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PATENT APPLICATION

PIPE DEFECT ASSESSMENT SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present document is based on and claims priority to U.S. Provisional

Application Serial No.: 62/007,484 filed June 4, 2014, incorporated herein by reference.

BACKGROUND

[0002] During coiled tubing operations, manufacturing defects or defects due to
operational damage can reduce coiled tubing fatigue resistance which may lead to
premature failure of the coiled tubing. Failure of the coiled tubing can be catastrophic,
resulting in substantial system and operational damage as well as great financial losses.
Various methods have been employed to track coiled tubing defects and the effects of
those defects with respect to coiled tubing fatigue. For example, the physical defects may
be measured to determine a radial depth, transverse/circumferential width, length along
an axis, defect shape, and/or other defect attributes. The type of defect is then used to
determine an estimate of the severity of the defect and its impact on the fatigue life of the
coiled tubing. However, the impact is difficult to predict due to the random nature of the
defects and due to the difficulty in defining the shapes and dimensions of the defects. As
a result, such analyses may be inconsistent and difficult to use in a reliable manner with

respect to coiled tubing fatigue life predictions.
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SUMMARY

[0003] In general, the present disclosure provides a methodology and system for
examining a tubing string which may comprise coiled tubing or other types of pipe. A
sensor is positioned to monitor a pipe for a magnetic flux leakage signal indicating a
defect in the pipe. The sensor outputs data on the magnetic flux leakage signal to a data
processing system. Correlations between magnetic flux leakage signals and fatigue life
of the pipe may be accessed by the data processing system and these correlations may be
used to automatically predict a fatigue life of the pipe. Based on the determined fatigue
life, an operation with respect to the pipe is selected. By way of examples, such
operation may comprise continued normal use, reducing operational loads such as

pressure or the like, repair, or removal of the pipe from service.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Certain embodiments will hereafter be described with reference to the
accompanying drawings, wherein like reference numerals denote like elements. It should
be understood, however, that the accompanying figures illustrate various
implementations described herein and are not meant to limit the scope of various

technologies described herein, and:

[0005] Figure 1 is a schematic illustration of an example of a pipe defect
assessment system for evaluating pipe, ¢.g. jointed pipe or coiled tubing, according to an

embodiment of the disclosure;

[0006] Figure 2 is a schematic illustration of a processor-based system for
evaluating sensor data obtained while evaluating pipe, according to an embodiment of the

disclosure;
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[0007] Figure 3 is a diagrammatic representation of correlations between
magnetic flux leakage signals indicating defects and the fatigue life of a pipe, e.g. coiled

tubing, according to an embodiment of the disclosure;

[0008] Figure 4 is a diagrammatic representation of correlations between a defect
related damage severity parameter and the fatigue life of a pipe, e.g. coiled tubing,

according to an embodiment of the disclosure;

[0009] Figure 5 is a diagrammatic representation of correlations between
magnetic flux leakage signals indicating defects and a defect related damage severity

parameter, according to an embodiment of the disclosure;

[0010] Figure 6 is a flowchart illustrating an example of a procedure for defect
identification and severity evaluation with respect to pipe, according to an embodiment of

the disclosure; and
[0011] Figure 7 is a flowchart illustrating an example of a procedure for defect

tracking and evaluation with respect to pipe, according to an embodiment of the

disclosure.

DETAILED DESCRIPTION

[0012] In the following description, numerous details are set forth to provide an
understanding of some illustrative embodiments of the present disclosure. However, it
will be understood by those of ordinary skill in the art that the system and/or
methodology may be practiced without these details and that numerous variations or
modifications from the described embodiments may be possible. As utilized as part of

the present disclosure, the terms “pipe”, “joined pipe”, “coiled tubing” may be used

interchangeably to refer to a conveyance string used for downhole applications.
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[0013] The disclosure herein generally relates to a methodology and system for
evaluating pipe, ¢.g. coiled tubing, by employing a sensor system and a processing
system. At least one sensor is positioned to monitor a pipe for a magnetic flux leakage
signal indicating a defect in the pipe. In some examples, the at least one sensor is
mounted to a fixture to monitor the magnetic flux leakage signal as coiled tubing or other
pipe is moved past the sensor or sensors. The sensor outputs data regarding the magnetic
flux leakage signal to a data processing system. Correlations between magnetic flux
leakage signals and fatigue life of the pipe may be accessed by the data processing
system and these correlations may be used to automatically predict a fatigue life of the
actual pipe being evaluated. Based on the determined fatigue life, an operation with
respect to the pipe is selected, e.g. continued normal use, repair, or removal of the pipe

from service.

[0014] In some applications, the methodology is provided to evaluate the effect of
defects, e.g. damage, regarding the fatigue life of coiled tubing. Effectively, the
methodology provides a unique and efficient approach to assessing the effect of pipe
defects on coiled tubing fatigue life through the use of a magnetic flux leakage tubing
inspection system. In embodiments described herein, defects in coiled tubing or other
pipe can be detected by monitoring a magnetic flux leakage signal. For example,
clevated levels of the magnetic flux leakage signal correspond with specific defects
which have been registered and stored on, for example, a memory associated with a data
processing system. Once defects associated with a specific magnetic flux leakage signal
are registered, the methodology is able to correlate the magnetic flux leakage signals
associated with the actual defect to the fatigue life of the corresponding pipe, ¢.g. coiled
tubing. In some applications, the correlation between magnetic flux leakage signal and
fatigue life of the pipe may be determined without measuring the physical dimensions

and/or shape of the defect.

[0015] According to embodiments of the methodology and system, a fatigue life
analysis may be determined via various correlation techniques to correlate magnetic flux

leakage signals of a defect with the fatigue life of the corresponding coiled tubing or
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other pipe. An example of such a correlation technique comprises establishing a
correlation of a magnetic flux leakage signal of a defect on the pipe with a corresponding
fatigue life of the pipe. The correlation is then used to predict the pipe fatigue life of a
specific pipe being evaluated when a similar defect is determined via detection of a
similar magnetic flux leakage signal on the actual pipe being evaluated. Many
correlations between magnetic flux leakage signals associated with defects and fatigue
life may be stored and then accessed by a data processing system for comparison with

magnetic flux signals detected during pipe evaluation.

[0016] Another example of such a correlation technique comprises establishing
correlations of magnetic flux leakage signals indicating defects on the pipe with a
damage severity parameter and then establishing correlations between the damage
severity parameter and the corresponding fatigue life of the pipe. These correlations are
then used to predict the pipe fatigue life of a specific pipe when a similar defect is
determined via detection of a similar magnetic flux leakage signal on the actual pipe
being evaluated. In some applications, the correlation technique may comprise
identifying the type of defect through defect matching. Specific types of defects and their
corresponding impact on pipe fatigue life may be stored, and the detection of such a
defect type may be used in combination with the correlation techniques to improve

prediction of pipe fatigue life for an actual pipe being evaluated.

[0017] According to another example, the correlation technique may comprise
integrating the fatigue life prediction and tracking of coiled tubing or other pipes with and
without defects. The fatigue life of a pipe with a defect may be determined via
correlations, such as the correlations described above, and the fatigue life of the pipe with
defect is expressed as a function of the fatigue life of the same pipe, e.g. coiled tubing,
without defect. The various examples of correlation techniques described above also
may be used in a variety of combinations to further enhance the prediction of fatigue life
or to provide redundancy of testing. In many applications, the correlation techniques
may be performed on a data processing system, ¢.g. a computer-based system, to provide

an automated and efficient fatigue assessment of coiled tubing or other pipe using the
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magnetic flux leakage-based tubing inspection system described herein. Then, based on
the determined fatigue life, an operation with respect to the pipe is selected and
performed. Examples of such operations include continued normal use of the pipe,

reducing operational loads, repair of the pipe, or removal of the pipe from service.

[0018] Referring generally to Figure 1, an example of a pipe damage assessment
system 20 for evaluating pipe 22, ¢.g. jointed pipe or coiled tubing, is illustrated. It
should be noted that the embodiments described herein may be employed in well or non-
well related applications. Additionally, the pipe damage assessment system 20 may
comprise a variety of pipe support systems, pipe delivery systems, sensor arrangements,
local and/or remote processing systems, data evaluation algorithms, models, and/or other
software programs, as well as other components arranged in various configurations

depending on the parameters of a pipe damage assessment application.

[0019] In Figure 1, an embodiment of the pipe evaluation system 20 is illustrated
as moving pipe 22 past an appropriate sensor or sensors 24. In embodiments described
herein, the sensor or sensors 24 may comprise magnetic flux leakage (MFL) sensors
which detect magnetic flux leakage. The relative movement of pipe 22 is indicated by
arrow 26, however some embodiments may be constructed to move the sensor or sensors
24 along a stationary pipe 22. Additionally, both the pipe 22 and the sensor(s) 24 may be

moved relative to each other.

[0020] Each sensor 24 is positioned to monitor for the presence of a magnetic
flux leakage signal associated with a defect 28 and to output sensor data to a data
processing system 30. The signals provided by sensor 24 change upon detection of the
differing magnetic flux leakage signal associated with the defect or defects 28. The
changes in that sensor data can be processed via data processing system 30 to determine,
for example, whether the detected magnetic flux leakage signal associated with the defect
28 is the same or similar to stored magnetic flux leakage signal data correlated with a
particular defect type. The MFL sensor or sensors 24, for example, monitor the magnetic

flux leakage changes to determine whether the magnetic flux leakage signal has
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characteristics associated with the defect. The magnetic flux leakage signal data is
relayed from the sensor 24 to the data processing system 30 for evaluation, as described

in greater detail below.

[0021] In the example illustrated, sensor or sensors 24 detect magnetic flux
leakage but the sensors 24 may be combined with other types of sensors positioned to
help detect and analyze a desired defect or defects along pipe 22. In some embodiments
sensor 24 may comprise a single sensor but sensor 24 also may comprise a plurality of
sensors or sensor elements arranged longitudinally and/or circumferentially. In a specific
embodiment, sensor 24 comprises a plurality of magnetic flux leakage sensing elements
positioned along the circumference of pipe 22 as pipe 22 and sensor(s) 24 moved relative
to cach other. By way of example, pipe 22 may be in the form of coiled tubing which
moves relative to the sensor; or pipe 22 may comprise individual pipe joints which are

moved relative to the sensor.

[0022] Data obtained by the sensor or sensors 24 is transmitted to processing
system 30. The processing system 30 may be located in whole or in part at a well site, at
a well testing facility, and/or at a remote location. After processing data from each
sensor 24, the processing system 30 may be used to display or otherwise output results of
the processing related to the detection and evaluation of magnetic flux leakage signal data
corresponding with defect 28. The raw and/or processed data may be sent to other

systems and other locations for further processing, analysis, and/or control operations.

[0023] Referring generally to Figure 2, an example of processing system 30 is
illustrated. In this example, processing system 30 is in the form of a computer-based
system having a processor 32, such as a central processing unit (CPU). The processor 32
is coupled with sensor or sensors 24 and is operatively employed to intake magnetic flux
leakage signal data related to defects 28 and then to process the data, e.g. run appropriate
models and/or algorithms. For example, the data may be processed to find similar stored

signal data of the defect(s) 28 correlated with fatigue life for that specific type of pipe 22.
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The processor 32 also may be operatively coupled with a memory 34, an input device 36,

and an output device 38.

[0024] In some applications, processor 32 is used to run selected
algorithms/models, e.g. comparisons with stored correlations, via a software module 40.
For example, the software module 40 may comprise pattern matching software which
compares magnetic flux leakage data and/or other data obtained from each sensor 24 to a
predetermined database containing known defects and/or correlations between magnetic
flux leakage signal data and pipe fatigue life. In some applications, the pattern matching
software also may be used to compare image data or other types of data to stored data on
predetermined types of defects. By way of example, a correlation database may be stored
in memory 34 and/or in another storage area accessible by CPU 32. Software module 40
may comprise many types of models, algorithms, and programs selected according to the
types of sensors 24, environmental considerations, types of defects anticipated, and/or

other parameters.

[0025] By way of example, input device 36 may comprise a variety of devices,
such as a keyboard, mouse, voice recognition unit, touchscreen, other input devices, or
combinations of such devices. Output device 38 may comprise a visual and/or audio
output device, such as a computer display, monitor, or other display medium having a
graphical user interface. The processing may be done on a single device or multiple
devices on location, away from the pipe testing location, or with some devices located on
location and other devices located remotely. Once the desired algorithm, modeling,
software, and/or other programming of software module 40 is stored in, for example,
memory 34, processing system 30 may be operated to detect and evaluate magnetic flux
leakage signals associated with defects 28. The data processing system 30 and software
module 40 work in cooperation to perform, for example, the magnetic flux leakage signal
identification and matching of that magnetic flux leakage signal data with stored
correlations of various types which may ultimately correlate magnetic flux leakage signal

data with fatigue life of the pipe, e.g. coiled tubing. In some applications, the detection
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and evaluation of magnetic flux leakage signals associated with specific defects may be

performed in real time.

[0026] Once the correlations have been established, pipe damage fatigue
assessment and pipe fatigue tracking may be automatically processed without user
intervention via data processing system 30. As discussed above, one correlation
technique utilizes direct correlations between magnetic flux leakage signals and fatigue
life of the pipe, ¢.g. coiled tubing, being evaluated. Referring generally to Figure 3,
direct correlations between the magnetic flux leakage signals and coiled tubing fatigue is

illustrated graphically.

[0027] Figure 3 illustrates in graphical form test data for coiled tubing with
various defects. The vertical axis represents the fatigue life ratio of the coiled tubing
samples, and the horizontal axis represents the magnetic flux leakage signals resulting
from specific defects as recorded by magnetic flux leakage pipe evaluation system 20
and/or otherwise previously recorded. An example of a suitable pipe evaluation system
20 with an appropriate magnetic flux leakage sensor 24 is the CoilScan™™ system
available from Schlumberger Corporation. The correlations between magnetic flux
leakage signals representing defects and coiled tubing fatigue may be accessed by data
processing system 30 for comparison to the magnetic flux leakage signal during
evaluation of similar coiled tubing (or other pipe). By way of example, the correlations

may be stored in memory 34 of data processing system 30.

[0028] As illustrated in Figure 3, a strong correlation exists between the magnetic
flux leakage and the fatigue life of the pipe. Furthermore, the correlations between
magnetic flux leakage and fatigue life depends on the type of defects. According to an
embodiment of the present methodology, correlations between the magnetic flux leakage
signal and fatigue life are first established via, for example, test data such as the test data
accumulated in Figure 3. These correlations are then stored and used in conjunction with
a magnetic flux leakage-based pipe inspection system 20 to predict the fatigue life of
coiled tubing or other pipe 22 with defects 28, ¢.g. damage. The correlations may depend
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on a variety of factors, such as the material grade of the pipe, e.g. coiled tubing, the

operating conditions (pressure level, H2S concentration, etc), and the types of defects 28.

[0029] According to another embodiment of the methodology, correlations
between the magnetic flux leakage signal and a damage severity parameter are
established. Through years of research, the pipe/coiled tubing industry has established a
damage severity parameter as a function of defect and tubing dimensions. Examples of
defect dimensions include radial depth, transverse/circumferential width, axial length,
projection areas, and shape; examples of tubing dimensions include tubing diameter and
tubing wall thickness. The damage severity parameter has been determined to correlate
with fatigue life of the coiled tubing or other pipe, and many correlations between the
damage severity parameter and fatigue life ratio have been established, as represented
graphically in Figure 4. It is understood that different levels of statistical confidences
may be introduced into the quantitative correlations to accommodate the nature of testing
data and deviation of real world conditions from the control parameters used for testing,

and different levels of operation criticality.

[0030] Figure 4 illustrates a large number of data points showing coiled tubing
fatigue life as a function of the damage severity parameter Q. The vertical axis represents
the fatigue life ratio of coiled tubing 22 and the horizontal axis represents the defect
severity parameter. The correlations between the defect severity parameter and fatigue
life ratio may depend on a variety of factors, such as the material grade of the pipe, e.g.
coiled tubing, the operating conditions (pressure level, H2S concentration, etc), and the
types of defects. According to an embodiment, correlations are established between
magnetic flux leakage signals representing defects and the damage severity parameter (as
shown in Fig. 5) and further correlations are established between the damage severity
parameter and fatigue life (as shown in Fig. 4) of the pipe 22. Each correlation technique
described herein enables automatic prediction of pipe fatigue life via data processing
system 30. Then, based on the determined fatigue life, an operation with respect to the

pipe 22 is selected and performed. Examples of such operations include continued

10
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normal use of the pipe, reduction in operating pressure, repair of the pipe, or removal of

the pipe from service.

[0031] Referring generally to Figure 5, the correlations between the damage
severity parameter and the magnetic flux leakage signal representing defects is illustrated.
In this example, the vertical axis represents the damage severity parameter and the
horizontal axis represents the magnetic flux leakage signal associated with specific
defects. In this methodology, a full set of correlations is established between the
magnetic flux leakage signals and the damage severity parameter as well as between the
damage severity parameter and the fatigue life of the coiled tubing or other pipe 22.
Consequently, data processing system 30 may be used to compare data collected via
magnetic flux leakage sensor 24 during testing of a given pipe. The magnetic flux
leakage data may then be compared to the stored correlations between magnetic flux
leakage signals, damage severity parameters, and pipe fatigue life to automatically
evaluate and predict fatigue life of a given pipe 22, e.g. coiled tubing, based on the

defects 28 detected in the pipe 22 via sensor 24.

[0032] In some applications, an enhanced fatigue assessment of coiled tubing 22
(or other pipe) with possible defects 28 may be performed. For a given magnetic flux
leakage signal indicating a defect, the type of defect (e.g. longitudinal or transverse
orientation, internal or external type, cut, press, or other defect characteristics) can affect
the fatigue life of the pipe. In some applications, the accuracy of the fatigue assessment
and prediction can be increased by incorporating the type of defect into the recorded

correlations described above.

[0033] According to a coiled tubing example, the direct correlations between
magnetic flux leakage signal and coiled tubing fatigue life or the correlations between
magnetic flux leakage signal, damage severity parameter, and coiled tubing fatigue life
may initially be established. The magnetic flux leakage assessment system 20 is then
used to evaluate a given coiled tubing to detect defects 28. An appropriate defect

identification methodology is then used to identify the type of defect under consideration.

11
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Once the type of defect is identified, the appropriate correlations may be selected for that
type of defect to determine the corresponding fatigue life based on the recorded

correlations.

[0034] Referring generally to Figure 6, an example of a defect identification
methodology is illustrated. In this example, the magnetic flux leakage sensor or sensors
24 output inspection signals for evaluation by data processing system 30, as represented
by block 42 of the flowchart illustrated in Figure 6. The defect identification and severity
evaluation process may comprise a software method and/or process embodied in, for
example, software module 40 which detects the existence of a defect 28, as represented
by block 44. Existence of the defect 28 may be based on a factor or a plurality of factors,
including tubing geometry measurements, magnetic flux leakage, signal thresholds,

and/or other factors.

[0035] The defect identification and evaluation methodology also may utilize a
standard defect database, as represented by block 46. The standard defect database may
be stored in memory 34 or in another suitable storage location accessible by CPU 32 of
data processing system 30. The standard defect database may be used to store data
representative of defects that occur during actual operations employing pipe 22 or other
pipes of similar property. Examples of the stored defects include mechanical dents,
gouges, corrosion pits, and/or other types of defects. The stored defect data may be used
in combination with the stored correlations data described above to improve predictions
of pipe fatigue life. For example, the stored defect data may be used in a redundant
process or in a supplemental process with respect to the use of correlations between

magnetic flux signal data and pipe fatigue life.

[0036] Such defects may be either internal or external defects. Within the
standard defect database, cach type of defect may have a data entry or entries for the
defect according to its position with respect to different orientations, such as axial
(longitudinal) orientations, transverse (circumferential) orientations, inclined (between

axial and transverse) orientations, and/or other orientations. Each type of defect also may

12
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contain the type of mechanism that causes the defect to occur, such as dent, gouge,
abrasion, corrosion, manufacturing process mechanism, or other mechanisms.
Additionally, each type of defect may have a data entry or entries for various defect
dimensions, such as depth, width, length, and/or other dimensions. Each type of defect
may further contain a defect severity threshold or thresholds that conform to a service
quality policy. In many applications, the defect database is not static but can be enriched
and enhanced on a dynamic basis as new data becomes available regarding defects. Low-
quality data, outdated defect entries, and/or other undesirable data may sometimes be
removed from the standard defect database based on, for example, new data obtained

from testing and/or field use of the pipe 22 or other similar pipes.

[0037] Each entry in the standard defect database may contain a number of
materials and defect attributes. Examples of data representing such attributes include a
digital description of the defect, such as a picture and/or image of the defect. The
picture/image may comprise a camera picture, a laser scan picture, an x-ray picture, a dye
penetration picture, a magnetic particle imaging picture, a metallurgy analysis picture,
and/or other suitable pictures/images. Additional examples of data representing such
attributes comprise data on the common dimensions of the defect, the MFL signals for
the corresponding physical defect (which may include signals for the same defect at its
different stages), an inspection threshold of the corresponding defect type, and/or other

operational safety attributes.

[0038] In the embodiment illustrated, the defect identification and severity
evaluation process further utilizes a defect identification and severity evaluation
algorithm, as represented by block 48. The defect identification algorithm may be
embodied in software module 40 and is employed via processor/CPU 32 to compare the
defect signal based on data from the magnetic flux leakage sensor(s) 24 against the
standard defect database 46. By calculating the correlation of this defect signal with the
entries in the standard defect database 46, the algorithm determines the closest match
between a corresponding defect in the database 46 and the potential defect 28 detected

via sensor 24, as represented by block 50.

13
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[0039] The software module 40, ¢.g. algorithm, also is used to perform a defect
severity evaluation on the defect signal by making use of, for example, the results of a
signature match with the standard corresponding defect selected from the standard defect
database (see block 50). Once the algorithm identifies that defect 28 is of the same type
as a stored defect in the standard defect database 46, the algorithm evaluates the severity
of the defect 28 by comparing the level of magnetic flux leakage signal associated with
the defect 28 against the severity threshold in the stored defect. The severity threshold
may be used to determine fit-for-service with respect to the corresponding pipe 22 and its
intended operation envelope, service guidelines, or other suitable criteria. This
evaluation of defect type may be used in combination with the magnetic flux signal and

fatigue life correlations described above.

[0040] In some applications, the software module/algorithm 40 may be selected
or programmed to perform a more elaborate numerical analysis. The more elaborate
numerical analysis may take into account the magnetic flux leakage signal related to the
defect 28 and the geometrical information from a standard defect stored in the standard
defect database 46 to determine the actual dimensions for the defect 28. This knowledge
facilitates evaluation of the effect of the defect 28 on the mechanical integrity of the pipe
22. In some applications, the nature of an unknown defect 28 may be determined by

finding a benchmark defect in the standard defect database.

[0041] Results of the severity evaluation may comprise information on defect size
(e.g. length, width, depth), defect topology (e.g. a single defect or an array of defects),
detrimental effects on remaining life of the pipe (e.g. remaining coiled tubing fatigue
life), detrimental effects on the safe operation envelope of the pipe (e.g. safe operation
envelope of coiled tubing), and/or other results. In some applications, the evaluation of
defect severity may be performed in conjunction with other types of software, such as

existing coiled tubing operation and job design software.

14
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[0042] In various applications, the defect severity evaluation also may be used as
a quality control tool. For example, the defect database 46 may comprise manufacturing
features such as bias weld, seam weld, grind repair, and/or other manufacturing features.
For quality control purposes, the database 46 may comprise both normal and abnormal
manufacturing features. Using the defect identification algorithm/software module 40, an
operator may distinguish the abnormal features from the normal features. This enables
further actions to be taken to overcome the abnormal features or to reject the pipe 22

under a quality control regimen.

[0043] Additionally, the defect identification algorithm/software module 40 may
be utilized in real time during an operation utilizing the pipe 22, e.g. during a coiled
tubing operation in a wellbore. In some applications, the software module 40 may be
integrated into additional real time data acquisition and analysis software and/or into
post-operation analysis software. The real time and/or post-operation modes may be
executed on-site and/or at a remotely connected location via satellite or the Internet. As
discussed above, the data processing system 30 may be located on-site, remotely, or with

part of the system located on-site and part of the system located remotely.

[0044] As further illustrated in block 50 of Figure 6, the defect identification and
severity evaluation process also may comprise outputting defect identification and
severity evaluation results via, for example, output device 38. The results may be
presented to an operator and/or other user and may provide an indication of the type of
defect and/or the severity of the defect. The results also may provide recommendations
with respect to actions that may be taken in light of the type and severity of the defect.
By way of example, the recommendations may comprise performing further prove-up
(employing visual or manual inspection of the identified defect 28), performing
maintenance, ¢.g. grinding out the defect, stopping the operation, retiring the string or
joint of pipe 22, and/or other actions (see block 50). The results also may give an
indication as to the in-situ integrity of the pipe 22, whether the pipe 22 is fit for a given

service, and/or whether the pipe 22 meets other predetermined criteria.
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[0045] The results and the recommendations based on those results may be
integrated with process control to automatically modify an operation related to pipe 22, as
represented by block 52. In a coiled tubing operation related to a well, for example, the
recommendations may be used by the coiled tubing process control system to
automatically modify the coiled tubing operation, such as to reduce the operating
pressure. The coiled tubing process control system or other process control system may
be part of or may work in cooperation with data processing system 30. In various
applications, the modification of the coiled tubing operation or other pipe related

operation may be made in real time during the operation.

[0046] Referring generally to Figure 7, an example of a process for defect
tracking and severity evaluation is illustrated. This process may be employed to track the
defect and to help predict defect growth. The process may comprise at least one of a
plurality of components including: using the first available magnetic flux leakage
inspection data for a pipe 22, e.g. tubing string; locating each defect 28 in the pipe 22;
and, if applicable, identifying the corresponding signature of each defect 28 from the
defect entries stored in the standard defect database, as discussed above, and as

represented by block 54.

[0047] Additionally, the process for defect tracking and severity evaluation may
comprise building a defect library for the pipe 22, e.g. tubing string, as represented by
block 56. Each of the defects stored in the defect library may comprise an individual
attribute or a plurality of attributes including, for example, magnetic flux leakage signal,
location of defect 28 on the pipe 22, corresponding tubing/pipe wall thickness,
corresponding standard signature, pipe dimensions, whether the defect has been proved

up by visual inspection, inspector validation, and/or other suitable attributes.

[0048] In this example, the process may further comprise taking and/or choosing
a given subsequent inspection data, as represented by block 58. The process also may
comprise choosing a defect 28 of interest from the subsequent inspection data, as

represented by block 60, while noting/storing the corresponding location of the defect 28
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in the pipe 22. The process may further comprise determining whether the same defect
exists in previous inspection data by finding whether there is a match between the defect
28 and a stored defect in the defect library, as represented by block 62. Determining
whether a match exists may involve considering various similarities, such as sensor

signal similarity, depth similarity, wall thickness similarity, and/or other similarities.

[0049] If a match exists (see block 62), the library may be updated automatically
or by operator choice with the latest data for the defect 28, as represented by block 64.
This type of historical data regarding defects 28 may be kept and stored in the defect
library for future use by data processing system 30. If there is no match (see block 62),
the defect tracking and severity evaluation process may comprise identifying a
corresponding signature of the defect 28 from the standard defect database, if applicable,
and updating the defect library with the addition of the new defect data on defect 28, as
represented by block 66. In some applications, the library may be updated by capturing a

list of defects from a new pipe inspection job or other relevant pipe inspection jobs.

[0050] If prove-up is performed on the defect 28, the defect tracking and severity
evaluation process may include updating the data and/or information in the defect library
as well as updating the inspector’s validation attributes, if applicable, as represented by
block 68. Additionally, if repair activities are performed, e.g. grinding out the defect, the
quality of such repair activities may be evaluated using the standard defect database. The
quality of the repair can be checked by matching the magnetic flux leakage signature of
the repaired defect with, for example, a bad repair signature in the standard defect
database. If a match occurs with respect to the bad repair signature, further repair work
should be performed and the defect should be reworked until suitable quality criteria are

met.

[0051] The process may further comprise conducting data analysis on the history
of the defect 28, predicting the future evolution of the defect 28, and/or predicting the
effect of the defect 28 on pipe integrity, as represented by block 70. It should be noted

that a useful part of the process may be determining the first occurrence of a given defect
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28. If the pipe inspection operations are missing magnetic flux leakage inspections, it
may be feasible to provide statistical estimations of the first appearance of certain defects
based on job history and defect tracking results. In an embodiment, the number of
bending cycles and the pumping pressures during defect evolution occurring since the
first appearance of the defect 28 may be tracked in combination with tracking defects

detected by the system 20. The data may be used to help predict defect growth.

[0052] The defect tracking and severity evaluation process also may comprise
providing feedback information to a process control to enable automatic modification of
operational parameters, as indicated by block 72. For example, the process may provide
feedback information to a coiled tubing process control so as to automatically modify
operational parameters of the coiled tubing operation. Such feedback may help
mitigate/reduce the impact on the remaining coiled tubing fatigue life and/or coiled
tubing strength due to the defects. It should be noted that the methodology described
above with reference to Figures 6 and 7 is one example of a defect identification
methodology which may be used to identify the type of defect under consideration for

combination with the correlation techniques described above with reference to Figures 3-

5.

[0053] According to another methodology, the pipe fatigue life prediction is
integrated with the tracking and evaluation of the pipe both with and without defect. For
example, the fatigue life of coiled tubing with a defect used in the stored correlations
described above can be expressed as a function of fatigue life of the same coiled tubing
without the defect. This allows conventional methods of fatigue life prediction for coiled
tubing without defects to be incorporated into the assessment of fatigue life for coiled
tubing with defects. As illustrated in Figure 4, for example, the correlation of fatigue life
for coiled tubing with a defect may be expressed as a ratio of fatigue (N/Nb) versus the
damage severity parameter, where N represents the fatigue cycle with defect and Nb
represents a baseline fatigue cycle without defect. Conventional methods may be used to
determine Nb. Then, by using the correlation N/Nb versus the damage severity

parameter a determination of the fatigue life of the coiled tubing 22 (or other pipe) with
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defect (N) may be automatically determined via data processing system 30. This
methodology provides a unified approach to assess the coiled tubing fatigue with or

without defects.

[0054] The system and methodologies described herein may be employed in non-
well related applications which utilize evaluation of coiled tubing, jointed pipe, and/or
other tubing strings. Additionally, processes may employ a variety of sensors, data
processing systems, and/or software modules for evaluating sensor data and/or making
recommendations. The system may be automated to implement automatic changes to a
tubing string operation based on defect data detected and evaluated. In some
applications, the operational changes can be made in real time. Additionally, various
types of storage databases/libraries may be constructed to accumulate many types of
correlations and defect data. Also, elements of the overall processes described herein
may be performed at a variety of times and in various orders during implementation of

the processes.

[0055] Although a few embodiments of the system and methodology have been
described in detail above, those of ordinary skill in the art will readily appreciate that
many modifications are possible without materially departing from the teachings of this
disclosure. Accordingly, such modifications are intended to be included within the scope

of this disclosure as defined in the claims.
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CLAIMS

What 1s claimed is:

A method for examining a tubing string, comprising:

providing a sensor to monitor a pipe for a magnetic flux leakage signal
indicating a defect in the pipe;

outputting data on the magnetic flux leakage signal detected by the sensor
to a data processing system;

using correlations between magnetic flux leakage signals and fatigue life
to automatically predict a fatigue life of the pipe via the data processing system
based on the data detected by the sensor; and

selecting an operation with respect to the pipe which is appropriate given

the determined fatigue life.

The method as recited in claim 1, wherein using comprises using direct

correlations between the magnetic flux leakage signal and the fatigue life of the

pipe.

The method as recited in claim 1, wherein using comprises using correlations
between the magnetic flux leakage signal associated with the defect and a damage
severity parameter and then further using correlations between the damage

severity parameter and the fatigue life.

The method as recited in claim 1, wherein using comprises identifying the type of
defect through defect matching with a defect library stored in a memory

associated with the data processing system.

The method as recited in claim 1, wherein using comprises evaluating the fatigue

life of the pipe as a function of the fatigue life of a similar pipe without the defect.
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10.

11.

12.

The method as recited in claim 1, wherein providing comprises providing the

sensor to monitor coiled tubing.

The method as recited in claim 1, further comprising using the data processing

system to automatically recommend a future action with respect to the pipe.

The method as recited in claim 1, further comprising capturing a list of defects

from a pipe inspection job in a defect library.

The method as recited in claim 8, further comprising storing data of the magnetic

flux leakage signal and the corresponding type of defect in the defect library.

The method as recited in claim 3, wherein using further comprises identifying the
type of defect through defect matching with a defect library stored in a memory

associated with the data processing system.

The method as recited in claim 5, wherein using further comprises identifying the
type of defect through defect matching with a defect library stored in a memory

associated with the data processing system.

A method, comprising:

using a sensor to monitor coiled tubing for the presence of a magnetic flux
leakage signal indicative of a defect in the coiled tubing;

outputting data from the sensor to a data processing system having a
processor;

providing the data processing system with correlations between the
magnetic flux leakage signals associated with defects and fatigue life of a similar

coiled tubing;
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13.

14.

15.

16.

17.

18.

19.

processing the data from the sensor regarding the magnetic flux leakage
signal via the data processing system to predict a fatigue life of the coiled tubing
based on the correlations; and

taking an action with respect to future use of the coiled tubing based on

the fatigue life.

The method as recited in claim 12, wherein taking the action comprises

automatically changing a coiled tubing operation.

The method as recited in claim 12, wherein taking the action comprises rejecting

use of the coiled tubing for a given coiled tubing operation.

The method as recited in claim 12, wherein providing comprises providing direct
correlations between magnetic flux leakage signals and the fatigue life of the

similar coiled tubing.

The method as recited in claim 12, wherein providing comprises providing
correlations between magnetic flux leakage signals associated with defects and a
damage severity parameter and also providing correlations between the damage

severity parameter and the fatigue life.

The method as recited in claim 12, wherein providing comprises identifying the
type of defect through defect matching with a defect library stored in a memory

associated with the data processing system.

The method as recited in claim 12, wherein providing comprises evaluating the
fatigue life of a coiled tubing with a defect as a function of the fatigue life of the
coiled tubing without the defect.

The method as recited in claim 12, wherein providing comprises evaluating the

fatigue life with different levels of statistical confidence.
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20.

21.

A system for defect evaluation, comprising:

a sensor positioned along a pipe to monitor for a magnetic flux leakage
signal associated with a defect in the pipe; and

a data processing system coupled to the sensor, the data processing system
comprising a memory in which correlation data between magnetic flux leakage
signals and corresponding defects are stored, the data processing system further
comprising a processor which processes data received from the sensor regarding
the magnetic flux leakage signal and then, based on evaluation of correlations
between the magnetic flux leakage signal and defects, outputs a prediction of

fatigue life with respect to the pipe.
The system as recited in claim 20, wherein the data processing system processor

is configured to automatically change the operating conditions of the pipe based

on the prediction of pipe fatigue life.
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