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Abstract

This study examines the impact of jet misalignment on the mechanical performance of
Pelton turbine runners. A comparative examination of the dynamic response characteristics
of the runner under four operational conditions—Undeflected Jet (U]), Radial offset+ (RO+),
Radial offset— (RO—), and Axial offset (AO)—is undertaken based on fluid—structure
interaction (FSI) numerical simulations. The findings demonstrate that functioning under
misaligned conditions modifies the stress distribution on the runner surface, resulting
in considerable stress concentration. The maximum Von-Mises stress attains 129.7 MPa,
occurring at the bucket notch region under the RO+ condition. The strain distribution aligns
with the stress distribution in the elastic regime, exhibiting a maximum Von-Mises strain
of 0.000650 (0.650 x 1073 mm/mm). The distortion of the runner varies from 0.181 mm
to 0.190 mm, with the most significant deformation occurring near the trailing edge. The
RO+ condition intensifies the risk of high-cycle fatigue in the runner structure, succeeded
by RO— and AO situations. The results establish a theoretical foundation for the secure
functioning and structural enhancement of Pelton turbines in misalignment scenarios.

Keywords: offset condition; fluid—structure interaction; numerical simulation; mechanical
properties

1. Introduction

The global transformation and enhancement of the energy structure necessitate the
effective production and exploitation of renewable energy, which is essential for attaining
the strategic objectives of carbon peak and carbon neutrality. Hydropower, being the
most technologically advanced and adaptable renewable energy source, serves as a crucial
foundation in this shift. Due to its distinctive structural benefits, Pelton turbines are
extensively utilized in harnessing hydraulic resources in high-head and low-flow scenarios,
functioning as essential apparatus in hydropower facilities for producing high-value energy.
The runner, a crucial pressure-bearing and energy-converting element, directly converts
the kinetic energy of water into mechanical energy while functioning continuously under
highly intricate loading situations. The dependability of its mechanical performance
fundamentally dictates the operational efficiency, safety, stability, and longevity of the
complete machine.

Misalignment of nozzles in Pelton turbines, typically resulting from installation dis-
crepancies or silt erosion, often results in operating under non-optimal conditions. In recent
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years, other research has examined similar issues from diverse angles. Deng H et al. [1]
demonstrated that jet eccentricity caused by nozzle misalignment, utilizing a Volume of
Fluid (VOF) two-phase flow model and the Shear Stress Transport (SST) k-w turbulence
model, leads to a significant increase in the axial force on the runner and heightened
pressure fluctuations. Simin Y et al. [2] utilized the Navier-Stokes equations and the SST
k-w turbulence model to elucidate the jet deflection flow characteristics of a Pelton tur-
bine deflector during emergency load rejection using CFD simulations. Haoru Z et al. [3]
employed both experimental and numerical approaches to clarify the flow evolution mech-
anism within the runner, demonstrating that energy conversion efficiency peaks when the
jet strikes the bucket vertically, and delineated a topological structure of this phenomenon.
Semlitsch B et al. [4] utilizing the VOF method and the SST k-w turbulence model, were the
pioneers in illustrating that minor inflow disturbances from penstock bends substantially
influence jet quality in a Pelton turbine manifold, and identified that secondary flows can
alleviate the impact of flow imbalance between nozzles on jet deflection. Yexiang X et al. [5]
elucidated the impact of bucket quantity on hydraulic efficiency by three-dimensional
unsteady numerical simulations. Gao J et al. [6] examined the transition process of an ultra-
high-head Pelton turbine, uncovering the intricate internal flow mechanics and dynamic
hydraulic properties during significant variations in nozzle opening and closure using
theoretical analysis and numerical simulations. Guo T et al. [7] elucidated the flow loss
patterns in the water supply components of a four-nozzle Pelton turbine, utilizing entropy
generation theory. Khan F et al. [8] discovered via CFD simulations that the implementation
of a tangential flow deflector in Pelton turbines facilitates swift power control, diminishes
the optimal efficiency point load, and proficiently mitigates the sluggish response constraint
associated with needle valve adjustments. Li J et al. [9] concentrating on a 500 MW-class
large Pelton turbine, employed a combined VOF-DPM model with a wear prediction model
to ascertain the regions of highest wear rate on the buckets under sediment-laden flow
conditions. Liu J T et al. [10,11] established a sediment erosion prediction model for the
runner under high sediment-laden flow conditions by merging numerical simulations with
sediment erosion experiments.

However, a critical gap exists in the literature regarding the detailed mechanical
response of the runner structure under these off-design conditions. While computa-
tional fluid dynamics (CFD) studies are abundant, the subsequent fluid-structure in-
teraction (FSI) and its impact on stress, strain, and deformation—critical for fatigue life
prediction—are not thoroughly investigated for Pelton turbines. Current research on fluid-
structure interaction (FSI) in hydraulic turbines mostly concentrates on Francis turbines.
Kan K et al. [12] introduced a multi-scale fluid-structure interaction framework that in-
corporates millimeter-scale gap flow with a comprehensive shaft system, elucidating the
pressure fluctuations and structural response mechanisms of a 710 MW Francis turbine un-
der intricate flow conditions, thus addressing the shortcomings of conventional simplified
models. Huang X et al. [13] utilized a comprehensive three-dimensional fluid—structure
interaction method to examine the flow-induced dynamic properties of a 46 MW large
Francis turbine across a 25-100% load spectrum, revealing that the position of peak stress
on the runner fluctuates with load while remaining significantly beneath the material’s
yield threshold. Xia X et al. [14] identified synchronous frequency and damping splitting
in a submerged rotating disk (simulating a high-head runner) by FSI analysis, noting that
decreasing the wall distance markedly amplifies this phenomenon. Hu D S et al. [15]
employed an acoustic fluid-structure interaction method to elucidate the effect of gap
water thickness on the modal frequencies of the runner and head cover, indicating that
gap water elevates the nodal diameter mode frequencies of the runner and induces fre-
quency veering, whereas head cover deformation solely modifies the vibration mode phase.
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Cui G et al. [16] utilized a high-precision spectral element approach and a fluid-structure
interaction algorithm to clarify the vortex-induced vibration mechanism in the guide
vane region. Li L H et al. [17] examined the correlation between vortex features and stress
distribution in the runner under varying guide vane openings at the rated head using
fluid-structure interaction numerical modeling. Sun L et al. [18] discovered through FSI
analysis that the runner of a six-nozzle Pelton turbine demonstrates low-frequency global
oscillations and high-frequency local vibrations when subjected to high-speed jet impact.

This core of this study lies in the systematic FSI-based investigation of the mechanical
characteristics of a Pelton turbine runner under specific jet offset conditions (radial and
axial), which are common in practical operation but poorly addressed in existing research.
The primary objectives of this study are: (1) to quantify the distribution of Von-Mises
stress, strain, and total deformation on the runner surface under unbiased and offset jet
conditions; (2) to identify the most critical offset condition leading to stress concentration
and potential high-cycle fatigue risk; and (3) to establish a theoretical foundation for the
structural enhancement of Pelton turbines operating in misalignment scenarios.

This study focuses on the Pelton turbine of the Shangheba Hydropower Station. To
address the prevalent issue of misalignment situations experienced during actual operation,
relevant numerical simulation research is undertaken. The workflow involved: (1) de-
veloping high-fidelity CFD models of the turbine under four offset conditions to obtain
the transient pressure load on the buckets; (2) performing a grid independence study for
both fluid and structural domains to ensure solution accuracy; (3) applying the calculated
pressure loads, along with centrifugal and gravitational forces, to a finite element model
of the runner for static structural analysis; and (4) comparatively analyzing the resulting
stress, strain, and deformation fields.

2. Fundamental Theory
2.1. Flow Field Calculation

This study computes the internal flow within the Pelton turbine under the assumption
of clean water, excluding sediment-laden flow situations. Thus, the internal flow is defined
as a gas-liquid two-phase flow. The Volume of Fluid (VOF) model is utilized to more
efficiently manage and examine the intricate gas-liquid interface. This model employs
linear averaging for the physical characteristics of the two phases:

p=Cpw+ (1—C)pa 1)

p=Cuy+ (1—C)a 2)

where p is the fluid density; p, is the density of water; p; is the density of air; y is the
dynamic viscosity of the fluid; y, is the viscosity of water; i, is the viscosity of air; C is the
volume fraction of the liquid phase.

The governing equations for the internal flow in the Pelton turbine are as follows:

E)u,- o
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where u is the fluid velocity vector; x is the position vector; ¢ is time; p is pressure; v is
the kinematic viscosity of the fluid; f represents body forces; the subscripts i and j denote
tensor indices.
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The SST k-w turbulence model is utilized for the numerical simulation of the Pelton
turbine. This model uses the conventional k-w formulation adjacent to the wall and
transitions to the k-¢ model at the outer boundary layer region. It employs an altered
formulation for turbulent viscosity, considering the transmission of turbulent shear stress,
rendering it particularly appropriates for the intricate flow fields present in Pelton turbines.

The transport equations for the SST k- model are as follows:
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where Gy denotes the production term of turbulent kinetic energy k; 1 indicates the instan-
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taneous velocity; v refers to the kinematic viscosity; v; is the eddy viscosity coefficient; F; is
the mixture function.

2.2. Fluid-Structure Interaction

For an incompressible flow, the continuity equation is given by:

Oy n auy ou,

ox 9oy @ oz =0 @

where u,, Uy, Uy represent the velocity components in the x, y and z directions, respectively.
The momentum equation:

9
o5; +p(u- Vu) = —Vp+ pViu+ ®)

where p is the fluid density, p is the pressure, u is the dynamic viscosity of the fluid, and
f represents the body force vector per unit mass. In the context of the VOF model, p and
u represent the volume-fraction-averaged density and dynamic viscosity, as defined in
Equations (1) and (2).

At the fluid-structure interaction interface, the following equations are satisfied:

Tfi’lf = TsNg
dr =ds
qjj ., 9)
Tp=Ts

where T denotes stress; the subscript f refers to the fluid domain; s denotes the solid domain;
d represents deformation; g is the heat flux; and T denotes temperature.

This study employs a weak coupling approach to perform fluid-structure interaction
calculations between the solid domain model of the runner and the flow field.

The structural dynamics equation is expressed as:

M]{x} + [CH{x} + [K]{x} = {F} (10)

The finite element equation for fluid-structure interaction is given by:

F
0] (11)
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where M is the mass matrix; M is the equivalent coupled mass matrix; C is the damping
matrix; K is the stiffness matrix; Ky is the equivalent coupled stiffness matrix; x is the
displacement vector; F is the load force vector; Fy is the fluid force applied to the structure;
P is the fluid pressure.

Von-Mises stress is an equivalent stress based on shear strain energy, and the value of
the equivalent stress ¢ is given by the following equation:

1

o=\ 31— + (0 -2 + (= )] ©)

where 0, 05, and 03 represent the three principal stresses of the material, with oy > 03 > 073.

2.3. Key Assumptions of the Numerical Model

The following key assumptions were adopted in the numerical model to define the
simulation framework:

1.  The flow is transient, incompressible, and isothermal.

2. The fluid (water) is Newtonian.

3. The structural material is isotropic, homogeneous, and linear-elastic.

4. A one-way fluid-structure interaction is sufficient; the deformation of the runner does
not significantly alter the flow field.
The effects of sediment in the water are neglected.

6.  The simulation does not model the formation of droplets or the complex atomization
of the sheet flow after the jet impacts the bucket, relying on the VOF model to capture
the bulk phase interface.

These assumptions define the scope and limitations of the current analysis, focusing
on the primary mechanical loads induced by the jet impact and rotation.

3. Model and Boundary Conditions
3.1. Basic Parameter

This study investigates the Pelton turbine at the Shangheba Hydropower Station, with
its key parameters provided in Table 1.

Table 1. Pelton turbine basic parameters.

Parameter Value Parameter Value
Operating head (m) 578 Flow (m3/s) 2.09
Pulley pitch diameter (m) 1.280 Rated speed (rpm) 750
Bucket 21 Nozzle 24

3.2. Numerical Model
3.2.1. Structural Model of Runner

A comprehensive three-dimensional model of the Pelton turbine runner was devel-
oped using Unigraphics NX. The computational domain for the structural analysis was
discretized using a mesh composed predominantly of tetrahedral elements, generated
using ANSYS Meshing 2022. The mesh was refined around the bucket root, notch, and
trailing edge regions where high stress gradients were anticipated. The maximum element
size in these critical regions was set to 0.02 mm, transitioning to 0.2 mm in less critical areas
like the hub. The mesh quality was assessed based on skewness (average = 0.23) and aspect
ratio (average = 1.85), meeting the recommended standards for structural simulations. The
resultant grid of the runner is depicted in Figure 1.
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Figure 1. Runner grid model.

The runner material is designated as corrosion-resistant stainless steel ZG06Cr13Ni4Mo,
possessing a density of 7750 kg/m?, a Young’s modulus of 2000 MPa, and a Poisson’s ratio
of 0.28.

Grid independence research was performed utilizing the Richardson extrapolation
method, with the Grid Convergence Index (GCI) applied to objectively evaluate the conver-
gence of the numerical data [19,20]. The maximal Von-Mises stress (0 max) in a pre-stress-free
state was identified as the principal parameter for this assessment. The research utilized
three separate computational grid configurations with incrementally higher element quan-
tities, as outlined in Table 2.

Table 2. Three sets of grids (runner).

Parameter Gy G, Gs
Grid numbers 15,518,312 9,259,156 6,629,578

The computed GClI results are displayed in Table 3. The GCI value of 1.69% demon-
strates that the G, grid meets the convergence requirement (GCI < 3%) [21]. Consequently,
the G, grid, consisting of about 9.26 million elements, was used for all ensuing simulations.

Table 3. GCI grid independence verification (runner).

Parameter O max1 (MPa) Omax2 (MPa) 0 maxs (MPa) Pr GCI
Value 57.24 56.77 52.13 19.92 1.69%

3.2.2. Water Model of Turbine

Three-dimensional models of the essential flow-passing components, encompassing
the jet injection mechanism and the runner of the Pelton turbine, were created, as depicted
in Figure 2.
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Injection equipment
/ Runner
/ > I

Bucket

Figure 2. Three-Dimensional Model of Pelton Turbine.

The radial offset (S1) of the jet centerline in relation to the pitch circle diameter of
the runner buckets was established at £3.92 mm, whilst the axial offset (S;) was 2.91 mm.
The values were established in compliance with the GB/T 8564-2023 [22] specification.
In this context, +5; signifies an outward displacement of the jet centerline towards the
outer edge of the buckets, whereas —S; represents an inward displacement towards the
center of the runner. S, denotes the axial displacement of the jet along the axis of the
runner. The symmetrical distribution of the bucket splitter around the splitter edge results
in an identical impact of jet offset on both sides. Figure 3 presents a schematic illustration
depicting the jet offset setup.

Nozzle

Bucket

(a) Radial offset

Nozzle

Bucket

(b) Axial offset

Figure 3. Schematic Diagram of Jet Deflection.

The computational domain of the Pelton turbine was discretized utilizing a polyhedral
mesh in ANSYS Fluent 2022, with refinement implemented on the bucket surfaces to
resolve the boundary layer. The maximum element size in these critical regions was set to
1.6 mm, transitioning to 12.9 mm in less critical areas like the hub. The mesh quality was
assessed based on skewness (average = 0.54) and aspect ratio (average = 1.24), meeting the
recommended standards for structural simulations. The near-wall mesh was configured to
ensure the wall unit y+ (<1), which is suitable for the SST k-w turbulence model [23]. The
y+ value calculated in this study is 0.96. Figure 4 illustrates the water mesh model of the
Pelton turbine.
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Injection equipment

Nozzle

Runner Bucket

Figure 4. Grid Model of Pelton Turbine.

The computational domain of the Pelton turbine was discretized utilizing a polyhedral
grid, with refinement implemented on the bucket surfaces. A grid independence verifi-
cation was conducted using the Richardson extrapolation method, employing the Grid
Convergence Index (GCI) to objectively evaluate the convergence of the simulation out-
comes [19,20]. Grid independence research was performed using the maximum torque on
a single bucket (¢) as the target value, involving three sets of grids with differing densities.
Table 4 displays the cell counts for these three grid sets.

Table 4. Three sets of grids (the Pelton turbine).

Parameter Gq G, G3
Grid numbers 14,489,710 9,580,455 7,243,521

The computed GCl results are displayed in Table 5. The GCI value of 1.88% demonstrates
that the G, grid meets the convergence requirement (GCI < 3%) [21]. Consequently, the G,
grid, consisting of about 9.58 million elements, was chosen for all ensuing simulations.

Table 5. GCI grid independence verification (the Pelton turbine).

Parameter @1 (N-m) @2 (N-m) @3 (N-m) Pr GCI
Value 39,872.8 39,836.1 39,503.5 22.90 1.88%

The use of different mesh types and densities for the structural and fluid domains is
standard practice in FSI, as each domain has distinct numerical requirements. Compatibility
at the FSI interface is maintained not by matching the meshes, but through the interpolation
of data (pressure from fluid to structure) at the coupling interface during the simulation.

3.3. Boundary Conditions

The transient flow field in the Pelton turbine was modeled using ANSYS Fluent. The
pressure-based solver was employed with the SIMPLE algorithm for pressure—velocity
coupling. Spatial discretization was second-order upwind for momentum and turbulence
quantities. The runner’s rotational speed was established at 750 rpm, equating to a rota-
tional period of 0.080 s. The three-time instants (t = 0.027 s, t = 0.053 s, and t = 0.080 s) were
selected as they represent distinct phases during the interaction of a single bucket with
the jet over one full rotational cycle (0.080 s). Three specific time intervals were chosen
throughout the simulation to analyze the fluid pressure distribution on the bucket surfaces
under four different operating circumstances throughout a complete rotation cycle. The
four circumstances are: Undeflected Jet (U]), Radial Offset+ (RO+), Radial Offset— (RO—),
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and Axial Offset (AO). The nozzle’s straight pipe intake in the computational model was
designated as a pressure-inlet boundary with a total pressure of 5.65 MPa. The surfaces
of the stationary domain, air domain, and spinning water body model were designated
as pressure outlets, with static pressure defined at standard atmospheric pressure. The
runner revolved at 750 revolutions per minute, and the interface between the spinning and
stationary domains was managed using a sliding grid technique.

For the FSI simulation, a one-way coupling approach was adopted. The transient
pressure fields calculated in Fluent for each operating condition were imported as load
boundary conditions in the ANSYS Mechanical module for the static structural analysis of
the runner. The structural analysis included centrifugal and gravitational body forces.

In accordance with the unit’s actual working conditions, pre-stress boundary condi-
tions were implemented with the fundamental restrictions of static structural analysis. This
encompassed the centrifugal force from the runner’s self-weight due to rotation, as well
as the pressure load exerted by the water on the bucket surfaces derived from the Fluent
simulation. Specifically, (1) The gravitational force and rotating velocity were utilized to
simulate the actual working conditions; (2) The pressure data from the fluid-structure
interaction interface, calculated by Fluent, was unidirectionally transferred to the bucket
surfaces. Figure 5 illustrates the load and boundary conditions of the runner surface.

. Pressure

B Standard Earth gravity
C  Rated Speed

. Fixed Support

. Cylindrical support

(a) Apply Constraints (b) Apply Pressure

Figure 5. Boundary Condition and Load.

4. Numerical Calculation Results
4.1. Von-Mises Stress Analysis

Figure 6 depicts the distribution of Von-Mises stress on the runner surface throughout
one cycle under various operating circumstances. The Von-Mises stress is equivalent
strain, that is frequently employed to evaluate the yield behavior of materials subjected
to multiaxial stress conditions. Figure 5 illustrates that the maximum Von-Mises stress
on the runner surface under various conditions varies from 119.4 MPa to 129.7 MPa,
displaying a non-uniform distribution and a pronounced gradient. Stress concentration
was predominantly noted in regions directly affected by the jet and at sites with sudden
geometrical alterations in the runner structure, such the bucket roots and gaps. These
locations are prone to the beginning of fatigue cracks. The offset conditions imposed
asymmetric loading on the runner surface, resulting in localized stress concentrations and
heightening the probability of fatigue fracture development.
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Figure 6. Von-Mises Stress Distribution in the Runner.

Figure 7 illustrates the distribution of Von-Mises stress on the pressure side of a
single bucket across one operational cycle under varying operating conditions. Figure 6
illustrates that the maximum Von-Mises stress on the bucket surface varies from 102.9 MPa
to 128.7 MPa under different situations. The impact energy of the water jet is predominantly
absorbed by the pressure side of the bucket, resulting in increased stress levels in this area.
High-stress regions are mostly situated on the pressure side surface, the bucket root,
the notch, and the mid-section of the trailing edge. Significant stress concentrations are
notably present at the bucket root and the notch, mostly because of the intricate geometry
and sudden curvature transitions in these regions. Conversely, the splitter demonstrates
comparatively low Von-Mises stress. This results from its acute edge, which diminishes
the effective impact area for the incoming water jet. Moreover, the flow-separation effect
induced by the splitter modifies the flow pattern, channeling the majority of the impact
energy towards the pressure side, hence resulting in the development of significant stress
concentrations in that area.

Figure 8 depicts the Von-Mises stress distribution on the suction side of the bucket
over one cycle under various operating conditions. Figure 7 illustrates that the overall
Von-Mises stress on the suction side is markedly lower than that on the pressure side under
all situations. The stress distribution on the suction side is heterogeneous, displaying a
clear gradient, with stress concentrations predominantly located at the tip and root areas.
Low-stress regions are predominantly located in the center portion of the suction side at the
root, exhibiting a “M”-shaped configuration. Under the UJ, RO+, and RO— circumstances,
the stress on the bucket surface initially escalates and subsequently diminishes over time.
In the AO condition, the stress maintains a relatively stable distribution.
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Figure 7. Von-Mises Stress Distribution on the Pressure Side of the bucket.
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Figure 8. Von-Mises Stress Distribution on the Suction Side of the bucket.

Table 6 encapsulates the peak Von-Mises stress on the runner surface during one cycle
under various operating conditions. Table 6 indicates that the maximum total Von-Mises
stress reaches its peak at 129.7 MPa under the RO+ condition, whereas the minimum
value is recorded at 119.4 MPa under the RO— condition. The RO+ condition significantly
impacts the overall Von-Mises stress, while the effects of the RO— and AO conditions are
comparatively negligible. Moreover, under the UJ, RO+, and RO— conditions, the overall
maximum Von-Mises stress exhibits a progressively declining trend over time. Conversely,
in the AQO situation, the Von-Mises stress first escalates before subsequently diminishing
over the cycle.
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Table 6. Maximum Von-Mises Stress in the Runner.
Time UJ (MPa) RO+ (MPa) RO—- (MPa) AO (MPa)
0.027 s 128.3 129.7 128.5 124.8
0.053 s 126.1 126.6 128.7 128.2
0.080 s 121.7 123.6 119.4 122.1

Von-Mises Strain (<107 mm/mm)

Von-Mises Strain (10 mm/mm)

Von-Mises Strain (10~ mm/mm)

0.643
0.572
0.501
0.429
0.358
0.286
0.215
0.143
0.072
0.000

0.632
0.562
0.492
0.422
0.351
0.281
0.211
0.141
0.070
0.000

0.610
0.542
0474
0407
0.339
0.271
0.203
0.136
0.068
0.000

4.2. Von-Mises Strain Analysis

Figure 9 illustrates the distribution of Von-Mises strain on the runner surface through-
out one operating cycle under varying working conditions. The Von-Mises strain is a
crucial measure for delineating plastic deformation and fatigue damage in materials sub-
jected to complicated stress states. Figure 8 illustrates that the maximum Von-Mises strain
on the runner surface varies between 0.000598 (0.598 x 10~2 mm/mm) and 0.000650
(0.650 x 103 mm/mm) under different situations. Throughout operation, the distribution
of Von-Mises strain aligns closely with that of Von-Mises stress, with elevated strain regions
predominantly located at the bucket gap and the junctions between the bucket roots and the
hub. These high-strain regions typically align with stress concentration zones and signify
probable locations for fatigue fracture formation.
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Figure 9. Von-Mises Strain Distribution in the Runner.

Figure 10 illustrates the Von-Mises strain distribution on the pressure side of the
bucket over one cycle under various operating circumstances. Figure 9 illustrates that
the maximum Von-Mises strain on an individual bucket surface varies from 0.000514
(0.514 x 1073 mm/mm) to 0.000645 (0.645 x 10~3 mm/mm) under these conditions. The
Von-Mises strain distribution aligns closely with the Von-Mises stress pattern, with peak
values observed at the bucket root and notch areas, subsequently followed by the mid-
section of the trailing edge. These regions exhibit acute angles and intersections with
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Von-Mises Strain (- 10 mm/mm)

Von-Mises Strain (- 107 mm/mm)

Von-Mises Strain (<107 mm/mm)

0.595
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0.403
0.397
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0.066
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0.470
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various curved surfaces, leading to considerable geometric discontinuities that create strain
concentration, rendering them vulnerable to the onset of fatigue cracks. Moreover, the
entire area from the bucket notch to the root demonstrates a consistently elevated degree of
Von-Mises strain. Upon the initiation of a fracture at the notch or root, this region readily
promotes crack growth.
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Figure 10. Von-Mises Strain Distribution on the Pressure Side of the bucket.

Figure 11 illustrates the Von-Mises strain distribution on the suction side of the bucket
throughout one cycle under various operating conditions. Figure 10 illustrates that the
overall Von-Mises strain on the suction side is markedly lower than that on the pressure
side under all situations. The Von-Mises strain distribution on the suction side aligns closely
with the Von-Mises stress characteristics, exhibiting high-strain regions concentrated near
the tip and root areas, while low-strain areas are predominantly situated in the central
“M”-shaped region near the hub. Analogous to the Von-Mises stress pattern, under the
UJ, RO+, and RO— circumstances, the strain on the bucket surface initially escalates
before subsequently diminishing over time. Conversely, under the AO condition, the
strain demonstrates relatively minor variations and sustains a more consistent distribution
throughout time.

Table 7 delineates the maximum Von-Mises strain on the runner surface throughout
one cycle under various operating conditions. Table 7 illustrates that the maximal Von-Mises
strain attains a peak value of 0.000650 (0.650 x 103 mm/mm) under the RO+ condition,
whilst the minimum value of 0.000598 (0.598 x 10~3 mm/mm) is seen under the RO—
condition. The findings demonstrate that the RO+ condition exerts the most substantial
impact on the Von-Mises strain, while the influences of the RO— and AO conditions are
comparatively negligible. Moreover, under the UJ, RO+, and RO— conditions, the overall
maximum Von-Mises strain demonstrates a progressively declining tendency over time.
Conversely, in the AO condition, the Von-Mises strain first escalates before subsequently
diminishing over the cycle.
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Figure 11. Von-Mises Strain Distribution on the Suction Side of the bucket.

Table 7. Maximum Von-Mises Strain in the Runner.

Time UJ (x10~3 mm/mm) RO+ (x10~3 mm/mm) RO-— (x10-3 mm/mm) AO (x10~-3 mm/mm)

0.027 s 0.644 0.650 0.645 0.626
0.053 s 0.633 0.635 0.645 0.643
0.080 s 0.610 0.622 0.598 0.614

4.3. Total Deformation Analysis

Figure 12 illustrates the comprehensive deformation pattern on the runner surface
across a whole operational cycle under varying working conditions. Figure 11 illustrates
that the jet impact pattern is a critical determinant of the maximum deformation magnitude
of the runner. The maximum surface deformation varies from 0.181 mm to 0.190 mm
across different situations, exhibiting a rather narrow overall range. The deformation
is predominantly localized in the trailing edge region, principally due to the synergistic
effects of alternating loads, stress concentration, and fluid-induced vibrations encountered
during operation.

Figure 13 depicts the comprehensive deformation distribution on the pressure side of
the bucket across various operating conditions throughout one cycle. Figure 12 illustrates
that the jet impact pattern affects the extent of total deformation on the bucket surface.
Although the overall deformation distribution remains consistent across different condi-
tions, the maximum deformation ranges from 0.175 mm to 0.188 mm, indicating relatively
minor variation in overall amplitude. The distortion on the pressure side progressively
intensifies from the splitter to the trailing edge, attaining its maximum at the mid-section
of the trailing edge. This phenomenon primarily arises from the combined effects of elastic
deformation due to jet impact and deformation resulting from rotational centrifugal forces,
rendering this location a typical initiation points for fatigue cracks. Additionally, during
operation, the deformation distribution on the bucket surface demonstrates a periodic
dynamic response under alternating loads, characterized by time-dependent fluctuations
in deformation magnitude on both the left and right sides of the bucket.
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Figure 12. Total Deformation Distribution in the Runner.
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Figure 13. Total Deformation Distribution on the Pressure Side of the bucket.

Figure 14 illustrates the comprehensive deformation distribution on the suction side of
the bucket throughout one operating cycle under varying working conditions. Figure 13 il-
lustrates that the overall deformation distribution pattern is largely uniform across different
situations, with the deformation magnitude on the suction side constantly smaller than that
on the pressure side. The deformation on the suction side exhibits a distribution pattern
akin to that observed on the pressure side, progressively intensifying from the central
region to the trailing edge, peaking at the mid-section of the trailing edge. Additionally,
low-deformation zones are predominantly located in the central area of the bucket, display-
ing an irregular pentagonal configuration. Under the UJ condition, the total deformation on
the bucket surface exhibits an early increase followed by a decline over time, but under the
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Figure 14. Total Deformation Distribution on the Suction Side of the bucket.

Table 8 displays the maximum overall deformation of the runner surface throughout
a single operational cycle under various working conditions. Table 8 indicates that the
highest total deformation peaks at 0.1901 mm under the RO+ condition, whereas the
minimum value is 0.1811 mm under the RO— condition. The findings demonstrate that
the RO+ condition exerts the most substantial impact on overall deformation, whereas
the influences of the RO— and AO conditions are comparatively negligible. Moreover,
under the UJ and RO— conditions, the maximum total deformation initially ascends and
thereafter descends with time, whereas under the RO+ and AO conditions, it exhibits a
consistently increasing trend.

Table 8. Maximum Total Deformation in the Runner.

Time UJ (mm) RO+ (mm) RO— (mm) AO (mm)
0.027 s 0.1825 0.1859 0.1811 0.1829
0.053 s 0.1883 0.1858 0.1887 0.1883
0.080 s 0.1866 0.1901 0.1846 0.1883

4.4. Differences Among the Offset Conditions

A comparative analysis of the four operating conditions reveals distinct mechanical
loading patterns on the runner. The key differences are primarily driven by the alteration
of the jet impact location relative to the bucket’s structurally critical zones and the direction
of the centrifugal force field:

Radial Offset+ (RO+): This condition proved to be the most severe. The outward
displacement of the jet directs the high-impact force towards the bucket notch and the outer
sections of the root. These regions inherently have lower bending stiffness and are more
susceptible to stress concentration. Furthermore, the centrifugal force acting on the bucket
material increases with the radius, meaning the RO+ condition applies its highest load in a
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region already experiencing higher centrifugal tensile stress, creating a synergistic effect
that exacerbates the total stress.

Radial Offset— (RO—): In contrast to RO+, the inward jet displacement (RO—) often
results in lower maximum stress compared to both U] and RO+ conditions (e.g., 119.4 MPa
vs. 129.7 MPa at t = 0.080 s). This is because the jet impacts closer to the hub, where the
structural support is stronger and the local bending moment induced by the jet is reduced.
Additionally, the centrifugal stress component at this smaller radius is lower.

Axial Offset (AO): The axial shift in the jet creates a less asymmetric load in the radial
plane compared to the RO conditions. The stress distribution becomes more uniform across
the width of the bucket, but the imbalance along the axis leads to elevated stress on one
side of the bucket root and trailing edge. However, the temporal variation in stress in the
AO condition is the most stable, as indicated by the narrow range (124.8 MPa to 128.2 MPa,
a variation of 2.7%) in Table 6. This suggests a consistent, though off-center, loading pattern
throughout the interaction cycle.

Undeflected Jet (UJ]): The UJ condition serves as the baseline, producing a symmetrical
and predictable stress pattern. However, even under this ideal condition, significant stress
concentrations exist at the root and notch due to geometric discontinuities. The stress under
UJ shows a clear decreasing trend as the bucket moves away from the jet (from 128.3 MPa
to 121.7 MPa).

4.5. Comparison with the Literature and Discussion

To validate the reliability of our numerical model and contextualize our findings,
a comparison with relevant published studies is presented. The maximum Von-Mises
stress observed in our study under the RO+ condition (129.7 MPa) is consistent in order of
magnitude with FSI results reported for other turbine types under off-design conditions.
For instance, Huang X et al. [13] reported peak stresses in a Francis turbine runner signifi-
cantly below the material’s yield threshold, which aligns with our observations where the
maximum stress is well within the yield strength of ZG06Cr13Ni4Mo. However, the critical
finding of our work is the significant stress concentration at the bucket notch and root
under offset conditions, which is a specific vulnerability for Pelton runners not extensively
discussed in prior FSI literature.

The identified risk of high-cycle fatigue under RO+ condition corroborates the findings
of Deng H et al. [1], who reported increased axial forces and pressure fluctuations due to jet
eccentricity. Our study quantitatively extends this by demonstrating how these hydraulic
excitations translate into mechanical stress concentrations.

The deformation magnitudes (0.18-0.19 mm) are plausible for a runner of this size
under hydrodynamic loading. The fact that the RO+ condition consistently resulted in the
highest stress, strain, and deformation underscores the critical nature of radial jet offset
towards the bucket outer edge.

5. Conclusions

This study systematically examines the impact of offset conditions on the mechanical
properties of a Pelton turbine runner through fluid-structure interaction numerical simula-
tions, elucidating the stress, strain, and deformation response patterns of the runner under
varying offset conditions. The primary conclusions are as follows:

(1) Operation under offset conditions modifies the stress distribution on the runner
surface. The peak Von-Mises stress is localized in regions with geometric discontinuities,
including the jet impact zone, bucket roots, and trailing edges, exhibiting stress levels
between 119.4 MPa and 129.7 MPa. The RO+ condition demonstrates the highest peak
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stress of 129.7 MPa, signifying its most detrimental impact on the structural integrity of
the runner.

(2) The Von-Mises strain distribution of the runner exhibits a significant correlation
with the stress distribution, with areas of strain concentration similarly positioned between
the bucket roots and trailing edges. Although the maximum Von-Mises stress (129.7 MPa) is
below the yield strength of ZG06Cr13Ni4Mo (typically > 550 MPa), the stress concentration
at the bucket notch and root under RO+ condition significantly increases the risk of high-
cycle fatigue, which is a typical failure mode under cyclic loading even in the elastic regime.
The highest Von-Mises strain in the RO+ condition is 0.000650 (0.650 x 10~3 mm/mm),
indicating that the runner is more susceptible to plastic deformation and fatigue damage in
this scenario.

(3) Offset conditions affect the deformation characteristics of the runner. The greatest
deformation varies from 0.181 mm to 0.190 mm, predominantly located in the trailing
edge area. The RO+ condition produces the most deformation, and its dynamic response
characteristics suggest that this region is more prone to fatigue fracture development due
to the interplay of alternating loads and fluid-induced vibrations.

(4) The findings have direct practical implications. They underscore the necessity
of strict tolerances and precise alignment during installation, particularly to avoid radial
offsets toward the bucket’s outer edge (RO+). Furthermore, inspection and maintenance
protocols can be optimized by focusing on the identified high-stress regions. The quanti-
tative data provided can serve as the input for high-cycle fatigue analysis to predict the
runner’s service life under such off-design conditions.

(5) This study, based on one-way FSI and linear-elastic material modeling, lays a solid
foundation. Future research should focus on: (a) Fatigue life prediction using the obtained
stress data to estimate the number of cycles to failure. (b) Investigating the effects of two-
way FSI for cases with larger deformations. (c) Experimental validation using strain gauges
on a prototype or model turbine to corroborate the numerical findings. (d) Extending the
analysis to include sediment erosion effects coupled with mechanical fatigue.
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