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The energy efficiency characteristics of the turbine, cavitation performance of the runner, and operation stability of the unit are the three major concerns of a hydropower field, the latter two factors leading to the units’ cavitation and stability problems under some operation conditions and fatigue failure of the runner blades, which are the main causes of structural and mechanical failure for the hydropower units. In this article, three conventional unit startup processes are introduced, and combined with the optimal impulse control strategy, an optimized unit startup method is proposed. As the optimal guide vane opening adjustment setting value is obtained by solving the planned startup control strategy, 3D modeling and CFD simulation are carried out, then the equivalent stress characteristics are obtained by finite element calculation when the unit is running from startup to no load at a rated speed on three different startup modes. At last, the dynamic stress tests of the runner blade are performed at the hydropower station by using wireless acquisition and transmission technology, and the peak value and characteristics of the dynamic and static stresses of the blade under different startup processes are obtained. In this, the validity of the model analysis is proved by the comparison between the simulation calculation and the measured results, and the effectiveness of the startup control strategy is proved by combining the runner blade dynamic stress simulation, calculation, and the field dynamic stress test results. The optimization method of the startup process proposed in the article can alleviate the abnormal vibration of the unit and provide a basis for long-term stable operation of the hydropower unit.
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INTRODUCTION
With the development of the design, manufacture, and installation technology of hydropower units, the capacity and size of the turbine are getting larger and larger, and the development and application of conventional turbines, especially the reaction turbines, are becoming more and more extensive. Due to the increase in size and capacity of the unit, the specific speed of the turbine is also increased accordingly, the rigidity of the runner structure is relatively reduced, and the turbine blades of some units develop cracks and breaks; furthermore, some hydropower units built, both domestic and abroad, have problems such as runner cracks. So, in addition to the efficiency and cavitation characteristics, the stability of the hydropower unit is gaining more and more attention.
Currently, more and more scholars, both domestic and abroad, conduct finite element analysis on turbine models and prototypes, predict the operation characteristics of turbines, and carry out optimal design research to achieve better design results. In this article, three conventional unit startup processes are introduced, and combined with the optimal impulse control strategy, an optimized unit startup method is proposed. As the optimal guide vane opening adjustment setting value is being obtained by solving the planned startup control strategy, the 3D modeling and CFD simulation are carried out, then the equivalent stress characteristics are obtained by finite element calculation, when the unit is running from startup to no load at a rated speed on three different startup modes. At last, the dynamic stress tests of the runner blade are performed at the hydropower station by using the wireless acquisition and transmission technology, and the peak value and characteristics of the dynamic and static stress of the blade under different startup processes are obtained. In this, the validity of the model analysis is proved with the comparison between the simulation calculation and measured results, and the effectiveness of the startup control strategy is proved by combining the runner blade dynamic stress simulation, calculation, and the field dynamic stress test results. The optimization method of the startup process proposed in the article can alleviate the abnormal vibration of the unit and provide a basis for the long-term stable operation of the hydropower unit.
STARTUP PROCESS OF HYDROPOWER UNIT
Common Startup Processes
The common startup control methods of the hydropower units include open-loop control, closed-loop tracking control, and open–closed loop–combined control (Lei et al., 2021).
An open-loop control mainly means that after the governor receives the power-on command, the guide vane will be opened to the preset opening at the maximum opening speed, and the opening will remain unchanged. When the frequency rises to the preset value, the guide vane will be opened again. close to the predetermined no-load opening, such that the unit quickly rises to rated speed and stabilizes.
Closed-loop tracking control means that the governor is always in a closed-loop adjustment state during the startup process, tracking the frequency given curve to 50 Hz.
Open and closed loop joint control means that when the governor receives the start command, it is set in the opening control mode first, the given value of the opening is set as the start opening, the frequency is set to a certain setting value less than 50 Hz, and then the opening is quickly increased to the start opening. When the frequency is increased to the set value, the PID adjustment is automatically activated, and the set frequency value is automatically increased to 50 Hz (Chen et al., 2019; Hou et al., 2019).
The dynamic characteristics of the turbine are obviously nonlinear because the water diversion system has the water hammer effect and the inertia of the turbine unit is large. Therefore, it is difficult to use the typical linear feedback method to control effectively. The traditional PID control and the derived feedback control are usually simulated and calculated by the simple linearized approximate model of the system, and it is difficult to effectively control the real turbine control and operation system.
Therefore, in this article, the optimal guide vane opening adjustment setting value is obtained by solving the planned startup control strategy, and the effectiveness of the startup control strategy is proved by combining the runner blade dynamic stress simulation, calculation, and the field dynamic stress test results.
According to the requirements of the planned startup control strategy, the best control method is to make the guide vane opening act according to the time curve shown in Figure 1, that is, the operating speed of the guide vane is started, and after reaching a certain opening, it is closed to the no-load opening at the maximum allowable operating speed.
[image: Figure 1]FIGURE 1 | The common change process of the guide vane opening for hydropower unit.
Startup Process Optimization
According to the characteristics of hydraulic flow energy, when the startup process ends, the water energy used by the turbine is exactly equal to the energy consumed by overcoming various resistances during the startup process and the kinetic energy required for increasing the rotor speed; this is the basic principle of the optimal impulse control strategy (Sun et al., 2018; Wang et al., 2019). The common change process of the guide vane opening for hydropower unit is shown in Figure 1.
In Figure 1, f is the percent of unit frequency against 50 Hz, y is the percent of guide vane opening, and the top point of the guide vane opening curve is the peak value ymax. The value yno_load corresponding to the last straight section of the guide vane opening curve is the stable opening of the unit at a given speed with no load. In order to determine the maximum guide vane opening ymax during startup and the stable opening yno_load during the no-load running, the solution can be solved according to the principle of optimal energy balance.
The theoretical formula for turbine flow is:
[image: image]
where q is the flow discharge of the turbine, y is the guide vane opening, and [image: image] is the water pressure change rate of the turbine, which can be calculated by measuring the pressure difference at the spiral case inlet and draft tube outlet, and then obtaining the change of turbine work head.
The input power N of turbine is:
[image: image]
Therefore, the sum of the power due to the water flow of the turbine can be obtained by integrating the power N. The kinetic energy stored by the rotor at the current speed is:
[image: image]
where J is inertia of the unit, and ω is the rotational speed.
According to the optimal impulse control strategy, the unit reaches the speed ω at time of td, and so we can get the power loss s each time before td.
[image: image]
where si is the power loss at time i, and ωi is the speed at time i.
Then, we can calculate with the formula:
[image: image]
When ω = ωn—here ωn is the rated speed—the guide vane opening yno_load at no load can be obtained by calculations. Similarly, through the power loss formula, the relationship between t and ω after time td can be calculated, and the ymax value that meets the requirements is obtained by iterative calculations (Tan and Islam, 2004).
Therefore, we can use the effective impulse principle in the startup process to obtain the curve y of the guide vane opening and formulate the control strategy of the startup process according to the prediction model of the guide vane opening.
SIMULATION OF RUNNER BLADE DYNAMIC STRESS
Numerical Calculation Model
The three-dimensional incompressible unsteady Navier–Stokes equation is used for the time-averaged method, and the Reynolds average method is performed to obtain the control equation in the time-averaged form (Hong et al., 2015; Xing and Xu, 2015):
[image: image]
The momentum equation is:
[image: image]
where [image: image] is the fluid acceleration; f is the body force per unit mass of fluid, usually f = g (g is the gravity acceleration); [image: image] is the resultant force of pressure p received on the surface of the fluid per unit mass; [image: image] is the fluid density; [image: image] represents the divergence; [image: image] is the viscosity coefficient; and [image: image] is the fluid velocity.
The turbulence model adopts the SST model, which has great advantages in predicting the turbulent scale of near-wall flow or flow with adverse pressure gradient. Therefore, the model is selected when solving the unsteady turbulent flows in the draft tube. The turbulent kinetic energy equation and turbulent dissipation rate equation of the SST model are, respectively (Kang et al., 2016; Tiwari et al., 2020):
[image: image]
[image: image]
The calculation uses the discrete method of the finite volume method. The finite volume method is also called the control volume method (Bai et al., 2012). Its basic principle is to divide the computational domain into tiny control volumes corresponding to the grid nodes, one to one. Each control volume does not repeat each other. The equations are integrated to obtain a set of discrete equations. In order to give the integral form of the control volume, assumptions are made about the convective flux at the nodes of the control volume grid, such that different forms of discrete equations can be derived.
Computational Domain Model
As the geometry of each part of the turbine flow passage is relatively complex, to accurately simulate the flow channel shape of the real turbine during the modeling process, Siemens NX software is used to geometrically model the entire flow channel of the turbine. The entire calculation area includes spiral case, static vanes, guide vanes, runners, and draft tubes. The overall computational domain geometric model is shown in Figure 2. To accurately simulate the internal flow of the flow components of the turbine and minimize the error in the numerical calculation, high-precision hexahedral meshes are used to mesh the flow components.
[image: Figure 2]FIGURE 2 | The geometric model of the overall computational domain.
The object of the numerical analysis is the model hydraulic turbine, and its overall geometric modeling is completed by the Siemens NX software platform. All the flow parts are divided into high-precision hexahedral meshes by the ANSYS ICEM-CFD software to make field analysis calculations. Through the analysis, the flow field calculation of the runner and other flow components is obtained as the load of the structure field calculation.
For the calculation of the flow field in the Francis turbine and the calculation of the structure field of the runner, the three-dimensional geometric models for the calculation of the flow field and the structure field are established, respectively. Figure 3 shows the models for flow field calculation, structure field calculation, and the fluid–structure interaction surface.
[image: Figure 3]FIGURE 3 | The geometric models of Francis runner and spiral case.
The calculation object of the structure field is the Francis turbine runner, and the constraint condition is a fixed constraint given on the connecting surface of the upper crown of the runner and the main shaft flange. The load on the runner includes inertial force and surface force. The inertial force includes the force caused by the runner’s gravity and rotation. The surface force is mainly the water pressure on the fluid–solid interface caused by the fluid flow, which is obtained from the results of the runner flow field calculation.
The total pressure at the inlet of the spiral case and its velocity direction are used as the inlet conditions, and the average static pressure at the draft tube outlet is used as the outlet conditions for the flow field calculation. Through the CFD calculation of the overall flow channel, the calculated inner flow field is more accurate, and a more accurate blade surface pressure load is provided for the subsequent structural field calculation.
MEASUREMENT OF RUNNER BLADE STRESS
To compare the force of the runner under different startup modes, the dynamic stress test of the runner blade was carried out, that is, the strain gauge was pasted on the runner blade, the data were collected and stored by wireless transmission, and the relationship between the static stress and the dynamic stress with the guide vane opening was analyzed. The layout of the strain gauge is shown in Figure 4.
[image: Figure 4]FIGURE 4 | The layout of the strain gauges for Francis turbine runner.
The photos of the strain gauge fixing and protection are shown in Figures 5 and 6.
[image: Figure 5]FIGURE 5 | The photos of fixing the strain gauges by special glue.
[image: Figure 6]FIGURE 6 | The photos of protection of the strain gauges by metal protective coating.
The cables are led from the large hollow shaft to the accessories of the top air supply valve, and the test instruments and equipment are fixed by bolts and welding to ensure that the equipment does not detach or is not thrown out when the unit rotates at high speed. All measurement signals are stored offline in the acquisition instrument and transmitted to the engineer’s computer synchronously. The photos of data acquisition equipment are shown in Figure 7.
[image: Figure 7]FIGURE 7 | The photos of data acquisition equipment fixed by bolts and welding.
RESULT OF STRESS MEASUREMENT FOR DIFFERENT STARTUP PROCESSES
Conventional Control Methods
Two conventional control methods were carried out on-site, and the guide vane opening process and speed rise curve were recorded, that is, after the governor received the starting command, the guide vane was opened to the set opening at the fastest speed, then kept unchanged. When the frequency rises to the set value, the opening of the guide vane servomotor was adjusted to the set value of no load, then the servomotor control mode was turned to PID adjustment mode.
Here, we select the strain–stress point at BV3 shown in Figure 4, where the previous runner crack appeared as the characteristic parameter, and analyze the stress change at this location under different startup processes.
The sampling rate of the stress signal is 1,200 Hz, and the static stress and dynamic stress are calculated by sliding for the period of 1 s. The average value of the static stress is calculated, and the peak-to-peak value of the dynamic stress is calculated.
For the first time, the single stage acceleration adjustment was adopted, the guide vane opening process and speed rise curve are shown in Figures 8–10.
[image: Figure 8]FIGURE 8 | The curve of the guide vane opening and the speed (single-stage acceleration).
[image: Figure 9]FIGURE 9 | The stress curve of the blade back in the direction of vertical water flow (single stage acceleration).
[image: Figure 10]FIGURE 10 | The dynamic strain–stress curve with the guide vane opening (single-stage acceleration).
As the guide vane is directly opened to the no-load opening degree in this adjustment method, the dynamic stress in the process is relatively large and the maximum dynamic stress is about 55 MPa, but the duration is short, about 2–4 s.
Then the second conventional adjustment mode test is carried out, but the guide vane adjustment mode is two-stage acceleration, and the adjustment curves and typical dynamic stress curves are shown in Figures 11–13.
[image: Figure 11]FIGURE 11 | The curve of the guide vane opening and the speed (two-stage acceleration).
[image: Figure 12]FIGURE 12 | The stress curve of the blade back in the direction of vertical water flow (two-stage acceleration).
[image: Figure 13]FIGURE 13 | The dynamic strain–stress curve with the guide vane opening (two-stage acceleration).
In the two-stage adjustment process, the accelerated opening time of the second stage of the guide vane is relatively long, and the static and dynamic stress of the vane increases significantly. The maximum dynamic stress was about 82 MPa, which exceeds the maximum dynamic stress of the first test.
Optimized Control Method
Combined with the effective impulse principle and two-stage startup strategy, an over adjustment mode is added to optimize the control mode. The calculation results in ymax = 21.5%, yno_load = 13.5%, and the startup curve are as in Figures 14–16.
[image: Figure 14]FIGURE 14 | The curve of the guide vane opening and the speed (optimized control mode).
[image: Figure 15]FIGURE 15 | The stress curve of the blade back in the direction of vertical water flow (optimized control mode).
[image: Figure 16]FIGURE 16 | The dynamic strain–stress curve with the guide vane opening (optimized control mode).
It can be seen from Figure 16 that in the process of accelerating the speed of the unit from zero to 100 r/min, the blade is subjected to a large dynamic stress, and the maximum dynamic stress is about 44 MPa. Compared with the single-stage startup, the guide vanes are opened in two stages during the optimized startup process, and the maximum dynamic stress is greatly reduced, but the duration of the dynamic stress is increased.
Data Analysis and Comparison
As the SST and k-ε turbulence model are used to simulate the internal flow of each flow-through component of the turbine, and the error is minimized in the numerical calculation, all flow-through components are divided into high-precision hexahedral meshes by the ANSYS ICEM-CFD software. The ANSYS runner structure finite element calculation model has 853,000 mesh elements and 1,233,000 nodes, as shown in Figure 17.
[image: Figure 17]FIGURE 17 | The structure finite element calculation model of the runner and blade.
The blade surface pressure is changed with time, and the hydrodynamic pressure load is carried out according to the following steps:
1) According to the results of the unsteady flow analysis, the water pressure values at each node on the blade surface of the finite element model at each moment are taken out, and the water pressure load file at each moment is established after processing.
2) In the finite element preprocessing file, the water pressure load array is established, and the water pressure load array is assigned values through the water pressure load file at each moment.
3) At different times, the blade pressure is loaded on the nodes of the computing network, and the time load step file is written.
According to the parameters of the three startup processes, the CFD simulation of the turbine fluid is carried out. When the unit reaches no load, the simulation results of the force cloud diagram of the blade are shown in Figures 18–20:
[image: Figure 18]FIGURE 18 | The stress cloud diagram for the runner and blade (single-stage acceleration).
[image: Figure 19]FIGURE 19 | The stress cloud diagram for the runner and blade (two-stage acceleration).
[image: Figure 20]FIGURE 20 | The stress cloud diagram for the runner and blade (optimized control mode).
The governor parameter setting, maximum dynamic stress test, and simulation results are shown in Table 1:
TABLE 1 | The governor parameter, max. dynamic stress test, and simulation results.
[image: Table 1]CONCLUSION

1) The dynamic stress test of the rotating parts for the hydraulic machinery, especially the turbine runner, is currently difficult in field testing, and many key technologies have to be paid attention to. The metal repair agent currently used for the protective layer on the surface of the strain gauge may affect the stress measurement, and further verification and analysis are required. The protective steel pipe of the strain gauge transmission cable is welded on the surface of the runner cone, and then the wire is combined with a steel rope from the large hollow shaft to the top, which may also have a certain impact on the flow state of the runner outlet. However, these two methods ensure that the strain gauge can work effectively during the long-term startup, shutdown, and load changing processes of the unit and that it will not peel off or fail to work. Most runner dynamic stress tests in the past failed due to the loss of strain gauge signal or sensor detachment in a short period of time (Huang et al., 2014; Unterluggauer et al., 2019).
2) From the test and simulation results, it can be seen that when the optimal pulse control strategy is adopted, the best parameters of the unit adjustment process can be obtained, such as the opening acceleration and the no-load opening limit and other data. The maximum dynamic stress on the runner blades when the unit starts up on the optimized control mode is only 81.6% the maximum dynamic stress on the single-stage control mode and 54.2% of the maximum dynamic stress on the two-stage acceleration control mode—almost only about half of it. Therefore, it can be verified that the optimal pulse control strategy can achieve a very good optimization effect.
3) Through the CFD simulation and calculation, with the guide vane opening, flow rate, and pressure data at the moment of maximum dynamic stress under the condition of no load on the runner, it can be seen that the difference between the simulation results and the actual measurement results under the three adjustment processes of the runner blade is 54.41, 82.05, and 44.44 MPa and proves that the CFD calculation can play a guiding and correcting effect in the common test of different startup modes of the unit.
4) The current dynamic stress test only analyzes the whole process data from the startup to 100% rated speed and then to the no-load of the unit. In fact, the whole dynamic stress test covers the load changing process, startup, and shutdown process of the unit, and the displacement, vibration, and pressure pulsation data of the unit’s operation are measured synchronously. If further analysis can be carried out under these operating conditions, it can provide further guidance for the optimization and zoning of the operating load of the unit.
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