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Abstract

:

As the world strives towards its goal of net zero carbon emissions, it is vital that renewable energy sources be optimized to their full potential. A key source of renewable energy is hydropower, more specifically, the Pelton turbine—a highly efficient, widely used, and well-researched piece of turbomachinery. This review proposes a methodology that will aid future research on Pelton turbines and compares relevant literature to assess effective ways to improve upon the Pelton design. The methodology evaluates how both experimental and computational analysis can be utilized in parallel to accelerate the progress of research, giving an example of the adopted workflow presented in a case study. The literature study in this paper focuses on how a variety of bucket parameters can be optimized to improve the efficiency of a Pelton turbine and analyses the accuracy of CFD compared to experimental data from previous research involving Pelton and Turgo turbines. The findings revealed that a water exit angle of 169°–170° proved to be optimal, while modifications to the depth and internal geometry of the bucket seemed to have the greatest impact on the efficiency of Pelton turbines. A short discussion on the potential for utilizing the strengths of both Pelton and Turgo turbines is included to highlight the need for further research in this field. A combination of both simulation and experimental results running in parallel with each other during optimization is found to be beneficial due to advancements in rapid prototyping. By comparing experimental data with simulated data throughout the optimization process, mistakes can be realized early on in the process, reducing time in later stages. Having experimental data throughout the turbine’s development aids the computational process by highlighting issues that may have been missed when only using CFD.
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1. Introduction


Renewable energy is of particular interest for its reduced environmental impact [1]. However, the source of energy, be it wind, solar, or tidal, cannot be relied upon for consistent production. Hydropower can provide a more consistent, predictable, and, crucially, controllable supply than other renewable energy technologies and thus represents a critical component for transitioning to a fully renewable energy supply. The Pelton turbine is a high-efficiency, high-head hydro turbine capable of reaching 95% efficiency [2] and is widely used in pumped energy storage schemes [3,4]. Pumped energy storage is an excellent way to store large volumes of water for conversion to electricity at times of high demand. This is of particular interest in the modern world moving towards a potentially renewable-based grid, as it provides another defense against the variability of both energy supply and demand.



However, Pelton turbines are subject to performance losses with erosion from the fluid along its central splitter. This is a concern largely for two reasons. One is simply that it reduces the capacity to extract the energy from the fluid; the second is that pumped hydro storage operates at a net loss of energy due to other unavoidable inefficiencies in the system; this would be exacerbated if the Pelton turbine were to have any erosion. This is particularly key as energy demands are projected to increase, making efficiency of generation a key feature in production.



Alternative turbines, such as the Turgo and Francis turbines [5,6,7,8,9], do not typically achieve efficiencies as high as those achieved by Pelton turbines and have added complexity to their control. Much of the performance degradation of a Pelton turbine comes from the splitter, a geometry designed to split the water jet evenly for fluid to flow into both of the buckets [10]. A novel approach would be to try and combine elements of different turbine designs to maximize the performance and durability of the turbine.



The design of the Pelton turbine is very specific, and its mode of operation is well described in Figure 1.



It also highlights the importance of the splitter remaining sharp to be effective in maximizing efficiency. It would, therefore, be potentially beneficial to combine aspects of turbines that do not require sharp elements within the Pelton turbine to eliminate the effect of corrosion.



The high performance is partly down to the splitter on the front of the buckets that make up the turbine; although this is a feature that brings high performance, it is also subject to erosion, which reduces the performance of the turbine. The erosion of the splitter reduces the performance efficiency and makes it necessary to have regular maintenance to sharpen the splitter. During this downtime, there can be no production, and therefore, overall performance is lost in energy generation [11,12,13]. It is stated that, as a general rule of thumb, when the thickness of the splitter is increased to 1% of the bucket width due to erosion, the efficiency of the turbine is reduced by 1% [13]; thus, it is important to retain that extremely thin edge on the bucket splitter.



Other turbines, such as Turgo turbines (the design of which is explored in Section 2.1.2), eliminate the need for the splitter by having an angled water jet that hits the turbine at around 20 degrees from the perpendicular offset. Although this reduces the pressure on the splitter to provide performance, there are still efficiency losses as the water jet does not contact the turbine at the perpendicular. Furthermore, the Turgo turbine essentially has only one “bucket”, although this is angled and does not interact with the water jet in the same way. Without a splitter losing its sharpness, Turgo turbines can spend longer in use before requiring downtime for service, which would be advantageous in a number of fields. The lack of a splitter that is so inherently linked to performance is particularly appealing and could represent a solution where maintenance is more challenging, such as in remote environments.



The concept of the Turgo turbine is particularly appealing with durability, whilst the Pelton turbine represents the highest overall efficiency available. A novel design merging the best features of both styles would be an effective way to try and maximize the combination of durability and performance. Eliminating the requirement for a splitter would be advantageous as this is a key area where performance is lost; while removing the inlet angle of the water jet would also represent an improvement in the available energy for the turbine to convert. This would lead to a novel design where the water jet is intended to line up with a singular bucket, but significantly, without the inlet angle seen in the Turgo turbine.



Having the water jet interact with one bucket would remove the requirement for a splitter to aid in the water flow. This was the motivation to study further the impact that these design changes would have on the performance of the turbine. When combining these two styles of turbine, it would be interesting to analyze the effect that the novel design would have, both in durability and efficiency.




2. Previous Attempts to Optimize Design Parameters


2.1. Description of the Pelton and Turgo turbines


2.1.1. Pelton Turbine


The operation of a Pelton turbine utilizes high-speed jets of water, which are directed from the nozzles that surround the turbine. A Pelton turbine consists of buckets that “catch” the water jet and redirect the flow backward [14]; each bucket consists of two halves separated by the splitter. The water jet from the nozzle hits the bucket at the splitter, where the water jet is divided into two equal streams. These two separate streams then travel along the inner arc of the bucket and leave in the opposing direction from which it entered. The following change in the momentum of water creates an impulse on the blades of the turbine, generating torque and rotation in the turbine [15]. Pelton turbines are used on medium to high-head hydropower sites with heads from 20 m to hundreds of meters [2].



The shape of the Pelton bucket is designed so that the jet of water is directed away at almost a 180-degree angle in order to transfer the kinetic energy with the least amount of splashing and leave enough energy for the water jet to exit the rotor fully. This ensures that almost none of the water hits the next bucket and, therefore, eliminates any potential drag. The surface of the Pelton buckets is well polished to reduce drag, and the rotor itself is finely balanced to remove rotational instability. The cut-out at the tip of the bucket means that the next bucket does not enter the jet of water, impacting the previous bucket prematurely as the rotor rotates [2]. A diagram of the jet flow through the Pelton bucket is shown in Figure 1.
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Figure 1. Diagram of the Pelton turbine from an aerial and forward view where d0 = jet diameter (m), C1 = jet velocity (m/s), U1 = circumferential velocity of buckets (m/s), and W1 = work done on the buckets (J). 
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In 1880, Lester Pelton developed the Pelton turbine. He made this discovery when analyzing the flow in cups when the jet accidentally became misaligned towards the edge of the cup compared to the center. As the water hit the edge, its velocity increased, therefore, to take advantage of this increase, he incorporated a divider in the center of the cup. This divider splits the water jet into two separate jets, redirecting them back through nearly 180°. Three years later, Lester Pelton won an award for the most efficient water wheel creating a Pelton turbine with 90.2% efficiency [16,17]. Through to the present day, the Pelton turbine remains the most efficient impulse hydro turbine. Through the use of new tooling and simulation software, along with commercial competition, the Pelton turbine continues to improve in efficiency, with current designs reaching 95% [18]. For smaller-scale systems, 90% efficiency is achievable. On multiple spear-jet Pelton’s, operation at very high efficiencies is possible over a range of flow rates [2]. There are four main sections of interest for efficiency analysis when looking at the Pelton turbine. These include the distributor, nozzle, bucket, and casing. The distributor and nozzle can be categorized together as they primarily focus on the jet efficiency, focusing on the longevity of the system. In contrast, the optimization of the casing and the buckets looks at increasing the overall efficiency of the buckets, assuming no losses in the nozzle and distributor [18].




2.1.2. Turgo Turbine


The Turgo turbine functions in a very similar manner to that of the Pelton turbine. High-velocity jets of water exit from the nozzles that are positioned around the turbine—these nozzles are placed so the water jet will hit the buckets on one side at an angle of around 20° [19]. Figure 2 and Figure 3 show examples of Pelton and Turbo turbine designs, respectively.



The shallow angle of the buckets allows the water flow to exit on the opposite side instead of being diverted backwards. Unlike Pelton turbines, the incoming and outgoing jets do not interfere, meaning that the Turgo is able to allow higher flow rates [19].



Despite the ability to deal with high flow rates, Turgo turbines are, to some degree, less efficient than their Pelton counterparts [19]. The primary explanation for this lower efficiency is the less sturdy runner vanes/buckets. However, while the efficiency of the Turgo turbine is typically less than that of the Pelton turbine, it does provide a more cost-effective way to generate electricity from medium/small heads of 15 m to 300 m. Turgo turbines are therefore commonly installed in the head range where Pelton and Francis turbines overlap [20]. The turbine extracts energy using the variation in kinetic energy of the water entering and leaving the turbine at atmospheric pressure—thus making it an impulse turbine [19,21]. One of the most notable distinctions between the shape of a Turgo turbine and a Pelton turbine is that Turgo turbines use a single bucket instead of the double buckets that are seen on the Pelton wheel. The single buckets on the Turgo usually have less depth than their Pelton counterparts [22].



In the present day, the efficiency of the newest Turgo turbines can be up to 90% with a laboratory setup. In hydropower plants, these efficiencies achieve about 87% [20]. While these efficiencies are still high, there is a clear reduction in efficiency when compared with a Pelton turbine.





2.2. Research to Date


The development of the Pelton design has been, and remains, an ongoing challenge to this day. The advancement in computational fluid dynamics (CFD) over the last couple of decades has made the possibility of improving the Pelton design more accessible and attainable.



Computational fluid dynamics (CFD) is the computational study of how fluids and solids interact with each other. Typically, CFD can be further separated into three distinct categories, finite difference method (FDM), finite element method (FEM), and finite volume method (FVM). Finite volume methods are the most recently developed methods combing elements of both the FEM and FDM models [23]. The Euler equations govern the motion of inviscid fluids alongside the Navier–Stokes equations that describe the motion of viscous fluids [24,25,26].



The aforementioned methods solve the three partial differential equations (PDEs) related to the fundamental principles of fluid flow. The three equations are listed below, showing the conservation of mass, energy, and momentum. These three equations can be written as [27]:


    ∂ ρ   ∂ t   + ∇ .    ρ V    = 0   ( Conservation   of   Mass )  



(1)






  ρ   dV   dt   = ∇ .   τ    i j    − ∇ p + ρ  F    ( Conservation   of   Momentum )  



(2)






  ρ   de   dt   + p   ∇ .  V    =   ∂ Q   ∂ t   − ∇ .  q  +  Φ    ( Conservation   of   Energy )  



(3)







FDMs (Figure 4b) can be seen in use as far back as the 1920s, when physicists and mathematicians [28] applied Taylor series expansions to analyze the differences between two nodes on a meshed body. Later on, approximation errors were introduced, increasing the accuracy of the scheme [29]. FDMs can be used when looking to develop first- and second-order terms for structured grids on simple 3-D geometries; however, they will not be capable of solving complex geometries.



FEMs are an integral scheme, whereas FDMs are a differential scheme; this allows FEM to dissect an object into a small number of pieces known as elements, then applying the previously mentioned PDEs to each individual element to get a more detailed solution [30]. This method is typically the most frequently used industrial method as it provides a more detailed analysis of complex geometries; however, at a much larger computational cost [28,31].



FVM splits the geometry into grid cells where the total integral is then approximated along the entire cell (Figure 4a). Once the total integral has been computed, it is divided across the total cell volume, where an average is then derived [32]. Industrial work packages such as Ansys Fluent and Ansys CFX use this method; however, with slight variations from each other. Fluent uses cell-centered FVM, whereas CFX uses cell vertex FVM methods, although both are deemed to give reliable results [33].



In order to obtain a more advanced understanding of how optimization strategies and parameters (for Pelton turbines) using CFD have been utilized in the past, a variety of studies were investigated—focusing primarily on optimizing bucket geometry parameters.



In a project report paper conducted at Lancaster University by Pickston et al. [1] in 2023, the experimental and computational development of a novel high-head impulse turbine was investigated. The study looked at optimizing the design of the original Jubilee Pelton turbine (made from aluminum bronze [34,35]) to produce one of higher efficiency. Part of the research involved modifying the Pelton bucket design parameters and simulating the new designs using ANSYS CFX.



The investigation resulted in an increase in efficiency of 6.73%, from an initial 76.22% to 82.95%. The water exit angle of the optimal bucket was between 79 and 80° (169–170° taken from the vertical). It was found that there were significant improvements in the performance of the bucket when the size of the top rim of the bucket was reduced. Increasing the width of the bucket provided little improvement in the overall performance while increasing the depth provided a considerable increase in efficiency. Reducing the length of the bucket improved efficiency, and the inverse was true when the bucket was elongated. Another notable enhancement in the efficiency of the design was with a revised internal geometry. The new internal surface was significantly steeper on the sides than with the original, with a smoother transition of depth through the bucket, particularly in the main surface—designed to reduce kinetic losses in the flow of the fluid. The internal shape also contained a flatter section through the central profile, more akin to a Turgo turbine.



Erazo et al.’s study in 2022 [36] looked at the development of an analytical and iterative methodology that allowed for the determining of the appropriate dimensions of the Pelton buckets to achieve maximum turbine efficiency. A parametric model was proposed, which considered the dimensions and main angles of the bucket.



The results of the model were validated by means of CFD and contrasted with experimental data obtained from the “Illuchi N2” Hydroelectric Power Plant in Ecuador. From the report, it was found that the water exit angle (β) parameter had the largest influence on the efficiency of the Pelton turbine. It was noted that if this value were properly defined, the efficiency of the turbine could reach up to 95% when operated at full load. The width of the bucket (B) was found to maintain an inversely proportional relationship with the overall efficiency of the turbine. The length of the bucket (L) was deemed to have a reduced effect on the overall efficiency of the turbine when compared to the previously mentioned parameters. However, bucket length still behaved in the same way as the width parameter, as a reduction in this value led to an increase in efficiency [36]. For the case study stated within the report, it was concluded that the appropriate dimensions for the bucket design were β = 169°, B/do = 2.8, and L/do = 2.28, where do is the jet diameter [36].



Unsteady CFD simulation for bucket design optimization of the Pelton turbine runner was investigated by Kumashiro et al. in 2016 [37]. A numerical study on two different design buckets was introduced using ANSYS CFX 16.1. The model specification of “Bucket A” had parameter values of width = 3.6 do and length 3.2 do, and the model specification of “Bucket B” had parameter values of width = 3.3 do and length 2.8 do. From this, Bucket B had 0.89% the width of Bucket A and 0.85% the length of Bucket A.



The difference between the two models resulted in a 2–3% higher efficiency for Bucket B. This was explained in the report by the water being easily spread wide inside Bucket A (due to the larger inner surface area) and the low-pressure region being diverged widely. While the study did not provide optimal values for width and length, it did highlight a relationship between the two bucket geometry parameters and the efficiency of the Pelton turbine.



In 2015, a paper published by Židonis et al. focused on developing a generic optimization method for Pelton turbine runners using computational fluid dynamics (CFD). This study comprised two different bucket designs optimized with the aim of collecting generic data. For the optimization of design B mentioned in “case 2”, the Ansys CFX work package was used [38].



In Case 2 (DOE) Study 1, it was found that the bucket length-to-width ratio could alter the efficiency by up to 1%, while less than a 1% impact was discovered by changing the bucket depth-to-width ratio. When analyzing the impact of the splitter inlet angle, a 20° change in angle caused an efficiency change of 0.4%. In both bucket designs, the splitter inlet angle was identical; this suggested that the splitter inlet angle is independent of the overall design, further suggesting that there is an optimal angle at which the jet must be divided. The exit angle, however, is identified in the report to be of much greater importance when optimizing the flow inside the buckets and the direction in which the water exits. It was noted that one should reduce the exit angle to the lowest possible value. However, it is important to note that if the flow exiting the bucket impinges on the following bucket, the angle should be decreased [38]. By combining these factors, increasing the bucket length and depth along with optimizing the exit angle, an efficiency increase of 0.9% was possible.



As previously mentioned, the splitter inlet angle was independent of the design and had little impact on the overall efficiency of this study. Furthermore, after increasing the length and depth of the bucket in DOE study 1, it would make logical sense to alter the spacing between the buckets.



A summary of the review findings has been included in Table 1. Each individual study, while not identical, does investigate similar parameters throughout each paper. This allows one to compare the effect on turbine efficiency of modifying selected bucket parameters. In addition to optimizing bucket parameters, other optimizations, such as the induced Coanda effect [39,40,41,42] and the number of buckets [43,44], have also both been proven to have a notable impact on turbine efficiency. Table 1, therefore, also outlines optimizations that are not centered around bucket parametrization.





3. Overview of Workflow


The combination of experimental and simulated data is, of course, no new development. However, the specific method in which these separate methodologies and datasets were combined throughout the project is of note and significantly sped up the progression of the research conducted by Pickston et al. [1]. The primary methods for evaluating the performance of a new hydrodynamic machine such as a turbine are typically through computational fluid dynamics (CFD), a simulation method, and experimental testing. These two methods have inherent strengths and weaknesses, and much of the investment into these methods works to counteract these specific weaknesses. For example, CFD methods typically have very high accuracy but have significant computational overheads for each simulation. This effect is compounded for common CFD methods, as the test conditions are fixed for each simulation, meaning that many individual simulations must be conducted to build a holistic picture of the performance of the machine. In order to compare design iterations, this process must be repeated yet again. The most direct and simplest form of investment into CFD capability for research is investing in more powerful computers, reducing the simulation time of each data point.



In the case of experimental testing, its inherent strength is typically in far greater testing volume than would be possible with CFD. However, without significant investment, experimental testing can be prone to error and loss, which can make it difficult to isolate the performance of the machine itself from the performance of the machine in the context of the testing rig. It can often be difficult to isolate issues associated with experimental methods, such as inefficiencies within a testing rig, which further merits a combined approach to investigation.



The deficiencies of each method are particularly important when conducting novel research, such as the development of the novel impulse turbine. With little to no established research to use to compare with any obtained results, any errors or missing data can be significantly more difficult to separate from legitimate or reliable data. For the initial development of the novel turbine, the methods were combined in such a way that allowed the strength of each method to help address the weaknesses of the other method. A flowchart for this method is shown in Figure 5. This allowed for reliable data to be generated despite the issues with each method.



The initial workflow for developing a technology such as the novel impulse turbine is iterative, beginning with the concept phase. Concepting encompasses the theorizing of a new design, based on data obtained from the previous design in simulated and experimental testing, as well as potentially relevant pieces of literature or theory. Once a potential improvement is identified, a suitable model is generated with this improvement, forming the new design geometry. This is a particularly crucial step in the process due to the manufacturing processes employed. The importance of a robust model for CFD simulation is obvious, but this same model can be used to manufacture first-stage prototypes from SLS, or more robust second-stage prototypes via CNC machining. While some minor editing is required in order to prepare the raw simulated model for manufacture, using the same model as the basis of each mode of testing serves to minimize geometry differences as a cause of error between testing modes.



Once the model is completed, it is tested in a pre-established CFD simulation. The simulation parameters are chosen to match conditions that can be achieved in the experimental testing rig. Once the simulation is completed, the data is exported and processed to extract efficiency values from the raw simulated data (more detail covered in the project report paper by Pickston et al. [1]). This data informs the next conception phase, and if more data is required (typically if the design achieves higher efficiency in the range of test conditions), experimental testing is conducted. Before the new design bucket is manufactured, finite element analysis (FEA) is conducted on the bucket geometry to determine its durability [49,50,51,52,53,54,55,56,57,58,59,60].



Experimental testing is typically divided into multiple prototyping phases of increasing accuracy and investment. For the novel impulse turbine, a two-stage prototyping system was used. Initial testing was conducted using additive manufacturing, with components made from Nylon-12 [61,62,63] through selective laser sintering (SLS). These prototypes are relatively cheap and can be produced quickly. While Nylon-12 safely endured the testing regime for short lifespans (e.g., <5 tests), Nylon-12 can suffer fatigue failure over longer time periods, and, as such, was only used for short periods of testing. Its performance, while lower than the performance of the same design in a more rigid material like aluminum, was consistent both across designs and across retests of the same design, so within a band of limited testing, they provided solid early data.



If after extracting experimental performance data from the prototypes more data is desired, a larger investment of CNC-machined aluminum prototypes can be ordered. Due to material cost and difficulty in machining the complex geometry of the buckets, there is significant lead time and cost associated with the production of these second-stage prototypes. However, they exhibited consistently better performance than the same design in a first-stage prototype (SLS). Discussion of this paradigm is covered in the project report paper by Pickston et al. [1], but one reason is likely due to the relative stiffness of aluminum compared to Nylon-12. Experimental data from these prototypes is combined with the simulated data to inform the next conception stage.



The workflow shown in Figure 5 is a fairly generic representation of the development cycle of such a technology. The process has merit when developing with an extended schedule or significant resources. Experimental testing being employed secondarily to simulation is common and logical, as simulation provides high accuracy and does not entail the same investment as manufacturing prototypes. However, it is not the most effective when working with limited computational resources. Early into the development of the novel impulse turbine, a slightly different methodology was employed to great effect.



The primary distinction in the adopted workflow, illustrated in Figure 6 is in testing modes running parallel rather than in a linear dependency as in the generic workflow. In practice, simulation will still likely be the first data generated due to the lead time in manufacturing, even first-stage prototypes. However, both testing modes are employed as needed in order to provide insight into the full performance of the design. This is primarily motivated by the fact that with the resources available to this project, generating either a highly accurate performance landscape from experimental testing or a fully featured performance landscape from simulated testing, is highly impractical. Instead, they are employed in different scenarios. Experimental testing can quickly provide a broad understanding of the performance landscape of the prototype able to generate hundreds of data points per hour. However, due to the limitations of the testing equipment, it is unlikely ever to generate the level of precision that CFD simulation can. This simulated data is highly accurate and controllable but takes hours of simulation to generate a single data point. In this workflow, simulation is employed to collect data at specific points of interest, such as the best efficiency point (BEP). This highly accurate data can be combined with the experimental data in order to create an estimate of the true performance landscape despite the deficiencies with both testing methods.



However, there are some potential drawbacks or risks associated with such an approach. Primarily, it operates on the assumption that the efficiency difference between simulation and experiment is largely constant across the performance landscape. This behavior was seen in the collected data (Pickston et al. [1]), but this is specific to the testing rig used and will not be true universally. In more holistic applications of this methodology, some rounds of verification where coarse performance landscapes are gathered independently from experimental sources and simulated sources and compared against each other to ensure that the performance landscape is still consistent between data sources. It would also be best practice to periodically repeat this verification exercise, as due to the nature of the optimization problem, changes to the design may alter the performance in one testing methodology more than in another, resulting in datasets that in earlier designs were congruent but diverge after design iteration, potentially making it inappropriate to continue to combine them without further review. Secondly, it means that the ultimate peak efficiency is determined by the simulated data, and as a result, the exact parameters and simulation setup have a large impact on the final stated efficiency of the prototype.



In some scenarios, simple combination regimes like taking the mean of the two collected datasets may be viable, but due to the uncharacteristically low experimental efficiencies generated by the testing rig used, this would not have been appropriate. In more detailed research contexts, complex statistical models or machine learning approaches are designed and implemented in order to accurately and appropriately combine disparate datasets, such as in Duquesnoy et al. [64], where an artificial intelligence approach is used to combine modeled and experimental data. However, artificial intelligence approaches should be carefully evaluated before being used in a novel problem such as novel turbine optimization, as the expected outputs are inherently unknown and, therefore, difficult to predict. Another example of data-combination regimes is presented by Hill et al. [65], which conducts significant statistical analysis to both analyze simple methods such as averaging the data as previously discussed and proposes a new method for combining independent datasets called “conflation”. In summary, combining experimental and simulated datasets has incredible potential to accelerate the development of prototypes of devices such as hydro turbines, but the utmost care must be taken in how the resulting datasets are combined in order to maintain the reliability and accuracy of the results.




4. Comparison of Numerical and Experimental Results for Pelton Turbines


Across relevant literature, there are very limited studies that specifically focus on the Pelton turbine when comparing both numerical and experimental results. Two examples were, however, identified, which presented a direct comparison of the numerical results using CFD to experimentally gather data involving the efficiency of a Pelton turbine.



A study by Xiao et al. investigated both experimental and numerical findings of the dynamic performance of a Pelton turbine at five different operating conditions. Through the use of Ansys CFX 13 code [66] alongside the turbulent steady-state transport model, the simulations could be shown numerically. However, the report did acknowledge that the accuracy of simulations of the flow in Pelton turbines is still challenging at present times. It was recognized that this difficulty was due to many of the flow phenomena/interactions, which determine the performance of a Pelton turbine, having complex physics mechanisms that needed to be treated as fully transient [66]. Five operating conditions with the same unit speed were selected to compare with the field test relative efficiency results in this case, and their findings concluded that simulations were roughly 1–2% different compared to field test results [66].



From their results, the field test (experimental) and the simulation (numerical) results showed that the runner efficiency increased as the unit discharge increased, reaching a peak at the optimum discharge and then decreasing. The report concluded that the numerical results were sufficiently accurate to be used for efficiency predictions in this particular design process [66]. However, it should also be mentioned that the simulation results slightly underestimate the actual experimental data collected in the investigation. While the difference in relative efficiency was not drastic, it is worth noting that the simulation results and experimental results do have a discrepancy between them.



A subsequent report by Petley and Aggidis looked in depth at the effects of casing flow in a multi-jet horizontal axis Pelton turbine using comparisons with flow visualization data from the National Technical University of Athens. This report incorporates work done in Ansys Fluent using the Reynolds Averaged Navier Stokes equations (RANS) to simulate fluid flows alongside the k-ε turbulence model and the two-phase volume of the fluid model (VOF) [67].



From the results they gathered, the difference between the data both experimentally and computationally equates to roughly 3.5%. As stated in the findings, this number is marginally less than the errors stated in similar papers investigating the efficiencies of Pelton turbines both computationally and experimentally. It was concluded that it is not possible to quantifiably predict the efficiency of a full Pelton turbine using simulations alone. It was suggested that prototype modeling and testing should be done to consolidate theoretical efficiency gains gathered through computational modeling. However, it is recognized that as further advancements are made in the computational field and codes are improved, results will become more accurate. Until this point arrives, computational modeling should be used as a complementary design tool for improving casing design.



Assessing both reports, it can be concluded that while numerical analysis using CFD is beneficial to aid the design of a Pelton turbine, it cannot be fully relied on to obtain completely accurate results. The study from Xiao et al. [66] found that CFD slightly underestimated the experimental results, while the data from Petley and Aggidis highlighted that CFD was slightly overestimated when compared to experimental data. Knowing this, it would be impossible to state whether the CFD strategies under or overestimated the true value of efficiency from a Pelton turbine. However, in both cases, efficiencies from numerical results are close to that of the true experimental values—meaning that CFD can be considered a reliable tool when attempting to improve the design of the Pelton turbine.




5. Case Study


The case study of this review by Pickston et al. [1] (referred to in the abstract) details the optimized turbine design after combining both Pelton and Turgo turbines, along with modification of bucket design parameters. Table 1 within Section 2 highlights the optimizations that were made to the novel hydro turbine bucket from the case study.



This novel turbine in the case study is inspired by Pelton turbines but differs significantly by utilizing single buckets that resemble half of the traditional Pelton bucket, or similar to those implemented in a Turgo turbine. These “half buckets” are mounted on a backing disk. The primary proposed benefit of this “half bucket design”, as discussed in Section 1, is greater wear resistance than a traditional Pelton as the jet is directed to the bucket surface itself rather than the splitter. Furthermore, the parametric design optimizations on the turbine buckets resulted in improved turbine efficiency (details of which are presented in Section 2.2). Figure 7 shows the front view of the original Jubilee Pelton bucket, while Figure 8 demonstrates the same view of the best performing bucket design from the case study. A comparison between the two figures illustrates some of the visible differences between the two, such as the depth of the bucket.



The optimal bucket design was reached after multiple CFD simulations on a variety of different bucket designs. As discussed in Section 4, CFD is a reliable tool to be used to improve the design of Pelton turbines, thus, the utilization of it within the case study meant that an optimal design could be reached without pure reliance on manufacturing for experimental testing.



Further to design optimizations, the case study by Pickston et al. also implements the methodology examined in Section 3. The innovation of acquiring simulation and experimental data running in parallel, rather than in a linear dependency meant that the development and manufacture of newly designed turbine buckets was accelerated.




6. Conclusions


The concept discussed in this article would combine favorable design parameters of previously researched and studied turbines, namely the Pelton and Turgo turbines. Using the concept of a Pelton bucket, due to its high efficiency, and a Turgo single bucket approach, with its more durable design, could represent a good initial concept for further investigation.



While both turbines have excellent features, combining them could present a good opportunity to optimize a new design. This would have the potential application in pumped energy storage to replace the erosion-susceptible Pelton turbine currently used.



Employing simulated and experimental regimes in parallel would also represent a beneficial approach, as it would allow each method to offset the deficiencies of the other. Furthermore, experimental data can highlight issues that would be less likely to be detected in a simulation. Having an additional feedback loop into the development of the novel turbine would provide additional information to maximize performance further.



The concepts discussed could yield an increased overall performance in a novel turbine design, where high efficiency in a Pelton turbine meets with a more durable Turgo turbine. The idea of merging the two existing ideas is one that is certainly merited, and any output from the combined design would be extremely useful in understanding where further development and optimization of the novel concept turbine is.
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Figure 2. Image showing Pelton turbine design. 
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Figure 3. Image showing Turgo turbine design. 
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Figure 4. Finite volume method (a) and Finite difference method (b). 
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Figure 5. Typical workflow diagram. 
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Figure 6. Adopted workflow. 
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Figure 7. Front view of the original Jubilee Pelton bucket [1]. 
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Figure 8. Front view of the best-performing bucket design from case study [1]. 
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Table 1. Comparison of Pelton optimizations.
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Paper

	
Publication Year

	
Optimization Method

	
Parameters

Investigated

	
Results

	
Comments






	
Pelton Turbine Bucket Optimizations




	
Pickston et al. (Project Report Paper) [1]

	
2023

	
Numerical, CFD (ANSYS CFX)