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Abstract

:

Wetness loss of a steam turbine seriously affects the security of the unit when operating in deep peak regulation. To obtain the distribution characteristics of the high wetness loss area under different working conditions, especially low-load conditions, the last two stages of the low-pressure cylinder (LPC) of a 600 MW steam turbine were simulated using the non-equilibrium condensation model proposed in this study. The nucleation rate distribution, supercooling degree, and steam velocity droplet were analyzed. Consequently, the diameter distribution of coarse water droplets under 100%, 50%, 40%, 30%, and 20% THA conditions and the distribution of the thermodynamic loss and water droplet resistance loss were obtained. Thermodynamic loss mainly occurred at the front end of second-stage stator blades and trailing end of the last-stage stator blades. The water droplet resistance loss mainly occurred at 40% of the blade height and at the tip of the last-stage stator blades. Moreover, with a reduction in the unit load, the thermodynamic loss continued to decrease, but the water droplet resistance loss continued to increase.
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1. Introduction


The generation of wet steam is inevitable in the process of steam turbine running in a wide range of working conditions [1]. In particular, the last two stages of LPC are in a wet steam environment for a long time. During the flow of wet steam, the generation and development of small droplets leads to the wetness loss, which not only reduces the efficiency of the unit, but even threatens the operation safety [2,3]. The area of the distribution of high wetness loss, is accurately obtained. There is a certain sense of improving the operational safety and economy of the steam turbine.



Wet steam condensation flow is a long-standing problem. An accurate stepwise description of the flow characteristics is carried out, from the initial one-dimensional nozzle structure [4] and two-dimensional cascade structure [5], to the current three-dimensional multi-stage structure [6,7]. Simultaneously, an empirical estimation method for wetness loss was proposed, where a 1% average humidity corresponding to a 1% drop in the turbine efficiency [8] was obtained. However, some researchers have found that this estimation method is not completely accurate. This is because the value of the humidity and deposition distribution of water droplets should be considered in the process of estimating wetness loss [9,10,11]. Therefore, as indicated by references [12], the surface pressure and humidity distribution in the wet steam stage undergo significant changes. Thus, by comparing the two different flows, the non-design loss and the non-equilibrium loss was roughly evaluated. Simultaneously, some scholars began to study the value of the wetness loss using a semi-analytical method [13] and numerical simulation calculations [14], which laid the foundation for the subsequent three-dimensional simulation calculation of the wetness loss. The influence of the nozzle and cascade on the thermodynamic loss was studied in reference [15]. In [16], condensation loss was analyzed from two aspects: multi-dispersed droplets and cascade trailing edge reduction. To reduce the condensation loss, the idea of turbulent flow disturbance on the suction side to reduce the liquid phase fraction was proposed in reference [17], and reference [7] took the initiative of injecting droplets.



In summary, the current research on wetness loss is limited to the quantitative estimation of empirical algorithms, where the distribution of wetness loss in steam turbines is not given under different operating conditions.



Therefore, the following issues need to be discussed:




	
How are the thermodynamic losses distributed in the last two stages of steam turbine LPC under different working conditions?



	
How are the water droplet resistance losses distributed in the last two stages of steam turbine LPC under different working conditions?



	
What factors are related to the above two losses?








In order to study the high wetness loss area (thermodynamic and water droplet resistance losses) in the last two stages of the LPC under different working conditions of steam turbine, corresponding measures are taken to reduce the wetness loss. Therefore, efficiency and safety are guaranteed. Thus, in this study, the last two stages of a 600 MW steam turbine LPC were considered as the research object. The distribution characteristics of the high wetness loss area under different working conditions, which is of great significance in improving the design level of the steam turbine, were analyzed using simulations.



The paper is organized as follows: Section 2 introduces the physical model, numerical methods, mathematical model verification, and composition of high wetness loss. In Section 3.1 and Section 3.2, the thermodynamic loss and the water droplets resistance loss are analyzed, and their distributions in the last two stages of the low-pressure cylinder of the steam turbine are summarized in Section 3.3. In Section 3.4, the methods to control wetness loss is proposed, and Section 4 provides the concluding remarks.




2. Models and Numerical Methods


2.1. Physical Model and Boundary Conditions


A 600 MW steam turbine low-pressure cylinder with the last two stage blades was taken as the research object, where the calculated single-flow channel structure is shown in Figure 1. According to the thermodynamic characteristics specification, the steam turbine speed was 3000 r/min, the inlet temperature of the last second stage was 357.45 K, the inlet humidity was 1.5%, the mass flow rate was 1.305 kg/s, and the outlet pressure of the last stage was 4.9 kPa. The frozen rotor method is used for the interface [18,19], and the convergence residual limit was set to the order of 10−5.




2.2. Grid Independence Verification


The ANSYS Turbogrid in ANSYS is used to mesh the physical model, whose grid around the blade is refined at the same time. The model grid is shown in Figure 2. The grid independence has been verified in reference [20], and the number of grids is chosen to be 6 million.




2.3. Wet Steam Condensation Flow Model


The wet steam condensation nucleation model adopts the Kantrowitz model modified by the non-isothermal effect [21,22]. The nucleation equation is shown in Equation (1):


   J m  =    q c    1 + θ      ρ c 2     ρ d        2 σ   π  m 3      e x p  (  −   4 π r  * 2  σ   3 k  T c     )   



(1)




where Jm is the nucleation rate of the droplets, qc is the condensation coefficient, ρc and ρd are the densities of the vapor and liquid phases, respectively, σ is the surface tension, m and r* represent mass and radius of the droplet, respectively, k is the Boltzmann constant, Tc is the gas phase temperature, and θ is the non-isothermal correction coefficient. The subscripts c and d are the vapor phase and the liquid phase, respectively.




2.4. Mathematical Model Verification


In order to ensure the accuracy of results, the mathematical model used in this paper is verified. The simulation results in this paper are compared with the experimental data in reference [23]. First, the same physical model is built as the experimental object. The span, chord length, pitch, axial chord length, and inlet flow angel are 76, 35.76, 18.26, 25.27, and 0, respectively. Then, the same boundary conditions as the experimental conditions were set, and used the mathematical model for calculation in this paper. The inlet pressure and temperature were 172 kPa and 380.7 K, respectively. The outlet and inlet pressure ratio was 0.48.



The static pressure distributions on the suction side and pressure side of the blade obtained by numerical simulation are compared with the experimental results, as shown in Figure 3. It can be seen that the numerical results are basically consistent with the experimental results. Simultaneously, non-equilibrium condensation was used as the numerical calculation method, whereby a large number of studies have verified its accuracy [18,24]. Therefore, the mathematical model used is accurate in this paper, and the simulation results are also credible.




2.5. Wetness High Loss Composition


According to the different formation mechanisms, wetness loss can be divided into five types: thermodynamic, hydrophobic, water droplet, droplet impact, and centrifugal losses. In the process of steam flow, the proportion of water droplet resistance loss is negligible because the diameter of the primary water droplet is less than 1 μm. The hydrophobic and centrifugal losses can be ignored to account for a small proportion of the wetness loss, which has little impact on the unit [25,26,27]. Therefore, only two high wetness losses, thermodynamic loss and droplet impingement loss, were analyzed in detail.



2.5.1. Thermodynamic Loss


In the process of the condensation of wet steam in the steam turbine cascade channel, supercooling is caused by steam flow at a high velocity. After non-equilibrium condensation, nucleation leads to thermodynamic losses, which are inseparable from the supercooling value. The formula is shown in Equation (2) [27]:


  Δ  P h  =    ∫   Z 1     Z 2     L   d  Q 1    d Z        Δ T    T s    d Z  



(2)




where Z1 is the axial starting point coordinate of the turbine stage, Z2 is the axial endpoint coordinate of the turbine stage, L is the latent heat, Q1 is the mass flow rate, ∆T is the degree of supercooling, and Ts is the saturation temperature; 1 and 2 indicate start and end, respectively.




2.5.2. Water Droplet Resistance Loss


Under the action of steam flow, the water film deposited on the trailing edge of the stationary blade is torn and converges into larger diameter water droplets called coarse. These cannot efficiently pass through the cascade channel with the steam and impinge on the rotor blades. The rotor blades are inhibited, thereby consuming the mechanical work of the steam turbine and causing losses, known as water droplet impact losses. The formula is shown in Equation (3) [27]:


  Δ  P s  = M ω    ∫   R 1     R 2      P w      l R  R  (  1 −  α 2   )  d R  



(3)




where M and ω represent the number and angular velocity of rotor, respectively, R1 is the radial coordinates of the blade root, R2 is the radial coordinate of the blade tip, lR is the axial direction in the radial direction brake length, and (1 − α2) and PW represent the volume fraction and hammer pressure of water, respectively.






3. Computational Results and Analysis


3.1. Thermodynamic Loss Distribution Characteristics under Different Steam Turbine Working Conditions


3.1.1. Distribution of the Supercooling Degree under Different Working Conditions


Figure 4 shows the distribution of the degree of supercooling under different working conditions. It can be seen from the figure that irrespective of the blade tip, 50% blade height, and blade root, the extreme value of the supercooling degree, whose value is 20 K, first appears at the trail end of the second-stage stator blades under the same working conditions. Subsequently, the supercooling value began to gradually decrease until it reached 0 K. Before reaching the extreme supercooling degree, the steam expands continuously in the low-pressure cylinder channel and gradually approaches the equilibrium point. The supercooling degree reaches the maximum value because the unbalanced degree of the steam reaches the extreme value. Therefore, this is an important factor affecting the thermodynamic loss, that is, the position where the thermodynamic loss is the largest. Subsequently, the steam expands rapidly at the large local curvature of the trailing edge blade on the coarse last pressure surface. The trailing edge of the pressure surface becomes the peak nucleation area under the action of the violent expansion of the steam flow. A large number of water droplets are generated in the flow channel with steam flow, which weakens the continuous accumulation of the imbalance. At this time, the supercooling value began to decrease until the supercooling value reached 0. With the flow of steam, the supercooling degree reaches a maximum at the trail end of the last-stage stator blades. However, different operating conditions corresponded to different extreme supercooling values. The steam reaches supersonic flow, which accelerates its own expansion rate, resulting in secondary nucleation of the last-stage stator blade, and the supercooling degree increases from zero to the peak again.




3.1.2. Nucleation Rate Distribution for the Last Two Stages of the Steam Turbine under Different Working Conditions


Figure 5 shows the distribution of the nucleation rate along the blade height of the steam turbine under different working conditions. From the above analysis, we know that the supercooling degree gradually increases starting from the second-last-stage stator blades and reaches the maximum value at the trail end of the second-last-stage stator blades. Therefore, a larger supercooling degree leads to the nucleation process of steam from the second-last-stage stator blades, where the peak position of the nucleation rate is also advanced. With an increase in the degree of supercooling, the area of the nucleation rate gradually increases, and the nucleation phenomenon becomes more intense. For five different working conditions, regardless of the blade tip, 50% leaf height, and blade root, the nucleation rate value at the second-last stage of the stator blade is the largest. The corresponding extreme values of the nucleation rate were 30 m−3 s−1, 27 m−3 s−1, 21 m−3 s−1, 9 m−3 s−1, and 6 m−3 s−1 under five working conditions. Subsequently, the supercooling degree begins to gradually decrease to 0 with a decrease in the nucleation rate. Simultaneously, the nucleation rate at the last stage of the stator blade increases again to 30 m−3 s−1 under the 20% THA condition. This is also because the value of the supercooling degree increases again to a peak value of 20 K under the 20% THA conditions. With a gradual decrease in the unit load, the peak value of the nucleation rate also gradually decreased by approximately five times from 30 m−3 s−1 in the 100% THA condition to 6 m−3 s−1 in the 20% THA condition. This is because the steam flow is not sufficiently expanded in the process of spontaneous condensation, which leads to the degree of supercooling not reaching the condensation condition. In addition, the nucleation rate decreased sharply with a decrease in the supercooling degree.



The above analysis of the distribution of the supercooling degree and nucleation rate shows that the maximum of the supercooling degree occurs at the trail end of the second-last-stage stator blades and the last-stage stator blades. This means that the thermodynamic losses in these two places are relatively large, owing to the large influence of the degree of subcooling on the thermodynamic loss. Combined with the analysis of the distribution of the nucleation rate, it was further proved that the thermodynamic losses in these two locations are the largest. Meanwhile, a decrease in the unit load resulted in continuous decrease in the supercooling degree and nucleation rate. Therefore, the thermodynamic losses also decreased as the unit load decreased.





3.2. Water Droplet Resistance Loss under Different Steam Turbine Working Conditions


The diameter distribution of the coarse water droplet has a great influence on the water droplets resistance loss. Therefore, it is necessary to obtain the diameter distribution of the coarse water droplets along the leaf height direction. The windage phenomenon occurs in the steam turbine under the working condition of 20% THA, which causes the temperature to rise in the last two stages. It could not be deposited on the trail end of the blade by a water film.



Hence, only the 100%, 50%, 40%, and 30% THA conditions were analyzed for water droplet resistance loss.



The maximum coarse water droplet diameter was calculated using Equation (4):


   d  max   =    W e  ⋅ σ    ρ g     (  u −  u p   )   2     



(4)




where We is the critical Weber number, ρg and u represent the density and velocity of steam, up is the movement velocity of the water droplet, and dmax is the maximum coarse water droplet diameter. The subscript g stands for steam.



According to the results of the experimental measurement, the diameter of the coarse water droplets approximately satisfies the normal distribution law; thus, half of the maximum diameter is taken as the average diameter of the coarse water droplets [28].



The calculation formula is shown in Equation (5):


   d ¯  =  1 2   d  max    



(5)




where    d ¯    is the average diameter.



3.2.1. Velocity Distribution of Steam under Different Working Conditions


It can be seen from Equation (4) that the steam velocity needs to be obtained. As shown in Figure 6, it is the distribution of steam velocity in the last two stages of the steam turbine under different working conditions. For four working conditions, the value of steam velocity decreases gradually from the blade root to the blade tip, and the value ranges between 100 m/s and 500 m/s.




3.2.2. Diameter Distribution of Coarse Water Droplets in the Last Two Stages under Different Steam Turbine Working Conditions


When wet steam flows in the passages of the last two stage blades of the turbine, the velocity of the water droplets on the trailing edges of the last two stage stator blades is 0, and the velocity on the trailing edges of the last two stage rotor blades is equal to the rotation velocity of the blades. The diameter distribution of coarse water droplets can be obtained using Equations (4) and (5), as shown in Figure 7.



The water film deposited on the trail end of the blade begins to tear under the action of steam, and then converges to form coarse water droplets, whose diameter is larger, which has a greater impact on the turbine blades and is the key factor causing the water droplets resistance loss. Figure 6 shows the water droplets diameter distribution along the blade height with different working conditions. For the same working condition, the diameter of the stator blades increases from the root to the tip, whereas the diameter of the rotor blade increases from the root to 40% of the blade height; and from the tip to 40%, the leaf height is reduced.



Based on the above analysis, the maximum diameter of the coarse water droplets occurs at the tip of the last-stage stator blade and at 40% of the blade height of the rotor blade, which indicates that the water droplet resistance loss is the largest at these two locations. Simultaneously, as the unit loads decreased, the diameter of the coarse water droplets gradually increased. In other words, the corresponding water droplet resistance loss increased.





3.3. Analysis of High Wetness Loss Areas under Different Working Conditions


Figure 8 shows the distribution of the high wetness loss area of the steam turbine under different working conditions. The two major losses that make up the wetness loss are thermodynamic loss and water droplet resistance loss. The figure above shows the areas where these two major losses occur under different working conditions of the steam turbine. It can be seen from the figure that thermodynamic loss mainly occurs at the leading edge of the second-stage stator blades and the trail end of the last-stage stator blades. The water droplet resistance loss mainly occurs at 40% of the blade height and at the tip of the last-stage stator blades. Simultaneously, with a reduction in the unit load, the thermodynamic loss continues to decrease, but the water droplet resistance loss continues to increase.




3.4. Method of Controlling High Wetness Loss


After obtaining the distribution characteristics of the thermodynamic and droplet impingement losses, an effective method is proposed to control these two high moisture losses. Surface heating treatment is performed on the dynamic and static blade cascades in two stages at the end of the low-pressure cylinder of the steam turbine [29]. In this way, the growth rate of droplets is gradually reduced, and the condensation nuclei require a longer time to form droplets, thereby reducing the thermodynamic loss. At the same time, the reduction in the growth rate of water droplets leads to a smaller droplet radius, which in turn reduces the diameter of the secondary water droplet, and finally reduces the droplet impact loss.



The degree of supercooling and nucleation rate were analyzed. Consequently, the distribution of thermodynamic losses was obtained in the last two stages of the LPC under different working conditions of the steam turbine; the distribution of water droplet resistance losses was acquired by studying the diameter distribution of the coarse water droplets. The two regions of high wetness losses were analyzed and the following results were obtained: thermodynamic loss mainly occurred at the front end of second-stage stator blades and trailing end of the last-stage stator blades. The water droplet resistance loss mainly occurred at 40% of the blade height and at the tip of the last-stage stator blades. Moreover, with a reduction in the unit load, the thermodynamic loss continued to de-crease, but the water droplet resistance loss continued to increase.





4. Conclusions


Taking a 600 MW steam turbine as the research object, the nucleation phenomenon of wet steam was simulated. The distributions of the degree of supercooling, nucleation rate, and steam velocity were obtained, and the diameter distribution of the coarse water droplets was calculated. Finally, the distributions of the two wetness high-loss regions, namely, the thermodynamic loss and water droplet resistance loss, were obtained. The conclusions are as follows.



	(1)

	
Regardless of the blade tip, 50% blade height, and blade root, the extreme value of the supercooling degree with a value of 20 K first appears at the trailing edge of the second-last-stage stator blades under the same working conditions. Subsequently, the supercooling value began to gradually decrease until it reached 0 K. The value of the nucleation rate at the second-last-stage stator blade was the largest. The corresponding extreme values of the nucleation rate were 30 m−3 s−1, 27 m−3 s−1, 21 m−3 s−1, 9 m−3 s−1, and 6 m−3 s−1 under the five working conditions. Subsequently, the value of the nucleation rate begins to decrease. However, the nucleation rate at the last stage of the stator blade increased again to 30 m−3 s−1 under the 20% THA condition.




	(2)

	
For four working conditions, the value of steam velocity decreases gradually from the blade root to the blade tip, and the value ranges between 100 m/s and 500 m/s. The maximum diameter of the coarse water droplets occurs at the tip of the last-stage stator blade and 40% of the blade height of the rotor blade. At the same time, as the unit loads decrease, the diameter of the secondary coarse water droplets gradually increases.




	(3)

	
Thermodynamic loss mainly occurs at the leading edge of the second-stage stator blades and trail end of the last-stage stator blades. The water droplet resistance loss mainly occurs at 40% of the blade height and at the tip of the last-stage stator blades. Moreover, with a reduction in the unit load, the thermodynamic loss continued to decrease, but the water droplet resistance loss continued to increase.
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Figure 1. Last two stages of the single-channel structure in the low-pressure cylinder of a steam turbine. 
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Figure 2. Last two stages of the structure grid and local grid enlargement in the low-pressure cylinder of steam turbine. 
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Figure 3. Comparison between numerical simulation results and experimental results. 
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Figure 4. The distribution of supercooling degree along the blade height of steam turbine under different working conditions. (a–e), respectively, represent 100%, 50%, 40%, 30%, and 20% THA. 
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Figure 5. Distribution of nucleation rate along the blade height of steam turbine under different working conditions. (a–e), respectively, represent 100%, 50%, 40%, 30%, and 20% THA. 
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Figure 6. Steam velocity under different working conditions. (a–d), respectively, represent 100%, 50%, 40%, and 30% THA. 






Figure 6. Steam velocity under different working conditions. (a–d), respectively, represent 100%, 50%, 40%, and 30% THA.
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Figure 7. Diameter distribution of coarse water droplets along the blade height under different working conditions. (a–d), respectively, represent 100%, 50%, 40%, and 30% THA. 
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Figure 8. Distribution of high wetness loss area under different working conditions. (a–d), respectively, represent 100%, 50%, 40%, and 30% THA. 
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