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Abstract

:

The annual operation data of an F-class gas turbine generator set revealed that the duration of the startup process accounts for about 8.5% of the whole operation process. The three combustion models of a DLN2.0+ combustor demonstrated higher NOx emissions than the premixed mode under normal load during the startup process. In order to evaluate the scale of NOx emissions at this stage, numerical simulation was carried out for the startup process to discern the NOx emission pattern. Typical simulation conditions for each season were established to calculate the total annual NOx emissions at the initial stage based on operating data. On this basis, the characteristics of NOx emissions influenced by changes in the atmospheric environment were studied in depth. The results of this study provide referential data for evaluating the pollution characteristics and combustion adjustment of a ground gas turbine during startup.
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1. Introduction


In recent years, the gas power generation industry in China entered a stage of rapid development. Gas–steam combined cycle units have become an important part of China’s energy utilization [1]. Due to the increasingly strict environmental standards, the NOx emission standard in flue gas is extremely low. To reduce flame temperature and avoid high temperature spots, lean premixed combustion technology was applied to modern gas turbines. Some units even sell out of combined flue to reduce NOx emissions [2,3]. However, the gas turbine engine is prone to Combustion Instability (CI), which leads to dangerous oscillation. As a result, gas turbines typically operate within a very small range of an equivalence ratio, to avoid the Lean Blow-off Limit (LBO) and CI [4,5,6,7]. However, the ignition of a gas turbine cannot be successfully achieved under such an equivalence ratio. The diffusion mode should be adopted to gradually transition to the premix mode to ensure the avoidance of blow-out and CI phenomena in the start stage of ignition. A DLN2.0+ combustor is a parallel staged premixed combustor produced by GE, which is widely used in F-class gas turbine units. Early gas turbines used the method of injecting steam or water to reduce the temperature of the combustion area. The DLN combustor uses air as diluent to mix fuel and excess air in advance and burns them in the combustion process, so as to control the combustion temperature. Different DLN combustion chambers have different fuel distribution and operation modes, as the DLN2.0+ combustor is one in a series. Taking a DLN2.0+ gas turbine as an example, from startup to stable working conditions, it required three startup combustion modes (it will be introduced in detail in the following chapters), namely the diffusion mode, sub-pilot premix mode, pilot premix mode, and finally it enters the normal premix mode [8]. The three modes all have diffusion combustion types. In order to ensure the stability of gas turbine startup, a fuel-rich combustion zone exists behind the PM1 jet in the sub-pilot premix and pilot premix modes. This also results in higher NOx emissions during startup than during typical load operation. The typical startup process of a DLN2.0+ gas turbine usually lasts more than one hour, and the equivalent ratio provided by the gas turbine manufacturer at this stage is conservative, so as to ensure the successful ignition and continuous combustion of the gas turbine without excessive consideration of emission indicators. The diffusion combustion mode inevitably results in the appearance of a high temperature zone, with NOx exceeding the standards outlined in the combustion chamber. In fact, since gas turbine power stations are usually used for peak shaving, the annual start and stop frequency is high, so the level of NOx emission in the startup process is considerable. Because the flue gas post-treatment in the startup stage usually does not work normally, or because some units may not include post-treatment systems, the NOx emissions in this part are not conducive to pollution control. The NOx emission of a DLN2.0+ combustor can be controlled at 10–25 ppm during high load operation, while NOx emissions in the startup stage can even exceed 100 ppm. The NOx emission standard of Beijing and Jiangsu in China is 15 ppm, and the emission level in the startup stage is much higher than this standard, which is a major challenge for environmental protection. Before replacing existing gas turbines with more advanced equipment, existing equipment needs to be improved to meet current pollution standards.



In the process of gas turbine operation, NOx is mainly emitted in the form of thermal NOx [9,10,11], which has an exponential relationship with the temperature of the combustion zone. The lean combustion premix combustion structure was adopted to make the equivalent ratio deviate from the stoichiometric equivalence ratio, and reduce the combustion temperature and local high temperature hot spots, thus greatly reducing the NOx index. Therefore, the main measures to achieve the low emissions of gas turbines are combustion organization and combustion optimization. As the design and manufacture of gas turbines is also a long-term strategic goal of China, a variety of domestic studies on the combustion organization of gas turbines have been published [12,13]. However, most of them focus on low-nitrogen emission combustion adjustment technologies under normal working conditions. For example, at present, according to the operating conditions of a gas turbine combustor, the thermodynamic conditions, chemical dynamics characteristics and flow conditions of soft combustion have been studied, and the soft combustion has been realized in the model combustion chamber [14]. Xiao Junfeng et al. [15,16,17] conducted a series of numerical simulation studies on gas turbines concerning the influence of air moisture content, atmospheric temperature and intake pressure on the combustion effect of a gas turbine, etc. In the early stages of research, a number of studies on pollutant emissions and the pollutant discharge of DLN gas turbines were reported [18,19,20], but the current studies on lean oil premixed combustors mainly focus on combustion stability, including the important influencing factors [21] and control methods [22,23,24]. Research on flame shape changes in a premixed combustor under an oscillation state is also popular [25,26]. Mitchell Cohen [27] introduced the adjustment and maintenance strategy of a DLN burner, and Min Chul Lee [28] adopted the six Sigma method for time management and other adjustment strategies for NOx emissions in the combustion process. However, Chikushev et al. [29] pointed out that at present, most studies on the combustion adjustment process and combustion focus on the design condition and normal load, and there are relatively few studies concerned with NOx emissions in the startup stage. NOx emission characteristics and adjustment strategies in the startup stage have not yet been reported. In the startup stage, diffused combustion and a fuel-rich premix mode are important components, hence the zone of an extremely high local temperature. The high concentration of NOx generated in the local high temperature region is not consumed in the subsequent reaction, but enters the subsequent stages and is finally discharged into the atmosphere.



In order to evaluate and analyze the emission characteristics and influencing factors of NOx emissions during the startup stage of a gas turbine, the numerical simulation method was adopted in this paper to estimate the Nox emissions during the startup period of a DLN2.0+ gas turbine unit in one year. The influence of atmospheric conditions on gas turbine emissions during the startup process was analyzed to provide data and a basis for the optimization and adjustment of gas turbines during the startup process.




2. Duration of Gas Turbine Startup


In order to evaluate the startup process of gas turbine units, an F-class gas–steam combined cycle generator set was taken as an example. Figure 1 shows the startup statistics of a certain year from January to December. Figure 1a shows the unit’s operation records in January, February, June, July, September, October and December, starting 21, 12, 13, 24, 13, 16 and 20 times in each month, respectively. The gas turbine underwent a startup process on every operating day. Figure 1b shows the total duration of the startup process in each running month, with both July (summer) and December (winter) reaching more than 1500 min (25 h), meaning that each startup required about an hour on average. Figure 1c shows the percentage of startup time in terms of total running time, with the lowest in January accounting for 6.4% and the highest in September accounting for 11.4%. The annual startup time of the unit reached 139 h, accounting for 8.46% of the annual actual operation time. Figure 2 shows the distribution of the startup time of the unit. It can be seen that the longest duration lasted about 284 min, and the shortest 46 min. Most of the startup events lasted around 1 h.



According to the design parameters, the NOx emission level of gas turbines is only about 10–25 ppm under normal load and stable operation, but it can reach much higher in the startup stage. Therefore, the annual NOx emissions of 139 h is also unignorable. Numerical simulation was performed to analyze the NOx emission characteristics of the gas turbine startup process in different seasons, so as to aggregate data for the further optimization of the startup process.




3. Research Object


A numerical simulation study of the NOx emissions of an F-class heavy gas turbine during startup was carried out. There were 18 single-tube DLN2.0+ combustors in the whole ring of the gas turbine. Due to the computing power and efficiency, only a single combustor was simulated. Figure 3 provides a schematic diagram of a single combustion chamber. Each combustion chamber consists of five groups of burners evenly arranged in a circumferential direction (as shown in Figure 3a). Air and methane gas enter the burner from the left side. The mixed gas enters the combustion zone from the burner for combustion. After flowing through the transition section, it enters the turbine for work and enters the waste heat boiler (as shown in Figure 3b). In the startup process and normal load state, there are five groups of burners in each combustion chamber which can be adjusted to initiate diffusion, diffusion and premixing, premixing and other combustion processes. This structure makes the air organization and fuel distribution of each burner controllable.



Figure 4 shows the structure and medium flow diagram of a single burner. The burner includes a guide vane, a swirl vane, and a head swirl (Figure 4a). The guide vane distributes the inlet air according to the design. The swirl blade forms a tangential swirl when the main combustion air enters the combustion chamber to construct the flame stabilization structure in the combustion zone. The head swirl organizes the burning and flame stabilization structure of the piloted flame. In the mixed modes, which have both a diffusion flame and premix flame, the low-emission combustion flow field is established in the whole combustion space through the central classification mode. Figure 4b shows the air/gas flow diagram of the burner. In order to achieve different modes under startup and normal load, the gas is designed to enter the burner through multiple channels with a controlled flow rate to achieve different combustion modes. Air (marked by black arrows) enters the combustion zone through the premixed passage (outer three air flows) and the diffusion passage (central flow passage) through the guide vane and the head cyclone, respectively. This means that there is also a stream of air through the mixing hole on the wall of the burner, which is imported by the difference between the internal and external pressure of the main cyclone. The fuel (as shown by the red arrow) is divided into pre-mixed fuel and diffused fuel, where the innermost ring is the diffused fuel channel, which is directly injected into the combustion chamber through the head cyclone to form a diffused flame. The premixed fuel flows out through the small hole on the swirl blade and mixes with air into the combustion chamber to form a premixed flame. After the combustion reaction in the combustion zone, the high-temperature gas enters the turbine from the transition section for work.



Gas turbine startup is a dynamic process, and the evolution process is a lengthy, unsteady process in terms of physical mechanisms. In order to determine an appropriate emission prediction method, the continuous startup process was decomposed, and the startup process operation parameters of DLN2.0+ were calculated in the segment. Reynold’s Averaged Numerical Simulations (RANS) were performed at each stage, and this state was statistically analyzed as the average value of the evaluation startup process at each stage.



3.1. Startup Procedure


To avoid flameout and oscillation during startup, DLN2.0+ adopts a startup process from diffusion combustion to premixed combustion, which is divided into four stages (including premixed combustion stage). The four stages are formed by adjusting the fuel mix of five burners, each containing a diffusion mode (D) and a premix mode (PM) andthe structure of each burner is shown in Figure 5. The combination label of burners used in the startup process is shown in Figure 6 [6], where D5 represents the diffusion nozzles among the five burners, PM1 is one of the five premixed nozzles and PM4 is the remaining four premixed nozzles. Table 1 shows the four operating modes and the nozzles used in the startup process of the combustion chamber. In the first stage—the pure diffusion combustion mode—the central diffusion nozzles of the five burners are fully open, i.e., D5. The second stage sub-pilot premix mode, on the basis of the first stage, opens the premix fuel of a burner at the same time, so that the burner is in both the diffusion and premix working modes, that is, D5 + PM1. The third stage is the pilot premix mode, on the basis of the second stage, which opens the premix mode of the other four burners, so that all five burners work in both the diffusion and premix working mode, that is, D5 + PM1 + PM4. The fourth stage is the normal working state of the gas turbine. At this time, the diffused fuel of all the burners is closed and only premixed combustion is performed, that is, PM1 + PM4. Therefore, the startup process consists of the first three modes. When entering the fourth mode, it indicates that the gas turbine enters the normal working state.




3.2. Computing Domain Grid Division


A single combustion chamber is composed of five groups of burners, and each group of burners has a relatively complex flow structure inside. Therefore, the unstructured mesh discrete computing domain was adopted, as shown in Figure 7. A grid of individual burner flow structures was first generated and then combined into the combustor. In the mesh generation, the swirler blade, air intake pipe, cooling hole and other complex structures were refined. Figure 7a is a schematic diagram of the cross-section mesh. Figure 7b is a sectional view of the center line, where the elements’ distribution near the wall surface and small structures can be seen. Through mesh independence verification based on flow field calculation, the meshes composed of 25.44 million tetrahedric elements were selected for numerical simulation calculation. The overall quality of the mesh was above 0.2, which met the requirements of calculation.




3.3. Computational Models and Mediums


Fluent software was used for the numerical simulation of the combustion flow field, and the incompressibility hypothesis was adopted in the mathematical model. A pressure-based solver was used, and standard k-ε model was selected for the turbulence model. The turbulent combustion model was a Flamelet Generated Manifold. A simplified version of the detailed chemical mechanism of GRI 1.2 was selected for the chemical reaction mechanism, with a total of 19 components and 84 steps. The NOx emission level was calculated using the empirical model of fluent. The fuel medium was natural gas, and the main mole composition was the mean value of local natural gas, which was as follows: CH4: 97%, C2H6: 0.68%, and N2: 2.23%. The composition of the air medium accounted for the humidity difference in different seasons.




3.4. NOx Pollutant Model


NOx generation models in fuel combustion usually include thermal NOx, transient NOx and fuel NOx. Thermal nitrogen and transient nitrogen are mainly considered in the calculation of NOx generation models.



The formation of thermal NOx is highly dependent on the temperature of the chemical reaction [31,32,33], and the net rate of the main reaction formation is expressed as follows:


       d [ NO ]   d t   =    k  f , 1   [ O ] [  N 2  ] +  k  f , 2      [ N ] [ O   2   ] +   k  f , 3   [ N ] [ OH ] −       k  r , 1   [ NO ] [ N ] −  k  r , 2   [ NO ] [ O ] −  k  r , 3   [ NO ] [ H ]     



(1)




where    k i    are coefficients, and the values are shown in Table 2.



More NOx is produced in rich flames, and its formation process involves a series of complex reactions and intermediate components. The net rate of the generation of transient NOx is:


    d [ NO ]   d t   =  k 0  [ CH ] [  N 2  ]  



(2)




where    k 0    is the reaction coefficient.




3.5. Computing Validation


In order to verify the reliability of the numerical simulation calculation of combustor outlet discharge characteristics, the steady-state combustion flow field of a single head combustor in various operating modes was calculated based on the operation data of the F-class unit. The comparison of power plant operation data and simulation results is shown in Table 3. The NOx emission concentration at the combustor outlet of the numerical simulation was close to the measured data in actual operation, and the error was small. The results indicate that the combustion model, chemical reaction mechanism and pollutant model used are suitable for combustor emission assessment. Based on this simulation scheme, this paper investigated emission characteristics during the startup process.




3.6. Startup Process Simulation Scheme


The actual operation data of the F-class unit in the startup process were distributed across the 18 heads to obtain the average natural gas flow in each stage of the single-tube combustor, as shown in Table 4. The actual operation data were also used to calculate the fuel distribution ratio. As mentioned above, the change in the fuel quantity in each stage of actual operation was gradual, and the average value was used as the representative working condition of each stage in this paper. Three typical simulation conditions of RANS were simulated in the whole startup process, and the simulation results were used as the evaluation data of emission characteristics in each stage.



The inlet air temperature of the combustion chamber is the outlet temperature of the compressor. After the air is compressed by the compressor, the temperature increases, and the temperature rise is related to the compressor pressure ratio. As the rotational speed of the compressor is different under different operating modes, the actual outlet temperature of the compressor changes to a certain extent. Table 5 shows the temperature rise relationship under the calculated working conditions, according to which the pressure ratio of the compressor of the unit under normal working conditions was about 14.97. The inlet water vapor content of combustion chamber was calculated by analyzing the relative humidity of inlet air.



Figure 8 shows the high temperature zone of the combustion chamber under three typical working conditions during startup. In the sub-pilot premixed and pilot premixed modes, more fuel was distributed at the PM1 nozzle (the burner in the lower part of the figure), and the fuel quantity at the other PM4 nozzles gradually decreased. So, compared with the diffusion mode, there was a larger high-temperature zone in the PM1 burner, while the high-temperature zone behind the PM4 burner was significantly smaller. Figure 9 is a distribution diagram of the mixing fraction under different modes in the startup. It can be seen that in the sub-pilot and pilot premixed modes, methane was mixed with air through the small hole on the cyclone blade, and the combustion organization changed, which also affected the generation of CO (Figure 10). In the transition from the diffusion mode to the pilot premixed mode, the proportion of diffusion fuel decreases, the distribution of the mixing fraction becomes more uniform, which makes the combustion more sufficient, and the distribution area of CO gradually reduces. The quantitative statistical results are shown in Table 6, in which the average concentration of CO at the outlet also gradually decreased. The production of NOx has a higher correlation with the high temperature zone. As shown in Figure 11, the NOx distribution area behind the PM1 burner in sub-pilot premixed and pilot premixed modes was slightly larger than in the diffusion mode, and the concentration was higher, while the concentration behind the PM4 burner was lower and the distribution area was small. In the startup, the diffusion mode presented the lowest Nox emission level, followed by the pilot premixed mode, and the sub-pilot mode demonstrated the highest level. This is because diffusion occurs in all three modes. With the increase in fuel quantity, a fuel-rich premix nozzle is opened in the sub-pilot mode, and more high-temperature regions are generated. When entering the pilot premix mode, the other four premix nozzles are fully opened. In this mode, the premix fuel is distributed to the five premix nozzles and the equivalent ratio of each premixed nozzle is lower than in sub-pilot premixed mode; therefore, the temperature of the local high temperature zone decreases, resulting in a lower NOx emission level in the pilot premix compared to the pilot mode. CO reflects the degree of combustion completeness, and the addition of a premix nozzle improves the combustion efficiency, thus leading to the gradual reduction in CO in the starting sequence.





4. Results and Analysis


From the analysis provided in the above section, it can be seen that in the startup stage, pollutant discharge is more significant than in the normal working state. In fact, changes in the atmospheric environment also lead to changes in emission performance. Therefore, the effect of season should be considered in order to accurately analyze the annual emission characteristics in the startup stage.



4.1. Analysis of Annual Total Emissions


According to the statistical data in Figure 1, the unit mainly works in summer (June and July), autumn (September and October) and winter (December, January and February). Atmospheric temperature and relative humidity change significantly in each season, so alterations in the atmospheric environment change the inlet boundary of the combustion chamber, and then affect the emission characteristics. In order to simplify the analysis, the typical atmospheric environment of the unit was taken in different seasons to form three typical working conditions in different seasons, as shown in Table 7. In the calculation, the atmospheric pressure was considered to experience little change, so the atmospheric pressure was fixed.



The calculation method in the above section was adopted to calculate the emission characteristics by changing the inlet boundary. Based on the typical operating time, combined with statistical data of startup times, calculations were conducted for the total annual startup emissions. Table 8 shows the emission characteristics of the startup phase in different seasons and throughout the year.



In the three seasons, due to the impact of temperature and relative humidity, the highest NOx emissions in a single day occurred in autumn. The annual emission level of a single combustion chamber is 714.92 kg, so the annual accumulated NOx emissions of the F-class unit (with 18 combustion chambers) in the startup stage is 12.87 tons.



As the gas turbine unit is responsible for time-varying tasks such as peak regulation, steam regulation and heating, it is frequently engaged. According to the simulation results, the emission of pollutants in the startup stage is considerable. Although the NOx emission in the startup stage is not constrained by environmental regulations, it is of great significance to master its emission characteristics to assist in combustion optimization and adjustment in the startup stage. It is shown in Table 7 that in the sub-pilot premix mode, the NOx concentration at the combustor outlet reached the highest level of 136 ppm in summer, which is far greater than the environmental requirements. In addition, the content of NO2 was also high, and yellow smoke can be seen in the chimney in actual operation. In the past, manufacturers did not strictly control the emission concentration during the startup. However, now, for example, China’s environmental protection law stipulates that the weighted average of NOx emissions should be measured for five minutes on the hour of every hour, and exceeding a time limit of 3 h within every 24 h violates the law. This is a great challenge for the operation of existing gas turbine units. At present, in order to meet the regulations, power plants mainly adopt methods of shortening the startup time and adjusting the start time to control the sampling period. However, this method does not fundamentally solve the problem of high NOx emissions in the startup stage. In the future, it is still necessary to explore a more reasonable adjustment method to reduce the NOx emissions in the startup stage, in order to cope with the increasingly severe environmental challenges.




4.2. The Influence of Atmospheric Environment


From the analysis in the above section, it can be seen that in the startup stage, pollutant discharge is more significant than that in the normal working state. In fact, changes in the atmospheric environment also lead to changes in emission performance. Therefore, the effect of season should be considered in order to accurately analyze the annual emission characteristics in the startup stage.



It can be seen from Table 7 that from summer to winter, two changes in atmospheric temperature and water vapor content occurred. The average atmospheric temperature decreased, and the water vapor content decreased. Table 9 outlines five groups of simulation conditions to study the influence of temperature and water vapor content changes on startup emissions. As conditions 3–5 possessed different atmospheric temperatures, the same absolute humidity was used to exclude the influence of different water vapor contents.



4.2.1. Humidity Influence


The first three simulation conditions reflect the influence of atmospheric relative humidity on emissions. The simulation results at different running stages were grouped, as shown in Table 10. It can be seen that in the three stages of startup, the reduction in air humidity promoted combustion reactions and increased the average outlet temperature and NOx emission concentration. The influence trend is shown in Figure 12.



During the diffusion mode, all D5 nozzles are in the diffusion combustion mode, so the fuel mixing is not sufficient, and the outlet mole fraction of CO is generally in a relatively high state. Due to the existence of a local high temperature zone of diffusion flame, NOx emissions far exceed environmental protection indicators. In the sub-pilot and pilot premix modes, in order to smoothly switch the gas turbine startup stage, two rich premix nozzles PM1 and PM4 were added, respectively, in addition to the diffusion nozzle. As a result, the total amount of diffused fuel decreased, making the combustion more complete than in the pure diffusion mode. The concentration of CO emissions shows a downward trend. However, with the increased high temperature region, NOx emissions increased compared with pure diffusion combustion mode. In addition, these two modes take a long time in the startup stage, so combustion optimization adjustment can be carried out to reduce the emission in the startup stage. The influence of humidity on NOx and CO in these three modes is similar (Figure 12). With the decrease in the water vapor content, the overall temperature of the combustion chamber outlet increased, which led to an increase in thermal NOx, decrease in CO concentration and decrease in the combustion efficiency. The reduction in the moisture content indirectly improved the oxygen content of the intake and reduced the heat absorption effect of water vapor as an inert medium, thus improving the temperature of gas and resulting in an increase in NOx emissions and a decrease in CO.




4.2.2. The Temperature Influence


In Conditions 3, 4 and 5 in Table 9, the absolute humidity of the atmosphere was kept unchanged, and the atmospheric temperature was changed to simulate the influence of atmospheric temperature on emissions in the startup stage. The calculation results are shown in Table 11. It can be seen that in the three starting modes, air temperature had a similar influence on emissions and outlet temperature, as shown in Figure 13. The reduction in atmospheric temperature inhibited the combustion reaction, reduced outlet average temperature and NOx emission concentration, and increased CO emissions.



The decrease in the atmospheric temperature reduced the temperature of air entering the combustion chamber after passing through the compressor, resulting in a decrease in the combustion efficiency, and ultimately affected the high temperature zone of the combustion chamber and the concentration of emissions. Because the production amount of thermal NOx is closely related to the high temperature area in the combustion chamber, the average temperature at the exit of the combustion chamber can characterize the average temperature rise of the combustion chamber. In the startup process, under the condition of the same average atmospheric humidity, a rise in the local temperature can promote the improvement of combustion efficiency, resulting in an increased volume of the local high temperature zone, and improving the overall temperature of the combustion chamber. In this case, CO generation is inhibited, but it also causes an increase in NOx emissions.






5. Conclusions


Through the numerical simulation of the emission characteristics of a DLN2.0+ combustor in the startup stage of a class F unit, the annual emission characteristics of the unit in the startup stage were obtained. Based on the operation data of the power plant, the NOx emissions at this stage were analyzed. The results show that the pollutant emissions at this stage were considerable due to the frequent startup of the gas turbine unit, so combustion optimization and adjustment at the startup stage should be considered. Numerical simulations were performed to analyze the emission characteristics at various startup stages, and the main conclusions were as follows:




	(1)

	
Due to the regulating role of the gas turbine unit, the frequent startup process accounts for 8.46% of the total operating time. The highest concentration of NOx at the combustor outlet can reach 136 ppm, which is far more than the normal operation stage of 15 ppm, according to the statistics, the daily startup procedure is up to 1–3 h. After the annual working condition estimation, the annual NOx emission of the unit in the startup stage is about 12.89 tons. In terms of the total amount and peak value of NOx emissions in the startup stage, NOx emissions in the startup stage of gas turbines is the direction of future gas turbine technology improvement in terms of total amount and peak value. It is the general trend of environmental protection to continuously reduce NOx and yellow smoke emissions in the start-up stage. However, in the process of improvement, the relationship between startup efficiency, combustion stability and pollutant discharge needs to be comprehensively considered and balanced, which is also difficult to some extent.




	(2)

	
Among the three modes in the startup stage, the NOx emission concentration in the pure diffusion combustion stage is relatively low compared with the other two modes containing premix. This is due to the existence of the diffusion modes in the sub-pilot and the pilot, and the addition of a rich premixed combustion mode, which increases the overall high temperature region. Additionally, these two modes have a relatively long running time, so the optimization of ignition control in the startup stage can be considered from these two modes.




	(3)

	
The emission law of the atmospheric environment in the startup stage is as follows: a reduction in air humidity and steam will lead to a rise in the combustion chamber temperature and NOx emissions, while CO decreases; furthermore, an increase in air temperature will lead to a rise in the combustion chamber temperature and NOx emissions, while CO emission will decrease. From the statistical results, the startup emission level in autumn was found to be more significant across the whole year.
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Figure 1. Annual startup status of a Class F gas turbine unit. (a) Monthly launch times; (b) Length of monthly launch time; (c) Percentage of launch time in total elapsed time. 
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Figure 2. Unit startup time statistics. 
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Figure 3. Schematic diagram of DLN2.0+ single tube combustor. (a) Burner inlet view; (b) Side view of combustion chamber layout. 
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Figure 4. Single burner structure and medium flow diagram. (a) Burner construction; (b) Medium flow diagram. 






Figure 4. Single burner structure and medium flow diagram. (a) Burner construction; (b) Medium flow diagram.



[image: Energies 15 05444 g004]







[image: Energies 15 05444 g005 550] 





Figure 5. Combination of burner diffusion (D) and premix (PM) mode. 
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Figure 6. Combustion modes switching during unit startup [30]. 
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Figure 7. Mesh generation. (a) The burner inlet section; (b) The head of combustor. 
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Figure 8. Calculation results of temperature distribution of each mode in startup stage. (a) Diffusion; (b) Sub-pilot premix; (c) Pilot premix. 
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Figure 9. Calculation results of mean mixture fraction distribution of each mode in startup stage. (a) Diffusion; (b) Sub-pilot premix; (c) Pilot premix. 
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Figure 10. Calculation results of CO concentration distribution in each mode at startup stage. (a) Diffusion; (b) Sub-pilot premix; (c) Pilot premix. 
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Figure 11. Calculation results of NOx distribution in each mode during startup stage. (a) Diffusion; (b) Sub-pilot premix; (c) Pilot premix. 
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Figure 12. Influence of air humidity on startup emission. (a) Diffusion; (b) Sub-pilot premix; (c) Pilot premix. 
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Figure 13. Effects of atmospheric temperature variations on startup emissions. (a) Diffusion; (b) Sub-pilot premix; (c) Pilot premix. 
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Table 1. Operation mode of combustion chamber startup process.
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	Operating Mode
	Nozzle in Service





	Diffusion
	D5



	Sub-pilot premix
	D5 + PM1



	Pilot premix
	D5 + PM1 + PM4



	Premix
	PM1 + PM4










[image: Table] 





Table 2. Value of reaction coefficients.






Table 2. Value of reaction coefficients.





	Reaction Coefficient
	-





	kf,1
	1.8 × 108e−38,370/T



	kf,2
	1.8 × 104e−4680/T



	kf,3
	7.1 × 107e−450/T



	kr,1
	3.8 × 107e−425/T



	kr,2
	3.81 × 103e−20,820/T



	kr,3
	1.7 × 108e−24,560/T
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Table 3. Comparison of multi-combustion emission data with simulation results.
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Total Natural Gas Mass Flow Rate/(kg·s−1)

	
Emission of NOx from Combustion Outlet




	
Measured Value/ppm

	
Calculate Value/ppm

	
Relative Error Value/%






	
5.58

	
96

	
97.38

	
+1.42




	
12.67

	
11

	
10.4

	
−5.5
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Table 4. Fuel allocation ratio at each stage of power-up process.
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	Operating Mode
	Total Natural Gas Mass Flow Rate/(kg·s−1)
	D5 Flow Proportion/%
	PM1 Flow Proportion/%
	PM4 Flow Proportion/%





	Diffusion
	0.251
	100
	0
	0



	Sub-pilot premix
	0.293
	68
	32
	0



	Pilot premix
	0.31
	60
	22
	18



	Premix
	0.703
	0
	15.5
	84.5
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Table 5. Combustor inlet boundary conditions.
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	Operating Mode
	Atmospheric Temperature/K
	Atmospheric Relative Humidity/%
	Natural Gas Temperature/K
	Compressor Outlet Temperature/K
	Compressor Pressure Ratio





	Diffusion
	288
	50
	290.8
	539.5
	8.98



	Sub-pilot premix
	288
	50
	374.4
	585.9
	9.59



	Pilot premix
	288
	50
	395.3
	596.2
	9.85



	Premix
	288
	50
	457
	624.5
	14.62
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Table 6. Numerical simulation results of each operating mode under original conditions.
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	Operating Mode
	Average Temperature of Combustion Outlet/K
	Average NOx Concentration at Combustion Outlet/ppm
	Average CO Concentration at Combustion Outlet/ppm





	Diffusion
	1181.03
	82.36
	275.72



	Sub-pilot premix
	1233.63
	101.58
	170.51



	Pilot premix
	1258.81
	97.38
	90.78










[image: Table] 





Table 7. Typical atmospheric conditions in different seasons.
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	Season
	Atmospheric Temperature/K
	Atmospheric Relative Humidity/%
	Molar Content of Water Vapor/%





	Summer
	303
	80
	3.35



	Autumn
	293
	70
	1.62



	Winter
	278
	65
	0.56
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Table 8. Annual startup phase emission characteristics.
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Season

	
Operating Mode

	
Startup Duration/min

	
Emission of NOx from Combustion Outlet/ppm

	
Daily NOx Emission/kg

	
Total NOx Emission/kg






	
Summer

	
Diffusion

	
12.31

	
66.78

	
0.80

	
29.43




	
Sub-pilot premix

	
7.39

	
136.13

	
1.22

	
45.23




	
Pilot premix

	
29.55

	
116.87

	
4.13

	
152.84




	
Autumn

	
Diffusion

	
14.43

	
65.29

	
0.91

	
26.44




	
Sub-pilot premix

	
8.66

	
116.05

	
1.22

	
35.43




	
Pilot premix

	
34.64

	
113.21

	
4.69

	
136.03




	
Winter

	
Diffusion

	
11.71

	
61.47

	
0.70

	
35.52




	
Sub-pilot premix

	
7.026

	
134.71

	
1.17

	
59.55




	
Pilot premix

	
28.11

	
113.40

	
3.81

	
194.45




	
Annual

	
-

	
-

	
-

	
-

	
714.92
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Table 9. Comparison of temperature and water vapor content changes.
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	Condition
	Atmospheric Temperature/K
	Atmospheric Relative Humidity/%
	Atmospheric Absolute Humidity/(g·m−3)





	1
	303
	80
	24.25



	2
	303
	50
	15.16



	3
	303
	20
	6.05



	4
	293
	35
	6.05



	5
	283
	64
	6.05
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Table 10. Simulation results of humidity variation.
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Operating Mode

	
Condition

	
Average Outlet Temperature/K

	
Average NOx Concentration at Outlet/ppm

	
Average CO Concentration at Outlet/ppm






	
Diffusion

	
1

	
1181.70

	
80.31

	
288.42




	
2

	
1182.86

	
83.49

	
275.35




	
3

	
1185.13

	
88.62

	
268.76




	
Sub-pilot premix

	
1

	
1224.15

	
98.32

	
198.88




	
2

	
1226.01

	
101.24

	
184.48




	
3

	
1227.28

	
107.19

	
153.19




	
Pilot premix

	
1

	
1245.58

	
94.05

	
162.84




	
2

	
1247.53

	
98.01

	
108.36




	
3

	
1249.88

	
102.87

	
72.87
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Table 11. Simulation results of temperature variation.
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Operating Mode

	
Condition

	
Average Outlet Temperature/K

	
Average NOx Concentration at Outlet/ppm

	
Average CO Concentration at Outlet/ppm






	
Diffusion

	
3

	
1185.13

	
88.62

	
268.76




	
4

	
1173.97

	
85.11

	
293.68




	
5

	
1167.78

	
82.42

	
309.81




	
Sub-pilot premix

	
3

	
1227.28

	
107.19

	
153.19




	
4

	
1216.79

	
97.02

	
187.02




	
5

	
1200.43

	
93.41

	
218.94




	
Pilot premix

	
3

	
1249.88

	
102.87

	
72.87




	
4

	
1243.56

	
94.76

	
127.20




	
5

	
1236.34

	
88.35

	
168.23
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