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            Abstract
          
        

        
          Generally, hydropower operates in a steady state when generating power. However, transient operations such as start-up and shut-down operations can trigger unsteadiness, which may cause accidents in severe cases. Therefore, hydropower plants include a protection device, such as a surge tank, and verifies the opening time of the guide vane at the design stage. To replace parts, such as runners for increasing the performance of the hydropower plant, sufficient verification is required. This study involves various transient operations in a Francis hydropower plant modeled using the 1-D Analysis (SIMSEN) software, which was developed for the simulations of hydraulic systems. During the simulations, the safety at power plants was examined by assessing the changes in the water level of a surge tank. Via simulations, it was verified that it operates stably even when an emergency shutdown occurs while the reservoir level is increased to the maximum. In addition, the surge tank reduced the maximum value of the head at the penstock before the turbine by 31.6% compared to that without a surge tank.
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      1. Introduction
      Global warming is an important issue, and it is related to the growing interest in hydropower. Hydropower is currently a mature and cost-competitive renewable energy source(1). As an essential energy, it accounts for 15.9 % of the global electricity generation, with a supply of more than 4200 TWh annually(2-3), which helps to stabilize fluctuations between demand and supply. The role of hydropower will become even more important in the coming decades, because the shares of various renewable energy sources will increase considerably. Wind and solar power have the disadvantage of determining the amount and timing of generation depending on natural factors such as wind or sunlight, whereas hydroelectric power can determine the amount and timing of generation.

      However, because hydropower plants adopt the peak-load generation method, which involves repeated starts and stops, it is inevitable to alter operating conditions and numerous transient processes. Specifically, sudden changes in guide vane openings can change the flow inertia, triggering changes in hydraulic pressure inside the penstock and the rotational speed of the turbine(4). These sudden changes cause what is termed a water hammer, and, in serious cases, cause accidents in hydropower plants. Therefore, methods for preventing transient phenomena should be verified via experiments and numerical analyses.

      Kim et al.(5) adopted an inverse transient method with a genetic algorithm to identify leak information in a pipe. A systematic approach is necessary because the main components, such as the turbine, generator, penstock, surge tank, and valves, are connected to each other.

      Tests or analytical approaches have been utilized as experimental methods or as assessments of single components, to analyze the water hammer phenomenon due to the closing of the valves or guide vanes of the turbine. For example, a test performed by Maryono et al.(6) reduced the water hammer phenomenon by increasing the valve closing time or via the installation of a bifurcation pipe at the front of the turbine.

      The development of computer software has inspired studies on the overall stability of systems. In the study conducted by Liu et al.(7), a simulation demonstrated that the runaway speed of a Kaplan model turbine with ns = 479 m-kW is 1.45 times greater than the initial speed under rated conditions. Simulation studies on various transient situations are also being conducted, such as emergency shutdowns and overload surge phenomena present in hydropower plant systems(8-10). The development of software made it possible to analyze systems for unsteady states with time alterations at hydropower plants.

      Existing studies have only been verified via simulations at the stage of designing a new hydro power plant. This study attempted to verify the stability in transient phenomena based on a 1-D simulation and model test in the case of changing the turbine runner to a novel design for an existing hydropower.

      First, the effectiveness of the simulation was verified by comparing the data obtained from the field test with the simulation modeling results based on the existing runner. Accordingly, it was ascertained that the simulation was sufficiently reliable, as the similarity was confirmed. Subsequently, additional simulations were performed using the parameters obtained from the model test results of the new runner. The pressure increase inside the penstock was simulated according to the dam level condition, the presence or absence of a surge tank, and the opening time of the guide vane.

    

    

  
    
      2. Modeling of a Francis hydropower plant
      
        2.1 Field test and model calibration
        The hydropower is overhauled at regular intervals to check and maintain the stability of the equipment. At this point, the load rejection, force for guide vane opening and closing, and output test are performed, to evaluate the hydro turbine and generator. Among these tests, the load rejection ensures that the hydro turbine generator safely switches to a no-load or shutdown state when a power system or mechanical accident occurs during normal operation.

        The accuracy of the simulation was verified by comparing the results of the field test and simulation analysis for the load rejection of the 50-MW Francis turbine. Table 1 presents the conditions and specifications of the modeled operating hydropower system and Francis turbine, respectively.

        
          Table 1 
				
          

          
            Dam operating conditions and specification
          
          

        

        
          
            
              	Parameter 
              	value
            

          
          
            	Number of unit 
            	2
          

          
            	Rated head 
            	95 mAq
          

          
            	Max. power 
            	51 600 kW
          

          
            	Nominal speed 
            	257 rpm
          

          
            	Rated flow 
            	59.4 m3/s
          

          
            	Reservoir 
            	Flood water level 
            	EL. 179 m
          

          
            	Low water level 
            	EL. 140 m
          

          
            	Tailrace 
            	Flood water level 
            	EL. 65.5 m
          

          
            	Normal high water level 
            	EL. 57.5 m
          

          
            	Low water level 
            	EL. 52 m
          

        

        

        In the load rejection test, the stability of the turbine generator is verified by measuring the inlet pressure head, rotation speed, and voltage of the generator.

        Table 2 presents the measurement items and equipment, while the installation location is illustrated in Fig. 1.

        
          Table 2 
				
          

          
            Load rejection test measurement equipments
          
          

        

        
          
            
              	Item 
              	Division 
              	Specifications
            

          
          
            	Generator voltage 
            	Type 
            	Digital AC Power Meter
          

          
            	Model 
            	Dewe-5000
          

          
            	Processor 
            	Intel® Core™ I5
          

          
            	throughput 
            	Typ. 70 MB/s
          

          
            	Inlet pressure 
            	Type 
            	Pressure Transducer
          

          
            	Model 
            	PTX-630
          

          
            	Range 
            	1 to 40 bar
          

          
            	Accuracy 
            	± 0.08% F.S. BSL
          

          
            	Noise 
            	Type 
            	Portable Noise Meter
          

          
            	Model 
            	TES-1352A
          

          
            	Range 
            	30-130 dB
          

          
            	Accuracy 
            	± 1.5 dB
          

          
            	Guide vane opening 
            	Type 
            	Displacement Sensor
          

          
            	Model 
            	WS10SG
          

          
            	Resolution 
            	<0.002 % f.s.
          

          
            	Accuracy 
            	±0.05 % f.s.
          

        

        

        
          
          

          Fig. 1 
				
          

          
            Installation location
            (Generator voltage, Inlet pressure, Wicket gate opening)

          
          

          

        

        The generator circuit breaker system was opened manually for the test; accordingly, the measured data before and after the load rejection are presented in Table 3.

        
          Table 3 
				
          

          
            Load rejection test conditions and results
          
          

        

        
          
            
              	Item 
              	Division 
              	Specifications
            

          
          
            	Generator circuit
breaker system 
            	Model 
            	ABB HGI 3
          

          
            	Frequency 
            	60 HZ
          

          
            	Voltage 
            	21 kV
          

          
            	Current 
            	8000 A
          

          
            	Type 
            	HMB
          

          
            	Parameter
            	Before
            	After
          

          
            	Rotation speed (rpm) 
            	257.0 
            	321.4
          

          
            	Inlet pressure head (mAq) 
            	101.7 
            	173.6
          

          
            	Guide vane closing time (s) 
            	2.74
          

        

        

        To verify the reliability of the simulation, modelling was performed under conditions identical to those adopted in the field test. Among the major components of the dam, the waterway has a total length of 2634.61 m from the reservoir to the surge tank, and the penstock is 218.61 m from the surge tank to the Francis turbine. The model comprises two Francis turbines branching at 132.11 m at the penstock.

        The field test conditions are as follows. The rejection load, rotational speed, inlet pressure head, and guide vane servomotor stroke were 50.2 MW, 257 rpm, 101.7 mAq, and 225.7 mm, respectively. At this point, the reservoir and tailrace levels were 159.25 m and 56.2 m, respectively. To determine the initial condition of a hydraulic system with the Francis turbine, stabilization is conducted using these parameters. The specified rotational speed (Nc) and turbine torque (Tc) are known, while the corresponding guide vane opening (yc) is determined. Consequently, the specified operating points were determined to be Nc = 257 rpm, Tc =1.903106, and yc=0.8102. Table 4 presents the simulation conditions including boundary conditions such as the reservoir level. Fig. 2 presents the simulation modeling diagram.

        
          Table 4 
				
          

          
            Modelling parameters and values
          
          

        

        
          
            
              	Parameter 
              	value
            

          
          
            	Reservoir 
            	Hn
            	EL. 159.25 m
          

          
            	Gallery 
            	Gallery 1 
            	Zin
            	EL. 127.75 m
          

          
            	Zout
            	EL. 127.75 m
          

          
            	L 
            	127.75 m
          

          
            	D 
            	5.5 m
          

          
            	Gallery 2 
            	Zin
            	EL. 127.75 m
          

          
            	Zout
            	EL. 113.75 m
          

          
            	L 
            	1 508.88 m
          

          
            	D 
            	5.5 m
          

          
            	Surge tank 
            	Ao
            	10.752 m2
          

          
            	Aco
            	5.726 m2
          

          
            	A 
            	113.097 m2
          

          
            	Zd
            	116.5 m
          

          
            	Penstock 
            	Penstock 1 
            	Zin
            	113.75 m
          

          
            	Zout
            	113.4 m
          

          
            	L 
            	132.11 m
          

          
            	D 
            	4.8 m
          

          
            	Penstock_unit 1
Penstock_unit 2 
            	Zin
            	113.4 m
          

          
            	Zout
            	50 m
          

          
            	L 
            	86 5 m
          

          
            	D 
            	3.4 m
          

          
            	Francis turbine 
            	Turbine_unit 1 
            	y
            	 0.8102
          

          
            	Dref
            	2.546 m
          

          
            	Turbine_unit 2 
            	y 
            	0
          

          
            	Dref
            	2.546 m
          

          
            	Draft tube 
            	Draft tube_unit 1 
Draft tube_unit 2 
            	Zin
            	EL. 50 m
          

          
            	Zout
            	EL. 45.25 m
          

          
            	L 
            	27 m
          

          
            	D 
            	5.05 m
          

          
            	Tailrace 
            	H 
            	EL. 56.2 m
          

        

        

        
          
          

          Fig. 2 
				
          

          
            Modelling diagram
          
          

          

        

        Fig. 3 presents a comparison of the simulation results with the field tests under identical conditions. In the field test, the inlet pressure head of the surge tank increased from 101.7 mAq at the beginning of the test to a maximum value 173.6 mAq after load rejection. In the simulation, the inlet pressure increased from 100.71 mAq at the beginning of the simulation to a maximum value of 169.09 mAq after load rejection. The difference in the maximum inlet pressure between the simulation and the field tests was 2.6 %. The rotational speed of the turbine increased to 321.4 rpm in the field test, while that of the simulation increased to 315.06 rpm, resulting in a 1.97 % difference between the simulations and field tests. The simulated results under conditions identical to those in the field test results for a load rejection exhibit a certain degree of similarity.

        
          
          

          Fig. 3 
				
          

          
            Comparison of simulation results with field tests under identical conditions
          
          

          

        

      

      
        2.2 Numerical methods
        Hydropower plants consist of several components that must be included when modelling their dynamic behaviors. The Francis turbine has fixed runner blades; hence, the discharge through the turbine is controlled by the guide vane. Fig. 4 presents a simplified cross-sectional view of a vertical Francis turbine as a plant to be analyzed. From the right, the water passing through the penstock passes through the spiral case, rotates the runner, and is discharged through the diffuser(11).

        
          
          

          Fig. 4 
				
          

          
            Cross-sectional diagram of the Francis turbine
          
          

          

        

        Under an unsteady flow, the conditions at a point change with time and the velocity varies along the pipe. The terms “water hammer” and “transient flow” are used synonymously to describe the unsteady flow of a fluid in a pipeline(12). The momentum and continuity equation are basic differential equations for transient flow.

        The momentum equation expresses the balance of the forces acting on the fluid volume, the momentum flux through the surfaces, and the rate of change of the momentum in the volume itself. The integral form of the momentum equation applied to a volume of fluid is expressed in Equation (1), while the mass balance in a control volume is expressed in Equation (2).
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        where, ρ, C→, n→, u→, and dA denote the density of water [kg/m3], flow velocity [m/s], norminal vector, moving velocity of the control volume [m/s], and cross-sectional area [m2], respectively.

        From these equations, we can calculate an unsteady flow via several methods, such as characteristics, algebraic, and implicit method. In this study, we employ the 1-D hydraulic analysis software (SIMSEN)(13) developed by the EPFL Laboratory for transient phenomena in hydraulic systems.

        The main hydropower turbine characteristics can be expressed by performance-characteristic curves or in a model efficiency hill chart based on the water head and flow rate coordinates or unit parameter coordinates(14). In this study, Francis turbine-characteristics derived based on a model test using a turbine runner with a novel shape were applied as dimensionless terms n11, Q11, and T11, which were converted to values per unit dimension and per unit head(15). The rotational speed, discharge factor, and shaft torque factor are expressed in Equations (3), (4), and (5), respectively.
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        where, n, Dref, Q, H, and Tm denote the rotational speed [rpm], turbine reference diameter [m], discharge [m3/s], turbine head [m], and model turbine shaft torque [N⋅m], respectively.

        Figs. 5 and 6 show the correlation between n11, Q11, and T11 for various guide vane openings during the Francis turbine model testing. As the rotational speed factor increases, the discharge factor has a negative value, which means the reverse flow that may occur in transient phenomena. At the same time, the shaft torque factor also has a negative value, which means operation as a pump rather than a turbine. Fig. 7 and Table 5 detail the model tests performed in accordance with IEC-60193 to derive these graphs.

        
          
          

          Fig. 5 
				
          

          
            Discharge factor of the modeled Francis turbine
          
          

          

        

        
          
          

          Fig. 6 
				
          

          
            Torque factor of the modeled Francis turbine
          
          

          

        

        
          
          

          Fig. 7 
				
          

          
            Model turbine at the test rig
          
          

          

        

        
          Table 5 
				
          

          
            Comparison of model and prototype turbines
          
          

        

        
          
            
              	Division 
              	Model 
              	Prototype
            

          
          
            	Scale ratio (DrefP/DrefM) 
            	7.95625
          

          
            	Runner reference diameter 
            	320.0 mm 
            	2546 mm
          

          
            	Runner inlet diameter 
            	342.38 mm 
            	2724.06 mm
          

          
            	Rotational speed 
            	1250 /min 
            	257.14 /min
          

          
            	Guide vane pitch diameter 
            	395.92 mm 
            	3150 mm
          

        

        

      

    

    

  
    
      3. Results and discussion
      
        3.1 Simulation of the surge tank level
        A hydropower plant shutdown of the water flow involves closing the turbine guide vane rapidly in the event of an emergency situation. When the pressure in the penstock increases to an extreme level outside of the allowable value, accidents may occur such as the rupture of the penstock, buckling due to negative pressure, damage to turbines, and inability to open and close inlet valves(16). To absorb pulsation, which may occur in the penstock owing to the sudden change in the flow rate, hydropower plants are equipped with protection systems, such as a surge tank. The surge tank’s height should be properly designed to ensure stability against transient phenomena occurring in hydropower plants. In this study, the surge tank level under two reservoir level conditions was analyzed, assuming an emergency shutdown situation after the loading of the hydropower plant. At this point, the changes in the surge tank level according to the reservoir level were analyzed. The total simulation time was 20 s, and each integration step was 0.005 s.

        We simulated the changing of reservoir levels. Fig. 8 and 9 present the analysis results at the dam water level under two conditions. The first is an average operating water level of 160 m, based on data accumulated over the past 27 years. Second, because the water level of the dam and the pressure of the penstock and surge tank are in a proportional relationship, it was set to 179 m, which is the operational maximum water level at which the maximum pressure will emerge. The water level in tailrace was set to 57.5 m in both conditions.

        
          
          

          Fig. 8 
				
          

          
            Simulation results (Reservoir 160 m)
          
          

          

        

        
          
          

          Fig. 9 
				
          

          
            Simulation results (Reservoir 179 m)
          
          

          

        

        Oscillation occurs at the inlet pressure as soon as the emergency shutdown starts. respectively, while the emergency shutdown occurs 10 s after loading. The surge tank level increases to 160.59 m when the reservoir level is 160 m. When the worst condition occurs, i.e., when the reservoir level is 179 m, the surge tank level increases to 180.98 m. Table 6 presents the rate of increase after the start of the emergency shutdown compared to the initial conditions.

        
          Table 6 
				
          

          
            Simulation results according to reservoir level
          
          

        

        
          
            
              	Reservoir
level 
              	Inlet pressure (mAq) 
              	Surge tank level (EL. m)
            

            
              	Initial 
              	Maximum 
              	Initial 
              	Maximum
            

          
          
            	160 m 
            	93.138 m 
            	190.49 m 
            	152.3 m 
            	160.59 m
          

          
            	179 m 
            	115.01 m 
            	207.13 m 
            	173.67 m 
            	180.98 m
          

        

        

        The maximum level of the modelled dam’s surge tank was 198.8 m, which verified that the stability of the hydropower plant is ensured even when an emergency shutdown situation occurs while the reservoir level is maximized.

        The following is a comparison of the oscillation generated by the penstock before the Francis turbine with and without a surge tank in a hydropower plant. The simulation conditions are as follows: the reservoir and tailrace levels are 179 m and 57.5 m. Fig. 10 presents the change in the pressure head at the penstock at the inlet turbine, with or without a surge tank. Without a surge tank, the pressure head increased sharply, reaching a maximum of 762.58 mAq. However, the pressure head increased to only 240.71 mAq with a surge tank.

        
          
          

          Fig. 10 
				
          

          
            Change of pressure head at the turbine with and without a surge tank
          
          

          

        

      

      
        3.2 Simulation changing the guide vane close time
        We decided to change the closing time of the guide vane to observe the effects on the pressure rise triggered by a transient in a hydropower plant. This simple method can influence how the increased pressure due to a transient changes the guide vane closing time. The present guide-vane closing time was 2.74 s. We shortened this closing time to 1.37 s and extended it to 5.48 s, and then conducted the simulations under identical conditions.

        Fig. 11 presents a graph of the guide vane closing times and indicates that even with changes in the guide vane closing times, the level of the surge tank does not vary significantly. However, Fig. 12 demonstrates that the pressure at the immediate inlet of the turbine varies considerably. If the current guide-vane closing time is approximately doubled, the maximum pressure can be reduced by approximately 19%, from 189.05 mAq to 152.32 mAq. In contrast, if the guide vane closing time can be shortened by one half, the maximum pressure will increase abruptly from 189.05 mAq to 262.93 mAq. Therefore, we can confirm that adjusting the closing time of the guide vanes can be a viable means of mitigating the increased pressure caused by a transient at the hydropower plant.

        
          
          

          Fig. 11 
				
          

          
            Guide vane closing curve and surge tank level to guide vane closing time
          
          

          

        

        
          
          

          Fig. 12 
				
          

          
            Inlet pressure to guide vane closing time
          
          

          

        

      

    

    

  
    
      4. Conclusions
      In this study, before applying the novel runner to the existing hydropower plant, it was verified to be sufficiently safe even in transient conditions. Simulations were conducted using a 1-D Analysis software of unstable operations, which in this case was an emergency shutdown of the type that can occur at a hydropower plant. Accordingly, the following conclusions were reached.

      1) To verify the reliability of the simulation, the simulation model was compared with the data obtained from the plant where the existing runner was installed. The difference was 2.6% for the maximum inlet pressure and 1.97% for the maximum rotational speed.

      2) Simulation was performed using the parameters derived from the model test using the novel runner. Although an emergency stop occurred at the maximum water level of the dam at 179 m, it was safe, as it was lower than the maximum water level of the 198.8 m surge tank. The surge tank reduced the maximum value of the head at the penstock before the turbine by 31.6% compared to that without a surge tank; however, if the guide vane closing time can be shortened by one half, the maximum pressure will rise abruptly from 189.05m to 262.93m.

      3) In conclusion, even when the runner was changed to a novel design, it was confirmed to be stable in transient phenomena.
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