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Abstract

:

Flow stability is extremely important for hydraulic turbines, especially for 1 GW hydraulic turbines, and has a strong impact on mesh stability. However, turbines often operate under non-design conditions, and current research on this aspect is still lacking. So a model of the fluid domains of a high-quality installed 1 GW Francis turbine was established to investigate the flow characteristics of the turbine and fluid domains. CFD simulations of a 1 GW Francis turbine under rated load and overload operation conditions were performed. According to simulation results, when the turbine is under the overload operation condition, the internal flow stability of the 1 GW hydraulic turbine can be obviously different from that of the rated load. In the overload condition, the flow field is more turbulent and a large number of vortices are generated in the draft tube, resulting in significant changes in pressure, flow rate, and output. In order to improve calculation accuracy, a pure clearance model containing only clearances and pressure balance pipes was established. The results of the full flow channel and pure clearance were compared. It was found that under the rated operating condition and the overload condition, compared with the pure clearance model, the axial force of the runner calculated by the full flow channel model is approximately 2–7% biased, the radial force is biased by approximately 7–8%, and the leakage flow is smaller.
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1. Introduction


Hydropower is the most widely used form of clean and renewable energy, and it generates electricity by harnessing the energy of flowing and/or falling water. In the context of global climate change and the energy crisis, hydropower is increasingly playing an important role in power generation and provides numerous economic, social, and environmental benefits. With the economic development of developing countries and the continuous progress of hydroelectric generating unit technology, the demand for large and giant hydroelectric generating units, such as 1 GW units, is increasing in the power grid. Large and giant hydroelectric generating units can further ensure the safety and stability of the power grid and promote the vigorous development of clean energy.



In order to meet grid dispatchment requirements, Francis turbines have to be used under unreasonable and extreme conditions. Under these conditions, the flow state inside the Francis turbine can be very unstable. Experts have studied the pressure pulsation and hydraulic stability of giant Francis turbines at various loads both numerically and experimentally [1,2,3,4]. Pressure pulsation in the vaneless area and the draft tube is the main cause of vibration and noise in the unit. Under some operating conditions, vortex ropes and vortices are generated in the draft tube. In addition, vortices are also generated inside the runner flow channel and in the clearances, causing fluctuations in the axial force and radial force of the runner and causing vibration of the runner. Some scholars have used CFD simulations to calculate the flow pattern of the draft tube of a high-head and large Francis turbine [5,6] and researched the reason for the pressure fluctuation in the draft tube and the law of the vortex rope, which can offer better understanding of the safe and reliable operation of the turbine. Due to the large size of structures such as draft tubes, giant Francis turbines are prone to generating greater vortices and vibrations. The vortices in the draft tubes of giant Francis turbines can easily pose a huge threat and impact other flow channels and units.



Some characteristics of giant Francis turbines have been studied by some scholars. Since the flow rate of a giant Francis turbine is very large, especially at overload and full loads, the unstable flow in the turbine passage under overload conditions may cause strong vibration and potentially damage the turbine unit, threatening the safe operation of the unit [7]. Scholars reveal the dynamic excitation vibration mechanism inside the Francis turbine flow field by studying the pressure pulsation amplitude and frequency [8,9,10]. Numerous studies show that the noise and vibration of Francis turbines are related to pressure fluctuations [11]: mainly because the pressure changes the axial forces [12,13,14]. Some researchers have studied the instability and dangerous power swings at full load of a prototype Francis turbine from investigations on a reduced-scale model [15,16]. Experts have performed numerical simulations of pressure oscillations in large Francis turbines at partial and full load operating conditions and their effects on the runner structure and fatigue life. Turbines are more susceptible to cracks and damage when operating at part load [17].



For giant Francis turbines with power of 1 GW, movement of the runner has a significant impact on the internal flow characteristics at the rated condition; it especially changes the radial force and axial force [18,19,20,21,22,23]. Gong [24] conducted a numerical simulation of pressure fluctuation in a 1000 MW Francis turbine under a small opening condition and found that unstable flow leads to increased instability. Liu et al. [25] investigated the effects of head and flow rate on the pressure and velocity characteristics of a 1 GW Francis turbine and found that there is a significant difference in the pressure and velocity fields under different operating conditions. Chen [26] studied the internal flow characteristics of long and short blade runners of a 1000 MW Francis turbine under different opening conditions and concluded that an increase in volume led to an increase in dynamic and static interference. However, up to now, there has been very limited research focused on the internal flow characteristics under overload conditions of giant Francis turbines.



In order to analyze the reasons why giant Francis turbines produce vibrations and noise under overload conditions, a 3D model of the flow channel of a 1 GW Francis turbine unit was built in this study. Next, the finite element mesh of the flow channels of the 1 GW Francis turbine was established to analyze the internal flow characteristics. Sensitivity analysis of the flow domain mesh was conducted and was calibrated with measurement results. Then, the internal flow characteristics of a 1 GW Francis turbine unit under rated load and overload operation conditions were calculated by means of CFD simulations. In order to improve the calculation accuracy of the overload condition and the rated condition, a pure clearance model containing only clearances and pressure balance pipes was established. The results, such as the axial force, radial force, and leakage flow under the rated condition and the overload condition, were compared and discussed in detail.




2. Numerical Calculation Methods


The Reynolds numbers of the flow in giant Francis turbine units are high, and the flow is more violent and the flow pattern is more variable. Direct methods are generally not used to solve the NS equations. Therefore, the Reynolds time-averaged method is used in this paper. The Reynolds average method is a indirect numerical simulation method to decompose the turbulent velocity and pressure into an average and a pulsation. We are only concerned about the conversion of mechanical energy in this paper, so the internal flow control equations of giant turbines only have mass conservation equations and momentum conservation equations. For the fluid of a Francis turbine, the internal flow is incompressible. The flow domain is calculated by the RANS equations:


   ∂  ∂  x i       u i  ¯   = 0  



(1)






   ∂  ∂ t      u i  ¯   +  ∂  ∂  x j        u i   u j   ¯   = −  1 ρ    ∂  p ¯    ∂  x i    +  ∂  ∂  x j      ν     ∂  u i    ∂  x j    +   ∂  u j    ∂  x i        −   ∂    u  i  ′   u  j  ′   ¯    ∂  x i    +  f i   



(2)




where   u i  ,   u j   are directional components of velocities, and   x i  ,   x j   are coordinates in the rectangular coordinate system;  ρ  and p are the density and pressure of fluid, respectively; t is time, v is kinematic viscosity, and   f i   is volume force.



A shear stress transport (SST) model considers the transmission of turbulent shear stress. The k- ω  model is used in the near wall area and the k- E  model is used in the turbulent core area. The results of near-wall flow calculated by the SST model are more accurate. And the model also has high reliability in the calculation of the reverse pressure gradient. The internal flow field of a giant Francis turbine is mainly turbulent flow. Therefore, in order to ensure that the simulation results are closer to reality, the SST model is used for calculations in this article.




3. Calculation Model of a 1 GW Francis Turbine Unit


The fluid domain model of the investigated 1 GW Francis turbine is shown in Figure 1. The model consists of the flow passages of the spiral case, stay vane, guide vane, runner, upper crown, lower ring, labyrinth seals, draft tube, and pressure balance pipes [25]. The parameters of the 1 GW Francis turbine studied in this paper are shown in Table 1. The parameters for the rated condition and overload condition are shown in Table 2.




4. Mesh Sensitivity Analysis of the 1 GW Francis Turbine Unit


A structured hexahedral mesh and an unstructured tetrahedral mesh are important for improving the computational accuracy and efficiency. In order to improve the computational accuracy, the turbine model in this paper combines the two for the flow field of a giant Francis turbine. Since the spiral case and discharge cone contain a large number of irregular structures, a well-adapted unstructured mesh is used for this part of the mesh. The guide vane, stay vane, runner, draft tube, upper crown and lower ring clearance, and pressure balance pipe have more regular structures and are divided by a hexahedral structured mesh that saves more storage space and computes faster. In this article, ICEM and mesh software are used to create the mesh. The software ANSYS-CFX 19.1 is selected for simulation. The overall mesh quality is great, and the mesh model is shown in Figure 2 following.



The quantity and quality of the mesh have a significant impact on the calculation results. In order to minimize the impact of the mesh, the grid convergence index (  G C I  ) is used to verify the reliability of the mesh [27,28,29]. The basic idea is to establish a relationship based on the proportional relationship between the approximation error and the true error. The approximate and extrapolated relative errors can be expressed as:


   ε a  = 100 % ×     ε  n e w   −  ε  o l d     ε  n e w      



(3)







The grid convergence index (  G C I  ) can be written as:


  G C I =   1.25 ×  ε a     r 2  − 1    



(4)




where   ε a   is the relative error, and r is the mesh ratio, which is 1.3. A total of three sets of different numbers of meshes (2.4 ×   10 6  , 5.0 ×   10 6  , 1.02 ×   10 7  ) are set up, and the mesh quality of the giant Francis turbine under the rated condition is compared with the change to the number of meshes (refer to Table 3). As is shown, the set of 10.2 million meshes shows lower uncertainty. Therefore, the final number of elements is 10.2 million. Table 4 shows the number of meshes for each channel.



There must be some differences between the simulated and modeled results due to various factors such as model accuracy and the size of the clearance flow. Therefore, it is necessary to verify the accuracy of the model before the simulations. In order to verify that the differences between the simulated and experimental results are within reasonable limits, the simulated and experimental values of the efficiencies at four head conditions are compared. The experimental values were measured on-site through a prototype giant Francis turbine at a hydropower station. The results are shown in Figure 3. Therefore, the simulation results in this paper have small differences compared to the experimental results and thus can reflect real turbine operation results and provide important reference values for the actual project.




5. Mesh and Computational Settings of the Pure Clearance Domain


In order to improve the accuracy of axial and radial forces, the meshes of the upper clearance, the lower ring clearance, and the pressure balance pipes will be retained in this section. All the remaining fluid domains are removed, and the number of meshes of the upper crown clearance and lower ring clearance are increased. Then, calculations for the rated and overload conditions are performed. The model of the computational domain is shown in Figure 4. The boundary conditions of the inlet of the upper crown and the lower ring are set to the velocity inlet, the outlet is set to the pressure outlet, and the conditions of the inlet and outlet are set to the calculation results of the full flow channel.



In order to ensure the accuracy of the calculation of the clearance, the axial and radial forces on the outer surface of the upper crown and on the outer surface of the lower ring under rated working conditions are used as a reference. Under the condition of ensuring that the pressure difference between the inlet and outlet of the clearance is consistent, the irrelevance of the mesh is verified. For calculations of the pure clearance, focus is placed on the reliability of its axial and radial force predictions. Therefore, the sensitivity of the axial and radial forces to the mesh was mainly investigated, and a total of seven sets of meshes were established. The calculation results are shown in Table 5. It can be seen that when the number of meshes is 10 million, the axial force on the outer surface of the upper crown is basically stable, and when the number of meshes is 12 million, the axial and radial forces on the outer surface of the lower ring are basically stable. On the basis of reducing the amount of calculation, a set of 12 million meshes is used for subsequent solution analysis.




6. Results and Discussions


6.1. Pressure Distributions


The pressure distribution of the axial cross-section and the central cross-section of the full flow channel are shown in Figure 5 and Figure 6. Normalized pressure is the pressure divided by the maximum pressure value in the flow channel. The pressure distribution is similar for both conditions, with a gradual decrease in the pressure from inlet to outlet. Pressure is lower in the upper crown clearance and in the flow channel of the runner cone. Although the head under the overload condition is larger than that of the rated condition, the pressure in the flow channel under the overload condition is overall smaller than that of the rated condition because the head at the outlet under the overload condition is smaller. It can be seen through Figure 6 that along the runner channel, the pressure of the fluid gradually decreases and the pressure on the pressure surface is greater than that on the suction surface. The pressure in the runner cross-section reaches a minimum at the outlet of the suction surface. Unlike in the rated condition, there is a pressure increase in the elbow section of the draft tube in the overload condition due to vortices.




6.2. Streamlines and the Pressure Distribution in the Runner Channel


Figure 7 and Figure 8 show the pressure and streamline distributions of the runner channel, respectively. Normalized velocity is the velocity divided by the maximum velocity value in the flow channel. The pressure distribution on the surface of the runner is similar in both conditions. The pressure distribution on the surface of each blade is the same. From the inlet of the runner to the outlet of the runner, the pressure on the surface of the runner decreases uniformly, and the velocity of the fluid in the runner channel increases gradually. Because the fluid coming out of the vaneless zone impinges on the surface of the blades as it flows into the runner channel, the pressure is highest at the inlet of the runner blades, and the streamlines change along the shape of the blades. Inside the runner channel, the flow rate is highest, and the pressure is lowest at the outlet of the runner. Since the overall pressure on the turbine is greater under the rated condition than that under the overload condition, the pressure on the runner channel under the rated condition is also slightly greater than that under the overload condition.




6.3. Streamline Distribution


Figure 9 shows the densities and shapes of streamlines of the full channel flow under the rated and overload conditions. For the rated condition, vortices are almost not present in the full flow channel of the turbine. The flow in the flow channel is essentially stable and meets the setup goals for the rated conditions. In the overload operating condition, the flow pattern in the draft tube is more turbulent. Figure 10 shows a cross-sectional view of streamlines in the draft tube. It can be seen that there are vortices in the elbow section of the draft tube, and the vortices gradually increase and move towards the outlet direction. The streamlines are mainly concentrated on the lower side wall surface of the draft tube.




6.4. Pressure Fluctuate


In order to study the pressure characteristics in the draft tube, several pressure monitoring points were arranged in the draft tube; the locations of the monitoring points (W1, W2, W3, W4, W5) are shown in Figure 11. Moreover, Figure 12 shows the pressure monitoring results under the overload operating condition, and it can be seen that from the inlet of the draft tube to the outlet, the pressure in the flow channel decreases gradually. Only the pressures of W3 and W4 are similar. The pressure values at all monitoring points fluctuate greatly with time, with a fluctuation range of about 10 kPa. The pressure fluctuations in the draft tube were mainly influenced by the vortices in the flow. It is these pressure fluctuations that lead to large vibrations in the unit under overload operating conditions, which seriously threatens the safety of the unit structure.




6.5. Hydraulic Characteristics under the Overload Condition


Figure 13 shows the flow rate and output of the unit under the overload operating condition. It can be seen that the curves of the flow rate and output are similar in that they both fluctuate considerably with time, and there is no periodic pattern. The flow rate stays between 590–592 m3/s. The output power fluctuates between 1095–1105 MW with a large difference. This indicates that the vortices under the overpower condition cause a large amount of energy waste and reduce the power generation, which is not conducive to the long-term efficient and stable operation of the unit.





7. Calculation Results of the Pure Clearance Domain


7.1. The Leakage Flow and the Axial Speed in the Labyrinth Ring


By changing the inlet velocity of the pure clearance, the pressure difference between the inlet and outlet of the clearance is obtained as the leakage flow changes. The clearance inlet and outlet pressure difference and the leakage flow are fitted into a curve. The inlet velocity of the pure clearance is selected by ensuring that the pressure difference between the inlet and outlet of the pure clearance model is the same as that of the full flow channel model. Figure 14 shows the relationship curve under the rated condition. It can be seen that the relationship between the leakage flow and the pressure difference is close to a linear relationship. The inlet velocity of the pure clearance model is also obtained by the same method for the overload condition.



Table 6 shows the leakage flow of the full flow channel and pure clearance under the rated condition and the overload condition. The results show that under the rated condition, when the inlet and outlet pressure differences of the clearances between the two models are the same, the leakage flow of the full flow channel is larger than that of the pure clearance. The same result is found in the overload condition.



In order to analyze the reasons for the change in leakage flow, the axial velocities on the cross-sectional diagrams of the full flow channel and the pure clearance under the rated condition are shown in Figure 15 and Figure 16, respectively. The axial velocity distribution rules in the labyrinth rings of the two sets of meshes are different. The number of labyrinth ring meshes in the full flow channel is small and the axial velocity is small, while the axial velocity of the fluid at the labyrinth ring in the pure clearance is larger. Therefore, the flow rate difference between the two sets of meshes in the labyrinth ring is large, and the leakage flow is also quite different.



The formulas for the pressure coefficient   C p   and speed coefficient   C v   are:


    C p  =  P  ρ g  H r     



(5)






    C v  =  v   2 π n R  60    



(6)




where P is the pressure value measured at the measuring point, Pa.   H r   is the rated head of 202 m for the turbine, v is the measuring-point speed, m/s, n is the rotation speed of the runner, which is 111.1 r/min, and R is the entrance radius of the runner, which is 4.235 m.




7.2. The Force and Pressure of the Clearance


The pure clearance was used to calculate the axial force on the outer surface of the upper crown, the lower ring of the runner and the radial force of the runner in the two working conditions, as shown in Table 7. In the calculation of the axial force and radial force of the runner, the calculation results of the full flow channel are used for the forces on other surfaces. It can be seen that the axial force and the radial force of the runner under the rated working condition are larger than those under the overload condition. Moreover, the prediction of the radial force and axial force by the full flow channel model is larger.



The axial force and radial force of the unit mainly depend on the pressure changes in the upper crown clearance and lower ring clearance. The greater the pressure in the clearance, the greater the force of water on the unit. The smaller the pressure in the clearance, the smaller the force of water on the unit. Figure 17 shows the ZX cross-section pressure distribution in the runner and clearance channel under the rated condition and the overload condition. When the fluid enters the clearance, the pressure does not change much. After the fluid enters the labyrinth ring, the pressure drops significantly due to the extremely small size of the labyrinth ring. The area of the clearance domain behind the labyrinth ring gradually increases, and a large number of low-pressure areas are generated at the upper crown cavity and the outlet of the lower ring, resulting in an unstable flow state.



Figure 18 shows the location of the lines for monitoring pressure and the results of monitoring the pressure in the lower ring. Figure 19 shows the location of lines for monitoring pressure and the results of monitoring the pressure in the upper crown. It can be seen that the pressure changes in the clearance between the upper crown and the lower ring can be divided into three areas: the cavity outside the seal, the sealing area, and the cavity inside the seal.



It is generally believed that due to the rotation of the runner, the water pressure in the sealing area can be approximately linearly distributed. The pressures in the cavity outside the seal and the cavity inside the seal show quadratic curves as the radius increases, and their analytical expressions can be written as:


   p =  p 0  +  1 2  ρ  ω 2   (  r 2  −  r 0 2  )  =  p 0  +  1 2  ρ      K 0  π n  30   2   (  r 2  −  r 0 2  )   



(7)






    K 0  =  ω  ω 0    



(8)




where   r 0   and   p 0   are the radius and static pressure, respectively, at a known point: the positions are shown in Figure 18 and Figure 19.   K 0   is the ratio of the average circumferential angular velocity in the clearance to the rotational angular velocity of the runner. It is generally considered to be about 0.5 without considering the secondary flow in the gap. However, there are also complex vortex structures in the actual flow pattern in the cavity that affect the pressure distribution in the cavity. Therefore, quadratic nonlinear fitting and linear fitting are performed on each curve under non-operating conditions.



The function for the pressure of the cavity outside the seal of the lower ring under the rated condition after quadratic fitting is


   p = 1 , 377 , 840 + 25 , 455 (  r 2  −   3.73 2   )  



(9)







The function for the pressure of the cavity inside the seal of the lower ring under the rated condition after quadratic fitting is


   p = 391 , 676 + 20 , 862 (  r 2  −   3.59 2   )  



(10)







The function for the pressure of the cavity outside the seal of the upper crown under the rated condition after quadratic fitting is


   p = 1 , 535 , 970 + 18 , 389 (  r 2  −   3.87 2   )  



(11)







The function for the pressure of the cavity inside the seal of the upper crown under the rated condition after quadratic fitting is


   p = 332 , 662 + 12 , 709 (  r 2  −   1.81 2   )  



(12)







The function for the pressure of the cavity outside the seal of the lower ring under the overload condition after quadratic fitting is


   p = 839 , 869 + 9683 (  r 2  −   3.73 2   )  



(13)







The function for the pressure of the cavity inside the seal of the lower ring under the overload condition after quadratic fitting is


   p = 103 , 626 + 4205 (  r 2  −   3.59 2   )  



(14)







The function for the pressure of the cavity outside the seal of the upper crown under the overload condition after quadratic fitting is


   p = 840 , 145 + 28 , 786 (  r 2  −   3.87 2   )  



(15)







The function for the pressure of the cavity inside the seal of the upper crown under the overload condition after quadratic fitting is


  p = 191 , 931 + 1572 (  r 2  −   1.81 2   )  



(16)







Figure 20, Figure 21, Figure 22 and Figure 23 show the pressure linear fitting and quadratic fitting curves of the cavity inside the seal and the cavity outside the seal under the rated condition and the overload condition. The results show that the quadratic curve and linear curve of the cavity inside the seal are different under the rated condition, and the quadratic curves and linear curves of the pressures in the remaining cavities are almost coincident. Except for the cavity outside the seal by the upper ring, the quadratic curves and linear curves of the remaining cavities under the overload condition are somewhat different. This shows that the pressures in the cavities under the overload condition are more suitable for fitting using quadratic curves.



The values of   K 0   under the rated condition and overload condition are shown in Table 8. There is a big difference in   K 0   at four positions between the rated condition and the overload condition. Only the difference in   K 0   for the cavity outside the seal of the upper crown under the two working conditions is small: about 0.2. The   K 0   differences for the cavity inside the seal of the upper crown, the cavity outside the seal of the lower ring, and the cavity outside the seal of the lower ring in the two working conditions are all large.





8. Conclusions


In this research, the internal flow field characteristics of a 1 GW Francis turbine are analyzed under two conditions: the rated condition and overload operation. The pressure values at all monitoring points under the overload condition fluctuate greatly with time. Vortices in the flow in the draft tube under the overload condition cause fluctuations in the flow and output of the unit, and a large amount of energy is wasted, which reduces power generation and is not conducive to the efficient and stable operation of the unit over the long term.



The pure clearance is used to calculate the force and pressure characteristics under different working conditions, which improves the calculation accuracy. When the pressure difference between the inlet and outlet of the clearance is the same, the number of clearance meshes has a greater impact on the axial velocity at the labyrinth ring and changes the flow rate in the clearance. Under the same pressure difference between the inlet and outlet, compared with the full flow channel, the leakage flow of the pure clearance is larger, and the axial force and radial force are smaller.



The pressure changes in the clearance cavity of the upper crown and the lower ring can be divided into the cavity outside the seal, the sealing area, and the cavity inside the seal. Due to the rotation of the runner, the pressures in the cavity outside the seal and the cavity inside the seal show a quadratic curve as the radius increases. The pressure in the clearance is fitted to provide a reference for the subsequent calculation of the pressure and force characteristics of the giant Francis turbine.
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The following abbreviations are used in this manuscript:



	  C p  
	Pressure coefficient



	  C v  
	Speed coefficient



	CFD
	Computational fluid dynamics



	f
	Force, N



	H
	Head, m



	n
	Rotation speed



	p
	Pressure, Pa



	r
	Radius, m



	RANS
	Reynolds-averaged Navier–Stokes



	SST
	Shear stress transport



	t
	Time, s



	u
	Velocity of fluid, m/s



	x
	Component of position vector, m
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Figure 1. Flow domain model of the 1 GW Francis turbine unit. 
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Figure 2. Mesh of the flow domains of the 1 GW Francis turbine unit. 
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Figure 3. Comparison between simulation and test efficiency. 
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Figure 4. The computational domain of the pure clearance. 
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Figure 5. The pressure distribution of the vertical cross-section of the full flow channel. 
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Figure 6. The pressure distribution of the horizontal cross-section of the full flow channel. 
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Figure 7. The pressure distribution of the runner channel. 
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Figure 8. The streamlines of the runner channel. 
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Figure 9. The streamline distribution of the full flow channel. 
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Figure 10. The streamline contours in the draft tube under the overload operating condition. 
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Figure 11. The monitoring points in the draft tube. 
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Figure 12. The pressure fluctuations in the draft tube. 
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Figure 13. The flow rate and output under the overload condition change over time. 
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Figure 14. The leakage flow of pure clearance changes with the pressure difference between the inlet and outlet. 
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Figure 15. The   C v   of the axial velocity in the labyrinth ring of the upper crown clearance. 
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Figure 16. The   C v   of the axial velocity in the labyrinth ring of the lower ring clearance. 
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Figure 17. Pressure in the clearance. 
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Figure 18. Results of monitoring the pressure in the lower ring clearance. 
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Figure 19. Results of monitoring the pressure in the upper crown clearance. 
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Figure 20. Fitting curves for pressure in the cavity outside the seal of the lower ring. 
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Figure 21. Fitting curves for pressure in the cavity inside the seal of the lower ring. 
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Figure 22. Fitting curves for pressure in the cavity outside the seal of the upper crown. 
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Figure 23. Fitting curves for pressure in the cavity inside the seal of the upper crown. 
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Table 1. Parameters of giant Francis turbine.






Table 1. Parameters of giant Francis turbine.





	Parameter
	Value





	Rated power
	1000 MW



	Rated speed
	111.1 rpm



	Rated head
	202 m



	Number of stay vanes
	23



	Number of guide vanes
	24



	Number of runner blades
	15










 





Table 2. Parameters under the rated condition and overload condition.
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	Guide Vane Opening (°)
	Head (m)
	Output (MW)
	Head at the Outlet of the Draft Tube (m)





	Rated condition
	27.8
	202
	1015
	49.02



	Overload condition
	28.2
	213
	1100
	22










 





Table 3. The mesh quality of the giant Francis turbine.






Table 3. The mesh quality of the giant Francis turbine.











	
	Normalized Efficiency
	   ε a    (%)
	    G C I    





	2.4 ×   10 6  
	0.979
	0.7
	1.268



	5.0 ×   10 6  
	0.986
	0.5
	0.905



	1.02 ×   10 7  
	0.991
	0.1
	0.181










 





Table 4. The number of elements for the flow passages of the 1 GW Francis turbine unit.






Table 4. The number of elements for the flow passages of the 1 GW Francis turbine unit.





	Flow Passage
	Element Number
	Element Type





	Runner
	2.60 ×   10 6  
	Tetrahedral and hexahedral



	Band chamber
	2.47 ×   10 6  
	Hexahedral



	Spiral case
	1.55 ×   10 6  
	Tetrahedral



	Pressure balance pipes
	1.04 ×   10 6  
	Hexahedral



	Draft tube
	0.93 ×   10 6  
	Tetrahedral and hexahedral



	Crown chamber
	0.78 ×   10 6  
	Tetrahedral and hexahedral



	Guide vane
	0.76 ×   10 6  
	Hexahedral



	Stay vane
	0.38 ×   10 6  
	Hexahedral



	Total
	10.51 ×   10 6  
	Tetrahedral and hexahedral










 





Table 5. Verification of mesh independence of the pure clearance domain.
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	Number of Meshes (Million)
	Axial Force on Outer Surface of Lower Ring (kN)
	Axial Force on Outer Surface of Upper Crown (kN)
	Radial Force on Outer Surface of Lower Ring (kN)
	Radial Force on Outer Surface of Upper Crown (kN)





	4
	22,200
	30,550
	2.76
	6.77



	6
	22,630
	30,700
	2.80
	6.81



	8
	22,870
	30,910
	2.83
	6.84



	9
	23,000
	31,090
	2.85
	6.86



	10
	23,380
	31,250
	2.87
	6.89



	12
	23,460
	31,280
	2.91
	6.92



	23
	23,470
	31,290
	2.92
	6.93










 





Table 6. Calculation results of leakage flow of the full flow channel and pure clearance.
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	Leakage Flow of the Lower Ring of Full Flow Channel (kg/s)
	Leakage Flow of the Upper Crown of Full Flow Channel (kg/s)
	Leakage Flow of the Lower Ring of Pure Clearance (kg/s)
	Leakage Flow of the Upper Crown of Pure Clearance (kg/s)





	Rated condition
	1771
	916
	2180
	987



	Overload condition
	1675
	731
	1865
	760










 





Table 7. Force calculation results for full flow channels and pure clearance meshes.
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	Runner Radial Force of Pure Clearance (kN)
	Runner Axial Force of Pure Clearance (kN)
	Runner Radial Force of Full Flow Channel (kN)
	Runner Axial Force of Full Flow Channel (kN)





	Rated condition
	60
	9650
	65
	10,300



	Overload condition
	56
	7829
	60
	8034










 





Table 8. The values of   K 0   under the rated condition and overload condition.






Table 8. The values of   K 0   under the rated condition and overload condition.












	
	   K 0    of the Cavity Outside the Seal in the Upper Crown
	   K 0    of the Cavity Inside the Seal in the Upper Crown
	   K 0    of the Cavity Outside the Seal in the Lower Ring
	   K 0    of the Cavity Inside the Seal in the Lower Ring





	Rated condition
	0.85
	0.707
	1
	0.906



	Overload condition
	0.65
	0.15
	0.378
	0.25
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