weld can also be seen going through
the dent.
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(b) —Photo

(c) —Actual Depth

Figure 104. Dent 3D profiles produced using the VWAOO1 data. This visualization capability is currently
in development. Color represents the dent depth relative to the nominal pipe surface.

Scans were also performed using the FA24 MWM-Array. This sensor is used for higher resolution
scanning at lower liftoffs compared to the VWAOQOL. The sensor is scanned into the dent and extra effort
is made to maintain close proximity to the pipe surface. The result is a higher accuracy permeability
image compared to the VWAOOL.

Scans were performed both axially and circumferentially. MWM-Arrays have a directional drive and
producing two sets of scan in two different orientations provides a clearer picture of the directional nature
of the permeability changes as well as more robust crack detection. The axial scan imagess are shown in
Figure 105 and the circumferential scans are shown in Figure 106.
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(b) — Close-up on the dented area

Figure 105. MWM-Array FA24 scans taken axially in and surrounding the dent. Variations in
permeability can be indicators of stresses, material changes (hard spots), and cracks.
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(b) — Close-up on the dented area

Figure 106. MWM-Array FA24 scans taken circumferentially in and surrounding the dent. Variations in
permeability can be indicators of stresses, material changes (hard spots), and cracks.

Significant indications were observed in the region of the dent (Figure 107 and Figure 108). These
indications are consistent with crack signatures observed in related JENTEK programs. Typically, a
crack response will be localized and produce an apparent rise in magnetic permeability. It is useful to
compare these signals to data taken on un-damaged sections of pipe (Figure 108). These signals are well
above the normal variation found elsewhere on the pipe.
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Figure 107. The most pronounced indication within the dented area. The yellow line in the C-Scan shows
the location of the B-Scan.
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Figure 108. The C-Scan image is the entire axial scan area, omitting the weld. The B-Scans are from the
same data. The sharp indications are well above normal background variation.
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6.2 Development of Low Frequency Internal Corrosion Imaging

When this program was proposed, it was envisioned that internal corrosion imaging and external
corrosion imaging we require separate solutions. For external corrosion imaging, the solution would use
inductive MWM-Arrays to image the surface topology of the pipe. Local changes in the surface topology
would indicate areas of corrosion. For internal corrosion, the solution would use the MR-MWM-Array
sensors, which can be operated at very low frequencies in order to measure the pipe wall thickness.

Due to substantial interest from industry and substantial parallel funding, the MR-MWM-Arrays matured
much faster than originally anticipated. Early in the program, it became apparent that the MR-
MWM-Array could provide a solution for both internal and external corrosion with an accuracy that was
equivalent or greater than the inductive MWM-Arrays for external corrosion. Also, since the MR-
MWM-Arrays measure wall thickness (as opposed to surface topology), the measurement procedure was
likely to be more robust when exposed to real-world conditions. For all of these reasons, a single
solutions was developed that satisfied both the internal corrosion and external corrosion tasks. The
development and performance of this combined corrosion imaging tool will be discussed in this section.

Three areas required development to create the corrosion imaging tool: (1) Further development of the
MR-MWM-Array; (2) Development of low frequency electronics; and (3) Refinement of data processing
algorithms.

6.2.1 MR-MWM-Array Adaptation

Under previous funding, JENTEK had developed the first MR sensors array the MRAQOL. This array
contained a three-axis MR element to measure the magnetic field in three orthogonal directions.
However, these elements had inferior noise characteristics and required more power, making thermal drift
a serious issue.

With co-funding from this program, JENTEK made an adaptation of the MR-MWM-Array sensor, called
the MRAOQO2 (shown in Figure 109). The key design difference for this array compared to the previous
version (MRAQO01) is the use of an upgraded MR element. The new sensor can only detect field in one
direction, but has improved noise characteristics and reduced power consumption. Note that it is only
necessary to measure one direction of the magnetic field to use JENTEK’s methods, so the loss of
information was not critical.

The new array also made use of offset straps. The offset straps are small coils imbedded into the chips
that can be externally driven to offset the field seen by the sensor, such as canceling the earth’s magnetic
field, dynamically canceling the drive signal, and providing a full-feedback loop. By using these offset
straps, the electronics can make better use of the full dynamic range of the instrumentation without being
affected by background magnetic fields or thermal variations in the MR elements.

Another addition to this sensor was the use of inductive sense elements alongside the magnetoresistive
sense elements. For detecting corrosion under insulation, the sensor needs to operate at low drive
frequencies and have a large drive-sense gap. While this is effective for detecting material loss through 2
inches of coating, it is not an effective way of detecting the properties of the weather protection. One
solution was to use inductive sense elements with a smaller drive-sense gap. This solution was explored,
but did not provide any additional performance over the data being collected by the MR elements. These
inductive elements were omitted from future designs.
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Figure 109. (Left) The MRAO002. (Right) Prototype corrosion imaging scanner using the MRAQ02.

The MRAO002 was designed to work with external drive windings. The sensor would need to be attached
on top of the drive winding manually. This arrangement caused several issues. Depending on the drive
winding material, the sensor would not adhere well to the drive winding. While some initial drive
windings were made from the same type of material as the sensor, later windings were made from copper
wire encapsulated with urethane rubber. This method produce a drive winding that was relatively stiff
compared to the sensor. When the sensor was adhered on top of the drive, it would strain excessively
since it was far from the neutral bending axis of the drive. This caused a reliability issue if the drive was
bent excessively or too often.

In response to these issues, the MRAQO04 was created (Figure 110). This sensor was designed to be
embedded into the drive windings, which decreased the strain on the sensor and added an extra layer of
durability. The layout was changed to provide additional alignment features to increase the accuracy and
repeatability of the sensor construction process, which is vital to the overall measurement method. Lastly,
the connector layout was changed to increase the reliability and durability of the cabling.

Figure 110. (Left) The MRAOO4. (Right) Prototype corrosion imaging scanner using the MRAQ04.

In parallel to this program, JENTEK had been funding a separate effort to model the effective footprint of
the sensors (MWM-Arrays and MR-MWM-Arrays). Based on this analysis, the layout of the drive
changed from a single loop design to a double loop design. It also required for the sensor to have two
rows of sense elements, each centered in a different drive loop. In order to support this new design, the
MRAOQ06 was created (Figure 111). This design is smaller than the MRAQO3 to ensure that there is
enough room for the two rows of sense elements, which is important on smaller sensors that would be
used over thin coatings.
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Figure 111. (Left) The MRAOOG6. (Right) Prototype corrosion imaging scanner using the MRAQQ6.

6.2.2 Drive Winding Adaptation

It is important that the drive winding dimensions be considered for a specific application. The critical
dimension for a given application in called the spatial wavelength (see Figure 112). The spatial
wavelength can limit how far the magnetic fields penetrate into the material, but other considerations
must be taken into account such as conformance to the model and drive electronics limitations.
Significant work has already been performed by JENTEK on optimizing the spatial wavelength and drive
winding dimensions under the completed DOT 304 program (Solicitation #DTPH56-07-BAA-000002).

For large insulation thickness and thick materials, the spatial wavelength will be as limiting a factor as the
operating frequency. While the best spatial wavelength is based on signal-to-noise, rough estimates can
be used in the design stage to ensure sufficient dimensions of the sensor and the drive winding. A rule-of-
thumb would be to make the spatial wavelength four times the sum of the thickness off all layers that
must be penetrated (such as lift-off, weather protection, insulation, and pipe wall). In reality, it is likely
that the ideal spatial wavelength will be less than this value and must be found empirically based on
signal-to-noise under realistic operating conditions.
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Figure 112. (Left) Example Depth of Penetration (DOP) chart. At low frequencies, the depth of
penetration can be limited by the spatial wavelength. At high frequencies, it is limited by the material
properties. (Right) Schematic showing the spatial wavelength. The image shows both inductive
elements (orange) and MR elements (gray).
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Another factor to consider is drive resistance. The resistance must be considered against the capabilities
of the drive circuit, particularly the maximum drive voltage and the maximum drive current, but also the
maximum amount of field that the sense elements can tolerate.

The following variables will be used in the analysis:

- Vmax is the maximum drive voltage output of the instrument
- Imax is the maximum drive current output of the instrument
- L =length of a loop of the drive

- W =width of a loop of the drive

- D =number of loops of a drive

- N =number of turns of a drive

- p=resistance per unit length of the drive winding

- R =total drive resistance

Vmaxand Imax are design parameters of the instrument. We know that:

R=(2L+2W)DNp )

and

I orive N = Constant @)

The constant is equation 2 can be determined empirically or by calculations of the required field strength.
One method for determining these field strengths is to use a “stick” model such as the one used in the
previous DOT 304 program. Determining the actual values for each variable is an optimization problem
that often involves engineering tradeoffs based on practical constraints of fabrication.

Early testing using the MRA001 and MRAO002 used a wire-wound drive. While this is the simplest
method of manufacturing a drive winding, it is difficult to control the exact location of the conductors.
One method that was investigated was the same printed circuits that are used on other sensors. JENTEK
designed and developed (under | R& D, this program and related funding) a drive winding for crack depth
measurement that is a series of printed circuits (Figure 113) that are wired together. The number of
winding that are used can be adjusted based on the signal requirements of the application. Testing with
this drive was successful, but there were many drawbacks. First, stacking many individual windings
(testing involved a stack of eight) was difficult to perform accurately. The winding also became very
thick and inflexible. Finally, modeling eight layers was computationally expensive, so generating
measurements grids was a slow process.

Another approach was to use precision-cut sheet metal windings that are stacked between insulating
sheets (see Figure 114). Compared to printed circuits, cut sheet metal had the potential to produce larger
windings using thicker metal. This type of construction is intended for applications that require large
drive currents. This type of winding was investigated, but never produced.
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(@) (b)
Figure 113. (a) Proposed drive winding for crack depth measurement. (b) VWDO003. The new drive
winding will have a similar construction, but multiple sheets will be stacked and wired in series to
provide more turns.

Drive
Windings
(Orange)

Insulator
(Black)

Figure 114. Concept drawing for stacked drive windings. This construction method works for both
printed circuits and precision-cut sheet metal. In both cases, insulating layers are placed between the
windings which are wired in series.

A third (and ultimately the most successful) approach for producing drive windings was using magnet
wire to manually wind the coils. All previous MR-Array measurements in this program were made using
a wound drive. However, these drives were not ideal. In order for the models to be accurate, the location
of the wires needed to be better controlled. To support this, JENTEK developed tooling that helped to
carefully place the wires during the winding process (Figure 115). Once the drive was wound, a liquid
urethane rubber was poured over the windings (Figure 116). Once this rubber cured, the windings could
be removed from the tooling. Multiple windings can then be combined to produce the “double-D”
windings that are preferred for MR-MWM-Array measurements (Figure 117).
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Figure 116. Close up of the rotating jig. Wire is wound around four corner posts. A liquid urethane
rubber is then poured over the windings. Once cured, the rubber will keep the windings in place while
still providing the flexibility required to accommodate variable pipe diameters.

Page 82



Figure 117. A completed drive winding using the wire-wound method.

6.2.3 New Instrumentation — The IN-8200

In order to inspect through any reasonable amount of steel, an eddy current sensor must operate at very
low frequencies. JENTEK developed the MR-MWM-Array to address limitations of traditional inductive
sensors, but also needed the necessary instrumentation capable of operating at these low drive
frequencies. Due to the design limitations of existing instruments, measurements below 1 kHz could not
be taken without significant noise levels. While these noise levels could be averaged out over time, they
made scanning impractical. A major redesign of the operation of the instrument was needed.

JENTEK developed (under this program and JENTEK | R& D funding) a laboratory prototype that would
serve as the basis for the next generation of JENTEK instrumentation, the IN-8200 (Figure 118). Figure
119 shows typical results for this effort. The grid represents a 31.6 Hz lift-off/steel thickness grid. The
blue scatter represents JENTEK’s 7000/8000 instrument’s optimal operation. 100 measurements were
taken with each measurement at 31.6Hz taken over .654 seconds. Since 3 other frequencies were also
taken with this measurement, the total measurement time was 1.2 seconds. The red scatter represents
measurements taken with the laboratory prototype IN-8200 instrument. Each measurement took 0.08
seconds, with 3 other frequencies taken simultaneously. As can be seen, with this 15x increase in speed,
the scatter was reduced significantly (a 77.8% reduction in the standard deviation of the thickness
estimate and an 84.7% reduction in the standard deviation of the lift-off estimate).
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Figure 119. Comparison between JENTEK’s 7000 /8000-Series instruments (blue measurements taken at
1.2 measurements per second) and the prototype instrument design (red measurements taken at .08
measurements per second).
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Over the course of the program, the instrumentation was upgraded to improve the measurement accuracy,
reduce the noise levels, reduce thermal drift, and improve durability. This effort produced the IN-8200a.
prototype instrument, which supported much of the work later in this program. This first commercial
prototype incorporated the architecture developed during the creation of the laboratory prototype design.
Initial efforts were made to create a measurement system that could be used in the field. JENTEK has
repeatedly used this system, under this program and related programs, for field demonstrations and short
duration services. Multiple field service providers have been trained on this system, specifically for the
corrosion imaging application.

MR-MWM-Array Scanner

IN-8200a
Instrument

Probe
Electronics
Unit

Figure 120. The IN-8200c. This first commercial prototype used the core developed during the creation
of the laboratory prototype. It also featured initial concepts for improved cabling, durability, and ease of
use. This initial prototype featured an integrated computer and screen.

JENTEK is continuing to develop the IN-8200 into a full commercial product. The current generation,
the IN-8200a+ prototype, is shown in Figure 121. The probe electronics unit has been miniaturized in
order to fit onto the scanner. This increases the measurement quality, but also eliminates the largest and
heaviest cable. The cables between the probe electronics unit and the impedance instrument are much
lighter, but also more durable. These cable can also be made much longer in order to accommodate
different types of inspections. The instrument shown does not have an integrated computer, but rather
connects to a laptop via Ethernet. This allows for additional distance between the scanner and the
operator. The instrument can be power off 10V-36V DC. For facilities, an AC adapter can be used. For
remote locations such as pipeline dig sites, the system can be power from a generator, directly off a
vehicle battery (12V), or using portable batteries.
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Figure 121. IN-8200a+ with the Corrosion Imaging System.

6.2.4 Preliminary Lab Demonstration of External Corrosion Imaging through
Thick Coatings

JENTEK fabricated steel pipe sections with representative machined defects for preliminary lab testing
and demonstration of MWM-Array and MR-MWM-Array technology. The sample is a 6-in. schedule 40
pipe section (OD 6.625-in., 16.8cm and wall thickness of 0.28-in., 7.1mm) that is 4 feet (1.2m) long. The
sample has a series of machined external flaws to represent external material loss. There are four rows of
flaws located every 90° around the circumference of the pipe. The flaws are machined to depths
corresponding to 5%, 10%, 25%, and 50% material loss. The nominal flaw sizes are 0.25, 0.5, 1.0 and 2.0
inches in diameter, but the curvature of the surface and the shallow flaw depth in some cases is expected
to result in non-circular final shapes since the flaws are flat-bottomed holes. The flaws are positioned
near the center of the pipe in order to provide some room for moving a sensor and scanning fixture along
the pipe. This provided a reasonable set of flaws for preliminary work for detection through thick
coatings and weather protection. JENTEK also acquired flat sheets of material to simulate a variety of
weather jackets (Table 5). It was important for these materials to have thickness and electrical properties
similar to the material used in service. Moreover, it was also important to understand the variation in
material properties typical of in-service materials.

ilominal Thicknsss

[steral {in] mmj]
Aliminam Aoy 3003 0_a20 0 &1
uminum. Alloy 3003 0025 0.64
Alurnanwn. Al 3003 [N ixrd 081
Aluminum. Alloy 3003 0 &dd 1.62
Stainlass Steal Type 316 0024 0.61
Sheinksss Stesl Tuves 316 0 s 001

Table 5. Material obtained to represent weather jackets.
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JENTEK also worked with an industry partner, in a related effort, to generate an external corrosion
sample with manufactured flaws. The pipe section has three rows of flaws, each containing five flaws of
varying depths of 5%, 10%, 15% 35% and 50% material loss regions. The three rows of flaws are 0.5, 1.0
and 1.5 in. in diameter respectively. The flaws were produced by electric discharge machining (EDM),
which produces flaws without significantly changing the pipe’s electrical properties. JENTEK had
performed measurements and verified that the changes in the material’s electrical properties due to
machining were not significant.

Figure 122 shows measurements that were performed on a flat steel plate with varying insulation
thickness covered by an aluminum weather jacket that is 0.019 inches (0.47mm) thick. Measurements
were made using the MRAOO1 and JENTEK’s 7000-Series GridStation instrument. This data was
processed using JENTEK’s multiple unknown algorithm. This algorithm uses multiple frequencies to
separate out different sources of variation such as liftoff (distance between the sensor and the weather
jacket), weather jacket properties, and pipe properties. This algorithm is essential for making this method
robust over a wide variety of operating conditions. Figure 122 is a plot of the insulation thickness
between the weather jacket and the pipe. Areas of external corrosion on the pipe will appear as an
increase in the apparent insulation thickness between the weather jacket and the pipe. Variations in the
material properties of the pipe surface due to the presence of corrosion products can also be detected.
Figure 123 shows a scan taken on JENTEK’s 6 inch Schedule-40 pipe section with external flaws. The
pipe was covered with approximately 2 in. of insulation and a 0.020 in. (0.5mm) aluminum weather
jacket. With a scan speed of 2-3 in/sec (50-75mm/s), the MR-MWM-Array was able to successfully
image the 2 in. and 1 in. diameter, 50% material loss flaws. Figure 124 shows preliminary results of scans
on the 8 inch Schedule-80 pipe section containing external flaws. The pipe was covered with
approximately 1 inch (25.4mm) of Neoprene and a 0.02 inch (0.5mm) aluminum weather jacket. The
MR-MWM-Array was used to scan over the 1.5 in x 1.5 in defects of 20% and 35% material loss. The
MR-MWM-Array was calibrated in air and scanned over the pipe section at a speed of 3 in/sec.

A heavy wet insulated pipe sample with an EDM machined defect was also scanned with the MRAQO2 as
part of a demonstration for a separate subsea program. The sample was provided by an industry partner
for use in the related effort. We targeted a vendor who was able to create an array of small, closely spaced
defects to simulate a single, large defect. Scans were performed with the MRA002 MR-MWM-Array
sensor over several inches on either side of the flaw. Scan images of wall thickness, lift-off and
permeability are shown in Figure 125. The internal flaw appears as a reduction in wall thickness in the
wall thickness image. The lift-off (thickness of coating/insulation plus sensor lift-off) is measured to be
2.6 inches, which is in accordance with the actual thickness of the heavy wet insulation (measured by
calipers to be 2.6 in.). The permeability image shows permeability variations which are common in steel.
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Figure 122. Flat plate measurements were taken with the MR-MWM-Array on an aluminum weather
jacket over varying insulation thicknesses. The data was processed using JENTEK’s multiple unknown
algorithm to separate insulation thickness from other sources of variation. The dashed red lines show the
actual insulation thickness.
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Figure 123. JENTEK MR-MWM-Array Preliminary Results of Corrosion under Insulation (CUI)
Detection through approximately 2-in. insulation and metallic weather protection.
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Figure 124. MR-MWM-Array C-scan images of thickness (with B-Scan), permeability, and liftoff for
detection of external corrosion from the outside of two 2 in. diameter flaws with 20% and 35% wall loss
through 1 in. (25.4mm) coating/insulation and a 0.025 inch (0.64mm) aluminum weather jacket.
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Figure 125. Wall thickness, lift-off and permeability scan images obtained with the MRA002 MR-MWM-
Array on a heavy wet insulated riser sample. The measurements were performed as part of preliminary
demonstrations for a related program. The nominal lift-off (thickness of coating/insulation) is measured to
be 2.6 inches, which is in accordance with the actual thickness of the heavy wet insulation (measured by
calipers to be 2.6 in.)
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6.2.5 Laboratory Demonstration Results for Internal Corrosion Imaging

JENTEK acquired (under a related program) flat steel plate samples of varying thicknesses to perform
initial lab measurements to demonstrate the ability of the MR-MWM-Array to measure changes in
material thickness over large areas and with varying lift-off (or insulation thickness). These plates were
36 inches square and were chosen to mimic the electrical properties of pipeline steels.

JENTEK also worked with an industry partner, in a related effort, to generate an internal corrosion sample
with manufactured flaws to support this program. The pipe section has three rows of flaws, each
containing five flaws of varying depths of 5%, 10%, 15% 35% and 50% material loss regions. The three
rows of flaws are 0.5, 1.0 and 1.5 in. in diameter respectively. The flaws were produced by electric
discharge machining (EDM), which produces flaws without significantly changing the pipe’s electrical
properties. JENTEK had previously performed high frequency measurements to verify that the changes in
the material’s electrical properties due to machining were not significant.

Figure 126 shows measurements taken on three flat steel plates at almost 2 inches of insulation thickness
(1.8 inch actual liftoff). This data demonstrates the ability of the MR-MWM-Array to measure wall
thickness of up to 0.5 inches using an air calibration, which would enable the detection of wide-area
corrosion without the need for reference calibration. Figure 127, Figure 128, and Figure 129 show
preliminary results of scans on the Schedule-80 pipe section provided by an industry partner containing
internal flaws. The scans were performed with 1.0 inches and 1.5 inches of insulation at 0.5 inches per
second and include two 2 inch diameter flaws with 35% and 50% material loss.
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Figure 126. Plots of pipe thickness, permeability, and lift-off. Four measurements were taken at different
locations on 0.25 inch, 0.375 inch, and 0.50 inch plates. Note that these measurements were taken through
insulation that was nominally 2 inches thick (approximately 1.8 inch actual liftoff).
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Figure 127. MR-MWM-Array C-scan image and B-scan of pipe wall thickness for detection of internal
corrosion from the outside of the pipe. The defect is a 2 in. diameter flaw with 35% wall loss. Scan was
taken through 1.0 inches of insulation at 0.5 inches per second.
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Figure 128. MR-MWM-Array C-scan image and B-scan of pipe wall thickness for detection of internal

corrosion from the outside of the pipe. The defect is a 2 in. diameter flaw with 50% wall loss. Scan was
taken through 1.0 inches of insulation at 0.5 inches per second.
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Figure 129. MR-MWM-Array C-scan image and B-scan of pipe wall thickness for detection of internal
corrosion from the outside of the pipe. The defect is a 2 in. diameter flaw with 50% wall loss. Scan was
taken through 1.5 inches of insulation at 0.5 inches per second.

6.2.6 Preliminary Field Demo of Low Frequency Capability for Internal Corrosion
Imaging

JENTEK performed a preliminary demonstration of capability for imaging and characterization of
internal and external corrosion in pipe samples, with varying insulation thicknesses, with and without
weather jacket. Four (4) JENTEK personnel travelled to the facility of an oil major to perform a capability
demonstration of JENTEK’s low frequency MR-MWM-Array technology on samples with both real and
fabricated corrosion regions. JENTEK’s low frequency technology was developed under JENTEK’s
Internal Research and Development funding. This capability demonstration was jointly funded by this
program, as well as by JENTEK.

Figure 130 through Figure 134 show repeat scans of a pipe sample with extensive internal corrosion in the
center of the pipe. The ends of the pipes had very little corrosion. Scans were performed on the bare pipe,
with 1 inch of insulation (with and without weather jacket), and with 2 inches of insulation (with and
without weather jacket). Note that the sensor was configured for 2 inches of insulation. If the sensor were
configured for no insulation or 1inch of insulation, the resolution of the scans at those insulation
thicknesses could have been improved.

Multiple Unknowns Thickness scan Multiple Unknowns Permeability scan Multiple Unknowns Lift-off scan

Figure 130. Pipe wall thickness (top, left), magnetic permeability (top, right), and lift-off (bottom, left)
images for pipe sample with internal corrosion. Scans were performed on bare pipe.
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Figure 131. Pipe wall thickness (top, left), magnetic permeability (top, right), and lift-off (bottom, left)
images for pipe sample with internal corrosion. Scans were performed through 1 inch of insulation,
without a weather jacket.
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Figure 132. Pipe wall thickness (top, left), magnetic permeability (top, right), and lift-off (bottom, left)
images for pipe sample with internal corrosion. Scans were performed through 1 inch of insulation, with
0.010 in. stainless steel weather jacket.
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Figure 133. Pipe wall thickness (top, left), magnetic permeability (top, right), and lift-off (bottom, left)
images for pipe sample with internal corrosion. Scans were performed through 2 inches of insulation,
without weather jacket.
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Figure 134. Pipe wall thickness (top, left), magnetic permeability (top, right), and lift-off (bottom, left)
images for pipe sample with internal corrosion. Scans were performed through 2 inches of insulation,

with a 0.010 in. stainless steel weather jacket.
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6.2.7 Enhanced Field Demo of Low Frequency Capability for Internal Corrosion
Imaging

JENTEK coordinated with an oil major and two of their approved NDE service providers to perform field
demonstrations of the corrosion imaging system under Task 9 of this program. Figure 135 and Figure 136
show the results of a field demonstration performed using the IN-8200a system with low-frequency MR-
MWM-Array. All data was collected by a service provider (with JENTEK training and engineering
support) on an in-service pipe. The line was an 8-inch Schedule 40 (0.322 inch nominal wall) carbon steel
pipe with approximately 2 inches of insulation and an aluminum weather jacket. Two areas of the pipeline
were scanned that were 70 inches and 110 inches long. No corrosion was detected on the pipelines.
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Figure 135. C-Scan images of the first section of pipe scanned during the field demonstration. Top: Wall
thickness estimates. Areas that are uninspectable due to variations in the overlap in the weather jacket
sections have been greyed out. Bottom: Weather jacket thickness estimates. The overlaps in the weather
jacket are shown by dashed black lines.
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Figure 136. C-Scan images of the second section of pipe scanned during the field demonstration. Top:
Wall thickness estimates. Areas that are uninspectable due to variations in the overlap in the weather

jacket sections have been greyed out. Bottom: Weather jacket thickness estimates. The overlaps in the
weather jacket are shown by dashed black lines.
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6.3 Develop Enhanced SCC and External Corrosion Imaging through Coatings

6.3.1 External Corrosion Imaging through Coatings

As discussed earlier in this report, the solutions for internal corrosion imaging and external corrosion
imaging merged during this program. Because of this, both internal corrosion imaging and external
corrosion imaging were discussed in Section 6.2. Please refer to that section for additional details.

6.3.2 Preliminary Lab Demonstration of SCC Imaging through Thin Coatings

Preliminary lab testing was performed with our MWM-Array sensors on an SCC sample that we obtained
from an industry partner. Scans were performed with the FA28, FA24 and VWAO003 MWM-Array
sensors. The SCC sample is shown in Figure 137. The FA28 MWM-Array sensor, shown in Figure 138,
has a single drive winding formed into two rectangular elements placed adjacent to each other and a linear
array of thirty-seven sense elements that are 1 mm (0.040-in.) square. This provides a scan width for the
sense element array of 37 mm (1.48-in.). The linear array of sense elements is centered inside one of the
drive windings. Since this MWM-Array has small dimensions, it is suitable for creating high resolution
images, but is limited to use on thin coatings. The FA28 sensor was mounted on the scanning fixture, also
shown in Figure 138, to perform scans on the triangular sample. A linear position encoder attached to the
fixture provides the array position during the scan. A foam layer behind the sensor array helps the sensor
array conform to the surface of the material being examined. A 0.003-in. (0.08mm) thick Kapton tape was
placed on the sensor. The purpose of the Kapton tape was to protect the sensor and the SCC sample.
Various thicknesses of clear Mylar shim were placed over the sample and scans were performed. Figure
139 shows data images with the FA28 sensor through 0.005 in. (0.13mm), 0.01 in. (0.25mm), 0.02 in.
(0.51mm) and 0.04 in. (1.02mm) Mylar shims.

The FA24 sensor, shown in Figure 140, was also used for mapping on the SCC sample. The FA24 array
has a single drive winding formed into two rectangular elements placed adjacent to each other and a linear
array of thirty-seven sense elements that are 2.5 mm (0.1-in.) wide. This provides a width for the sense
element array of 92.5 mm (3.7-in.). The linear array of sense elements is placed inside one of the
rectangles. Since the sense elements of the FA24 are larger than that of the FA28 (0.1-in. for FA24
compared to 0.040-in. for FA28) the FA24 produces lower resolution scan images than the FA28. The
advantage of the FA24 is that it can detect SCC through moderately thick coatings. The FA24 used the
same scanner setup as the FA28. Since the FA24 sensor has a wider scan path than the FA28 (3.7-
in, 94mm, compared to 1.38-in,35mm,), fewer passes were required to cover the entire specimen.
Figure 141 shows the scan images produced using an air-shunt calibration. Almost all of the regions of
SCC and all of the large cracks are clearly detected with the FA24. The scans were repeated with 0.01-in.
(0.25mm), 0.02-in. (0.51mm), 0.08 in. (2.032mm), 0.135 in. (3.4mm), 0.26 in. (6.6mm) and 0.33 in.
(8.38mm) thick Neoprene coating. As the coating thickness is increased, the resolution of the scan
decreases. This effect will increase the minimum detectable crack size and reduce the ability to
differentiate between adjacent cracks.

Our preliminary effort with the FA28 and FA24 sensors was focused on improving our understanding of
the capability limits of the two sensors. We were able to demonstrate high-resolution detection and
mapping capability of the MWM-Arrays though no coating, as well as through moderately thick coatings.

Figure 137. Left: A picture of the SCC sample provided by an industry source. Right: A high-resolution
scan image of the SCC sample using one of JENTEK’s MWM-Array sensors.
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Figure 138. Left: Scanning cart used to perform scans on the SCC sample. Right: FA28 MWM-Array
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Figure 139. FA28 scan images of conductivity through varying coating thicknesses.
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Figure 140. Left: Scanning cart used to perform scans on the SCC sample. Right: FA24 MWM-Array
sensor

Coating
Thickness
0.010In. 0.020In.
om0 ook
OIOBO Ihn 0.1 35 in.
0.280in.
0.330in.

0.260-inch 0.330-inch

Figure 141. FA24 scan images of conductivity through varying coating thicknesses
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6.3.3 Preliminary Simulations for Crack/Notch Depth and MWM-Array Response

JENTEK performed additional 3D simulations to determine relationships between the crack/notch depth
and the MWM-Array sensor response. Note that these results (completed under this DOT program) were
also used to support work funded by PRCI for crack depth measurement. Preliminary simulations,
presented previously for permanently-installed sensors for crack detection in mechanical damage dents,
showed that the sensor responses depended upon the depth, the frequency of the excitation, and the width
of the crack/notch itself. Here, the analysis was refined by using a tighter convergence criteria for the
numerical results, using a higher numerical element mesh density overall, and using a higher mesh
density in particular regions where the fields are changing rapidly. For these simulations the effect of
notch length, depth, and excitation frequency were investigated.

These simulations used the FA24 and the model geometries shown in Figure 142. Due to symmetry, only
a quarter of the geometry needed to be modeled. The dimensions for the sense element and the drive
winding are appropriate for the FA24, except for the length of the drive winding loop. The drive winding
loop length was reduced because the magnetic field at the center of the drive winding was found to be
essentially independent of this dimension as long as it was several times the smaller dimension of the
drive loop. The magnetic flux through this sense element was taken as the sensor response. The sensor
response was subsequently processed using appropriate permeability/lift-off measurement grids for the
FA24. The central portions of the drive windings were centered over the notch. The nominal properties of
the steel plate were a relative permeability of 40 and an electrical conductivity of 3.75%IACS.

In the simulations the notch was assumed to be filled with “air.” The notch width was 0.010-in. The
length was varied from 0.25-in. to 1.00-in. while the depth was varied from 0.010-in. to 0.260-in. A plate
thickness of 0.5-in. (12.7 mm) was also assumed. Excitation frequencies of 1 kHz and 10 kHz were used.
At these frequencies the plate thickness is several times the skin depth and the depth of penetration of the
magnetic fields into the plate. To calibrate the 3D model to the measurement grids, for each frequency
the response was calculated for a uniform (notch-free) reference material having the same permeability
and electrical conductivity as the base material of the test material. The responses to this uniform
reference material at lift-offs of 0.010-in. (0.254 mm) and 0.100-in. (2.54 mm) were then used to calculate
a calibration scale factor and offset that aligned the 3D model with the measurement grids. These factors
were then used to adjust the calculated response to the air-filled notch.

Figure 143 shows the predicted responses for a lift-off of 0.020-in. The impedance plane views show the
permeability/lift-off measurement grids obtained from the layered media models for the FA24 along with
the simulated responses to the notch. At both 1 kHz and 10 kHz there is a consistent increase in the real
part and imaginary part with notch depth. The notch length has a significant effect on the response when
the half-length is comparable to, or smaller then, the distance between the drive winding and the sense
element. For lengths greater than about 0.8-in. the responses are essentially independence of the length.
Furthermore, while the effective permeability increases monotonically with depth but the effective lift-off
has a more complicated response. Thus, the effective permeability is the better parameter for developing
correlations to the depth. Similar results were obtained with lift-offs of 0.010-in. and 0.030-in., except
that the effective property changes are larger for the lower lift-offs.

Figure 144 shows a summary plot of the change in the relative permeability with notch depth obtained at
each frequency for lift-offs varying from 0.010-in. to 0.030-in. The response to a “long notch” is plotted,
where the notch length (0.8-in. here) is sufficiently long so that the response is independent of length. In
each case the nominal relative permeability (40) was subtracted from the effective permeability so that
only the change is presented. These plots clearly show the reduction in the change in the effective
permeability with increasing lift-off. This is consistent with the layered media models not capturing all of
the lift-off effects associated with the notch response. Also shown in the plots are the measured responses
to the EDM notches in the schedule 40 and schedule 80 pipe sections. For the measurements, the average
lift-off was approximately 0.028-in. The measured data follows the same trend as the model responses.
However, the measured changes in the permeability at slightly lower than those obtained from the
models; this may be a results of inaccurate assumptions about the base material properties.
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Figure 142. Quarter-section of the model geometry for a FA24 centered over notches with a rectangular

cross-section. (Top) Long notch. (Bottom) Short notch.
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Figure 143. Simulated responses for a FA24 centered over a rectangular notch with the notch length and
depth varied. For the measurement grid views, the plot symbol indicates the notch depth. A lift-off of
0.020-in. was assumed.
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6.3.4 Samples for the Evaluations of Crack Depth and MWM-Array Response

JENTEK produced two steel pipe sections that were fabricated with EDM notches. The pipe sections are
3 ft. long, 8in. OD Schedule 40 and Schedule 80 steel pipes. The layout for the EDM notch locations and
the schematics for each of the pipe samples are shown in Figure 145. Each sample contains both isolated
notches and notch pairs. The notch pairs were designed to evaluate the effect of crack clustering on the
MWM-Array response. The specimens contained a series of notches of different lengths and different
depths. For the schedule 40 pipe, the isolated (single) notches had lengths of length 1.0 or 2.0 in. and
depths that varied from 0.040 in. to 0.20 in. For the schedule 80 pipe, the isolated notches have a length of

2.0 in. and depths that varied from 0.020 in. to 0.25 in. Both pipe specimens also contained 5 pairs of
notches that had different spacing between the notches and a depth of 0.040 in. for the schedule 40 pipe
and 0.080 in. for the schedule 80 pipe. This included three pairs of 1.0 in. long notches with spacings of
0.25,0.12, and 0.06 in. and two pairs of 0.5 in. long notches with spacings of 0.12 and 0.06 in.

Schedule 80 Sample Schedule 40 Sample
11.0-in. 2.0-in. 10.0-in. 2.0-in. 11.0-in. 11.0-in. 2.0-in. 10.0-in. 1.0-in. 12.0-in.
-180° 0.250” 0.200” -180° 0.200” 0.160"
-90° 0.160” 0.120” -90° 0.160” 0.120”
o - " - .
0.080” 0.040" 0.120" 0.040”
Loin. 0.25-in. gap Loin. p— 0.25-in. gap
Loin. T -0.12-in. gap Loin. — 0.12-i.n. gap
80° To020  iom o omew el 0080 iom e
1.0-n. T T0.124n. gap 1.04n. = 0.12-in. gap
_ 0.06-in. gap — 0.06-in. gap
180° 180°
Figure 145. Schematics of the two EDM notched pipe sections.
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6.3.5 FA28 scans over pipe sections with EDM notches

Scans were performed with the FA28 on the two pipe sections. The FA28 has a small spatial wavelength
and small sense elements. This makes the FA28 well-suited to very high spatial resolution imaging of
surface conditions, but the small sensor dimensions gives it limited sensitivity to the depth of the deeper
notches. Although all of the sense elements are configured into a single linear array of elements, the
length of the array is still relatively small. For these scans, the FA28 was scanned in the axial direction
over the notched regions with the drive oriented circumferentially.

Figure 146 shows an effective permeability image and B-scan plots for two of the notches obtained with
the FA28 on the schedule 80 pipe section. When scanning down the length of long notches, slight
misalignment can cause different sense elements to respond to the presence of the notch. This introduced
some uncertainty when trying to determine the effective permeability change that corresponded to the
notch depth since the response was reduced when two or more sense elements passed over the notch.

Figure 147 shows the effective permeability images obtained at two lift-offs for the FA28 on the schedule
40 pipe section. It is easier to resolve the individual notches in the pairs of notches compared to other
sensors. For the longer (1.0 in.) pair of notches that are close together, some interaction between the
responses appears in the image, but some of this is a scaling effect where the scale was expanded so that
the entire length of the notch pair could be visualized. Figure 148 shows the same images for the FA28
and the schedule 80 pipe. In this case, the pairs of notches are 0.080 in. deep as compared to a depth of
0.040 in. for the schedule 40 pipe. For these deeper notches, there is a noticeable contribution from
neighboring notches when the notches are closely spaced. Note that the FA28 can provide the information
needed to identify that there are neighboring notches. This information can be used to compute the correct
depth correction factors, improving the depth estimates.

Figure 149 shows the correlation curves between the effective permeability change and the notch depth
for the FA28 oriented in the hoop direction. The effective permeability increases approximately linearly
with depth for small depths up to approximately 0.080 in. Although the data is limited in this depth range,
the correlation coefficients are relatively high (0.957 and 0.960) which indicates that the linear fit is
reasonable. For greater depths, the response saturates and any further variations in the effective
permeability are associated with measurement noise. Thus, the FA28 can provide high spatial resolution
images of the surface-breaking flaws, but can only provide depth information up to a shallow depth of
0.080in.
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Figure 146. Representative results for the FA28 scanned over the notches of the schedule 80 pipe at 63
kHz and a lift-off of 0.0064 in.
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Figure 147. FA28 effective permeability images for the schedule 40 pipe at 63 kHz and lift-offs of
0.0076 in. (left) and 0.0129 in. (right).
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Figure 148. FA28 effective permeability images for the schedule 80 pipe at 63 kHz and lift-offs of
0.0064 in. (left) and 0.0126 in. (right).
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Figure 149. FAZ28 correlation curves between effective permeability and notch depth for two lift-offs.
The linear portion of the curve fit was limited to a depth of 0.080 in.
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6.3.6 FA24 scans over pipe sections with EDM notches

Figure 150 shows the representative scan images of the effective permeability for the schedule 80 pipe
sample obtained with the FA24 at lift-offs of 0.040 in. and 0.16 in. The FA24 was oriented with the drive
winding perpendicular to the notch orientation; this orientation has the drive winding oriented parallel to
the hoop or circumferential direction of the pipe. These images assumed an electrical conductivity of
8% IACS and used an excitation frequency of 10 kHz. Similar results were obtained at other excitation
frequencies up to 100 kHz, which is consistent with these measurements being in a “high frequency”
regime where the skin depth is small and the induced currents are essentially surface currents. For both
lift-offs, there is an increase in the effective (or apparent) permeability around the EDM notches and the
magnitude of the change varies with the depth of the notch. Slowly varying background variations in the
permeability are also observed; these are typical of as-manufactured steels.

Figure 151 shows representative B-scan plots of the responses for several channels that were in or near
the scan path for the deepest notches of the schedule 80 pipe. This plot clearly shows that the background
variations in the permeability are small compared to the substantial increase in the permeability observed
for the sense elements that passed directly over the notches. For this sensor there is a noticeable peak in
the response at the end of each notch response; this is associated with the asymmetric sensor design and
the relatively large spatial wavelength for this sensor array. This peak tended to be larger for the smaller
lift-offs. Since the central portion of the response was observed to be much more representative of the
notch depth than the end effect response, the central response was used when developing correlations
between the sensor response and the notch depth. Note that we have redesigned this sensor for continuing
efforts to expand the scan width. We are also investigating improvements to the sensor construct.
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Figure 150. Representative FA24 effective permeability images for the schedule 80 pipe with the FA24
at lift-offs of 0.040 in. (left) and 0.165 in. (right).
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Figure 151. Representative B-scan plots of the FA24 permeability responses to the 0.25 in. deep and 0.20
in. deep notches in the schedule 80 pipe.

Figure 152 shows an impedance view of a permeability/lift-off measurement grid and the FA24 data at
both lift-offs. This measurement grid assumed an infinite half-space of material and did not model the
crack response itself. The notch responses generally move in the same direction as the permeability so the
effective permeability provides a reasonable parameter to measure and correlate with the notch depths.
The same type of response is observed at the higher lift-offs, but the absolute change in the impedance
responses associated with the notches are reduced since the sensor is farther away from the steel surface.
This can make the higher lift-off measurements more sensitive to instrumentation noise and can also
reduce sensitivity to the depth of the deeper notches since more of the sensing field drops across the lift-
off layer. This implies that there is a balance where an intermediate lift-off can be chosen that will have
both a reduced sensitivity to the end effects and also a reduced sensitivity to instrumentation noise. Note
also that the curvature in the permeability lines (shown in green, and also called constant lift-off lines)
could not be easily accounted for by other methods. Also, note that the lift-off direction varies
substantially with permeability value. Thus, the model based JENTEK Grid Methods are essential for
providing a robust and reliable crack detection and depth estimation tool.
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Figure 152. Impedance plane view of an infinite half-space permeability/lift-off measurement grid along
with FA24 data at two different lift-offs.
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Figure 153 shows representative correlation curves for the FA24 between the effective permeability and
EDM notch depth. The excitation frequency was 40 kHz and the nominal sensor lift-off to the steel pipe
surface was varied from 0.010 in. to 0.165 in. All of the measured notch data is presented, which includes
the data for both pipes. There is generally a linear increase in the effective permeability (computed using
the JENTEK Grid Methods) with notch depth for this sensor array and depths less than 0.25 in. The
correlation coefficient obtained from a linear fit to the single notch data is higher for lift-offs greater than
0.010 in.; this is probably because there is more sensitivity to the notch end effects with the lower lift-off.
The slope of the correlation line tends to decrease as the lift-off increases, which suggests that smaller lift-
offs are better to obtain greater sensitivity to the notch depth. These plots also illustrate the effect of notch
interactions. The responses to the pairs of notches show that the contribution of neighboring notches
increases as the spacing between the notches decreases. The significance of this type of multiple crack
contribution interaction is expected to only be significant for crack clusters, as with SCC; the effect is to
cause an overestimate of the depth when the responses from multiple shallow notches combine. We are in
the process of evaluating recent measurements on SCC clusters performed with GDF Suez to assess the
significance of multiple crack contributions to sensor response for actual SCC colonies. Two approaches
to account for this are being considered. One is to scan with a higher spatial resolution MWM-Array and
the other is to rotate the MWM-Array to an angle such as 45°, as described below.
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Figure 153. Representative FA24 correlation curves between effective permeability and notch depth for
four lift-offs. Note that the scale was changed between the upper two plots and the lower two plots.
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Several measurements were performed with the FA24 oriented at a 45° orientation. The sensor array was
still scanned in the axial direction. This has the effect of reducing the width of the scan path and the
effective width of the sense element pixel size in the image scans. Figure 154 shows representative results
for five repeat scans over the two deepest notches of the schedule 40 pipe. The circumferential position
was varied slightly between each scan, but the images were essentially identical; this suggests that
alignment with individual channels is not as important in this case compared to the hoop or 90°
orientations since at this angle multiple sense elements pass over the notch. The B-scan plot is similar to
the plot for the hoop direction and the end effects are still present.

Figure 155 shows a comparison of the permeability versus depth correlation curves obtained with the
FA24 for both orientations and two lift-offs. The excitation frequency was 100 kHz but similar results
were also obtained at 10, 40 and 63 kHz. For the single notch data, there was less scatter in the data for
the 45° orientation. This is also apparent in the correlation coefficient values. The interaction effects are
also smaller for the 45° orientation. This confirmed that the higher spatial resolution data obtained with
the angled MWM-Array could improve the accuracy of the depth sizing correlation. However, it also
requires more scan passes to image the entire region. We are investigating a two-step approach that
involves a detection scan, which would have the MWM-Array oriented in the hoop direction so that large
areas could be readily imaged, and an assessment scan over smaller regions identified from the first scan,
which would have the MWM-Array oriented at an angle to provide better depth estimates. Note also that
larger sensors with more channels for wider scanning will also be available soon from JENTEK. The
sensor used in this program had 18 or 37 channels. By the end of 2015, up to 119 channel sensors will be
available and ongoing work is developing systems to support over 300 channels (without multiplexing
and with faster scan speeds).

100.0 kHz - mu_h_given_s Rel Permeability scan

14 —~ 4 3
— & :
12 -~ S
—— ’ 4 10.00 kHz - mu_h_given_s: Rel Permeability vs. X axis
10 A —— -~ ‘
8 v Fie=a
e o i
5 -
2 - 4 i
4 T -~
- -
2] i 4571
— = :
- -
0 T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 1 18 2 2 224 2% "
[ — — |

T
40 60 80 100 120 140
rel,

Figure 154. Representative results for an FA24 oriented at 45° and scanned over the deepest notches of
the schedule 40 pipe.
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Figure 155. Comparison of the correlation curves obtained with the FA24 for two orientations and two
lift-offs. These curves show that the interaction effects are larger with the 90° data (left) compared to the
45° data (right).

6.3.7 FA26 scans over pipe sections with EDM notches

Similar scans were performed with the FA26 on the two pipe sections. The FA26 has the same basic
geometry as the FA24 except that the sense elements have one-half of the width and half of the sense
elements are also placed into the second loop of the drive winding. This makes the length of the sensing
element array for the FA26 approximately one-fourth of the length of the array for the FA24. Thus, it
takes longer to scan large areas with the FA26 compared to the FA24, but it allows the effect of sense
element size on the correlations to be determined. For these scans, the FA26 was only scanned in the axial
direction over the notched regions. The FA26 was oriented so that the drive winding aligned with the
hoop direction.

Figure 156 shows an effective permeability image and B-scan plots for two of the notches obtained with
the FA26 on the schedule 40 pipe. For each scan pass, the responses for the first array of sense elements
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are shown at the bottom of the scan image pass while the responses for the second array of sense elements
are shown at the top of the scan image pass. This has the effect of creating two images for each notch or
pair of notches. Both are included in the effective permeability image since it shows the repeatability of
the measurement. The B-scans are similar to those obtained with the FA24 (see Figure 151 for
comparison), except that the end effect overshoot is not as significant for the FA26.

Figure 157 shows the effective permeability images obtained at two lift-offs for the FA26. As with the
FA24 (see Figure 150 for comparison), it is possible to visually resolve the individual notches in the
notch pairs when the spacing is large, greater than approximately 0.125 in. For a smaller spacing the
responses tend to merge together. (Other measurements were performed with an FA28, which has a very
small drive winding and sense elements. The FA28 can visually resolve the notches even for the smaller
spacing, but it has limited sensitivity to the depths of the deeper flaws.).

Figure 158 shows correlation curves between the effective permeability change and the notch depth for
the FA26 oriented in the hoop direction. In comparison to the FA24 (see Figure 155) the slope of the
response is approximately a factor of two larger for the FA26. This is consistent with the smaller sense
element of the FA26 being more sensitive to the local field changes associated with the notch and there is
less averaging of the notch response with unflawed material responses. In addition, the effects of the
notch interactions are substantially smaller for the FA26 compared to the FA24. A given permeability
change for a pair of shallow notches will still overestimate the depth when modeled as a single notch, but
the effect is reduced, particularly for the higher lift-offs. Thus, increasing the spatial resolution by
decreasing the sense element size both increased sensitivity to the depth and reduced the effect of
neighboring notches on the responses.
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Figure 156. Representative results for the FA26 scanned over the notches of the schedule 40 pipe at 63
kHz and a lift-off of 0.009 in.
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Figure 157. FA26 effective permeability images for the schedule 40 pipe at 63 kHz and lift-offs of 0.009
in. (left) and 0.015 in. (right).
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Figure 158. FAZ26 correlation curves between effective permeability and notch depth for two lift-offs.
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6.3.8 Preliminary Lab Demonstration of Crack Depth Estimation

JENTEK coordinated with PRCI to participate in a grinding test, performed under a separate PRCI
program. The main focus for JENTEK’s participation in the grinding test was to obtain measurement data
from representative pipeline samples to assist in the preliminary development of a crack depth
measurement tool (being developed under JENTEK IR&D and other related funding).

Three representative pipeline samples, each containing a fatigue crack grown from an EDM notch, were
made available to JENTEK. The plan was for JENTEK to perform high frequency measurements at
specified intervals with the FA24 MWM-Array sensor, as the notch was being ground out by the grinding
tool. However, due to technical difficulties with the grinding tool, the full test could not be performed as
planned. JENTEK, however, was able to perform baseline measurements on the available pipe samples.

Figure 159 shows the scanning setup, similar to the one used during the grinding test. The scanner
consists of a 5-foot stainless steel rod (rail) that can be installed on to the pipe surface using straps. The
FA24 MWM-Array sensor (shown in Figure 140) was integrated on to the prototype scanner for surface
crack detection and imaging. A thick layer of foam was placed behind the sensor to allow the sensor to
conform to the pipe curvature. The sensor and the probe electronics unit are attached to the rod, which
allows for axial scans along the length of the pipe at fixed orientations. For these scans, the sensor array
was oriented perpendicular to the scan direction (0°) achieving maximal array swath. Figure 160 shows
the C-Scan images obtained using the FA24 MWM-Array sensor, on pipe samples 1, 3 and 4.

Rail for axial
scans

Straps

Figure 159. Prototype scanning setup, similar to the one used during the baseline measurements.
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Figure 160. LEFT: Permeability scan images of the EDM notches on samples 1, 3 and 4 using FA24
MWM-Array. RIGHT: Actual images of the EDM notches on the pipe samples.
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Figure 161. Typical as-manufactured design of the EDM notch configuration on pipe sample 1, which
was to be grown during the fatigue testing to a 60% deep crack.
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Dimensions of the EDM notches, as manufactured, were provided to JENTEK which reported the EDM
notch to be 5 inches in total length. Figure 161 shows a representative photograph of the as-manufactured
notch and the placement of the electrodes for the AC potential drop measurements. The MWM-Array data
shows the final length of the defects after fatigue testing. The MWM-Array measured lengths are
generally longer than the EDM notches as discussed below. This suggests that cracking has not only
propagated in the depth (radial) direction but, particularly for pipe 1, has also initiated from the ends of
the EDM notches and grown laterally (axially). The MWM-Array has measured the length of the
indication on Pipe Sample 1 as 7.9 inches, Pipe Sample 3 as 5.4 inches and Pipe Sample 4 as 5.3 inches.

The measurement data obtained from the notch/crack specimens was then analyzed to estimate the crack
depths. These estimates are based on an initial correlation between the change in the MWM-Array
responses and the depth of a series of EDM notches fabricated into two steel pipe specimens. This
correlation related the responses at the center of each notch, which was either 1-in. or 2-in. long and with
depths that varied from 0.01-in. to 0.26-in. This initial correlation was preliminary because work was
ongoing to refine the measurement and analysis procedure to improve the depth estimates and to ensure
that different baseline steel material properties, such as the magnetic permeability and electrical
conductivity, did not affect the depth estimate.

Figure 162 through Figure 164 show the responses for several channels of the MWM-Array at 10 kHz.
Three scans were performed for each sample. Between scans the MWM-Array was offset slightly,
approximately half of a sense element width, to ensure that at least one of the scans had a single sense
element pass over the crack. In each of these figures, there is a large change in the MWM-Array
responses for the channels that passes over the crack (denoted by the green upside down triangle).
Adjacent sensing elements show a small change in the response due to the proximity to the crack. For
channels that are further away from the crack (denoted here by red squares and purple right-facing
triangles) the responses are essentially constant. Consistent with the C-scan images, the crack length is
approximately 5-in. for both Sample 3 and Sample 4 but the response is much longer, on the order of 8-
in., for Sample 1.
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Figure 162. FA24 MWM-Array response to the crack in Pipe Sample 1.
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Figure 163. FA24 MWM-Array response to the crack in Pipe Sample 3.
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Figure 164. FA24 MWM-Array response to the crack in Pipe Sample 4.

Figure 165 through Figure 167 show estimates of the crack depth along the length of the crack. These
estimates used the MWM-Array responses for the sense element the passed over the crack and a
correlation between the MWM-Array responses obtained at the center of an EDM notch to the nominal
notch depth. The correlation was developed using 100 kHz data and the MWM-Array response
measurements here are at 10 kHz, but similar measurement results were obtained at 100 kHz so this
correlation should still be useable. A threshold was applied to the MWM responses so that the crack depth
needed to exceed 0.024-in. before the depth estimate was considered reasonable. The MWM-Array data
was also compared to AC potential drop data that was obtained for each crack. It is our understanding
that the potential drop was measured at seven locations along the length of each notch/crack with an
approximate spacing of 0.8-in. In some cases communication with electrodes for the potential drop
measurements was lost and data was not available. (Note that x-axis position provided for the potential
drop data was flipped since the MWM-Array scans were in the opposite direction compared to the
potential drop sensor orientation.) To facilitate the comparison to the potential drop data, the horizontal
position of the MWM-Array data was shifted so that the indication was centered about x=0.

In general, the initial estimates of the crack depth from the MWM-Array data are comparable to the data
obtained with the AC potential drop. The agreement is very good for pipe 3 as shown in Figure 166. The
agreement is also good for pipe 4 as shown in Figure 167 except that the MWM estimate is higher than
the potential drop values on the right side of the indication. For both of these cracks the length is about
5-in. The MWM responses are a little longer than the actual crack length because of the sensor’s finite
width and no correction was made to account for this width effect. For Pipe 1, as shown in Figure 165,
the MWM response shows a substantially longer indication than the 5-in. notch initially fabricated into
the pipe. This does not appear to be an artifact of the scan performed with the MWM-Array because the
position measurements on Pipes 3 and 4 were reasonable and, if the encoder was slipping, a shorter
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distance measure would be obtained. Furthermore, the MWM and potential drop responses are
comparable near the center of the indication. This lengthening of the crack could be confirmed with
destructive analysis. It is worth noting that the potential drop electrodes were attached to the pipe at fixed
horizontal positions so it is unlikely that the potential drop measurements would have been able to
provide information about the crack length changing.

While the initial estimates of the crack depth from the MWM-Array data are encouraging, ongoing work
is aimed at improving the robustness and accuracy of these measurements. For example, this analysis did
not account for a slight difference in lift-off (sensor proximity to the pipe surface) between these samples
(of order 0.040-in.) and the EDM notch measurements (of order 0.030-in.). We are reviewing the
responses obtained from the notches to determine if better correlations can be obtained. We are also
investigating additional modeling work and measurements at higher lift-offs and a range of material
properties (magnetic permeability and electrical conductivity) to improve the correlation with depth.
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Figure 165. Estimates of crack depth for Pipe Sample 1.
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Figure 166. Estimates of crack depth for Pipe Sample 3.
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Figure 167. Estimates of crack depth for Pipe Sample 4.

6.3.9 Enhanced Lab Demonstration of SCC Crack Depth Estimation

JENTEK performed a two week demonstration at GDF-Suez research facility in Saint Denis, France to
demonstrate the MWM-Array capability for imaging of cracks in SCC clusters and provide depth
estimates during cyclic fatigue testing. JENTEK was able to provide preliminary depth estimates to the
GDF-Suez project team during cyclic fatiguing to enable controlled crack propagation in a SCC cluster.
This test was performed under this program as well as a related PRCI program for crack depth estimation
and was coordinated with the GDF-Suez project team. We have previously demonstrated the imaging
capability of SCC clusters using inductive MWM-Array sensors. We have also shown preliminary
capability to provide depth estimates of single, discrete cracks. The purpose of this demonstration was to
evaluate the performance of JENTEK’s newly-developed crack depth estimation algorithm on real cracks
in SCC colonies during a cyclic fatigue test.

Figure 168 shows the test setup used by JENTEK. Periodic scans were performed using a GridStation
8000B impedance instrument and primarily with FA24 and FA26 MWM-Arrays. The reason for using
both sensors is because the development of a prototype crack depth tool is still ongoing and this test also
provided an opportunity to test the performance of different sensor configurations. Both sensors provide
good depth sensitivity for estimating surface breaking cracks. However, the FA26 sensor has higher
spatial resolution than the FA24. The pipe sample that was being fatigued was a 20-foot section, capped
at both ends. It was an 18-inch diameter line with 0.23 inch wall. The sample contained two regions of
SCC colonies. Three rounds of measurements were performed with the MWM-Arrays — baseline scans
were performed at the beginning of testing at minimum (6bar) pressure. Intermediate scans were
performed after 7 days of cyclic fatigue testing at minimum (6bar) and maximum (70 bar) pressures. Final
round of scans were performed 7 days after the intermediate round of testing at 6bar and 70 bar pressures.
A simple hand scanner was used to perform these measurements. A linear position encoder is attached to
one of the wheels on the scanner, and provides the array position during scans. A stiff foam layer behind
the sensor array helps the sensor array conform to the pipe geometry.

The FA24 MWM-Array is shown in Figure 169 (left) and the FA26 MWM-Array is shown in Figure 169
(right). Figure 170 — Figure 173 shows some of the results of the SCC test. Only FA26 MWM-Array
results are presented. The data obtained with the FA24 array is very similar, however the FA26 provides
higher spatial resolution images.
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Figure 170 shows the baseline C-Scans images of permeability and lift-off at 6bar pressure. The two SCC
clusters of interest are marked by the boxes. Other areas of the pipe section were scanned to monitor the
growth of fatigue cracks. Note that the SCC colonies and cracks appear in the permeability image, but not
in lift-off. However, the test samples are known to deform during the cyclic fatigue testing. Hence a
region of high lift-off is detected right across the middle of the scan. This phenomenon has been
confirmed by the GDF team. Figure 171 shows the baseline C-scan images (top) and B-Scan plots
(bottom) generated by the prototype crack depth estimation algorithm. The threshold set for the C-Scan
image is for detection of cracks greater than 2mm (0.08 in.).

Figure 172 shows B-Scan plots at minimum (6bar) pressure during baseline, intermediate and final stages
of measurements over the SCC clusters of interest. The plots show some depth increase during the course
of the cyclic fatigue test. Figure 173 shows B-Scan plots for the intermediate and final stages of
measurement at maximum (70bar) pressure. Comparing the intermediate and final stage plots at minimum
and maximum pressure highlight the crack opening and closing phenomenon that has an impact on crack
depth estimation.

JENTEK was also given access to other pipe samples with SCC colonies that have previously undergone
similar cyclic fatigue testing at the GDF-Suez laboratory. This provided access to additional real cracks to
assist in the development of our crack depth estimation tool. Figure 174 and Figure 175 show
measurement results of two such samples. Figure 174 shows a section of pipe that was inspected with the
FA26 MWM-Array containing twenty SCC crack colonies. Figure 175 shows a more isolated SCC crack
colony.

Figure 168. The scan setup for measurement on SCC colonies during intervals of cyclic fatigue testing.
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Figure 169. Photograph of FA24 (left) and FA26 (right) MWM-Arrays.
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Figure 170. FA26 C-Scan images of permeability (top) and lift-off (bottom). The location of two main
regions of SCC clusters are highlighted in boxes. Other areas of the pipe surface were also inspected to
monitor the growth of fatigue cracks. These pipe samples also tend to deform during the course of a
cyclic fatigue test. This phenomenon is detected (and has been confirmed by the GDF project team) as a
region of high lift-off by the MWM-Array.
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Figure 171. FA26 C-Scan image (top) and B-Scan plot (bottom) of crack depth estimates generated by the

prototype crack depth estimation algorithm. The threshold for the C-Scan image is for cracks deeper than
2mm (0.08 in.).
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Figure 172. B-Scan plots of crack depth estimates at minimum (6bar) pressure during baseline,
intermediate and final stages of measurements over the SCC clusters of interest.
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Figure 173. B-Scan plots of crack depth estimates at maximum (70bar) pressure during intermediate and
final stages of measurements over the SCC clusters of interest.
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Figure 174. C-Scan Image (top) and B-Scan plot (bottom) of crack depth estimates, generated by the

prototype crack depth estimation algorithm for a pipe section with twenty SCC colonies.

pth Crack Depth scan

63.09 kHz - crack_de

in.

giin

T T T T T T T T T T
30 35 40 45 50 55 6.0 65 7.0 75
T R — —  ——_—
1.2 1.4 16 18 20 22 24 26 28 30

-
e
|
o~
| @
o
-2
o~
|- ©
L w <
G
Ko s
IO <
2
-
| o (=]
o
o
o oo
T o
"] o ']
o~ o~ -
(ueas-0)

yidaq xoeln parewnsy

63.09 kHz - crack_depth: Crack Dapth vs. X axis (Moving avarage)

Initial crack depth estimate

X axis (in)

-~ o - o
() gideg 201

(ueos-9)
yidaq xoel) parewnsy

generated by the

)

Scan plot (bottom) of crack depth estimates

Scan Image (top) and B

Figure 175. C

prototype crack depth estimation algorithm for a SCC colony with a large crack.
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6.3.10 Procedure adaptations for automated depth estimation

For estimating the crack depths, the measurement data from scans with the MWM-Array are processed
within the GridStation software environment using JENTEK proprietary and patented algorithms that
solve for multiple unknown properties from the appropriate measurement grids or lattices. For example,
one instance of this algorithm analyzed measurement data to estimate the permeability and lift-off. The
scan images of the permeability results are then used to identify local property changes associated with
the cracks, crack clusters, or notches. This also allows the background permeability of the pipe to be
determined and can be used to confirm that the lift-off is reasonable. This background permeability value
is then used as an input to a second multiple unknown algorithm that uses a depth/lift-off grid to provide
the depth estimates. The results of the second application of the multiple unknown algorithm can be
displayed in the form of a scan image. Figure 176 provides representative depth/lift-off measurement
grids. These grids represent slices of a permeability/depth/lift-off measurement grid lattice where the
appropriate background permeability is chosen for each pipe section. The depth/lift-off grid incorporates
the correlation between the MWM response and the notch depth from the reference measurements
performed on the pipe sections. Although this figure shows a large lift-off variation, later work showed
that more consistent results were obtained with a limited lift-off range between 0.010 in. and 0.030 in.
Ongoing work is investigating the extension of the approach to a larger lift-off range and improving
robustness of the depth estimate. Note that development of the depth lift-off grids and associated software
was accomplished under DOT and JENTEK funding respectively. Figure 177 shows representative scan
images of the effective permeability over the surface of the pipe and the depth estimate image. Note that
the effective permeability is the same as the absolute permeability far away from the notches since
uniform layer model used to generate the permeability/lift-off grids apply in these regions. The color scale
for the depth estimate image was chosen to so that small (or negative) depths that result from application
of the algorithm to unflawed areas that may have slight material property variations will appear in the
background color for the image. The intensity of the blue color in the image increases with the observed
depth and regions with responses deeper than the threshold value, which in this case is 0.200 in., appear in
red. Note that similar results are obtained when all of the frequencies (10, 40, 63, and 100 kHz) are used
simultaneously to estimate the crack depths or when individual frequencies are used.
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Figure 176. Example FA24 depth/lift-off measurement grids for baseline permeabilities of 75 (left) and
63 (right). Measurement data for several sense element channels that passed over the notches are
indicated.
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Figure 177. Representative scan image displays for the effective permeability and crack depth estimates
for the schedule 40 pipe section.

6.3.11 Development of FA214 MWM-Array Crack Depth Measurement Sensor

JENTEK had re-designed the FA26 MWM-Array to create the FA214 MWM-Array — designed primarily
for crack depth estimation. However, the layout of the sense elements and the connector has been
redesigned. The FA26 has double rows of sense elements with the connector to the probe electronics unit
divided accordingly. The FA214 has single row of sense elements with a single connector to the probe
electronics unit. Both the FA26 and the FA214 arrays (shown in Figure 178) are 37-channel sensor arrays.
The single row of sense elements provides a wider scan path, thus reducing the number of scans needed to
complete any given region of SCC crack clusters. Other improvements to the layout of the sensor were
made to improve depth sensitivity of the sensor.

Figure 179 shows the response of the FA214 versus EDM notch depth for the correlation pipe samples.
The sensor was scanned axially with the drive oriented at 45°. The depth sensitivity was similar to other
sensors (particularly the FA26), but the sensitivity to the EDM notch spacing was reduced.
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Figure 178. (Left): FA214 MWM-Array and (Right) FA26 MWM-Array
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Figure 179. FA214 correlation curves between effective permeability and notch depth for two lift-offs.

6.3.12 SCC Crack Depth Measurement Field Trial

JENTEK performed a field demonstration of the crack depth measurement system under Task 8 of this
program. The main objective of the field trial was to demonstrate the capability of the new Crack Depth
Measurement tool to reliably image and size cracks in SCC colonies. Several samples were made
available during this trial, but we simulated inspection through relatively thick coatings over one the same
samples to demonstrate the capability to detect SCC colonies through coatings. To demonstrate this, we
used a VWAO003 MWM-Array sensor. This sensor has large sense elements (0.25 in. spacing), which
produced low resolution images. However, it also has a large spatial wavelength, which allows the sensor
to operate at high liftoff. The scans were performed at variable liftoff between 0.25 and 0.50 inches.
Figure 180 shows the map of the magnetic permeability of the pipe produced by the VWAO003. Areas of
cracking appear as an increase in the magnetic permeability (blue, green, and purple) compared to the
background (orange and red). The scanned area also included a weld (red vertical line in the image).
Figure 181 — Figure 187 shows the VWAOO03 scans and the associated FA214 crack depth measurement
scans for seven locations on the pipe. For each location, the VWAOO3 sensor was able to identify the
areas of cracking and provide the general shape of the crack colonies. There was also some correlation
with crack depth, but this correlation is expected to be very weak at this distance from the pipe. The
FA214 crack depth measurement scans show the crack depth estimates. For this pipe, some of the
cracking exceeded the maximum crack depth for this sensor on this pipe wall. Currently, the tool is
limited to 75% of the pipe wall thickness in order to produce valid results. Since the pipe wall was 0.250

in., the maximum measurable crack depth is 0.188 in. Values above this threshold are reported, but may
not be accurate.

100.0 kHz - Permeability scan

Figure 180. Map of the magnetic permeability of a pipe section with SCC through 0.25 — 0.50 in. of
simulated coating.
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Figure 181. Magnetic permeability image through coatings (top) and the corresponding crack depth scan

(bottom) for location 1.
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Figure 182. Magnetic permeability image through coatings (top) and the corresponding crack depth scan
(bottom) for location 2.
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Figure 183. Magnetic permeability image through coatings (top) and the corresponding crack depth scan
(bottom) for location 3.
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Figure 184. Magnetic permeability image through coatings (top) and the corresponding crack depth scan
(bottom) for location 4.
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Figure 185. Magnetic permeability image through coatings (top) and the corresponding crack depth scan
(bottom) for location 5.
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Figure 186. Magnetic permeability image through coatings (top) and the corresponding crack depth scan
(bottom) for location 6.
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Figure 187. Magnetic permeability image through coatings (top) and the corresponding crack depth scan
(bottom) for one location 7.
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6.4 Preliminary Inspection of Ferrous and Non-Ferrous Welds

6.4.1 Preliminary Lab Demonstrations for Inspection of Ferrous and Non-Ferrous
Welds

Inspection of ferrous and non-ferrous welds was a limited task under this program to investigate
preliminary capability to detect welds using JENTEK’s MR and MWM arrays. We received a pipeline
sample containing API 5L reference notches from an industry partner. The sample contained two EDM
notches, one on the OD and one on the ID, and one 1/8” thru hole. All features were placed directly on the
weld. The exterior of the pipe is cover by a fusion bonded epoxy (FBE) coating approximately 0.10
inches thick. The coating was ground away in one location so that the OD notch could be added (see
Figure 188). Figure 189 shows a typical scan of the OD notch. The EDM notch appears as a rise in
effective magnetic permeability, which is consistent with real cracks (although the magnitude of the effect
is likely to be different between an EDM notch and a real crack of similar dimensions). There is a large
change in lift-off due to the coating that was removed around the EDM notch. However, this large lift-off
change does not affect the effective permeability measurement. While there is some change in
permeability around the ground area, it is likely that the magnetic permeability was changed by the
grinding process. Figure 190 shows a typical scan from the ID notch and the 1/8” thru hole. The EDM
notch appears very clearly as a rise in effective permeability. The 1/8” thru hole appears in both
permeability and lift-off. This cross-property effect is common for this type of feature. JENTEK has
developed spatial filters that are designed to identify and categorize these types of defects automatically.

i i 3
Figure 188. OD EDM notch. The FBE coating is removed around the notch.

We also performed preliminary investigation to estimate crack sizes in welds. Figure 191 shows two
EDM notch plates that we are using to develop a crack depth measurement capability. Note that these
flaws can be used to simulate both cracks and lack of fusion defects in welds. No weld is present in these
samples, but they are a first step in developing the methods that will later be used on welds.

Figure 192 shows a typical B-scan response as an MR-MWM-Array is scanned over an EDM notch. The
data presented is the real part of the raw data response. This data is very preliminary, but shows how the
signal is different at different frequencies as the sensor is scanned over an EDM notch. In the next
quarter, we will perform additional scans to determine what modeling techniques will work best for this
application.
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Figure 189. Typical scan images of the OD notch. (a) Image of the effective permeability. The EDM
notch appears as a rise in permeability, which is the same effect seen from real cracks. (b) Image of the
effective lift-off. The FBE coating around the EDM notch was removed, so the lift-off drops from
approximately 100mils to approximately 20mils around the EDM notch. Note that there is little
contamination of the permeability image due to this lift-off change and what little effect that this is may
be real changes caused by the grinding process.
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Figure 190. Typical scan images of the ID notch and 1/8 inch thru hole. The 1/8” thru hole appears in
both permeability and lift-off. JENTEK s spatial filters can be used to automatically detect this type of
cross-property feature. (a) Image of the effective permeability. The EDM notch appears as a rise in
permeability, which is the same effect seen from real cracks. (b) Image of the effective lift-off.
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Figure 191. Schematics of the EDM notch plates fabricated by JENTEK.
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Figure 192. Typical B-scan of the real component of the raw impedance produced by a scan of a 0.030
inch deep EDM notch at 330Hz (blue), 3kHz (red), and 10kHz (green).

Besides focusing our investigation of weld inspection only on high frequency, near surface methods that
are appropriate for surface-breaking defects, we also investigated using the low-frequency MR-MWM-
Array for detection of buried or far-surface defects. For these experiments, we used an 18-in. APl 5L
EDM notch specimen provided by an industry partner. The specimen contains two EDM notches in an
ERW weld, one on the ID and one on the OD. We performed scans with the MRAOO2 from the OD of the
pipe and scanned over both the OD and the ID EDM notches (see Figure 193).

Figure 194 shows a typical scan over the notches processed using JENTEK’s multiple unknown
estimation algorithm. This algorithm combines multiple frequencies to produce absolute property
estimates of multiple material properties. The response from the EDM notches can be seen compared to
the response from unflawed material in the pipe wall thickness estimates, but is separated from the
magnetic permeability estimates.

Figure 193. Image of the MRAOO2 scanner on the 18-inch AP1 5L EDM notch sample.
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Figure 194. Scans of an ID EDM notch scanned from the OD using the MRA002 MR-MWM-Array and
prototype low frequency instrumentation. Top: Estimates of the pipe wall thickness. Bottom: Estimates
of the pipe magnetic permeability. The red dotted lines show the nominal location of the EDM notch
relative to the drive winding. Scans include two channels for a scan over an EDM notch (green) and over
unflawed material (blue).

6.4.2 Preliminary Field Demonstration for Inspection of Ferrous and Non-Ferrous
Welds

JENTEK performed preliminary filed demonstration of its MWM and MWM-Array technology for
imaging and characterization of mechanical damage, near and away from welds, on actual mechanical
damage pipeline sections. Several mechanical damage pipe samples — containing dents of different
dimensions, as well as dents with cracks, on or away from welds — were made available to us by an oil
company. Two pipe samples with cracks in welds were scanned with our FA24 sensor. As shown in
Figure 195, the mechanical damage regions were very close to the welds, and one of the dents had a
crack. Several scans were made with the FA24 to image the mechanical damage region as well as a
portion of the circumferential weld.
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Figure 195. Photos of the two mechanical damage samples with cracks in welds.

100.0 kHz - Permeability scan 100.0 kHz - Permeability scan

Figure 196. Images of the dent (circle) and crack (dashed lines) sample. The images are identical except
for a change in the color scale. (Left) A false color image showing the variation in material properties
across the weld and the sample. The cracks are shown in purple. (Right) A threshold image that only
shows the crack indications.

100.0 kMz - Permeability scan 100.0 kMz - Permeability scan

Figure 197. Images of the dent sample with no crack. Note that the scales are identical to the scales on
Figure 196 and that there are no crack indications.
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6.5 Development of Scanners and Durable Packaging for Field Implementation

The development of scanners under this task was divided into two phases. The first phase focused on
design and development of first generation prototypes in order to support initial lab testing as well as
preliminary field trials. The knowledge gained from these preliminary demonstrations and field trials
provided valuable input into the second phase of scanner development, which was focused on field
deployment. For this second phase, the primary focus was on the scanners for the Corrosion Imaging
Tool and the SCC Crack Imaging and Depth Estimation Tool. Both these tools have been transitioned for
field deployment and are now available as commercial products.

6.5.1 Scanner Design for Mechanical Damage Imaging

JENTEK s initial efforts for the development of a first prototype mechanical damage imaging scanner
focused on magnetic profilometry. Magnetic profilometry uses the lift-off data (distance between the
sensor and the pipe) to construct an estimation of the pipe geometry. In order to do this accurately, the
sensor (which is normally flexible) needs to be held in a fixed geometry and scanned over the pipe in a
well-defined path. If the location and geometry of the sensor can be assumed, the lift-off data can be used
to reconstruct the geometry of the pipe. The challenge for this scanner design was to provide the sensor
shape and the scan path with high accuracy in a kit that was convenient for field use.

Figure 198 (left) shows the prototype scanner used during a field demonstration (see Section 6.1 for
results). The basic principal of the prototype was to use two rails to serve as a fixed reference. These rails
were 2-inch square aluminum sections that were both stiff (for accuracy) and light (for portability). The
sensor was mounted to a rigid cart that maintained a fixed sensor geometry and that rode along the rails to
provide a known path. This technique worked well during the field demonstration and produced high-
quality data. Figure 198 (right) shows a concept drawing for a next-generation scanner, which is based
upon this same approach. Improvements focused on reducing setup time, increasing usability, and
increasing operator-to-operator repeatability. This scanner concept was developed, but it was not selected
for enhanced development under this program.

Figure 198. (Left) Preliminary mechanical damage imaging scanner used in preliminary field
demonstrations. (Right) Concept drawing for an enhanced scanner for magnetic profilometry.

Figure 199 shows a preliminary scanner that was developed for crack detection and stress imaging around
mechanical damage areas. This scanner uses a guide rod to help maintain a straight path for the sensor
and to maintain the distance between scans when multiple scans are used to generate a composite image
of pipe properties. The sensor can be held straight or at an angle to the pipe for obtaining measurements
of direction pipe properties. This scanner was used during several of the mechanical damage
demonstrations.
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Figure 200 shows a concept for an enhanced scanner that focused on cracks in dents. This scanner
includes a motorized guide rail for consistent scanning. Flexible fingers are implemented behind the
sensor and support for the sensor to conform to dent profiles. A new sensor design construct was
investigated which would be thinner to allow greater conformability. This scanner concept was
developed, but it was not selected for enhanced development under this program.

Figure 199. Rail scanner for crack detection and stress imaging.
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Guide /
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Figure 200. Concept drawing for an enhanced rail scanner for crack detection, particularly focusing on
cracks in dents.
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6.5.2 Scanner Design for Detection of Internal and External Corrosion through
Insulation

The development of corrosion imaging scanners began with the fabrication of a scanner designed around
the VWAO0O5 MWM-Array sensor (shown in Figure 201), for the detection and characterization of
external corrosion through coatings and insulation (no weather jacket). This sensor was originally tested
in coordination with DOT 304 (“MWM-Array Detection & Characterization of Damage through Coatings
and Insulation) funding for external corrosion detection (as the VWAOQO03) and further adapted in
coordination with DOT 306 (“Adaptation of MWM-Array and MFL Technology for Enhanced
Detection/Characterization of Damage from Inside Pipelines™) funding for in-line inspection (as the
VWADO005). The focus of this version of the scanner was to provide a small, lightweight, low profile
scanner that would apply to a wide variety of inspections for a pilot customer.

Figure 201. Prototype scanner developed to support field demonstrations for detection of external
corrosion through coatings and insulation (no weather jacket). Left: Two prototype scanners on the
tabletop. Right: Scanner being used on a pipe section covered by neoprene coating.

This scanner used inductive sense elements, which are appropriate for operating at high frequencies and
therefore was limited to measuring external corrosion by looking for changes in the profile of the surface
of the pipe (as demonstrated during the DOT 304 program). While this methodology was being matured,
JENTEK was also developing the low-frequency MR-MWM-Arrays, which are capable of measuring
both internal and external corrosion by making a measurement of the pipe wall thickness. Due to
expectedly rapid development of this technology (performed under this program, other U.S. government
funding, JENTEK funding, and customer funding), the MR-MWM-Arrays became a viable alternative to
the inductive MWM-Arrays much sooner than expected. Because of this development, the focus was
changed to MR-MWM-Arrays to support external corrosion characterization since making a wall
thickness measurement was deemed more reliable compared to surface profile mapping. This also
extended the usefulness of the scanners being developed since they would be useful for internal corrosion
imaging, as well as corrosion imaging through insulation and weather jacket.

Figure 202 shows an early prototype of an MR-MWM-Array pipe scanner. This scanner was designed
around the MRA002 MR-MWM-Array. This sensor supports 9 MR-MWM-Arrays with a 0.5-inch
spacing. The main structure of the sensor and the scanner is the drive winding, which is precision-wound
and then embedded in a hard, but flexible, urethane rubber. This material was chosen for its flexibility and
excellent wear resistance. Since the drive winding remains flexible, it can conform to most pipe diameters
but can be held rigid along the pipe axis by attaching nylon ribs, while maintaining flexibility in the
circumferential direction. The scanner can be placed over the pipe and would conform to the surface, or
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removable stiffeners can be added that hold the sensor to a constant curvature. These stiffeners would
add consistency to the scans, especially over uneven surfaces or in difficult to access locations. Scan
speed is controlled by a motor. A wheel attached to the motor contacts the outer surface of the pipe,
insulation, or weather jacket (depending on the pipe under inspection). The purpose of the motor is not to
propel the scanner, but to provide a constant speed reference for the operator. The main propulsion for the
scanner is provided by the operator. During the initial field trials, many lessons were learned that would
drive the next generation development of scanning hardware, such as ease of use by the operator as well
as increased coverage. While this design worked well for a single scan over a small area of pipe, practical
issues arise when providing complete coverage of longer pipe sections, particularly in hard to reach areas.
The following issues were identified as areas for development:

= Reduce operator strain
= Position Registration
= Multiple modes of operation

Drive
Wwindings

Removable
Stiffeners

Motor

&ibs Sensors

Figure 202. Prototype scanner developed to support field demonstrations for detection of internal and
external corrosion through insulation and weather jacket.

This scanner was selected for enhanced development under this program due to the huge potential for this
technology. The second generation scanner is shown in Figure 203. This scanner had incorporated
various design improvements based on lessons learned from field testing. The weight of the scanner was
reduced to reduce operator strain. Additional distance was provided between the sensor and the pipe
surface to allow for variations in coatings or other wraps. The sensor (the MRAOQ04) was also embedded
into the drive winding to reduce the strain on the sensor by moving it closer to the neutral bending axis of
the drive winding. Cooling was also supplied to the MR sense elements to reduce the effects of thermal
drift (note that this is not required in later designs due to advancements in the measurement electronics).
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Figure 203. JENTEK’s second generation corrosion imaging scanner for external inspection of corrosion
under insulation and metallic weather jackets.

The third generation prototype of the field-deployable corrosion imaging scanner is shown in Figure 204.
This prototype scanner is able to operate in a wrap-around mode (useful for smaller pipelines) or in a
manual mode (useful for larger pipelines). In the wrap-around mode, the scanner is fitted with extended
ribs that allow it to wrap around a significant portion of the pipe. In this case, ropes or bungee cords can
be used to secure the scanner to the pipe, which reduced operator strain. In the manual mode, the rib
extensions are shorter and do not wrap around the pipe, so the operator must hold the scanner to the pipe
manually. Wheels were added to each support rib to reduce friction against the pipe and the distance
between the sensor and the pipe was increased to allow for greater variations in the pipe surface (or the
coating surface).

This scanner had undergone several field trials, including two trials in oil refineries. During the first two
field trails, two major design issues were identified. First, the strain relief between the cable and the
scanner placed too much stress of the sensor itself. Second, the motor drive system did not provide
sufficient force to propel the scanner without significant help from an operator. For the strain relief issue,
additional brackets were created so that the cable assembly was supported by the body of the scanner
instead of the sensor. Additional features were also added to better support the sensor against the scanner.
During the third field trial, this arrangement proved to be effective.

To improve the amount of force being generated by the drive system, smaller (and less expensive) drive
modules were produced that could be placed at a greater number of locations around the scanner. This
development also included the creation of motor drivers and the required software interfaces so that the
motion would be coordinated with data acquisition. Six drive modules were produced and used during the
third field trial. Unfortunately, while they increased the amount of force being generated to drive the
scanner, that force was still insufficient and the scanner still required significant help from the operator.
Also, the motors prevented the scanner from being moved manually, which was inconvenient when
repositioning the system between scans. In parallel, advancements in the measurement technique reduced
the effects of changes in scan speed, which made the need for the motors much less apparent. Eventually,
the motors were removed all together.
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Figure 204. The third generation corrosion imaging scanner shown here in wrap-around mode, on a small-
diameter pipe.

The fourth and current generation of the corrosion imaging scanner is shown in Figure 205. This version
of the scanner is the lightest version to date by almost 60%. Additional support was added to the sensor
to provide a high degree of concentricity to the pipe, which improves the measurement method. The
scanner is also the lowest profile scanner to date, having a height on less than 3-inches off the pipe
surface. This scanner also features the new MR Modules, which are much smaller and lighter than
previous electronics. Since the MR Modules are attached to the scanner, the largest and heaviest cable in
the system has been removed, further reducing the weight of the system.

Figure 205. Current generation corrosion imaging scanner, for external inspection of corrosion under
insulation and metallic weather jackets.
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6.5.3 Scanner Design for SCC Crack Imaging and Characterization

For SCC crack imaging and characterization, a series of scanners were produced to provide convenient
and repeatable scans of bare pipes using inductive arrays. These sensors include the FA28, the FA24, and
the FA214 (see Section 6.3 for details). These sensors are appropriate for SCC crack mapping (FA28),
SCC crack mapping through coatings (FA24), and SCC crack depth measurement (FA214).

The initial concept design is shown in Figure 206. This scanner was designed under a previous DOT
program and was used to support preliminary SCC mapping under this program. This design had proven
to be successful for manual scanning of wide areas. However, it was up to the operator to maintain
proper contact between the scanner and the pipe. Scanning in a straight line was also up to the operator,
which is an important issue when multiple scans are used to generate a composite image, which is
normally the case when imaging SCC colonies. Finally, the position encoder was attached to one of the
wheels, which can lose contact with the pipe in some configurations.

Figure 206. Initial pipeline mapping scanner use for SCC characterization.

The current generation of the crack imaging tool is shown in Figure 207. At its core, this scanner is a
refinement of the pervious design with some additional feature that make it easier for creating composite
scan images. The basic four wheel design was maintained, but side panels were added for adding
accessories. On one side, a spring-loaded encoder was added that would maintain contact with the pipe
surface with much greater reliability. One the other side, a bracket is attached to connect the scanner to a
guide rod, which provides a stable reference for producing straight, spatially registered scans. It has the
capability to change easily from a rail-guided scanner to a free hand scanner with the use of two quick-
release pins placed through the bracket. The improved rail slide includes self-aligning bearings for
smoother movement along the rail. Improved rail holders allow movement along the hold-down straps
without needing to loosen the strap. This would substantially decrease the setup time between scans in the
rail-scanning mode. A pivoting sensor head facilitates scans in multiple orientations. The sensor is
capable of rotating up to 45° to the scan direction.

The focus has been towards transition for field deployment and commercialization. Additional emphasis

was placed on the ability for the scanner to operate without the guide rail, which would provide the
operator with more options for scanning in difficult locations.
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Figure 207. Views of the crack depth measurement scanner.

The existing scanner design uses JENTEK’s 8000-Series electronics. Current efforts for the SCC scanner
are focused on transitioning this scanner design to the new IN-8200a+ electronics. This new electronics
features higher data rates (to support higher scan speeds) and lower noise (for increased measurement
guality). The IN-8200a also has improved cabling that is lighter and more rugged, which will improve
the usability of the system in the field. Figure 208 shows the current state of the next generation scanner
design. In addition to the new electronics, several updates are being introduced. The stiffness of the
guide rail is being increased to provide improved registration between scans, especially for long rail
lengths. The rail is being made out of an aluminum extrusion as opposed to solid steel to reduced weight.
The connection between the probe and the rail is being simplified to contain only one pivot as opposed to
two pivots in the previous design, which produced uncertainty in the position of the sensor on the part.
The design will maintain the concept of the four wheel cart that can be used without the guide rail, but the
wheels will be removed when using the scanner in the rail-mounted mode.

Figure 208. Images of the next-generation SCC scanner using JENTEK’s IN-8200 instrumentation.

6.5.4 Packaging for the IN-8200 impedance instrument and the MR-MWM-Arrays

The creation of the IN-8200 impedance instrument was one of the JENTEK’s major accomplishments
during this program. The development of this instrument was the combined effort of JENTEK, multiple
U.S. government agencies, and multiple commercial partners. This DOT program provided a portion of
this co-funding in support of the external corrosion task and the internal corrosion task since both of these
tasks require the new low frequency eddy current capability of the MR-MWM-Arrays and the IN-8200.
For more information on this application, refer to Section 6.2.3.

The first stage of packaging for the IN-8200 was focused on the laboratory prototype (Figure 118). The
target use of this instrument was laboratory use and limited field demonstrations. Because of this limited
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scope, the focus was on providing basic strain relief on the cables and easy access to the electronics to
support design changes and repairs.

The second iteration was the IN-8200a (Figure 120). This was the first iteration for producing a
commercial instrument which included an integrated computer. A significant amount of effort was place
on the electronics to make sure that they would perform properly under a wide range of conditions. The
electronics architecture that was developed using the laboratory prototype was finalized and miniaturized.
Significant work was performed to upgrade the cables to ensure the highest level of electrical integrity
while providing the required strain relief for field operations. Manufacturing methods were also explored
to reduce variation and increase quality, particularly for the MR-MWM-Array itself. The IN-8200a was
designed to be a pre-production prototype, so only a limited number were produced. These unit
underwent significant laboratory and field testing to understand the usability issues and the failure points.

Two critical issues were identified with the IN-82000. First, the Probe Electronics Unit (PEU) was a
serious issue in the field. The PEU could not be more than 6 feet from the sensor and connected to the
sensor using a heavy cable. This limited the length of each scan and was often a logistical problem even
for short scans. The second issue was the cables between the PEU and the impedance instrument. These
cables used small, high precision connectors. Which these provided the needed electrical characteristics,
the cables could not make a reliable connection without excessive mechanical support that needed to be
adjusted for each cable, instrument, and PEU.

The third iteration was the IN-8200a+ (Figure 121). This is a commercial prototype that is made
available for sale and lease. Most of the electronics remained unchanged except for the PEU. The PEU
was made much smaller and was configured to attach directly to the MR-MWM-Array. This
configuration eliminated the need to have the PEU located between two sets of cables, which provided a
big improvement in the usability of the system. The cables between the PEU and the instrument were
also upgraded. The connectors inside the cables were replaced with connectors that provided similar
electrical characteristics, but with much more forgiving mechanical requirements. These new cables can
be made very long to accommodate hard-to-access areas, particularly elevated lines. JENTEK has tested
16m (52 ft.) cables successfully.

Another significant change for the IN-8200a+ was to remove the integrated computer from the
instrument. The decision was made to reduce the complexity of the system by producing the impedance
instrument independently and then operating it using a Windows-based off-the-shelf laptop. Depending
on the application, these can be commercial laptops or ruggedized laptops.
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6.6 Performance Evaluation of Characterization Capability

The performance evaluation of characterization capability for detection and characterization of
mechanical damage (see Section 6.1), detection and characterization of internal and external corrosion
(see section 6.2) as well as detection and sizing of cracks in SCC colonies (see Section 6.3) and cracks in
welds (see Section 6.4) were address in the previous sections.

6.7 Development of Transition Plan

Transitioning of technology for in-service use in pipeline applications has several components. One
component is a commercialization plan that reviews the technology status and inspection requirements for
a variety of applications. Another component is the development of training information and standards
since this information needs to be available in order for widespread adoption by the industry. Another
component is the maturation of the JENTEK manufacturing processes, including working towards 1SO
certification. Finally, preparing papers and presenting at conferences increases awareness of the
technology throughout the industry. Each of these components is described below.

6.7.1 Commercialization Plan

The original commercialization plan involved an initial demonstration of inspection capability for specific
applications that can be made available to launch customers. Some of this capability would be in the form
of available prototype inspection systems that can be purchased or leased. While these prototype systems
are being used, the plan provides for continued development and production of field-hardened instruments
and scanners, refining of measurement and training procedures, and incorporation of feedback from
customers and other stakeholders. Since the same basic system can be used for multiple applications,
typically with a different sensor array being used for families of inspection applications, ongoing work is
aimed at defining product configurations and remaining development requirements for the various
applications to enable production of systems and services to reach commercially sustainable levels.

To assist with transitioning this technology, a capabilities summary was drafted that is useful for planning
and for discussions with service providers and end-users. This summary reviews both relatively mature
technologies which should be suitable for near-term commercialization as well as those that are less-
mature and require additional development. It also includes a review of the MWM technology and
provides results for specific applications. The major emphasis of the summary is on the Corrosion
Imaging Tool for the detection and characterization of internal and external corrosion through insulation
and weather jacket, as well as on the Crack Imaging and Depth Sizing Tool for the imaging and depth
sizing of discrete and SCC cracks. Both these tools are now available as fully-commercialized products,
available for purchase and lease by service providers and end users.

JENTEK had been in discussions with several oil majors as well as pipeline operators since the early
stages of development of each of these two commercialized products. Once the performance evaluations
and some of the early field trials were completed, we initiated discussions with several NDT service
providers to transition this capability for field deployment. In 2014, we started coordinating with NDT
service companies and we have provided field service support to technicians performing field inspections
for corrosion under insulation at several major U.S. refineries.

6.7.2 Development of Training Materials

JENTEK has refined its general manual that covers basic operation of the GridStation impedance
instrument and GridStation software. We have also developed new presentation slides that cover the
fundamentals for eddy current sensing methods and the use of Grid Measurement Methods, as well as
new marketing materials.
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For the Corrosion Imaging Tool, we developed a comprehensive training curriculum specifically aimed at
training field technicians with a limited exposure to eddy current technology, performing inspections for
internal and external corrosion through insulation. The 40-hour course includes class lectures to introduce
eddy current concepts, information about the scanning fixtures, selection of the sensor array
configurations and operating frequencies, software configurations, measurement grids being used as well
as considerations for estimating damage conditions. Additionally, the curriculum includes hands-on
training on live lines and piping inside a refining or an off-plot unit. As of the writing of this report,
JENTEK has training almost fifteen field technicians, spread across the U.S.

We have recently sold our first SCC crack imaging and depth sizing tool to a major European pipeline
operator and utility provider. Also for this SCC product, we have developed a similar 40-hour course
including class lectures, scanning fixture and software configurations, lab training as well as hands-on
training on actual pipelines and data analysis.

6.7.3 Increased Industry Awareness of the MWM-Array Technology

Ongoing work is aimed at increasing awareness of the capabilities of the two commercial products, as
well as for the MWM-Array technology in particular, throughout the industry. This includes preparing
papers for publication, presenting at conferences and workshops, and participating in industry forums.
Example technical meetings that have been attended include the PRCI Pipeline Program Research
Exchange Meetings, International Pipeline Conference, the Fall ASNT Conferences, the API Inspection
Summits, the Chevron NDE Forums, as well as other conferences in the United States and abroad.

We have also recently published updated pricing of our new products. JENTEK has started low volume
production of its systems for corrosion imaging and crack depth sizing and we expect to achieve 1SO
certification by the end of 2015. We have developed brochures and flyers for each of our products and
have started promoting them in various presentations and publications.
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