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Abstract

	The oil and gas exploration and production sector plays a crucial role in the global economy, with undersea pipelines providing the safest and most cost-effective means for transporting natural gas and crude oil from offshore locations to the mainland. Nonetheless, undersea pipeline systems are susceptible to leaks, which can lead to significant financial losses and severe environmental damage. Thus, it is vital to monitor these pipelines to quickly identify leaks or even foresee them, thereby minimizing the repercussions of oil spills on society. A variety of leak detection techniques have been created, and further study is required to pinpoint research deficiencies for future endeavors. There are numerous approaches for identifying pipeline leaks, each possessing its own set of benefits and drawbacks. External methods are typically more precise in locating leaks, whereas internal or computational techniques can assess the severity of the leaks. The acoustic technique is regarded as the most effective for evaluating subsea pipelines and identifying leaks. However, every method has its own advantages and limitations that need to be taken into account before selecting the appropriate technique. Developments in computational technology have also facilitated the increased adoption of dynamic modeling methods in the oil and gas sector. Additional considerations, such as cost, sensitivity, accuracy, user-friendliness, and the specific type and positioning of the pipeline, must also be factored into the decision-making process for selecting an appropriate pipeline leak detection method.
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1. Introduction

Exploration and production of gas and oil have a significant positive impact on the world economy. Undersea pipeline networks are the fastest, safest, and most economical way to link offshore oil and gas resources with the entire onshore oil and gas production management system. They are considered the "lifeline" of offshore oil and gas engineering. The expansion of oil and gas in deep water and even ultra-deep water has created major challenges for the construction of underwater pipeline networks. [1]. Pipelines are the safest and most economical means of transporting crude oil and natural gas from offshore to onshore processing facilities for use in homes and businesses. However, breaches in pipeline networks can result from a variety of factors, such as corrosion and external influences [2].
However, the risk of serious mishaps brought on by pipeline collapse is rising as the use of mile-long pipelines to transport hazardous materials has grown in popularity globally in recent decades. Failure can be caused by deliberate (like vandalism) or inadvertent (like corrosion and damage to devices or materials) factors, which leads to pipe failure and consequently irreversible harm, including monetary losses and severe environmental contamination, primarily in the absence of a leak. quickly identified [3]. A pie chart in Figure 1 shows the statistics of the main reasons why pipes fail, including pipe corrosion, human mistake, installation and erection work flaws, manufacturing flaws, and external factors.
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Figure 1. Pie chart of statistical data on damage to pipes[3]

Pipeline leak incidents are difficult to prevent given the numerous potential causes of failure. However, to lessen the impact of oil spills on communities, it is essential to closely monitor pipelines for timely leak detection or even anticipate possible leaks, as early recognition of leaks enables rapid actions to stop oil discharge and maintain pipelines effectively. As a result, it is possible to minimize losses, injuries, and other significant social and environmental impacts associated with pipeline failures. Leakage occurrences still arise in steel pipes due to factors such as internal and external corrosion, stress corrosion cracking, mechanical damage, manufacturing flaws, structural defects, and various operational issues. To effectively manage and reduce fluid loss, leak detection in transmission systems must acknowledge that the integrity of pipelines is crucial for safe operations. Delays in detecting leaks can result in property damage and loss of life due to fire hazards and depletion of valuable resources.
To discover leaks, we have conducted many leak detections. These include real-time transients, fiber optic cable systems, video monitoring, pressure monitoring, negative wave pressure, and more. The approaches that are currently in use can be broadly divided into two categories: visual/inspection methods and external and internal/computation-based methods.
Leak detection in the transmission must take into account that the pipeline is required for safe operation in order to regulate and reduce fluid loss. Due to the risk of fire and the loss of precious commodities, delays in leak identification result in property damage and fatalities. Leak detection techniques are primarily used to help pipeline controllers find and identify leaks. Reviewing the body of existing literature, examining the development of different approaches, and identifying research needs for further investigation are the objectives of this work.


2. Theory And Methodology

This study employs a systematic literature review to explore the diverse techniques for detecting and monitoring leaks in underwater pipelines, aiming to pinpoint the most effective methods currently in practice. Throughout the years, numerous approaches for leak detection have been proposed, each founded on distinct principles and strategies. The techniques available for leak detection encompass acoustic emission, fiber optic sensors, ground penetrating radar, harmful pressure wave analysis, pressure point analysis, dynamic modeling, vapor sampling, infrared thermography, digital signal processing, and mass volume balance. Researchers have categorized these methods using various frameworks. Some have primarily divided them into two main groups: hardware-based and software-based techniques. Further examination has resulted in the classification of current leak detection systems into three major categories: internal methods, non-technical or non-continuous methods, and external methods. This research will arrange the various techniques into two main categories: exterior, visual, or biological methods, and interior or computational methods. A comprehensive classification of these techniques is illustrated in Figure 2. The exterior method utilizes a range of artificial sensing systems to aid in the detection process external to the pipeline.
Additionally, biological approaches use the visual, auditory, and olfactory sensitivity of trained dogs or expert personnel to detect leaks. Additionally, interior options include software-based methods that use sensors that monitor the internal pipe environment for detection tasks along with the intelligence of computer algorithms. Helicopters, drones, smart pigging, and autonomous underwater vehicles (AUV) can all be utilized to transport cameras or sensor equipment to designated locations for remote surveillance [3].
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Figure 2. Classification Chart of Pipe Leak Detection Methods[7]

2.1. Methods Based Outside the Company
2.1.1. Acoustic Techniques

Acoustic emission is a method that leverages the sounds or vibrations generated from the rapid release of energy at a specific point in the material to identify leaks in pipelines. This technique detects the elastic waves produced by high-pressure fluids escaping due to a rupture during a leak, which can be captured in a frequency range that may extend up to 1 MHz. By analyzing the differences in the arrival times of the acoustic signals picked up by two sensors, it is possible to pinpoint the exact location of the leak. Acoustic leak detection techniques can be categorized into active and passive types, with three primary kinds of acoustic sensors: aquaphones, geophones, and acoustic correlation methods. Acoustic emissions offer an effective, non-invasive solution for locating pipe leaks, aiding in the reduction of environmental harm and conservation of resources.
The fundamental concepts of acoustic techniques involve the detection and analysis of acoustic signatures generated by the escape of a pressurized substance through flowing fluid or pipe walls. The signals can undergo filtering through wavelet analysis and packet decomposition to isolate a range of leakage signals. Methods such as cross-correlation functions, adaptive filtering approaches, and multi-modal sensing can be employed for leak detection. Innovative advancements like acoustic methods integrated with twin ball technology have been suggested for both leak detection and pipeline self-healing. Additionally, the PCA-SVD diagnostic model and EMD technology have also been recommended. Nevertheless, the efficacy of acoustic methods can be influenced by factors such as the positioning of sensors, rapid attenuation of signals, and environments with high levels of noise. Kotsiopoulos et al. (2022) introduced a methodology for locating leaks based on segmented acoustic vibration signals analyzed in both time and frequency domains. They determined the leak location by utilizing a time-of-arrival difference algorithm alongside statistical analysis.

2.1.2. Fiber Optic Sensing Cable

This method for detecting leaks in pipelines utilizes fiber optic sensors distributed along the entire length of the pipeline. These sensors can be configured as either distributed or point sensors to monitor different physical and chemical characteristics of hydrocarbon leaks along the pipes. The fundamental principle of this system is the change in temperature of the cable when a leak occurs, as hydrocarbon fluid infiltrates the cable's coating. By monitoring temperature fluctuations within a fiber optic cable, irregularities along the pipeline can be identified. Distributed Fiber Optic Sensors (DOFS) collect environmental data through three types of pem scattering: Raman, Rayleigh, and Brillouin. This categorization is determined by the frequency of the optical signal, as shown in Figure 3. Brillouin scattering can assess both voltage and temperature but is particularly sensitive to variations in voltage. On the other hand, Raman scattering solely responds to temperature, providing enhanced temperature measurement accuracy with a resolution of 0.01 °C or better.
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Figure 3. Classification of scattering measurements [4]

Distributed temperature sensing (DTS) utilizes temperature changes that occur in fiber optic cables when there is a leak in the pipe. The accuracy of leak detection systems increases over time because gaseous ammonia leaks cause a decrease in temperature as the number of leaks increases. Several studies have used this technology to detect pipe leaks using fiber optic-based leak detection systems, such as the Brillouin fiber optic sensing system and the FBG fiber optic sensor system. However, fiber optic cable distribution cannot determine the leak rate or total number of leaks. However, this system can determine the leak point with an accuracy of up to 1 meter from the leak point and can detect leaks along the entire length of the cable laid along the pipe. Distributed fiber optic technology continues to develop to improve the accuracy and stability of leak localization[4].

2.1.3. Vapor Sensing Tube

A vapor sensing tube is an effective tool for measuring the level of hydrocarbon vapor present in a pipe's environment. It can be utilized to identify gas emissions released into the surrounding area. The gas concentration within the tube environment can be assessed over a duration of pump time, with the level of absorption serving as an indicator of the severity of the oil spill. Several types of vapor sampling-based leak monitoring systems for pipes have been suggested in academic literature, including sniffer tubes and sensor hoses installed beneath pipes. While vapor sampling offers benefits in identifying minor leaks, factors such as concentration gradients and the longevity of the system can limit its overall efficacy. The benefits of vapor sensing tubes include the ability to detect minor leaks, functioning independently of pressure or flow balance, and delivering exceptional performance in leak detection for multiphase flow situations.
The sensor is also capable of withstanding high hydrostatic pressure. The response time is one of this technique's primary drawbacks, though. The average response time for a leak is a few hours to a few days. Consequently, faster reaction times can be achieved by integrating vapor sensors with additional leak detection techniques.

2.2. Visual/Inspection Methods

Traditional methods for detecting pipeline leaks involve trained personnel, dogs, intelligent pigging, and helicopters/drones, which can only be applied to shallow onshore or offshore pipelines. The recent development of remotely operated vehicles (ROVs) and autonomous underwater vehicles (AUVs) has changed the operating style of offshore oil transportation operators, making them suitable for inspections in remote and dangerous environments. This system has the advantages of being remote, lower maintenance costs, and higher operating security. However, it has disadvantages, such as high purchasing or hiring costs, adverse weather conditions, and legal constraints. However, significant efforts have been devoted to underwater robotic navigation and sensing research to realize fully autonomous AUVs for pipeline inspection and monitoring tasks with minimal human intervention. UAV/Drones/Robots. Various AUVs and ROVs are shown in figure 4.
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Figure 4. Types of AUV and ROV

To guarantee safe and dependable operation, practical methods for keeping an eye on bolted connections in oil pipeline systems are crucial. Several research have shown that it is feasible to use vision-based assessment methods for pipeline monitoring, and they have been recommended for real-time bolt looseness detection. To increase this method's resilience, more research is necessary, particularly with regard to online training and the inclusion of bolt looseness in big flag bolt sets. All things considered, creating trustworthy and efficient monitoring methods for joint flange Whichmade is essential to guaranteeing the secure and effective operation of oil piping systems.

2.3. Methods Based on Internal Computations
2.3.1. Balance of Mass and Volume

To enhance leak detection techniques, Gajbhiye (2008) suggested a mechanistic modeling approach that integrated mass balance with local steady-state multiphase Beggs and Brill flow correlation. Under fixed pressure limit settings, this mechanistic modeling enables the real-time monitoring of variations in total intake and exit outflow as indicators for potential leak identification. The most basic leak detection technique is volume balance, which looks at the volumes entering and leaving a pipe over time. Simple volume balancing techniques, however, cannot be used for shorter periods of time and are insensitive to compressible fluids. It has been shown that Mactaggart's (1989) corrected volume balancing methodology is 100% accurate for a sour gas leak detection system when paired with the proper pipe equipment [3].
According to the principle, a fluid that enters a pipe section stays there until it leaves [11]. It is possible to measure the fluids entering and leaving conventional networks of cylindrical pipes. If there is no leak, the inflow and outflow measured at the pipe segment's two ends are regarded as being evenly balanced. In this way, the difference between the mass-volume flow measured at the two ends will indicate a leak.
The oil and gas sector has widely embraced and marketed this technique. Orifice plates, positive displacement, turbines, and mass flow devices are some of the several kinds of flow meters that are utilized. However, there are a number of drawbacks to this approach, including the instrument's intrinsic ambiguity, its vulnerability to sporadic disruptions and the dynamics of pipeline networks, and its incapacity to pinpoint leak locations. Nonetheless, the system's efficacy will be enhanced by a combination of mass balancing and other leak detection methods, and leak site localization can be accomplished by expanding the number of monitoring devices throughout the pipeline [3].

2.3.2. Negative Pressure Wave

When a leak occurs in a pipe, there is a sudden drop in pressure at the site of the leak, resulting in rarefaction or a negative pressure wave that travels both upstream and downstream. Pressure transducers placed at each end of the pipe segments can capture these pressure waves. To identify a leak, leak detection algorithms must process the pressure data collected from these transducers. Different methods, including support vector machine learning, have been applied. The time lag between the detection of the damaging pressure wave by the two pressure transducers at either end can help pinpoint the leak's location. If the leak is nearer to one end of the pipe, that end's transducer will detect the pulse first, and the duration for the pulse to reach the other end can inform an accurate leak location. Systems for detecting leaks based on harmful pressure waves, such as ATMOS Wave, can also provide estimates of the size of the leak.
The signals produced by minor leaks within pressure waves can easily become blended with surrounding noise and other interferences, complicating the accurate detection of these signals and the identification of oil spills. A suggested approach for identifying minor leak signals employs enhanced wavelet harmonics, as indicated in [13]. This technique aims to disentangle the pressure wave signal from environmental noise; however, it faces limitations regarding how rapidly the signal diminishes in intensity over time. To address this challenge, the authors apply a window function to smooth the wavelet harmonics. Various methods to mitigate the influence of background noise on leakage signals have been investigated in previous studies. An independent component analysis (ICA) technique designed to distinguish unique signatures from pressure wave signals obscured by background noise is detailed in [14]. Additionally, another study introduced a more sophisticated ICA technique for accurately isolating oil pipeline leak signals [15]. This method is based on statistical estimation and iterative estimation strategies derived from information theory.
In [16], a different approach to finding tiny leaks is shown by employing a morphological filter that has been specially created. A morphological filter retains the fundamental geometric characteristics of the pressure signal while eliminating background noise. In [17], a time-inverse pipeline leak localization method with a modifiable resolution mechanism is suggested. A time interval for resetting the leak localization resolution is formulated using the suggested methodology. In [18], a proposal was made to conduct an experimental investigation of leak localization using dynamic pressure waves. In that study, a theoretical propagation model of dynamic pressure waves was built and an enhanced wavelet transform method was developed.

2.3.3. Pressure Point Analysis

In this framework, pressure readings are tracked to assess operational behaviors within the pipeline. Various parameters are compared to historical trends established through statistical evaluations of previous pressure data, triggering an alert if any irregularities are detected. For pipelines that transport single-phase fluids, pressure trend monitoring systems can detect significant leaks more quickly than the Mass Balance Compensation on Packet Lines (MBL PC), although they have a lower effectiveness in detecting leaks. To identify two-point leaks based on the fluid and piping characteristics in parallel systems, Fu et al. (2022) proposed a method that combines flow parameter analysis with computational fluid dynamics (CFD) simulations and experimental validation by relating pressure drop, leak position, and flow rate through a mathematical model. The problem of inaccurate signal positioning, which may lead to false alarms, is tackled with an improved signal denoising technique that utilizes cross-spectral analysis together with ensemble empirical mode decomposition (EEMD), a method that considers infrasound and damaging pressure waves (Meng et al., 2022). This denoising approach produces better results in comparison to wavelet denoising and EMD denoising techniques.
This method is considered one of the fastest ways to detect leaks in pipes because a leak always results in a direct pressure drop at the leak point [3]. Pressure point analysis (PPA) is a type of pressure trend monitoring combined with an MBL PC equipped with a vapor sensing system. The advantages of this system are: 1) Low installation and instrumentation costs. 2) The combination of these two systems is complementary. 3) Faster leak detection compared to other systems. However, this system has several weaknesses: 1) The possibility of false alarms because a decrease in pressure in the pipe is not a unique event for leaks. Therefore, this system is limited to detecting medium or large leaks. 2) The leak location is determined based on pressure data with time stamps between two measurements at the pressure transmitter location [12].

2.3.4. Processing Digital Signals

Digital signal processing techniques use extracted data, such as amplitude, wavelet transform coefficient, and other frequency responses, to identify leakage occurrences. The five steps that are usually involved in digital signal processing-based pipe leak detection are shown in Figure 9. The steps are as follows:
a. First, the pipe's pressure or flow is measured by an internal sensor..
b. Preprocessing is done on the collected data after it has been collected in order to eliminate background noise and facilitate efficient feature extraction.
c. The feature extraction procedure uses a number of statistical, spectral, and signal modification approaches to extract relevant features for monitoring the transport state of the pipeline's hydrocarbon fluids.
d. For decision-making, the retrieved feature patterns are contrasted with preset signals or prior characteristics.
e. Pattern comparison with a threshold is how leak detection is accomplished.
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Figure 5. Illustration of the working stages of the digital signal processing method

The issue with this leak detection technique is that, unless the current life significantly improves the system response, only leak events—not actual leaks—can be found. Identification of leak responses from noisy data is made possible by digital signal processing. Although this leak detection method was initially suggested for liquid pipelines, gas pipelines are also being evaluated for its use. The main objective of this approach is to extract leakage information from noisy data; it does not require a mathematical pipe model. Similar to the statistical method, a leak that was already in the system before setup will never be found unless it gets bigger. Furthermore, this leak detection method is difficult to develop, retrofit, and test in addition to being expensive [12].

2.3.5. Real-time transient monitoring/Dynamic Modelling 

Dynamic modeling-based systems for detecting pipe leaks are receiving more interest as they have demonstrated effectiveness in identifying irregularities in both surface and subsea piping networks. This method involves creating a mathematical representation of the pipe system’s operation grounded in physical laws. Leak detection through this approach can be viewed from two perspectives: (1) a statistical perspective and (2) a transient perspective. From a statistical perspective, the system employs decision-making theory under the assumption that fluid flow parameters remain unchanged except in the presence of anomalies within the pipe. Leak detection through hypothesis testing relies on uncompensated mass balance derived from single or multiple measurements taken at various times.
Initial limit values ​​are defined by pressure, flow, and pipe temperature measurements. Computers connected to control and data collection (SCADA) use data to detect leaks. In this method, the hydraulic equations are solved, and they are 1) Conservation of mass. 2) Conservation of momentum. 3) Energy conservation. 4) Equation of state for fluids. RTTM considers the pipe configuration and product characteristics due to the number of parameters that can be processed. RTTM also detects leaks quickly because it continuously analyzes the pipe's condition. However, due to the large number of parameters in RTTM, it is a very complex way to detect leaks. In addition to its complexity, it is costly to set up because it requires many instruments, controller training, and maintenance. In addition, errors in instrument calibration can give rise to false alarms[3].
Nevertheless, the advancement of methods remains ongoing. A significant challenge to implementing this mechanical method is the absence of actual leak data to train the model, despite its promising capabilities for the early identification of pipe issues. A model has been created that employs Bayesian networks to assess the probability of pipe failures under conditions of uncertainty, recognizing that leaks or damage can result from the interplay of multiple factors and their relationships. The primary benefit of Bayesian networks lies in their capacity to incorporate both subjective insights and objective information in cases where prior data might be unreliable or lacking. According to Spandonidis et al. (2022), long short-term memory autoencoder (LSTM AE) models offer an unsupervised approach to detecting leaks, capable of pinpointing anomalies harmful to pipe systems; however, they also risk generating false negatives.

3. Result And Discussion

This section presents a qualitative evaluation of the effectiveness of different pipeline leak detection techniques, drawing from the prior literature and the recommendations established by the American Petroleum Institute (API). Performance evaluations were carried out based on several criteria, including cost, sensitivity, accuracy, leak detection precision, operational mode, user-friendliness, estimated leak size, ease of retrofitting, and the rate of false alarms. The assessment employed two- and three-tier performance comparisons, with bar graphs depicted in Figure 10. Generally, most methods incur substantial operational expenses, with the exception of vapor sampling, which has low operational costs; nevertheless, it suffers from a high rate of false alarms. All methods demonstrated good sensitivity, except for IRT, GPR, and NPW. Most techniques exhibited a considerable occurrence of false alarms. The dynamic modeling approach shows excellent sensitivity for identifying pipeline leaks, but its complexity and the need for skilled personnel present significant obstacles. Recent developments in high-performance computing and cloud computing technologies could increase the adoption of dynamic modeling approaches in the oil and gas industry.
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Figure 6. Comparative analysis of leak detection methods in pipes

Various external methods can accurately detect and locate leaks, but they must assess the magnitude of the leak. The acoustic method is reliable for identifying and tracking leaks in gas pipelines. While fiber optic detection techniques, such as DTS and DAS, require little maintenance once installed, the upfront cost for new piping is considerably higher than other on-site methods. Typically, external leak detection methods—except for acoustic ones—are utilized to find and pinpoint leaks in onshore pipelines, and currently, there are no sealing options for fiber optic sensors and signal amplifiers in subsea environments (Behar et al., 2020). Acoustic methods are viewed as the most effective for examining underwater pipelines and spotting leaks since even minor leaks create gas bubbles that emit clear acoustic signals [11]. External methods are widely employed to detect leaks in natural gas pipelines, especially in limited sections situated in sensitive regions, because of the significant capital investment needed to install sensors and fiber optic systems along the entire pipeline.
On the other hand, methods for monitoring internal or computational flow parameters provide benefits for assessing leak rates, assuming that the pipe instruments are calibrated correctly. Internal and computational techniques fulfill the requirements for both onshore and offshore pipelines, particularly the RTTM method combined with statistical analysis, which is exceptionally effective at identifying and pinpointing chronic leaks in subsea pipelines that transport multiphase petroleum and natural gas. Since various types of crude oil are typically sent through pipelines in distinct batches, RTTM with batch tracking facilitates the detection of discrepancies in pressure and flow. NPW technology is especially adept at detecting major leaks, typically those that represent 10% or more of the maximum flow rate; however, the normal pressure fluctuations from pump and valve operations can make it difficult to accurately identify and locate leaks, as they may produce pressure transients that could lead to the incorrect interpretation of leak occurrences (Yang and Zhao, 2022). Nevertheless, this approach often generates a significant number of false alarms during low fluid flow rates or in cases involving multiple leaks (The Closet et al., 2022). The use of internal/computational techniques is common in transmission pipelines for crude oil, refined oil, and natural gas, as it allows for the remote monitoring of irregularities; systems that incorporate mathematical modeling and flow parameter analysis within a SCADA framework can provide vital information necessary for effectively detecting the size and location of leaks.
Dynamic modeling has seen a notable increase in popularity recently, with applications spanning numerous industries, such as monitoring potential breakdowns in factory machinery and detecting leaks in pipes. A key obstacle in effectively applying machine learning for leak detection in the oil and gas industry is the scarcity of available leak data for the purpose of training and validating models. To tackle this challenge, several researchers have concentrated on generating synthetic data to act as input for model training and testing. Additionally, machine learning techniques are frequently utilized with data sourced from sensor devices used in both external and measurement-oriented methods, as well as from internal or computational approaches. Generally, the future aim of pipeline monitoring is to create real-time intelligent systems for detecting and pinpointing leaks in subsea pipeline networks. The influence of environmental factors, especially hydrodynamic forces induced by oblique waves and current loads on subsea pipelines, requires further investigation. Comprehensive laboratory studies and simulations are being carried out to explore how leak characteristics, such as dimensions and shapes, influence flow mechanisms and to validate different models. The numerical simulation of fluid behavior in pipes using computational fluid dynamics (CFD) has improved the understanding of internal flow and leak scenarios in pipes across various scales, which has led to a decrease in expenses related to experimental work. However, the considerable computational complexity tied to CFD persists as a major hurdle. Continued research is crucial to enhance and parallelize CFD solution algorithms, considering limitations in computing and memory resources.
The field of inspection methodologies has always been a dynamic area of research. However, the increasing use of uncrewed vehicles for leak detection along pipeline routes has opened up new research opportunities. This includes exploring the potential for incorporating advanced sensor technologies and multispectral image classification to evaluate all types of pipeline defects, whether located onshore or offshore. Several inspection methods, such as flame ionization detectors, infrared cameras, ultrasonic leak detection, and optical remote sensing systems, are routinely utilized in distribution pipelines. These techniques can be mounted on UAVs and helicopters. Optical remote sensing has proven effective in detecting methane leaks in crude oil pipelines, while thermal imaging has skillfully revealed anomalies in offshore rigs and gathering pipelines through the use of an autonomous robot known as SWIMMER. In-pipeline inspections are also commonly conducted using intelligent pigs to identify irregularities or defects in various materials transported within the pipeline system.

4. Conclusion

Pipe leaks can be found using a variety of methods, each with pros and cons. While externally based approaches are generally more accurate in detecting leaks, they may require assistance in assessing the extent of the leak. However, although internal/computational approaches may have a greater false alarm rate, they can monitor flow parameters and determine leak rates. When it comes to examining submerged pipes and finding leaks, the acoustic method is seen to be the most effective. Every approach has advantages and disadvantages, and the choice of approach is influenced by a number of variables, including the pipeline's kind and location, cost, sensitivity, accuracy, and ease of use. Dynamic modeling techniques may become more common in the oil and gas sector as a result of recent developments in high-performance computing and cloud computing technology. 
This section offers a qualitative evaluation of the effectiveness of various methods for detecting pipeline leaks, based on the previously mentioned literature and standards established by the American Petroleum Institute (API). A comparison was performed using a range of performance metrics, including cost, sensitivity, accuracy, leak detection capability, operational mode, ease of use, estimated leak volume, adaptability for retrofitting, and frequency of false alarms. The analysis implemented both two- and three-level performance comparisons, with results depicted in bar charts as seen in Figure 10. Most techniques involve considerable operational expenses, apart from vapor sampling, which has low operational costs; however, it is plagued by a high incidence of false alarms. All methods demonstrated robust sensitivity, apart from IRT, GPR, and NPW. The majority of approaches showed a significant occurrence of false alarms. The dynamic modeling method is particularly effective in detecting leaks in pipelines. However, its complexity and the need for qualified personnel present considerable challenges for its application. Recent advancements in high-performance computing and cloud technologies may increase the appeal of dynamic modeling approaches in the oil and gas industry.
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ABSTRAK
than fifty [11]. Tn a similar incident of pipeline defect that occurred in Michigan, USA on July 26, =
PEND. UAN 2010, more than 840,000 gallons of crude oil spilled into Kalamazoo River with estimated cost of $800
AHUL ‘million [11]. The causes of pipeline damage vary. Figure:tshowsa piechart thatillustrates statistics g
The oil and gas exploration and production industry currently contributing a lof to the global economy. Subsea pipelines can BHeaoricAuBes G pipe! s fai ey Hichimel i ETpipe e Corrosion ) Hian el erioe dSfeots
connect subsea oil and gas resources with the entire onshore oil and gas production management system by the fastest, safest during the process of installation and erection work, and flaws occurring during the manufacturing
and most economical route, which is called the “lifeline” of offshore oil and gas engineering. With the development of oil and process and external factors [12]. o
gas in deep water and even ultra-decp water, the design of subsea pipelines currently faces enormous challenges [1]. Pipelines
are considered the safest and the most economical mode to transport natural gas and crude ol from offshore to onshore, 14%
processing plants to domestic and industrial use. Nonetheless, pipelines are prone to leaks caused due to several factors like o7
corrosion, third-party interference [2]. 24% [ Corrosion
[ External factors.
However, as transporting hazardous substances using miles-long pipelines has become popular across the globe in recent [l Human negligence W
decades, the chance of the critical accidents due to pipeline failures increases. The cavses of the failures are either intentional [Elinstallation and erection
(like vandalism) or unintentional (like device/material failure and corrosion) damages, leading to pipeline failure and thus I Manufacturing process
resulting in irreversible damages which include financial losses and extreme environmental pollution, particularly when the &
leakage s not detected in a timely sway[3]. Figure 1 shows a pie chart that llustrates statistics of the major causes of pipelines 5%
failure which include pipeline corrosion, human negligence, defects during the process of installation and erection work, and
flaws occurring during the manufacturing process and external factors +
|
The leakage accidents continually happen to the steel pipeline because of the impacts on the internal and external corrosion, 35%
stress corrosion crack, mechanical damage, processing defects and structural defects and so on in the operating process. In y § . R o
order to control and minimize the loss of fluids, leak detection in transmission must consider that pipelines are crucially Figure 1. A pie chart of the statistics of the sources of pipeline failure. Data is cbiained in [12].
,:po:;m m:; safe operation. Delay in detecting leaks leads to loss of property and human life in fire hazards and loss of Based on these statistics, incidents of pipeline leakage are hard to entirely avoid as the sources
valuable mat of failures are diverse. However, in order to reduce the impacts of ol spillage on society it is very D
important to monitor pipelines for the timely detection of leakage or even leak prediction, as early
detection of leaks will allow quick responses to stop oil discharge and proper pipeline maintenance.
— Hence. it is possible to reduce the loss rate. iniuries and other serious societal and environmental ~ ~  £63
Page1of2 554words [[¥ English (United States) ———+——+ 80% »
2. 25°C i 9:02 PM
= wo D WO OO @E regeam®
Hujan sesekali o (L) ~® 3/1/2023 (1





image3.png
g ) D @ 2@ zo19@;x‘a 203 | [ stur| @ jmse | + - O X
[REINH Insert| Draw | Design | Layout | Referer | Mailing| Review | View | Help |Nitro P| Q@ Tell me )
B g B : > G File | C/Users/SHABRINA.. @ Y5  t= & -
Times New Roman -0 - A J | P .
BIU-axx & 73 - = .. -+ 5 | of12 e @ o Q
Paste . L. Styles | Editing
c ¥ A-Z-A-h AA | SH T . v
Clpboard Font E paragraph 5l syies A e e D)
o o L U o R 57 A5 50 o . Ui s ) i ol o KA Colcons G 1 T3 e s el b
= i 1 i 2 3 i 4 i i 6 i A i BYNCAND ot it reatncconmons o ey ad/4.)
- skesiaan, ini berwiuan, vnik, meninias lifsratur vang ada. mempelaiad exolusi berbagai mstade. dan mengidentifikasi ‘
- keseniangan. penelifian unfuk pekeriaan di masa depan.
N |-}
TEORI DAN METODOLOGI VS R, B @ Nt P ———
- Mstodalagi yane digunakan pada studi. ini vaits, dengan melakukan tinjanan liferafur. yang sisiematis. mengenal. masams ¥
w masam, metods pendeteksi dan monitor kebocoran pipa bawah laut dsngan beruiuan unfuk mengetabui mstods yang paling Methods i
sfekiif digunakan saat ini- Classification | Acoustic sensors
- ——
- Beberapa metods dsteksi kehoceran pipa telab. diusnlkan. selama beberapa dekads: terakhir. prinsip dan pendskatan ksria. yang Extomally based Fibre optic sensing cable o
T berheda Mstode deseksi bebocaran yang ada adalaly: acoustic emission, fiber optic sensor, ground penetration radar, negative e
: pressure wave [21-23], pressure point analysis, dynamic modelling_[27 28], vapeur sampling, infrared themography, digital L Vapor sensing tube
© signal processing dan mass volume balance. Msfde-metods ini telab diklasifikasikan menggunakan berbagai framework. - ”
© Beberapa nemulis telah meneklasifikasikannya menjadi dua kafegori; mstode berbasis, neranekat keras dan peranekat lunak Liquid sensing tube ]
- [34.35]. Dalam upava mengelompokkan metadesmetods. terschut berdasarkan sifat teknis upava penclitian lebih laajut telab.
- dilakukan [36-42] yang telah menyebabkan klasifikasi sistem dsfeksi kebocoran yang tersedia.meniadi tiga kelompok besac yaitu. Fipeiing loak [P ——— Human/Trained dog
- ‘metade internal, non teknis atay. non kentinyu dan metode eksternal. Dalam penelitian ini, kami akan mengklasifikasikan ,,ewé’,w,‘mmm ,...,‘,.fds w
berbagai metods, ks dalam kategori berikut: metads eksferior. visual atau biologis. dan interior atau kemputasi. Ssbuah rinci UAVs/Drones/Robots
~ Klasifikasi metods ini dimnjukkan pada Gambar 2. Pendckatan. cksferior. mensgunakan berbagai buatan manusia sistem,
pengindsraan, untuk mencapai. tugas, dsfeksi di luar, jalur pipa. Apalagi psndskatan biologis menggunakan indsra visual, Balancing systems ‘
nsndsngasan dan / ataw penciuman anjiog terlatih atau personel berpengalaman uniuk mendsteksi kebocoran. Selain im.
Z pendekatan interior terdiri dari metade berbasis perangkat lunak vang memanfaatkan kecerdasan aleoritma komputasi dengan, Real time transient modeling
banman sensor yang memantan lingkungan pipa internal untuk tugas detsksi. Pemantavan javak, jauh dapat dicapai dsngan. ] internally/Computational ] Prossurafiow monftorin
- membawa kamera ataw sistem pensinderan, ke lokasi, vang ditunjuk oleh pigging pintar. helikopter atau Autonomous based methods | 9 +
. Undervater Vehicles (AUV) atay drone3]. Negative pressure wave
N Statistical analysis
- HASIL DAN PEMBAHASAN
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. anomalies along the pipeline can be detected [4]. Distributed Optical Fibre Sensor (DOFS) provides
-
_ s
mstode deteksi kshocoran pipa inl melibatkan pemasangan sensor serat optik di sspaniang pipa. —
Sensor tersebut dapat dirasang, sehagai sensor terdisiribusi afau titlk untuk mendsteksi berbagal sifat °
- fisik dan kimia tumpahan hidrekarben di sepaniang pipa. Prinsip Qesrasi metede ini adalah, Frequency of
: eerubahan suby kabel kelika teriadi bebosren pipa dan fluida hidrekaten menysrap. ks dalem. kabel (Ravigh scnerng)
- Relapis: Rengan.mengukur.vatiasi suby di dalam kabel serat optik anomali sepaniang pipa dapat ‘ &
. dideseksi [41. Sensor Serat Qpiik Terdistribusi (DOFS) menysdiakan pengukuran.lingkungan. Stokes +———= — > Anti-Stokes
Berdasarkan tiga kelas Rem scattering, yaity Raman, Rayleigh dan Brillouin scattering. Klasifikasiini =
didasarkan pada frekuensi sinval aptik sepeti yang diilustrasikan, pada Gambar 3. Brillouin scattering k] Brillouin w
- dapat mengukur tegangan dan suby, tetapi sangat sensitif terhadap tegangan. sedangkan Raman £ Brillouin Anti-Stokes
- scattering hanya sensitif terhadap suhy, dengan kemameuan,yang lebih baik untuk menaukur suby, = S e Ra
~ dengan reselusi lehih hesar akau sefare dengan 001 °C. 1= Raman temperature  Saman 'Y
: 3 ampinide
€ Shifs with
- E temperature
, distributed temperature sensing (DTS) memanfaatkan petubahan suby, yang teriadi pada kabel serat & +
o qptik ketika teriadi kebecoran pada pipa. Keakuratan sistem deteks kebocoran ssmakin meningkat
A seiring wakiu karena keboseran amenia dalam hensuk gas menyekabkan penurunan suby seiring.
dengan peningkatan. iumlah kebesoran. Bebsrara penslitian menggunakan tekoglegi ini untuk Frequency
z mendeteksi kebecoran pipa dengan menggunakan sistem deteksi kebocoran berkasis serat qptlk . . . . " . R
Seperi Sistem seRsas serat qptik Brillouin dan sistem sensor sexat qptik FBG. Namun, disteibust kabel Figure 3. Schematic representation of the electromagnetic spectrum ilustrating Rayleigh, Brillouin and
: serat aptik tidak mamew menentykan laiu kebesaran. aauiumiah total kebocaran. Meski begity, Rayleigh scatering [66]
M st st iseniukan b bl ek ps e SRR b0 sy The manifestation of Brillouin scattering takes place as a result of the interaction between acoustic
dnmmmds;&kaan kebcaran pada seluruh panjang kahsly gmmmﬂﬁgpp Teknelogi waves and propagated optical signals. This leads to a shift in frequency components in the received GD
, sexat aptlk yang didistribusikan terus Rerksmkang untuk sniogkatken skurasi dan stabilitas. light, but in the case of Raman scattering approach changes in temperature only result in backscattered
hghtmmty ﬂuctuahm\s mehequencysh:ﬂmechmlsmsmkamanbackscamedhghlwmssof o 593
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