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(57) Abrégée/Abstract:
A method and system for estimating the worst case corrosion in a pipeline for which pipeline wall thickness measurements are
imited to sampled ultrasonic or radiography (UT/RT) measurements. A data library contains distributions of in-line inspection (ILI)
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(57) Abrege(suite)/Abstract(continued):

measurements for other pipelines, calibrated to correspond to UT/RT measurements as needed. These |L| datasets are randomly
sampled multiple times, to obtain multiple sample sets from each IL| dataset. Candidate statistical distributions are evaluated for
each sample set to determine which of the candidate statistical distributions most accurately estimates the worst case corrosion
measured by ILI|. A discriminant function is then derived from sample statistics and pipeline descriptors associated with the sample
sets, along with the best candidate statistical distribution for that sample set. Sample statistics and pipeline descriptors for the
pipeline with sampled UT/RT measurements are then applied to the discriminant function to determine the best one of the
candidate statistical distributions for extreme value estimation, and the worst case corrosion Is then determined using that best
statistical distribution
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(57) Abstract: A method and system for estimating the worst case corrosion in a pipeline for which pipeline wall thickness mea-

surements are limited to sampled ultrasonic or radiogi

raphy (UT/RT) measurements. A data library contains distributions of in-line

mspection (ILI) measurements for other pipelines, calibrated to correspond to UT/RT measurements as needed. These ILI datasets
are randomly sampled multiple times, to obtain multiple sample sets from each ILI dataset. Candidate statistical distributions are
evaluated for each sample set to determine which of the candidate statistical distributions most accurately estimates the worst case
corrosion measured by ILI. A discriminant function 1s then derived from sample statistics and pipeline descriptors associated with
the sample sets, along with the best candidate statistical distribution for that sample set. Sample statistics and pipeline descriptors
for the pipeline with sampled UT/RT measurements are then applied to the discriminant function to determine the best one of the
candidate statistical distributions for extreme value estimation, and the worst case corrosion 1s then determined using that best sta-
tistical distribution
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ESTIMATING WORST CASE CORROSION IN A PIPEPLINE

CROSS-REFERENCE TO RELATED APPLICATIONS

0001} This application claims the priority to U.S. Patent Application Serial
Number 12/349,851 filed January 7, 2009, which claims the priority to U.S. Provisional
Application Number 61/085,692 filed August 1, 2008, which are incorporated herein by

reference 1n their entireties.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] Not applicable.

BACKGROUND OF THE INVENTION

[0003] This mnvention 1s 1n the field of pipeline mspection. In one of its aspects,
the mnvention 18 directed to the evaluation of the worst case corrosion in a pipeline from

sampled measurements.

[0004] Maintaining the integrity of pipelines 1s a fundamental function 1n
maintaining the economic success and minimizing the environmental impact of modern
oil and gas production fields and systems. In addition, pipeline integrity 1s also of
concern 1n other applications, including factory piping systems, municipal water and
sewer systems, and the like. Similar concerns exist in the context of other applications,
such as production casing of o1l and gas wells. As 1s well known 1n the field of pipeline
maintenance, corrosion and ablation of pipeline material, from the fluids flowing through
the pipeline, will reduce the thickness of pipeline walls over time. In order to prevent
pipeline failure, 1t 1s of course important to monitor the extent to which pipeline wall

thickness has been reduced, so that timely repairs or replacement can be made.

[0005] The direct physical measurement of pipeline wall thickness 1s not practical
because of the necessarily destructive nature of such measurement. Accordingly, various
indirect pipeline wall thickness measurement techniques have been developed over the
years. The most widely used measurement technologies acquire measurements of

thickness at selected locations along a producing pipeline, such locations either randomly
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selected or specifically selected based on models or other assumptions of the most
vulnerable locations to loss of wall thickness. These measurement technologies include
ultrasonic measurement, and 1maging by way of x-rays or radiography (RT), cach of
which examine pipeline walls from the exterior at specific locations (e.g., over a one foot
section). However, the exterior of the pipeline must be directly accessed to obtain
measurements according to these technologies. In extreme environments, this exterior
access can require removal and replacement of thermal 1nsulation, for example. To the
extent that portions of the pipelines are underground, RT and ultrasonic tomography (UT)
measurements are either not done, or require excavation. As such, 1t 1s not practical to
acquire RT and UT measurements at small intervals along the entire length of a pipeline.
Rather, for these and other reasons, these measurement technologies are typically carried

out by random or semi-random sampling of wall thickness along the pipeline.

10006] In the context of pipeline integrity, the extreme value of minimum wall
thickness (or, conversely, maximum wall thickness loss) 1s of concern. Because
corrosion 1s the leading cause of wall thickness loss of pipelines, in practice, this
minimum wall thickness value 1s often referred to as the “worst case corrosion”.
Accordingly, sampled measurement approaches are useful only to the extent that the
sample measurements lend insight into the extreme minimum value. Fundamental
statistical theory can provide such insight, under the assumption that the population of
wall thickness measurements along the entire length of the pipeline (e.g., a measurement
taken 1n cach one-foot section along the pipeline length) follows a known statistical
distribution. In other words, assuming a statistical distribution of wall thicknesses along
the length of the pipeline, a reasonable sample size of measurements can then provide an
indication of the maximum wall thickness loss to a certain confidence level.
Unfortunately, 1t has been observed that measurements of wall thickness along the length
of an actual pipeline do not typically follow a well-behaved statistical distribution. Worse
yet, 1t has been observed that wall thickness measurement distributions vary widely from
pipeline to pipeline. As a result, 1t 1s difficult to characterize the extreme value of worst
case corrosion along a pipeline from these sampled measurements of pipeline thickness,

to any reasonable confidence level.

[0007] Another pipeline wall thickness measurement technology 1s referred to as

“in-line mspection” (ILI). According to this technology, a vehicle commonly referred to
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as a “‘pig”’ travels i the interior of the pipeline along 1its length, propelled by the
production fluid 1itself or otherwise towed through the pipeline. The pig includes
transducers that indirectly measure the wall thickness of the pipeline repeatedly along the
pipeline length as the pig travels. Measurement technologies used 1in ILI include
magnetic flux leakage techniques that measure the extent to which a magnetic ficld can be
induced 1nto the pipeline wall, from which the wall thickness can be inferred. ILI
inspection can also be carried out using ultrasonic energy, as well-known 1n the art. As
such, ILI can acquire measurements of wall thickness at small intervals along the entire
length of a pipeline. Unfortunately, ILI monitoring cannot be applied to all pipelines,

because of factors such as construction, location, or gecometry.

[0008] By way of further background, it 1s known to characterize pipeline
integrity by applying sample thickness measurements to a predictive model of the
pipeline. Known predictive models apply parameters such as properties of the fluid
carriecd by the pipeline, pressure, temperature, flow rate, and the like, such that a
minimum wall thickness can be calculated given sample measurements of the wall
thickness. The accuracy of such computer simulations 1n characterizing the minimum
wall thickness of course depends on the accuracy with which the model corresponds to
the true behavior of the pipeline. And, in turn, the accuracy of the model depends on the
accuracy of the assumptions underlying the model to the actual pipeline. But in practice,
real-world pipelines vary widely from one another in corrosion behavior, due to structural
and environmental variations that are not contemplated by the model or its underlying
assumptions. As more complicated models are formulated to include the effects of these

variations, the resulting computations will of course also become more complicated.

[0009] By way of further background, i1t 1s known to evaluate equipment
reliability by selecting a statistical distribution, and applying Monte Carlo simulations to

that statistical distribution, to plan a reliability evaluation.

[0010] By way of further background, our copending U.S. patent application S.N.
12/164,971, filed June 30, 2008, entitled “Rapid Data-Based Adequacy Procedure for
Pipeline Integrity Assessment”, fully incorporated herein by this reference, discloses a
method and system for evaluating the sample coverage of ultrasonic or radiography
(UT/RT) measurements of pipeline wall thickness for statistical validity. This approach

uses a data library of distributions of in-line inspection (ILI) measurements for some
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pipelines, and generates statistics from random sample simulation of those distributions at
various sample coverages. The sampled UT/RT measurements from another pipeline are
used to 1dentify one or more ILI-measured pipeline datasets to which 1t 18 most similar.
The statistics from the simulations of those most similar pipeline datasets are then used to
determine whether the sample coverage of the UT/RT measurements 1s sufficient to draw

desired conclusions about the extreme value of wall loss in the sampled pipeline.

BRIEF SUMMARY OF THE INVENTION

[0011] It 1s therefore an object of this invention to provide a method and system to
accurately characterize a worst case value of pipeline wall thickness loss (““worst case

corrosion”) along a pipeline based on sample measurements of wall thickness.

[0012] It 1s a further object of this invention to provide such a method and system

that provides improved confidence in sampled pipeline wall thickness measurements.

[0013] It 1s a further object of this invention to provide such a method and system

that improves the efficiency of pipeline wall thickness measurement resources.

[0014] It 1s a further object of this invention to provide such a method and system
that can determine worst case wall thickness loss through a computer algorithm that can

be executed rapidly for a large number of pipelines.

[0015] It 1s a further object of this invention to provide such a method and system
that can determine the worst case corrosion by utilizing available information on pipeline
corrosion distributions that have been characterized by a 100% inspection process for

pipelines, such as 1n-line inspection (ILI).

[0016] Other objects and advantages of this invention will be apparent to those of
ordinary skill in the art having reference to the following specification together with 1ts

drawings.

[0017] The present invention may be implemented into a computerized method,
an c¢valuation system programmed to perform the method, and a computer program stored
in a computer readable medium, by way of which an extreme value of pipeline wall
thickness loss can be determined from sample measurements. A library of measurement

datasets acquired by a 100% 1nspection method, such as in-line inspection, for a subset of
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the pipelines 1s stored 1n a database. In an aspect of the invention, simulated sampling of
these datasets 1s used to derive a discrimination function or equation set, by way of which
a statistical distribution shape can be selected from sample statistics and other pipeline
descriptors. Sampled wall thickness loss measurements from another pipeline are
statistically characterized, and the sample statistics and other pipeline descriptors are
applied to the discrimination function to select a statistical distribution shape for the
sample set. The extreme value of maximum wall thickness loss 1s then determined from
the sclected statistical distribution shape, as fit to the sampled wall thickness loss

measurements for the sampled pipeline.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

[0018] Figure 1 1s a schematic diagram of an example of a production field 1n

connection with which the preferred embodiment of the invention may be used.

[0019] Figure 2 18 an e¢lectrical diagram, in block form, of an evaluation system

programmed to carry out an embodiment of the invention.

[0020] Figure 3 1s a flow diagram 1illustrating the derivation of a discriminant
function from an in-line inspection calibrated measurement library, according to an

embodiment of the invention.

[0021] Figure 4 1s a flow diagram illustrating the evaluation of sample sets with
candidate statistical distributions in the process of Figure 3, according to an embodiment

of the invention.

[0022] Figures 5a through 5d are plots illustrating the shape of examples of

candidate statistical distributions, used 1n an example of an embodiment of the invention.

[0023] Figure 5S¢ 1llustrates an example of the evaluation of an extreme value

quantile according to an embodiment of the invention.

[0024] Figures 5f through 51 are plots 1llustrating the evaluation of extreme value
quantiles of candidate statistical distributions according to an embodiment of the

1nvention.

[0025] Figure 3j 1llustrates an example of a conventional discriminant function.
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[0026] Figure 6 1s a flow diagram 1illustrating the estimation of worst case
corrosion for a pipeline for which sampled measurements of wall thickness loss have

been acquired, according to an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0027] The present mvention will be described 1 connection with 1its
embodiments, including its preferred embodiment, in connection with a method and
system for monitoring and evaluating pipeline integrity in a production ficld and system
for o1l and gas. However, 1t 1S contemplated that this invention can also provide
important benefit 1n other applications, including, for example, the monitoring and
cvaluating of production casing integrity in o1l and gas wells, and the monitoring and
cvaluating of pipeline integrity in other applications such as water and sewer systems,
natural gas distribution systems on the customer side, and factory piping systems, to name
a few. Accordingly, 1t 1s to be understood that the following description 1s provided by
way of example only, and 1s not intended to limit the true scope of this mvention as

claimed.

[0028] Referring first to Fig. 1, an example of an o1l and gas production field,
including surface facilities, in connection with which an embodiment of the invention
may be utilized, 1s 1llustrated 1n a simplified block form. In this example, the production
field includes many wells W, deployed at various locations within the field, from which
o1l and gas products are to be produced 1n the conventional manner. While a number of
wells W are 1llustrated in Fig. 1, 1t 1s contemplated that modern production fields in
connection with which the present invention may be utilized will include many more
wells than those wells W depicted in Fig. 1. In this example, each well W 1s connected to
an associated one of multiple drill sites 2 in its locale by way of a pipeline 5. By way of
cxample, eight drill sites 2 through 27 are illustrated in Fig. 1; 1t 1s, of course, understood
by those in the art that many more than eight drill sites 2 may be deployed within a
production field. Each drill site 2 may support many wells W; for example drill site 25 1s
illustrated m Fig. 1 as supporting forty-two wells 4 through 4,4, . Each drill site 2 gathers
the output from its associated wells W, and forwards the gathered output to processing

facility 6 via onc of pipelines 5. Eventually, processing facility 6 1s coupled into an
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output pipeline 5, which in turn may couple into a larger-scale pipeline facility along with

other processing facilities 6.

[0029] In real-world o1l production, the pipeline system partially shown in Figure
1 would connect into a larger pipeline system, along with many other wells W, drilling
sites 2, pipelines 5, and processing facilities 6. Some pipeline systems include thousands
of individual pipelines that are interconnected into an overall production and processing
system. As such, the pipeline system 1llustrated in Figure 1 can represent a miniscule

portion of an overall production pipeline system.

[0030] While not suggested by the schematic diagram of Figure 1, in actuality
pipelines 5 vary widely from one another in construction and geometry, 1n parameters
including diameter, nominal wall thickness, pipeline age, pipeline type, overall length,
numbers and angles of elbows and curvature, location (underground, above-ground,
underwater, or extent of such placement), to name a few. In addition, parameters
regarding the contents (i.e., liquids, gases, solids such as sand, scale, or others, or
combinations of these fluids and solids) carried by the various pipelines 5 also can vary
widely 1n composition, pressure, temperature, flow rate, and the like. As known 1n the
art, these variations among pipeline construction, geometry, contents, and nominal
operating condition affect the extent and nature of corrosion and ablation of the pipeline
walls. In addition, 1t has been observed, in connection with this invention, that the
distribution of wall loss (i.e., wall thickness loss) measurements along pipeline length
also varies widely among pipelines 1n an overall production field, with no readily

discernible causal pattern relative to construction or fluid parameters.

[0031] As mentioned above, some pipelines 1in a production pipeline system such
as that illustrated 1n part in Figure 1 can be fully inspected, from the standpoint of
pipeline wall thickness, along their entire length by way of in-line mspection (ILI). As
known 1n the art, ILI involves the insertion of a measurement tool, such as the tool
commonly referred to as a “pi1g”, into the pipeline. Conventional measurement pigs are
generally cylindrical bodies that include navigational or positional systems to monitor the
location of the pig 1n the pipeline, along with instrumentation for measuring pipeline wall
thickness as the pig travels along the pipeline propelled by the production fluid.
Alternatively, the pig may be towed along the pipeline, 1f the pipeline 1s being measured

while shutdown. Conventional measurement devices such as ILI pigs measure loss of
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pipeline wall thickness using the technologies of magnetic flux leakage (MFL), ultrasonic
tomography, clectrostatic induction and the like. Examples of conventional ILI pigs
suitable for obtaining ILI measurements include the CPIG MFLCAL ILI instruments
available from Baker Hughes Pipeline Management Group, and the HIRES metal loss
mapping tools available from Rosen Inspection Technologies; other types of
measurement devices and mapping tools known by those skilled in the art are also

suitable for use 1n connection with this embodiment of the invention.

[0032] As known 1n the art, and as mentioned above, a sizeable number of
pipelines 5 1n a large-scale pipeline system are “unpiggable” (unpassable by pigs, or
otherwise 1naccessible to m-line inspection), 1in that those pipelines cannot be mspected
by way of ILI for one or more various reasons. For example, access to the pipeline may
be restricted, valves or other impassable fittings may impede the travel of a pig through
the pipeline, or a given pipeline may have varying diameter along 1ts length such that a
p1g cannot snugly engage the pipeline walls as 1t travels. However, the operator of the
production ficld must also monitor these unpiggable pipelines for loss of wall thickness.
As discussed above, the monitoring of these unpiggable pipelines 5 1s performed by
sample measurements taken externally along the length of the pipeline, using
conventional methods such as ultrasonic tomography (UT) and radiography (RT); other
conventional measurement technologies are also suitable for use in connection with
embodiments of the invention. In this example, conventional UT/RT measurements are
typically obtained as the average of wall thickness measurements over some incremental
distance (e.g., one foot) along the length of the pipeline. Conventional sampled UT/RT
wall thickness measurements involve a substantial amount of labor, such as removing
insulation or coatings from the pipeline, and physically traveling between sample
locations. As such, sampled UT/RT wall thickness measurements are typically performed
on a periodic scheduled basis, especially in large-scale pipeline systems. For pipeline
systems 1n a hostile climate, such pipeline wall thickness measurements may only be
available 1n certain months 1n the year, because some locations along some pipelines may

require special precautions to be safely accessible 1in certain seasons.

[0033] The goal of pipeline integrity monitoring 1s to determine the maximum
pipeline wall loss along a given pipeline to enable timely maintenance operations. It has

been observed that corrosion 1s generally the cause of loss of early pipeline wall thickness
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loss 1n actual pipeline systems. As such, maximum wall thickness loss 1s often referred to
in the art, and will be referred to 1n this specification, as “worst case corrosion”, even
though the particular physical mechanism (corrosion, ablation, etc.) by which pipeline
walls are reduced in thickness 1s not of importance in connection with this mvention.
Embodiments of this mvention are directed to providing a statistically sound estimate of
worst case corrosion 1n pipelines from which only sampled measurements have been
acquired, based on the statistical behavior of those pipelines for which ILI measurements

along their entire length have been obtained.

[0034] Figure 2 1llustrates the construction of evaluation system 10 according to
an cxample of an embodiment of the invention, as realized by way of a computer system.
Evaluation system 10 performs the operations described 1n this specification to determine
the extreme value of pipeline wall loss (worst case corrosion) of a pipeline. Of course,
the particular architecture and construction of a computer system useful 1n connection
with this invention can vary widely. For example, evaluation system 10 may be realized
by a computer based on a single physical computer, or alternatively by a computer system
implemented 1n a distributed manner over multiple physical computers. Accordingly, the

generalized architecture illustrated in Figure 2 1s provided merely by way of example.

[0035] As shown 1n Figure 2, evaluation system 10 includes central processing
unit 15, coupled to system bus BUS. Also coupled to system bus BUS 1s imnput/output
interface 11, which refers to those mterface resources by way of which peripheral
functions P (e.g., keyboard, mouse, display, etc.) interface with the other constituents of
cvaluation system 10. Central processing unit 15 refers to the data processing capability
of evaluation system 10, and as such may be implemented by one or more CPU cores, co-
processing circultry, and the like. The particular construction and capability of central
processing unit 15 18 selected according to the application needs of evaluation system 10,
such needs mcluding, at a minimum, the carrying out of the functions described 1n this
specification, and also including such other functions as may be desired to be executed by
computer system. In the architecture of evaluation system 10 according to this example,
data memory 12 and program memory 14 are also coupled to system bus BUS, and
provide memory resources of the desired type usetul for their particular functions. Data
memory 12 stores input data and the results of processing executed by central processing

unit 15, while program memory 14 stores the computer instructions to be executed by
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central processing unit 15 1n carrying out those functions. Of course, this memory
arrangement 1S only an example, 1t being understood that data memory 12 and program
memory 14 can be combined 1nto a single memory resource, or distributed in whole or 1n
part outside of the particular computer system shown in Figure 2 as implementing
cvaluation system 10. Typically, data memory 12 will be realized, at least in part, by
high-speed random-access memory 1n close temporal proximity to central processing unit
15. Program memory 14 may be realized by mass storage or random access memory
resources 1n the conventional manner, or alternatively may be accessible over network
interface 16 (i.e., 1f central processing unit 15 1s executing a web-based or other remote

application).

[0036] Network interface 16 1s a conventional interface or adapter by way of
which evaluation system 10 accesses network resources on a network. As shown in
Figure 2, the network resources to which evaluation system 10 has access via network
interface 16 can 1nclude those resources on a local arca network, as well as those
accessible through a wide-area network such as an intranet, a virtual private network, or
over the Internet. In this embodiment of the invention, sources of data processed by
cvaluation system 10 are available over such networks, via network interface 16. Library
20 stores measurements acquired by in-line mspection (ILI) for selected pipelines in the
overall production field or pipeline system; ILI hibrary 20 may reside on a local area
network, or alternatively be accessible via the Internet or some other wider area network.
It 1s contemplated that ILI library 20 may also be accessible to other computers associated
with the operator of the particular pipeline system. In addition, as shown in Figure 2,
measurement mnputs 18 acquired by sampled ultrasonic or radiography (UT/RT) for other
pipelines 1in the production ficld or pipeline system are stored in a memory resource

accessible to evaluation system 10, either locally or via network interface 16.

[0037] Of course, the particular memory resource or location in which the UT/RT
measurements 18 are stored, or in which ILI library 20 resides, can be implemented 1n
various locations accessible to evaluation system 10. For example, these data may be
stored 1n local memory resources within evaluation system 10, or in network-accessible
memory resources as shown in Figure 2. In addition, these data sources can be
distributed among multiple locations, as known 1n the art. Further 1n the alternative, the

measurements corresponding to UT/RT measurements 18 and to ILI library 20 may be

10
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input 1nto evaluation system 10, for example by way of an embedded data file in a
message or other communications stream. It 18 contemplated that those skilled in the art
will be readily able to implement the storage and retrieval of UT/RT measurements 18

and ILI library 20 1n a suitable manner for each particular application.

[0038] According to this embodiment of the invention, as mentioned above,
program memory 14 stores computer instructions executable by central processing unit 15
to carry out the functions described in this specification, by way of which UT/RT
measurements 18 for a given pipeline are analyzed to determine an estimate of the likely
extreme wall loss value for that pipeline. These computer instructions may be 1n the form
of one or more executable programs, or in the form of source code or higher-level code
from which one or more executable programs are derived, assembled, interpreted or
compiled. Any one¢ of a number of computer languages or protocols may be used,
depending on the manner in which the desired operations are to be carried out. For
cxample, these computer instructions may be written 1n a conventional high level
language, either as a conventional linear computer program or arranged for execution in
an object-oriented manner. These instructions may also be embedded within a higher-
level application. For example, an embodiment of the mvention has been realized as an
executable within the ACCESS database application using Visual Basic Algorithm
(VBA) 1instructions to provide output in the form of an EXCEL spreadsheet, which 1s
beneficial because of the relatively low level of user training that 1s required. It 1s
contemplated that those skilled in the art having reference to this description will be
readily able to realize, without undue experimentation, this embodiment of the invention
in a suitable manner for the desired installations. Alternatively, these computer-
executable software instructions may be resident elsewhere on the local arca network or
wide arca network, accessible to evaluation system 10 via its network interface 16 (for
cxample 1n the form of a web-based application), or these software instructions may be
communicated to evaluation system 10 by way of encoded information on an

clectromagnetic carrier signal via some other interface or input/output device.

[0039] The common approach to estimation of an extreme value 1s to identify the
value of a quantile at the extreme end of a statistical distribution. Of course, for a finite
population, the extreme value will literally be the extreme value of the finite set of values.

As known 1n the field of statistics, a quantile 1s the data value marking the boundaries
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between consecutive ones of g essentially equal-sized data subsets 1n the distribution. For
the example of a pipeline that 1s one hundred feet in length, and for which measurements
are being considered over one-foot intervals, the extreme value will be derived as the data
value at the 99" percentile of the distribution. Extreme value generation therefore

obviously depends strongly on the choice of the statistical distribution to be used.

[0040] A desired result from embodiments of this mvention, as practiced, 1s an
estimate of the extreme value of wall thickness loss (worst case corrosion) of a pipeline
based on sample measurements taken along that pipeline. Unfortunately, pipeline wall
thickness loss measurements along a pipeline do not reliably follow known statistical
distributions. Indeed, it has been observed that the distribution of actual pipeline wall
thickness loss measurements along a pipeline does not fit any one statistical distribution,
but often appears as a mixture of distributions. In addition, this mixture of distributions 1s
not necessarily constant from pipeline to pipeline, which 1s intuitive given the variation of
pipelines 1n length, material, construction, composition of the fluid carried, frequency and
number of supports and couplings and joints, and the like. This erratic statistical behavior
1s believed to be due to non-uniform susceptibility of the pipeline to corrosion along its
length; some portions or locations of pipelines (e.g., near pipeline supports) are more
susceptible to corrosion than others. It 1s therefore unreasonable to expect that a single
statistical distribution can accurately represent wall thickness loss along the length of the

pipeline.

[0041] According to embodiments of the invention, statistics from those pipelines
that have been measured along their length, for example by ILI, are used to derive a
discriminant function by way of which an optimal distribution can be seclected for a
pipeline for which only sampled measurements are available. Once the distribution 1s
selected for the sampled pipeline, then an extreme value can be estimated and the

confidence intervals tor that extreme value estimate can be derived.

[0042] According to this embodiment of the invention, the candidate statistical
distributions, from which the optimal distribution 1s seclected, are based on ILI
measurements taken along the length of the reference pipelines. ILI measurements are
especially useful 1in connection with this invention, because of the ability of ILI
technology to obtain thickness measurements at small increments along the length of the

pipeline being measured. For purposes of this embodiment of the invention, such ILI
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measurement can be considered to be virtually, 1f not literally, “100% inspection” of the
wall thickness or wall thickness loss along the measured length of the pipeline. This high
degree of coverage provides an accurate measure of the minimum wall thickness along
that pipeline, which 1 turn enables the corresponding statistical distribution of ILI
measurements to provide a reasonable extreme value estimate for a pipeline for which
only sampled measurements are available, according to this embodiment of the invention.
It 1s contemplated that these candidate statistical distributions may be based on
measurements acquired by technologies other than ILI, or by ILI measurements at less
than virtually 100% coverage, so long as the measurement coverage of those reference
pipelines substantially characterizes the relevant length of the pipeline to an extent that
one¢ can be highly confident (e.g., on the order of 99% confident) that the true largest
possible wall thickness loss has been observed. Full measurement coverage obtained by
in-line 1nspection of the reference pipelines 1s, of course, particularly useful in connection
with this embodiment of the invention, as that approach will provide the highest degree of

confidence 1n the extreme value measurement for the reference pipelines.

(004 3] According to the embodiment of the mvention 1llustrated in Figure 2, ILI
library 20 includes measurement data for each of those pipelines upon which 1n-line
inspection (ILI) has been carried out, and also includes statistical information based on
those measurements as well as other parameters regarding those pipelines themselves.
The pipelines for which ILI measurements may be useful include those pipelines within
the same system as the pipeline of interest for which an extreme value estimate 1s being
made, and also pipelines 1n other systems that can be considered as possibly analogous.
The properties of Monte Carlo samples, at various sample sizes, taken from these datasets
of ILI measurements stored in ILI hibrary 20, along with the other pipeline descriptors,
will be used to derive a discriminant function for selecting a statistical distribution from
sample statistics and other parameters for other pipelines, according to this embodiment
of the mnvention. Referring now to Figure 3, the derivation of such a discriminant
function from ILI library 20 of ILI measurements acquired on one or more pipelines in

the overall system, according to this embodiment of the invention, will now be described.

[0044] According to this embodiment of the invention, evaluation system 10 may
itself build ILI library 20 and derive the discriminant function, or alternatively another

computer system may build ILI library 20 and derive the discriminant function, with the
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discriminant function then communicated or otherwise made accessible to evaluation
system 10. As such, the particular computer system that carries out the processing
illustrated 1in Figure 3 to derive the discriminant function 1s not of particular importance 1n
connection with this invention. As evident from the nature of the processing of Figure 3,
derivation of the discriminant function need only be done once, in advance of the
operations to be carried out by evaluation system 10 1n analyzing sampled measurements
according to this embodiment of the invention. Additional ILI measurement datasets that
arc acquired can be processed and added into ILI hibrary 20. In this event, the
discriminant function can then be recalculated, to be further updated with the additional

distributions and statistics from the new datasets.

[0045] In process 22, the in-line 1mnspection data for a pipeline are retrieved. The
in-line 1nspection dataset £ retrieved 1n process 22 includes measurements taken along the
entire length of a pipeline, at a spacing determined by the particular ILI technology and
system used to acquire the data. These data may be retrieved 1n process 22 from a
memory resource or over a network, or otherwise received by the operative computer

system 1nvolved in deriving the discriminant function.

[0046] For purposes of this embodiment of the invention, 1t 1s useful if the ILI
measurements retrieved 1n process 22 are expressed in incremental lengths consistent
with UT/RT sample measurements taken of other pipelines. According to this
embodiment of the invention, therefore, in process 24, the ILI measurement data are
converted mto measurements at a unit length corresponding to the unit length of sampled
measurements. For example, the length of interest for a sampled UT/RT measurement
may be a one-foot interval along the length of a pipeline. It 1s lhikely that ILI
measurements do not correspond to one-foot intervals, but instead present data more
finely (i.e., effectively continuous) than the sampled UT/RT measurements. Accordingly,
in process 24, the operative computer system converts the ILI measurement data into the
desired unit of measurement (e.g., percent wall loss) at the unit length of interest (e.g.,
one-foot lengths) corresponding to the UT/RT measurements carried out by the
measurement operator. This conversion can be carried out by conventional techniques,
for example by selecting and storing the maximum wall loss measurement within each of

the desired intervals.
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[0047] It has been observed, in connection with this invention, that pipeline wall
loss measurements vary among measurement technology. More specifically, 1t has been
observed that a bias exists between ILI measurements and those obtained from UT/RT
inspections (with UT and RT measurements observed to correspond well with one
another). This bias 1s somewhat difficult to characterize because ILI measurement of wall
loss for a given pipeline typically indicates a far greater percentage of length of minimal
thickness loss than do sampled measurements by way of UT or RT for that same pipeline.
This high percentage of minimal loss renders the derivation of a rigorous calibration
cquation somewhat difficult. However, because the goal of pipeline mtegrity monitoring,
by either technology, 1s primarily concerned with detecting the extreme value of wall loss
(i.e., the location of first failure), a useful calibration function can be derived by
comparing only those measurements of relatively high (e.g., >20%) wall loss among the
various technologies. This truncation of the measurements can provide a useful
calibration function. Accurate calibration renders the ILI measurements useful in
characterizing the distribution of the UT/RT measurements according to this embodiment

of the invention, as will be described below.

[0048] In one example, a calibration of ILI wall loss measurements to UT wall
loss measurements has been performed from a regression of maximum wall loss values
for several pipelines, as detected by ILI measurements, with maximum wall loss values
for those same pipelines as detected by UT sampling. This regression used only those ILI
values greater than 20% wall loss, and excluded obvious exceptions. In addition, this
regression does not require the ILI measurement to be at the same physical location along
the pipeline as a corresponding UT (or RT) measurement. The result of this regression
provided the following relationship of maximum wall loss thickness UT,,, as measured
by sampled ultrasonic tomography to the corresponding ILI maximum wall loss thickness

as measured /L1,

~ A.EPT. — T A : X : i{‘ A "y

RRNENE

Of course, 1t 1s contemplated that a different calibration scheme may be applied,
depending on the particular measurement technologies and apparatus used 1n each case,
differences 1n the pipelines and the nature of the fluid carried, whether a higher order

calibration 1s desired, and the like. Once a calibration function i1s defined, for example
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from analysis of a reasonable number of pipelines with both ILI and UT or RT wall loss
measurements, calibration process 25 1s performed over the ILI wall loss measurements

for pipeline dataset £ according to that function.

[0049] The true extreme value of wall thickness loss measurement indicated by
the converted and calibrated ILI measurements will be used in deriving the discriminant
function, according to this embodiment of the invention. Accordingly, that extreme value
1s 1dentified for dataset £, and stored 1n memory 1n a manner associated with dataset 4, 1n
process 26. In addition, according to this embodiment of the invention, certain
parameters about the physical pipeline can be useful in deriving the discriminant function.
Examples of these pipeline descriptors include the length of the pipeline, the diameter of
the pipeline, whether a water phase 1s present 1n the fluid carried by the pipeline, whether
an o1l phase 1s present, and the like. These parameters are also stored in memory 1n

assoclation with dataset &, in process 26.

[0050] Decision 27 determines whether additional ILI datasets remain to be
converted and calibrated. If so (decision 27 1s YES), dataset index £ 1s incremented in
process 29, and the next dataset & 1s retrieved (process 22), converted mto the desired
increments of pipeline length (process 24), calibrated to UT/RT measurements (process
235), and 1ts extreme value of wall thickness loss 1dentified and stored along with pipeline
descriptors (process 26). Upon completion of these processes for all ILI datasets to be
considered (decision 27 1s NO), control passes to process 28 for determination of which

of the ILI datasets are suitable for use in deriving extreme value estimators.

[0051] In process 28, the operative computer system determines which of the
converted and calibrated datasets are suitable for use in extreme value estimation, by
sclecting those datasets that exhibit patterns, in their measurement values, that are similar
to the sampled measurement values obtained by UT/RT from other pipelines that are to be
investigated. According to this embodiment of the invention, as will be described below,
the discriminant function used to select an optimal statistical distribution 1s not based on
the fit of the statistical distribution over the entire distribution of measurements, but rather
will be based on the accuracy of the statistical distribution 1in estimating the extreme value
of worst case corrosion. As noted above, the actual distribution of wall thickness loss
measurements typically appears to be a mixture of distributions. Given these factors, an

ILI dataset that 1s heavily weighted with zero-wall loss measurements will not be
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particularly helpful 1in selecting a statistical distribution from which the extreme value 1s
to be estimated. Accordingly, process 28 climinates those datasets for which the
converted and calibrated ILI measurements do not meet a similarity criterion. An
cxample of a similarity criterion useful 1in process 28 1s a percentage threshold of non-
zero wall loss measurements. For example, 1f more than 50% of the converted calibrated
wall thickness loss measurements of a dataset are zero-valued, that dataset will be

climiated from the derivation of the discriminant function by process 28.

[0052] Once the suitable ILI datasets for extreme value estimation are i1dentified
in process 28, Monte Carlo simulated sampling of these datasets at various sample sizes 1s
then performed, 1n process 30. The operation of process 30 according to this embodiment

of the invention will now be described 1n connection with the flow diagram of Figure 4.

[0053] Process 30 begins, as shown in Figure 4 with the random sampling of
calibrated ILI wall loss measurements 1n pipeline dataset &, in process 32. These random
samples correspond to wall thickness measurements (expressed, 1in this embodiment, as
percentage of wall thickness loss) at random locations along the length of the pipeline.
Each instance of process 32 samples the distribution of calibrated ILI measurements in
pipeline dataset k& to a specified sample size j; for best results, the sample size j will
correspond generally to a range of possible sample sizes of UT/RT measurements for
pipelines 1 the field. For example, 1n practice, the method of this embodiment of the
invention 18 most uscful i connection with UT/RT measurement sample sizes ranging
from about ten to about one thousand. In addition, process 32 may reduce the number of
random samplings performed at higher sample sizes j, as these higher sample sizes will
exhibit less variability among one another (and will thus give the same result). Also in
process 32, certain sample statistics that may prove useful in deriving the discriminant
function are also calculated for this sample set, and stored in memory. These statistics
include at least those statistics that will be useful 1n fitting various statistical distributions
to the sample values (e.g., mean, median, standard deviation or variance), as well as other
statistics that may assist the discriminant calculation (e.g., 75% quantile value, kurtosis,
skewness, sample size, maximum sample value, etc.). This Monte Carlo simulated
sampling of the calibrated ILI measurements, at this same sample size, and calculation of
the relevant statistics, are repeated » times 1n process 32, with » being a relatively modest

number (e.g., on the order of ten), and the results recorded for each sampling. Decision
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33 1s performed to determine whether additional sample sizes are to be analyzed for
dataset £; 1f so (decision 33 1s YES), sample size j 1s adjusted 1n process 34, and process
32 1s repeated for this new sample size. Upon obtaining the desired number of samples at
all of the desired sample sizes for a dataset &, decision 35 determines whether additional
datasets remain to be sampled. If so (decision 35 1s YES), dataset index & 1s incremented

(process 36), and sampling process 32 1s performed on the next dataset.

[0054] Once all the desired sample sets are obtained via process 32 at all desired
sample sizes for all of the datasets to be considered (decision 35 1s NO), these sample sets
are then used to determine the one statistical distribution, out of a set of candidate
statistical distributions, that best predicts the extreme value of worst case corrosion for
cach sample set. This determination 18 made by estimating the extreme value using each
of these statistical distributions as applied to the sample sets, which 1s performed 1n
process 39 (Figure 3) according to this embodiment of the invention. It has been
observed, 1mn connection with this invention, that the parameter of wall thickness loss
along the length of the pipeline does not necessarily follow a single statistical distribution.
Rather, it has been observed that, in many cases, the distribution of wall loss
measurements along a pipeline appears to be a mixture of distributions. Considering
these observations, the selection of a statistical distribution 1s based on the “goodness of
fit” of estimates of the extreme value from the statistical distributions to the actual
extreme value of the pipeline, rather than the goodness of fit of the statistical distribution

to the entire set of sample values.

[0055] It 1s contemplated that the set of candidate statistical distributions to be
evaluated for extreme value estimation, in this embodiment of the invention, will be
presclected. It has been observed, in connection with this invention, that statistical
distributions that arc characterizable by two parameters are best suited for worst case
corrosion cstimation, as opposed to three-parameter statistical distributions such as the
Generalized Pareto Distribution and the Generalized Extreme Value (GEV) Distribution.
Figures 5a through 35d illustrate the shapes of some statistical distributions that are
contemplated to be generally useful in connection with this embodiment of the invention.
These statistical distributions include the Minimum Extreme Value Distribution, the
Logisitic Distribution, the Maximum Extreme Value Distribution, and the Weibull

Distribution, shown 1n Figures 5a through 35d, respectively. For the description of this
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embodiment of the invention, these four statistical distributions will be the candidate

statistical distributions.

[0056] Given the set of candidate statistical distributions, each of the candidate
statistical distributions are evaluated for each of the sample sets. Referring again to
Figure 4, this operation begins, for a given sample set (cach sample set being considered
individually, without regard to the ILI dataset to which 1t belongs except by way of
reference to its true extreme value and any associated pipeline descriptors that were
stored 1n process 26), in process 34. In this process 34, cach candidate statistical
distribution 1s fit to the sample set by way of the statistics calculated for that sample set in
process 32. This fitting of the candidate statistical distributions to the sample sets 1s
contemplated to be performed by conventional statistical or mathematical computer
software, typically applying maximum-likelihood techniques, and executed by evaluation
system 10 or such other computer system that 1s operating to derive the discriminant
function; various conventional computer software programs for carrying out this function
arc well-known to those skilled in the art. This fitting 1s performed for cach of the

candidate statistical distributions for the current sample set, 1n process 34.

[0057] In process 36, cach of the candidate statistical distributions are
interrogated to obtain an estimate of the extreme maximum value of wall thickness loss.
As mentioned previously, the evaluation of a distribution to obtain an extreme value
amounts to an ¢valuation of the distribution at a specific quantile. In this embodiment of
the invention, this extreme value quantile has a relationship to the overall length of the
pipcline. For example, 1f a pipeline has a length of 20,000 feet, and 1f measurements (as
converted) are being considered at one-foot intervals, then the extreme value will be that

value, 1n the statistical distribution at the quantile:
Extreme value quantile = 100 * (1 — 1/20,000) = 99.995%
In general, the extreme value quantile 1s thus determined as:
Extreme value quantile = 100 * (1 — 1/length)

The evaluation of each candidate statistical distribution, in process 36, can be performed
using conventional statistical computer software as known 1n the art. An example of such
computer software that 1s particularly useful 1n this evaluation process 36 1s the SPLIDA

statistical software package developed by Dr. William Mecker of lowa State University;
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the SPLIDA software package 1s implemented in the S-Plus statistical programming
language, and follows the methodologies, described in Meeker and Escobar, Statistical
Methods for Reliability Data (Wiley-Interscience, New York, 1998). Figure 5c 1llustrates
an example of a result from the SPLIDA statistical software package 1n 1dentifying the
value at the extreme value quantile. In this example, the software package returns an
extreme value estimate of 45% wall thickness loss, taken at the 99.995% quantile. The
confidence level distribution for this estimate 1s illustrated 1in Figure 5¢, and shows that
this extreme value ranges from 38% to 53% wall thickness loss, at a 95% confidence

level.

[0058] In process 38, the extreme value quantile calculated for cach candidate
statistical distribution 1s compared to the true extreme value that was stored for this
dataset k£ 1n process 26. This comparison of process 38 may be a simple arithmetic
comparison of the most likely extreme value determined in process 36 with the true
extreme value; alternatively, the confidence level about the calculated extreme value may
be considered. Figures 5f through 51 1llustrate examples of comparison process 38, for an
example 1n which the true extreme value of wall thickness loss was 38% as measured by
ILI (and calibrated to UT/RT). Figure 5f illustrates that the extreme value indicated by
the Maximum Extreme Value distribution was 30%. Figure 5g illustrates that the extreme
value indicated by the Logistic distribution was 26%. Figure Sh illustrates that the
extreme value indicated by the Minimum Extreme Value distribution was 29%. Figure 51
illustrates that the extreme value indicated by the Weibull distribution was 40%, which of
course 18 the closest of these four candidate distributions 1n this example. An i1dentifier of
the closest estimating candidate distribution 1s then stored in memory, along with the
calculated sample statistics and pipeline descriptors associated with the ILI dataset &£ from
which this sample set was taken, also 1n process 38. An example of the result of process
38, for ten sample sets that, for example, are all derived from the sample pipeline dataset,

1S:
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Mean Median Q3 Max N Stdev SkewnessKurtosis Lengtl-l Diameter Serv_PW Serv_ILO Serv_O Best Dist

4.6 4.2 o5.f 18.2 10 2.3 2.0 5.1 12754 24 0 0 1 E
5.1 4.1 2./ 15.1 10 4.0 2.4 6.4 12754 24 0 0 1 E
4.6 4.7 5.1 13.0 10 3.4 1.7 4.3 12754 24 0 0 1 E
4.1 3.7 2.4 11.2 10 3.1 1.2 2.4 12754 24 0 0 1 W
3.1 4.0 5.0 5.8 10 2.4 -0.3 -2.1 12754 24 0 0 1 W
3.5 3.9 7.4 29.4 20 10.3 1.4 0.4 12754 24 0 0 1 S
6.5 3.8 5.2 26.5 20 3.0 2.0 2.6 12754 24 0 0 1 L
6.8 3.9 5.0 28.9 20 7.8 1.9 2.6 12754 24 0 0 1 L
2.3 2.3 4.1 32.1 20 3.0 2.6 6.8 12754 24 0 0 1 E
4.4 3.5 4.7 23.6 20 5.4 2.8 9.0 12754 24 0 0 1 E

In this example, the number “N” 1s the sample size of the particular sample set. The
pipeline descriptors of “Serv PW”, “Serv PO”, and “Serv O” indicate, respectively,
whether the pipeline service includes produced water, produced o1l (i.e., o1l 1in the
pipeline as pumped from the ground), and “o01l” (i.e., o1l in the pipeline from the outtlow
of a separator). Other statistics and pipeline descriptors 1n this table are self-explanatory.
The best extreme value fit statistical distribution 1s 1llustrated, for each sample set, as the
category response in the last column: “E” indicates the Maximum Extreme Value
distribution, “W” indicates the Weibull distribution, “S” indicates the Minimum Extreme

Value distribution, and “L” indicates the Logistic distribution.

[0059] It additional sample sets remain to be analyzed (decision 37 1s YES), the
next sample set 1s selected (process 39) and evaluation processes 34, 36, 38 are repeated
for the next sample set. Upon all sample sets being evaluated and the best candidate
statistical distribution identified (decision 37 1s NO), process 39 1s complete, and the

discriminant function can now be derived 1n process 40 (Figure 3).

[0060] According to this embodiment of the mvention, the discriminant function
will be derived 1n the form of a set of lincar equations. A useful step, 1n this regard, 1s to
initially 1dentify any of the sample statistics stored for each dataset that tend to correlate
with one another, so that but one of those correlating statistics are preferably removed
from the discriminant function derivation. Otherwise, those correlating statistics would
tend to be overemphasized 1n the resulting function. For example, in one example of this

method, kurtosis correlated with skewness and was therefore dropped from the analysis.

[0061] The statistical methodology for deriving a discriminant function in this
situation having a categorical response (the best fit statistical distribution) 1s called linear

discriminant analysis, approaches to which are described in Afifi et al., Computer-Aided

Multivariate Analysis 4" Edition (Chapman&Hall/CRC, Boca Raton, 2004). Figure 5j
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illustrates simplified 1llustration of this type of problem by way of a figure from the Afifi
reference, for the example of a two-response set (Population I and Population II) with a
single predictor variable x. It 1s the value of predictor x that determines whether a
particular member ought to be assigned to Population I or Population II. The
discriminant function m this example 1s simply the vertical line shown in Figure 5Sh

between the two populations.

[0062] According to this embodiment of the mvention, the discriminant function
will be more complex than the simple example shown 1n Figure 55, both in the number of
populations to be separated, and also in the number of predictor variables. However,
modern computing capability 1s fully capable of deriving the appropriate discriminator
function, as a set of lincar equations, using conventional techniques. It has been
observed, 1in connection with this invention, that some of the prediction behavior 1s non-
linear, and as such 1t 1s useful to evaluate both the lincar and the quadratic behavior of all
of the possible predictors. To improve etficiency, according to this embodiment of the
invention, logarithms may be used to express some of the predictors, simplifying the
cquations. An example of a resulting discriminant equation derived according to an
example of this embodiment of the invention, for an example of 538 datasets considered

from eighteen ILI pipelines, 1s shown 1n Table 1:

Discriminant Function Analysis Summary
No. of vars in model: 10; Grouping: Distribution (4 grps)

Table 1

As known 1n the art, smaller p-level values 1n this table correspond to higher levels of

significance as a discrimination variable. Those parameters (statistics and pipeline
descriptors) that are not useful in determining the classification of the statistical
distributions are not shown in this table. For example, in this example, the pipeline

descriptors of pipeline length and also of pipeline service indicators (produced water,
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produced oil, and o1l) did not affect the accuracy of the statistical distribution prediction.
It 1s contemplated, however, that such descriptors may be important in some pipelines,

and as such are suitable for consideration as important predictors in other situations.

[0063] Given the discriminant analysis that 1s shown in Table 1, conventional
mathematical operations can be executed by evaluation system 10 or such other computer
system that 1s being used to derive the discriminant function and store that discriminant
function 1n ILI library 20, 1n process 40. According to this embodiment of the invention,
process 40 creates and stores a set of classification equations, one for cach candidate

statistical distribution. An example of these classification equations 1s shown 1n Table 2:

Classification Functions; grouping: Distribution

Variable
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Table 2

The discriminant function according to this embodiment of the invention 1s a set of linear
cquations, cach lincar equation associated with one of the candidate statistical
distributions. In the example of Table 2, the linear equation for cach candidate
distribution 1s the stmple lincar combination of cach of the numbers 1n a column of Table
2 with the data values for the pipeline of the interest corresponding to the sample statistics
or pipeline descriptor for each row. An additive constant 1s also mcluded 1n each linear
cquation (“Constant”) at the bottom of the table. For example, the linear equation for the

Minimum Extreme Value distribution (*S”’) would be expressed as:

“S” =-2.425(Max) + 1.200(Stdev) + 26.49(Skewness) + 1.104(Pipeline diameter) +
142.6(log1o(Mean)) + 19.41 (In(Q3+)) + 23.73(log1o(n)) + 3.747(skew”) +
51.23((logio(Mean))*) — 113.5
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This discriminant function of the set of linear equations (which may include squared or
logarithmic terms based on statistics or pipeline descriptors) will be applied to the sample
statistics and pipeline descriptor values for a sampled pipeline, by evaluating ecach of the
cquations. The statistical distribution which returns the highest value from its linear
cquation as applied to the sample statistics and pipeline descriptors will be the selected
statistical distribution for determining the worst case corrosion for that sampled pipeline.
Upon completion of process 40, sampled values of wall thickness loss for other pipelines
can now be analyzed for their worst case corrosion value, as will now be described

relative to Figure 6.

[0064] According to this embodiment of the mvention, once the discriminant
function based on ILI datasets has been derived and stored in ILI library 20, sample
measurements of pipelines other than those for which ILI has been performed can now be
analyzed to obtain an estimate of the worst case corrosion 1n those sampled pipelines.
Figure 6 1llustrates the overall operation of a method of analyzing UT/RT measurements
to obtain an estimate of such an extreme value, according to this embodiment of the
invention. It 18 contemplated that this process will be carried out by evaluation system
10, an example of which 1s described above relative to Figure 3, which may be a
workstation operated by a human analyst determining the sufficiency of the UT/RT
sample coverage for one or more pipelines. As mentioned above 1in connection with that
description of evaluation system 10, 1t 1s also contemplated that the computational
resources and components carrying out this process may be deployed in various ways,

including by way of a web application or other distributed approach.

[0065] According to this embodiment of the invention, the analysis of UT/RT
measurements for a particular pipeline under investigation (this pipeline referred to herein
as “pipeline PUI”) begins with the retrieval of the sampled UT/RT measurements from
data source 18, shown as process 50 of Figure 6. Pipeline PUI 1s typically an
“unpiggable” pipeline, for which only sampled measurements of wall loss have been
obtained. In this embodiment of the mvention, the retrieved data for pipeline PUI include
an 1ndividual wall loss value for each of a number of samples acquired at locations along
pipeline PUI, for example by way of ultrasonic tomography (UT) or radiography (RT), or
some other measurement technology. These sample UT/RT measurements may be pre-

processed so as to be expressed as a figure of wall thickness loss (e.g., percentage wall
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loss). In this described example, ecach UT/RT sample 1s considered as the maximum
percentage wall loss detected over a relatively small interval (e.g., one foot) of the length
of pipeline PUI, although other measurements may also be taken or used. The sample
interval of the UT/RT measurements should match the interval to which the ILI
measurement data were transformed (process 40 of Figure 4). The data retrieved 1n
process 50 should also include the length of pipeline PUI, the number of UT/RT samples
acquired, the diameter of pipeline PUI, and other pipeline descriptors as will be applied to

the discriminant function described above.

[0066] Upon retrieval of the UT/RT measurement data for pipeline PUI,
cvaluation system 10 next calculates sample statistics based on the UT/RT sample
measurements retrieved, 1n process 52. These sample statistics include those statistics
that are factors 1n the discriminant function derived from the ILI datasets, as described
above. It 1s contemplated that these sample statistics calculated in process 52 will

ogenerally include common statistics such as mean, median, standard deviation, skewness,

and the like.

[0067] In process 54, evaluation system 10 accesses ILI library 20 to retrieve the
discriminant function, 1n the form of a set of lincar equations according to this
embodiment of the mnvention. As described above, these linear equations that make up
the discriminant function enable the selection of the most appropriate candidate statistical
distribution for evaluating the extreme value of worst case corrosion for pipeline PUI.
Process 56 1s next executed by evaluation system 10 to apply the sample statistics and
pipeline descriptors for pipeline PUI to the discriminant function retrieved 1n process 54.
In this embodiment of the invention, in which the discriminant function 1s derived as a set
of linear equations, one equation for cach of the candidate statistical distributions, process
56 mvolves the evaluation of cach of the lincar equations with the sample statistics and
pipeline 1dentifiers for pipeline PUI, and a comparison of the evaluated result from each
of those linear equations to i1dentify the equation returning the largest-valued result. The
candidate statistical distribution associated with the largest-valued result of the
discrimination function evaluation 1s, according to this embodiment of the invention, the
best one of the candidate statistical distributions for accurately predicting the extreme

value of worst case corrosion for pipeline PUI.
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[0068] In process 60, once the statistical distribution 1s selected 1in process 58,
cvaluation system 10 evaluates an estimate of the extreme quantile value for pipeline PUI,
to provide an estimate of the worst case corrosion. Evaluation process 60, as described
above for the ILI datasets, involves first fitting the selected statistical distribution to the
sample UT/RT values for pipeline PUI, for example by evaluation system 10 executing
conventional statistical computer software applying maximume-likelihood functions, as
known to those skilled in the art. Once the distribution 1s fit to the sample data, this
distribution 1s used to obtain an estimate of the extreme maximum value of wall thickness
loss (worst case corrosion). As discussed above, 1n this embodiment of the invention, the
extreme value evaluation amounts to an evaluation of the distribution at a specific

quantile that 1s related to the overall length of pipeline PUI:
Extreme value quantile = 100 * (1 — 1/length)

The SPLIDA statistical software package referred to above 1s well-suited for evaluating
the extreme value quantile 1n process 60 according to this embodiment of the invention;
of course, those skilled 1n the art will readily recognize that other software packages and
computer programs are also available or can be readily developed to evaluate this extreme
value quantile from the selected statistical distribution. Also according to this
embodiment of the invention, evaluation system 10 also returns one or more confidence
levels and their associated intervals about the calculated extreme value. The results
returned from process 60 are similar to those discussed above relative to Figure 5S¢, in that
the peak of the distribution of extreme values corresponds to the worst case corrosion,

with an interval surrounding that peak 1dentified at one or more confidence levels.

[0069] The extreme value of worst case corrosion, and the confidence level and
associated interval, are evaluated by a system user or by programmed operation of
cvaluation system 10 1tself, in process 62, to determine whether the degree of precision
with which the worst case corrosion 1s 1dentified 1n process 60 1s adequate for the
analyst’s purposes. If so, the process 1s complete and another pipeline under investigation
can be similarly analyzed. If the worst case corrosion value 1s sufficiently high, in the
opinion of an expert user or relative to a pre-programmed limit at evaluation system 10,
other action such as performing additional statistical assessment of the sampled data
already obtained for pipeline PUI, and perhaps acquiring new or additional sample data,

can be performed to define the appropriate action to be taken 1n light of the worst case
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corrosion 1n pipeline PUIL. The appropriate actions to be taken may also depend on the
precision of the estimate at the desired confidence level, if the value of the worst case

corrosion determined 1n process 60 18 somewhat high.

[0070] Important benefits in the monitoring of pipeline integrity in a large scale
pipeline system can be obtained according to this invention. The operator can obtain a
realistic estimate of worst case corrosion from sampled pipeline wall thickness loss
measurements through the use of this invention, without relying on unsupportable
assumptions about the statistical distribution of wall loss along the pipeline, and without
relying on fluid and material models with unrealistic or unsupportable underlying
assumptions. By providing a relatively quick and efficient evaluation of the worst case
corrosion, along with a confidence interval at one or more confidence levels, the operator
of the production field or pipeline system can more efficiently perform the necessary
monitoring and in-depth statistical analysis to ensure a suitable level of integrity, by

focusing measurement and analytical resources where most needed.

[0071] While the present nvention has been described according to 1its
embodiments, 1t 1S of course contemplated that modifications of, and alternatives to, these
embodiments, such modifications and alternatives obtaining the advantages and benefits
of this invention, will be apparent to those of ordinary skill in the art having reference to
this specification and i1ts drawings. It 1s contemplated that such modifications and

alternatives are within the scope of this invention as subsequently claimed herein.
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CLAIMS

What 1s claimed 1s:
1. A method of estimating the integrity of a pipeline, comprising the steps of:

recerving sampled measurement data of pipeline wall thickness loss for the
pipeline, the measurement data obtained at a plurality of sample locations along the
pipeling;

calculating sample statistics of the sampled measurement data;

applying the calculated sample statistics to a discriminant function, the
discriminant function arranged to identify one of a plurality of candidate statistical
distributions for accuracy in estimating an extreme value of pipeline wall thickness loss,
cach of the plurality of candidate statistical distributions based on wall thickness loss
measurements of a corresponding one of a plurality of reference pipelines; and

cvaluating an extreme value quantile of the 1dentified candidate statistical
distributions as fit to the sampled measurement data to obtain an estimate of an extreme

value of pipeline wall thickness loss for the pipeline.

2. The method of claim 1, further comprising:
obtaining pipeline descriptors for the pipeline;
and wherein the applying step also applies the pipeline descriptors to the

discriminant function.

3. The method of claim 1, wherein the discriminant function comprises a plurality

of linear equations, cach associated with a candidate statistical distribution.

4. The method of claim 1, further comprising:
deriving the discriminant function from Monte Carlo sampling of 1nline

inspection measurement datasets for the plurality of reference pipelines.

5. The method of claim 4, wherein the deriving step comprises:
identifying an extreme value of pipeline wall thickness loss 1in each of the

plurality of datasets;
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for each of the plurality of datasets, at ecach of a plurality of sample sizes,
randomly sampling cach of the datasets one or more times, to derive a plurality of
reference sample sets;
for cach of the reference sample sets:
calculating one or more sample statistics for the sample set;
cvaluating an extreme value quantile using cach of the plurality of
candidate statistical distributions as fit to the sample set, to obtain an estimate of an
extreme value of pipeline wall thickness loss;
comparing the evaluated extreme value quantile from each of the
plurality of candidate statistical distributions to the extreme value of pipeline wall
thickness loss for the dataset from which the reference sample set 1s taken; and
then, for cach of the datasets, identifying one of the candidate
statistical distributions for which the evaluated extreme value quantile 1s closest to the
extreme value of pipeline wall thickness loss for the dataset from which the reference
sample set 15 taken; and
for cach of the candidate statistical distributions, deriving a discriminant
cquation using the sample statistics of the reference sample sets for which the candidate

statistical distribution 1s the 1dentitied candidate statistical distribution.

6. The method of claim 5, wherein the deriving step further comprises:
calibrating the 1n-line inspection measurement data 1n the datasets
according to a calibration function between in-line inspection measurements and sampled

measurement data.

7. The method of claim 5, further comprising:
for cach dataset, obtaining pipeline descriptors for its associated reference
pipeline from which 1ts inline inspection measurement data are acquired;
wherein the step of deriving a discriminant equation also uses the pipeline
descriptors of the reference pipelines for the dataset from which the reference sample set

1S taken.

29



10

15

20

25

CA 02730569 2011-01-12

WO 2010/014471 PCT/US2009/051379

8. The method of claim 7, further comprising:
obtaining pipeline descriptors for the pipeling;
wherein the applying step also applies the pipeline descriptors to the discriminant

function.

9. An evaluation system for evaluating measurements of pipeline wall
thicknesses, comprising:
a memory resource for storing a data library;
on¢ or more central processing units for executing program instructions; and
program memory, coupled to the central processing unit, for storing a computer
program including program instructions that, when executed by the one or more central
processing units, 1S capable of causing the computer system to perform a sequence of
opcrations for estimating the integrity of a pipeline, the sequence of operations
comprising;:
recerving sampled measurement data of pipeline wall thickness loss for the
pipeline, the measurement data obtained at a plurality of sample locations along the
pipeling;
calculating sample statistics of the sampled measurement data;
retrieving a discriminant function from the data library;
applying the sample statistics to a discriminant function, the discriminant
function arranged to 1dentify one of a plurality of candidate statistical distributions for
accuracy 1n estimating an extreme value of pipeline wall thickness loss, each of the
plurality of candidate statistical distributions based on wall thickness loss measurements
of a corresponding on¢ of a plurality of reference pipelines; and
cvaluating an extreme value quantile of the 1dentified candidate statistical
distributions as fit to the sampled measurement data to obtain an estimate of an extreme

value of pipeline wall thickness loss for the pipeline.

10. The evaluation system of claim 9, further comprising:
a network interface for presenting and receiving communication signals to a

network accessible to users;
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wherein the memory resource 18 accessible to the central processing units via the

network interface.

11. The evaluation system of claim 9, wherein the operation of receiving sampled

measurement data comprises:

accessing the memory resource.

12. The evaluation system of claim 9, wherein the sequence of operations further
COMpIISES:
obtaining pipeline descriptors for the pipeline;
and wherein the pipeline descriptors are also applied to the discriminant function

in the applying operation.

13. The evaluation system of claim 9, wherein the discriminant function
comprises a plurality of lincar equations, cach associated with a candidate statistical

distribution.

14. The evaluation system of claim 9, wherein the sequence of operations further
COMPIISES:
retrieving, from the data library, iline inspection measurement datasets
for the plurality of reference pipelines; and
deriving the discriminant function from Monte Carlo sampling of the

inline 1spection measurement datasets.

15. The evaluation system of claim 14, wherein the operation of deriving the
discriminant function comprises:
identifying an extreme value of pipeline wall thickness loss 1n each of the
plurality of datasets;
for each of the plurality of datasets, at cach of a plurality of sample sizes,
randomly sampling cach of the datasets one or more times, to derive a plurality of
reference sample sets;

for cach of the reference sample sets:
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calculating one or more sample statistics for the sample set;

cvaluating an extreme value quantile using cach of the plurality of
candidate statistical distributions as fit to the sample set, to obtain an estimate of an
extreme value of pipeline wall thickness loss;

comparing the evaluated extreme value quantile from each of the
plurality of candidate statistical distributions to the extreme value of pipeline wall
thickness loss for the dataset from which the reference sample set 1s taken; and

then, for cach of the datasets, 1dentifying one of the candidate
statistical distributions for which the evaluated extreme value quantile 1s closest to the
extreme value of pipeline wall thickness loss for the dataset from which the reference
sample set 1s taken; and

for cach of the candidate statistical distributions, deriving a discriminant

cquation using the sample statistics of the reference sample sets for which the candidate

statistical distribution 1s the 1dentitied candidate statistical distribution.

16. The evaluation system of claim 15, wherein the operation of deriving the
discriminant function further comprises:

calibrating the 1n-line inspection measurement data 1n the datasets

according to a calibration function between in-line inspection measurements and sampled

measurement data.

17. The evaluation system of claim 15, wheremn the sequence of operations
further comprises:
for cach dataset, retrieving pipeline descriptors for its associated reference
pipeline from which its inline mnspection measurement data are acquired;
and wherein the operation of deriving a discriminant equation also uses the
pipeline descriptors of the reference pipelines for the dataset from which the reference

sample set 1s taken.

18. The evaluation system of claim 17<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>