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Abstract

:

The Pelton turbine has been widely regarded as the most efficient hydro turbine for high-head applications. However, the Pelton turbine buckets, especially the area commonly referred to as the ‘splitter’, are highly susceptible to erosion, drastically reducing efficiency over prolonged periods of time. This paper demonstrates a novel turbine idea that has been validated through both computational and experimental methods. This turbine addresses the issues associated with the erosion of the splitter through a redesign of the Pelton turbine to remove the need for a splitter and therefore potentially reducing downtime due to maintenance. The computational fluid dynamics (CFD) simulation results show that the turbine is capable of efficiencies greater than 82% with room for further improvement. The practical experimental results also show efficiencies within 6% of an optimized Pelton turbine. The results from this study indicate that through further optimization this turbine design could provide a means to produce power outputs similar to conventional Pelton turbines, with the added benefit of lower maintenance costs.
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1. Introduction


Hydropower is one of the major components of global renewable energy generation, contributing to a 1211GW capacity, equivalent to 43% of the total renewable energy capacity [1]. If we are to achieve the targets set out in the Paris Agreement 2015 [2], we must look at ways in which we can sustainably increase the global hydropower output. Hydro turbines are a key component of hydropower. They convert mechanical power to electrical power through the redirection of water, thus generating zero carbon emissions making them a great alternative to coal, oil, and natural gas.



The Pelton turbine is a longstanding and highly reliable model for the runner of a high-head hydroelectric turbine. Initially conceived in the 19th century, subsequent improvements have pushed its efficiency into the region of 92% [3,4]. This makes it a perfect choice for many high-head hydroelectric applications, such as in dams. However, the Pelton turbine has a critical flaw. The runner is divided into two mirrored halves, with a bucket on either side and an edge known as the splitter in the middle that directs the flow of water from the inlet nozzle into the buckets. The flaw lies in this splitter, which needs to be as sharp as possible to maintain high efficiency, but the same sharpness leads to rapid erosion, reduction of efficiency, and a greater need for maintenance and repairs leading to potential shutdown of power generation [5,6,7,8,9,10,11]. The full Pelton wheel and bucket can be seen from Figure 1.



Previous attempts to optimize the Pelton turbine design can be seen from the review of relevant literature conducted by Aggidis et al. in 2023 [12]. From several studies, the parameters investigated included bucket exit angle [13,14], bucket length [15], bucket depth, bucket width, length/depth ratio, width/depth ratio, internal bucket geometry, splitter inlet angle [16], and number of buckets [17].



These parameters were modified with varying success in improving the efficiency of the Pelton turbine and provided evidence that continuous improvements are being made to the design of the Pelton. Whilst the review by Aggidis et al. does use a variety of publicized research, commercial sensitivity means that industrially utilized Pelton turbines were unable to be compared within the review. Despite this, the review concludes that there is potential application for new novel turbine designs to replace erosion-susceptible Pelton turbines that are currently used [12]. It also states that combining the concept of a Pelton bucket (due to its high efficiency) and a Turgo single-bucket approach (which has a more durable design) could present a good opportunity for an optimized new design.



The motivation for this study, therefore, revolves around a novel turbine design modeled around a combination of a Pelton and Turgo turbine. Erosion of a Pelton splitter due to sediment can cause efficiency losses of up to 1% in one sediment season alone [5]. The Turgo turbine does not include a splitter; however, its theoretical maximum efficiency is lower than that of a Pelton turbine. This is due to the jet entry not being perpendicular to the turbine shaft and therefore, the maximum force acting on the bucket is a component of the angle.



The proposed design is a combination of the two with a half bucket attached to a backing plate like a Turgo turbine. However, the jet entry is perpendicular to the shaft, so the theoretical efficiency is not limited. Figure 2 shows how a runner would be composed of a backing plate, to which a set of identical half buckets would be fastened on one side. Instead of the water jet colliding with the splitter and dividing into two streams, it would instead be incident directly on the bucket. This model makes the requirement for sharp edges redundant, removing the maintenance time in sharpening the splitter entirely. A more in-depth methodology regarding the development of this turbine is described in [12].



When developing this design, the overall sustainability of the product had to be accounted for. When considering the overall sustainability of any proposed design, there are three subsections that must be analyzed. These subsections are economic impact, environmental impact, and social impact. These are typically referred to as the Three Pillars of Sustainability [18,19]. All three pillars must be considered when determining if a process or product is sustainable (Figure 3). Due to the nature of hydro turbines and their ability to harness the natural power of flowing water, they provide and fulfill both the economic and environmental aspects of the three pillars.




2. Materials and Methods


2.1. Governing Equations


2.1.1. Experimental Testing


To determine the efficiency of the runner in operation, the power provided by the inlet flow and power out generated by the turbine needed to be calculated.



Power in was determined through the available head of the water impacting the turbine buckets along with the number of jets used and the inlet diameter of said inlets:     P   i n   =   N   J   Q H ρ g  . As the testing rig was fed by a pump for which only a pressure reading was available, an equivalency was used to calculate the available head:   H =   p   10   5     ρ g    . This head measurement was used again to calculate the flow rate:   Q =  2 g H  ·   π   d   2     4    . Power out is determined by the product of torque and angular frequency of the turbine being tested:     P   o u t   =   T   F   ω  .



The     T   F     value referenced here is the final torque value comprised of the torque calculated from the loadcell reading as well as accounting for the ‘lost torque’ due to the friction inherent within the system. This ‘lost torque’ function was calculated experimentally and then applied to every torque reading in the following tests. If the turbine was at a free-spinning state, with no brake applied, there, theoretically, would not be any forces resisting this motion to generate any torque at the brake to be measured. Therefore, the torque was measured and plotted against the rotational speed of the turbine (as seen in Figure 4) to generate a function of what torque is being used to overcome the friction (shown by dotted line).



Therefore, the final torque of each turbine being tested is as follows:


    T   F   =   T   L o a d   + 0.2117 · L n     n   L o a d     + 0.0689  








where     T   L o a d     is the measured torque using the loadcell and     n   L o a d     is the measured RPM of the turbine at the testing speed.



For testing the turbines, a two-way approach was undertaken to acquire a full set of results to create a hill chart. To test, either the rotational speed or flow rate was set as constant. This allowed for a grid to be created systematically, aiding in the search for peak efficiency. The grid pattern of searching highlighted where the peak of efficiency was most likely to be and therefore allowed for subsequent tests to be more refined in mapping out that peak.



The fixed rotational speed tests were conducted as follows:




	
Safely prepare the testing rig.



	
Select a target testing RPM.



	
With the brake disengaged, increase the pump flow rate to achieve the selected RPM.



	
Record the nozzle pressure.



	
Set loadcell to zero.



	
Record five measurements from the load cell.



	
Increase the pump flow rate to reach the first flow rate and record the nozzle pressure.



	
Set loadcell to zero.



	
Engage the brake and increase the voltage until the target RPM is achieved.



	
Record five measurements from the load cell.



	
Increase pump voltage until the next target flow rate is achieved and record the nozzle pressure.



	
Repeat steps 9–11 until a full set of results is acquired.



	
Safely turn the testing rig off and clear the workspace.








The fixed flowrate tests were conducted as follows:




	
Safely prepare the testing rig.



	
Select a target pressure.



	
With the brake disengaged, increase the pump flow rate until the target pressure is achieved and equate this to an equivalent head.



	
Zero the loadcell



	
Engage the brake and increase the voltage until the target RPM is achieved.



	
Record five measurements of RPM and five measurements from the load cell.



	
Adjust the voltage to the brake until the next target RPM is achieved.



	
Repeat steps 6–7 until a full set of results is acquired.



	
Safely turn the testing rig off and clear the workspace.









2.1.2. Computational Equations


The way in which computational efficiency is calculated differs slightly from the calculations for experimental efficiency outlined above. To calculate the computational efficiency, a torque curve was plotted for an individual bucket across a full rotation. The work done by each bucket was determined by calculating the area under the torque curve via the trapezium rule. The power out can be calculated from the work done per bucket, the time taken for one full rotation, and the number of buckets that are on the runner:     P   o u t   =   n   b     W   t    .



The power in is calculated from the inlet flow velocity, which is derived from the hydraulic head and acceleration due to gravity through   v =  2 g H   . Using the calculated flow velocity and the mass flow rate, the power in can be determined with     P   i n   = 0.5   m  ˙    v   2    . Hence, the overall turbine efficiency can be calculated:   η =     P   o u t       P   i n      .





2.2. Computational Modeling


Computational modeling is now at a suitable level to aid in the development of hydro turbines [20]. Using CFD, any design changes can be made quickly and at a much lower cost in comparison to prototyping and practical testing methods [21,22] To accurately model the turbine design, a homogenous multiphase and k-ω SST turbulence model was set up in ANSYS CFX 2020 R1 software. The turbulence models considered were the k-ω SST and k-ε models; based on the literature, it was decided that the latter would be more suitable due to its ability to better solve flows around the near wall regions [23].



The homogenous multiphase consists of a water jet travelling through an air domain; the walls of the model have a no slip boundary condition and no mixing of fluids occurs. The choice of this specific software was due to it being widely regarded as the most effective way to determine turbine efficiency [17].



A model was created and imported into the Ansys CFX 2020 R1 software to computationally model the turbine. The model was created using SOLIDWORKS 2022 software where all the optimization changes took place. To be able to model the turbine through a period of rotation, the use of two domains had to be implemented. A turbine housing rotating (R) domain and a single jet stationary (S) domain were created, as shown in Figure 5. The dotted line in Figure 5b shows the intersection between the centre of the water jet and the turbine pitch circle.



When inserting the two domains into Ansys CFX, named selections were created separating the two domains into their respective areas allowing for the following boundary conditions to be applied (Table 1). The inlet flow was set to 19.81 m/s to mirror the 20 m available hydraulic head which was most commonly used during any preliminary practical testing undertaken.



Grid Independence Analysis


A grid independence analysis is used to determine whether the results gathered are independent of the quality of the mesh. When meshing, there has to be a fine balance between the computational cost of simulations and the accuracy of the results. Therefore, finding the minimum number of elements at which the results do not change is key.



In order to complete a grid independence study, a number of meshes were created with the number of elements ranging from 385,000 to up to 2.3 million. By comparing the efficiency of the turbine at different mesh densities, a plot could be made showing the importance of mesh refinement; this is shown in Figure 6.



Figure 6 illustrates that a grid with an element number above 1,750,000 can be deemed satisfactory with the results being independent of the grid detail.





2.3. Finite Element Analysis


When testing the novel turbine design to obtain experimental results, the buckets mounted to the backplate will experience a range of forces as the water jet strikes them. In this study, 3D-printed Polyamide 12 (Nylon-12) buckets were to be used. In order to predict whether the manufactured buckets would resist the impact of the water pressure, a Finite Element Analysis (FEA) simulation was undertaken. This FEA Simulation was conducted using Ansys Static Structural and aimed to gather stress, strain, and deformation data from a turbine undergoing a ‘worst case’ scenario. For this analysis, it was determined that the ‘worst case’ scenario would involve the turbine operating in a fixed stationary position, while a predetermined water pressure would strike a bucket and exerting a known force.



The setup involved applying symmetric constraints, meaning only a section of the turbine which included one bucket had to be modeled. This reduced the model size, resulting in reduced simulation time and computation costs. The shaft of the turbine was not included in the design as it can be modeled as a fixed boundary support condition in ANSYS Mechanical.



Two main boundary conditions were applied to the model; these included fixed supports to mimic a stationary turbine and a force which represented the pressure of the water applied to the bucket. Figure 7 illustrates the setup of the FEA simulation.



It was deemed the purpose of this analysis was to determine whether a turbine bucket could survive the initial impact of the water jet at a high pressure within a factor of safety of roughly three. If it did, then it was acceptable for the buckets to be manufactured. One advantage of 3D printing the turbine buckets is that it is highly cost effective to produce when compared to other components in the hydro turbine industry. This meant that if the turbine buckets were damaged during the experiments, then it would not be detrimental to the cost of this project.



This process would be the way in which the analysis of this FEA study was validated. As there were experimental data gathered using Nylon-12 buckets in this study, it meant that the FEA results could be ‘self’ validated. If the turbine buckets were damaged during testing, the areas and severity of damage could be compared to the data acquired from this FEA study.



The entire FEA procedure is in line with the three pillars of sustainability, as a fully verified and validated FEA simulation means that the environmental and economic aspects of the sustainability pillars are considered. By ensuring that the manufactured buckets are resistant to the applied forces of the experimental testing, fewer buckets will deform or fracture—resulting in a reduction in the number of buckets that need to be manufactured. Less materials used benefits the environment by way of a reduction in carbon usage. The economic strain on purchasing more materials is also reduced, as the demand is lower.




2.4. Experimental Procedure


All practical testing took place in the in situ testing rig available in the Lancaster University Engineering building which was specifically designed to test Pelton turbines. As power output is measured through the product of rotational speed and torque, the rig was designed in such a way that these properties are central to its use. The shaft upon which the turbines are mounted can be seen in the center of Figure 8.



From Figure 8, the two nozzles on the left are pointed so the jets impact the center of buckets mounted upon a backing plate with a 290 mm diameter. The nozzles are fed directly by a pump which has a variable flow rate that the user can measure using the pressure gauge on the pipes. At the back of the rig, a brake is fixed. This brake is mechanically coupled to the shaft via a driven belt which can be seen in the top left portion of Figure 9.



The brake is controlled by the user with a power supply and a tachometer to achieve a specific rotational speed for testing. Underneath the brake, a load cell can be seen. This was used to measure the force exerted by the turbine, from which a torque could be calculated using the perpendicular distance to the center of the brake from the loadcell to determine the power and subsequently the efficiency of the tested turbine.



With this setup, a large range of testing conditions can be artificially created to find the highest point of efficiency for any Pelton turbine.





3. Results


3.1. Computational Results


Using CFD modeling, it was determined that this model’s peak efficiency is in the region of 82.9% at a working hydraulic head of 20 m and a rotational speed of 720 rpm. Figure 10 shows each bucket’s torque output for a rotational period of 100°.



Subsequently, Table 2 shows the components used when determining the turbine’s overall efficiency with the use of the equations mentioned previously in Section 2.1.2.



Through the use of Ansys post-processing available through the Ansys CFX 2020 R1 software, an analysis of the flow patterns was used to determine the optimal points for improvement such as bucket depth and width. Figure 11a,b help to visualize the flow pattern for this novel turbine design.



As displayed in Figure 11a,b, the flow pattern is very comparable with that of a standard Pelton wheel which is achieved through positioning the nozzle as close to the plate section of the wheel as possible, so that the water flows from the inside to the outside of the bucket geometry.




3.2. Experimental Results


For comparison, experimental tests were performed in Lancaster University’s experimental testing rig. The best design that was created by the team was the eighth iteration of buckets. These buckets were 3D printed using selective laser sintering in Nylon-12. As this bucket design was the eighth and made from Nylon, it was named the Nylon-8.



Due to the limitations of both the testing rig and the Nylon-12 material, namely the multiple points of generated friction within the mechanical couplings of the testing rig and the flexing of the Nylon-12 that eliminates some of the torque of the turbine, the peak experimental efficiency at a hydraulic head of 20 m was 33.24%; however, due to the ease of changing the operating parameters in experimental testing compared to CFD, it was possible to obtain a range of results at varying heads of 20 m, 25 m, and 30 m. This is illustrated in Figure 12.



However, in the University, there is a standard Pelton turbine that was produced from aluminum–bronze with a CFD efficiency of 84%. This allowed for a more direct comparison between the novel turbine and an industry-standard Pelton wheel. The Pelton wheel hit a peak testing efficiency of 38.39% at a 20 m head, as shown in Figure 13.



Furthermore, through experimental testing of the novel turbine design, a partial Hill chart could be produced (Figure 14). This shows that, for this specific turbine size, the efficiency increased above a 20 m head, reaching above 40%; however, due to the limitations associated with the testing, a head beyond 30 m could not be safely achieved. Hence, a full hill chart could not be produced.



This hill chart data were then smoothed (as seen from Figure 15) using a regression model coded in MATLAB. The Moving-Average filter computes the average of all the points within a given window size along each matrix axis and plots these average values. The X(Q11) and Y(N11) matrices were smoothed using the default Moving Mean method, with a large window size. MATLAB’s smoothdata function can be applied to either vectors or matrices, but in a matrix, it will only smooth the data in a one-dimensional manner (i.e., along columns or along rows). The X, Y, and Z coordinate matrices were smoothed in this manner and plotted in place of the original data. This helps to fit the noisy raw data closer to a parabolic curve which would be expected in a hill chart.



The default window sizes are computed heuristically [24]. The default window sizes selected by MATLAB were X = 265, Y = 67 and Z = 11.



However, an initial analysis can be conducted to assess the suitability of these window sizes and suggest more appropriate values. The suggestion of a large X window implies that there is minimal noise along the X axis. The Y axis showed some noise, but only in the Y–Z direction. The majority of the noise was seen in the Z (efficiency) axis. As such, specifically for the Z matrix, the method was changed from Moving Mean to ‘rloess’, which performs quadratic regression on each column of the matrix in the Y–Z direction. When combined with a larger window size of Z = 120, it produces a more conventional hill chart, and one that likely better represents the underlying performance of the turbine itself that is not affected by the noise introduced from the testing rig. This improved hill chart is displayed in Figure 16.




3.3. Specific Speed and Nondimensionalized Runner Speed


The nondimensionalized speed of a hydraulic turbine     η   11     is related to the turbine power P, water head H, and the turbine rotational speed N. This can be shown via the equation     η   11   =   N  P      H     5   4         [25]. When using the data from the CFD,     η   11     was calculated at 369.89 RPM. Using the results from the experimental testing,     η   11     was calculated at 458.91 RPM.



The specific speed of a hydro turbine relates to the runner speed N, flow rate Q, and water head H through the equation     n   q   =   N   Q   0.5       H   0.75      . This acquired value can then be used to classify which operating conditions are more favorable. Turbines with lower specific speeds are generally better suited to high-head scenarios while turbines with higher specific speeds are best suited to low-head applications. Table 3 below [26] shows the typical specific speeds for the most used hydro turbines.



When using the data from the peak efficiency point in computational simulations, the specific speed for the turbine was 3.73. Using the peak efficiency point from the experimental data, the specific speed was shown to be 3.77. This puts the turbine design in the specific speed range typically associated with traditional Pelton turbines and therefore high head, lower flow rate scenarios.





4. Discussion


Erosion is a significant issue impacting upon the reliability of Pelton turbines; the current methods of resharpening the central turbine splitter and polishing the inside of the buckets leads to extended downtime and therefore an overall reduced power production [27]. It is important to look for solutions to this issue to ensure a consistent capability for hydropower to meet increasing global renewable energy requirements. The proposed design incorporated a combination of ideas from both existing Pelton and Turgo turbines with the aim of minimizing the effects of erosion and reducing maintenance time, therefore increasing the potential energy output.



When comparing both the experimental and computational results, it can be observed that this design produces promising initial efficiency values. The specific speed value of the turbine shows that it is best suited for high-head and low-flow rate applications. The design shows that, through further development in both the optimization of bucket shape and discovery of optimal operating conditions, the efficiency of this novel design could be within a few percent of that of a traditional Pelton turbine. However, with the possibility of the turbine requiring much less maintenance, there is a potential for an increased power output over time.



This novel hydro turbine provides economic benefits in many aspects. It is proposed that the novel turbine will be less susceptible to splitter erosion than a traditional Pelton. The half-bucket design places the point of the jet incidence closer to the center of the bucket rather than directly on a central splitter. This distributes the force of the jet more evenly and could lead to much slower erosion. As previously explained, splitter erosion is the primary driver in the performance degradation of Pelton turbines, so reduced splitter erosion will lead to the turbine maintaining a higher efficiency for longer periods of time. This will reduce the need for regular maintenance, repairs, and replacements, thus keeping costs lower through the acquisition of materials and hiring maintenance teams being a rarer occurrence.



The ability to remove the buckets from a backing plate makes any required maintenance both easier and cheaper as individual buckets can be replaced rather than the entire wheel. Additionally, the largest piece in the assembly is the backing plate. Theoretically, this should have a much longer lifetime than the buckets as it does not contribute significantly to the overall efficiency of the turbine. Therefore, when replacing the turbine, there will be less material usage as the backing plate will likely not need to be replaced, only resurfaced. This, in turn, reduces the overall carbon footprint of the novel turbine as less raw resources are required over its lifetime than that of a Pelton turbine constructed from one solid piece. It may be the case that using removable buckets may cause some loss of efficiency due to possible movement at the joint between the buckets and the backing place. However, if the fastenings are adequately tightened, this will become negligible. If efficiency drops are noticed because of the fastenings loosening over time, very quick maintenance to tighten the joins can take place. The predominant factor in determining the efficiency of a turbine is the shape of the buckets and redirection of the flow of water. With that in mind, it is easy to see that unless the buckets are significantly loosened, the effects of removable buckets on efficiency will not be severe. The benefits of easy maintenance and repair vastly outweigh the slight potential gain in efficiency that a single piece turbine would garner.



In addition to the aforementioned points, the social impacts of this turbine could be far-reaching. Due to the turbine design requiring potentially far less frequent maintenance and being less susceptible to erosion, the novel turbine may be more accessible to remote areas where sediment levels in the water may be much higher. The lower maintenance requirements further allow the implementation of this turbine in more remote areas or areas where a skilled workforce is limited, potentially providing a means of clean energy generation for remote towns and villages. Finally, the design of the novel turbine to be made with removable buckets makes it far easier to manufacture than one made from a single piece. A much smaller CNC machine or even a 3D printer could now be used to manufacture a hydro turbine as opposed to larger and vastly more expensive multiaxial CNC machines to create a traditional Pelton wheel. All these design features will help to expand the scope of application of hydropower technology facilities and the rollout of renewable energy generation, thus providing more green jobs to the local community and further raising the profile of renewable energy across the globe.



Further steps for this research are needed in many aspects of this turbine to both improve the efficiency of the turbine and understand its optimal operating conditions. Firstly, testing of the turbine design is required to adhere to ISO 19283:2020 standard [28]. This will allow for a better comparison between computational results and experimental results. Secondly, testing should be conducted beyond 30 m head to gather a complete hill chart and fully understand the turbine’s capabilities. Additionally, an extended endurance test should be completed over a period which includes additional parameter or material testing to ensure both safety and reliability. Testing when the turbine is subjected to heavily sediment-laden water and an overall lifetime test should be performed to compare the blade lifetime to that of a traditional Pelton bucket. Comparisons should then be made to look at how sediment erosion affects the novel turbine in contrast to Pelton turbine bucket erosion.



In terms of blade design, an additional analysis can be undertaken to further enhance the efficiency of the buckets looking at bucket width, depth, water exit angle, and effects of water jet size. Finally, alternative ways to manufacture and attach the buckets could be investigated with a full cost analysis to compare with traditional Pelton turbines.




5. Conclusions


This paper has demonstrated the potential for a novel impulse hydro turbine design to provide renewable energy in high-head water applications at efficiencies comparable to that of industrially used Pelton and Turgo turbines. The novelty of the design comes from combining beneficial aspects from both Pelton and Turgo turbines, as well as parametric optimization of the buckets of the turbine.



In a Pelton style turbine testing rig, the novel design achieved efficiencies within 6% of that of a commercial Pelton turbine under the same operating conditions. The CFD simulations suggest that the turbine is capable of 82.95% efficiency at a 20 m head, which can be further improved upon through design optimization and additional testing. The experimental results suggest that the turbine efficiency may improve as the hydraulic head increases above 35 m. The design has potential for improvements and further research of its performance over a range of operating conditions could help it rival both the Pelton and Turgo turbines in the hydro-power industry.



Additionally, the novel turbine also satisfies the Three Pillars of Sustainability to a more complete standard than a traditional Pelton Turbine. Its design allows for reduced maintenance and cheaper replacement parts via a removable half bucket design, which satisfies both the environmental and economic pillar. Due to its simple manufacturability and greater silt erosion resistance, it can be deployed in remote areas, providing both green electricity and new employment opportunities to the developing world and thus fulfilling the social pillar of sustainability.
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Nomenclature




	     N   j     
	Number of Jets



	H
	Head (m)



	   ρ   
	Density (kg/    m   3   )  



	g
	Gravitational Constant (m/    s   2    )



	P
	Pressure (Pa)



	d
	Nozzle Diameter (m)



	     T   F     
	Final Torque (Nm)



	     T   L o a d     
	Load Torque (Nm)



	     n   r p m     
	Load RPM (RPM)



	ω
	Angular Velocity (rad/s)



	η
	Efficiency



	     n   b     
	Number of Buckets



	W
	Work Done (J)



	t
	Time (s)



	v
	Velocity (m/s)



	     m  ˙    
	Mass Flow Rate (kg/s)



	Q
	Flow Rate (    m   3   / s )  



	     P   i n     
	Power In (W)



	     P   o u t     
	Power Out (W)
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Figure 1. (a) A full Pelton wheel; (b) a Pelton bucket. 
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Figure 2. Lancaster University Novel Impulse hydro turbine. 
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Figure 3. Three Pillars of Sustainability. 
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Figure 4. Lost torque test. 
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Figure 5. Domain creation: (a) rotating ‘R’ domain; (b) stationary ‘S’ domain. 
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Figure 6. Grid independence study. 
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Figure 7. Force applied to the bucket during an FEA simulation. 
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Figure 8. Lancaster University Pelton turbine testing rig. 






Figure 8. Lancaster University Pelton turbine testing rig.



[image: Sustainability 16 00253 g008]







[image: Sustainability 16 00253 g009] 





Figure 9. Brake in use on the testing rig. 
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Figure 10. Bucket torque curve. 
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Figure 11. Water flow pattern: (a) perpendicular view; (b) horizontal view. 
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Figure 12. Nylon-8 fixed flow results. 
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Figure 13. Comparison at 20 m head. 
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Figure 14. Partial hill chart. 
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Figure 15. Smoothed partial hill chart. 
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Figure 16. Smoothed partial hill chart with modified parameters. 
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Table 1. Ansys CFX boundary conditions.
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	Boundary Name
	Option
	Boundary Details





	R Domain
	Ns_ROpening
	Opening
	Entrainment pressure: 0 Pa

Turbulence: 0 gradient

Flow regime: subsonic



	
	Ns_RInterface
	Interface
	N/A



	
	Ns_RWall1In
	Wall
	No slip wall



	
	Ns_RWall1out
	Wall
	No slip wall



	
	Ns_RWall2in
	Wall
	No slip wall



	
	Ns_RWall2out
	Wall
	No slip wall



	
	Ns_RWall3
	Wall
	No slip wall



	S Domain
	Ns_Sinlet
	Inlet
	Flow regime: subsonic

Flow velocity: 19.81 m/s

Turbulence 5%



	
	Ns_SWall
	Wall
	No slip wall



	
	Ns_SOpening
	Opening
	Entrainment pressure: 0 Pa

Turbulence: 0 gradient

Flow regime: subsonic



	
	Ns_SInterface
	Interface
	N/A










 





Table 2. Novel turbine CFD efficiency.
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	Value
	Unit





	Power in
	472.12
	Watt



	Power out
	391.62
	Watt



	Efficiency
	82.95
	%










 





Table 3. Specific speeds of hydro turbines [26].
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	Turbine
	Specific Speed (nq)





	Pelton
	1 to 30



	Turgo
	20 to 70



	Cross-Flow
	20 to 130



	Francis
	80 to 400



	Propeller or Kaplan
	340 to 1000
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