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Abstract

:

Power transformer bushings withstand great electrical and mechanical stress during high voltage and high current working conditions. Sealing failure poses a great threat to the long-term and reliable operation of the bushing and power transformer; however, the criterion to evaluate the sealing status of a bushing caused by mechanical problems is still lacking. In this paper, a transformer bushing model is established to gain theoretical insight into the relationship between temperature and pressure of a compact multilayer bushing. To evaluate the bushing mechanical status, different sealing conditions are tested based on the temperature and pressure monitoring within the physical 110 kV bushing. The results show that mechanical sealing failure can be diagnosed when the fluctuation of the oil pressure value exceeds the theoretical curve in steady state by 3 kPa. With different reliability coefficients, gas leakage and oil leakage are available to be further determined. The primary and auxiliary criteria based on oil pressure and its gradient are proposed to evaluate comprehensively the actual sealing condition of the bushing, and a wireless oil pressure module is developed at the bottom valve, which is quite beneficial to field online application. It is promising to extend the online mechanical monitoring and diagnosis to oil-immersed power equipment.






Keywords:


transformer bushing; sealing condition; temperature; pressure; insulation oil












1. Introduction


Transformer bushings are one of the most important components in power transformers, which are used to conduct high current and insulate the high voltage. However, bushing-related defects cause the failure of transformers and even severe consequences such as fires or explosions, irrespective of the application or manufacturing period [1,2,3]. Therefore, it is significant to evaluate the status of bushings and detect incipient defects to improve the reliability for long-term operation [4,5].



According to CIGRE transformer failure statistics, 14.4% of transformer failures are caused by bushings [6]. Moreover, nearly 12% of bushing failures are mechanical failures. It is indirect and overdue to detect the mechanical defects through conventional electric techniques. Due to mechanical failure, the sealing condition of a bushing may be invalid, which leads to the insulation strength decreasing or even changing the internal moisture of the transformer. Therefore, it is necessary to monitor the sealing state of the bushing.



The poor sealing of the transformer bushing, the loose contact and the aging of the rubber ring seal could result in moisture penetration directly into the bushing. In addition, during the installation process, deviations in the position of the conductor bring in uneven force around the rubber ring, and then the rubber is subjected to varying degrees of aging and leads to sealing defects. These failures are difficult to observe at the very beginning, but it is necessary to be detected in time to prevent damping of the bushing and the transformer.



At present, many methods are used to monitor bushing status such as measuring insulator capacitance and dissipation factor (tanδ), which are sensitive to dampness throughout the bushing [7,8]. Moreover, the frequency domain spectroscopy method (FDS) is proposed since it is more sensitive to moisture content than conventional parameters such as capacitance and tanδ. It expands the frequency band of applied voltage from power frequency (50/60 Hz) to 0.001–1000 Hz, which means more information can be obtained to evaluate the bushing insulation from the degree of its wetness [9,10,11,12]. On the other hand, based on the dissolved gas analysis method, it is feasible for dynamic fault prediction in oil-containing equipment such as a bushing [13,14,15]. The physical condition of the bushing could be evaluated by the concentration and combination of different gases.



These methods, based on the parameters such as capacitance, tanδ, gas concentration, etc., are effective to insulation defects in bushings, but unavailable for mechanical failure. Generally, the insulation and mechanical issues are tightly combined and coupled as to bushings, and the insulation failure is always the focus. Thus, L. Zhang et al. [16] put forward a mechanical parameter to detect the pressure variation caused by partial discharge (PD) and the corresponding dissolved gases [17,18,19]. In this way, the mechanical pressure is an effective perspective to obtain access to the status of the bushing. However, it is easy to understand that oil pressure is greatly associated with temperature variation. Thus, it is more appropriate to reflect the mechanical condition of the bushing, since the sealing defects, such as gas and oil leakage, have a significant effect on the normal operation.



Because of the compact structure inside the bushing [6,20], the temperature at different positions is difficult to predict and analyze. During actual operation, the temperature of the bushing is hardly in a temperature-balanced steady state, which imposes great impact to the judgment of mechanical condition on the basis of oil pressure. It remains challenging to obtain insight into mechanical sealing with appropriate parameters as to a multilayer compact bushing. Especially, the criteria to investigate the degree of sealing are unclear in such an unsteady and mutual distribution of temperature in the entire bushing space.



The objective of this study is to evaluate the bushing mechanical status; a transformer bushing model is established in this study, and the relationship between temperature and pressure is deduced theoretically in Section 2. In Section 3, based on the physical 110 kV transformer bushing, three working conditions of intact seal, gas leakage and oil leakage are tested, and the pressure and temperature are measured. In Section 4, the data of pressure and temperature under three working conditions are analyzed and compared with the derivation results. In Section 5, a primary and auxiliary criterion is proposed to evaluate the transformer bushing sealing on-line. Finally, the main conclusions are drawn in Section 6. The sealing criterion of a bushing is proposed in this paper to monitor the sealing status of bushings, so as to provide a reference for further warning.




2. Analysis of Pressure and Temperature in a Bushing


The temperature of a bushing can be higher than 80 °C [21]; it is necessary to keep the amount of gas on the top to prevent the oil from overflowing due to thermal expansion of the oil. Therefore, the pressure at different temperatures is theoretically calculated initially to analyze the change of pressure in the bushing versus variable temperature. The physical model of the oil–gas system is established as shown in Figure 1, in which the bushing is well sealed. V10 and V20 are the initial gas volume and oil volume, T10 and T20 are the initial gas and oil temperature, and p10 and p20 are initial gas and oil pressure. V is the total volume, which remains constant throughout the process.



The volume of oil inside the 110 kV bushing is 11 L, approximately, and the volume of the gas cavity is about 2 L. According to the isobaric expansion equation:


  β =  1 V  (   ∂ V   ∂ T   )  



(1)




where β is the expansion coefficient; the value of the oil is 0.0008 [22]. V is the volume before oil expansion and T is the temperature. Then the volume change of the oil can be calculated based on temperature. In fact, the gas has a reaction force on the oil while the volume of the gas decreases due to the expanding oil. It can be actually assumed that oil is affected by the gas compression since the molecular gap of the liquid is much smaller than that of the gas. According to the ideal gas law, the measured pressure at the oil valve Pm can be calculated as the sum of gas pressure and oil pressure minus atmospheric pressure P0:


   p m  ( T 1 , V 1 ) = n R  T 1   1   V 1    +  p  20   −  p 0   



(2)




where n is the amount of the substance, R is the ideal gas constant and n is obtained from the initial state. During the operation of the bushing, the volume of gas cannot be calculated. By combining Equations (1) and (2), the measured pressure is obtained as a function of temperature on the premise that the bushing is well sealed:


   p m  ( T 1 , T 2 ) = n R  T 1   1   V  10   −  V  20   β (  T 2  −  T  20   )   +  p  20   −  p 0   



(3)







The actual data are substituted into Equation (3); the results are shown in Table 1.



Since the inside of the bushing contains oil and gas, the pressure changes caused by the sealing failure of different positions, which causes gas leakage or oil leakage with different effects. Once the failure position is above the oil level, it brings in gas leakage; the gas leakage rate and amount are influenced by the pressure difference between the inside and outside. It is difficult to perform quantitative analysis on gas leakage in the field due to the challenge of measuring the pressure difference. In the case of oil leakage, the liquid leakage rate is relatively slow; it is reasonable to assume that it is at a constant speed during the entire oil leakage process. If a is set as the oil leakage flowing rate (m3/s) and the oil leakage duration is t, then the measured pressure is the sum of gas pressure P1 and oil pressure P2:


       p 1  = n R  T 1   1   V  10   −  V  20   β (  T 2  −  T  20   ) + a t   +  p  20   −  p 0       p 2  =   ρ g  S  (  V  20   +  V  20   β (  T 2  −  T  20   ) − a t )      



(4)




where ρ, g and S are oil density, acceleration of gravity and cross-sectional area inside the bushing, respectively. The diameter of the conductor inside the bushing is 0.034 m, and the inner diameter of the porcelain envelope is 0.16 m, so the calculated cross-sectional area is about 0.019 m3. The density of insulating oil is 895 kg/m3, and g = 9.8 N/kg.



In short, the pressures at different temperatures can be theoretically calculated after determining the initial parameters. Then the comparisons and verifications through experiments and theoretical analysis can be carried out.




3. Test Platform and Settings


In order to verify the theoretical analysis, a 110 kV oil impregnated paper insulation (OIP) bushing (BRDW-126/630-4) was tested in the lab. The bushing and oil tank were heated by applying a rating current of 630 A; the corresponding temperature and pressure data were recorded simultaneously. The experimental setup is shown in Figure 2 and Figure 3.



There were three circuits in the test: (1) The main energy supply circuit connecting the transformer and the current transformer. (2) The heating circuit of the current transformer output bushing. The conductor inside the bushing was connected by a thick copper tube. (3) The heating circuit in the oil tank. The thermocouple and solid-state relay (CDG1-1DA/100A) and PID (proportion integral differential) controller were directly connected to 220 V. The oil in the tank was heated to simulate the actual temperature in the transformer body.



The temperature sensor I (TS I) and the pressure sensor (PS) were both installed at the oil valve through a three-way joint. The sensors were powered by an external DC power source, and the output signal was received by a computer. The temperature sensor II (TS II) was installed on the oil filling port, which lies on top of the bushing. Since the top area of the bushing was connected to high voltage, it was difficult to measure the temperature of the gas. To realize monitoring in the field, the temperature and pressure sensors at the oil valve were packaged as a device. The device included three modules: data acquisition, transmission and processing. The physical structure included sensors, signal transmission and terminals. The overall structure is shown in Figure 4. Considering the practical application of engineering, the pressure sensor with an accuracy of 0.3% and a range of 0–100 kPa was selected. The temperature range of the sensor was from −25 to 85 °C. After installing the sensors, the bushing stood still for 24 h to obtain stable initial data.



The test was conducted on the bushing with three sealing states: (a) completely sealed, (b) poor sealing at the top and (c) oil leakage. The poor sealing was set to take out the rubber ring at the oil filling port, and the seal relies on the rigid seal between the threads. The oil leakage setting was to loosen the sealing rubber ring of the tap, and the internal insulating oil leaks slowly. The fault setting and control are illustrated in Figure 5.



The temperature increased from room temperature to a stable value under three kinds of sealing conditions. Each condition was maintained for more than 10 h. The temperature and pressure data were collected synchronously at the measurement rate of one point per second. After the temperature increased, circuits (1), (2) and (3) were activated; the oil tank and bushing temperature then naturally cooled to room temperature.



At the beginning of the test, the completely sealed bushing was placed above the oil tank and the part below the flange was immersed in the oil tank. Circuits (2) and (3) were connected to the heating circuit simultaneously. The bushing was supplied with rated current of 630 A, and the oil tank temperature was controlled at 90 °C (according to IEEE standards, the temperature at the top of the transformer generally does not exceed the ambient temperature +60 K) [23]. During the test, a temperature and a barometer were set in the room to consider the environmental influence, and the sampling interval was 15 min. The test steps were as follows:



(1) Initially, a well-sealed bushing was used to conduct the rising temperature test. After the temperature of the oil tank stabilized, the temperature and pressure data were acquired simultaneously.



The temperature of the bushing was maintained for 18 h while the temperature stabilized. Then, multiple blowers were used to accelerate the cooling of the bushing. The pressure and temperature measurement were also maintained during the cooling process. Therefore, the corresponding relationships among the internal gas cavity temperature, oil temperature and oil pressure at steady state were obtained.



(2) When the bushing was cooled stably, the rubber ring of the screw at the gas cavity seal was removed. Keeping other conditions unchanged, it was then heated to a stable temperature. The temperature was then kept constant for 10 h, and the data for each sensor was acquired. The steps were then the same as (1).



(3) After step (2), the gas cavity seal was set completely, and then the heating operations were same as for step (1). While the bushing was heated to a stable temperature, the rubber ring of the tap was loosened slightly. At that time, due to the internal pressure being higher than the outside pressure, oil leaked until the internal and external pressure were equalized in a new steady state. When the data of the three sensors were stable, the dynamic pressure process when the oil leaked from the bushing was obtained. Subsequent comparisons were analyzed based on the actual leaked oil volume and the measured pressure value to verify the theoretical calculation.




4. Results and Discussion


First, the change of ambient temperature and atmospheric pressure during the entire test process is considered. As shown in Figure 6, the atmospheric pressure is basically stable overall, at about 101 kPa. The temperature shows a slight downward trend in fluctuations of about ±3 °C.



The test results when the seal is intact are shown in Figure 7a. The pressure and temperature are stable in about 7 h, and the fluctuation is small. After about 14 h of heating, the stable oil temperature tends to 60 °C, which is nearly 10 °C different from the top temperature. After the heating time reaches about 24 h, the bushing is cooled until the temperature reaches room temperature and stabilizes.



The top temperature and the measured pressure change curve are shown in Figure 7b; the rising and falling curves are approximately the same. It is obvious that the actual temperature and the pressure are directly related, which is consistent with theoretical analysis. In fact, the value of oil pressure is constant because it expands under heat while the density is correspondingly reduced; thus, the total pressure remains constant. It illustrates that only the relationship among gas volume, temperature and pressure needs to be considered.



The pressure and temperature results obtained in this test are substituted into Equation (3), and the test results are compared with the theoretical calculation results, as shown in Figure 8.



There is a significant difference between the theoretical and measured value at about 40 kPa during the heating process. The similarity in curves is high during the cooling and basically consistent. The concavity and convexity of the pressure changes with temperature are opposite when the temperature is rising. The reasons for this process are: (1) the bottom oil temperature data fluctuate; there is a wide range of changes during 5–15 h, which directly leads to no correspondence with the theoretical calculation results; (2) the measured temperature is considered as the average temperature and it is adopted in the theoretical calculation. According to the results, the measured gas cavity temperature and bottom oil temperature in steady state may correspond to the theoretical analysis.



The rubber ring sealing the gas cavity is removed to simulate poor sealing after the test of normal sealing condition. The other settings are the same as the above, and the test results are shown in Figure 9.



The pressure reaches a peak at about 49 kPa after heating for 10 h, then the bottom oil temperature still increases slowly with the pressure gradually decreasing. The bushing is set to cool down while the pressure is at 42 kPa. The comparison shows that the value of pressure drops more obviously than that for the intact sealing condition. Finally, when the bushing cools to a stable status, the pressure reaches about 3 kPa, while the value of the intact sealing is 11 kPa. The two temperature values are also brought into the Equation (3) for calculation (because the leakage rate and the start time of the leakage cannot be estimated, the theoretical equation that the seal is intact is used to compare), the result is shown in Figure 10. The previous segment of the pressure curves is approximately straight and coincident, which shows that the leakage process exists while the pressure is at a threshold.



There is a significant drop of pressure in the case of leakage and during the cooling process. The reason for the difference in the temperature–pressure curve should be the same as that for normal conditions. The gas cavity is completely sealed after the cooling process. As the bushing is well sealed and being heated, then oil leakage failure is established. The test results are shown in Figure 11.



The oil leaking process lasts for 140 min and the leaking oil volume is around 500 mL. The measured pressure ranges from 47 to 0 kPa; a is the oil leakage rate, and it can be calculated that the oil leakage is 0.06 mL per second, that is,    a =  6 ×   10   − 8     m3/s, which is substituted into Equation (4) for calculation. The comparison with the test results is shown in Figure 12.



In the case of intact sealing and oil leakage, the test results and the theoretical results fit well to a high degree, indicating the suitability of the theoretical analysis and modeling.




5. Criterion for Bushing Sealing Condition


When the bushing is under normal working condition and the top area of the bushing is under high voltage, it is difficult to measure the temperature of the top gas cavity directly. Therefore, to obtain access to practical application and judgment, it is necessary to consider the relationship between the oil temperature and the gas temperature at the top.



In order to analyze the temperature relationship between the measuring points inside the bushing, a 110 kV oil-immersed bushing (BRDW-126/630-4) is taken as a sample to establish a thermal field simulation model. To accelerate the calculation, a two-dimensional axisymmetric model is established to calculate the temperature distribution of the three-dimensional since the bushing is approximately an axisymmetric object. The model and measuring points are shown as Figure 13.



In the simulation, the radius of the internal current-carrying conductor is 0.018 m, the length is 2 m, and the radius of the condenser body is 0.034 m. The conductor is set to copper. The top, condenser body and the flange are set to aluminum, and the upper and lower porcelain envelopes are set to ceramic. In addition, both gas and insulating oil are fluids, and the dynamic viscosity are set to 1.86 × 10−5 m2/s and 10 Pa·s [22], respectively. More information is specified in Table 2.



During the simulation, the physical fields include electric, thermal, and fluid. The electric field is distributed on the conductor, and the bottom of the conductor is set as the z-direction current source, and the top of the conductor is set as the ground point. The heat generated by the conductor through high current radiates to the OIP and gas in the form of a “body heat source”. In the thermal field, the heat transfer is mainly carried out through heat conduction and heat convection. The heat conduction is applied for all contact media. Convection is applied to the fluid field and the outer surface of the porcelain. The fluid field includes the fluid area in the bushing, gas and oil. The fluid density changes due to the temperature difference, and the pressure difference between the inside and the outside creates the heat exchange of fluid movement. It is coupled with the heat transfer field to form a nonisothermal fluid heat transfer model.



According to the test and simulation process, the temperature of the oil tank is the main factor and the influence of the conductor is relatively small. The reason is that the conductor is composed of metal with low resistivity, so it generates less heat than oil in the tank. The heat distribution when the oil tank is 90 °C is shown in Figure 14. The temperature of the oil tank in the simulation is set at 30, 35, …, 120 °C, to obtain the temperature relationship between the two measuring points. On this basis, the two measuring points at multiple temperatures are fitted, and the result is shown in Figure 15.



The temperature closed to the oil tank is higher, and the temperature at the top is linear to the bottom measuring point temperature. The proportional relationship is set as   y = k x + b  , y is the temperature of gas, x is the temperature of oil and the solution is   k = 0.39  ,   b = 24.93  . The temperature measurement results under three different conditions in the experiment versus the simulation fitting curve are compared. The points of oil leakage and intact sealing are closed to the fitting line while the point of gas leakage differs from the fitting line by about 2 °C. Since the failure is set at the temperature measurement point of gas in the case of gas leakage, in which heat dissipation influences the measuring value of temperature. The results show that the temperature on the top can be converted to the oil temperature for achieving the pressure calculation in the field.



Based on the temperature conversion between oil and gas, the relationship curve of oil temperature and gas pressure under the theory can be calculated by combining with Equation (3). The measured value under the intact seal differs from the theoretical curve by 0.7 kPa. The data show that the theoretical result is consistent with the measured value.



In order to better evaluate the integrity of bushing seal, the main and secondary criteria of bushing seal are developed to fully evaluate the sealing degree of bushing. The pressure error lines are established by calculating the temperature difference between the intact seal condition and the theoretical value in steady state. The main temperature and pressure criterion of bushing seal is shown in Figure 16. In order to prevent misjudgment, the oil temperature difference is within the range of 3.2 °C, and the pressure value fluctuates up and down by 3 kPa. If the pressure does not change with the temperature, the seal is determined to be complete failure. If the measured value is out of this range, then it is considered as poor sealing.



In fact, when the transformer is in actual operation, the temperature change is not in the monotonous rise or fall process. When the temperature is too high, a variety of measures are taken to cool the transformer. For example, forced gas cooling is used to make the transformer temperature drop quickly, and then stop when it reaches the appropriate value. Therefore, the actual temperature of the transformer is difficult to maintain at a balanced steady state. This process of change is easy to misjudge the fault in a short time, and sealing defects including gas leakage and oil leakage need to be further distinguished. In this view, oil leakage or gas leakage can be evaluated through the analysis of pressure change rate at stable temperature. It is recommended to determine the oil leakage or gas leakage through the oil pressure changing rate under a relatively stable temperature.



After temperature conversion, the theoretical results and actual results are compared, as shown in Table 3 and Table 4. It is not obvious how to distinguish the leakage type merely based on the oil pressure changing rate in the temperature constant interval. For different sealing conditions, the leakage process occurs at a certain point. Moreover, when the internal gas leaks to the outside, the accuracy of the top temperature measurement may be affected due to the leaking path contained in the measuring position. As for the oil leakage, when the temperature is stable, it leads to a large pressure change even if leakage is at a lower rate, and the pressure change rate is much greater than the other two cases. It shows that the oil leakage fault can be visually and quickly observed, which provides the basis and measures for early warning.



Through the analysis of the experimental and theoretical results, online monitoring of the temperature and pressure in the bushing reflects the degree of sealing condition. When the temperature is relatively stable, comparing theoretical and measured pressure changes, this paper proposes an auxiliary criterion for the bushing, a reliability coefficient   K r e l   needs to be added in the judgment process to prevent misjudgment. For the convenience of expression, the actual pressure change rate is defined as   v a  , and the theoretical pressure change rate of intact seal at the same temperature is defined as   v t  .



Criterion I: When the temperature is stable, if   v a /  Krel 1  > v t  , it can be judged as a gas leakage fault. Reliability coefficient is set at    Krel 1 =  50  .



Criterion Ⅱ: When the temperature is stable, if   v a /  Krel 2  > v t  , it can be judged as an oil leakage fault. Reliability coefficient is set at    Krel 2  = 500  .



The pressure of oil and gas decreases at the same time when the oil leakage occurs, which causes significant changes in the measured pressure. Therefore, it can be timely and accurately judged when oil leakage occurs in any process. The gas leakage may take relatively more time and data to judge, and this fault does not immediately affect the operation of bushing. Figure 17 shows the flow chart of primary and auxiliary criteria with respect to oil pressure and its gradient. With the help of the primary and auxiliary criteria, the actual sealing condition of the bushing can be comprehensively analyzed just based on the oil pressure sensor and oil temperature detection in the bottom valve, which is quite beneficial to field application.




6. Conclusions


In this paper, different sealing conditions based on a 110 kV oil-immersed bushing are conducted, and the influence of the sealing condition at different temperatures on the pressure is analyzed. An online monitoring device is developed and criteria for the bushing sealing condition are proposed. Oil pressure and its gradient can effectively indicate the sealing condition. Excluding the influence of temperature fluctuation, it is effective to determine the mechanical failure of the bushing by detecting the oil pressure. Gas leakage at the top and oil leakage at the bottom are typical sealing defects for power transformer bushings. Once the fluctuation of the oil pressure value exceeds the theoretical curve in steady state by 3 kPa, it is regarded as a poor sealing. If the ratio of the measured oil pressure change rate versus the theoretical value is higher than 500, it is regarded as oil leakage, vice versa, it is probably diagnosed as gas leakage. A wireless oil pressure and temperature sensing module installed at the oil valve is developed in our study. It is effective to diagnose the mechanical conditions such as intact sealing, gas leakage, oil leakage and complete failure in the 110 kV bushing, indicating promising application for online monitoring of mechanical status for oil-immersed power apparatus, especially for vital situations such as in converter power transformers.



Since oil pressure is vital to investigate the sealing condition of high voltage bushings, it is expected to be adopted in monitoring the condition of bushings in the field, especially for high voltage ratings to diagnose bushing status in future applications.
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Figure 1. Oil–gas model inside a typical bushing. 
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Figure 2. The experimental setup for heating the bushing and oil tank. 
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Figure 3. Realistic photo of the laboratory experimental setup. 
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Figure 4. Pressure and temperature sensing detection device of bushing. 
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Figure 5. Illustration of poor sealing: (a) poor top seal setting, (b) oil leakage setting. 
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Figure 6. Changes in background temperature and atmospheric pressure during the test. 






Figure 6. Changes in background temperature and atmospheric pressure during the test.



[image: Energies 14 07908 g006]







[image: Energies 14 07908 g007 550] 





Figure 7. The curves of temperature and pressure in the intact seal bushing: (a) temperature and pressure change with time, (b) pressure changes with top temperature. 






Figure 7. The curves of temperature and pressure in the intact seal bushing: (a) temperature and pressure change with time, (b) pressure changes with top temperature.



[image: Energies 14 07908 g007]







[image: Energies 14 07908 g008 550] 





Figure 8. Comparison of the measured and theoretical results of pressure and temperature in the intact sealing: (a) pressure changes with time, (b) pressure changes with top temperature. 
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Figure 9. The curves of temperature and pressure for a poor seal at the top section: (a) temperature and pressure change with time, (b) pressure changes with top temperature. 
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Figure 10. Comparison of the test and theoretical results of pressure and temperature for a poor seal at the top section: (a) pressure changes with time, (b) pressure changes with top temperature. 






Figure 10. Comparison of the test and theoretical results of pressure and temperature for a poor seal at the top section: (a) pressure changes with time, (b) pressure changes with top temperature.



[image: Energies 14 07908 g010]







[image: Energies 14 07908 g011 550] 





Figure 11. Time variation of temperature and pressure in the bushing with oil. 
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Figure 12. Comparison of the test and theoretical results of pressure and temperature in oil leakage. 
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Figure 13. Bushing model and measuring points in simulation. 
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Figure 14. Heat distribution in bushing while the temperature of the oil tank is 90 °C. 
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Figure 15. Comparison of simulation fitting curve and actual results. 
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Figure 16. Temperature and pressure criterion diagram of bushing seal condition. 
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Figure 17. Flow chart of primary and auxiliary criteria of the bushing seal. 
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Table 1. The values of each parameter under different temperatures for a 110 kV bushing.
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	T (°C)
	V2 (L)
	V1 (L)
	P1 (kPa)
	Pm (kPa)





	20
	11.00
	2.00
	0
	12.28



	30
	11.08
	1.92
	7.72
	20.00



	40
	11.16
	1.84
	16.11
	28.39



	50
	11.24
	1.76
	25.26
	37.54



	60
	11.32
	1.68
	35.29
	47.57



	70
	11.40
	1.60
	46.32
	58.60



	80
	11.48
	1.52
	58.51
	70.79



	90
	11.56
	1.44
	72.05
	84.33



	100
	11.64
	1.36
	87.19
	99.47
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Table 2. Material parameters of bushing used in the simulation.
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	Material
	Density

kg·m−3
	Thermal Conductivity

W·(m·K)−1
	Pressure Heat Capacity

J/(kg·K)





	Copper
	8940
	400
	385



	Ceramics
	2200
	1.38
	703



	OIP
	1200
	0.174
	20,000



	Aluminum
	2700
	237
	880



	Oil
	895
	0.12
	1340



	Gas
	1.29
	0.03
	1000










[image: Table] 





Table 3. Comparison of maximum change rate of actual and theoretical pressure.
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	Sealing Condition
	Pressure Change Rate under Stable Temperature

kPa·h−1
	Measured Maximum Pressure Change Rate

kPa·h−1
	Theoretical Pressure Maximum Change Rate

kPa·h−1





	Intact
	0.064
	5.05
	5.54



	Gas leakage
	0.450
	6.29
	/



	Oil leakage
	20.14
	29.68
	29.01
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Table 4. Comparison of minimum change rate of actual and theoretical pressure.
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	Sealing Condition
	Pressure Change Rate under Stable Temperature

kPa·h−1
	Measured Minimum Pressure Change Rate

kPa·h−1
	Theoretical Pressure Minimum Change Rate

kPa·h−1





	Intact
	0.064
	0.17
	0.11



	Gas leakage
	0.450
	0.44
	/



	Oil leakage
	20.14
	14.12
	16.21
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
T —T
Toroil
| Torgs] 10

0 s 10 15 20 25 30 35 40 48

t(h)

(a) Temperature and pressure change with time

Pressure changes with T of gas

R T U
T(C)

(b) Pressure changes with top temperature





media/file4.png
Circuit 1

_
20V
00.00
Display |
instrument |

|
- Solid state|
relay |

: o
Oil tank /_ _P_TLOO_
Thermocouple





media/file30.png
T of air (°C)

h
h

—&— Simulation results

A Air leakage
50| ® Oilleakage |

v Intact sealing

o
45+ -
y=0.39x+24.93
40 - §
35 | L 1 A ] ] ]
28 35 45 55 65

T of oil (°C)





media/file18.png
' | ' [ e Pressure
T 1 1 T T of oil |
50 | T of gas 70
|
~40 4 60
- ~
= <
:30 - 50&4
20 440
10 430
0 1 1 L | L | 1 | L | L 1 1 | 1 | L 20
0 S 10 1§ 20 25 30 35 40 45

¢ (h)

(a) Temperature and pressure change with time

50 ' I v ]
40 -
T rises
A
S 30 .
c}
20+ -
10 + .
— Pressure changes with 7 of gas

0 1
25 30 35 40 45 S0 55
T (°C)

(b) Pressure changes with top temperature





media/file21.jpg
T1 Oil leakage

<
w

10 15 20 25
t(h)





media/file26.png
Measuring point 1 Measuring point 2

T of gas T of oil






media/file27.jpg
90

80

70

30






media/file3.jpg
o000
Display
instrument

0000 |l

Thermacouple

|
lid state)

relay |

= o






media/file22.png
[ (e (e () &
[+ o) ~ \& 7 -+ (ap) o
1 1 1
e T F--------

g\4
=
| 2 J
=
<P]
—
R
o p—(
-
7 o]
. & =
= Y
Sy
m )
a &~
b
1 1 1
) () <& () [
\O T 9} (g o

25

20

15

10

t (h)





media/file19.jpg
— Measured
. —— Theoretical
0
0
<
0
0
0
0 s 10 15 20 25 30 35 40 45

1(h)

(a) Pressure changes with time

T10)
s o s W s
o )
©
- IR
Z z
M 52
=2 0 S
~
i |
0 "« Mewareap | \\ g
e
. pit|
W
T1CC)

(b) Pressure changes with top temperature





media/file7.jpg
T

Temperature Sensor

Model: HN-SBW.

Precision: 0.5°
Range: -5 - 85 °C

Power: 0.1mW

Pressure Sensor

Model: MIK-P300
Precision: 0.3%

Range: 0-100 kPa

RS485-WiFi module
Model: Elfin-EW11

Wii range: 2.4 GHz
Standard: 802.11b/g/n

Power: 0.7mW

20V

Terminal






media/file28.png





media/file10.png
Flange

bolt

Rubber ring

(b) Oil leakage setting

\E‘ A A

(a) Poor top seal setting





media/file33.jpg
Pressure-temperature
measurements

ressure v
mperaturg?

In the
gormal rang},

Primary criterion

No

Time-pressure
measurements

Rate of pressure
change

| I

Auxiliary
criterion

| Constant

| temperature






media/file32.png
60

—— Theoretical steady state value ' ; ' '
% Gas leakage ]
A Before the oil leakage p
50| m Intactseal .
— Oil leakage
—_ == = Error bars
& .
2 40 . -
P
R
=
72
o
= 30 | .
=5
20 Normal 7
c o, >
o
10 L l L l L l L l L l
30 35 40 45 50 55

Oil temperature (°C)

60





media/file14.png
| '| ' " f——Pressure
T | 1 T =T of 0il ]
I i e T 0f gas{ 70

0 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 20
0 S 10 15 20 25 30 35 40 45
t (h)
(a) Temperature and pressure change with time
50 I I I I
40| , .
T rises
A
~
§30 B -
= | T drops _
_y
20 - .
10 .
0 | — Pressure changes with 7 of gas
25 30 35 40 45 S0

T (°C)

(b) Pressure changes with top temperature





media/file11.jpg
—— Ambient temperature
——— Atmospheric pressure

0
6 8 10 12 14
1 (day)





media/file6.png
(a) 110 kV bushing and the oil tank (b) Oil leakage pipe near oil valve





media/file15.jpg
0

—]

0
g
B
<

0

0

b s 10 15 20 25 30 35 40 45

1(h)

(a) Pressure changes with time

T| (°C)
w3

s 0

s
Em

.n

o 5 « ;“ vnm:sm.l Pl

T1(C)

(b) Pressure changes with top temperature





nav.xhtml


  energies-14-07908


  
    		
      energies-14-07908
    


  




  





media/file16.png
60 " 1 g | > 1 L 1 , | " 1
— N easured
[ e Theorecticall

S0 4

‘=40

0 5 10 15 20 25 30 35 40 45
t (h)

(a) Pressure changes with time

T| (°C)
0 3

50 45 30 25
50 " 1 | I ' 50
40 |- 40
o~
% ~
i ] e o i 30 S
N’ o’ m
< =
_)
20 20 .
— Measured p 1
10F « Theoreticalp T {10
Measured p | |
j | Theoretical p |
25 30 35 40 45 50

T 1(°C)

(b) Pressure changes with top temperature





media/file2.png
Oil filling

port b
Atmospheric
Conductor pressure /P

Gas
Porcelain Pri-Vi-1,
insulator
ZZ( |0 (| 22
Oil take-off "
valve N
A2 |
Oil






media/file20.png
Measured

50 - —— Theoretical

0 1 1 1 1 1 1 1 1 1 1 1 1 L 1
0 5 10 15 20 25 30 35 40 45
t (h)

(a) Pressure changes with time

T [(°C)
55 50 45 40 35 30 25
60 i I ' I T T T T T 60
50 | 450
40 140
= =
g -
= 30} 130 =
— | —
[,
20 F 420 =
[ e Theoretical p 1
10 e Measured p 1 '-.... 4110
e Theoetical p | ‘\
0 . i . * Measuredp | || . . . 0
25 30 35 40 45 50 55

T 1(°C)

(b) Pressure changes with top temperature





media/file23.jpg
—— Measured
——Theoretical

Y.

10

15 20 2

t(h)

O





media/file5.jpg
() 110 kV bushing and the oil tank (b) Ol leakage pipe near oil valve





media/file24.png
Measured

Theoretical

0 5 10 15 20

£ (h)

25





media/file29.jpg
o on
S P

T of air (°C)

40

—a— Simulation results
A Air leakage
o Oil leakage
v Intact sealing

y=0.39x+24.93

25 35 45 55 65 75

T of oil (°C)





media/file1.jpg
Oil filling
port ———F

Conductor:

Porcelain
insulator

0il take-off
il take-o
valve

/)






media/file31.jpg
60

'S o
S 3

@
3

Pressure (kPa)

20

* Gas leakage

B Intact seal
|—— Oil leakage
[= = Error bars

|——— Theoretical steady state value|

A Before the oil leakage

40 45 50
Oil temperature (°C)

60





media/file25.jpg
Measuring point 1 Measuring point 2

Tof gas Tof oil






media/file12.png
T (°C)

0 2 4 6 8 10 12 14

— 1. T - r -1 T T 150
[ 4120
\ e ] ~
S
\WN 4190 A
-z
[ 1 N’
9
[ 4 60
[ 130
— Ambient temperature
., | = Atmospheric pressure 0

t (day)





media/file9.jpg
Control
bolt

Rubber ring

(a) Poor top seal setting (b) Oil leakage setting





media/file0.png





media/file8.png
Temperature Sensor

Model: HN-SBW
Precision: 0.5%
Range: —25 -85 °C
Power: 0.1mW

Pressure Sensor

Model: MIK-P300
Precision: 0.3%
Range: 0-100 kPa

RS485-WiFi module
Model: Elfin-EW11

WiFirange: 2.4 GHz
Standard: 802.11b/g/n
Power: 0.7mW

220V

Receiving
Terminal






media/file34.png
Pressure-temperature
measurements

Primary criterion

NO

NO

Time-pressure
measurements

Auxiliary

|
|
[ ] [ ] I
criterion |
|

1

Rate of pressure
change

Constant :I

I
______ i

Va /Krell> vV






media/file17.jpg
2
T
(h)

(a) Temperature and pressure change with time

(b) Pressure changes with top temperature





