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Abstract
Hydroelectric power remains one of the most efficient and reliable renewable energy technologies, with the Pelton Wheel playing a significant role in high head, low flow applications. This report investigates the engineering principles and performance characteristics of a Pelton Wheel through a combination of literature review and laboratory experimentation. The historical development, current applications and future advancements of Pelton turbine technology are examined, alongside the materials and manufacturing processes used in their construction. Experimental testing is undertaken to determine turbine characteristics by analysing the relationship between rotational speed and power output under a constant pressure head. The report further evaluates the fluid flow behaviour around the turbine using fundamental fluid mechanics concepts, including boundary layer development and flow separation, and considers the influence of these phenomena on the turbine efficiency. Finally, relevant engineering standards and codes of practice are discussed. The report demonstrates the continued importance of Pelton turbines in renewable energy generation and highlights the relationship between engineering design, fluid dynamics and turbine performance.
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[bookmark: _Toc237209295]1 Introduction
The Pelton turbine is an impulse turbine design for high head, low flow hydroelectric applications. Its operation is based on converting the kinetic energy of a high velocity water jet into rotational motion through momentum transfer between the jet and the turbine buckets.
This report examines the development and modern application of Pelton turbines, including their materials and manufacturing processes. It also analyses the supplied experimental turbine results using established fluid mechanics principles, including boundary layer behaviour and flow separation. Relevant engineering standards and codes of practice are also considered in relation to turbine design and application.
The report aims to evaluate the engineering principles governing Pelton turbine performance and the factors affecting their efficiency, reliability and suitability for hydroelectric power generation.
[bookmark: _Toc237209296]2 Development of the Pelton Wheel
[bookmark: _Toc237209297]2.1 Historical Development and Engineering Innovation
The development of the Pelton Wheel represented a major advancement in hydroelectric engineering by addressing inefficiencies associated with earlier impulse water wheels. Previous designs directed the water jet towards the centre of the bucket, resulting in incomplete momentum transfer and hydraulic energy losses. During the California Gold Rush, the demand for efficient conversion of high pressure water into mechanical power highlighted these limitations (Dixon & Hall, 2014).
Lester Allan Pelton observed that a water wheel rotated more efficiently when the water jet struck the edge of a bucket rather than its centre. This led to the development of the double cupped bucket with a central splitter which divided the incoming jet into two streams and redirected the flow by approximately 165⁰. This increased the change in momentum and allowed more of the jet’s kinetic energy to be converted into rotational motion. Pelton patented the design in 1880, establishing the foundation of the modern impulse turbine (Paish, 2002).
Unlike reaction turbines, the Pelton wheel operates under atmospheric pressure and is particularly suited to high head, low flow hydroelectric schemes. Its simplicity, reliability and efficiency have allowed the fundamental design principles to remain relevant for more than a century.
[bookmark: _Toc237209298]2.2 Contemporary Pelton Turbine Design and Application
Modern Pelton turbines continue to play a vital role in hydroelectric power generation, particularly in mountainous regions where high hydraulic heads are available. Although the operating principle remains largely unchanged, advances in computational modelling, manufacturing technology and material science have significantly improved turbine performance. Computational Fluid Dynamics (CFD) is now widely employed during the design stage to optimise bucket geometry, minimise hydraulic losses and improve the interaction between the water jet and the runner. These numerical techniques enable engineers to investigate flow behaviour before manufacturing, reducing development costs while improving hydraulic efficiency. (Zhang et al, 2021)
Material selection has also evolved considerably. Runners are typically manufactured from martensitic or duplex stainless steels due to their excellent resistance to corrosion, cavitation and abrasive wear caused by suspended sediment. Combined with precision investment casting and five-axis CNC machining, these materials allow manufacturers to produce complex bucket geometries with extremely tight dimensional tolerances, improving both efficiency and operational lifespan. Consequently, modern Pelton turbines are capable of achieving hydraulic efficiencies exceeding 90% under favourable operating conditions while requiring relatively low maintenance throughout their service life.
[bookmark: _Toc237209299]2.3 Future Trends in Pelton Turbine Technology
Future developments are expected to focus on improving efficiency, reliability and sustainability through digital engineering technologies. Digital twins and real time condition monitoring are increasingly being investigated to enable predictive maintenance, reducing unexpected downtime and extending component life. Artificial intelligence is also being integrated with monitoring systems to identify performance degradation before mechanical failure occurs.
Additive manufacturing presents another promising area of development, offering greater design flexibility for complex internal geometries that are difficult to achieve using conventional manufacturing methods. Although further research is required to validate the structural integrity and economic viability of additively manufactured turbine components, the technologies have the potential to reduce production waste and improve manufacturing efficiency. Nevertheless, despite these technological advances, the Pelton turbine remains fundamentally dependent on high head hydraulic conditions, limiting its application when compared with alternative turbine designs such as Francis or Kaplan turbines. Therefore, future innovations is likely to focus on optimising performance within suitable operating environments rather than replacing the core engineering principles established by Lester Pelton over 140 years ago.

[bookmark: _Toc237209300]3 Materials and Manufacturing Processes
[bookmark: _Toc237209301]3.1 Engineering Material Selection
The material selection for Pelton turbine runners is critical because they are subjected to repeated high velocity water jet impacts, fluctuating cyclic loads and corrosive and abrasive environments. The selected material must therefore provide high mechanical strength, fatigue and corrosion resistance, together with resistance to cavitation and erosive wear to ensure long-term reliability and efficiency (Dixon & Hall, 2014).
Historically, cast iron and bronze allows were used because of their ease of manufacture and satisfactory mechanical performance. However, increasing turbine pressures and power outputs made these materials more susceptible to wear, corrosion and fatigue damage, particularly in sediment laden water. Modern Pelton runners are therefore predominantly manufactured from martensitic or duplex stainless steels, which provide high strength and toughness alongside improved corrosion and cavitation resistance (Paish, 2002).
Martensitic stainless steels offer high hardness and wear resistance, while duplex stainless steels provide enhanced resistance to stress corrosion cracking and abrasive erosion. However, material selection must also consider economic factors. Although duplex stainless steels can provide greater service life and lower maintenance requirements, their higher procurement and fabrication cost may not be justified for smaller hydroelectric schemes. Engineers must therefore balance material performance, lifecycle cost, operational requirements and maintenance strategies when selecting the most appropriate material.
[bookmark: _Toc237209302]3.2 Manufacturing Processes
Modern Pelton turbine runners are typically produced using precision investment casting, followed by heat treatment, CNC machining and comprehensive quality assurance procedures. Investment casting is particularly suited to Pelton turbine manufacture because it enables the production of the complex double cupped bucket geometry with minimal dimensional deviation. Producing a near net shape casting reduces machining requirements while preserving the intricate hydraulic profile required for efficient momentum transfer.
Following casting, controlled heat treatment processes are applied to optimise the microstructure of the selected stainless steel alloy. Heat treatment improves hardness, tensile strength and fatigue resistance, ensuring the runner is capable of withstanding repeated hydraulic loading throughout its operational life. Five axis CNC machining is then used to achieve precise dimensional tolerances and smooth surface finishes necessary for efficient hydraulic performance, minor geometric deviations can alter water jet behaviour, increasing hydraulic losses and reducing overall turbine efficiency.
Comprehensive inspection procedures form the final stage of manufacture. Non-destructive testing methods, including dye penetrant and ultrasonic thickness inspection, are routinely employed to detect casting defects or surface discontinuities that could compromise structural integrity. Dynamic balancing is also undertaken to minimise vibration during operating, reducing bearing loads and extending the service life of the turbine. 
[bookmark: _Toc237209303]3.3 Engineering Evaluation
The combination of advanced stainless steels alloys, precision casting techniques and computer controlled machining has significantly improved the reliability and efficiency of modern Pelton turbines compared with earlier designs. However, these improvements are accompanied by increased manufacturing complexity and production costs. Emerging technologies such as additive manufacturing offer the potential to produce increasingly complex hydraulic geometries while reducing material waste, yet their widespread adoption remains limited by material characteristics, component size and extensive validation requirements in safety critical applications. Therefore, investment casting remains the preferred manufacturing method for large scale Pelton turbine production, providing an effective balance between manufacturing precision, mechanical performance and economic viability.
[bookmark: _Toc237209304]4 Experimental Investigation
[bookmark: _Toc237209305]4.1 Experimental Apparatus
The Pelton wheel experimental rig consisted of a water supply, nozzle, Pelton turbine, braking mechanism, force meters and rotational speed measurement equipment. The arrangement is shown Figure 1.
[image: Demonstration Pelton Turbine – Sun LabTek]
Figure 1 - Pelton Wheel Apparatus
Water was directed through the nozzle onto the Pelton wheel buckets, converting the hydraulic energy of the jet into rotational motion. A braking mechanism was used to apply increasing resistance to the shaft, while the force meters and rotational speed measurement system provided the data required to determine the torque and shaft power.
The manometer incorporating two force meters was connected to the turbine shaft via a pulley wheel located at the end of the shaft to apply a controlled resisting load. By increasing the braking force incrementally, the effect of loading on turbine speed and power output could be investigated. Rotational speed was measured using a digital tachometer, while the braking force was determined from the difference between from the difference between the two force meter readings. The pulley wheel had a diameter of 0.05m, allowing the shaft torque to be calculated from the measured force and radius.
The volumetric flow rate was determined experimentally by collecting 10 litres of water over a period of 17 seconds providing a measured volumetric flow rate of . This value was subsequently used to determine the hydraulic power supplied to the turbine. Throughout the investigation, the inlet pressure was maintained at 0.4 bar, ensuring that pressure remained a controlled variable while the braking load was progressively increased. 
[bookmark: _Toc237209306]4.2 Experimental Methodology
Following the preparation of the experimental apparatus, the Pelton turbine was operated using a constant water supply pressure of 0.4 bar until steady state operating conditions were achieved. Once the turbine reached a stable rotational speed, supplied measurements from both force meters and the digital tachometer were recorded. These measurements provided the baseline operating condition prior to the application of additional braking loads.
The experimental procedure is summarised in Figure 2, illustrating the sequence of data collection and performance calculations undertaking during the experiment.
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Figure 2 - Experimental Procedure
To improve the reliability of investigation, the inlet pressure and nozzle diameter and experimental apparatus remained unchanged throughout the testing programme. Controlling these variables ensured that changes in turbine performance could be attributed primarily to variations in braking load, improving the validity and repeatability of the experimental results.
[bookmark: _Toc237209307]4.3 Experimental Results
The experimental results provided by the excel sheet from the Pelton turbine investigation are presented in Figure 3, the supplied measurements consisted of the force meter readings and shaft rotational speed, from which the shaft torque, shaft power, turbine efficiency & Hydraulic power were calculated. These results provide a basis for evaluating the performance of the Pelton turbine under progressively increasing braking loads.
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Figure 3 - Experimental Results

The results in Figure 3 provide a basis for evaluating the performance of the Pelton turbine under progressively increasing braking loads. To illustrate the relationship between the measured and calculated parameters, the supplied experimental data was plotted as a series of graphs in the below figures.
[image: ]
Figure 4 - Variation of shaft power with rotational speed
The results from Figure 4 show that shaft power initially increases as turbine speed decreases, reaching a maximum of approximately 12 W at around 600-650 rpm. Below this optimum speed, power decreases rapidly, reaching approximately zero at no conditions. This demonstrates that the Pelton turbine has an optimum operating speed at which maximum power is produced under the constant head conditions.
[image: ]
Figure 5 - Variation of shaft torque with rotational speed
As illustrated in Figure 5, the braking load was increased incrementally using the manometer, allowing the effect of increasing shaft resistance on turbine performance to be investigated. At each loading condition, the force meter readings and shaft rotational speed have been recorded after allowing the system to stabilise. The net braking force was determined from the difference between the two force meter readings, from which the shaft torque was calculated using the pulley wheel radius of 0.025m
The provided dataset shows the relationships between rotational speed, power, and shaft torque provide an indication of mechanical behaviour of the Pelton wheel under varying loading conditions.
[bookmark: _Toc237209308]4.4 Critical Discussion of Results
The experimental results demonstrate a clear relationship between rotational speed, torque and shaft power. As shown in figures 5, increasing the braking load caused the turbine speed to decrease while the torque produced by the manometer increased. Torque increased from approximately 0.0125Nm at 1185 rpm to 0.3Nm at 150 rpm. This is expected as the increasing braking resistance opposes the rotation of the turbine and requires a greater torque to maintain rotation.
The speed torque relationship in Figure 4 further demonstrates this behaviour, with torque increasing as rotational speed decreases. This indicates that the manometer was progressively applying greater resistance to the turbine. However, the results also demonstrate that maximum torque does not correspond to maximum power. At the highest measured torque of 0.3 Nm, the turbine was operating at only 150 rpm, resulting in a considerably lower power output of approximately 4.7W. This highlights the importance of maintaining an appropriate balance between torque and rotational speed to achieve maximum mechanical power output.
The reliability of the results is affected by experimental limitations. Fluctuations were observed in the torque readings at high loading conditions, particularly above approximately 10N, while the handheld tachometer also produced fluctuations in the measured flywheel speed. As both torque and rotational speed are used to determine shaft power, variations in either measurement introduce uncertainty into the calculated power values. The supplied dataset was therefore used following difficulties obtaining consistent measurements during the experiment.
Despite these limitations, the overall trends in both graphs are consistent with the expected behaviour of a Pelton turbine. The experiment demonstrates that increasing braking force does not continuously increase useful power output. Instead, maximum power occurs at an intermediate rotational speed, after which excessive braking occurs causing the turbine to slow significantly and reduces the mechanical power produced.
[bookmark: _Toc237209309]5 Fluid Flow Analysis
[bookmark: _Toc237209310]5.1 Fluid Flow Through the Pelton Wheel
The Pelton wheel is an impulse turbine designed to turn hydraulic energy of water into mechanical energy through momentum transfer through the high velocity jet of water and the Pelton turbine buckets. Unlike reaction turbines, the primary conversion of pressure energy into kinetic energy occurs before the water reaches the runner. Water is directed through the nozzle, where the hydraulic head is converted to kinetic energy of a high speed jet of water. The resulting jet is then directed towards the buckets.
The splitter of the buckets divides the incoming jet of water into two streams which are redirected by the curvature of the buckets. This change of the velocity and direction of the water produces a change in momentum, generating a force on the Pelton turbine bucket. As the buckets are attached to the rotating shaft, this force then produces a torque about the turbine shaft and results in mechanical shaft power.
The actual flow is different from the idealised process due to viscous effects, such as turbulence and friction between the water and bucket surface. These effects result in energy losses and prevent complete conversion of the hydraulic energy into useful mechanical energy, Boundary layer development and potential flow separating are therefore important factors when assessing the efficiency of the Pelton wheel.
[bookmark: _Toc237209311]5.2 Boundary Layers
A boundary layer develops whenever a fluid flows over a solid surface. As the high velocity water jet strikes the Pelton bucket, the fluid that contacts the bucket experiences the no slip condition, so its velocity reduces to zero relative to the surface. Moving away from the surface, the fluid velocity gradually increases until it reaches the velocity of the main flow. This region of velocity change is known as the boundary layer. Not all of the kinetic energy contained within the water jet can be converted into useful mechanical power at the turbine shaft.
For a Pelton turbine, maintaining smooth flow attachment to the bucket surface is important as efficient momentum transfer from the water to the bucket relies on the water following the intended bucket curvature. As the boundary layer develops, its behaviour can influence the ability of the water flow to remain attached to the bucket surface. Under certain conditions, the flow may separate from the bucket, reducing the momentum transfer and turbine efficiency.
[bookmark: _Toc237209312]5.3 Flow Separation and Energy Losses
Flow separation occurs due to the boundary layer no longer being able to remain attached to the surface of the bucket. As the water travels along the curved bucket, changes in pressure and velocity can cause an adverse pressure gradient to develop. The fluid within the boundary layer has relatively low momentum due to viscous effect and potentially may be unable to overcome this pressure increase. As a result, the flow can detach from the bucket surface, producing a separated region and increased turbulence.
In a Pelton wheel, flow separation is undesirable because the bucket is designed to redirect the water efficiently. If the flow separates from the bucket surface, then the water will not follow the intended curvature of the bucket and the change in momentum is reduced whilst increasing turbulence and energy dissipation, meaning greater hydraulic energy. Maintaining attached flow is crucial to achieve effective momentum transfer and ensure high turbine efficiency.
[bookmark: _Toc237209313]5.4 Critical Evaluation of Fluid Flow
The experimental results show that maximum torque did not correspond to maximum shaft power, demonstrating the importance of both torque and rotational speed to turbine performance. As braking load increased, rotational speed decreased while torque increased. However, the reduction in angular velocity eventually outweighed the increase in torque, causing shaft power to fall. This behaviour is consistent with the fluid flow principles discussed above, as efficient momentum transfer and controlled flow behaviour are required to maintain high turbine performance.
Overall, the analysis demonstrates that Pelton wheel performance depends on the interaction between jet velocity, bucket geometry, boundary layer behaviour, flow separation and rotational speed. Minimising hydraulic losses and maintain effective flow redirection are therefore important considerations when designing and operating Pelton turbines.
[bookmark: _Toc237209314]6 Industry Standards
Industry standards provide a framework for ensuring that hydraulic turbines are designed, tested and operated using consistent engineering practices. For a Pelton turbine, standards relating to hydraulic performance testing are particularly relevant because reliable measurements of hydraulic input and mechanical output are required to assess turbine performance.
BS EN IEC 60041:1995 provides requirements for field acceptance tests used to determine the hydraulic performance of hydraulic turbines, storage pumps and pump turbines. The standard is relevant to the investigation because the parameters set such as the hydraulic head, flow rate, rotational speed and mechanical power are fundamental to determining turbine performance and efficiency.
BS EN IEC 60193:2019 covers model acceptance for hydraulic turbines. Model testing allows hydraulic performance allows to be assess under controlled experimental conditions and can provide useful information for the development and optimisation of larger turbine systems. Its principles demonstrate the importance of controlled experimental measurement when evaluating these systems.
The Provision and Use of Work Equipment Regulation (PUWER) 1998 are also relevant to the safe operation of machinery within the UK. PUWER requires work equipment to be suitable for its intended use, maintained appropriately and operated by competent users, with suitable measures in place to control risks associated with moving machinery. In relation to the Pelton turbine, this includes considerations of rotating equipment.
The laboratory investigation undertaken in this study should not be considered equivalent to a formal acceptance test, as difference in turbine scale, instrumentation, measurement accuracy and operating conditions can affect the results.
[bookmark: _Toc237209315]7 Conclusion
This investigation demonstrated the operating principles and engineering application of the Pelton wheel. The experimental results established relationships between braking load, rotational speed, torque and shaft power, showing that maximum shaft power occurs at an intermediate operation condition.
Fluid flow analysis showed that momentum transfer drives power generation, while boundary layer development, turbulence, viscous effects and flow separation contribute to energy losses. Measurement fluctuations introduced uncertainty, but the results demonstrate the importance of fluid mechanics, accurate measurement and engineering standards in turbine operations.
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