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[bookmark: _Toc85744323]Abstract
With the rapid development of science technology and economic construction, the scale of petrochemical enterprises has become increasingly large. While large storage tanks provide convenience for the country's crude oil storage and preparation, there may also be many potential safety conditions. The oil tank farm is an area where flammable and explosive accidents are concentrated and prone to occur. Once the storage tank leaks, it will bring serious consequences. Therefore, the health and safety of storage tanks have received more and more attention. In order to avoid economic losses and casualties caused by accidents, many scholars have proposed different storage tank leakage monitoring methods, such as acoustic emission technology, negative pressure wave method, infrared method, level gauge method, optical fiber sensing technology, etc. Among them, fiber grating sensing technology, as a newly developed popular technology, has many outstanding characteristics such as high sensitivity, low loss, anti-electromagnetic interference, and corrosion resistance. It can achieve large-capacity, high-density, high precision and long-distance transmission, and is the best choice for designing a tank leakage monitoring system.
This article describes the preparation technology of fiber grating array, and theoretically analyzes the principle of fiber grating sensing and the temperature sensing characteristics of fiber grating. By analyzing the advantages and disadvantages of wavelength division multiplexing and time division multiplexing, a technology based on wavelength division/time division hybrid multiplexing is proposed to increase the network scale of sensors.
When the storage tank leaks, the temperature near the leak point will change. Based on this principle, this project lays the fiber grating array on the tank body, which can realize all-round sensing and monitoring of the surface temperature change of the tank. Then the collected temperature data is transmitted to the PC upper computer for subsequent analysis and processing.
This article uses Java language to design storage tank leakage monitoring software. According to demand analysis, the project has designed data receiving subsystem, data analysis and processing subsystem, data display subsystem and data storage subsystem, with real-time monitoring of temperature changes, display of temperature curves, leakage alarms and other functions.
Through the display and analysis of the data results, the reliability of the system and the feasibility of the scheme are verified, which shows that the system has reached the expected goal. Finally, it summarizes the work of this project, and puts forward some shortcomings and further improvements.
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[bookmark: _Toc85744324]Chapter 1: Introduction
1.1 [bookmark: _Toc85744325] Background
Storage tanks are used to store crude oil or raw materials in crude oil production, which contain gas or liquid substances. They are widely applied to many fields. For example, petroleum, metallurgy, chemical industry and so on. With the continuous development of the world technology and economy, people's need and living standard are constantly improving. This makes the use and storage of crude oil continues to increase, and at the same time, the construction of oil reserve projects is in a stage of opportunities and challenges. In recent years, with the increase of the demand of the crude oil storage, the scale of oil tank farms and the number of storage tanks have continued to grow, and the storage tanks have shown an obvious trend of large-scale. Although large crude oil storage tanks provide convenience for country's crude oil storage and preparation, there may also be many potential safety conditions. As the service life increases, storage tanks are prone to problems such as leakage. Once the gas in the storage tank leaks, it will chemically react with combustibles in the environment, resulting in a vapor cloud explosion. In addition, the fragments generated by the impact of the explosion will also cause perforation of the storage tank next to it, which will bring serious consequences and harm to the entire society. For example, the "11.24" accident occurred in Shanghai, China. During the daily inspection of the storage tank, an explosion caused by a leak of oil and gas resulted in the death of two workers on the spot. In addition, dozens of people were injured to varying degrees, and surrounding houses were severely damaged. This accident caused huge economic and social losses [1].
Most of the storage tanks mentioned above are stored centrally above the ground. In order to reduce the secondary disasters caused by fire, a certain safety distance is set between each storage tank. But it cannot further reduce the damage of the explosion, and it also increases the floor space and economic cost to a certain extent. In recent years, in order to prevent accidents and reduce the storage distance of storage tanks, many scholars have proposed the storage method of oil tanks covered with soil. That is, after the storage tank is installed on the ground, the storage tank is filled and covered with soil of different composition. Compared with above-ground storage tanks, the advantages of covering with soil are as follows: Firstly, reduce the hazards caused by the leakage of the storage tank and avoid the explosion of the steam cloud. Secondly, reduce the impact of fires from nearby storage tanks and avoid secondary disasters caused by leakage. Thirdly, the storage tank storage environment temperature and humidity are relatively constant, and the environmental temperature has little effect on it, so there is no need to consider factors such as high temperature in summer. Lastly, reduce the safety distance appropriately to reduce the area of the storage tank. It can not only save land resources, but also reduce engineering costs.
However, the covered storage tank is exposed to the pressure of the soil for a long time, which causes problems in the health of the tank body. For example, the different composition of the soil and the degree of compaction may cause the tank body to tilt, resulting in leakage of the storage tank. Therefore, it is necessary to adopt more advanced technical means to monitor the storage tanks after covering soil in real time to prevent leakage and explosion. This is of great significance to the development and construction of the national economy.
When the gas in the storage tank leaks, the temperature near the leakage point will change. Therefore, temperature is a very important measurement parameter in the storage tank area, and long-term and stable real-time monitoring of the temperature parameters of the storage tank is very necessary. Fiber grating sensors can sense temperature changes and transmit temperature data. It can be laid on the measured object or directly embedded in the concrete structure. Therefore, an intelligent monitoring network can be formed by applying the fiber grating sensor to the leakage monitoring of the storage tank. This system opens up new ideas and directions for the leakage monitoring research of storage tanks.
1.2 [bookmark: _Toc85744326] Project aim and objectives
The medium stored in the storage tank belongs to flammable and explosive hazardous chemicals, and the petroleum storage tank area is a place where flammable and explosive are concentrated. Once the storage tank leaks, there may be a hazard, like fire or steam cloud explosion, which will not only endanger lives, but also bring huge economic losses to society. In order to improve the safety and reliability of the storage tank operation, it is necessary to monitor the structural health of the storage tank. However, the manual inspection method is inefficient and has a large risk factor. Therefore, using the outstanding advantages of fiber grating sensors that can sense temperature and transmit data, a real-time monitoring system for tank leakage is constructed to achieve the purpose of real-time monitoring of the health of the tank structure. This can not only maintain the normal operation of storage tank facilities and equipment, and ensure the safety of the petroleum industry, but also prevent major accidents caused by leakage and protect people's lives and property.
According to the project aim, the specific research objectives are as follows:
a) Design the storage tank leakage monitoring hardware system. The grating array sensor cable is used to collect the temperature data of the tank body for 24 hours to prevent the leakage detection of the tank due to the omission of abnormal temperature data.
b) Design the storage tank leakage monitoring software system to display the temperature changes at various positions of the storage tank in real time, so as to facilitate the staff to monitor the overall structure of the storage tank.
c) Design the storage tank leakage alarm function through the storage tank leakage monitoring software system. When the temperature at a certain location of the storage tank is lower than the set threshold, it indicates that there may be a leak point, and the system will sound an alarm bell to remind the staff to pay attention and take corresponding measures.
d) Store the collected temperature data in a local folder to facilitate the staff to find and compare historical data.
e) Analyze the collected temperature data to verify the stability and reliability of the tank leakage monitoring system.
1.3 [bookmark: _Toc85744327] Report structure
Aiming at the problems of existing storage tank leakage monitoring technology, this project designs an intelligent storage tank leakage real-time monitoring system based on grating array technology of large-capacity and high-density.
The first chapter expounds the relevant background of storage tank safety in the petroleum industry, and outlines the aim and objectives of designing a real-time monitoring system for the health of storage tanks.
The second chapter is the literature review. Analyze the international research status of optical fiber sensing technology and storage tank health monitoring technology.
The third chapter describes the research methods related to the subject, including the monitoring method of tank temperature parameters, optical fiber sensing technology and its principle, fiber grating temperature measurement technology, etc.
The fourth chapter is the realization of the real-time monitoring system for tank leakage. The system consists of three parts: signal detection module, data acquisition and processing module, data presentation and remote monitoring module. In the design of the hardware part of the system, it includes the composition and connection method of the hardware system, the laying method of the array grating on the storage tank, and so on. In the design of the system software, four subsystems are included: data receiving subsystem, data analysis and processing subsystem, data display subsystem, and data storage subsystem.
The fifth chapter is to inspect and test the functions of the system after it is successfully built. And do a simple analysis of the collected temperature data.
The sixth chapter summarizes the tank leakage monitoring system and puts forward suggestions for further work.
The seventh chapter is the reflection on the project research and implementation process.

[bookmark: _Toc85744328]CHAPTER 2: LITERATURE REVIEW
[bookmark: _Toc85744329]2.1 Leakage monitoring method of storage tank (pipeline)
As an important resource, oil has always received widespread attention, especially its transportation and storage. However, due to factors such as corrosion and aging, the storage tank may leak during transportation and storage. This will not only cause environmental pollution, but even more serious consequences such as explosions. Therefore, research on real-time monitoring of the health and safety of storage tanks has attracted the attention of international universities [2].
Previously, the way of inspection of tank farm is manual inspection. That is, during the inspection process, the staff judge whether there is a leakage problem based on their years of inspection experience and the environment around the storage tank. This method is not only time-consuming and labor-intensive, but also has low efficiency and poor real-time performance. This makes the production operation and management decision-making have a great lag, and it is difficult to meet the current development direction of intelligence. With the development of science and technology, new technologies and methods have appeared in people's sight, which has brought great convenience to the inspection personnel in the tank farm. The new technology can not only monitor the health of the storage tank in real time, but also make accurate judgments on the location of the leak.
At present, leakage monitoring methods for storage tanks or pipelines can be divided into acoustic emission technology, negative pressure wave method, level gauge method, infrared method, optical fiber sensing technology [3].
Acoustic emission technology uses the principle of acoustic emission. The structure will release signals in the form of elastic waves under the action of external force. The sensor receives the signal and converts it into an electrical signal for analysis [4]. In 2013, Gary Martin and others [5] used acoustic emission technology to non-destructively monitor the leakage of above-ground storage tanks. In 2020, Zhu et al [6] studied a storage tank leakage accident, and reached the best conclusion of acoustic emission technology detection through modeling analysis, numerical simulation and other methods. In 2020, Lukonge et al [7]. also used acoustic emission technology to perform leak detection on oil storage tanks, and qualitatively judged the leak location of the oil storage tank. Acoustic emission technology has a large error in the measurement of tank leakage. And it requires that the structure must be in a state of stress, which is not suitable for general conditions.
The negative pressure wave method is generally applied to pipeline leakage monitoring. When the pipe is damaged and leaks, the leakage of gas in the pipe will cause the density of the fluid at the leaking location to decrease and the pressure to drop. The pressure difference formed in the leak area will cause the fluid to flow continuously to the leak, which again causes the pressure to drop. The decrease in pressure will cause the gas to collide with the inner wall of the pipe to produce a pressure wave. The pressure sensors placed on both sides of the pipeline can receive the pressure wave signal, and the signal can be analyzed and processed to determine whether there is a leak. Tian C H et al [8] discussed the balance between noise level and positioning accuracy in the filter design process for the quality of negative pressure wave data, and proposed a dual static process control algorithm and a multi-sensor pairing algorithm. Using these algorithms can ensure the robustness of the leak monitoring system. Although the negative pressure wave method can monitor the leakage of storage tanks, it is not sensitive to small leaks and cannot accurately locate.
The liquid level gauge method measures the change of the liquid level of the storage tank through sensors such as infrared [9] and capacitance, so as to determine whether there is leakage in the oil tank. Musthafa et al [10] compared the data recording and statistical analysis of the tank level with the inventory data to infer the possibility and probability of leakage. The level gauge method has low accuracy for single-point measurement, and it is not easy to detect small leaks in storage tanks.
The principle of infrared method is to use infrared thermal imaging camera to reflect the magnitude of infrared radiation energy. After processing, the thermal image of the measured target can be obtained. And the heat distribution of the measured object can be obtained from the thermal image. When there are problems such as cracks on the surface of the storage tank, the local thermal conductivity of the tank material will change [11]. The infrared radiation ability of the surface of the storage tank will change compared with the normal state, so as to identify the leakage of the storage tank. Zhao Lei [12] calculated the normal and faulty temperature states of large-scale storage tanks through simulation, and established an internal and external temperature monitoring and fault diagnosis system. This technology uses an infrared thermal imager to dynamically monitor the temperature change of the outer surface of the storage tank, and realizes the monitoring and judgment of the leakage state of the storage tank by extracting the characteristic signal of the fault temperature field. Although infrared technology is efficient and safe to operate, the equipment involved is expensive and requires a high degree of professionalism for the staff.
For fiber optic sensing technology, Tadahito Mizutani [13] and others suggested to use optical fiber sensing technology to monitor the pressure, strain and other physical quantities of the storage tank. They apply optical fiber sensing technology to the actual petroleum industry. By collecting and analyzing signal data such as strain, liquid level, and temperature in the storage tank, they can monitor the deformation and leakage of the storage tank. Sarkandi et al [14] proposed a technique for corrosion detection and vibration monitoring of storage tanks using fiber grating sensors. Through three-dimensional simulation, the external vibration is directly proportional to the change of wavelength. This also verifies the storage tank health monitoring calculation model from another aspect. Professor Jiang Desheng [15] of Wuhan University of Technology used optical fiber sensing technology and network information technology to design an intelligent storage tank management and health monitoring system, which realized the monitoring of tank liquid level, negative pressure, leakage and other parameters. By introducing this technology into actual projects, real-time information can be integrated into the oilfield information network, which provides management personnel with comprehensive and accurate information.
As a new measurement technology using the principle of optical waveguides, optical fiber sensors have many outstanding advantages. Such as low loss, good flexibility, wide frequency bandwidth, thin wire diameter, light weight, anti-electromagnetic interference, chemical resistance, abundant raw materials, and low energy consumption in the manufacturing process. With the continuous development of optical fiber sensing technology, optical fiber sensors can be applied to different industries and fields. Fiber grating sensors can not only sense temperature parameters, but also transmit temperature data. Applying it to the petroleum field can realize real-time and accurate monitoring of the leakage of storage tanks.
The monitoring techniques discussed above have their own characteristics. Each technology has advantages and certain limitations, which are summarized in the table 1.
Table 1 Monitoring techniques
	Monitoring technology
	Advantage
	Disadvantage

	Artificial inspection
	Low cost
	Time-consuming, labor-intensive, low efficiency

	Acoustic emission technology
	Suitable for fatigue crack and continuous monitoring
	The measurement error is large, and the structure needs to be in a state of stress

	Negative pressure wave method
	Suitable for sudden and large leakage monitoring
	Not sensitive to small leaks and cannot be accurately positioned

	Level gauge method
	Simple structure
	Low measurement accuracy

	Infrared method
	Safe operation and high diagnostic efficiency
	High cost of equipment and high requirements for the professionalism of the staff

	Fiber optic sensing technology
	High sensitivity, anti-electromagnetic interference, corrosion resistance, etc.
	High system cost


[bookmark: _Toc85744330]2.2 Fiber optic sensing technology
Optical fiber sensing technology is a technical field that emerged in the late 1970s. It is developed by optoelectronic devices and optical fiber communication technology [16]. The research of optical fiber in the field of sensing technology is divided into sensing type and light transmission type. Sensing elements are provided at the end face of the light-transmitting optical fiber sensor or at the junction of two optical fibers. This type of sensor uses the light intensity, reflectance, transmittance, phase and other factors of the sensitive element to measure physical quantities, and then perform data transmission. Sensing optical fiber sensors will change the phase, intensity, wavelength or polarization state of light in the optical fiber due to changes in some factors of the external environment (such as temperature, strain, vibration, etc.). Therefore, it can perceive changes in the external environment, and then perform data transmission after collecting data. Fiber grating sensor is a sensing type fiber, which is widely used in many fields. It can not only realize the measurement of physical parameters such as stress, strain and temperature, but also has many advantages [17]. For example, the fiber grating temperature sensor, compared with the traditional temperature sensor, has the characteristics of anti-electromagnetic interference, high precision and easy to complete remote monitoring of the measured parameter. It also has the characteristics of good water resistance, strong corrosion resistance, and high-density data transmission.
Optical fiber sensing technology has a very wide range of applications in the field of leakage monitoring of storage tanks or pipelines [18]. By laying optical cables on the surface of storage tanks or pipelines, physical quantities such as vibration, temperature, and strain can be sensed. Through the monitoring of these parameters, real-time monitoring of leakage can be achieved.
Since different media in the storage tank have different sensitivity to parameters such as temperature and vibration, the application of optical fiber sensing in the field of storage tank monitoring can be divided into the following three categories.
[bookmark: _Toc85744331]2.2.1 Distributed optical fiber vibration sensing technology (DVS)
Distributed optical fiber vibration sensing technology is mainly used in pipeline leakage monitoring [19]. When the pipeline leaks, it will cause the pressure in the pipeline to change. The pressure change will cause the fiber to vibrate, and the generated vibration signal will change the phase and polarization state of the light in the fiber. Fiber optic sensors can realize continuous detection of vibration signals by sensing vibration signals [20]. By measuring the time delay between the input light pulse and the received signal, the location of the vibration can be known, so as to achieve the purpose of leakage monitoring and early warning.
Distributed optical fiber vibration sensing technology is based on the principle of phase sensitive optical time domain reflectometer(Φ-OTDR). The laser pulse is emitted in the optical fiber, and the backward Rayleigh scattering signal is generated as the laser transmits forward. The Rayleigh backscattered light enters the detector from the circulator and is converted into electrical signals. Finally, the data acquisition card collects the signal and delivers it to the host computer for analysis and processing [21] [22]. This technology obtains positioning information by sensing various vibration signals with high sensitivity. However, DVS also has some problems [23]. Since the application scenarios are all in the actual environment, they will be interfered by different noises from the outside world, which makes the detection of vibration signals difficult. When monitoring pipeline leakage, due to the long laying distance of the sensing optical cable, there are many interference vibration sources from the complex ground environment. When the ground vibration source propagates downward, the resolvable high frequency information will be filtered out after the ground filtering. When it reaches the underground optical fiber, what is left is low-frequency information [24]. This increases the difficulty of identifying useful signals and reduces the signal-to-noise ratio. In this case, false positives and false positives are prone to occur.
[bookmark: _Toc85744332]2.2.2 Distributed optical fiber temperature sensing technology (DTS)
Optical fiber can both sense and transmit signals. The principle of distributed optical fiber sensing is that physical quantities such as vibration, temperature, and strain in the external environment act on the optical fiber to modulate the signal transmitted in the optical fiber, thereby changing the phase, intensity, and polarization state of the light. Through the measurement of these changes, the perception of changes in the external environment and signal transmission can be realized. In 1981, Rogers of the University of Southampton in the United Kingdom first proposed a DTS system based on optical time domain reflection [25].
Distributed optical fiber temperature sensing technology uses OTDR technology and Raman scattering principle, which can sense temperature changes in different positions of the optical cable. The principle of Raman scattering is that when the emitted light passes through the medium, it will interact with the movement of molecules and cause the frequency change. When a tank or pipeline leaks, the temperature near the leak point will change. Since Raman scattering is very sensitive to temperature parameters, the DTS system based on Raman scattering can judge whether there is a leakage by the change of the surface temperature of the tank body. It can locate the leak point, and then achieve the purpose of real-time monitoring of the leak. The main application scenarios of the DTS system are oil and gas pipeline monitoring, tunnel fire monitoring, etc.
DTS technology overcomes some shortcomings of point-type temperature sensors, such as the limited number of installed sensors and difficulty in integrated installation [26]. The advantages of applying DTS to leakage monitoring of storage tanks compared with conventional methods are as follows. Firstly, it has outstanding advantages of optical fiber anti-electromagnetic interference, corrosion resistance, etc. Secondly, the entire storage tank can be monitored with one optical cable, which is easy to install. Thirdly, multiple monitoring points can realize the location of abnormal temperature. The distributed optical fiber temperature sensing technology based on Raman scattering can realize long-distance temperature sensing and measurement. But in long-distance measurement, its spatial resolution is relatively low, and the temperature response speed is slow.
[bookmark: _Toc85744333]2.2.3 Fiber Bragg grating array sensing technology
The use of fiber grating sensing technology can monitor the temperature parameters in the leakage area of the storage tank. The change of the ambient temperature will affect the change of the wavelength of the reflected signal of the grating. By obtaining the change in the center wavelength at the receiving end, the change in temperature can be known. The traditional fiber grating sensing system connects multiple sensing gratings with different center wavelengths in series and arranged on the same sensing optical cable. The system has fast response speed and high measurement accuracy. However, due to the limitation of the working wavelength range of the light source [27], only a dozen sensors can be reused. This largely limits the network scale of the sensor and long distance transmission.
With the continuous research on fiber optic sensing technology, fiber grating technology based on grating array has gradually developed. This technology writes fiber gratings during the fiber drawing process, and can precisely control the grating writing position, intensity, and center wavelength. Fiber grating array sensing technology greatly increases the number of multiplexing of grating sensors, while retaining the advantages of fiber grating high temperature measurement accuracy and fast response speed. This technology has outstanding characteristics such as large capacity, high density, and long distance. It has bright application prospects.
In 1993, Dong L et al [28] first attempted to dynamically write fiber gratings into the fiber drawing process during the fiber manufacturing process. In 1994, on the basis of Dong, Askins [29] used a computer to automatically control the spacing of the interference fringes and prepared hundreds of array gratings with different center wavelengths. After the 21st century, a photonic technology research institute in Germany [30] wrote 100 array gratings online during the optical fiber manufacturing process, but the transmission loss was relatively high. In 2010, M Rothhard and others [31] successfully realized writing more than 1000 continuous gratings on an optical fiber, and its transmission loss was only 3dB/km. In 2013, Wuhan University of Technology used the phase mask method to prepare an identical weak fiber grating array during the fiber drawing process. It is realized that 100,000 gratings can be written in a single fiber, and the transmission loss of the fiber is less than 0.5dB/km [32].
[bookmark: _Toc85744334]2.3 Conclusion
This chapter mainly explains the existing storage tank leakage monitoring methods and analyzes the application of optical fiber sensing technology in the field of storage tank leakage. The existing technical methods for monitoring the leakage of storage tanks are divided into the following types, such as acoustic emission technology, negative pressure wave method, level gauge method, infrared method, optical fiber sensing technology, etc. After analysis and comparison, different monitoring methods have their own characteristics, and each technology has outstanding advantages and certain limitations. In view of the shortcomings of most monitoring technologies that are low in sensitivity and insensitive to small leaks, optical fiber sensing technology is used to monitor tank leaks in real time. Next, analyze the method of applying optical fiber sensing technology to the field of tank leakage monitoring. Technical methods mainly include DVS, DTS, and grating array. DVS technology realizes the monitoring of tank leakage by sensing external vibration signals. However, in practical applications, due to the large number of external interference signals, the signal-to-noise ratio of the monitoring signal will be low, which will result in measurement errors. DTS can realize the monitoring of the temperature change of the leakage of the storage tank, but in the long-distance measurement, its spatial resolution is low and the temperature response speed is slow. Grating array technology retains the advantages of high temperature measurement accuracy and fast response speed of fiber grating, and has outstanding characteristics such as large capacity, high density, and long distance. Based on this, it is applied to the storage tank leakage monitoring research of this project.


[bookmark: _Toc85744335][bookmark: _Hlk85207806]CHAPTER 3: RESEARCH AND DEVELOPMENT METHODOLOGY
[bookmark: _Toc85744336][bookmark: _Hlk85207813]3.1 Fabrication technology of fiber grating array
In the traditional process of preparing the grating array, the optical fiber is usually pre-processed, which will increase the splicing loss of the optical fiber. In order to avoid this situation, a method of writing the grating during the fiber drawing process has been proposed. The preparation process [33] is shown in the figure 1. The whole process is divided into three parts: fiber drawing, grating writing, and grating array collection. In the process of fiber drawing, the phase mask method is used to write the grating on the bare fiber [34]. The ultraviolet excimer laser used has a pulse width of 10ns and a maximum pulse energy of 40mJ. The system can precisely control and adjust the key indicators such as the position, interval, and center wavelength of the optical fiber array. The prepared grating sensing unit has stable performance and ensures the mechanical strength of the optical fiber. This technology realizes a large-capacity and low-loss grating array sensing fiber with a number of 100,000 multiplexed on a single fiber and the transmission loss is less than 0.5 dB/km.
[image: ]
Figure 1 The preparation process of fiber grating array
[bookmark: _Toc85744337][bookmark: _Hlk85207818]3.2 Fiber Bragg grating sensing technology
Electrical sensor is also a popular measuring instrument, which is widely applied to many industries. Although electrical sensor has many advantages like simple structure and low cost, it has great limitations in strong electromagnetic interference or inflammable and explosive situations. Therefore, it is proposed to use fiber Bragg grating array sensor rather than electrical sensor to monitor the leakage of the storage tanks.
Fiber Bragg Grating (FBG) uses the photosensitive performance of the fiber core material to periodically and permanently change the refractive index of the fiber core through the method of ultraviolet laser exposure [35]. It can be referred to as fiber grating. The principle is shown in the figure 2.



Figure 2 Principles of fiber Bragg grating sensing technology
Combining the fiber grating mode coupling theory and phase matching conditions, the relationship between the center wavelength of the fiber Bragg grating and the grating period  and the effective refractive index of the fiber can be obtained. The relationship [36] between them is as follows:

When the external temperature changes or stress acts on the optical fiber, the grating period and the effective refractive index of the fiber core will change, which will lead to the center wavelength of the fiber grating to drift. So, the change of the measured physical quantity can be obtained by measuring the drift of the center wavelength.
[bookmark: _Toc85744338]3.2.2 The temperature sensing principle of fiber Bragg grating 
Fiber grating temperature sensors are reflective components. When the broadband light sended by the light source enters, it couples with the light field. Then a corresponding narrowband light is reflected back along the long-distance transmission fiber. The value of the center wavelength of the returned narrowband light changes linearly with the temperature and strain acting on the fiber grating, so the fiber grating is very sensitive to stress and temperature. In practical applications, when the external conditions near the monitoring point change, such as temperature, pressure, etc., it will cause the wavelength to drift. By detecting the change of wavelength, the corresponding physical quantity can be measured, and then the health status of the structure can be judged.
When the ambient temperature around the fiber grating changes, the refractive index and period of the fiber will also change accordingly. The change of grating coupling wavelength is

The optical fiber is placed in a uniform temperature field that is not affected by any external force. When the external temperature changes, it can be concluded that the relative wavelength shift of the grating caused by the temperature change is:

Among them,is the elasto-optical effect caused by thermal expansion, and  is the waveguide effect caused by thermal expansion.
Thermo-optic coefficient of fiber grating is , The thermal expansion coefficient of the optical fiber is . is the temperature change, then the temperature sensitivity coefficient of fiber grating is

[bookmark: _Toc85744339][bookmark: _Hlk85207825]3.3 Fiber grating multiplexing principle
[bookmark: _Toc85744340]3.3.1 Wavelength division multiplexing（WDM）
The principle of wavelength division multiplexing is shown in the figure 3. The optical signal from the broadband light source enters the fiber grating array through the optical coupler. Since the center wavelength of each sensor in the grating array is different, they will reflect different wavelengths into the demodulation system. After the demodulation system receives the signal, it will detect and demodulate the wavelength signals of all fiber grating sensors. This wavelength signal is the sensing information of the monitoring point [37].


Figure 3 The principle of wavelength division multiplexing
The wavelength division multiplexing has a simple structure and low cost. Since the crosstalk between the wavelengths of different sensors is small, the accuracy of the wavelength division multiplexing is high. However, in this system, the bandwidth of the light source, the wavelength variation range of the grating, and the spectral bandwidth spacing between the gratings restrict the number of multiplexing of the grating. For the C-band, when each FBG occupies the bandwidth of a 2nm wide-spectrum light source, the capacity of the wavelength division multiplexing system is about 20 [38]. This cannot meet the large-scale networking requirements in fiber grating sensor networks.
[bookmark: _Toc29221][bookmark: _Toc85744341]3.3.2 Time division multiplexing（TDM）
Time division multiplexing uses a serial topology multiplexing structure. Its structure principle is shown in the figure 4. The optical signal through the broadband light source enters the grating array through the optical coupler. Due to the time delay between the sensors, after the wavelength signal reflected by the first sensor is transmitted to the demodulation system, the signals of the subsequent sensors are transmitted to the demodulation system for demodulation in turn. The wavelength signals reflected by all fiber grating sensors on the grating sensor array have time intervals [39]. Using this feature, it is possible to multiplex fiber gratings with the same or different central reflection wavelengths on an optical fiber at a certain distance. This technique improves the problem that the number of grating multiplexing is limited by the bandwidth of the light source.
Although time division multiplexing has some advantages, due to the time delay in the time domain, the detection speed is slow and the sensing accuracy is low when large-scale multiplexing occurs. In practical applications, as the number of grating multiplexing increases, the time-division multiplexing system with ordinary reflectivity will be affected by the spectral shadow effect. This will cause the optical pulse signal to be attenuated during transmission, which limits the number of multiplexing of the system.


Figure 4 The principle of Time division multiplexing
[bookmark: _Toc85744342]3.3.3 Time division/wavelength division hybrid multiplexing
Both wavelength division multiplexing and time division multiplexing adopt the topology of series multiplexing, which makes the power utilization efficiency higher. By combining the two multiplexing technologies, the network scale of fiber grating array sensing can be increased, and large-capacity transmission multiplexing can be realized. After the large-capacity optical fiber sensing network is connected, multiple parameter signals can be converted into wavelength signals, thereby realizing multi-parameter fusion sensing. The principle of time division/wavelength division hybrid multiplexing is shown in the figure 5.



Figure 5 The principle of time division/wavelength division hybrid multiplexing
The optical pulse signal from the broadband light source enters the grating array through the optical coupler. Several groups of grating arrays are prepared in a single optical fiber, and the center wavelength of each group of grating sensors is the same. By adding redundant optical fibers between the gratings, there is a time interval between the optical signals reflected by the gratings. Therefore, the time for the signal of each sensor to reach the demodulation system is different, and the position of each sensor unit can be distinguished in the time domain. The technology based on time division and wavelength division hybrid multiplexing has the advantages of high utilization rate, large number of sensor multiplexing, and large-scale networking.
[bookmark: _Toc85744343]3.4 Conclusion
This chapter mainly elaborates the preparation technology, sensing principle and multiplexing technology of grating array. The traditional method of preparing the grating array will increase the splicing loss of the optical fiber. In order to avoid this situation, it is proposed to use the phase mask method to write the grating during the fiber drawing process. This technology can multiplex one hundred thousand large-capacity low-loss grating array sensing fibers with a transmission loss of less than 0.5 dB/km on a single fiber. The next section theoretically analyzes the principle of fiber grating sensing and the principle of temperature sensing, which lays the foundation for subsequent project implementation. Finally, analyze the multiplexing technology of the grating array. In view of the fact that only time division multiplexing technology or wavelength division multiplexing technology cannot meet the large-scale networking needs of fiber grating sensor networks, time division/wavelength division hybrid multiplexing is proposed. Using this technology for tank leakage monitoring can increase the number of multiplexed sensors and realize large-scale networking. 


[bookmark: _Toc85744344][bookmark: _Hlk85207832]CHAPTER 4：DESIGN AND IMPLEMENTATION
[bookmark: _Toc85744345][bookmark: _Hlk85207837]4.1 The overall architecture design of the system
The real-time monitoring system for tank leakage based on grating array sensing technology includes signal detection module, data acquisition and processing module, data presentation and remote monitoring module. The equipment used in the system mainly includes: fiber grating array temperature sensor, transmission optical cable, fiber grating signal demodulator, and computer monitoring software. The system architecture is shown in the figure 6.


Figure 6 System architecture
The signal detection module is composed of grating array temperature sensor, which is used to monitor the surface temperature of the storage tank. The data acquisition and processing module includes fiber grating demodulator and network transmission equipment. After the temperature data collection is completed, the collected information is sent to the corresponding fiber grating demodulator via the data transmission module for demodulation. This operation completes the conversion from analog to digital, which is convenient for system analysis and processing. The data processing unit completes the functions of communication, real-time data processing and logic control with each interface function module. When the demodulated data is transmitted to the PC upper computer, the corresponding algorithm and software system will be used for data analysis and preprocessing. After data processing, the temperature information at each monitoring point of the storage tank can be obtained, which can prepare data for subsequent leakage monitoring of the storage tank. Data presentation and remote monitoring modules include data display, monitoring and alarm, data storage, etc. The data display includes the display of the temperature data of each monitoring point, as well as the dynamic real-time temperature change curve. On this interface, when the temperature of each monitoring point remains basically unchanged, the color of the monitoring interface will not change. When the temperature changes sharply in a short period of time, the monitoring interface is displayed in red and an alarm is issued.
The system has the following advantages:
a) Fiber grating array temperature sensor has the advantages of high accuracy, fast response speed and anti-electromagnetic interference. It can realize large-capacity, high-density, and long-distance transmission.
b) Laying the grating array sensing optical cable on the entire surface of the storage tank can realize all-round, real-time and accurate monitoring of the surface temperature of the storage tank, which can reduce the risk of false alarms and false alarms.
c) The grating array optical cable used to transmit data not only has low loss, but also can realize long-distance transmission.
d) The software system can clearly and intuitively reflect the temperature distribution of the storage tank, and has a real-time leak monitoring and alarm function.
e) The whole system has high stability and strong anti-interference ability, which can realize real-time monitoring of tank leakage.
[bookmark: _Toc85744346][bookmark: _Hlk85207842]4.2 Hardware design of the system
[bookmark: _Toc85744347]4.2.1 Principles of hardware design
The hardware design should consider the following aspects:
① Economic rationality. In the hardware design of this system, attention should be paid to reducing the price as much as possible under the premise of meeting the performance indicators, which is conducive to obtaining high cost performance and promoting the product to the market. For example, in this system, sensors, demodulators, etc. should be selected reasonably, rather than a single pursuit of high-end and expensive equipment.
②High reliability. The hardware selection should be carried out according to the actual working environment of the storage tank. Influencing factors such as site humidity, temperature, and vibration should be taken into consideration to ensure that the system can work continuously for a long time.
③Scalability. It can be expanded with the increase of user needs to meet current and future needs. For example, increase the number of temperature monitoring channels, increase the number of hard disks, and increase memory.
④Easy to maintain. The designed system should be simple, reliable, and convenient for users to manage and maintain daily.
[bookmark: _Toc85744348]4.2.2 Hardware equipment
(1) Grating array sensor optical cable
The grating array sensing optical cable is prepared online by an advanced industrial drawing tower, which realizes the integrated production of fiber drawing and sensor writing. The prepared grating array sensing optical cable is shown in the figure 7. The performance index of grating array sensor optical cable is shown in the table 2.
Compared with traditional fiber grating sensing technology, grating array sensing fiber has the following significant advantages:
a) Use industrial production standards and processes to draw sensing optical fibers
b) The grating array has good repeatability and consistency
c) No welding is required between gratings. The sensor grating is written in multiple points continuously so that there is no loss at the contact point
d) Avoid the need to strip the coating process for traditional grating preparation, which improves the mechanical strength of the optical fiber

[image: ]
Figure 7 Grating array sensor optical cable
Table 2 The performance index of grating array sensor optical cable
	Technical parameter
	Numerical value

	Grating wavelength
	1550~1556 nm

	Model
	Single mode

	Cable specification
	G652

	The spacing of temperature sensing grating
	1 meter

	Protection level
	IP68

	Explosion-proof grade
	Exia IICT6 Ga

	Minimum bending radius
	100 mm

	External dimension of temperature sensing optical cable
	Φ6.0 mm

	Applicable temperature range
	-40°C~120°C


(2) Fiber grating demodulator
Grating array demodulator is a tool to monitor temperature changes, which combines wavelength division multiplexing technology and time division multiplexing technology. It not only has advantages of traditional distributed optical fiber, but also has the characteristics of high response speed and high accuracy of fiber grating sensing technology. On the one hand, the grating array demodulator uses the principle of optical time domain reflection to accurately locate the grating position. On the other hand, wavelength division multiplexing technology can be applied to complete the measurement of temperature parameters. The scale of the sensor network will increase exponentially with the increase in the number of wavelength divisions.
Fiber grating demodulator is used to demodulate grating sensors, and it is mainly composed of scannable narrow-band light source, wavelength calibration, photoelectric conversion, data acquisition and so on. The demodulation method is used to detect small changes in the center wavelength of the fiber grating. Specifically, there are the following methods: matched filtering method, unbalanced Mach-Zehnder (M-Z) interferometer method, tunable fiber grating filter method, and tunable Fabry-Perot (F-P) filter method.
The fiber grating array demodulator resolves the wavelength signal of the fiber grating array and transmits it to the computer. The host computer software in the computer converts various wavelength signals into characteristic signals of temperature physical quantities, which can monitor the real-time temperature of the storage tank. The grating array demodulator is shown in the figure 8. The performance indicators of the grating array demodulator are shown in the table 3.
[image: ]
Figure 8 Grating array demodulator
Table 3 The performance indicators of the grating array demodulator
	Technical parameter
	Numerical value
	Remark

	Number of channels
	8
	

	Length of single channel temperature sensing optical cable
	5 km
	

	Minimum temperature sensing length
	0.1 m
	

	Display resolution
	0.1℃
	

	Detection cycle
	1 sec
	

	Explosion-proof grade
	[EX iaGa] IIC
	

	Input / Output

	Optical fiber interface
	8 FC/APC
	

	Output
	1 RJ45
	UDP/TCP-IP

	
	2 RS485
	Modbus protocol

	Environmental parameters

	Operating temperature
	-10°C ~ 50°C
	

	Storage temperature
	-40°C~70°C
	

	Relative humidity
	≤95%RH
	

	Power supply parameters

	Power supply
	DC 24V or AC220V
	

	Fuse rated current/maximum current
	2.8A/2.5A
	

	Power
	35W
	

	Physical parameter

	Dimensions (width * height * depth)
	433mm*88mm*452mm
	


[bookmark: _Toc85744349][bookmark: _Hlk85207850]4.3 Software design of the system
[bookmark: _Toc85744350]4.3.1 Software requirements analysis
(1) The system interface should be simple and intuitive, and the software operation steps should be simple.
(2) The system can monitor the real time surface temperature of the tank accurately, completely and continuously.
(3) The system's expression of tank surface temperature should be simple and diverse, including temperature data, temperature curves, etc.
(4) The system should respond to abnormal temperature points, such as sound and light alarms. And it can show the specific location of the abnormal point on the surface of the tank, which is very helpful for the staff in leak detection.
(5) The system can save the temperature data on the surface of the tank and can view the historical temperature data.
(6) The system should ensure long-term safe, reliable and stable operation.
In addition, in meeting the above requirements, the following principles should also be considered:
a) Applicability and advancement
The installation and construction of the hardware of the tank leakage monitoring system should be simple and flexible. It should be able to adapt to changes in the on-site environment and have good stability. The operation and use of the system software should be simple and convenient, so that the staff can better master the operation method. At the same time, the system should also have a certain advanced level in performance and quality indicators, which can lay the foundation for later system expansion and update.
b) Practicality and economy
In the case of meeting the software design requirements and functions, the system should be designed as finely as possible to save costs and achieve the best price-performance ratio.
c) Safety and reliability
The oil field is not only related to people's normal life, but also has a very important significance to the country's economic development and social stability. Once a storage tank in an oil company leaks, there will be dangers such as fire or explosion, which will bring huge losses and harm to the society and the country. Therefore, safety is the most important issue for oil companies. Based on this, the storage tank leakage monitoring system needs to have high reliability under the premise of ensuring its own safety. It needs to ensure that the system does not underreport as much as possible. In addition, in the case of system interruption due to some reasons, it should be able to self-recover or be able to quickly recover manually to ensure the integrity of the system.
[bookmark: _Toc85744351]4.3.2 Software function analysis
(1) Display temperature
The temperature display function needs a simple way to enable users to quickly understand the temperature of the tank surface. The collected temperature data is directly displayed on the main interface, which is convenient for users and staff to view. In order to improve the interactivity of the monitoring software, the system also sets a temperature change curve for the expression of temperature data. Through the temperature change trend, the staff can understand the real-time temperature change of the monitoring point. The software can view the instantaneous temperature curve of all monitoring points on the storage tank, which can intuitively understand the temperature distribution of the storage tank.
(2) Query historical data
The historical data query function enables the staff to query and manage historical data and curves. Through this function, the staff can view the temperature data and curve of a certain day, a certain week, a certain month, etc.
(3) Monitoring and alarm
The alarm software is mainly responsible for functions such as tank area temperature monitoring and alarm display. It plays a vital role in the entire system. When the storage tank leaks, the monitoring and alarm function of the software should ring the alarm and flash the red light to remind the staff to pay attention.
Therefore, the development of reliable alarm software must meet the following requirements:
Accuracy: The alarm module needs to provide an accurate basis for judgment. By comparing the processed temperature data with the alarm setting threshold, it needs to accurately determine the various situations that may occur. This requirement requires the alarm software to avoid f Underreporting and misreporting as much as possible.
Timeliness: Once an abnormal situation is detected, the alarm module should respond quickly, such as sound and light alarms. This allows the staff to quickly adopt solutions and minimize losses as much as possible.
Stability: The alarm module needs to have long-term stability and be able to run continuously.
[bookmark: _Toc85744352]4.3.3 Software architecture
The design of the tank leakage real-time monitoring system mainly includes four major subsystems, including data receiving subsystem, data analysis and processing subsystem, data display subsystem, and data storage subsystem. The system architecture diagram is shown in the figure 9.


Figure 9 System architecture diagram
a) The data receiving subsystem completes the collection of temperature data. When collecting temperature data, first establish the communication between the demodulator and the computer, and then transmit the data in the demodulator to the PC upper computer. The data communication method between the demodulator and the monitoring computer adopts a 10/100M Ethernet interface. The Ethernet interface is a data transmission method based on the TCP/IP communication protocol.
b) The data analysis and processing subsystem completes the analysis and processing of the received data. The main function of the signal processing device is to complete the conversion of optical signals to electrical signals, wavelength signal demodulation, data filtering and other functions. The data output by the raster array demodulator is a hexadecimal number, which needs to be converted into decimal temperature data with a protocol. Finally, use the software to draw a temperature curve for subsequent analysis.
c) The goal of the data display subsystem is to establish a simple and easy-to-use interface. And it needs to have the following functions: real-time display of temperature data at monitoring points of the storage tank, display of temperature time domain curve diagrams, and display of alarm information.
d) The data storage subsystem completes the storage of temperature data, alarm information and other data. After storing these data, it is convenient for the staff to find historical temperature data and alarm information. The storage content includes time, grating serial number, wavelength value, temperature data, etc.
4.3.3.1 Development environment
When establishing a real-time leakage monitoring software system for storage tanks, the use of software operating platform and development environment plays an important role. The operating system used by this system is the windows operating system, and supports multiple versions of the windows operating system.
(1) Introduction to Java language
a) Cross-platform
Java language can run on platforms such as windows system, Android system, Linux system and so on. It is not restricted by the operating system. This cross-platform feature of Java comes from its own virtual machine. After the source code is compiled, the binary bytecode generated can be recognized by the Java virtual machine.
b) Object-oriented
Objects are entities in the real world with attributes and behaviors. The object-oriented development model is easy to divide the program and facilitate the division of labor and cooperation between programmers. This can greatly improve work efficiency and speed up the progress of the project. Object-oriented has three characteristics: inheritance, encapsulation, and polymorphism. It binds data and code together and encapsulates it into an object, which protects the program from external interference. And when the object properties change, it will not affect other code programs, which will be beneficial to the maintenance of the system.
c) Security
The data structure of the Java language is a complete object, and the data type itself is safe during the encapsulation process. Java does not support pointers, and all memory accesses need to be implemented through object instance variables. When it is used in the network, permissions will be set to protect the privacy of users, which on the other hand ensures the security of Java.
d) Multithreading
Multithreading means that there are multiple threads in a process, and each thread executes different tasks concurrently. This allows better use of resources and faster response procedures.
e) Easy to use
The Java language is relatively simple, and people only need to understand some basic grammar to write some specific task programs. Writing the source code can be done with software such as a text editor, which is very convenient. The written source file can be run directly after being compiled. And the corresponding application can be realized after debugging.
(2) Graphical interface development tools
The graphical interface is the interface for the user to interact with the software. It uses intuitive and clear graphics and charts to show staff the temperature distribution on the surface of the storage tank. And it provides an interface that the staff can operate, which is used to control and manage the entire temperature monitoring system.
Graphical user interface (GUI) refers to a user operation interface that adopts a graphic display mode. The graphical user interface consists of windows, drop-down menus and their corresponding control panels. It is an interface format for users to communicate with computer software, and allows users to use input devices such as a mouse to operate icons on the software interface. The user can select or start some tasks or programs through options, which is different from the command line interface that can only use the keyboard to enter text or commands to complete routine tasks. The characteristics of the graphical user interface are as follows:
a) Human-computer interaction
The biggest feature of GUI is that users can realize data transfer with computer software through some operations. This interface realizes the human-computer interaction between the user and the computer. After the operator performs certain operations on the software interface, the software interface will display the operation results on the screen to achieve an interactive control function. The human-computer interaction of the graphical user interface can not only transfer data, but also make it easier for users to operate and manage the interface.
b) Beautiful and tidy
With the rapid development of science and technology and the improvement of human aesthetics, simple and beautiful graphical interfaces play a very important role for display and monitoring products. The graphical user interface adopts a graphical display method and combines some element modules, which makes the style very simple and beautiful. The design style of this method is more likely to bring good visual effects and attract users more easily. This is also a key step for enterprises to give full play to their competitive advantages.
c) Practicality
The software user interface designed through GUI is very practical. It is convenient for users to operate. Users do not need to memorize a large number of symbol commands, and do not need to have strong professional knowledge to operate the software. The graphical software interface makes the data transmission more efficient and the display of the running results faster, which further improves the work efficiency of the staff.
4.3.3.2 Software module
(1) User login module
After the system starts, it will automatically run the monitoring software. The software will open the monitoring interface and work according to the pre-set parameters (such as the number of sampling channels, sampling frequency). It collects and periodically stores temperature data in real time. For on-site workers, if they need to switch from the monitoring interface to other work interfaces, user login is required. If the staff chooses not to log in or fails to log in, the system only displays the most common monitoring interface, that is, only partial functions are provided. For example, temperature display, instructions for use, etc. After the system is successfully logged in, some restricted functions will be opened. Such as viewing historical data, temperature graphs, alarm information, etc. The flowchart of the user login module is shown in the figure 10.


Figure 10 The flowchart of the user login module
(2) Data communication module
The demodulator in the real-time monitoring system for tank leakage and the computer network interface protocol uses TCP/IP to communicate, and the network transmission protocol uses hexadecimal. Each frame of data contains center wavelength data and sensor waveform data. TCP is a connection-oriented protocol, which provides reliable delivery services. In order to achieve reliable communication on the transmission network, the TCP protocol not only has an acknowledgement and retransmission mechanism, but also has functions such as flow control and error control. When using TCP network interface to exchange data with monitoring software, TCP sends data in character format. After receiving a complete frame of data, the receiver will analyze and process the data in the data area according to the communication protocol, and extract the temperature information in the current data.
a) Establish connection
Optical fiber integrates sensing and transmission. It can not only perceive changes in external target parameters, but also transmit optical signals. The installation of the fiber grating array on the storage tank can sense the temperature change of the storage tank when the leakage occurs, so that the leakage of the storage tank can be monitored. When the outside temperature changes, it will cause the center wavelength to drift. The demodulator can calculate the drift of the center wavelength of the fiber grating array resulted from external temperature changes. Based on this, the grating array is connected to the demodulator in the control room through a transmission optical cable. When collecting temperature data, first establish the communication between the demodulator and the computer, and then transmit the data in the demodulator to the PC upper computer.
The main code to establish a TCP connection is as follows.
                String ip="192.168.1.100";   // Server ip address
                int port=9090;//端口号
                try {
                    sck1=new Socket(ip,port);
                } catch (UnknownHostException e1) {
                    // TODO Auto-generated catch block
                    e1.printStackTrace();
                } catch (IOException e1) {
                    // TODO Auto-generated catch block
                    e1.printStackTrace();
                }
                while(sck1 != null && !"".equals(sck1)) {
b) Transfer data
Send a series of commands to the demodulator, then the demodulator can return temperature data.
The main code is as follows.
                        str1="FCFC00000300EE0300000100000000FDFD";
                        byte[] b1 = new byte[str1.length() / 2];
                        for(int i = 0; i < str1.length() / 2; i++) {
                            String subStr1 = str1.substring(i * 2, i * 2 + 2);
                            b1[i] = (byte) Integer.parseInt(subStr1, 16);
                        }
                        os1=sck1.getOutputStream();   // Output stream
                        os1.write(b1);
                        os1.flush();
c) Receive data
The main code is as follows.
                        input1=sck1.getInputStream();
                        byte[] b2 = new byte[1024];
                        int count1 = input1.read(b2, 0, b2.length);
                        info1=bytesToHexFun(b2);
(3) Data processing module
The data transmitted from the grating array demodulator to the computer is hexadecimal. Therefore, it needs to be converted into a temperature value through the communication protocol of the demodulator. The main code for temperature data conversion is as follows.
for(int i = 40;i < 40 + fiberCount1 * 4;i = i + 4){
                                String subStr = info1.substring(i,i + 2);
                                String substr1 = info1.substring(i+2,i+4);
                                if(Integer.parseInt(substr1,16) < 128) {
                                    temp1[j1++] = (float) (Integer.parseInt(subStr, 16) + Integer.parseInt(substr1,16) * 256) / 10;
                                }else if(Integer.parseInt(substr1,16) >= 128){
                                    int i1 = Integer.parseInt(substr1, 16) - 128;
                                    int i2 = Integer.parseInt(substr, 16);
                                    int i3 = (i1 * 256 + i2) - 32768;
                                    temp1[j1++] = (float)i3 / 10;
                                }
(4) Real-time temperature display module
Laying the grating array on the storage tank can sense the temperature change on the surface of the storage tank, so as to monitor the leakage of the storage tank in real time. In order to prevent missed inspections, each storage tank has about 140 monitoring points. It can realize all-round monitoring of the storage tank. Considering that too many monitoring points on the software's temperature display interface will cause the interface to be messy and untidy, so the 140 monitoring points are divided into four parts according to the area. The temperature data of each part is averaged and then displayed on the software interface. The tank body after partitioning is shown in the figure 11.

Figure 11 The storage tank body after partitioning
(5) Monitoring alarm module
[bookmark: _Hlk85999855][bookmark: _Hlk85999884][bookmark: _Hlk86000030][bookmark: _Hlk86000045]In order to carry out real-time and accurate monitoring of the structural health of the storage tank. According to the project plan, two alarm strategies are set up. The first method is to set an alarm threshold for the system in advance, and the numerical value of the threshold is determined according to the actual situation. Since the storage tank contains high-pressure liquefied gas, an endothermic reaction will occur when a leak occurs, which will cause the temperature near the leak point to decrease. After each measurement value is obtained, the collected temperature value is compared with the set alarm threshold value. When the temperature amplitude is lower than the alarm threshold, an alarm signal is issued. Specific response measures include flashing indicator lights, buzzer alarm ringing, etc. In order to improve the reliability of the alarm and reduce the false alarm rate, the second alarm strategy is set up. It is a differential temperature alarm mechanism, which determines whether to output an alarm signal according to the rate of temperature drop. When the temperature drops too fast in a short period of time, it indicates that there may be a leak, and effective measures should be taken in time.
The flowchart of the alarm module is shown in the figure 12.


Figure 12 The flowchart of the alarm module
[bookmark: _Hlk86000071](6) Data storage and query module
[bookmark: _Hlk86000471]The data storage module is the process of storing the temperature data that is outputted by the software. The data is saved in a local folder in .txt format, and it can be recalled and analyzed at any time. The storage content of temperature data includes measured time, temperature data, alarm information, etc., which is convenient for staff worker to query historical information. The storage format of measurement data includes measurement time, detector number, and temperature value. The storage format of alarm information includes detector number, alarm type, alarm temperature value, alarm time, etc.
[bookmark: _Toc85744353]4.4 On-site implementation plan
(1) Laying method of grating array
[bookmark: _Hlk86000669]According to on-site monitoring requirements, grating array sensing technology is used to monitor the temperature and leakage of the overall structure of the earth-covered tank. Lay a length of 144 meters grating array sensor optical cable along the outer surface of the tank from top to bottom, and then from bottom to top. Use stainless steel wire to fix the sensor optical cable on the small steel pillars of the storage tank in order to make it close to the outer surface of the tank as much as possible.
[bookmark: _Hlk86000693]The distance between the sensors of the grating array sensing optical cable is 1 meter, which can realize real-time monitoring of the temperature and leakage points of different parts of the tank. The laying method of grating array is shown in the figure 13.

Figure 13 The laying method of grating array
(2) Soil covering operation of storage tank
After the sensor optical cable is installed, the entire storage tank needs to be covered with soil. The storage tanks are filled and covered with soils of different compositions, which can reduce the safety distance and save land resources. More importantly, it can reduce the explosion hazard caused by the leakage of the storage tank. The earth-covered storage tank is shown in the picture 14.
[image: ]
Figure 14 The earth-covered storage tank
(3) Connection of signal transmission equipment
The grating array sensing optical cable is introduced into the optical fiber connection box near the tank. The optical fiber connection box can not only protect the optical cable, but also make the wiring on the construction site neat. Then, the initial end of the grating array sensing optical cable is welded to the signal transmission optical cable. Finally, all temperature signals are transmitted to the central control room through the transmission optical cable.
The on-site implementation plan is shown in the figure 15.


Figure 15 The on-site implementation plan
[bookmark: _Toc85744354]4.5 Conclusion
This chapter introduces the overall architecture of the tank leakage monitoring system, including the signal detection module, data acquisition and processing module, data presentation and remote monitoring module. Aiming at the hardware system design, it mainly introduces the principles of hardware design and the hardware devices in the system. For the software system design, the software requirements analysis, software functions and software architecture are introduced in detail. The software architecture includes a data receiving subsystem, a data analysis and processing subsystem, a data display subsystem, and a data storage subsystem. The data receiving subsystem senses the surface temperature of the storage tank and collects and transmits temperature data. The data analysis and processing subsystem analyzes and processes the data. In the data display subsystem, the staff can see the temperature data and temperature curve of the storage tank on the software interface. The data storage subsystem can query historical temperature data and provide useful information for the staff during maintenance. Finally, the implementation plan in the actual project is introduced, including the laying method of the grating array, the field wiring situation and so on. The next chapter mainly analyzes the data measured by the system to verify the performance of the system.


[bookmark: _Toc85744355]CHAPTER 5: RESULTS AND DISCUSSION
When measuring the temperature distribution of the entire tank and capturing possible leaks, the traditional point sensor can no longer meet the demand due to the large volume of the storage tank. Therefore, a new generation of large-capacity, high-density, high-precision grating array sensing technology is selected to realize all-round temperature sensing and leakage point monitoring of the tank. According to the temperature distribution law of the storage tank and the principle of fiber grating sensing, a reasonable laying method of the storage tank array grating and a real-time temperature monitoring program are determined. The corresponding acquisition, processing, display and storage modules are designed and implemented, so as to realize the monitoring and controlling of the temperature of the storage tank in real time. The system also adds a leak alarm function with two alarm strategies, which helps to detect danger in time and reduce the occurrence of accidents.
According to the overall system design plan described above, a real-time monitoring system for tank leakage based on fiber grating array sensing technology is built. After laying the grating array on the tank body, use a sensing optical cable to connect it with the array demodulator in the control room, and establish communication with the upper computer at the same time. After the system is successfully set up, operate and test the system.
[bookmark: _Toc85744356]5.1 Display of software interface
(1) System monitoring interface
After the system is successfully set up, open the host computer software, and monitor the tank leakage through the temperature data displayed on the software interface. In the main monitoring interface of the software system, the system refreshes data every second, which can almost do real-time online monitoring of storage tanks.
In the early system hardware design, the array grating laid on the storage tank has about 140 monitoring points to realize all-round leakage monitoring of the storage tank. However, considering that in practical applications, displaying the temperature values of all monitoring points on the display interface of the system software will cause the software page to be cluttered, which is not easy for the staff to view and manage. After comprehensive evaluation, all monitoring points are divided into four parts. After calculating the average value of the monitoring points of each part, display it in the figure. This can make the software interface clean and neat, and it is more convenient for staff or users to operate and view the software. The temperature monitoring interface of the system is shown in the figure 16.
[image: ]
Figure 16 The temperature monitoring interface of the system
(2) Real-time temperature monitoring curve
In order to grasp the overall temperature distribution of the storage tank, the staff can view the temperature data of all monitoring points on the storage tank at a certain time. As the picture shows. The graph 17 shows the temperature at all monitoring points on the surface of the tank at around 10 o'clock in the morning on June 25. The abscissa indicates the location of the monitoring points where the grating array is laid on the tank, and the ordinate indicates the temperature corresponding to each monitoring point. The graph can conveniently and intuitively let the staff understand the overall temperature distribution of the storage tank.
[image: C:\Users\Jiang\Documents\Tencent Files\531612875\FileRecv\Graph3(1).png]
Figure 17 Temperature at all monitoring points on the surface of the tank
(3) Historical temperature curve
This function is convenient for staff to view historical data and historical curves. The picture 18 shows the 12-hour temperature change at a certain monitoring point on June 26th. It can be clearly seen from the figure that the temperature change of the monitoring point within 12 hours does not exceed 0.5℃, indicating that the monitoring point is in a relatively stable state.
[image: C:\Users\Jiang\Documents\Tencent Files\531612875\FileRecv\Graph12(1).png]
Figure 18 12-hour temperature change
(4) monitoring and alarm
The purpose of designing the software system is not only to sense the temperature of the storage tank, but also to monitor the leakage of the storage tank by monitoring the temperature change. When designing the alarm function of the software, the alarm threshold must be set first. The appropriate temperature value is selected as the alarm threshold through the analysis and comparison of the previous data. Since the storage tank is filled with high-pressure liquefied gas, an endothermic reaction will occur when it leaks. Therefore, when the storage tank leaks, the temperature near the leak point will decrease. When the temperature in the storage tank is close to or even lower than the threshold, it indicates that the storage tank may leak at this time, and the system will immediately alarm and ring the bell. In order to avoid false negatives, a differential temperature alarm mechanism is also set up. When the temperature drops too fast in a short period of time, it indicates that there may be a leak. At this time, the alarm will ring to remind the staff to pay attention. And the alarm bell will stop only after the staff clicks the silence button, which can avoid serious accidents caused by the staff not hearing it.
When the alarm bell rings, the table of the software system interface will display the information of the leak alarm point, such as the location of the leak point, the serial number of the leak point, the temperature of the leak point, the alarm time, etc. Through the system's recording of this information, the staff can quickly understand the leakage status of the storage tank, and can accurately find out the specific location of the leakage point, so as to make corresponding remedial measures.
[bookmark: _Toc85744357]5.2 Data analysis
In order to verify the reliability and accuracy of the tank leakage monitoring system, further analysis of the collected data is required. Collect and organize the temperature test data of different temperature measurement groups in the storage tank. Select some representative data to draw a time-domain curve diagram of the tank temperature data.
[bookmark: _Toc85744358]5.2.1 Sensor reliability test
In order to verify the long-term reliability of the system sensors, a long period of temperature data is selected for monitoring and analysis. The figure 19 shows the temperature trend of the five monitoring points of the storage tank from April 4 to June 4. It can be seen from the figure that all the five grating array monitoring points can perceive temperature signals and can monitor temperature changes. And the temperature change trends of these 5 points are consistent. The trend of each curve changes slowly with the change of the external environment temperature. It can be concluded that the temperature in the deep soil of the storage tank is relatively stable, and the array grating sensor is also relatively stable and has long-term reliability.
[image: ]
Figure 19 The temperature trend of the five monitoring points from April 4 to June 4
[bookmark: _Toc85744359]5.2.2 Sensor accuracy test
From the data analyzed above, it can be seen that in the absence of leakage, the temperature of the tank surface changes steadily and slowly with the temperature of the external environment, and the data measured by the grating array also shows the same change. In order to verify the accuracy of the fiber grating array sensor, the temperature data measured by the grating array was compared with the data of the thermocouple sensor. The thermocouple is one of the commonly used temperature detection components in the industry. It uses the thermoelectric effect to measure temperature. The principle of thermoelectric effect is to weld two different conductive materials together to form a closed loop. When there is a temperature difference between the two end points, an electromotive force is generated, which can realize the conversion of thermal energy to electrical energy.
As is shown in the figure 20, the temperature data of the grating array sensor and the thermocouple sensor are compared for 9 days in different months. Because the storage tank is designed to be covered with soil, the storage tank is in a low temperature and stable state. It can be seen from the figure that the temperature measured by the two kinds of sensors is almost the same in the change trend, and both rise slowly with the increase of the outside temperature caused by the change of seasons. And the temperature difference measured by the two does not exceed 1℃, indicating that the grating array sensor's monitoring of the tank temperature is relatively accurate and convincing.
Table 4 The comparation between the grating array sensor and the thermocouple sensor
[image: ]

Figure 20 The comparation between the grating array sensor and the thermocouple sensor
[bookmark: _Toc85744360]5.2.3 Leak monitoring test of storage tank
The project is based on the research of actual engineering projects. Due to the high safety of the storage tank itself, there has been no leakage since the successful construction of the project. And due to the limitation of the experimental conditions, it is impossible to carry out the simulated leakage experiment because the simulated gas leakage experiment may bring danger and some unknown situations, such as explosion or leakage.
[bookmark: _GoBack]In order to test the feasibility of the technology, a water filling experiment of the storage tank was supplemented. When the storage tank leaks, it will cause the temperature near the leak to change. By filling the tank with water, the temperature on the surface of the tank can be changed.
The specific implementation plan is as follows. On August 21, the storage tank was continuously filled with water. After the water in the storage tank is full, stay for 24 hours before proceeding with the water discharge operation. Then, after the water in the storage tank is completely drained, perform the second water filling operation. Finally, when the storage tank is full of water, drain it.
The data results of the water filling experiment are shown in the figure 21.
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Figure 21 Results of the water filling experiment
The picture shows the temperature trend of the five monitoring points of the storage tank from June 11 to September 9. It can be seen from the figure 21 that the temperature change trends of these 5 points are consistent. Their temperature changes slowly and steadily with the temperature of the external environment before the water-filled experiment. As the tank is continuously filled with water, the temperature on the surface of the tank will increase. It can be seen that the temperature data monitored by the grating array also shows an upward trend after the water is filled. When the water in the storage tank is full, the temperature on the surface of the storage tank will maintain a relatively stable state. Correspondingly, the temperature data monitored by the grating array remains basically unchanged. As the tank begins to drain, the temperature of the tank surface will continue to decrease, and the temperature measured at this time will also decrease. When the storage tank was filled with water for the second time, the temperature change showed an upward trend again. When the tank is filled with water, the temperature will no longer change. Finally, the surface temperature of the storage tank will continue to decrease with the drainage operation. Correspondingly, the temperature data measured by the grating array also decreases and gradually returns to the initial temperature.
It can be seen from the figure that the grating array sensor can sense temperature changes, and can accurately identify the moment of filling and discharging water. The water filling experiment of the storage tank verifies that the system has the ability to sense and monitor temperature changes, which shows that the system can monitor the leakage of the storage tank.


[bookmark: _Toc43040071][bookmark: _Toc85744361]CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Toc85744362]6.1 Conclusions
With the rapid development of world economic construction, the scale of petrochemical enterprises has gradually expanded, and the scale and number of storage tanks have also shown an upward trend. However, as the service life increases, the storage tanks in the oil tank farm are prone to problems such as leakage. Once the storage tank leaks, it will cause dangerous situations such as fire and even explosion. And because the storage tanks in the oil tank farm are centralized, the chain reaction between the storage tanks is bound to bring more serious consequences. Therefore, it is necessary to adopt intelligent means to conduct real-time online monitoring of storage tank leakage to ensure the safety of the tank farm.
The main research contents of this article are summarized as follows.
(1) Analyze and compare the existing storage tank leakage monitoring techniques and methods, and summarize their advantages and disadvantages. For example, acoustic emission technology has a large error in the measurement of tank leakage. The negative pressure wave method and the level gauge method are not sensitive to small leaks and cannot be accurately positioned. The infrared method is more efficient but the equipment cost is high. Among them, fiber grating array sensing technology has unique advantages such as high sensitivity, high measurement accuracy, anti-electromagnetic interference, and corrosion resistance. It can not only perceive temperature parameters, but also transmit temperature data. Applying it to the petroleum field can realize real-time and accurate monitoring of the leakage of storage tanks.
(2) The preparation technology of the grating array is described, and the principle of fiber grating sensing technology and the principle of fiber grating temperature sensing are theoretically analyzed. It is proposed to use WDM/TDM hybrid multiplexing to realize large-capacity sensor multiplexing, thereby increasing the network scale.
(3) Based on the large-capacity, high-density, high-precision, and long-distance characteristics of the fiber grating array, laying it on the storage tank can realize all-round sensing and monitoring of the surface temperature of the storage tank. Transferring the collected temperature data to the PC host computer for subsequent analysis and processing can provide a theoretical basis for tank leakage monitoring.
(4) Based on the principle that the surface temperature of the storage tank changes due to leakage, a real-time monitoring software for storage tank leakage is designed. Through the main interface of the software, the staff can clearly and intuitively see the temperature change and temperature curve of the storage tank, and can monitor the overall temperature of the storage tank in real time.
(5) The real-time monitoring software for tank leakage also has a leakage alarm function. The alarm strategy includes constant temperature and differential temperature alarms, that is, when the temperature is lower than the threshold temperature or the temperature drops too fast in a short period of time, it will cause the alarm to ring. This method can improve the reliability of the alarm and reduce the false alarm rate.
(6) By analyzing the collected data, the reliability and accuracy of the sensor can be verified. And the supplementary tank filling experiment can verify that the system has the ability to monitor tank leakage, which proves the feasibility of the technology.
[bookmark: _Toc85744363]6.2 Suggestions for further work
Judging from the system's software functions and data analysis results, the real-time monitoring system for tank leakage has basically reached the expected goal. However, due to experimental conditions, limited time, technical difficulty and other reasons, the project still has some shortcomings. After consideration and analysis, the following work of this article can be further improved from the following aspects.
(1) The temperature data collected in this project are all saved in the local folder. Although the operation and calling are simple and convenient, it will be difficult to manage as the amount of data continues to expand. Further work will establish a database for data storage problems, and record temperature data and alarm information into the database. Using the database to query and retrieve historical data is fast and accurate, which is beneficial to improve work efficiency.
(2) For the software system in this system, the further work is to optimize it. Optimize the main interface of the software to make the interface more beautiful and concise. For the temperature display module of the software, the function of displaying a two-dimensional thermal image can be added. Through the two-dimensional thermal image, the temperature distribution on the surface of the storage tank can be directly presented, which is convenient for users to monitor the leakage of the storage tank.
(3) Further work can also measure the inclination angle, pressure and other related parameters of the tank by adding fiber grating inclination sensors and pressure sensors to achieve the purpose of monitoring the health of the entire structure of the tank. This can provide a strong basis for the cause of the leakage of the storage tank from another angle.


[bookmark: _Toc43040072][bookmark: _Toc85744364]CHAPTER 7: REFLECTION 
Through the design of the real-time monitoring system for tank leakage, I have mastered a lot of new knowledge and consolidated the knowledge I have learned. For example, I learned some other methods in the field of tank leakage monitoring, understood the grating array sensing technology, and mastered the steps and methods of software development. By applying this knowledge to actual engineering projects, theory can be transformed into practice, which further realizes the integration of knowledge and projects.
The function and implementation plan of the project may not be perfect, but it has indeed gone through my repeated thinking and I have put in a lot of effort. From the confusion at the beginning to the clear understanding later, I understood the meaning and implementation methods of the project. This process has benefited me a lot. Thanks to the teachers for their valuable suggestions during the research process, which provided a great help to the research of my subject.
The journey of research was not smooth, and some difficulties were encountered during the implementation of this project. For example, because the tank leakage monitoring system designed in this research is based on actual project engineering, there is no leakage from the storage tank. However, evidence is needed to support the feasibility of the system. Therefore, in repeated thinking and judgment, it was proposed to verify the leakage monitoring function of the system through a tank filling experiment. Fortunately, the results of the supplementary experiments are impressive, providing strong support for the application of this technology to tank leakage monitoring.
Finally, I would like to express my deep gratitude to all the teachers and classmates who have helped and guided me. In the future, I will continue to do further study and research in this direction to master more techniques and methods.
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