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Abstract

:

The increasingly stringent requirements in terms of flexibility and efficiency for hydraulic turbines pose new challenges for designers. Although computational fluid dynamics has offered new opportunities to significantly improve the performance in the preliminary design phase, the design of a hydraulic turbine still represents a challenging task requiring considerable engineering input and know-how. In such a scenario, the inverse three-dimensional design strategy has recently demonstrated its effectiveness in improving the machine performance, and interesting applications have been proposed for Francis turbines and reversible pump turbines. This paper presents and discusses the most interesting design solutions so far documented. The influence of blade staking and load distribution on the hydrodynamic performance is discussed. Finally, optimized blade load distributions are reported to provide useful design guidelines for the development of the new generation of hydraulic turbines.
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1. Introduction


Hydropower represents the largest and historically most developed renewable energy source and is expected to play a key role in the ongoing energy transition [1]. With a share between 16 and 17% of the entire world’s energy production [2] and 53% of the whole renewable electricity generation [3], hydropower will support the energy transition by providing both low-cost renewable electricity and large-scale energy storage to support grid stability, which is threatened by increasing electricity generation from intermittent and unpredictable energy sources such as wind and solar.



Despite the variety of hydraulic turbines that can be fitted in modern hydropower plants, the Francis type represents the most spread configuration due to its wide operating range in terms of both water discharge and head. Moreover, reversible pump turbines (RPTs) today are generally preferred over other solutions in the new generation of storage hydropower plants [4] due to their compactness and cost efficiency. However, hydropower and pumped hydropower plants are required to operate over wider operating ranges and with frequent start and stops, forcing the machines to operate far from their design conditions. Taking these considerations into account, it is easy to understand the new challenges faced in the design of Francis turbines and pump turbines.



The hydraulic design of Francis runners is typically represented by an iterative approach requiring considerable engineering input. Indeed, despite the rise in modern optimization techniques, mainly based on computational fluid dynamics (CFD), know-how still plays a fundamental role in the design process. The traditional design methodologies adopted in industry relies on the definition of the runner blade geometry in terms of the blade angle distributions both in the streamwise and spanwise directions, so as to meet the performance requirements. The process continues by iterating the runner geometry until a satisfactory compromise between the design objectives is achieved, after which expensive experimental verifications are undertaken [5]. In this scenario, it is clear that even a modest improvement in the design methodology can result in greater competitiveness and faster project development.



In the inverse design method (IDM) for hydraulic machinery, a series of system parameters are set to achieve the desired system behavior, e.g., secondary flow suppression or runner efficiency. In contrast to the traditional design approach, where geometrical parameters are treated as design variables, the IDM focuses on hydrodynamic parameters, guaranteeing more direct control over the machine hydrodynamics. Instead of defining a blade angle distribution, the designer specifies the runner blade loading distribution, hence indirectly defining the pressure distribution on the blades. This relationship between blade loading and pressure distribution represents the strength of the IDM method, since it results in a more physically intuitive method for reaching the desired flow field rather than defining the blade angles. Once the loading distribution is defined, the angle distribution of the runner blade is evaluated in order to define the runner geometry. Consequently, the numerical effort necessary to reach a satisfactory result via CFD analyses may be drastically reduced.



However, despite the successful application of this method in the hydraulic pump field, the interest in its adoption for hydraulic turbines has grown in recent years. As a result of this, the main aim of this paper is to illustrate the results achieved so far in the field of hydraulic turbines to identify the most promising developments to be adopted in modern design strategies of hydraulic turbines.



The remaining paper is structured as follows: Section 2 presents an account of the development and implementation of the IDM method; in Section 3, the basic theory of the IDM is presented and analyzed by describing both the governing equations and the numerical implementation approach; in Section 4, the most interesting design solutions recently adopted in the field of Francis turbines and pump turbines are presented and analyzed; and finally, in Section 5, the most promising strategies for developing the new generation of hydraulic turbines are identified and discussed.




2. Literature Overview of the Inverse Design Method


The turbomachinery field is dominated by viscous, turbulent, three-dimensional, unsteady flow. Recent developments, both in experimental and computational techniques, have provided a better understanding of the three-dimensional flow fields in many types of turbomachinery. However, using these results to optimize the blade geometry still represents a challenge for turbomachinery designers. In fact, the current design practice consists of incremental changes to existing geometries, the impact of which on the flow field is evaluated using analysis methods, without the possibility of controlling—even in an approximate way—the machine fluid dynamics in the design phase. It is hence difficult for a designer to incorporate their knowledge of fluid dynamics directly into the optimization process, since there are no clear correlations between the blade shape and the fluid flow field.



As the name implies, the direct design approach involves the direct control of the geometric parameters defining the three-dimensional geometry of the blades. However, even a slight change in one parameter at one location can greatly affect the flow field upstream and/or downstream. This difficulty is further amplified by the large number of geometric variables defining the three-dimensional blade geometry, whose simultaneous impact on the flow field cannot be controlled during the design phase. Therefore, the direct design approach represents a time-consuming method mainly based on designer experience, due to the lack of a direct relationship between the geometric control parameters and the internal flow characteristics.



In contrast, the inverse design method (IDM) uses the fluid dynamic parameters of the blade load distribution as input data. Furthermore, the influence of other geometric design parameters such as the meridional shape and number of blades can be analyzed more independently for the same blade loading pattern.



The advantages of such an approach are evident. The IDM has several important features compared to conventional design methods [6,7], such as being controlled by hydrodynamic parameters. Moreover, the IDM can handle 3D flow effects, allowing the designers to gain a good understanding of the secondary flow development. Thanks to such an approach, the costs associated with optimization processes can be reduced.



Although traditional and inverse design approaches generally share the same goals, such as increasing hydraulic efficiency, there are clear differences in the final blade geometries. The blade angle distribution of a conventionally designed impeller is generally quite uniform, whereas blades designed using the IDM generally exhibit greater complexity, with significant blade angle variations in both the flow and span directions. However, before entering into the theoretical aspects of the method, it is interesting to briefly present an account of its development and implementation in the fluid machine field.



Originally developed for the hydraulic design of hydrofoils, the first computational implementations of the IDM for hydraulic pumps are dated between the 1980s and 1990s. These first codes used IDMs in a general design method developed for two-dimensional incompressible potential flows.



However, the first appearance of IDMs for impeller design dates back to World War II, when the group of scientists led by Werner von Braun used a similar approach for the design of the V-1 and V-2 rockets [8]. Since the 1950s, several two-dimensional and later quasi-three-dimensional inverse design methods have been developed thanks to various researchers [9,10]. They were able to further improve this method and significantly increase the design quality using the approach established by Wu [11] in 1952 to calculate the flows combination on relative stream surfaces upstream or midway in blade rows.



The application of the IDM for turbomachinery design was first studied in 1984 by Hawthorne et al. [12] and Tan et al. [13]. These researchers initially based their studies on two-dimensional flow calculations assuming a non-viscous and incompressible flow. However, because of the strong simplifications introduced into the fluid flow evaluation, the contribution of these first applications in the blade design was limited: the blade geometry was determined imposing the flow conditions at the machine walls without considering the influence of the boundary layer or the blade thickness [13].



Thanks to the contribution of several researchers, such as Borges [14,15] and Zangeneh et al. [16,17,18], the IDM then evolved into a three-dimensional method based on the potential flow theory.



In particular, in 1990, Borges [14] proposed a design strategy based on setting the distribution of the mean swirl over the runner meridional section. This approach was applied in the design of a slow-speed radial turbine and validated in an experimental campaign [15]. The IDM approach allowed to increase the hydraulic efficiency by about 1.4% in comparison with the conventional design strategy. Starting from these promising results, in 1991, Borges [19] presented a through-flow (hub-to-shroud) inverse method for the design of a rotor of a mixed flow pump. The fluid was considered inviscid, incompressible, and irrotational at the inlet and the blade thickness was neglected. Borges was able to obtain reasonable pressure distributions on the blade surfaces with a small amount of CPU time.



In 1996, Zangeneh et al. [16] adopted a new implementation of the three-dimensional compressible inverse design method to study the design of a radial and mixed flow turbomachine. Their method considered as input the distribution of the circumferentially averaged swirl velocity   r   C   u     on the meridional geometry of the impeller, while the corresponding blade geometry was then interactively calculated. Here, two different approaches were proposed for the solution of the flow field: In the first approach, named approximate, the variation in the density in the pitch was neglected, thus resulting in a simplified and time-saving algorithm. In the second approach, named exact, the velocities and densities in the entire three-dimensional flow field were evaluated using a fast Fourier transform over the tangential direction. These two approaches were applied on the case of a high-speed radial turbine (subsonic), resulting in two blade geometries with almost negligible differences. The flows resulting from the two geometries were computed using a three-dimensional inviscid Euler model. Both showed a good correlation between the estimated and resulting distributions of   r   C   u     and a negligible fluid field variation, confirming the effectiveness of the method, which was applied in several application cases ranging from the field of compressible and non-compressible fluid turbomachines (operating machines and prime movers).



Zangeneh et al. successfully applied a derivative of the mean swirl distribution to suppress secondary flows in a mixing pump impeller [20] and a compressor diffuser [21]. In addition, Goto et al. [22] investigated a different approach to redesign pump diffuser vanes with the aim of suppressing flow separation. Based on this last model, Zangeneh et al. [23] attempted to design a centrifugal compressor with diffuser blades.



In 1998, Demeulenaere et al. [24] developed an IDM that incorporated the specified pressure distribution instead of an average vortex distribution to design compressor and turbine blades using the Euler model for three-dimensional inviscid flows. De Vito et al. [25] combined the method in [24] with a direct two-dimensional Navier–Stokes method in an iterative scheme to redesign a turbine blade.



Dang et al. developed a particular IDM by using the Euler model for two-dimensional cascades [26] and then for fully three-dimensional geometries [27] by employing a specified pressure distribution and thickness distribution.



The IDM was then extended for other different blade types by several researchers such as Jiang et al. [28]. Damle et al. [29] used the same approach to increase the efficiency of a first stage rotor of a centrifugal compressor. Then, Daneshkhah et al. [30] developed a two-dimensional inverse Navier–Stokes method using a given pressure and thickness distribution to redesign a subsonic turbine and a transonic compressor. In addition, Wang et al. [31] presented a 3D inverse method based on the Navier–Stokes equations using a prescribed pressure distribution for three-dimensional cascades.



The benefits derived by the direct imposition of the blade load and/or of the static pressure distribution have been repeatedly proven over the years.



As an example, in the optimization proposed by Tiow et al. [32] for the high-speed NASA rotos 67, the blade load distribution was found to be strictly related to both the location and intensity of the shock, hence demonstrating its effectiveness as a design parameter. Other interesting applications can be found for several specific applications such as pumps [33,34,35], turbines, pump turbines, compressors [21,23,36], diffusers [22,37,38], and inducers [39,40].



Despite the fact that in such examples the flow evaluation was based on potential flow theory without viscosity, the fluid viscous effect can be introduced by considering further parameters related to the viscosity of the fluid, such as the clogging distribution, the vorticity, or the entropy gradient [41].



However, it is important to emphasize how the IDM is based on different approaches to the flow field calculation. Specifically, the IDM can be classified into four different categories: the “inviscid” category, as described in the references by Pàscoa et al. [42] and also by Zangeneh et al. [43]; the “viscous” category [30,44,45]; the “compressible” category, analyzed in particular by Zangeneh et al. [16]; and the “incompressible” category, studied in the initial phase by researchers such as Hawthorne et al., Tan et al., and Borges [12,13,14,15,19].



Despite the intense evolution witnessed here from the first two-dimensional implementations with incompressible flows to the most recent three-dimensional applications with viscous and/or compressible flows, the concept behind the IDM remains the same. Furthermore, all applications currently do not take into account the unsteady behavior of the flow and thus do not directly address the important aspect of the instability of turbomachinery.



Finally, in 2020, Leguizamón and Avellan [5] proposed an open-source implementation of the IDM method specifically developed for Francis hydraulic turbines, representing the first non-proprietary software available to the public.



Nowadays, the notable development of computational fluid dynamics (CFD) has made it possible to evaluate the fluid dynamics in turbomachinery in ever greater detail at an ever lower computational cost. In this scenario, the combination of the IDM and CFD would represent a powerful tool for turbomachinery development and optimization. However, since a fully three-dimensional turbulence flow calculation approach cannot be easily directly introduced into the IDM, the trial-and-error design process of turbomachinery still represents the only one viable solution. Nevertheless, the IDM can still play a crucial role during the design phase by significantly reducing the number of iterative steps to be performed during the performance evaluation of the design outcomes.




3. IDM and Suppression of Secondary Flows


3.1. Secondary Flows: The Example of the “Jet–Wake” Phenomenon


The performance of hydraulic machines is affected by the development of secondary flows, the causes of which vary depending on the type of machine and on the flow direction. One of the simplest is certainly represented by the so-called “jet–wake” flow [46] developed in radial pumps and compressors and characterized by a low velocity wake region near to the blade suction side combined with a jet region close to the pressure side.



As reported by Zangeneh et al. [18], the onset of this structure is mainly due to secondary flows, causing the transport of low momentum fluid regions in the impeller. According to Balje [47], the development of secondary flows in the channels of turbomachinery is controlled by two parameters:



    R   i ω   =   the Richardson number, connected to the rotational velocity ω of the impeller:


    R   i ω   =   2 ω     d W  /  d y     =   2 ω W   W (   d W  /  d y   )    



(1)







    R   i c   =   the Richardson number due to the curvature of the duct faces:


    R   i c   =     W  /  R       d W  /  d y     =       W   2    /  R     W (   d W  /  d y )      



(2)




where W represents the fluid speed in the relative frame, y is the distance in the normal direction to the flow trajectories, and R is the radius of curvature of the relative fluid trajectories, i.e., the curvature of the interblade channel. The Richardson numbers govern the flow within the boundary layer near the surfaces of the blade-to-blade and meridian channels. While the Richardson number     R   i ω     represents the local ratio between the mean value of the Coriolis forces and the inertial force of the relative flow, the Richardson number     R   i c     represents the local ratio between the centrifugal force induced by the channel curvature radius R and the inertial force of the relative flow. The parameters     R   i ω     and     R   i c    , defined by Bajle, allow the quantification of the stability of the flow, i.e., the possible onset of secondary flows under the influence of the impeller angular velocity ω and the channel curvature radius R. Specifically, the fluid flow will manifest a stable behavior for values of     R   i c     and     R   i ω     above 0.



Figure 1 shows a schematization of the distribution of the Richardson parameters in a pump runner. According to the Richardson stability criteria, due to the channel curvature R, the fluid flow shows a stable behavior close to the blade pressure side (PS) where     R   i c     > 0. Indeed, the curvature of the flow relative trajectories induces a static pressure gradient in the angular coordinate (Figure 1), with a greater pressure corresponding to the blade suction side. On the contrary, due to the Coriolis forces, i.e., the effect of the angular velocity ω, the flow is stable on the blade suction side SS (    R   i ω     > 0), while it is unstable on the PS (Figure 1), resulting in conflicting effects.



In turbomachines with a predominantly radial geometry, the most important effect is associated with the angular velocity ω and hence the flow unsteadiness is located mainly on the blade PS. Here, the production of turbulent kinetic energy increases in the orthogonal direction to the relative flow trajectories. In this scenario, the turbulent vortex cores produce flow stratification with high-energy particles mixed with low-energy particles (Figure 2).



It is precisely because of this stratification that a differentiation occurs between the trajectories of particles characterized by high and low energy densities. In particular, it can be demonstrated that the generally greater influence of the Coriolis force in comparison to the centrifugal force drives the fluid particles with a higher relative speed W towards the blade PS. On the contrary, particles with a lower velocity W tend to flow towards the blade suction side, driven by the pressure gradient. Similarly, in the meridional section, fluid particles with a low kinetic energy density tend to flow toward the low-pressure region, i.e., toward the runner shroud surface, where     R   i c     > 0. This leads to the development of two separate flow regions: the wake region, characterized by a low energy density, and the jet region, characterized by a high energy density (Figure 3). The volume fraction between the wake and jet regions is defined by the balance between the centrifugal and Coriolis forces and hence by the runner geometry.



Despite the formulation of the secondary flow theory, bringing a simple example related to the pump and compressor field, the above discussion can be extended to the case of hydraulic turbines also affected by secondary flows with different characteristics but with similar driving factors (pressure gradients, velocity gradients, etc.).




3.2. The IDM and the Suppression of Secondary Flows


The development of secondary flows is a non-negligible source of hydraulic losses in both pumps and turbines. In this scenario, the 3D inverse design method represents the most efficient approach to understand and control the three-dimensional effect of the flow field occurring in turbomachinery.



By introducing the momentum equation in the non-viscous flow [48], it is possible to relate the static pressure gradient to the effect of the centrifugal and Coriolis forces on the flow:


  W · ∇ W + 2   ω × W   = −   1   ρ   ∇   p −   ρ   ω   2     r   2     2      



(3)




where the term in brackets on the right-hand side stands for the so-called “reduced static pressure”, which is also denoted by     p   *    . According to Equation (3), in a rotating system, the gradients of the reduced pressure are generated as a result of the streamline curvature and of the Coriolis acceleration. Secondary flows are generated whenever there is a gradient of reduced static pressure in the flow field in the vorticity direction. Thus, by controlling the gradients of reduced static pressure at certain points in the impeller, it should be possible to minimize the secondary flows and reduce the non-uniformity of the flow field.



As reported by Zangeneh et al. [49], to suppress these secondary flows, it is important to optimize the distribution of the predicted pressure coefficient,     C   p    , on the suction surface of the impeller, defined as [50]:


    C   p   =   r o t a r y   s t a g n a t i o n   p r e s s u r e −   p   *     0.5 ρ   U   t   2      



(4)







The most effective way to independently control the distribution of the blade load on the hub and the surface of the impeller is represented by IDMs 3D formulation. Detailed information on the theory, governing equations, and numerical implementation of the inverse design method can be found in references [16,41,51].



To summarize, following Hawthorne et al. [12] and Tan et al. [13], in the IDM, the blades are represented by sheets of vorticity whose strength is directly related to the specified bound circulation,   r   C   u    , defined as:


  r   C   u   =   Z   2 π     ∫  0     2 π   Z      r   C   u   d θ    



(5)







For incompressible flows, the pressure loading is directly related to the meridional derivative of   r   C   u    , or blade loading, namely:


    p   +   −   p   −   =   2 π   Z   ρ   C   m     ∂ r   C   u     ∂ m    



(6)




where the term     p   +   −   p   −     stands for the pressure difference across the blade,     C   m     is the meridional velocity at the blades, and   m   is the meridional distance in the streamwise direction. In this scenario, the development and intensity of the secondary flows can be controlled by controlling the   r   C   u     distribution.



Another complementary solution to suppress secondary flows in radial and mixed flow turbomachinery is to assume suitable stacking conditions. In pumps, a linear lean of the blade trailing edge against the direction of rotation is usually adopted. With this approach, close to the impeller outlet section, the load decreases at the shroud and increases at the hub. However, there are limits to the inclination of the blade trailing edge due to structural and manufacturing constraints.



In recent years, several studies have been performed on the influence of the blade load distribution on the hydrodynamic behavior of both hydraulic pumps [52,53] and compressors [23,36].



Zangeneh et al. [16,20,50] suggested a flexible distribution of the meridional derivative   ∂ ( r   C   u   ) / ∂ m  , which is generally specified along the hub and shroud streamlines (Figure 4). For each streamline, the distribution is represented by three segments and four parameters: the connection point locations NC and ND, the slope of the linear line SLOPE, and the loading at the leading edge DRVT. These are used to control the distribution curve.



The blade loading inside the blade channel is determined by a linear interpolation between the hub and shroud. For pump applications, good results were obtained with SLOPE = 30°, NC = 0.2–0.3, and ND = 0.7–0.8.



In summary, the 3D inverse design method uses the blade loading distribution combined with the stacking conditions at the trailing edge as input parameters. This approach enables directly controlling the blade pressure loading. In this way, the designer can control the development of secondary flows, hence reducing the jet–wake structure.



As anticipated above, the jet–wake phenomenon is just an example to show the correlation between IDMs and secondary flows related to the pump/compressor fields. However, this method is also applicable to hydraulic turbines, whose flow field is also characterized by secondary flows, such as interblade vortexes, with different characteristics but with a correlation with the blade loading. Since this paper does not focus on secondary flows, a detailed description of all the possible secondary flows is avoided. Detailed information on secondary flows occurring in Francis turbines and in reversible pump turbines operating at off-design conditions can be found in references [54,55,56,57]



In this scenario, IDM adoption could limit the development of the interblade vortexes by modifying the flow incidence condition. Moreover, the control of the static pressure distribution represents an effective method for the suppression of cavitation phenomena without compromising the hydraulic efficiency.



In the next section, different applications for turbines and pump turbines and the corresponding results of the inverse 3D design method are presented in order highlight efficient guidelines for the design of the new generation of hydraulic turbines. For a better understanding, a flow chart for the basic calculation process of the inverse design method is reported below (Figure 5).





4. IDM Applications in Hydraulic Turbines


Three-dimensional inverse design methods are traditionally applied to pumps due to the higher risk of flow separation phenomena. Many researchers have obtained successful results in terms of the efficiency and performance of hydraulic pumps [20,33,34,35], as previously reported.



Only recently have analyses and applications of the inverse design method also started to be used for pump turbines and Francis turbines. This section contains all the results of the applications to hydraulic turbines so far documented with a discussion about the most interesting results in terms of design guidelines.



4.1. Application in Pump Turbines


Thanks to their high efficiency range and competitive costs, pumped hydro today represents the most diffused and mature solution for energy storage with an approximate installed worldwide capacity of 130 GW [58]. It also provides ancillary services (e.g., grid frequency and voltage control) to support grid stability.



Representing the core mechanical equipment adopted in the new generation of pumped hydro facilities, pump turbines are usually required to operate with high hydraulic efficiency both in the pumping and turbine mode, also rapidly switching from one operating condition to the other. However, the development of a unique design procedure for the pump turbine impeller to optimize both the pump and turbine efficiency is still a challenge. Just to mention one aspect, for the same nominal head and revolution speed, the pump diameter suggested by the design theory and experience is larger than the turbine one.



Thus, the traditional pump turbine design process is pump orientated, and the behavior in the turbine mode is verified in a second phase. This is due to the fact that the demands in pump mode are more challenging (e.g., cavitation and flow stability), whereas in turbine mode, it is easier to meet the turbine requirements because the impeller is larger than needed.



It is also important to maintain good performance in the whole operating range of a pump turbine and to guarantee flexible operation in both modes. This is still a big challenge since in pump operation, instabilities and cavitation occurrences limit the normal operating range, and in turbine operation, draft tube vortices with pressure fluctuations and instabilities mainly determine smooth operation and limit the operating range.



To solve this challenge, some authors have tried to apply the IDM method in order to better control the flow stability. Kerschberger and Gehrer [59] developed an important study on a runner blade profile for a low-head pump turbine in order to increase the stable operating range in pumping mode. For the blade design, they applied Zangeneh’s model of a 3D inverse design method [16]. The input parameters were the meridional shape of the impeller, the design operating point, the blade number, the blade loading distribution in the meridional direction, and the blade thickness. As a result of the optimization process, the final runner showed a steeper slope of the head–capacity curve and moved the instability onset to higher head values compared to the reference model. Moreover, the cavitation free zone was widened by shifting the onset of suction side cavitation to lower flow rates and the overall efficiency level was significantly improved.



Combining the 3D inverse design method with CFD analyses, design of experiment (DoE), response surface methodology (RSM), and multi-objective genetic algorithms (MOGA), Yang and Xiao [60] presented a multi-objective optimization strategy for pump turbine design, aimed at controlling the onset and development of secondary flows. As introduced in the first part of this section, the design initially started from the pump mode. While the meridional geometry was fixed, the design focused on the blade loading distributions and the blade trailing edge lean angle. Linear stacking was imposed on the high-pressure edge of the blades, corresponding to the trailing edge in pump mode. The slope of the lean angle was varied from −10 to +10 degrees with positive stacking in the case of the hub preceding the shroud in the rotational direction. To better control the secondary flows, the optimized blade loading distributions were aft loaded on both the hub and shroud and the maximum loading difference between the hub and the shroud was located on the fore part of the impeller. Regarding stacking conditions, the average blade angle at the leading edge increased by 2.38 degrees compared to the baseline impeller.



The pump turbine design was improved by IDM application. The efficiencies in both modes and in the whole operating range were improved, but the main enhancements were obtained for the pump mode with secondary flow near the shroud corner and the complete suppression of the crossflow from the suction to the pressure side in the optimized design.



Other studies have focused on the pump turbine stability problems near the no-load conditions in turbine mode. Yin et al. [61] analyzed the blade loading distributions in runners with and without an S-shaped curve near the no-load conditions. They demonstrated a correlation between the S-shaped curve and the hydraulic loss in the runner, which greatly increased with decreasing flow rate values. Moreover, through a direct analysis of the blade loading distribution, they identified a method for suppressing the S shape by broadening the meridional passage. This design method was also applied by Lu et al. [62], who confirmed that decreasing the meridional velocity by broadening the meridional section could effectively suppress the negative slope of the performance curve. However, the effects of this modification of the meridional passage in pump mode were not investigated.



The behavior in both modes was investigated in the same period by Chen et al. [63]. By means of the inverse IDM, they started applying a specific blade loading distribution in which the peaks of   ∂ ( r   C   u   ) / ∂ m   were located in the forepart of the shroud and in the hub aft part. Then, they modified the blade shape on the blade low pressure side and tested different blade stacking angles on the pressure side. Among all the combinations of blade shape, one resulted in an improvement in the performance, the internal flow, and the efficiency in pump mode but not in turbine mode. Benefits in terms of secondary flow removal and efficiency were also obtained by an appropriate choice of the stacking angle at the shroud in pump mode and at the hub in turbine mode.



Wang et al. [64] employed the same optimization process used by Yang and Xiao [60] to design a middle/high-head pump turbine runner, adopting a fore-loaded distribution at both the hub and shroud in order to improve the efficiency of the runner in turbine mode. They analyzed the influence of the different input parameters on the pump and turbine efficiencies, demonstrating adverse effects. As a result, the efficiency of the optimized runner was increased by about 2% in turbine mode with a negligible variation in the efficiency in pump mode. An optimization process based on the same fore-loaded blade loading distributions was applied by Xuhe et al. [65]. The final geometry was characterized by a big positive blade lean on the high pressure side and a fixed meridional shape, resulting in an improved runner performance in particular for turbine operation.



A similar strategy was also adopted by Zhu et al. [66] for a reversible middle-head pump turbine runner with a large negative blade lean angle, a fore-loaded distribution on the hub, and an aft loaded one on the shroud.



This runner geometry improved the efficiency at small flow rates in pumping mode with an enhancement in the performance in the hump region. With this combination of blade loading distributions and stacking conditions, the cavitation performance was also significantly improved, with lower pressure fluctuations in comparison with the solution characterized by a large positive blade lean angle and a fore-loaded distribution both at the hub and the shroud. Starting from these results, Zhu et al. stressed the positive impact of the large negative blade lean if combined with a proper meridional channel shape. In particular, they highlighted the possibility of also reducing the S-shaped region in turbine mode by properly broadening the meridional channel shape.



A more complex optimization strategy was proposed years later, in 2017, by Liu et al. [67], who combined the 3D inverse design method, CFD analysis, DoE, RSM, and a MOGA. With this optimization strategy, the researchers aimed to offer guidelines for the design of an ultrahigh-head turbine runner with high efficiency and stability, highlighting the influence of different design parameters on the runner performance. The blade loading distributions of the initial runner on the hub and shroud were both back-loaded, while the optimized blade loading distributions were middle-loaded on the hub and back-loaded on the shroud. The adopted runner had a negative blade lean angle and the blade cross-sections were distorted near the low-pressure side compared to the initial one, which had no lean on the high-pressure side. The runner efficiencies increased by about 0.6% and 0.7% in pump and turbine mode, respectively. The proposed blade loading distribution (middle-loaded on hub and back-loaded on shroud) was also tested on other runners, confirming its effectiveness in improving the efficiency in both turbine and pump mode and the cavitation behavior. By fixing this combination of blade loading, the effect of blade lean on the runner performance was also investigated. Runners with a large positive blade lean angle had an improved efficiency in both modes, while runners with a large negative blade lean angle had an increased efficiency in pump mode that decreased in turbine mode.



Besides the efficiency, the choice of the blade lean angle showed an impact on the discharge angle and the mass flow distribution along the span with possible consequences on pressure fluctuations and hence on the runner hydraulic stability, particularly at deep partial loads in turbine mode. To analyze this influence, Zhu et al. compared two reversible pump turbine runners, one with a big positive blade lean and the other with a big negative blade lean [68]. The analyzed runners had the same input parameters as Zhu’s previous work [66]. The runner with a negative blade lean angle and rake angle, whose load distribution was more uniform, showed a greater operational stability, confirming the effectiveness of the negative lean angle in limiting the low pressure separation region.



The following year, Wang et al. [69] optimized a pump turbine runner by trying to simultaneously minimize the secondary flow and profile loss factors while maintaining the same meridional profile, stacking characteristics, and load distribution in pump mode. As Zangeneh et al. [50] previously demonstrated, to suppress secondary flows and increase the efficiency in pump mode, a moderate aft-loaded hub loading distribution is suggested, whereas to minimize the profile loss and increase the efficiency in turbine mode, a very strong fore-loaded streamwise loading distribution on the hub was suggested. The optimization process resulted in three designs, characterized by the same fore-loaded loading on the shroud section. In the first one, aimed at minimizing the secondary flows, the area of low momentum flow towards the pressure side of the blade was reduced, contributing to a more uniform flow at the exit of the passage. In the same way, the design with a minimal profile loss presented a significantly smaller flow separation on the blade suction side than the others.



The trade-off design, which had a hub loading distribution between the two previous solutions, resulted in a compromise in terms of runner performance.



Another interesting application of the 3D inverse design method is the one reported by Hu et al. [70] focusing on a multi-objective optimization of an ultrahigh-head pump turbine runner with splitter blades. The optimization only focused on the blade loadings and on the splitter work ratio     R   s    , defined as:


    R   s   =   r   C   u   s     r   C   u      



(7)







The total number of optimization variables was 17 (16 parameters for the blade loadings and 1 for the splitter work ratio     R   s    ). The optimized blade loading distribution, improving the efficiency in turbine operation, resulted in the splitter blades being much more loaded and having a bigger wrap angle compared to the initial design. Moreover, the researchers demonstrated a positive influence of the splitter ratio     R   s    ; a larger value of     R   s     improved the flow pattern and the pressure distribution, increasing the pump efficiency by 0.34% and the turbine efficiency by 2.07% compared to the initial runner.



A similar approach, again based on the 3D inverse design method combined with CFD and a MOGA, was proposed by Hu et al. [71], whose study aimed at broadening the operating range of pump turbines to deep-part loads and considered the efficiency, anti-cavitation, and stability aspects. In this work, there were eight parameters for the blade loading pattern together with the blade lean angle. A positive lean angle was defined as the direction of rotation along the pump mode, while a negative angle was the opposite.



From the optimization results, different runner designs were analyzed in order to investigate the influence of the geometry on the efficiency and cavitation performance under pump mode, and on the rated efficiency and deep-load efficiency under turbine mode. Regarding the runner geometry features, the shape of the shroud section has a greater impact on the runner cavitation performance; the larger the wrap angle, the larger the improvement in runner cavitation performance, but the smaller the pump peak efficiency.



As regards the turbine efficiency, the blade shape plays a key role. In particular, runners with a lower arch and a smaller wrap angle have an effectively improved turbine-rated efficiency, while a higher arch and a larger wrap angle can improve the part-load efficiency. From all the analyses, runners with a fore-loaded shroud section and an aft-loaded hub section are optimal. This runner solution is the trade-off configuration of cavitation (NPSHr decreases by 0.36 m) and pump peak efficiency performance (increased by 0.45%). The turbine-rated efficiency increases by 0.12% and the efficiency at 40% output increases by 9.2%.




4.2. Applications in Francis Turbines


As previously reported, nowadays, only a few documented IDM applications in the field of Francis turbines are available. Indeed, hydraulic turbines tend to be less susceptible to flow detachment compared to pumps due to the deceleration of the flow speed in the relative frame. Nevertheless, in the hydraulic turbine field, the advantages provided by the application of the IDM are also undeniable. Beyond the suppression of secondary flows, necessary in order to increase the hydraulic efficiency, one of the most important flow features controlled during the design phase is represented by the machine cavitating behavior. The cavitation onset is indeed associated with a variety of phenomena detrimental for safe machine operating conditions, such as fast erosion, noise or vibrations, and a reduced stable operating range.



To the authors’ knowledge, one of the first IDM applications in the hydraulic turbine field was proposed in 2002 by Okamoto and Goto [72], who applied the 3D inverse method of Zangeneh [16] to suppress the cavitation phenomena without deteriorating the hydraulic efficiency of a Francis turbine runner. The original runner, designed according to the traditional approach with high blade loading in the inlet section, showed a strong vortex cavitation developing from the hub suction surface corner. Without modifying the meridional geometry, the modification of the blade loading close to the leading edge on the hub allowed to suppress the low static pressure region associated with the onset of the cavitation phenomenon. A better solution for blade loading distribution at the leading edge was aft-loaded at the hub surface to suppress pressure reduction, and fore-loaded at the shroud surface, while the opposite situation occurred in the outlet section. Benefits were also derived from the use of a positive stacking condition.



After a few years, in 2010, Daneshkah and Zangeneh [73] described the parametric design of a high specific speed Francis turbine runner. Similar to Okamoto’s research [72], the aim of this paper was to obtain a cavitation-free runner characterized by a high hydraulic efficiency. In fact, the original runner was affected by a low pressure region on the hub suction surfaces and by a strong cavitation on the shroud near the trailing edge region. The commercial 3D inverse design code TURBOdesign-1 [16], based on a three-dimensional inviscid inverse design method, was adopted for the runner hydraulic design. The distribution of the circumferentially averaged swirl velocity   r   C   u     was arranged in the blade meridional channel and the corresponding blade shape was computed iteratively. Since the cavitation phenomenon occurred in the baseline in a region between the midspan and hub runner surfaces in proximity to the trailing edge, a fore-loaded distribution was specified corresponding to the hub, while the same loading distribution as the baseline runner was adopted for the shroud surface. Three different stacking configurations were investigated: −15, −30, and −45 degrees. The negative sign, according to the authors’ nomenclature, indicates the direction of stacking in such a way that the pressure loading on the hub suction is reduced and the pressure loading at the shroud is increased. According to the results obtained by Okamoto, the optimization of the runner via an IDM approach results in a sharp improvement in the machine cavitation behavior, also resulting in a rise in the hydraulic efficiency in almost the entire operating range.



In 2019, Ma et al. [74] performed a study related to a comprehensive hydraulic improvement of a traditional Francis turbine runner by adopting the 3D inverse design software TURBOdesign-5.2 combined with the ANSYS CFX software for the numerical solution of the RANS equations. The authors proposed a two-step multi-objective optimization of the hydrodynamic behavior of a high-specific-speed Francis turbine.



Using the three-segment blade load parametrization proposed by Zangeneh [16,20], in the first part of the optimization procedure, a series of seven control variables were adopted for the full parametrization of the blade geometry, while no modification was proposed for the runner hub and shroud surfaces. In the second part, the effect induced by the meridional projection of the blade’s leading and trailing edges was also evaluated while keeping constant the blade lean and load distribution. More details about the design variables and the optimization search domain can be found in study [74]. Three groups of runners were selected to explain and demonstrate the effects of the following design parameters: blade lean, blade loading, and meridional shape.



For runners characterized by a relatively short flow passage, the adoption of a high negative inlet lean angle impacted the pressure distribution in the runner outlet section. By increasing the blade lean, the low pressure region enlarges along the blade suction side near the outlet, likely reducing the cavitation characteristics. In terms of efficiency, the runners achieved an improvement from 0.37% up to 0.91%.





5. Conclusions


The effectiveness of the three-dimensional inverse design method in the optimization of hydraulic machines has been widely demonstrated with several applications in radial pumps and compressor fields. Nevertheless, despite the inherent potential of the method, few studies regarding the IDM application for the design of hydraulic turbines are available. As a result of this, the main aim of this research is to analyze the influence of the blade load distribution on the hydrodynamic of Francis turbines and reversible pump turbines operating in turbine mode.



In this paper, the most interesting design solutions so far documented regarding the application of the 3D inverse design method are presented and discussed in order to provide useful design guidelines to be implemented in the design strategies of the new generation hydraulic turbines.



For pump turbine applications, the performance requirements in pump mode are prioritized in the design phase. In fact, RPTs are usually first designed in pump mode and then verified in turbine mode. In this case, designers should keep in mind a high efficiency, no cavitation, and a good stability in order to optimize the pump turbine design. Nevertheless, it is important to underline how the blade load optimization also influences the machine hydrodynamics in turbine mode. A summary of the most effective design strategies aimed at improving turbine mode without deteriorating the pump mode performance is reported in the following:




	
▪ To improve the efficiency under the two operating modes, a middle-loaded blade loading distribution in the hub and a back-loaded distribution on the shroud can be adopted. If designers want to concentrate on the turbine mode in order to increase its efficiency, a large positive blade lean angle on the high-pressure side is suggested, which means blades are leaning linearly against the direction of rotation in pump mode.



	
▪ Large blade lean angles may also induce a drop in the lowest pressure, negatively affecting the cavitation characteristics. To avoid this, the blade loading on the shroud should be reduced near the low-pressure side.



	
▪ Adopting a fore-loaded distribution at the shroud and an aft-loaded one at the hub and broadening the meridional section could effectively suppress the negative slope of the characteristic curve. Consequently, the runner may have a stable performance curve and hence may satisfy the requirements for safe operation in pumped storage plants.








In order to satisfy the balance of cavitation, efficiency, and also stability, designers can apply a combination of the hub aft-loaded and shroud fore-loaded loading patterns with a positive blade lean angle for the runners targeting a wide output range. Additionally, geometric characteristics have to be considered. For example, it is recommended to maximize the pump peak efficiency and the turbine-rated efficiency for runners with a small wrap angle and low arch blades, whereas it is recommended to maximize the cavitation performance and part-load efficiency for runners with a large wrap angle and high arch blades.



For Francis turbine application, the low susceptibility to flow detachment reduces the potential benefits of IDM application in the design phase. Nevertheless, the IDM still represents a powerful tool to optimize the machine's hydrodynamics by improving the efficiency and cavitation behavior:




	
▪ To guarantee a high hydraulic efficiency, it is recommended to load the hub forward and the shroud downward. Moreover, a high negative inlet lean angle is recommended for runners with a relatively short flow passage.



	
▪ The machine cavitation behavior can be improved by adopting an aft-loaded blade at the hub surface and a fore-loaded blade at the shroud surface at the leading edge to suppress pressure reductions, while the opposite situation occurs at the outlet section. Benefits are also derived from the use of positive stacking conditions.



	
▪ The adoption of a negative lean angle may also improve the machine cavitation behavior, resulting in a decrease in the pressure loading on the hub suction side and a pressure rise at the shroud surface. Furthermore, in the case of a limited flow passage length, the inlet blade lean also affects the pressure in the runner outlet section, with potential benefits in terms of pressure pulsation control.








In conclusion, the three-dimensional inverse design strategy has recently demonstrated its effectiveness in improving the performance both in pump and Francis turbines. Moreover, the IDM represents a powerful tool to control turbines’ hydrodynamics and its application could also be extended to off design operating conditions in order to extend the machines’ operative ranges.



Finally, the IDM applications so far proposed have not considered the typical transient phenomena characterizing the fluid flow in hydraulic turbines. In this scenario, more studies are needed in order to link the transient flow behavior to the adopted blade load distribution.
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Nomenclature




	
   C   

	
absolute velocity




	
     C   p     

	
pressure coefficient




	
   H   

	
head




	
   m   

	
non-dimensional meridional distance




	
PS

	
pressure side




	
   p   

	
pressure




	
   r   

	
radius




	
   R   

	
radius of curvature of the relative fluid trajectories




	
   r   C   u     

	
flow angular momentum




	
     R   i ω     

	
rotational velocity Richardson number




	
     R   i c     

	
curvature Richardson number




	
     R   s     

	
splitter ratio




	
SS

	
suction side




	
   U   

	
peripheral velocity




	
   W   

	
relative velocity




	
y

	
coordinate perpendicular relative flow trajectories




	
   Z   

	
blades number




	
Greek symbols




	
   β   

	
blade angle




	
   θ   

	
angular coordinate in meridional plan




	
   ρ   

	
density




	
   ω   

	
angular velocity




	
Subscripts




	
   m   

	
meridional component




	
   u   

	
tangential component




	
Superscripts




	
s

	
splitter




	
+

	
blade pressure side




	
–

	
blade suction side




	
*

	
static




	
Abbreviations




	
CFD

	
computational fluid dynamics




	
DOE

	
design of experience




	
IDM

	
inverse design method




	
LPS

	
Latin hypercube sampling




	
MOGA

	
multi-objective genetic algorithm




	
PHES

	
pumped hydro energy storage




	
RBF

	
radial basis function




	
RES

	
renewable energy sources




	
RPT

	
reversible pump turbine




	
RSM

	
response surface method
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Figure 1. The parameters     R   i ω     and     R   i c    , studied along the blade-to-blade duct of a pump impeller. 
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Figure 2. Mixing of the relative velocity magnitude W due to the production of turbulent kinetic energy k. 
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Figure 3. Representation of the jet region and the wake region in the interblade channel. 
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Figure 4. Blade loading distribution and its parameters for impellers. 
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Figure 5. Flow chart of the inverse design method. 
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