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Introduction
The Pelton Wheel is one of the most important developments in Hydroelectric Power generation from the 19th Century and is still widely used today in certain applications. Invented by Lester Allan Pelton, while working in California during the Gold Rush, the Pelton wheel was quickly adopted by mining operations, which required mechanical power harnessed from mountain streams. It was discovered that, unlike with the existing water wheels at the time, a greater efficiency was achieved when the water jet struck the edge of the bucket, which led to the development of the split bucket design, as shown below in Figure 1. The split bucket design split the jet into two, allowing the water to flow around the curved surface of the bucket, as opposed to colliding directly with a flat surface, maximising the change in momentum of the water, and therefore the torque that could be produced by the turbine. These streams are guided around the highly polished curved surfaces of the bucket before leaving at an angle close to 180°. In practice, the discharge angle is typically between 165° and 170° to prevent the exiting water from interfering with the following bucket. By reversing the direction of the water flow, a large change in momentum is produced. According to Newton's Second Law of Motion, this change in momentum generates an equal and opposite force on the bucket, creating torque that causes the runner to rotate (Fox et al., 2019).
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[bookmark: _Toc237242124]Figure 1 - Split Bucket Design of Pelton Wheel


The rotational motion of the runner is transferred through a shaft to drive either mechanical equipment or, more commonly, an electrical generator. The efficiency of the turbine is dependent on several operating parameters, including the jet velocity, runner speed, bucket geometry and hydraulic losses. Maximum efficiency is achieved when the peripheral speed of the runner is approximately one-half of the water jet velocity, allowing the greatest possible transfer of momentum from the water to the buckets. Modern Pelton turbines employ carefully optimised bucket profiles, precision manufactured components and electronically controlled needle nozzles to maintain these optimum operating conditions over a wide range of flow rates. As a result, large commercial Pelton turbines are capable of achieving hydraulic efficiencies of roughly 85-90%, making them one of the most efficient forms of hydroelectric turbine currently in operation (Garg, 2024).
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The Pelton Turbine, seen above in Figure 2, remains in use today, with design and operational amendments meaning the Pelton Turbine can reach efficiencies of up to 90% by removing mechanical resistance, with typical applications including; Industrial Energy Recovery, Remote Renewable Energy Systems, and High Head Hydroelectric Power Stations. Amendments made to the design and operation of the Pelton Turbine include, valved flow control, multiple nozzle systems, deflector systems, material optimisation, as well as improved manufacturing of components. 
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Although the fundamental operating principle of the Pelton Turbine has remained largely unchanged since its invention, significant advancements continue to be made in its design, manufacture and operation. As hydroelectric power becomes increasingly important in supporting the transition to renewable energy, manufacturers are focusing on improving efficiency, reliability and operational flexibility through the adoption of advanced manufacturing techniques, automation and digital technologies.
One of the most significant developments is the use of Computational Fluid Dynamics (CFD) during the design process. CFD enables engineers to simulate the behaviour of the water jet as it interacts with the bucket geometry, allowing the runner profile to be optimised before manufacture. This has led to improvements in bucket shape, splitter design and jet alignment, reducing hydraulic losses and increasing the amount of energy transferred from the water to the turbine. Modern optimisation techniques have also helped minimise cavitation, turbulence and splash losses, contributing to overall efficiency improvements (Dixon & Hall, 2014).
Advances in manufacturing technology have also enabled Pelton Turbines to be produced with significantly greater precision than was previously possible. High-accuracy CNC machining and automated manufacturing processes allow complex bucket geometries to be manufactured to extremely tight tolerances, ensuring each bucket is identical and correctly balanced around the runner. Improved dimensional accuracy results in smoother water flow over the bucket surfaces, reducing mechanical vibration, improving efficiency and extending the operational life of the turbine. Automated quality inspection systems, including Coordinate Measuring Machines (CMMs), laser scanning and non-destructive testing, are now routinely used to verify component dimensions and detect manufacturing defects before assembly (IEC, 2019).
Automation has become increasingly important in the operation of modern hydroelectric power stations. Electronic control systems continuously monitor parameters such as water pressure, flow rate, rotational speed, vibration and bearing temperature, automatically adjusting needle valves and jet deflectors to maintain optimum operating conditions. These systems allow the turbine to respond rapidly to changes in electrical demand while protecting critical components from excessive loading and pressure surges. Furthermore, the integration of Supervisory Control and Data Acquisition (SCADA) systems enables operators to monitor and control hydroelectric stations remotely, reducing downtime and improving operational efficiency (U.S. Department of Energy, 2025).
Looking towards the future, the continued development of digital twin technology, artificial intelligence and predictive maintenance is expected to further improve the reliability and performance of Pelton Turbines. By combining real-time sensor data with computer models of the turbine, operators will be able to predict component wear, schedule maintenance before failures occur and optimise turbine performance throughout its service life. Together with advances in materials engineering and precision manufacturing, these technologies are expected to ensure that the Pelton Turbine remains one of the most efficient and reliable forms of renewable energy generation for decades to come.
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The design, testing and operation of Pelton Turbines are subject to a number of international standards and UK regulations, which are intended to ensure that turbines operate efficiently, reliably and safely. An extremely relevant standard to this experiment is IEC 60193:2019 – Hydraulic turbines, storage pumps and pump-turbines – Model acceptance tests. This standard applies specifically to experimental models of impulse and reaction turbines and establishes procedures for measuring hydraulic performance, including the measurement and calculation of relevant quantities and the comparison of experimental results with specified performance (IEC, 2019). Although vastly different in scale, this is relevant to the experiment carried out. For real world installations, IEC 60041 – Field acceptance tests to determine the hydraulic performance of hydraulic turbines, storage pumps and pump-turbines provides procedures for determining the hydraulic performance of turbines under operational conditions. This is particularly relevant to Pelton Turbines as it provides a standardised method of evaluating the performance of an installed turbine and determining whether it meets its specified performance requirements. 
The reliability of the turbine is also an important consideration, particularly because the runner operates at high rotational speeds and is subjected to continuous hydraulic loading. ISO 20816-5:2018 – Mechanical vibration – Measurement and evaluation of machine vibration – Part 5 provides guidance for evaluating vibration in hydraulic power-generating and pumped-storage machinery. The standard considers vibration measurements at bearings and bearing housings, as well as relative shaft vibration, allowing abnormal operating conditions such as imbalance, misalignment or mechanical deterioration to be identified (ISO, 2018). This is particularly relevant to Pelton Turbines because accurate runner manufacture and balancing are required to minimise vibration and maintain reliable operation.
As modern Pelton Turbines increasingly utilise automated control systems, IEC 61362 – Guidelines to specification of hydraulic turbine governing systems is also relevant. The standard provides guidance for turbine governing systems used to control parameters such as speed, power, flow and water level, as well as the associated actuating and emergency shutdown systems. This relates directly to the development of automated Pelton Turbines, where needle valves and deflectors can be automatically adjusted to maintain efficient operation under changing loads (IEC, 2024). This technology allows modern turbines to respond more rapidly to changes in demand while reducing the risk of excessive pressure and mechanical loading.
Together, these standards demonstrate that Pelton Turbine development is not solely concerned with maximising efficiency. Performance testing, vibration control, automated operation and equipment safety are all essential considerations in ensuring that the technology can operate reliably over an extended service life. These standards combined with industrial safety standards, such as PUWER 1988 and the Health and Safety at Work Act 1974 therefore provide an appropriate framework against which the results obtained from the experimental turbine can be considered and evaluated .
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[bookmark: _Toc237210033]Lab Method and Procedure
A Pelton Wheel test rig was used to investigate the performance characteristics of the Pelton specific bucket design under varying operating conditions. The apparatus consisted of a water pump, a control valve and pressure gauge, a Pelton wheel runner, a rotational speed sensor, and a mechanical braking device. The experiment is run by circulating water by the pump and directed through a nozzle onto the buckets of the Pelton wheel, adjusting the control valve to achieve the desired operating pressure. As the high-velocity water jet is projected on the turbine buckets, the runner is accelerated and its rotational speed measured using the speed sensor. To determine the output torque, a mechanical braking device was progressively applied to the turbine shaft. The braking force was measured while simultaneously recording the corresponding rotational speed. The applied braking force generated a resisting torque, allowing the mechanical power output of the turbine to be determined. A series of tests were conducted over a range of braking forces. For each test, measurements of rotational speed and braking force were taken, while flow rate and water pressure were kept constant. These experimental measurements were subsequently used to calculate the turbine torque, mechanical power output, hydraulic power input, and overall efficiency of the Pelton wheel.



[bookmark: _Toc237210034]Calculations
The experimental measurements were used to determine the braking force, shaft torque, mechanical power output, hydraulic power input, and overall efficiency of the Pelton wheel. These values were calculated using the equations described below.
The braking force was first determined by calculating the difference between the two force readings obtained from the braking device. This represents the net force applied to the brake belt and is given by Equation 1.





Equation 1 - Braking Force Calculation


The calculated braking force was then used to determine the torque produced by the turbine shaft. Torque is the turning moment generated by the Pelton wheel and was calculated by multiplying the braking force by the effective radius of the brake pulley, as shown below in Equation 2.



Equation 2 - Torque Calculation





Once the shaft torque had been determined, the mechanical power output of the turbine was calculated using the measured rotational speed of the shaft. This relationship is shown in Equation 3.




 


Equation 3 - Power Output at Shaft Calculation




The hydraulic power supplied to the turbine was calculated using the measured water flow rate and operating pressure. This represents the power available in the water before any energy is converted by the turbine and is determined using Equation 4.


 



Equation 4 - Hydraulic Power Available Calculation


Finally, the overall efficiency of the Pelton wheel was determined by comparing the mechanical power delivered by the turbine shaft with the hydraulic power supplied by the water. This relationship is expressed as:

 

Equation 5 - Efficiency Calculation
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At each braking increment, the rotational speed and braking force were recorded before calculating the shaft torque, mechanical power output and overall efficiency of the system, all shown below in Table 1. The hydraulic power available from the water supply remained constant throughout the experiment at approximately 21.33 W, allowing the effect of changing mechanical load on turbine performance to be evaluated.

[image: ]Table 1 - Experimental Results



Initially, with only a small braking force applied, the turbine rotated at a high speed of approximately 1185 rpm. Under these conditions, the measured shaft torque was only 0.0125 Nm, resulting in a relatively low mechanical power output of 1.55 W, corresponding to an efficiency of just 7.3%. Although the turbine was rotating rapidly, very little useful work was being produced because the resisting load acting on the shaft was minimal. The majority of the hydraulic energy therefore remained as kinetic energy within the exiting water jet rather than being transferred to the runner. As the braking force was gradually increased, the rotational speed reduced whilst the shaft torque increased almost linearly. This increase in torque produced a corresponding increase in mechanical power output. Between approximately 1185 rpm and 640 rpm, the power output increased steadily from 1.55 W to a maximum value of approximately 12.57 W. During the same period, the calculated efficiency increased from 7.3% to approximately 58.9%, demonstrating that a greater proportion of the available hydraulic power was being converted into useful mechanical work.
The relationship between shaft power and rotational speed is illustrated below in Figure 3, where the power output initially increases with decreasing rotational speed before reaching a maximum at approximately 600–650 rpm. Beyond this point, further reductions in speed resulted in a progressive decrease in power output despite the continued increase in shaft torque. This behaviour is characteristic of an impulse turbine and can be explained by considering the relationship between torque and angular velocity. The graph therefore exhibits the characteristic bell-shaped power curve commonly associated with Pelton turbines, shown Figure 3. The maximum power output occurred at approximately 625 rpm, representing the optimum operating condition for this experimental apparatus. This agrees closely with the theoretical behaviour of Pelton turbines, where maximum efficiency is achieved when the speed of the runner is approximately one-half of the jet velocity (Dixon & Hall, 2014). 
[bookmark: _Toc237242126]Figure 3 - Graph Showing Calculated Power output at Shaft compared to Rotational Speed

Following the maximum power point, further increases in braking force caused a rapid deterioration in performance. At 530 rpm, the power output had already fallen slightly to 12.14 W, despite the increase in shaft torque to 0.219 Nm. As braking continued, the reduction became increasingly significant, with the turbine producing only 7.82 W at 310 rpm, before falling to 4.71 W at 150 rpm. At the final measurement, where the braking force reached 12.25 N, the turbine was brought to a complete stop, resulting in zero shaft power despite the maximum measured torque of 0.306 Nm. This illustrates that torque alone is insufficient for useful power generation, as mechanical power requires both torque and rotational speed.
The efficiency followed a trend almost identical to that of the power output because the hydraulic input power remained constant throughout the experiment. As can be seen below in Figure 4, efficiency increased steadily as braking force increased, reaching a maximum measured value of approximately 59% before decreasing as additional braking reduced the turbine speed. This indicates that the optimum operating condition coincided with the point of maximum shaft power, where the greatest proportion of the available hydraulic energy was converted into useful mechanical output.

[bookmark: _Toc237242127]Figure 4 - Graph Showing Power Output and Efficiency compared to Rotational Speed


Although the experimental results followed the expected behaviour of a Pelton turbine, the maximum measured efficiency of approximately 59% was considerably lower than the efficiencies achievable by modern commercial Pelton turbines. This difference can be attributed to a combination of hydraulic and mechanical losses which are not accounted for within the simplified theoretical calculations. One potential source of hydraulic loss is the development of a boundary layer as the water flows across the surface of the Pelton bucket. Due to the viscosity of water, the fluid immediately adjacent to the bucket surface experiences a lower velocity than the main flow, creating a velocity gradient and resulting in frictional losses. Therefore, not all of the kinetic energy contained within the water jet is available to produce useful momentum transfer. The curved geometry of the bucket can also produce an adverse pressure gradient, causing the boundary layer to lose momentum and potentially separate from the bucket surface. Flow separation produces turbulent and recirculating regions, meaning that the water does not follow the intended bucket profile and some of its kinetic energy is dissipated rather than contributing to the rotation of the runner. Research into Pelton turbine flow has demonstrated that the flow through the buckets is highly complex and that losses associated with the water leaving the bucket can have a significant effect on turbine efficiency (Xiao et al., 2007). The precision of the experimental apparatus may also have contributed to the reduced efficiency. Modern commercial Pelton turbines utilise highly precise bucket geometries and manufacturing processes to ensure that the water jet is accurately aligned with the splitter and curved bucket surfaces. Small inaccuracies in bucket geometry, surface roughness or nozzle alignment could cause the jet to strike the bucket incorrectly or increase frictional losses (Fahrni, Staubli and Casartelli, 2025). Mechanical losses must also be considered. Friction within the bearings, shaft and braking mechanism consumes some of the energy generated by the runner before it can be measured as useful shaft power. These losses are particularly significant in a small-scale experimental situation when compared with large commercial turbines, where components are specifically designed to minimise mechanical resistance.
Experimental uncertainty, and calculation error should also be considered. The braking force was determined from two separate force measurements, meaning any reading errors were propagated into the calculated torque and power values, which was observed when carrying out the experiment. Similarly, fluctuations in pump pressure and flow rate may have caused small variations in the hydraulic power supplied during testing. Furthermore, the calculations assume that the flow rate remained constant at 32 L/min throughout the experiment; however, slight variations in pump performance or valve position may have altered the actual flow rate, introducing additional uncertainty into the calculated efficiency. All of this was observed the experiment, where components started to fatigue as their temperature increased, observed affecting the braking force applied to the pulley, and performance of the pump and speed sensor.
Overall, the results demonstrate that while the ideal momentum-transfer theory accurately predicts the general behaviour of the Pelton turbine, the actual performance is influenced by complex fluid effects including boundary-layer friction, flow separation and turbulence, alongside mechanical and measurement losses. The experimental power curve nevertheless agrees well with the expected trend, demonstrating the importance of operating the turbine close to its optimum speed to maximise energy conversion.
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