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[bookmark: _Toc237199968]Introduction   
Hydropower is a well-established renewable energy that converts the energy available in flowing water into useful mechanical and electrical power. Pelton turbines are a type of hydropower turbine that is particularly suited to environments with high hydraulic heads and low flow rates. Their ability to efficiently extract power in these conditions has resulted in their continued use in hydroelectric installations. 

This report investigates the development, operation and performance of the Pelton wheel from both a theoretical and experimental perspective. The historical development of the turbine is considered alongside current applications, materials, manufacturing processes and future developments. An experimental investigation using the GUNT HM 150.19 laboratory Pelton turbine is undertaken to examine the relationship between brake loading, rotational speed, torque, shaft power and efficiency.   

The fluid mechanics governing the turbine performance are analysed using Bernoulli's principle, the momentum principle, boundary layer developments, and flow separation. These principles are critically considered alongside experimental findings to explain real hydraulic losses and the difference between ideal and real performance. Finally, codes and standards are considered to establish how Pelton turbine performance is evaluated in industry.    







[bookmark: _Toc237199969]Historical Development and Technological Evolution of the Pelton Wheel

[bookmark: _Toc237199970]History
The Pelton wheel was developed in the late nineteenth century by Lester Allen Pelton for high-head, low-flow water sources (see Figure 1). In the 1870’s, the American engineer observed that a water jet striking the edge of a paddle transferred more energy than striking it in the center. This led to the characteristic double-cup bucket, which splits and redirects the jet by almost 180 maximising its change in momentum. The Pelton wheel achieved far higher energy conservation efficiency than earlier impulse water wheels (Paish, 2002).
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[bookmark: _Toc237199754]Figure 1 Lester Allen Pelton's Wheel (DATAMP, 2026) 
Following its invention, the Pelton wheel was rapidly adopted by the mining industry. This was because many of the mining regions possessed abundant high-headwater sources that were unsuitable for other water wheels. This provided a reliable, low-cost means of operating mechanical equipment that would otherwise have relied on steam power (Williamson, Stark and Booker, 2014). As electrical generation technology developed through the twentieth century, Pelton wheels became an established solution due to their high efficiency and simple operating principle (Židonis and Aggidis, 2016).



[bookmark: _Toc237199971]Current Applications 
The Pelton wheel remains one of the most efficient turbine designs for hydroelectric energy production in regions with high hydraulic heads and relatively low flow rates, with an efficiency that can exceed 85%. This is because, unlike reaction turbines such as Francis or Kaplan turbines, Pelton turbines are impulse turbines that convert water pressure energy into kinetic energy through a nozzle before the high-velocity jet strikes the turbine's buckets. This makes it particularly suitable for high mountain regions such as New Zealand, Norway, Switzerland, and Austria. They are used in utility-scale hydroelectric stations (see Figure 2), small hydropower developments, and remote off-grid systems, where their reliability and high efficiency are advantageous (Quaranta and Trivedi, 2021; Židonis, Benzon and Aggidis, 2015) 
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[bookmark: _Toc237199755]Figure 2 GE Vernova Utility Pelton Turbine (GE Vernova, 2024)



Modern systems frequently incorporate electronic governors to precisely control the needle and deflector positions that govern the water jet. Computational fluid dynamics (CFD) is increasingly used to improve bucket geometry and improve the efficiency of the wheel (Wang et al., 2017; Židonis et al., 2015)


[bookmark: _Toc237199972]Materials 
Due to severe hydraulic loading and continuous exposure to high-pressure water jets, Pelton turbine runners and buckets experience cyclic impact loading, hydro-abrasive erosion from suspended sediment, cavitation damage and fatigue stress. These factors make material selection critical to the performance and service life of the turbine. The selected material must have high strength and toughness while also possessing high resistance to corrosion, erosion and cavitation (Ge et al., 2023).  

Commonly, soft martensitic stainless cast steels, particularly ASTM CA6NM (13Cr-4Ni), are used for modern Pelton turbines due to their excellent mechanical strength, fracture toughness, resistance to cavitation and hydro-abrasive wear. Their high castability also enables the manufacture of the complex double cup bucket geometry while maintaining the required structural integrity, making them far superior to materials used in older designs. (shown in Figure 3) (Ferreño et al., 2011).

	Material
	Advantages
	Disadvantages
	Typical use
	References

	ASTM CA6NM (13Cr-4Ni)
	Excellent cavitation and erosion resistance, high toughness.
	Higher cost
	Modern Pelton turbines 
	(Ferreño et al., 2011)

	Cast Carbon Steel
	Low cost, easy to manufacture 
	Poor corrosion and cavitation resistance 
	Older Pelton turbines and low-cost components
	(Vaz et al., 2026)

	Bronze
	Good corrosion resistance 
	Lower strength, expensive 
	Historic Pelton turbines
	(Musa et al., 2023)


[bookmark: _Toc237199756]Figure 3 Old Vs New Materials Used for Pelton Wheels
         
 


[bookmark: _Toc237199973]Manufacturing Processes
Modern Pelton turbines are predominantly manufactured using either integral monoblock casting or a forged hub with separate manufactured and welded buckets (as shown in Figure 4). Integral casting is the more common manufacturing method because the complex bucket geometry is produced as a single component. Forged and welded designs offer improved fatigue performance and fracture toughness in the high-stress regions of the runner. Integral casting undergoes heat treatment and precision CNC machining, NDT testing, and dynamic balancing post-fabrication to ensure dimensional accuracy and structural integrity (Cattley, 2026; Content Directors, 2012). Recently, interest in wire-arc additive manufacturing using 13Cr-4Ni stainless steel has emerged. However, its fatigue performance and manufacturing defects must be carefully evaluated before widespread adoption in safety-critical runners (Ge et al., 2023).
                     
[image: ]      
[bookmark: _Toc237199757]Figure 4 Manufacturing Process for Forged Hub with Welded Buckets (Voith, 2020)  
               


[bookmark: _Toc237199974]Future Innovations 
Future developments in Pelton wheels focus on improving overall performance and service life. CFD plays a crucial role in this, as it is used to improve and optimise bucket design, jet design, and jet interaction before physical prototypes are manufactured. One method being investigated to improve service life and reduce turbine erosion is nanostructured coatings. One that is already being used in hydropower is tungsten carbide HVOF (High Velocity Oxy-Fuel) coating; ceramic and composite coatings are also being investigated to reduce erosion (Ge et al., 2023).
In addition, the use of digital twins is being progressively adopted. These can be run alongside real-time data and be used for potential predictive maintenance identification, fault finding and system optimisation (Yao et al., 2023). 
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[bookmark: _Toc237199976]Experimental aim
The experimental aim was to investigate the performance characteristics of a small-scale Pelton wheel (shown in Figure 5) under constant hydraulic pressure and flow rate. Rotational speed and power were determined under varying brake loads to evaluate the turbine's performance. 
[image: ]
[bookmark: _Toc237199758]Figure 5 Experimental Pelton Wheel















[bookmark: _Toc237199977]Apparatus 
The experiment was carried out on a GUNT HM 150.19 Pelton Turbine apparatus. Water was supplied from the base unit through an adjustable needle nozzle to the Pelton runner. A brake band connected to two spring balances provided an adjustable load from which torque could be determined, while an integrated manometer measured inlet pressure for clarity (see Figure 6).

At the rear, a laser tachograph is fitted, allowing the rotational speed to be measured (as shown in Figure 7). The sump in the base of the unit has an incorporated level gauge; when the valve in the sump drain is closed, it can be used to measure the flow rate (as shown in Figure 8).  
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[bookmark: _Toc237199759]Figure 6 GUNT HM 150.19 - Pelton Turbine Diagram
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[bookmark: _Toc237199760]Figure 7 Laser Tachograph
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[bookmark: _Toc237199761]Figure 8 Water Sump and Level Gauge


[bookmark: _Toc237199978]Experimental Procedure
The nozzle was fully opened, and the inlet was turned on. The water pump was then started, and the needle nozzle was adjusted so that the manometer read 0.4 Bar of pressure. The water outlet in the sump was then closed, and the flow rate was measured over one minute using the level gauge (shown in Figure 8). It was measured to be 32 litres per minute. The sump valve was reopened before applying the brake load. Brake load was increased from 1-20 N in one Newton increments using the left spring balance. At each increment, the second force reading (on the right spring) was measured (as shown in Figure 9). The speed of the pulley was measured using the laser tachograph (as shown in Figure 7). These measurements were recorded at each increment.    
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[bookmark: _Toc237199762]Figure 9 Force Readings from Brake Band


[bookmark: _Toc237199979]Results and Calculations 
The results recorded from the experiment are shown in Figure 10
[image: ]
[bookmark: _Toc237199763]Figure 10 Experiment Results Table

From these results, the braking force, torque on shaft, power on shaft, hydraulic power, and efficiency were calculated using the following equations.

· For Braking Force- . 
· To calculate Torque on Shaft-   where D = 0.050 M.
· To calculate the Power on the Shaft-  (When n is speed in ).
· To calculate Hydraulic Power -as the measured head can be applied directly in bar . Where is v = volumetric flow L/min and P= pressure in bar. 
· To work out the Efficiency - . Then multiply the answer by 100 for a percentage. 
All of the results for each interval using the mentioned formulas are shown in Figure 11. 
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[bookmark: _Toc237199764]Figure 11 Table of Full Figures



[bookmark: _Toc237199980]Graphs 
From the two Figures below, it can be seen in Figure 12 that the power increases with the rotational speed until it reaches 640 RPM; at this point, it starts decreasing. Whereas Figure 13 demonstrates that the torque in the turbine gradually decreases linearly as the rotational speed increases.      
[image: ]
[bookmark: _Toc237199765]Figure 12 Speed Vs Power Graph
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[bookmark: _Toc237199766]Figure 13 Speed Vs Torque Graph


[bookmark: _Toc237199981]Critical Discussion of Results
The results of this experiment produced the characteristic performance curve expected of a Pelton turbine (Stamatelos, Anagnostopoulos and Papantonis, 2011). As the brake force increased, the shaft torque and power increased until around halfway, when the power started to drop off. When the rotational speed was 0 rev/min, the turbine produced its maximum torque of 0.306 Nm. But as there was no rotational movement, the shaft power was zero. This is because power depends on both torque and angular velocity (Bird and Ross, 2015).


The maximum shaft power was measured at 12.60 W; this occurred at 640 rev/min. This corresponded to a calculated efficiency of 59.06%. Beyond this point, the reduction in angular velocity became greater than the increase in torque, causing shaft power to decrease. It can be seen in Figures 11 and 12 that between a load of 9 N and 14 N, the power plateaus and remains above 12 Watts, which suggests that in this region the turbine is running at its optimum loading conditions.  

The peak efficiency was far less than that of a full-scale Pelton turbine, which can be up to 90%; this is reasonable to expect for a small-scale setup, as a larger proportion of the hydraulic energy is lost through bearing friction, jet dispersion, splash losses (seen in Figure 14), braking system resistance and incomplete redirection of the water (Stamatelos, Anagnostopoulos and Papantonis, 2011). The ideal Bernoulli analysis assumes frictionless, steady, streamline flow (Yunus Cengel and Cimbala, 2013), whereas the apparatus contains turbulence, energy dissipation, and non-streamline flow that can increase losses and prevent complete energy recovery (Santolin et al., 2009). 

Other factors that could have affected the results were that, as the experiment went on, the brake band and flywheel got hot. This caused it to stick and increased the braking force/friction. This also caused the spring balances to oscillate, which hampered taking accurate readings. The speed displayed by the tachograph kept fluctuating; as a result, the speed used was a median value. Both factors will have affected the calculated figures. The experiment could be improved by calibrating the tachometer to ensure accurate, steady readings and fitting shock absorbers within the balances to negate any oscillations, making obtaining values clearer.  

[image: ]
[bookmark: _Toc237199767]Figure 14 Splash Losses Within Pelton Turbine 



[bookmark: _Toc237199982]Fluid Flow Around the Pelton Wheel

[bookmark: _Toc237199983]Operating Principle        
The fluid flow through the laboratory Pelton turbine begins with water being pumped up from the base unit to the turbine inlet, where it enters a converging nozzle. The reduction in flow area increases the water's velocity, producing a concentrated free jet that provides the kinetic energy required to drive the Pelton runner. The jet strikes the splitter at the centre of each bucket and is redirected around the curved surface before being discharged into the collection tank (Dixon and Hall, 2014). 

Throughout this process, the fluid undergoes continuous changes in velocity and direction while remaining at atmospheric pressure once it has left the nozzle. These changes influence the interaction between the water jet and the runner, defining the torque, shaft power and overall performance. The flow paths observed in the experiment demonstrate fundamental fluid mechanics principles, including conservation of energy and momentum; the following sections examine these principles through Bernoulli's equation, momentum transfer, boundary layer development and flow separation (Yunus Cengel and Cimbala, 2013).  



[bookmark: _Toc237199984]Bernoulli Equation
Bernoulli's equation describes the conservation of mechanical energy in a steady-state, incompressible, and frictionless fluid flowing along a streamline. In the Pelton turbine, the equation explains how the pressure energy generated by the pump is converted into kinetic energy by the convergence nozzle. As the cross-sectional area of the nozzle decreases, the flow velocity increases while the pressure decreases; this produces the high-velocity free jet required to drive the turbine runner (Yunus Cengel and Cimbala, 2013).

The ideal Bernoulli’s equation assumes that no energy is lost through friction or turbulence. In reality, Viscous effects, minor losses within the pipework and nozzle, and flow disturbances reduce the jet velocity before the water can reach the runner. As a result, the kinetic energy available to convert into mechanical work is lower than the theoretical value, leading to a reduction in torque, shaft power and efficiency measured in the experiment (Fox, McDonald and Mitchell, 2021)

  
    For derivation, see Appendix 1


[bookmark: _Toc237199985]Momentum and Impulse Principle
When the jet of water strikes the splitter in the Pelton runner's bucket, it is redirected almost 180 before leaving the bucket. The result of this change in flow direction produces a corresponding change in momentum, which, according to Newton's second law of motion, results in an impulsive force on the bucket being generated. The force generated is proportional to the change in momentum of the water; this provides the torque required to rotate the runner (Bruce Roy Munson, Young and Okiishi, 2006).

For an impulse turbine, the force exerted by the jet can be expressed using the linear momentum equation (Bruce Roy Munson, Young and Okiishi, 2006).
 

For Newton's second law and a list of terms, see Appendix 2 

As the runner redirects the jet, the reduction in whirl velocity creates the force to drive the wheel and subsequently the torque. Ideally, the water should exit the bucket with minimal whirl velocity; this would ensure the maximum momentum has been transferred through the runner. In reality, friction, splash losses (seen in Figure 14) and incomplete redirection of flow all act to reduce the available momentum transfer, some of which can be seen in Figure 14 and would have contributed to the lower efficiency in the experiment (Dixon and Hall, 2014).     




[bookmark: _Toc237199986]Boundary Layer Development
When the jet of water strikes the curved surface of the Pelton bucket and flows across it, a boundary layer is formed due to the no-slip condition. The water molecules in immediate contact with the surface stick, making their velocity zero relative to the bucket, while the velocity increases through the boundary layer, approaching the velocity of the main flow. As the water travels along the bucket, the thickness of the boundary layer increases; this is due to the viscous effect and momentum transfer between adjacent fluid layers (Yunus Cengel and Cimbala, 2013).

The behaviour of the boundary layer is important to the Pelton turbine's performance as viscous shear within the boundary layer produces friction losses as the water moves across the bucket. These losses reduce the momentum change available by reducing the velocity of the water. Surface roughness, Reynolds number, and bucket curvature can also affect boundary layer development. An increase in surface roughness can increase resistance to flow and energy dissipation, which will reduce hydraulic efficiency.              




[bookmark: _Toc237199987]Flow Separation
Flow separation can occur when the boundary layer travelling across a surface loses momentum and can no longer stay attached to the surface. This is commonly related to an adverse pressure gradient where pressure increases in the direction of the flow, slowing the fluid close to the surface and potentially causing separation and local flow reversal (Yunus Cengel and Cimbala, 2013).

Maintaining attached flow is important in the bucket as the large change in momentum required is produced by its profile. Premature separation can prevent the jet from following this, and can result in incomplete flow deflection, increased turbulence and kinetic energy being discharged into the water. Consequently, less momentum is transferred, and hydraulic efficiency can decrease (Perrig et al., 2005). Flow separation may therefore have contributed to the losses within the laboratory experiment; however, it cannot be directly blamed as it was not measured in the experiment.          



[bookmark: _Toc237199988]Sources of Hydraulic Losses
In reality, not all hydraulic energy supplied to the Pelton turbine can be converted into useful shaft power. Energy is lost as water passes through the nozzle and interacts with the runner. Viscous friction within the nozzle and on the bucket surfaces dissipates available mechanical energy, while turbulence and irregular free-surface flow can further reduce available energy (Zhang, 2009). In addition to this incomplete flow deflection, imperfect jet alignment and jet dispersion can all lead to the water leaving the runner with residual kinetic energy (Perrig et al., 2005)       

These losses provide a distinction between ideal fluid flow analysis and laboratory results. Bernoulli’s and momentum principles assume a simplified flow condition; in reality, this is not the case. Pelton buckets experience complex three-dimensional and unsteady free-surface flow. Consequently, hydraulic losses will add to the difference between theoretical and mechanical available energy.     




[bookmark: _Toc237199989]Critical Evaluation
Experimental and numerical investigations into the Pelton turbine have demonstrated that the flow around the turbine is three-dimensional, unsteady and complex. The theoretical principles of Bernoulli and momentum effectively explain the conversion of hydraulic energy to mechanical work but both rely on idealised and simplified assumptions which do not accurately reflect the flow around a Pelton turbine. CFD or flow visualisation is a more accurate assessment of the flow within the Pelton turbine, as viscous friction, turbulence and imperfect flow deflection that could reduce momentum and energy transfer would be highlighted and easier to identify. Theoretical analysis is valuable for predicting overall turbine behaviour but is less capable of representing the local flow phenomena and associated losses.       



[bookmark: _Toc237199990]Codes of Practice and Industry Standards
Industry standards provide methods for evaluating the performance, reliability and acceptance of hydraulic turbines. A particularly relevant standard is IEC 63461:2024, Pelton hydraulic turbines – model acceptance tests. It establishes procedures for laboratory testing of Pelton turbines, including measurement methods, calculations of hydraulic performance and comparison of results against specified guarantees. It is primarily intended for models representing turbines with power outputs greater than 5 MW. The standard states that its procedures may also be applied to smaller machines by agreement between the purchaser and supplier (International Electrotechnical Commission, 2024)

For installed turbines, IEC 60041:1991 Field acceptance tests to determine the hydraulic performance of hydraulic turbines, storage pumps and pump turbines establishes methods for determining hydraulic performance under field conditions. It covers both impulsive and reactive turbines and specifies test procedures, calculation methods and requirements for reporting results (International Electrotechnical Commission, 1991)  

For smaller hydroelectric installations, IEC 62006:2010, Hydraulic machines acceptance tests of smaller hydroelectric installations, is also relevant. It applies to impulse and reactive turbines with power output up to 15 MW and includes performance, reliability, vibration, noise and cavitation testing where required (International Electrotechnical Commission, 2010). 

While the HM 150.19 experiment does not constitute an industrial acceptance test, the measurement of pressure, rotational speed, torque and calculated efficiency reflect the same principles used when quantifying measurements for turbine performance. Industrial standards extend this approach by using prescribed measurement procedures and acceptance criteria, improving repeatability and allowing performance to be objectively compared against contractual guarantees.    



[bookmark: _Toc237199991]Conclusion 
This paper concludes that Pelton wheels are still the most effective turbine for use with high head and low flow applications. Furthermore, developments in modern materials, manufacturing methods, and design will only help cement this position, with increases in torque/power output, reliability, and efficiency. 

The experimental investigation revealed the relationship between rotational speed, torque and shaft power. The maximum torque of 0.306 Nm was achieved under stall conditions, not at the point of maximum shaft power. As the brake load increased and rotational speed decreased, both power and torque produced increased. The shaft power stopped increasing at 640 rev/min; at this point, the turbine's efficiency was at its maximum point of 59.06%. A clear power band for the turbine could be seen between the speeds of 725 rev/min and 600 rev/min and a load of 10-13 Newtons. This showed the maximum performance occurs between an intermediate speed and load. 

A fluid flow analysis showed that the performance is governed by the transfer of pressure into kinetic energy via the transfer of momentum through the buckets redirecting the water. The experimental results also highlighted the limitations of these idealised analyses, such as Bernoulli's and the momentum principle. These fail to account for hydraulic losses that reduce the energy available for mechanical work.   

Overall, the investigation demonstrates that effective Pelton turbine performance depends on achieving efficient energy conversion through the process and minimising the hydraulic and mechanical losses. 
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Where:
· P = pressure (Pa)
·  = fluid density (kg )
·  = flow velocity ()
· G = gravitational acceleration () 
· Z = elevation head (m)


The head is taken at zero, and the velocity upstream is small compared to the jet, so it is taken as zero. The pressure of the jet is atmospheric; . 
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Newton's second law   where momentum p = mv

Terms used in the linear momentum equation are:
· F = force acting on the runner (N
·  = mass flow rate ()
·  = whirl component of the inlet velocity (
·  = whirl component of the outlet velocity (
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