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The Pelton turbine is the most effective impulse turbine and has excellent 
operational performance in high water heads as well as low water rates. The 
bucket splitter design plays a crucial role, as its design is responsible for its 
efficiency. The water jet strikes the bucket splitter and produces the forces that 
move the turbine runner to generate mechanical energy from the kinetic head. A 
comparative analysis of seven differently designed Pelton turbine buckets is done 
in this paper. Finite Element Analysis (FEA), as a constructive method to check the 
static structural analysis in the Pelton turbine bucket, has been used to compare 
the performance. The effect of changing various parameters like bucket exit 
angle, bucket width, and bucket thickness on the life of the bucket is discussed 
here. This study aims to compare and achieve the best design of the Pelton 
bucket to improve its strength by reducing von mises stress and reducing the 
deformation. Bucket width is achieved as 110 mm, thickness 5 mm, splitter tip 
level, and cutout length both at 3 mm, and cutout width at 23.25 mm for effective 
flow over the bucket surface. The bucket exit angle at the middle section is 
achieved as 15° to reduce the von mises stress and deformation significantly.
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Introduction

An essential tool for engineers, Autodesk Inventor shines in 3D modelling and 
simulation. It is beneficial in the development of the Pelton turbine, as it helps create 
seven different identical designs of Pelton buckets. Its sophisticated capabilities and easy-to- 
use interface allow researchers to visualise and optimise complex bucket geometries with 
precision in both form and function. For this reason, the Pelton turbine buckets are 
modelled using Autodesk Inventor. On the other hand, ANSYS is an expert in Finite 
Element Analysis (FEA), which is essential for determining structural integrity. With 
ANSYS 16.2, each of the seven designs in the Pelton turbine development is subjected to a 
thorough Finite Element Analysis (FEA). During the procedure, variables such as von Mises 
stress and total deformation can be examined, yielding valuable insights into the structural 
functionality of Pelton bucket designs. This comprehensive analysis assists researchers in 
optimising design parameters and ensuring Pelton turbine buckets meet standards, 
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enhancing reliability. The Pelton buckets are fundamentally two 
ellipsoidal cup-shaped buckets joined together. A sharp edge 
between the two buckets, called the splitter, bifurcates the 
approaching jet and spreads it over each bucket, allowing the 
water to leave smoothly from the edges. There is a cutout at the 
outer end of the bucket that permits the jet to strike the splitter 
directly on the subsequent bucket, ensuring a relatively effortless 
flow and consistent torque generation. The geometry of the bucket is 
primarily governed by factors such as splitter angle, height, the shape 
of the cutout, depth, width, and exit angle (Perrig, 2007).

Recent studies have focused on refining the predictive 
capability of computational models for Pelton turbine 
performance. Zhao et al. evaluated advanced modeling 
frameworks to enhance the accuracy of energy performance 
prediction and provided valuable guidance for hydroelectric 
applications (Zhao et al., 2025). Similarly, Wu et al. analyzed 
flow asymmetry within symmetric inlet loop pipe–nozzle 
systems and identified its impact on uneven power 
generation in Pelton turbines (Wu et al., 2025). These 
studies highlight the importance of improving numerical 
modeling accuracy and flow uniformity, which aligns with 
the present work’s objective to enhance bucket geometry for 
improved stress distribution and deformation control. In the 
present study, the jet bucket interaction is considered under a 
steady impingement condition, where the jet alignment with 
the bucket remains fixed. This assumption provides a 
controlled basis for examining the influence of geometric 
variations on flow distribution and energy transfer. In 
practical operation, however, minor phase shifts between the 
jet and bucket may occur due to changes in load, nozzle 
regulation, or transient effects. These operational variations, 
while significant for large scale dynamic studies, are beyond the 
current scope and will be considered in future analyses. 
Furthermore, the study presents seven distinct conceptual 
models of Pelton turbine buckets, designed with different 
geometric features, and includes their evaluation through 
static structural finite element analysis to determine the 
optimal bucket configuration. The present analysis is 
performed under steady static pressure loading conditions, 
without accounting for dynamic load fluctuations or fatigue 
effects that occur during actual turbine operation. Therefore, 
the results primarily represent the structural response of the 
bucket under steady loading and are intended for preliminary 
geometric evaluation and comparative screening rather than 
comprehensive lifetime or fatigue assessment.

Design parameters

Lester Pelton developed the design of the Pelton turbine in 1880 
(Pelton, 1880). Researchers have focused on the analysis or design 
optimisation of a distributor, injector, and bucket erosion 
(Alnakhlani et al., 2014). However, there is a scope for research 
to analyse the geometrical aspects of modelling the Pelton bucket. 
Normally, there is a tendency to select a bucket design that is used by 
industries. It simply neglects its geometrical importance and its 
effect over time. However, there is stress distribution and 
deformation associated with the bucket splitter tip and the inner 

surface of the bucket. Therefore, a proper understanding of each 
geometrical element is necessary to minimise the von mises stresses 
and deformation. The key challenges relating to the design of the 
Pelton bucket are enhanced in Figure 1 (Bhattarai et al., 2019).

The present study focuses on von Mises stresses and total 
deformation at the bucket splitter tip and inner surfaces by 
varying various bucket parameters. Lancaster University has the 
necessary facilities to modify and optimise the new shape of the 
Pelton bucket (Waterpower Laboratory). The Pelton bucket was 
further improved analytically by modifying the geometry of the 
cutout, the splitter tip, and the outer side of the bucket regions. 
Computational fluid dynamics (CFD) was used to evaluate the effect 
of these modifications.

The structural analysis of the Pelton bucket was performed 
under realistic hydraulic operating conditions corresponding to a 
laboratory scale Pelton turbine. The turbine operates at a net head of 
45 m with a single jet diameter of 0.02 m, delivering a discharge of 
0.015 m3/s (900 LPM). The resulting jet velocity of approximately 
30 m/s impinges on a runner of 0.33 m diameter, rotating at 
1,000 rpm, with a pitch circle diameter (PCD) of 0.255 m and 
equipped with 18 buckets. The jet to runner diameter ratio (jet ratio 
≈ 0.99) and overall power output of 3.75 kW satisfy the standard 
design criteria for Pelton turbine operation. These hydraulic inputs 
were used to ensure that the geometric parameter variations studied 
through FEA represent practical working conditions of a 
Pelton bucket.

The bucket geometry notations serve as a crucial tool for 
justifying and comparing various models of the Pelton turbine 
bucket. This notation is further represented in Figure 2. When 
designing a new Pelton bucket, factors such as cutout width, cutout 
length, splitter tip height, exit angle, and bucket thickness 
significantly influence stress generation. These geometric 
parameters were selected based on established design guidelines 

FIGURE 1 
Challenges for Pelton bucket analysis (Bhattarai et al., 2019).
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and validated literature, supported by prior CFD based parametric 
optimization studies such as Zidonis et al. (2015). Their findings 
demonstrated that variations in these parameters strongly affect the 
hydraulic efficiency and structural loading of Pelton buckets. 
Accordingly, the chosen dimensions in this study represent a 
balanced configuration derived from literature recommendations 
and iterative design refinement to ensure realistic and reproducible 
results. Employing Finite Element Analysis (FEA) becomes pivotal 
for assessing stress concentration and deformation across different 
zones of the Pelton bucket. This study explores seven distinct Pelton 
bucket designs (PBD). Table 1 provides detailed dimensions of all 
PBDs. The conceptual models are formulated based on these 
dimensions to guide the design process.

Conceptual models

In hydraulic turbine systems, the Pelton bucket’s performance 
and efficiency are significantly impacted by its geometric 
configuration. This configuration is a core technical element of 
its design. Energy conversion and flow dynamics within the turbine 
assembly can be optimally achieved by adjusting parameters such as 
bucket shape, curvature, and size. The following points are 
considered to create bucket models.

• Radial (normal to pitch circle diameter of the runner) middle 
section profile of the half bucket is based on the elliptical 
design (Zidonis et al., 2015).

• The tangential section (tangent to the pitch circle diameter of 
the runner) of the bucket is modelled using B-spline curves in 
Autodesk Inventor software.

• The transverse sections are made of different profiles 
according to the design criteria as mentioned in Table 1.

• The bucket’s inner surface is generated by taking different 
sections along the depth of the bucket, and a smooth surface is 
created by lofting them together.

The geometric variations among seven different models of Pelton 
Bucket Designs (PBD) can be readily understood by referring to 
Figure 3 through Figure 9. The images presented below include the 
different views of PBD (section P-P), as described in Figure 2. A 
discussion of parametric variables and how they affect the seven 
distinct PBDs is covered in the following images and paragraphs. 
PBD 1 is based on a widely accepted method by industries in practice 
introduced by Thake (2000). The elliptical cross-section on two axes, 
as shown in Figure 3, is generally a good choice for mega power 
plants. The design is lightweight, and the cutout is optimized. The 
bucket tip is lowered and the inclination angle is increased to 20° for 
the reduction of back pressure losses during the first jet interaction. 

FIGURE 2 
Bucket geometry notation (Shah et al., 2021).
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PBD 1 has a lower thickness and is ultimately cost-effective. 
However, the deep sections of the bucket need more strength as 
they carry more forces as compared to other regions.

It is not easy to handle higher water impingement with PBD 1. 
So, an elliptical reinforcement rib of cross-section 1.75 × 3.5 mm is 
provided at the backside of the bucket along the deepest line of the 
bucket profile, as shown in PBD 2 of Figure 4. The improved smooth 
inner surface may give fine results for a streamline of water particles. 
It can also be improved by increasing the surface contact area of the 
inner surface. The highlight of the evolution of bucket design is 
indicated in Figure 4.

It is a challenging task to achieve the smooth flow characteristics 
with PBD 1 and PBD 2. The bucket’s inner surface is of major 
concern to designers, as smooth power transmission is required 
from the jet to the bucket. An abrupt change in the water path while 
passing through the inner surface increases losses and pressure 
concentration at that section. It greatly reduces the efficiency and 
erodes the bucket more rapidly. As shown in Figure 5, PBD 3 is 
designed with a zero splitter tip level and increased bucket thickness 
by 1 mm. It has a rectangular shape with a rounded corner bucket 
model to achieve a smooth flow pattern. It has improved the inner 
surface, allowing water to flow smoothly without sudden changes in 
direction. The edge line angles on the bucket will affect the 
distribution of forces in different sections of the bucket’s inner 
surface. To get the proper flow bifurcation, the splitter tip level 
should be increased with respect to the outer edge of the bucket. The 
bucket cutout length and width need to be optimised to reduce the 
deformation at the splitter tip area. It is clear that those four 
parameters: bucket thickness, splitter tip level, cutout width, and 

TABLE 1 Dimensions of PBD.

Factor, unit Values of different PBD

1 2 3 4 5 6 7

L, (mm) 65 65 65 65 80 65 80

B, (mm) 68 68 80 80 110 80 110

T, (mm) 20 20 20 20 20 20 20

t, (mm) 4 4 5 6 5–8 6 5

α (°) 20 20 20 20 20 20 20

β1 (°) 30 30 20 20 15 20 10

β2 (°) 15 15 15 15 15 15 15

β3 (°) 15 15 20 20 15 20 15

β4 (°) 15 15 20 20 15 20 15

x, (mm) −9.8 −9.8 0 3 3 3 3

l, (mm) 11.7 11.7 20 7.5 24.5 7.5 3

w, (mm) 27.8 27.8 35 30 47 30 23.25

FIGURE 3 
Different views of Pelton bucket Design 1 (PBD1). (a) Front view. (b) Side view. (c) Rear view. (d) Section view.
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FIGURE 4 
Different views of Pelton bucket Design 2 (PBD2). (a) Front view. (b) Side view. (c) Rear view. (d) Section view.

FIGURE 5 
Different views of Pelton bucket Design 3 (PBD3). (a) Front view. (b) Side view. (c) Rear view. (d) Section view.
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length will play a vital role in the smooth flow of water particles. It 
will reduce the deformation also.

PBD 4 is modified from PBD 3 to have a constant edge line angle 
transition, as shown in Figure 6. Uniform distribution of von Mises 
stresses is a concern to adopt this design in the industry. This type of 
Pelton bucket, known as the traditional Pelton bucket, is commonly 

used in industries. In Figure 7 from PBD 5, variable thickness, along 
with the depth of the bucket from 5 mm at the top to 8 mm at the 
bottom, is used to improve the strength, and the width of the bucket 
is increased to achieve a smoother transition over the surface. The 
backpressure effect can suppress the performance of the hydro 
system, particularly with the given design.

FIGURE 6 
Different views of Pelton bucket Design 4 (PBD4). (a) Front view. (b) Side view. (c) Rear view. (d) Section view.

FIGURE 7 
Different views of Pelton bucket Design 5 (PBD5). (a) Front view. (b) Side view. (c) Rear view. (d) Section view.
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Another type of turbine, shown in Figure 8, has two parallel 
plates across the bucket runner assembly. It is often called a hooped 
Pelton turbine. This design aims to transform the cantilever 
structural system into a supported, uniformly distributed Pelton 
Runner. While stress concentration can be substantially reduced, the 
system’s weight increases significantly. This elevated weight may 
contribute to an augmented dead load on the system, ultimately 
affecting the hydraulic performance of the Pelton turbine.

The deeper and wider sections of the PBD7 (Figure 9) are 
reinforced. This reinforcement is necessary because these areas 
bear higher forces compared to others. The extremely smooth 
edge angle transition at the outlet and the inner surface’s 
smoothness contribute to a streamlined flow inside the bucket, 
enabling efficient utilisation of the water’s kinetic energy. The 
reduced cutout width and cutout length in comparison to PBD 
5 further aid in minimizing the unused kinetic energy of the jet.

FIGURE 8 
Different views of Pelton bucket Design 6 (PBD6). (a) Front view. (b) Side view. (c) Rear view. (d) Section view.

FIGURE 9 
Different views of Pelton bucket Design 7 (PBD7). (a) Front view. (b) Side view. (c) Rear view. (d) Section view.
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Understanding and identifying the limitations of each design 
can be a challenging task. However, with the assistance of Figure 10, 
one can easily comprehend all seven PBDs and their respective 
geometrical changes. The names, along with their corresponding 
geometry and shape, are discussed in the same figure. Briefly, the 
evaluation of the Pelton bucket design can be understood 
through Figure 10.

Numerical analysis

The present numerical investigation follows a similar approach 
to the recent study by Zhao et al., who analyzed the influence of 
bucket flow patterns on energy conversion characteristics in Pelton 
turbines (Zhao et al., 2023). Their results emphasize how local flow 
structures within the bucket directly affect turbine efficiency, 
supporting the rationale behind the geometric parameter 
modifications considered in this study. The computer aided 
Pelton turbine bucket models are prepared in Autodesk Inventor 
software (Autodesk Inc, 2016). An effective numerical method for 
simulating and analysing intricate structures, such as the Pelton 
turbine bucket, is called finite element analysis (FEA). The 
optimization process was conducted using an iterative FEA based 
parametric optimization approach rather than an explicit 
mathematical algorithm. In the present work, geometric 
optimization was carried out without relying on advanced 

automated techniques such as genetic algorithms, neural network 
driven design searches, surrogate models, or other multi objective 
evolutionary tools. Instead, a straightforward parametric strategy 
was employed. The principal geometric attributes of the bucket 
including width, thickness, exit angle, splitter-tip elevation, and 
cutout proportions were adjusted step by step within realistic 
engineering limits. Each variation was examined through 
repeated FEA simulations under identical loading and 
constraints. The bucket configuration offering the lowest von 
Misses stress together with the least deformation was considered 
the most suitable. This method provides a practical compromise 
between computational demand, design accuracy, and 
manufacturability, and is therefore appropriate for early stage 
refinement of Pelton bucket geometries in both research and 
laboratory scale applications.

It entails breaking down a real world object or system into 
discrete, networked parts that are connected by nodes to 
approximate continuous activity. FEA makes it possible to 
forecast how Pelton bucket structures will react to stress and 
deformation by using mathematical models for these 
components. Before actual prototypes are constructed, the FEA 
technique is used to evaluate the robustness and endurance of 
designs, identify potential weaknesses, and optimise structure. 
Material properties are taken from the standard ANSYS library 
for structural steel (Ansys Inc, 2015). Using FEA, the structural 
responses of Pelton Buckets to external forces may be 

FIGURE 10 
Evaluation of Pelton bucket Design (Shah, 2024).
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comprehensively investigated. The optimization relied on 
comparative evaluation of stress and deformation outcomes from 
successive simulation runs to identify the most structurally efficient 
configuration. This deterministic parametric optimization approach 
is widely adopted in structural design problems where response 
variables depend directly on geometric parameters and loading 
conditions (Zidonis et al., 2015; Zidonis and Aggidis, 2016). The 
following parameters and settings are considered for finite element 
analysis of seven Pelton turbine bucket models.

• Tetrahedral elements are used to ensure a high quality, smooth 
transition (Thake, 2000; Lorentz, 2012a).

• To ensure an effective mesh, the element size in Figure 11 is 
maintained at a constant 2 mm (Thake, 2000; Lorentz, 2012a).

• Figures 12, 13 give constraints given to Pelton buckets.
• There are defined pressure based loading conditions for all 

Pelton buckets. Figure 12 shows an average pressure of 
0.15 MPa at 100% nozzle opening (Chaudhari, 2016).

• A fixture is provided at the fastening holes, as shown 
in Figure 13.

• The number of iterations is set to automatic. The program 
controlled iterations are originally set to 1 million till 
convergence.

• The rotation of the turbine is neglected. Only the Pelton bucket 
is being considered.

In this investigation, a full CFD derived flow field distribution 
was not generated; instead, the loading on the bucket surface was 
applied as a steady and uniform pressure. This simplified 
representation is commonly used in structural assessments of 
Pelton buckets when the focus is on comparing different 
geometric configurations rather than resolving transient flow 
details (Perrig, 2007; Thake, 2000; Chaudhari, 2016). Earlier 
studies have shown that the main stress zones particularly around 
the splitter tip, the cutout, and the inner curved surfaces are largely 

dictated by the pressure spike that arises when the jet initially strikes 
and divides at the splitter (Dudley, 1992; Sánchez-Sanz et al., 2021). 
More detailed CFD research has further demonstrated that 
phenomena such as jet fragmentation, free-surface deformation, 
and internal recirculation can alter the pressure distribution and, 
in turn, the structural response of the bucket (Wu et al., 2025; Zidonis 
et al., 2015). Accurately capturing these effects requires a tightly 
coupled CFD FEA framework, which lies outside the scope of the 
present static structural analysis. A comprehensive coupled flow 
structure study is planned for future work to more fully 
characterize these interactions in Pelton turbine buckets.

Mesh independence and quality study

To verify the numerical stability of the finite element results, a 
comprehensive mesh independence and mesh quality assessment 

FIGURE 11 
Mesh model.

FIGURE 12 
Constrained given to Pelton bucket - average pressure 
distribution.

FIGURE 13 
Constrain given to Pelton bucket - fixed support.
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was carried out using the representative bucket model (PBD4). Four 
different mesh densities were examined coarse (4.0 mm), medium 
(3.0 mm), fine (2.0 mm), and very fine (1.5 mm). Comparable mesh 
refinement studies have been reported in Pelton bucket and 
hydraulic turbine research by Perrig (2007), Chaudhari (2016), 
and Zidonis and Aggidis (2016).

The corresponding variations in peak von Mises stress, 
deformation, computational effort, and mesh quality indicators 
are summarized in Table 2. Reducing the element size from 
4.0 mm to 3.0 mm noticeably improved the accuracy of the 
stress field; however, further refinement beyond the 2.0 mm 
mesh resulted in only minor changes, typically within about 
1.5%. This behaviour indicates that the solution becomes mesh 
independent at 2.0 mm while still keeping the computational 
demand at a practical level an outcome that aligns with 
recommendations found in previous turbine-structure analyses 
(Barragan et al., 2025; Lorentz, 2012b).

The choice of a 2.0 mm element size for all finite element 
simulations was made after examining numerical accuracy, mesh 
quality, and overall computational effort. As highlighted in the 
mesh-independence results (Table 2), refining the element size 
from 4.0 mm to 2.0 mm notably improved the stress and 
deformation predictions. Beyond this level, however, the 
benefits became negligible moving to a 1.5 mm mesh changed 
the maximum von Mises stress by only 0.30% and the 
deformation by just 0.95%. This plateau in improvement 
indicates that the solution has essentially reached mesh 
independence at 2.0 mm, a trend also observed in earlier 
Pelton bucket and runner studies by Perrig (2007), Lorentz 
(2012b), and Zidonis and Aggidis (2016).

The computational cost further supports this choice. While the 
2.0 mm mesh required roughly 35 min per simulation, the very fine 
1.5 mm mesh nearly tripled the time to around 90 min, a typical 
pattern in FEA of curved hydraulic components where refinements 
rapidly escalate the computational load (Barragan et al., 2025). Given 
that the study evaluates seven different bucket geometries, using a 
finer mesh would have made the analysis unnecessarily time 
consuming without adding meaningful accuracy. The 2.0 mm 

mesh also obtained a favourable skewness value of about 0.22, 
indicating that element distortion was low and that the stress 
distribution, especially around sensitive regions such as the 
splitter tip and cutout, remained stable. For these reasons, the 
2.0 mm element size offers the best compromise between 
precision, numerical robustness, and computational practicality, in 
line with recommendations from previous turbine modelling 
literature.

The convergence characteristics are further illustrated in 
Figure 14, which plots the maximum von Mises stress against 
element size. The curve shows a clear stabilization of the results 
once the mesh is refined to 2.0 mm, with only slight changes 
thereafter. Such monotonic behaviour closely matches validated 
results in earlier FEA investigations by Perrig (2007) and 
Chaudhari (2016), confirming the reliability of the numerical 
model used in this study.

Model description and validation

Validation of the numerical model was carried out through a 
combination of mesh convergence checks, comparison with 
established literature, and examination of the physical plausibility 
of the FEA response. The mesh independence study showed that 
both stress and deformation values level off at an element size of 
2.0 mm, indicating that the results are no longer sensitive to further 
refinement. The distribution of stresses most notably the elevated 
concentrations at the splitter tip, the cutout boundary, and the 
bucket root closely mirrors the behaviour documented in earlier 
validated Pelton bucket investigations by Perrig (2007), Zidonis et al. 
(2015), and Chaudhari (2016). Likewise, the deformation 
magnitudes obtained in this study (approximately 
0.020–0.023 mm) fall within the range reported for Pelton 
components subjected to comparable hydraulic loading 
conditions (Lorentz, 2012b). Collectively, these observations 
confirm that the finite element model used here provides a 
reliable and stable basis for comparing the structural 
performance of the seven bucket geometries.

TABLE 2 Mesh independence and mesh quality results.

Parameter M1–Coarse M2–Medium M3–Fine (selected) M4–Very fine

Element size (mm) 4.0 3.0 2.0 1.5

Number of elements 12,000 25,000 80,000 160,000

Max von Mises stress (MPa) 17.40 16.95 16.75 16.70

Stress change vs. previous (%) – −2.59% −1.18% −0.30%

Max deformation (mm) 0.0230 0.0218 0.0210 0.0208

Deformation change (%) – −5.22% −3.67% −0.95%

Avg. skewness 0.55 0.38 0.22 0.15

Mesh quality grade Poor Acceptable Good Very good

Solver iterations 800 1,200 2,500 4,800

Computational time (min) 5 12 35 90

Remarks Low accuracy Better curvature capture Best trade-off High cost for minimal gain
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Results and analysis

Figure 15 shows the Finite Element analysis of PBD 1. Stress 
concentration is observed at the splitter, cutout, and fixture sections 
due to a reduced bearing area and low material thickness in these 
areas. The uneven distribution of load over the surface is a result of 
an abrupt contour change in the flow path, leading to deformation. 
The maximum deformation observed is 0.0014 mm at the splitter tip 
and cutout section. The cutout section displays the highest stress 
concentration, reaching a value of 22.40 MPa, due to its reduced 
thickness in this region.

In the Finite Element analysis of PBD2, stresses are reduced 
through reinforced structures in curvature areas, as demonstrated in 
Figure 16. This reinforcement enhances the overall strength of the 
structure, leading to a visible reduction in stresses. The deformation 
is significantly decreased. The maximum deformation occurs at the 
splitter tip and cutout section, measuring 0.0005 mm at the cutout 
section. Von Mises stresses are reduced to 19.76 MPa, reflecting an 
11.74% decrease compared to PBD1. Notably, major stresses are 
concentrated at the cutout section. This suggests that modifications 
to the cutout design could further reduce stress concentrations 
in this area.

FIGURE 14 
No. mesh convergence plot–max von Mises stress vs. element size.

FIGURE 15 
FEA of Pelton bucket Design 1. (a) Von Mises stress. (b) Total deformation.
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The Finite Element analysis of the rectangular-shaped 
Pelton bucket (PBD3) is shown in Figure 17. This shape 
significantly enhances the strength of the bucket. To reduce 
deformation, both the cutout length and cutout width are 
increased; however, a slight increase in deformation is 
observed at the splitter tip and cutout section due to higher 
thickness. Von Mises stresses are reduced by 10.37%, reaching a 
value of 17.71 MPa.

The Finite Element analysis of the C shaped design (PBD 4) is 
presented in Figure 18. Stress concentration is observed at the fixture 
boundaries. To evenly distribute stresses, the cutout length and 
cutout width are decreased to 7.5 mm and 30 mm, respectively. 
However, total deformation rises at the splitter tip due to the 
concentration of high pressure per unit area. Notably, the 
deformation is significantly increased to 0.0210 mm at the 
splitter tip area compared to PBD 3. In response to this, the 

FIGURE 16 
FEA of Pelton bucket Design 2. (a) Von Mises stress. (b) Total deformation.

FIGURE 17 
FEA of Pelton bucket Design 3. (a) Von MISES stress. (b) Total deformation.
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height of the splitter tip is raised to 3 mm. Von Mises stresses are 
concentrated to 5.42% under a load of 16.75 MPa. The distribution 
of stresses is more uniform compared to the previously discussed 
Pelton turbine bucket designs. Stress distribution at the inner surface 
is improved within the range of 1.8 MPa–16.75 MPa due to the 
increased splitter tip level. Industries recommend this design for its 
performance.

PBD 5 shows a significant cutout section in the Pelton turbine 
bucket. As shown in Figure 19, stresses are reduced to a minimum 
due to the variable thickness design. A significant 96.62% reduction 
in deformation is also attributed to the large splitter bearing area at 
the tip. To effectively utilise the kinetic energy of water, the cutout 
width and cutout length are increased to 24.5 mm and 47 mm, 

respectively. Von Mises stresses are notably reduced at the splitter 
tip area due to the round cutout shape, reaching a reduction of 
73.85% with a value of 4.38 MPa.

Figure 20 represents the Finite Element analysis of the hooped 
Pelton turbine bucket. It is expected that stress concentration and 
deformation will significantly reduce due to the support of two 
parallel plates. For the present analysis, the data were derived from 
the doctoral research of Chaudhari (2016). Von Mises stresses are 
reduced to 5.39 MPa, reflecting a 67.83% decrease compared to the 
conventional Pelton bucket design 4.

After comparing six designs of the Pelton bucket, it was decided 
to reduce the cutout height of PBD 5. The increased cutout section 
inefficiently converts the kinetic energy of water into the rotation of 

FIGURE 18 
FEA of Pelton bucket Design 4. (a) Von Mises stress. (b) Total deformation.

FIGURE 19 
FEA of Pelton bucket Design 5. (a) Von Mises stress. (b) Total deformation.
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the Pelton turbine. Additionally, in relation to PBD 6, to achieve a 
balance between weight reduction and sufficient strength, ribs have 
been added throughout the backside of the bucket, as shown in 
Figure 21. It is called a modified Pelton turbine bucket. The 
increased splitter tip contributes to a remarkable reduction in 
total deformation at the splitter tip. Pressure is distributed more 
uniformly inside the bucket compared to other designs. Von Mises 
stresses are notably reduced at the inner surface, ranging from 
0.39 MPa to 3.56 MPa. The maximum deformation occurs at the 
cutout section, measuring 0.0035 mm. Von Mises stresses are 
reduced to 3.56 MPa, reflecting a 78.75% decrease compared to 
the conventional Pelton bucket design 4.

Referencing Table 3 enables a detailed examination of the finite 
element analysis (FEA) results, including von-Mises stress, across 
the seven distinct Pelton bucket designs. A comparison between 
PBD7 and the remaining PBDs (PBD1 to PBD6) is presented. The 
maximum reduction in von Mises stress, compared to PBD1, is 
84.1%, which corresponds to the conceptual design proposed by 
Thake (2000). The minimum reduction in von Mises stress, at 
18.72%, is observed in relation to PBD5, attributed to its larger 
cutout section. The von Mises stress is reduced to 78.74% in the 
modified Pelton bucket (PBD7) compared to the traditional Pelton 
bucket design (PBD4). Additionally, the von Mises stress is 
decreased by 33.95% in the modified Pelton bucket (PBD7) 
compared to the hooped Pelton bucket design. Although the 
present evaluation primarily concentrates on structural stress 
reduction, it is acknowledged that the geometric modifications 
introduced across the proposed bucket designs may also 
influence hydraulic performance. Improvements such as 
smoother edge angle transitions, optimized splitter geometry, and 

reinforced bucket sections are expected to promote better jet 
guidance, minimize flow separation, and enhance the utilisation 
of the jet’s kinetic energy. Similar observations were reported by 
Enhancing Hydraulic Efficiency of Pelton Turbines through Bucket 
Geometry Optimisation, where optimisation of parameters such as 
exit angle, bucket width, and length resulted in an efficiency 
improvement of approximately 2.5% (Dudley, 1992). 
Accordingly, the final Modified Pelton Bucket (PBD 7) is 
anticipated to provide not only improved structural integrity but 
also qualitative gains in flow smoothness and overall 
hydraulic efficiency.

Actual Pelton turbine

Following the finite element analysis of seven conceptual Pelton 
turbine bucket models, the seventh design (PBD7) was identified as 
the most efficient and structurally superior configuration. This 
outcome guided the decision to proceed with the manufacturing 
of PBD7 for experimentation. The bucket was produced using a 
carefully controlled sand casting process, resulting in high 
dimensional accuracy and surface integrity. Red brass (C23000) 
was selected as the bucket material to facilitate reliable performance 
and simplify large-scale production, whereas the runner was 
fabricated from mild steel (EN8) (Chaudhari, 2016; 
ASMEB16.51-2013, 2018; Gopalkrishna et al., 2019). The 
obtained results clearly emphasize the enhanced performance of 
the modified bucket compared to the other six designs. To support 
this, Figure 22 depicts the assembly of the modified buckets with the 
runner plate, offering a complete view of the integration. 

FIGURE 20 
FEA of Pelton bucket Design 6. (a) von Mises stress. (b) Total deformation (Chaudhari, 2016).
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Additionally, Figure 23 combines two dimensional engineering 
drawings (front, top, and side views) with actual photographs of 
the runner, providing both technical and practical insight into 
the final manufactured turbine. These results demonstrate the 
successful transition from analysis to fabrication, highlighting 
the effectiveness of the modified design for experimental 
applications. In the optimized PBD7 design, localized 
reinforcement has been incorporated at the bucket root and 
adjoining fillet regions to alleviate stress concentration and 
enhance structural stiffness under operational loading. This 
modification ensures improved durability while maintaining the 
manufacturability of the design.

In the present study, an 18 bucket Pelton turbine configuration 
has been selected, which corresponds to a laboratory scale academic 
demonstrator developed for experimental purpose. The choice of 
18 buckets lies within the optimal range suggested by Nechleba 
(1957), who recommended that the number of buckets for efficient 
Pelton turbine operation generally falls between 18 and 21, 
depending on the specific speed and design head. Furthermore, 
Zidonis and Aggidis (2016) performed a detailed computational 
fluid dynamics study to determine the optimum number of buckets 

and demonstrated that turbine efficiency remains nearly constant 
within this range, with only minor variations in performance. 
Hence, the use of an 18 bucket runner ensures practical 
representativeness while maintaining computational feasibility 
and geometric simplicity for the academic scale model.

Significance of findings

− Optimised geometry (exit angle, width, thickness, cutout) 
significantly reduces stress and deformation in Pelton buckets.

− Critical stress zones were identified at the splitter tip (3.56 MPa) 
and maximum deformation at the cutout section (0.0035 mm).

− The modified bucket design (PBD7) resolved weight issues of 
earlier models and achieved superior performance.

− PBD7 was successfully manufactured through sand casting for 
experimentation, confirming the practical applicability of 
the design.

− Finite Element Analysis (FEA) provided a reliable design to 
manufacture workflow, bridging computational results with 
real world performance.

FIGURE 21 
FEA of Pelton bucket Design 7. (a) Von mises stress. (b) Total deformation.

TABLE 3 Results of FEA.

Pelton bucket design (PBD) Von mises stress (MPa) Reduction in von mises stress (%)

PBD1 22.39 84.1%

PBD2 19.76 81.98%

PBD3 17.71 79.89%

PBD4 16.75 78.74%

PBD5 4.38 18.72%

PBD6 5.39 33.95%

PBD7 3.56
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Conclusions

The comparative finite element analysis of seven Pelton 
turbine bucket models provided a detailed understanding of 
the influence of geometric parameters on structural behaviour. 
The investigation revealed that the bucket exit angle, inner 
width, and thickness are the most dominant parameters 
governing stress concentration and deformation response. 

Variations in these parameters were systematically analyzed 
to determine their role in redistributing the load generated by 
the impinging water jet.

The study showed that direct jet impact on the splitter section 
induces the maximum von Mises stress, which reached 3.56 MPa at 
the splitter tip, while the maximum deformation of 0.0035 mm was 
observed at the cutout section. These localized stress and 
deformation patterns confirm that the splitter acts as the primary 
load-bearing region, consistent with the mechanical loading theory 
for curved thin-shell structures. Adjusting the bucket exit angle to 
15°, maintaining an inner width of 110 mm, and reducing bucket 
thickness to 5 mm led to a more uniform stress distribution and 
improved load transfer along the bucket contour.

The introduction of the modified bucket design (PBD7) 
effectively resolved the weight-related limitations observed in the 
earlier hooped bucket configuration. The optimized cutout 
geometry (length and width of 3 mm and 23.25 mm, 
respectively) contributed to improved load redistribution and 
reduced localized stress concentration near the bucket root and 
lip. Consequently, PBD7 demonstrated the lowest overall stress and 
deformation, confirming its superior structural stability and 
manufacturing feasibility for experimental validation.

From a scientific perspective, these results establish that 
geometric refinement and controlled dimensional tuning can 
substantially enhance the structural integrity of Pelton turbine 
buckets without compromising flow alignment. The findings 
reinforce the relationship between bucket geometry, impact 

loading, and material response, providing a validated framework 
for future coupling of FEA based structural optimization with 
CFD based hydraulic efficiency evaluation in subsequent stages of 
turbine development. The observed improvements in stress and 
deformation trends are consistent with the findings of Zhao et al. 
and Wu et al., where refined flow control and modeling techniques 
led to improved Pelton turbine stability and energy conversion 
(Zhao et al., 2025; Wu et al., 2025).

FIGURE 22 
Modified Pelton turbine bucket runner assembly.

FIGURE 23 
Modified Pelton runnerexpe. (a) 2D Drawing of bucket. (b) Actual image of runner.
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Nomenclature
B bucket inner width

L bucket inner length

l cut out length

PBD Pelton bucket design

T bucket depth

t bucket thickness

w cut out width

x splitter tip level

α bucket inclination angle

β1 bucket tip splitter inlet angle

β2 bucket middle exit angle

β3 bucket front exit angle

β4 bucket back exit angle

ξ jet interaction angle
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