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Abstract

:

Local over-temperature is one of the main reasons for boiler tube failures (BTF). By accurately monitoring and controlling tube wall temperature, local over-temperature can be avoided. Based on the measured flue gas parameters and numerical simulation, a method of thermal deviation calculation is proposed in this study for the on-line calculation of the tube wall temperature of boiler superheaters. The full-size three-dimensional numerical simulation was presented on the combustion in a pulverized coal-fired boiler of 1000 MW ultra-supercritical (USC) unit. A difference in the thermal deviation of the vertical direction was innovatively introduced into a segmented discrete model, and the thermal deviation condition conforming to reality was introduced into the calculation. An on-line calculation system developed based on the current calculation method was applied in a 1000 MW USC unit. The calculated local high-temperature zone was consistent with the actual over-temperature position and conformed to the law of the allowable metal temperature of the final superheater (FSH) serpentines segment. The comparison results showed that the calculated data by this method were more reflective of tube wall temperature change with boiler loads than the measured data. According to the calculated local over-temperature zone, the immediate warning response can effectively reduce the possibility of over-temperature BTF.
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1. Introduction


Even with new and clean energy technologies developing rapidly in recent years, coal-fired power generation is still the main source of electric power [1]. By the first quarter of 2022, coal-fired power generation accounted for 46.1% of the total installed capacity in China [2]. Due to their higher efficiency and less harmful emissions compared with traditional coal-fired power generation, ultra-supercritical (USC) units have become increasingly popular in the coal-fired power industry, especially for 1000 MW USC units with ultra-low emissions, deep peak regulation and other technologies. By the first quarter of 2022, 75 1000 MW USC units had been under operation in China, and another 10 units were under construction. In a 1000 MW USC unit, the width of the boiler is generally more than 30 m. Its large span leads to combustion inhomogeneities along the width of the boiler. Thus, both the temperature and velocity distributions of flue gas show large deviations along the horizontal direction [3]. According to measured data, the thermal load deviation of the superheater and reheater are between 1.15 and 1.25 [4]. The large deviation may result in the locally excessive temperature being higher than the allowable temperature of the metal material. Long service under over-temperature conditions causes the exfoliation of steam-side oxide scales, reducing the stress rupture life, and even overheating and boiler tube failures (BTF) [5]. About 40% of the emergency shutdowns of units are caused by BTF [6], which is a loss of approximately USD 5 billion per year for the power industry [7].



Adjusting the boiler combustion operation is the most rapid, convenient and efficient way to solve the problem of local over-temperatures on high-temperature heating surfaces. However, the problem usually occurs in the area with high temperature and high ash, so the exact locations of over-temperature local areas are difficult to obtain in real-time during the daily operation of the boiler. Many temperature measurement points are arranged in the USC units to detect over-temperature circumstances during the daily operation of the boiler. Considering the service life, the measurement points are not arranged on the high-temperature heating surfaces inside the boiler, but on the wall of serpentine outlet steam pipes outside the boiler. Combined with the calculation based on the flow and heat transfer mechanism model of flue gas and working fluid, the over-temperature circumstance of a whole tube can be well understood. However, the results mainly reflect the overall over-temperature of the serpentines. For the situation where the overall heating surface tube is not overheated, while the local tube segments are overheated, effective information obtained from the measured temperature data is limited. Thus, the combustion operation cannot be adjusted in a timely manner, according to the real-time situation, and eliminate persistent over-temperature of local areas. Finding a means to obtain accurate temperatures of the high-temperature heating surface in real-time is the key to solve the problem of over-temperature BTFs.



Many studies use theoretical calculation methods to obtain the real temperature on high-temperature heating surfaces that are mainly based on the method described in the Thermal Calculations of Steam Boilers [8] and ASME IAPWS-IF97 [9]. Based on the premise of the mass and energy balance, considering the inhomogeneity of heat absorption along the cross section and perimeter of the pipe, the thermal characteristic along the tube wall, hydraulic inhomogeneity, and structural differences in the serpentine pipe, the tube wall temperature can be calculated. In recent years, many improvements have been proposed. Wang et al. [10,11] introduced the thermal deviation theory of the same platen and the same piece to distinguish the difference and the flow deviation between different serpentine tubes in the same tube platen. Xu et al. [4] proposed a thermal load model based on the power plant thermodynamic parameters, thermal deviation theory, and flow rate deviation theory. The BTF positions predicted by this model are the same as those in the reheater of a 300 MW utility boiler. Prieto et al. [12] described a three-dimensional numerical model, and the continuity, momentum, and energy equations were solved in a coupled way, calculating the temperature of the tube surfaces along the reheater. Madejski et al. [13] presented a model based on the combination of the CVFEM and finite difference method. The steam and tube wall temperature were computed in the superheater using this model and compared with the results obtained by CFD simulation. Taler et al. [14,15] used a finite difference model with distributed parameters to solve energy conservation equations for steam, tube wall, and flue gas. Trojan et al. [16,17] developed distributed parameter mathematical models of the steam superheater’s individual stages. Using the iterative calculations of the steam, flue gas, and air temperatures, the developed mathematical models make it possible to determine temperatures of the tube outer and inner surfaces. Xu et al. [18] proposed a single tube model based on the finite volume method and measured temperature. Considering the temperature distributions, both of the steam side and the flue gas side, the tube wall temperature with a variety of combinations, including different steam flow rates and heat transfer coefficients, were determined, and the tube wall temperature profiles of the superheater and reheater tubes in the power plant were evaluated. Based on thermal deviation theory and local energy and mass balance of the superheater tube, Sun et al. [19] proposed a method of calculating tube wall temperature, adding the thermodynamic constraint condition to the calculation of the steam temperature of the cross section. The calculated maximum wall temperature position coincided with the position of the actual overheating tube. In order to simplify the calculation model, many assumptions were made when calculating the temperature of the heated surface wall in the mentioned research; for example, circumferential heat conduction in the tube wall was assumed to be negligible, pressure along the steam flow was constant, the temperature and flue gas velocity were constant over the channel cross section before the superheater, and the load of the boiler was constant. The calculated results were too idealized to quickly and accurately obtain the heating surface wall temperature under varying boiler loads.



In addition to the above theoretical calculation methods, computational fluid dynamics (CFD) simulation is also used to evaluate the tube wall temperature [20,21,22]. The combustion process of the boiler and the heat transfer process of the high-temperature heating surface are always modeled in different computational domains. Heating surfaces are modeled as porous regions, while direct radiation is set as a complement of a heat source term. In this way, CFD simulation is useful for obtaining the temperature field and velocity field of flue gas of the heating surface, but not the tube wall temperature. Moreover, the operating state of a boiler in an actual power plant deviates greatly from design values or theoretical conditions. Especially for opposite firing boilers, the primary air flow (the air used for drying pulverized coal and carrying the dried pulverized coal into the furnace) and fuel flow are different between different burners, and the secondary air flow (the air enters the furnace directly through the secondary bellow after being heated by the air preheater) in the air box has different distribution characteristics due to the violent combustion in the furnace [23]. The calculated temperature field and velocity field model show the characteristics of left–right symmetry because of the boundary condition settings for different burners in a fully symmetrical and equal way, which are far from actual conditions.



In order to obtain accurate tube wall temperature distribution and the local over-temperature zone of FSH in a 1000 MW opposite firing boiler during actual operation, operators must adjust the operation parameters in time to avoid the local over-temperature state of the heating surface for long periods of time. In this study, by measuring the excess air coefficient at the inlet of the air preheater under hot operation of the boiler, the horizontal air distribution coefficient of the boiler was obtained. The secondary air flow of different burners was determined according to the actual opening of the secondary air baffle of the burners. The horizontal air distribution coefficient and secondary air flow were set as the input boundary conditions. Via the full-size numerical simulation for a boiler, the flue gas temperature distribution at the inlet cross section of the FSH was obtained, and it was further amended by arranging gas temperature measuring results at the same cross section. The amended temperature distribution was then set as the thermal deviation condition for the calculation of tube wall temperature of the FSH. With the segmented finite element method, the tube wall temperature distribution on the FSH of the boiler under different loads was obtained. Compared with previous methods, the method reported in this study is a better fit with the actual operation of the boiler, and more accurately reflects the local over-temperature of the FSH. Due to its good performance in over-temperature warning, the on-line calculation system of wall temperature based on the new method has been successfully applied to an opposite firing boiler in a 1000 MW USC unit. It has been verified that the calculated results are more consistent with the local temperature change than the data obtained from measured points.




2. Case Study Boiler


2.1. Opposed Firing Utility Boiler Specifications


The numerical simulations were performed for a π type pulverized coal-fired boiler in a 1000 MW USC unit. The layout of burners and high-temperature heating surfaces of the boiler are shown in Figure 1. The length, width, and height of the furnace were 16,308.7 mm, 33,128.7 mm and 64,500 mm, respectively. There were 48 swirling burners arranged in an opposed firing way on the front and rear walls. The 24 swirling burners on each wall were averagely divided into three layers. Burners in the same layers were staggered in the vertical direction, and the swirl directions of any two adjacent burners were the opposite. Along the flue gas flow, the front platen superheater (FPSH), rear platen superheater (RPSH), final superheater (FSH), final reheater (FRH), low temperature reheater (LRH), low temperature superheater (LSH), and economizer (ECON) were heated successively. The FSH consisted of 110 tube platens along the width direction of the furnace, with a transverse intercept of 300 mm. From right to left were tube platen 1 to tube platen 110 in sequence. For each tube platen of the FSH, as shown in Figure 2, the serpentine was arranged with five kinds of steel tubes. According to the thickness and the allowable temperature (AT) of the material for each steel tube, the thermostability of the three tube segments below the furnace roof tube increased gradually, from inlet header to outlet header.



A total of 21 S-type thermocouples were installed at the inlet of the FSH under the cold state of the boiler beforehand. These thermocouples were equably distributed on the three layers of the flue cross section (Figure 3). Signals from these thermocouples are introduced into the distributed control system (DCS) of the power plant to obtain the inlet gas temperature distribution of the FSH under the hot state of the boiler. The thermocouples were supposed to be unacted on the heat radiation from burning, because the thermocouples were installed above the furnace arch and used RPSH as a shield. Since the thermocouples were installed at the same cross section, the radiation on thermocouples from the furnace and the wall is mainly related to gas dimensionless coefficient numbers (e.g., Nusselt number and Reynolds number), gas temperature and blackness, tube wall temperature, and the Boltzmann constant [24]. These parameters are approximately equal under the same load and the same flue surface; thus, they have limited influence on the relative value of flue gas temperature between different measuring points. The mass flow rate of flue gas under the rated load was Qs = 3568 t/h, the density was ρg = 1.323 kg/Nm3, and the inlet temperature was Tg,in = 990 °C; the width of the flue cross section was W = 33,128.7 mm, the height was H = 12,784 mm, the pressure was Pg,in ≈ −100 Pa, and the velocity of flue gas was Vg,in ≈ 8.19146 m/s, calculated according to the following Equation (1). At low gas flow rate, the accuracy of the thermocouple measurement results can be guaranteed.


   V   g , in    =    Q s     ρ g     ×      273        273 + T     g , in           ×           101 , 325   −   P     g , in         101 , 325       ×       W   ×   H       



(1)








2.2. Measurement of Transverse Distribution of Excess Air Coefficient of Boiler


As described in the previous section, during hot operation of the boiler, intense combustion occurs in the center of the furnace, which consumes a large amount of air and makes an under-pressure environment in the central area of the furnace, resulting in a difference of under-pressure levels on the horizontal section of the furnace. For a 1000 MW opposed firing boiler with large air boxes on both sides, the secondary air (including SOFA air) flow of each burner is different under the same secondary air baffle opening; specifically, the secondary air flow in the middle of the furnace is relatively large, and the secondary air flow on both sides is relatively small. Two factors are related to this phenomenon; one is the horizontal width of the boiler, the other is the differential pressure between static wind boxes (about 0.3 and 0.5 kPa) and the furnace. Due to the horizontal width of the boiler being more than 30 m and with eight installed burners, the difference of under-pressure levels caused by intense combustion in the furnace tends to cause different secondary air flows in burners. As the pressure of primary air is as high as 1.2 kPa, flow imbalance is not obvious for the primary air.



Due to the burner structure, it is very difficult to measure the difference in secondary air flow of different burners in the hot state of a boiler, and it is impossible to simulate the combustion pressure in the cold state. According to the method described by Zhou [23], 40 measuring points were set horizontally in the outlet section of the economizer at the end of the boiler. After 5 h of stable running of the boiler, the average excess air coefficient of the 40 points was measured. The section was divided into eight regions. Since the horizontal flow rate of the flue gas is much lower than the vertical flow rate in the furnace [25,26], the difference in excess air coefficient in the eight regions can be considered as the difference in secondary air volume of the burner. Thus, the deviation coefficient of secondary air volume of the eight burners on the same layer of the burner can be settled.





3. Mathematical Model and Calculation Method


3.1. Mesh System and Boundary Conditions


A full-size calculation was employed in the model. The computational domain ranged from dry bottom hopper to horizontal flue outlets, including a furnace, DRB-4ZTM swirling burners, SOFA air burners, a superheater, and a reheater of the horizontal flue. After the verification of mesh independence, a polyhedral structure mesh comprising 1,767,143 polyhedral cells was established with Gambit, under the consideration of computational accuracy and workload, to simulate the combustion process of pulverized coal in the furnace (in Figure 4). To determine the main parameters of the boundary condition of the CFD model, measurements were taken from the DCS for a 5-h period, during which the unit load was kept stable at 100 and 75% rated load (most common loads of this unit). More details about the parameters are shown in Table 1. The primary air flow rate of eight burners on the same layer was set equally according to the total primary air flow rate of each coal mill. The secondary air flow rate of each burner under ideal conditions was obtained from the total secondary air flow rate, according to the relationship between the opening of the secondary air baffle and the secondary air flow rate, and then the actual flow deviation of the secondary air of each burner could be set according to the above-mentioned deviation coefficient of the secondary air flow of the burners.




3.2. Coal Combustion and Heat Transfer Models


Fluent 15.0 software was used to simulate the temperature of the pulverized coal combustion, gas flow, and heat exchange between heating surfaces. Combustion and heat transfer in the furnace is a complex physical and chemical process. It is necessary to select an appropriate mathematical model and parameters to obtain accurate results. A realizable k-epsilon model modified by rotational flow was employed in modeling gas flow. The Lagrange stochastic particle model was employed in modeling particle movement of pulverized coal. The eddy dissipation model was employed in modeling gas burning. The DO model was employed in modeling radiative transfer. The two-competing-rates model was employed in the devolatilization model. The diffusion dynamic model was employed in modeling coke combustion. The design parameters of the boiler under BMCR conditions were taken as boundary conditions for numerical simulation initially, in order to test the accuracy of the model by comparing the calculated flue gas temperatures on the same typical cross sections with the design data.




3.3. Method for On-Line Calculation of Tube Wall Temperature


Reference [27] described the on-line calculation method of tube wall temperature of a high-temperature heating surface based on the sliced and segmented model in detail. Firstly, the flue gas area of the whole superheater was dispersed into A × B × C heat transfer spaces through three-dimensional slicing and segmenting, in a direction perpendicular to the height of the furnace, in a direction perpendicular to the flue gas flow direction, and along the flue gas flow direction. Secondly, the serpentines were divided into several tube sections along the flow direction of the working fluid. Thirdly, based on the continuity and energy balance of gas flow and working fluid flow, the heat transfer quantity was determined. Fourthly, the tube wall temperature was calculated by the three-dimensional discrete model, by setting the thermal deviation condition and the hydraulic deviation condition satisfying the node mass flow continuity equation and the loop energy conservation equation. The similar method was also described in [14], the thermal deviation condition was estimated based on the tube wall temperature measured by thermocouples installed on the outlet of serpentines, reflecting the overall temperature condition of the serpentine. Obviously, the outlet tube wall temperature was not equal to the flue gas temperature and can only be divided by along the width of the boiler.



The calculation method for the thermal deviation coefficient was improved in this study. The real-time operation data and the measured excess air co-efficient deviation were used to conduct CFD full-size simulation. The calculation conditions were more consistent with the actual operation states of the boiler, so that the temperature distribution of the inlet section of the FSH calculated by numerical simulation was very consistent with the measured value. According to the flue gas temperature distribution at the inlet of the FSH, the thermal deviation co-efficient was divided in more detail along the width and height direction of the boiler, which previous researchers only considered the difference from the width direction. According to the different metal materials characteristics of different tube sections as shown in Figure 2, different thermal conductivity was used for different tube sections in the tube wall temperature on-line calculation. It should be noted that the tube wall temperature calculated by this method is not the highest temperature, but the arithmetic mean value of the inner and outer wall temperatures. The maximum tube wall temperature was located on the outer wall surface, which was about 10 °C higher than the arithmetic mean value of the inner and outer wall temperatures.




3.4. Thermal Deviation Model at the Inlet of the FSH


Relevant scholars [4,28,29] usually only paid attention to the transverse distribution of thermal deviation of the whole heating surface when calculating the tube wall temperature of the high-temperature heating surface. However, according to the flue gas temperature distribution of the FSH inlet section obtained in this study, there were obvious temperature differences in the vertical direction of the section. Only thermal deviation in the horizontal direction obviously brought great error to the subsequent tube wall temperature calculation. In this study, the inlet section of the FSH was divided into five regions in the vertical direction, and the thermal deviation of each region was calculated separately. By extension, thermal deviations under different loads and working conditions were obtained. Compared with previous studies which only took the transverse distribution of thermal deviation into account, the calculation of tube wall temperature in this study was much more accurate.





4. Results and Discussion


4.1. Distribution of the Thermal Deviation


The simulated flue gas temperatures at the inlet and outlet sections of the main heating surfaces under BMCR conditions are shown in Figure 5. All of the relative deviations between the calculated values and designed values were less than 5%. It indicates that the chosen models and the parameters setting were appropriate. Based on the excess air coefficient distribution along the width direction of the burner (Figure 6), the full-size three-dimensional numerical simulation was conducted for the temperature distribution in the furnace under the conditions of a 100% load case and a 75% load case. The simulated temperature distribution in the furnace is shown in Figure 7. The results show that the calculated flue gas temperature distribution (Figure 8a,b) at the inlet section of the FSH is very similar to the measured flue gas temperature distribution (Figure 8c,d). It can be seen that the numerical simulation results have a strong similarity with the measured results. The locations of the local high-temperature zone and local low-temperature zone obtained by the two methods were in good agreement. The insufficient number of measuring points led to the low accuracy of the measured temperature distribution; thus, the numerical simulation results differed slightly from the measured results. The results of the numerical simulation for the 100% load case and 75% load case show that the thermal deviation coefficient distribution changed significantly along the vertical direction. Figure 9 shows the distribution of the thermal deviation coefficient of the five vertical zones. The different thermal deviation coefficients indicate the nonuniformity of the flue gas temperature distribution. The simulation results confirm the necessity of zone divisions to improve the accuracy of the tube wall temperature calculation.




4.2. Calculation of Tube Wall Temperature


Based on the calculation method proposed in this study, an on-line monitoring system for boiler superheater tube wall temperature was developed. The system was applied to a 1000 MW USC unit. Using the operation parameters in real-time and the corresponding thermal deviation coefficient under current load, the calculated real-time tube wall temperature of FSH is displayed graphically on a web page in the form of a structure chart of the heating surface. The system records the allowable material temperatures of each tube section of the FSH, so it can automatically give alarms in case of over-temperatures in certain tube sections. The calculation results of tube wall temperatures under different boiler operation conditions are stored in a database.



Figure 10 shows the calculated results of tube wall temperature distribution in FSH under the 100 and 75% load cases. The calculated tube wall temperature distribution basically corresponded to the inlet section flue gas temperature distribution along the boiler width direction. Especially for the 75% load case, the temperature distribution on the tube wall surface and at the FSH outlet showed an obvious “M” type distribution along the furnace width, which was consistent with the flue gas temperature distribution. For a single tube platen, the tube wall temperature gradually increased from the working fluid inlet to the working fluid outlet, and the tube wall temperature at the working fluid outlet was generally the highest. These temperature distribution results are basically similar to those in reference [22]; however, the local high-temperature zone in reference [20] and reference [29] were at the bottom of the FSH. The main reason for the difference may have been due to the different position of the FSH in the boiler. The FSH in this study and in reference [22] were behind the FPSH and the RPSH, and received less radiation from the furnace, while in reference [20] and reference [29], the FSH position was closer to the furnace, and received more radiation from the furnace. This phenomenon of the temperature distribution in this study fully conforms to the law of the allowable metal temperature of the FSH metal material, and the calculated local high-temperature position was consistent with the actual over-temperature position; this had been confirmed via metal detection when the unit stopped. The tube wall temperature of the FSH for the 75% load case was higher than that for the 100% load case, which is consistent with the results of reference [29]. In other words, the tube wall temperature more easily exceeds the allowable metal temperature at lower loads. The main reason for this is that the working fluid flow rate is more sensitive to a reduction in load than the flue gas temperature, resulting in a reduction of the cooling effect of the working fluid on the tube wall.



Figure 11a shows the on-line calculated tube wall temperature distribution of the 50th tube platen in the FSH at a certain operating condition, and the position of the 50th tube platen is marked in Figure 3. Six points are marked along the flow direction of the working fluid in the serpentine pipe, from P1 to P6, in turn, as shown in Figure 11b. According to the DCS system, the inlet steam temperature (Ts-in) of the FSH was about 550 °C, and the outlet steam temperature (Ts-out) was about 600~605 °C. The calculated tube wall temperature of the FSH increased gradually along the working fluid flow path. Since the heat transfer between the tube and working fluid was much better than that between the tube and flow gas, the tube wall temperature was closer to that of the working fluid. The temperature at P1 was approximately equal to the inlet working fluid temperature. The temperature at P4 was equal to that of the outlet working fluid temperature. At P6, the tube wall temperature reached its maximum value, which was about 80 °C higher than that of P1. Meanwhile, the working fluid temperature increased only by 54 °C along the flow path.



The wall temperatures of the six feature points (Ttw-P1 to Ttw-P6) on the 50th tube platen of the FSH operating at 100 and 75% load cases are shown in Figure 12. The temperature variation trends under the two load cases were different. For the 100% load case, the tube wall temperature rose in a zigzag manner from P1 to P6. The phase in which the tube wall temperature rose was most pronounced between P3 and P4. This is not only related to the long tube distance here, but also related to the local thermal deviation condition, i.e., the high local flue gas temperature. For the 75% load case, the local high temperature zone at the inlet of the FSH moved up, and the wall temperature increased almost linearly from P1 to P6. Compared to the 100% load case, the wall temperature rose from P3 to P4 decreased for the 75% load case, while from P2 to P3 and from P4 to P5, it increased. The tube wall temperature after P3 for the 75% load case was higher than that for the 100% load case, and the difference between them was about 8 °C at P6, where the tube wall temperature reached its highest value.



The continuous 24-h on-line calculation results of the maximum tube wall temperature (at the position of working fluid outlet) of the first serpentine on the 50th tube platen of the FSH are shown in Figure 13. As a peak regulation unit, the unit load changed within the range of about 550 MW to 1035 MW. At this time, the outlet steam temperature of the FSH, i.e., the main steam temperature, was basically kept stable within the rated parameter range of 600~605 °C. The inlet steam temperature frequently changed between 530 and 565 °C. It fluctuated greatly, mainly due to the influence of spray desuperheating before the FSH inlet. Many units are designed with many tube wall temperature measuring points installed on the outlets of serpentines. These measuring points are located at the furnace top chamber above the furnace roof tube. There is no high-temperature flue gas, and the ambient temperature is only about 500 °C. Due to the influence of heat dissipation of the working fluid in the tubes, the variation trend of the temperature by measuring points is almost consistent with the outlet temperature of the working fluid. Therefore, the measured tube wall temperature does not represent the actual tube wall temperature of the heating surface in the boiler, and should not be used as the basis for judging the local over-temperature of the heating surface. The maximum tube wall temperature calculated in this study can better reflect the change in real tube wall temperature with boiler loads. On the one hand, the calculated maximum tube wall temperature was significantly higher than the outlet steam temperature and the measured tube wall temperature. On the other hand, the variation in the calculated maximum tube wall temperature with boiler loads was significantly higher than that of the outlet steam temperature and the measured tube wall temperature.





5. Conclusions


A calculation method of thermal deviation based on the combination of excess air coefficient measurement and three-dimensional full-scale numerical simulation of boiler combustion was proposed in this study. Based on the actual operating conditions of a 1000 MW coal-fired boiler, the deviation coefficient of secondary air flow of different burners was set as the boundary condition of the boiler three-dimensional full-size numerical simulation. The calculation conditions were more consistent with the actual operation states of the boiler, so that the temperature distribution of the inlet section of the FSH calculated by numerical simulation was very consistent with the measured value. Actual thermal deviation conditions along the width and vertical directions were introduced into the on-line calculation of tube wall temperature of the boiler of the FSH. The wall temperature distributions of tube platens of the FSH and the serpentines in those tube platens under boiler-continuous operation conditions were calculated. With the boiler load decreasing from 100% load to 75% load, the tube wall temperature of the FSH generally increased. Compared with previous calculation methods, the improved method has a higher level of accuracy. The calculated local high-temperature zone conformed to the law of the allowable metal temperature of the FSH serpentines segment, and was consistent with the actual over-temperature position. An on-line calculation system developed based on the current calculation method was applied to a 1000 MW USC unit. Compared with measuring temperature with thermocouples installed on the outlet of serpentines, the calculation method in this study reflects a change in real tube wall temperature more accurately. Moreover, an on-line monitoring system for boiler superheater tube wall temperature was developed based on the calculation method proposed in this study. According to the calculated local over-temperature zone, an immediate warning response from the on-line computing system can effectively help operators find the local over-temperature zone and make timely adjustments in operating parameters, thereby preventing over-temperature BTF.
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Figure 1. Layout of burners and high-temperature heating surfaces of the 1000 MW USC coal-fired boiler. 
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Figure 2. The metal material, pipe specifications, and allowable temperatures of the FSH. 
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Figure 3. Layout of flue gas temperature measuring points on the inlet flue section of the FSH. 
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Figure 4. Grid system of the 1000 MW USC boiler. 
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Figure 5. Numerical simulation results and design values of flue gas temperatures in different cross sections. 
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Figure 6. Excess air coefficient distribution along the width direction of the boiler. 
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Figure 7. Numerical simulation results of flue gas temperature contours; (a) 100% load case; (b) 75% load case. 
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Figure 8. Flue gas temperature contours at the inlet of the FSH from numerical simulation and measuring points; (a) numerical simulation results for the 100% load case; (b) numerical simulation results for the 75% load case; (c) measured results for the 100% load case; (d) measured results for the 75% load case. 
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Figure 9. Thermal deviation coefficient of 5 vertical regions. 
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Figure 10. Calculated results of tube wall temperature distribution of the FSH; (a) 100% load case; (b) 75% load case. 
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Figure 11. Calculation results of the temperature distribution of serpentine and feature points locations; (a) tube wall temperature distribution of serpentine; (b) locations of P1 to P6. 
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Figure 12. Tube wall temperature variation along the steam flow under two different load cases. 
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Figure 13. Tube wall temperature calculation results over 24 h. 
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Table 1. Operating conditions of the boiler for 100% and 75% load cases.
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Parameter

	
Design Conditions (BMCR)

	
Actual Operating Condition




	
100% Load

	
75% Load






	
Mills in service

	
ABCDE

	
ABCDEF

	
ABCDE




	
Total coal flow rate (kg/s)

	
106.39

	
95.07

	
71.30




	
Primary air flow rate (kg/s)

	
189.72

	
179.12

	
141.74




	
Primary air inlet temperature (°C)

	
70.0

	
73.8

	
77.2




	
Secondary air flow rate (kg/s)

	
392

	
401

	
327




	
Secondary air inlet temperature (°C)

	
354

	
342

	
328




	
Inner secondary air rate (%)

	
30

	
30

	
30




	
Outer secondary air rate (%)

	
70

	
70

	
70




	
Sofa air flow rate (kg/s)

	
142.6

	
136.1

	
76.3




	
Sofa air inlet temperature (°C)

	
354

	
342

	
328
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