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Abstract—During the development of an automated system for
detecting leaks in pipelines, the test phase with actual and historical
leak events is essential to verify the efficiency and effectiveness of
detection methods implemented. However, frequently, both direct
access to actual leak data and the availability of consistent
historical leak data turn out to be extremely complex and difficult
activities. In this paper we describe and discuss the performance of
a leak event simulator in pipelines. The proposed simulator
produces different scenarios with data generated from probability
distributions, involving different types of parameters, such as flow,
pressure, temperature, noise, vibration and dilation. Events
generated by the simulator emulate closely correlated outputs of
different components and leak detection sensors, which use
methods based on mass balance, acoustics and optics. Simulating a
heterogeneous range of events associated with different detection
methods not only allows the detection and localization of a leak, but
to prevent it before it happens.

Keywords—Ileak detection; leak localization; pipeline; leak
event simulator

. INTRODUCTION

Pipeline transport is today one of the methods commonly
used for the movement of gases, liquids, and suspended solids
(fluids) that must be transferred over long distances.
Commonly, pipelines are structured and organized as part of
large networks of pipelines. Pipeline transport is a fully
automated system characterized by low operating costs.

Although pipeline technology is much more efficient and
secure than other means of motor transport [1], this does not
mean it is risk free. For example, hydrocarbon pipelines are
high risk structures if they are not given proper maintenance.
This can be preventive or corrective, but both tend to preserve
the integrity of the pipelines. The main leaks, spills, illegal
connections, vandalism, mechanical impacts, environmental
impacts (caused in sea, land and air) of hydrocarbons occur
during production, processing or transportation. These events
cause serious impacts on biodiversity, so it becomes a priority
for governments and companies control and mitigate them [2].

The main causes of pipeline leaks are [3]:
. External interference

. Construction defects
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. Repair defects

. Corrosion

. Incorrect operation

. Material failure

. Rupture or leak in joins

. Rupture or leak in seals

. Rupture or leak by prior damage in pipeline
. Ground movements

Much of the proposed automated systems for leak detection
described in the last two decades [4, 5, 6, 7, 8, 9, 10] are based
on mass balance methods [11, 12, 13]. The mass or volume
balance leak detection technique is based on the principle of
mass conservation, i.e., the flow entering one end of the duct
must be maintained until the other end thereof. Therefore, a
leak is identified at the instant when the flow amount is less in
the pipeline end. Changes in pressure and flow patterns along
the pipeline indicate the presence of a leak [11, 12, 13, 14].

Although mass balance methods are easily installed and
have low cost, they are only able to detect and quantify
relatively large leaks, not being able to determine in many
cases the cause of the leak, the presence of more than one leak
or prevent the lake. This problem has given way to the study
and development of other leak detection methods based on
non-intrusive techniques, such as acoustic methods and optical
methods [2], [14]. Thus, we believe that acoustic and optical
methods, combined with a mass balance method, would allow
not only detecting, locating and quantifying a leak, but also
prevent it.

Acoustic signals generated by the presence of leaks in a
pipeline play an important role in the detection of leaks in
underground pipelines [15, 16]. That is, acoustic signals could
be used to determine that a leak or an abnormal event that
could lead to a leak has occurred. Acoustic methods are based
on the use of sensors installed along the pipeline, which can
detect sound waves or disturbances. For example, among other
scenarios, a leak generates a noise signal which is detected by
the sensors, where the magnitude of the leak can be estimated
by the amplitude of the acoustic wave [16]. Unlike other
noninvasive methods of leak detection (e.g., ultrasound or X-
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ray) in acoustic methods, the detected energy is released from
inside the material being examined; it is also possible to detect
dynamic processes associated with structural integrity (crack
growth, plastic deformation) [17]. When a pipeline is exposed
to a tension force or pressure, the whole structure is affected,
so that by placing an acoustic sensor is able to measure those
changes. If the pipeline has a deformity, it will also be affected,
resulting in a pattern or characteristic background noise. If the
deformity increases, the acoustic sensor would be able to
measure the increase.

Among the optical methods [14], [18], the method based on
optical fiber sensors has been one of the most explored
recently. Applying a perturbation to the optical fiber, the light
passing through the core is modified, absorbed or dispersed
within the fiber, altering the wavelength by either fluorescence
or phosphorescence, modifying the polarization, by
birefringence and modifying optical phase by changes in the
optical path [3]. When the change in one or more of these
parameters is detected by the interaction between the optical
fiber and the perturbation to be measured, the optical fiber acts
as a sensor and can be designed to measure a variety of
physical and chemical parameters. Distributed fiber optic
sensors are well suited for pipeline monitoring, as has been
shown in practice. Leak detection technique based on optical
fiber sensors gives a reasonably fast response and is more
sensitive than some hardware-based methods [2].

During the development of an collaborative system for
detecting leaks in pipelines, the test phase with actual and
historical leak events is essential to verify the efficiency and
effectiveness of detection methods implemented. In this phase
is commonly necessary to adjust the parameters and
optimization algorithms. However, frequently, both direct
access to actual leak data and the availability of consistent
historical leak data turn out to be extremely complex and
difficult activities. The degree of complexity and difficulty
increases when considering leak events related to different
parameters such as flow, noise, vibration, expansion, etc. It is
precisely in those cases where the role of a leak simulator is
useful.

Taking into account the ideas outlined above, this paper
describes and discusses the performance of a leak event
simulator in a pipeline. The proposed simulator is able to
produce different scenarios with data generated from
probability distributions. Events generated by the simulator
emulate closely correlated outputs of different components and
leak detection sensors, which use methods based on mass
balance, acoustics and optics, as already previously entered.

In the next section (section 2), the characteristics of the
pipeline and leak events to simulate are described. Section 3
presents the leak event simulator, focusing on the
characteristics of the simulated data. A detailed scenario of
leak events to simulate is presented in section 4. The results
obtained during the interaction between the simulator and a
collaborative system for leak detection are presented and
discussed in section 5. Finally, section 6 provides some
concluding remarks.
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Il.  THE INTRINSIC AND NON-INTRINSIC PARAMETERS OF
THE PIPELINE

The main purpose of the leak event simulator is to provide
a set of data from various methods for detecting and locating
leaks or events on a pipeline. In this sense, an event is defined
as that action which could affect the transport of the product
through the duct.

At this point, it is important to define the parameters or
characteristics of both the pipeline and the product transported,
and those parameters that are not part of the pipeline but that
depend on the pipeline. Together, both types of parameters will
provide the properties to be sensed, which will allow detect and
locate events and prevent a leak.

Of course, the most important event is the leak and
generally, the literature focuses on the detection and location of
leaks, rather than prevention. However, the establishment of a
set of detection methods based on a range of different
parameters of the pipeline — i.e., mass/volume balance,
acoustic, optical - will not only detect and localize a leak, but
to prevent it before it happens. Taking into consideration the
previous ideas, in this work we refer to the concept of “event”
as a circumstance or action that could trigger a leak.

Simulated data of the pipeline parameters will be used to
test and tune the performance of a computer system for the
diagnosis and prevention of leaks, which is based on the
collaborative work of different artificial intelligence
techniques. The diagnosis reached by the system will enable
the decision making and problem solving for prevent, detect
and locate a leak incident.

A useful way of classifying leak detection models is based
on the nature of observable parameters. According this
taxonomy the leak detection models can be classified into two
main groups:

* Models based on equations governing the parameters
associated with the normal operation of the pipeline,
and here defined as intrinsic parameters - e.g., fluid
pressure inside the pipeline.

* Models based on parameters that arise as a result of
disturbances on the pipeline, and here defined as non-
intrinsic parameters — e.g., an acoustic wave moving
throughout the pipeline as a result of a stroke.

Regarding pipeline parameters previously defined, a set of
equations based on conservation of mass and momentum are
used in [19, 20], which govern the behavior of the pipeline
when there is a leak. This set of equations estimates the
variations of some parameters such as speed and fluid pressure.
However, it is important to note that although both models are
based on the solution of a system of differential equations, they
work different. While in [19] the idea is to estimate the
behavior of the pressure along the pipeline under the
occurrence of a leak, in [20] the system sets the pressure
changes caused by leak at the ends of the pipeline, these
changes can be seen as a wave traveling through the pipeline.
In both cases, the fluid pressure is a key parameter, which is
part of what we have named as intrinsic parameters. A leak
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disturbs this parameter, so its analysis allows us to detect and
locate a leak.

A leak not only generates pressure changes in product
transported, but also generates an acoustic disturbance, due to
the friction of the product with the pipeline walls, which will
propagate in the pipeline [2], [14], [16]. The impact of objects
on the pipeline also generates an acoustic wave traveling
through the pipeline [21]. That is, there are at least two
acoustic waves produced by different sources and characterized
by different features, which when interpreted support the
identification and localization of an event. The properties of the
last kind of disturbance are part of what we call non intrinsic
parameters, e.g., when the pipeline is beaten.

Acoustic methods require the use of sensors to detect
disturbances or acoustic signals. However, sensed data include
not only event or leak signal, but also background signals
produced by the normal operation of the pipeline, and signals
that disrupt the system, such as the action of the pumps or
compressors that move the product through the pipeline [16].
Consequently, one of the main problems in leak detection is to
filter or discriminate the signal noise produced by the event,
and thus to avoid false alarms [22, 23]. The latter reinforces the
hypothesis about the need for other methods of leak detection
and location, in order to have a better identification of a
possible event.

There are many ways to implement acoustic methods, for
example, capturing the acoustic signal by placing a set sensors
distributed throughout the pipeline, processing the captured
data, and extracting the leak signal [22]. However, the
proposed technique, although adequate, its effectiveness
depends on the distance between the sensors, proving to be
very expensive when the number of sensors increases.
Otherwise to reduce the number of sensors is to place the
sensors at the ends of the pipeline. The signal detected by the
pair of sensors is analyzed for determining its characteristics in
both frequency and phase, and thus detect and locate leaks [8],
[16], [21]. An important element to consider is how to use the
sensors, the sensor can be placed inside the pipeline
(invasively), or outside (non-invasive). Of course, the
characteristics obtained in the data depend on the type of
technique used - that is, invasive or non-invasive.

Acoustic methods represent an appropriate approach to leak
detection and location, because they are fast, easy to use and
allow localize and estimate a leak [2]. Moreover, acoustic
methods allow not only locate a leak, also events that could
trigger a leak, such as the sound of a blow or the sound
produced by a broken pipeline wall, caused by corrosion. In
this sense, acoustic methods may be a good option considering
that in addition to detecting the leak can prevent it. However,
the leak detection based exclusively on acoustic methods may
be characterized by the generation of false alarms, which could
be reduced by combining acoustic methods with other
detection methods such as mass balance.

Another appropriate approach to leak detection and location
is given by optical methods. As acoustic methods, optical
methods are fast and allow localize and estimate the leak,
however, this technique can be very expensive, but can be very
useful in preventing the leak.
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Into the optical fibre, the laser light travels from one end to
the other through reflection with the walls of this, and when an
optical fibre is subjected to small changes in temperature, strain
or vibrations, its structure changes (for example, it contracts or
expands). A portion of laser light returns to the source from the
point where the structure changes, so that it is possible to
analyze the characteristics of the returned signal and thereby
determine the magnitude of the phenomenon and its location.

The product inside the pipeline is subject to certain
pressures, which generally keeps the product at a certain
temperature, different from the medium surrounding it. In the
case of a leak, the temperature of the product may affect the
surroundings of the pipeline, so that an optical fiber placed to
the side of the pipeline may detect this change in temperature,
and then report the occurrence of that event [18], [24], [25].
Moreover, an optical fiber is capable of detecting, through the
acoustic waves, the vibrations in the pipeline, which could be
the result of a leak event. The basic principle of this method
consists in determining the phase change of the signal traveling
in the optical fiber when exposed to vibration, and thus detect
and locate a possible event [26, 27].

At this point, it is important to note that the use of optical
fiber can also prevent a leak. Also note that the temperature is
part of the intrinsic parameters of the pipeline, while the
vibrations are part of the non-intrinsic parameters.

Optical and acoustic methods may, in some cases, to
estimate with certainty and relatively quickly the size of the
leak [2] without providing a quantification of it. However,
optical and acoustic methods may be complemented with other
leak detection methods capable of quantifying the size of the
leak.

A commonly used approach for estimating the amount of
leaked product is through the use of mass balance method,
whose principle is based on the conservation of mass. The
fundamental idea behind of this method is to determine the
difference between the mass/volume of product introduced at
one end of the pipeline with the mass/volume of product
obtained at the other end [13]. While the method is
straightforward to detect a leak, it cannot determine the
location of the leak. Therefore, methods as described in [19],
[20] are used to determine the location of the leak. There are
also other methods to obtain a greater amount of information
about the leak event — e.g., using pressure sensors that detect
changes in pressure and thus determine the location of the leak.

So far we have discussed three methods for the detection
and location of leaks: acoustic, optical and mass balance. Note
that the first two permit both leak detection and prevention.
Based on these approaches, the simulator proposed in this work
contemplates the pipeline parameters shown in Table 1, along
with corresponding methods which would be implemented for
the detection and interpretation of these parameters.

A simulator based on the above parameters, and
simultaneously using detection methods shown in Table 1,
could be very useful in the adjustment and testing of systems
for detecting and locating leaks. In the next section we discuss
how the parameters in Table 1 will be modeled, and how the
detection and location methods could deliver its results. Such
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results could then be sent to a computer system for processing,
and eventually produce a result, which would support when
taking the actions that correspond to a leak event.

TABLE I. THE LEAK DETECTION METHODS AND THEIR PARAMETERS
Detection and Parameters
location method Intrinsic Non intrinsic
Mass balance Pressure, flow, product
speed
Changes in acoustic
characterizing normal | Acoustic  disturbance
operation  of  the | produced by an external
Acoustic pipeline, e.g., friction | agent to the duct, e.g.,
exerted by the product | an excavation around
on the walls of the | the pipeline
pipeline
Optical Temperature Acoustic  disturbance,

e.g., vibration

I1l.  THE LEAK EVENT SIMULATOR

According to Table 1, three methods of detecting and
locating leaks will be considered for the development of the
simulator. Each of these methods has certain advantages over
the other, but together they complement each other so that it is
possible to predict, detect and locate possible events that could
cause a leak. Each method will be able to sample and process
one or more parameters, producing an output data or result.
However, the simulator will not take care of simulating the
performance of each method, but the behavior of the output to
be produced by each method given the occurrence of an event.
Such data will be subsequently processed and interpreted by a
leak detection and location system.

A. Selection of mass balance parameters

It is hoped that the product transported by the pipeline,
once that enters one end and pumped, should come out the
other end almost at the same rate with which it comes.
However, once a leak has occurred, the amount of product
entering the duct is somewhat different from the product
leaving the other end of the duct. This is the principle of the
models based on mass balance and applies to both liquid and
gas products, the latter being more complicated during the
implementation of a mass balance method [12].

As already mentioned, mass balance methods require
solving simultaneously a set of equations that model the
behavior of the product in the pipeline, to determine the
location and rate of leak. Mass balance methods rely on the
accuracy of the sensors [12] and, unlike optical and acoustic
methods, they can determine the magnitude of the leak, once
this has occurred. However, the certainty of detection depends
on the amount of the leaked product.

From mass balance methods, two main data are considered
by the simulator: localization and quantification of the leak. In
relation to the leak quantification, it may be developed
throughout the simulation, which would mean that in most
cases the value will increase, and due to the accuracy of the
sensors and the method used to solve model equations,
quantification would have some uncertainty, whose behavior is
expected to follow a normal distribution. With respect to the
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location, the simulator will handle a fixed value which, as in
the quantization parameter, will have a given uncertainty based
on a normal distribution with mean equal to the value of the
location.

Another important aspect to consider, when the mass
balance method is implemented, is that the leak does not spread
immediately, but need to wait a certain time before the leak can
be detected. Given this feature, in the simulation unlike
acoustic and optical methods, the mass balance method to
detect the leak take a while T, after the leak has occurred.

B. Selection of acoustic parameters

As seen in Table 1, there are at least two ways to
implement the acoustic method for detecting leaks on a
pipeline, where the basic principle is based on interpreting the
acoustic waves traveling over the pipeline as a result of an
event — e.g., a knock on the pipeline, some excavation near the
pipeline, pipeline cracking or a leak. The interpretation of these
acoustic waves is not a simple task, due to attenuation that may
occur in wave traveling through the pipeline, or simply because
the sound wave result of an event has been mixed with the
sound waves that are part of the natural operation of the
pipeline or the environment (background noise).

For example, in [23], the method of detection and
localization is based on the characterization of the acoustic
wave by extracting its frequency components using Wavelet
Packet Transform, thereby eliminating those signal
components that belong to the background noise. As seen in
Figure 1, the data are extracted by placing a pair of sensors at
the ends of the pipeline, so that the wave generated by the
leakage is attenuated by the product traveling in the pipeline,
and only those components low frequency can be recovered by
applying the transform. Finally, the filtered data are classified
by a method of Fuzzy Support Vector Machine, which allows
identifying and locating a leak with high accuracy, even more,
the method can locate small leaks quickly.

Note that an important aspect of the method proposed in
[23] is its ability to detect small leaks, so it would be able to
identify the start of a leak and likewise, could prevent their
occurrence, interpreting the noise generated for the event as a
leak. In this sense, the acoustic method provides for simulating
those data based on the detection and localization of an event
with some certainty. It is hoped that during the occurrence of a
leak event increases certainty — e.g., a certainty of 100% could
indicate a leak, instead a certainty of 10% would indicate that
something has been detected, not necessarily a leak.

C. Selection of optical parameters

Optical fibers allow for a distributed arrangement of
sensors throughout the fiber, and also provide a high
bandwidth with low signal loss [25]. As the detection method,
an optical fiber can detect temperature, pressure, and acoustic
vibrations in the pipeline [18].

As a complement to the acoustic method described above,
the simulator also consider acoustic signals detected by a
detection and localization method based on optical fiber. Thus,
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the optical method will contribute to the prevention of an event
that may result in a leak in the pipeline.

The optical fiber is placed as close as possible to the
pipelineg, so that it can detect vibrations near the pipeline. When
a disturbance occurs, whether on or near the pipeline, the
signal travels over optical fiber undergoes a change in the
backscatter. This change is detected and interpreted as an
acoustic signal, which finally is characterized, allowing
determining what type of event emerges from the
characteristics of the signal. The optical method is
characterized by a high probability of detection with a high
sensitivity for the sensing of data [18].

In the optical method, as in the acoustic method, the
detection of an event is characterized by a given certainty.
Similarly, high certainty could indicate a high probability of
leak. Moreover, in the optical method, the location of the leak
is very precise, thereby determining the location of the event
with a certainty in a very narrow range.

D. A summary of the simulated leak parameters

Table 2 presents simulated data for each leak detection
method previously mentioned. Fig. 1 shows a possible
configuration scenario involving the operation of these
detection and location methods on a particular pipeline. Thus,
the simulator will emulate the behavior of the data processed
by each detection and location method, which when
subsequently analyzed by a computer system, would lead to a
more complete result in the detection and prevention of leaks.

TABLE Il SIMULATED DATA FOR EACH LEAK DETECTION METHOD

Simulated data

CEVyn = event certainty.

Fom = amount of leaked product.

DFyn = uncertainty of amount of leaked
product.

Lum = event location.

DLym = location uncertainty.

CEV, = event certainty.

Leak detection method

Mass balance

Acoustic Lac = event location.
DL, = location uncertainty.
CEV, = event certainty.
Optical L, = amount of leaked product.

DL, = location uncertainty.

It is important to note that the detection of leak events is
simulated through the following three levels:

» Prevention level - based on optical and acoustic
methods, where the optical method, given the
characteristics described above, is the primary method
of detection and localization.

+ Alarm level - supported mainly by the acoustic method,
allowing detecting and locating a leak in its early phase.

+ Leak level - based on the mass balance method,
together with the other two methods, help to quantify
the leak to determine its severity.

80

Volume 3, 2021

&> Acoustic sensor

Flow sensor

3¢
Leakage K
point ! \ Light source

v Photo detector
v

Pipe
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Fig. 1. Configuration scenario: A, B and C represent the methods of mass
balance, optical and acoustic respectively, to detect and location leaks.

Other important features of leak events are considered in
the simulator: the time at which a certain event was detected,
denoted by Tgy, and the time at which the event begins,
denoted by T,,. All detection methods are able to set the
detection time, but they cannot set the time at which the event
began. In principle, it could be possible estimate the value of
Tev, but we propose an initial value for T, for each method.

Fig. 2 illustrates the workflow of the simulator, showing
clearly the stages in which the previously described leak data
are generated. For more details on the simulator functionality
the interested reader is encouraged to check the available
source code, located at http://libio.cua.uam.mx/ls/.

All variables are
setting, and Increment
time t=0. simulation time
t=t+Td
Compute data Send all data
to Mass to process to give
Balance Method a diagnostic
Compute data o YES
to Acoustic
Method
L NO

Compute data
to Optic
Method

Fig. 2. The workflow of the simulator.

IV. A SIMULATED SCENARIO OF LEAK

The simulated scenario emulates the evolution of a leak, for
which we consider that the pipeline is subjected to stress or
shock by some external agent, until such intrusion actions
cause the leak of product transported by the pipeline. The leak
increases in magnitude from a minimum value up to a
maximum value.

Consider a pipeline of length L that carries a product —e.g.,
a liquid or a gas. Consider further that the three detection
methods described above - i.e., mass balance, acoustical and
optical - are in operation on the pipeline, as shown in Fig. 1.
For purposes of the simulator, pipeline characteristics (e.g.,
diameter and thickness) are not relevant since these are
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integrated by detection methods on obtaining their results,
which are simulated on the basis of the evolution of the leak.

At one point an event is produced on the pipeline, e.g.,
disturbances caused by shock by very close excavation or
deliberate intrusion to the pipeline. The event will evolve to
eventually become a leak. Suppose the duration of the
simulated scenario is T, units of time and for practical purposes
it begins at time zero. Assume that the leak begins at the instant
of time T, same instant of time at which the mass balance
method may begin with the detection of the leak event.

Given the characteristics of optical and acoustic methods,
they will detect the event almost immediately and immediately
begin sending data. Table 2 lists the data that both methods
offer; certainty of the event (EVC,(t) and EVC,(t)), location of
the event (Lo(t) and Ly(t)) and its uncertainty (DLo(t) and
DL,(t)) which, due to the behavior of the scenario, may not
necessarily be constant throughout the simulation. It is
expected that the detection results produced by the optical
method will be better than those produced by the acoustic
method, which will be reflected in the value of certainty of the
detected event. Typically, the acoustic method provides good
results once the leak is generated, so that at the moment the
leak event is very near, the acoustic method probably provides
certainty values very similar to the optical method. If we
consider that the actions associated with the event or
disturbance in the pipeline increase your intensity over time,
then it is expected that the certainty of acoustic and optical
methods also increase. Based on the above, for the given
simulation scenario, consider EVC,(t) and EVC,(t) increase
linearly with time - as shown in Fig. 3 - to a maximum value
from which are held constant. The latter happens when the leak
occurs at the instant T, because, once the leak occurred, the
data from optical and acoustic methods are very accurate.

EVCacM EVCac(t)
EVCoM EVCo(t)
EVCo ..
EVCac ...
0 t

Tmb Tt

Fig. 3. Behaviors of the detection certainties for acoustic and optical
methods.

Regarding localization, both optical and acoustic methods
are very accurate for determining position of the leak. The
simulated scenario contemplates the leak location may vary
according to a normal distribution with mean L,.and standard
deviation L,R, these data are provided as simulation
parameters. Uncertainty remains constant throughout the
simulated scenario with a value DL,. Fig. 4 shows the scheme
described above for acoustic method, the same behavior is
proposed for the optical method. However, localization
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behaviors can be modified depending on the characteristics of
the proposed methods.

3

Lac(t)+DLac

Lac+LacR

Lac Lac(t)

Lac-LacR
Lac(t)-DLac

v

Tt

Fig. 4. The location for the acoustic method L.(t) varies according to a
normal distribution in time, with mean L, and deviation L,R. Uncertainty
remains constant at the value DL,.

According to Table 2, the mass balance method not only
provides the certainty of the event and the location (EVC.(t),
Lmp(t) and DLqy(1)), it also includes the amount of leaked
product together with its uncertainty. As in optical and
acoustic methods, we assume that the uncertainty will increase
linearly with the amount of leaked product. Fig. 5 shows the
proposed behavior for EVC,(t), note that this starts at the
instant that the leak T, has occurred, reaching the maximum
value T,M, from which the leak is maintained at a constant
value.

EVCmbM EVCmb(t)

Tmb TmbM Tt

Fig. 5. EVCpy(t) behavior. Note that EVCy(t) increases linearly at the
beginning of the leak, from a value EVCyy,to a maximum value EVC,M at the
time TymM, where we assume that the leak has stabilized.

However, the amount of leaked product does not have to
increase linearly, possibly be monotonically increasing with
logarithmic increasing until reaching a maximum, as proposed
in Fig. 6. As seen in Fig. 6, at the moment that the leak occurs,
it begins with a value PL,,, and after a while stabilizes to a
value PL,,M. Note that the mass balance method depends on
the amount of leaked product; however, we will consider the
uncertainty DPL.,(t) has a behavior according to a normal
distribution with mean DPL,,, and standard deviation DDPL,.
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PLmbM PLmb(t)

v

Tmb TmbM Tt

Fig. 6. Behavior of the amount of leaked product PLyy(t).

The location of the leak in the mass balance method is not
as accurate as in acoustic and optical methods. Therefore, it is
considered that this parameter may vary according to a
uniform distribution over a range centered L, as shown in
Fig. 7. As in the other two detection methods, localization
uncertainty remains constant.

Lmb(t)+DLmb
e

" Lmb(t)
Lmb-DDLmb

Lmb(t)-DLmb

Tmb Tt

Fig. 7. Behavior of the leak location for the mass balance method.

The parameter values for the simulated scenario previously
described are listed in Tabla 3.

V. RESULTS AND DISCUSSION

Fig. 8 to Fig. 11 show the results of the simulated scenario,
according to the data given in Table 3. Fig. 8 illustrates the
behavior of the location for each location and detection method
described above. Note that there are points which are not
correlated, which would allow determine the effect of
variations in the parameter of the event localization by the data
of the collaborative system to detect and locate leaks.

Leak location provided by the collaborative system is
shown in Fig. 9. Note the transient time before 30 as a result of
differences in location between the optical and acoustic
methods. However, once the mass balance method is in
operation, the location is stabilized at the proposed value of
100 km (see Table I1I).
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TABLE IlI. THE PARAMETER VALUES FOR THE SIMULATED SCENARIO
Simulation Detection method
parameter Mass balance Acoustic Optical
Minimun value Minimun value Minimun value
Event EVC_mb =5 EVC_ac =5 EVCP =20
certainty Maximun value | Maximun value | Maximun value
EVCpM =100 EVC,M =95 EVC,M =80
Average Average
Ly = 100 Average L, = 100
- Lac = 100 o
Event Deviation Deviation Deviation
locati DDLy, =10 _ L,R =10
ocation U . LacR =20 -
ncertainty . Uncertainty
DL.. = 30 Uncertainty DL, =5
DL, =10
Minimum
value:
PLmy =5
Maximum
Amount of value:
leaked PLnsM =40 n/a n/a
product Uncertainty
Average
DPLy, =8
Deviation
DesDLy, = 2

108
—Acoustic Method

\ —Optical Method
A WMass Balance Method

106
104
102
100
93 /’f

96

94

10 15 20 25 30 35
Fig. 8. Leak location behavior in kilometers for each detection and
localization method. The x axis represents the number of messages generated

by the leak event.
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Fig. 9. Evolution of leak location parameter.

Fig. 10 shows the evolution of leak scenario in terms of the
three levels of detection mentioned in Section 3, i.e,
prevention, alarm and leak. These levels are quantized such
that the prevention level corresponds to range [0, 1], the alarm
level to range [1, 2] and finally leak level to range [2, 3]. The
simulated scenario goes through all the levels described above,
and the leak is confirmed from the time 30, when the mass
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balance method is in operation. The latter can be seen in Fig.
11, wherein the level of leak per time unit is presented.

3

| —Detection Level

Q 10 20 30 40 50 60 70 80

Fig. 10. Leak detection levels. The intensity of each level depends on the
accuracy of the detected event, where a value greater than 2 indicates a
possible leak.
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Fig. 11. Magnitude of the leak on time. Measurement units for the y axis
correspond to the leak volume per unit time, while the x axis represents time.

VI. CONCLUSIONS

Computer simulations have become a useful tool for
estimating and testing the performance of computational
solutions to engineering problems. In this paper we have
presented a novel leak event simulator in pipelines and shown
its helpfulness in generating input data for a collaborative
system for leak detection. The simulator was able to produce
different scenarios with data generated from probability
distributions. Thus, the behavior of collaborative system for
leak detection was evaluated and necessary adjustments to
improve performance were carried out.
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