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            Abstract
          
        

        
          The present study focuses on the effect of swirl flow in a draft tube on the performance of a bulb hydro turbine model at various turbine operating conditions by CFD analysis. First, the performance characteristics of the bulb turbine model were investigated. Subsequently, four operating conditions were chosen for loss analysis in the downstream region of the turbine model. Next, the swirl number was calculated along the downstream region at different turbine operating conditions. Moreover, the internal flow was examined to understand the turbine performance characteristics. From this study, it was observed that the swirl number was proportional to the loss in the downstream region of the turbine model. For the high swirl number, i.e., PL1 and PL2 conditions, the internal flow investigation indicated a relatively large recirculation region in the downstream region. For the low swirl number, i.e., BEP condition, a smooth streamline was found. Thus, the high efficiency of the turbine model is illustrated in this condition.
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      1. Introduction
      The presence of swirl flows often results in unstable flows in the draft tube of hydraulic reaction turbines. At the design point, water turbines generally operate with little swirl entering the draft tube and no flow separations exist. However, at off-design, the flow leaving the turbine exhibits a large swirling component [1]. Owing to the negative influence of swirl flows to turbine performance, many researchers have investigated swirl flow characteristics in the downstream of a turbine runner. S. W. Armfield et al. [2] developed a single sweep algorithm to predict both swirling and non-swirling flows in conical diffusers. Y. Senoo et al. [3] experimentally examined five conical diffusers with different divergence angles to clarify the relationship between the swirl and the pressure recovery coefficient. From a range of swirl angles at the inlet, R. P. Lohmann et al. [4] investigated the performance of diffusers of various lengths, area ratios, and cant angles experimentally. M. Nishi et al. [5] summarized the relation between the formation of a vortex rope and a swirl flow in a model draft tube. E. T. V. Dauricio et al. [6] used a commercial software to analyze the effect of swirl flows in four different diffusers and identified the relationship between swirl velocity profile and diffuser wall slope. Understanding swirl flows in a draft tube of a bulb turbine can provide the designer with useful information on the behavior of recirculation flow that can reduce the efficiency of the turbine, and provide methods to control swirl flows. However, studies on swirl flow behaviors and methods to suppress swirl flows in a draft tube of a bulb turbine are scarce compared to those pertaining to radial turbines. Many methods can be used to suppress swirl flows in a draft tube of a Francis turbine [7]-[10]. Given the energy injected in the draft tube cone, these methods can be divided into active, passive, or semipassive control [10]. Z. D. Qian et al. [8] conducted numerical simulations to mitigate the instabilities in a draft tube of a Francis turbine using air admission-an active method. The study indicated that the amplitude and pressure difference in the cross section of the draft tube decreases while the blade frequency pressure pulsation increases in front of the runner. Passive control methods include fins mounted on the runner cone [9], or using J-grooves [11]-[13]. An experimental investigation of swirl flow in a conical diffuser was conducted by J. Kurokawa et al. [12] that utilized the J-groove. The J-groove illustrated that it could significantly mitigate the swirl intensity and pressure pulsation in the diffuser. In other applications of the J-groove, it improved the stable performance curve of a mixed pump, as reported by S. L. Saha et al. [14]. From his study, a shallow J-groove shape and its location can suppress the performance curve instability and increase the efficiency in the flow range of the performance curve of a mixed pump. The present study is a preliminary study to understand swirl flows in the draft tube of a bulb turbine model at design and off-design operating conditions. Owing to positive the effects of the J-groove in suppressing swirl flows in a draft tube of a turbine, a draft tube with J-groove installation will be applied to suppress swirl flows in the draft tube of the bulb turbine model in the next study.

    

    

  
    
      2. Turbine model and numerical method
      
        2.1 Turbine model
        The bulb hydro turbine model consists of five fluid domains, as shown in Figure 1. The flow enters through the inlet domain first and subsequently passes through the adjustable guide vane to the runner and exits to the downstream area via the draft tube and extension domains. The class 115-kW bulb turbine model operates under the following design conditions: effective pressure head of water across the turbine H = 12.5 m; flow rate passing through the turbine Q = 1.074 m3/s; rotational speed n = 1800 min-1. The turbine model contains four runner blades and 16 guide vanes. The runner diameter is D = 0.3646 m.

        
          
          

          Figure 1: 
				
          

          
            Fluid domains of a bulb turbine model
          
          

          

        

      

      
        2.2 Numerical method
        The swirl flow characteristics in the draft tube of a hydro turbine have been studied by many researchers in the past decades. Computational fluid dynamics (CFD) analysis is an efficient method for investigating swirl flow characteristics in a hydro turbine. The present study used the commercial CFD code of ANSYS CFX version 18.1 [15] to solve the Reynolds-averaged Navier–Stokes equations. The mesh of the whole fluid domain was generated using ANSYS ICEM [15]. A grid validation test was performed according to the different number of nodes as indicated in Figure 2 that represents the relationship between the different mesh grids, and that of the normalized efficiency (η/η(fine mesh)) and unit power (P11/P11(fine mesh)) by those of a fine mesh. The shear stress transport (SST) model accounts for the transport of turbulent shear stress and yields highly accurate predictions of the onset and amount of flow separation under adverse pressure gradients [16]-[18]. Therefore, the SST turbulence model was used for all steady-state numerical calculations presented herein.

        
          
          

          Figure 2: 
				
          

          
            Comparison of the turbine performance decay calculation for all tested grids
          
          

          

        

        Table 1 indicates the boundary conditions for the flow field. The mesh for one pitch of the guide vane, runner blade, and full draft tube domain are indicated in Figure 3. Because the relative efficiency and unit power of the turbine model do not change in the ranges over 6.5 million nodes, a grid of 6.5 million nodes was used for the numerical calculation in the present study. To achieve reasonable swirl flow characteristics in the draft tube, the mesh near the wall of the draft tube was refined in the radial direction in the selected mesh. The near wall treatment y+ value of the draft tube domain is 3.3 in the chosen grid.

        
          Table 1: 
				
          

          
            Boundary conditions for the flow field
          
          

        

        
          
            	Calculation type 
            	Steady state
          

          
            	Turbulence model 
            	Shear Stress Transport
          

          
            	Runner domain 
            	Rotating domain
          

          
            	Inlet 
            	Total pressure
          

          
            	Outlet 
            	Static pressure
          

          
            	Walls 
            	No-slip
          

          
            	Working fluid 
            	Water at 25°C
          

        

        

        
          
          

          Figure 3: 
				
          

          
            (a) Mesh of one pitch of runner blade and guide vane and (b) draft tube domain by the chosen grid
          
          

          

        

      

    

    

  
    
      3. Results and discussion
      
        3.1 Performance curves
        The performance curve of the bulb turbine model was calculated at various discharge conditions of the turbine under a constant runner rotational speed of 1800 min-1. The relative efficiency of the turbine model at each discharge condition was normalized by the efficiency at the best efficiency point (BEP). The unit discharge (Q11) and unit power (P11) (shown in Equation (1) and Equation (2)) were employed for the performance characteristics of the bulb turbine model.
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        Figure 4 represents the performance characteristics of the bulb turbine model by the CFD analysis results. According to the relative efficiency of the turbine, four operating conditions were selected: partial load condition 1 (PL1-Q/QBEP=66%), partial load condition 2 (PL2-Q/QBEP=72%), partial load condition 3 (PL3-Q/QBEP=92%), and best efficiency point (BEP) (Q/QBEP=100%). The figure illustrates that the turbine efficiency decreases significantly in the off-design conditions (PL1 and PL2) and slightly reduces at PL3.

        
          
          

          Figure 4: 
				
          

          
            Performance curves of the bulb turbine model
          
          

          

        

      

      
        3.2 Loss analysis
        The losses of the draft tube and extension domains were calculated using Equation (3), where Δp is the pressure difference on the analyzed domain.
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        The losses in the draft tube and extension domains at various turbine discharge conditions are represented in Figure 5. The figure indicates that the draft tube and extension domains exhibit a relatively high loss in the PL1 and PL2 conditions. The lowest losses in the two domains were found in the BEP condition. Owing to the different hydraulic losses in every operating condition, the internal flow in the downstream of the turbine model at each operating condition will be investigated and compared.

        
          
          

          Figure 5: 
				
          

          
            Draft tube and extension losses of the bulb turbine model at various operating conditions
          
          

          

        

      

      
        3.3 Swirl number distribution
        A swirl flow is generated into a draft tube by a rotating runner in a hydro turbine. Depending on the swirl intensity, the flow in a draft tube can generate a vortex rope and subsequently causes an unstable flow in the downstream of a hydro turbine [5][19]. To determine the effect of swirl flow in the draft tube on the turbine performance, the swirl number was calculated at various locations along the draft tube and extension domains. The swirl number (Sno.) [5] is defined as Equation (4) below:
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        where Vu, Vm, r, and R are the circumferential, axial velocities, radial position, and draft tube cross-sectional radius, respectively. The calculating location for the swirl flow is shown in Figure 6. The swirl number distribution along the downstream turbine model is represented in Figure 7. The x-axis is the location normalized by the runner diameter, D. The swirl numbers in the PL1, PL2, and PL3 conditions are higher than that of the BEP condition. The swirl number increases when the turbine discharge decreases. This corresponds to a rapid and significant loss in the downstream turbine model at the partial load conditions. In the PL3 and BEP conditions, the swirl numbers at the locations far from the runner are slightly higher than those at the locations near the runner.

        
          
          

          Figure 6: 
				
          

          
            Calculating locations from center (0) to the draft tube wall (1) for the velocity in the draft tube
          
          

          

        

        
          
          

          Figure 7: 
				
          

          
            Swirl number distribution in the downstream turbine model at various discharge conditions by CFD analysis
          
          

          

        

      

      
        3.4 Streamline and components velocity coefficient distribution
        The streamline distributions on the center plane for the four examined conditions are illustrated in Figure 8. The figure clearly shows the different streamline distributions at each turbine operating conditions. In the PL1 and PL2 conditions, a relatively large recirculation flow was found in the draft tube and extension domains. It causes the high loss and swirl number in the domains. The recirculation flow is also located in the downstream turbine as well as in the PL3 condition. In the BEP condition, the flow field exhibits a smooth streamline distribution. Therefore, the loss and swirl number are small values in the BEP condition. In addition, the components’ velocity distributions were investigated to understand the streamline distribution in the draft tube. The calculating locations of the components’ velocities are presented in Figure 6. Figure 9 and Figure 10 represent the axial velocity coefficient, Vm/2gH, and circumferential velocity coefficient, Vu/2gH distributions, respectively, at four turbine operating conditions.

        
          
          

          Figure 8: 
				
          

          
            Streamline distribution on the center plane in the (a) PL1, (b) PL2, (c) PL3, and (d) BEP operating conditions
          
          

          

        

        
          
          

          Figure 9: 
				
          

          
            Axial velocity coefficient distribution from center to diffuser wall at various turbine operating conditions
          
          

          

        

        
          
          

          Figure 10: 
				
          

          
            Circumferential velocity coefficient distribution from center to diffuser wall at various turbine operating conditions
          
          

          

        

        From Figure 9, the axial velocity coefficient in the PL1 and PL2 conditions are higher near the wall than when it is close to the center, where the flow direction is reversed. This generates a recirculation region in the high swirl number. The high swirl number induces the circumferential velocity coefficient found in the PL1 and PL2 conditions. In contrast, the small value of circumferential velocity coefficient is indicated in the BEP condition, which has relatively small swirl number. For the PL3 condition, the swirl number is lower than those in the PL1 and PL2 conditions. Therefore, it is not strong enough to cause a recirculation flow in the intermediary region. However, the recirculation area is found in the center region in the PL3 condition owing to the high circumferential and axial velocity coefficients near the center and widened fluid domain, as the draft tube shape and no runner hub, while the continuity equation is still applied. For the BEP condition, the swirl number and circumferential velocity coefficient are relatively small in comparison with other conditions. Thus, the BEP condition exhibits good flow distribution and achieves high performance.

      

    

    

  
    
      4. Conclusions
      The swirl flow characteristics in a draft tube at different operating conditions of a bulb hydro turbine model were investigated. From the CFD analysis result, it was observed that, the swirl intensity affected the turbine performance. An increase in swirl number in the draft tube caused increased loss in the region downstream the turbine model and thus reduced the turbine efficiency. The internal flow characteristics indicated that the small swirl number in the BEP condition resulted in a small circumferential velocity that was not strong enough to create a reverse flow in the downstream region. Therefore, a smooth streamline was found in the downstream region and high turbine efficiency was indicated in this condition. However, the relatively high swirl number in the PL1 and PL2 conditions (off-design conditions) caused the appearance of a large recirculation flow in the downstream region of the turbine model. The phenomenon should be suppressed to control the stability in the operating conditions of the turbine model. Hence, the application of the J-groove to suppress the phenomenon is required in future studies.
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