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Abstract

Non-uniform journal wear on the vertical Kaplan turbine shaft increases shaft—
bearing clearance, resulting in higher vibration and reduced operational reliability.
This study evaluates the structural and dynamic effects of shaft wear and compares
two restoration methods: Belzona 1111 coating and an S5410 stainless-steel shock
sleeve. Finite Element Analysis (FEA) was performed in ANSYS Workbench using
static structural and modal analyses for four shaft conditions: intact, worn, Belzona-
restored, and shock sleeve-repaired. The numerical model was validated against the
theoretical critical speed, yielding an error of 8.32%. The worn shaft exhibited the
highest radial deformation (0.033123 mm), indicating a significant reduction in
structural stiffness. Belzona restoration reduced deformation by 36.23%, while the
55410 shock sleeve achieved a 97.68% reduction, restoring shaft deformation close
to the intact condition (0.00076983 mm). Although natural frequencies showed only
minor variations among all cases, the shock sleeve produced the smallest deviation
from the intact shaft and the most symmetrical mode shapes, indicating superior
dynamic performance. The results demonstrate that journal wear primarily
degrades shaft stiffness rather than natural frequencies. Among the evaluated
restoration methods, machining followed by installation of an SS410 shock sleeve
provides the closest structural and dynamic characteristics to the original shaft,
making it the most effective solution for improving the reliability and operational

stability of vertical Kaplan turbine shafts.
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1. Introduction

Hydropower plants (HPPs) are among the most reliable renewable energy
sources for sustainable electricity generation. In low-head, high-flow applications,
vertical Kaplan turbines are widely used because of their high hydraulic efficiency
and operational flexibility. The turbine shaft plays a critical role in transmitting
mechanical power from the runner to the generator while maintaining rotor-bearing
alignment and overall system stability[1]. Consequently, shaft degradation can
significantly reduce turbine reliability and operational performance.

Journal wear is one of the most common failure mechanisms in Kaplan
turbines, resulting from prolonged contact between the shaft journal and the
bearing. Progressive material loss increases bearing clearance, reduces shaft
stiffness, and promotes eccentric rotor motion, leading to excessive vibration and
decreased operational stability[2]. At Wonogiri Hydropower Plant Unit 2, field
inspections identified non-uniform journal wear over approximately 50-60% of the
shaft circumference, with a maximum wear depth of 4 mm. This damage was
accompanied by vibration levels of up to 5.84 mm/s, indicating deterioration of the
rotor-bearing system.

Industrial repair methods commonly include polymer composite restoration
using Belzona 1111 and machining followed by the installation of an 55410 stainless-
steel shock sleeve[3]. While both methods are widely applied, previous studies have
primarily focused on failure mechanisms, material properties, or repair procedures.
Comparative evaluations of their effects on both the structural and dynamic
responses of turbine shafts, including radial deformation, natural frequencies, and
mode shapes, remain limited.

Reliable structural assessment requires realistic representation of operational
loads and boundary conditions. The American Society of Civil Engineers |[2]
emphasizes that structural performance should be evaluated under representative
loading conditions to ensure accurate prediction of deformation and structural
behavior. Finite Element Analysis (FEA) provides a reliable numerical approach for
evaluating shaft performance under different repair conditions without interrupting
plant operation. By integrating static structural and modal analyses, FEA enables
comprehensive assessment of deformation, stiffness, and rotor dynamic behavior
[1].

Therefore, this study investigates the effects of journal wear and compares the
effectiveness of Belzona 1111 and SS410 shock sleeve repairs on the structural and

dynamic performance of a vertical Kaplan turbine shaft using FEA. The novelty of
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this study lies in the integrated evaluation of repair performance based on both
structural and modal responses, providing a more comprehensive engineering basis
for selecting repair methods that restore shaft stiffness, concentricity, and long-term

operational reliability.

2. Methods

This study employed a quantitative approach using Finite Element Analysis
(FEA) in ANSYS Workbench to evaluate the structural and dynamic behavior of a
worn Kaplan turbine shaft and its repair alternatives. Static Structural Analysis was
performed to determine radial deformation, while Modal Analysis was used to
evaluate natural frequencies and mode shapes (as shown in Figure 1). Identical
boundary conditions, operating parameters, mesh configurations, and solver
settings were applied to all simulations to ensure that the observed differences were
caused solely by variations in shaft condition and repair material.

Field data were collected from Wonogiri Hydropower Plant Unit 2, including
maintenance records, vibration measurements, shaft dimensional inspections,
bearing clearances, and runner blade clearances. A Root Cause Failure Analysis
(RCFA) was first conducted to identify the primary causes of shaft degradation.

A three-dimensional shaft model was developed from the actual geometry and
analyzed under four conditions: (K1) an intact shaft, (K2) a shaft with localized
journal wear (50-60% of the circumference, maximum depth of 4 mm), (K3) a shaft
repaired using Belzona 1111, and (K4) a shaft repaired by machining and installing
an S5410 stainless-steel shock sleeve. The original shaft material was modeled as
AISI 1030 steel because it represents the actual shaft material used in the turbine.
Belzona 1111 was selected as a widely applied polymer composite repair material,
whereas SS5410 stainless steel was chosen for its mechanical properties, wear
resistance, and stiffness, which closely match those of AISI 1030.

The simulation workflow included geometry import, material assignment,
mesh generation, application of bearing constraints and operational loads, followed
by static structural and modal analyses. Mesh convergence and critical speed
validation were conducted before the main simulations to ensure numerical
accuracy. Repair effectiveness was assessed by comparing radial deformation,
natural frequencies, mode shapes, and deformation symmetry with those of the
intact shaft. The most effective repair method was identified as the one that most
closely restored the original structural and dynamic behavior while minimizing
shaft eccentricity.

Finally, the four shaft conditions were compared in terms of maximum radial
deformation, natural frequencies, lateral mode characteristics, mode shapes, and

deformation symmetry relative to the baseline condition. The most effective repair
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method was identified as the alternative that produced the closest dynamic response
to the intact shaft while minimizing eccentricity and restoring structural stability,
thereby improving the operational reliability of the Kaplan turbine shaft at Wonogiri
Hydropower Plant Unit 2.

« Vibration and degradation issues
at Wonogiri HPP Unit 2
v
2. Literature Review
« Turbine shaft dynamics

« Wear ism and repair method:
« FEA, Modal and Static Structural Analysis
¥ P e e

3. Data Collection

« Inspection and maintenance data
* Vibration data
» Dimensional measurement (shaft, bearing,
runner blade clearance) !
* Material properties |
¥ :

4. Root Cause Failure Analysis (RCFA) .
« Identification of main causes of
shaft-bearing degradation
v
5. Development of 3D Model

* Geometry of turbine-generator shaft assembly | === ~==================
« Modeling of four shaft conditions H

{ e g 4 J b
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i \ ‘ |
s | | | G | | |
' | D
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““““““““““““““““““““““ F— e e )
6. Finite Element Modeling in ANSYS Workbench '
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-Canpuismbbud‘n'o(Kn saes

* Lower eccentricity tendency

]
10. Determination of the Best Repair Method

Select the shaft condition that provides the most
stable dynamic response and closest to normal
condition with minimum eccentricity.

Figure 2. Flow Diagram

3.Results and Discussion

The reliability of the finite element model was verified through mesh

convergence analysis and critical speed validation prior to the main simulations. In
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the static structural analysis, the maximum radial deformation converged at a mesh
consisting of 7,354,203 elements, with a deviation of only 1.67% compared with the
finer mesh. Similarly, the modal analysis reached mesh independence using 797,789
elements, yielding a deformation difference of 0.64% relative to the denser mesh.
These results indicate that the numerical solution was independent of mesh density
while maintaining reasonable computational efficiency, as shown in Figure 2.
Furthermore, validation against the technical critical speed demonstrated good
agreement between the numerical model (212.82 rad/s) and the measured value
(232.13 rad/s), resulting in an error of only 8.32%. This level of accuracy confirms
that the developed finite element model is sufficiently reliable for evaluating the

structural and dynamic behavior of the Kaplan turbine shaft under different repair

conditions.
‘ A. Mesh Convergence - Static Structural Analysis | B. Mesh Convergence - Modal Analysis
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Figure 2. Diagram Numerical Model Verification

The finite element model was verified through mesh convergence analysis and
critical speed validation prior to the structural and dynamic simulations. The mesh
convergence study demonstrated that the static structural solution became mesh-
independent at 7,354,203 elements, with a deviation of only 1.67% compared with
the finest mesh. Similarly, the modal analysis reached a stable solution at 797,789
elements, where the variation in total deformation relative to the finer mesh was
only 0.64%. These results indicate that the selected mesh densities provide sufficient
numerical accuracy while maintaining computational efficiency. Furthermore, the
predicted first critical speed (212.82 rad/s) differed by only 8.32% from the technical
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data (232.13 rad/s), confirming that the developed finite element model adequately
represents the dynamic characteristics of the Kaplan turbine shaft.

The verification results are consistent with previous studies that emphasized
the importance of mesh-independent finite element solutions in structural analyses.
Arini and Pradana (2021) [3] reported that numerical convergence is essential to
ensure that predicted deformation is governed by the physical behavior of the
structure rather than by mesh discretization. Similarly, Budiman et al. (2021) [4]
demonstrated that appropriate mesh refinement significantly improves the accuracy
of stress and safety factor predictions in mechanical components [6], [5], [7].
Although these studies focused on different engineering applications, they highlight
the same fundamental principle that reliable finite element analyses require
adequate mesh convergence before interpreting simulation results [8], [9], [10].

The agreement between the simulated and reference critical speeds also
supports the validity of the developed numerical model for rotor dynamic analysis.
According to Mom¢ilovic¢ et al. (2012) [8] and Urquiza et al. (2014) [11], accurate
prediction of the critical speed is essential for evaluating the structural integrity and
operational reliability of hydraulic turbine shafts because excessive deviation may
indicate inaccurate representations of shaft stiffness, boundary conditions, or
bearing support. The prediction error of 8.32% obtained in this study remains within
an acceptable engineering range, indicating that the adopted assumptions
reasonably represent the actual shaft-bearing system.

Furthermore, the validated numerical model provides a reliable basis for
evaluating different shaft repair methods. This finding is in agreement with Cai et
al. (2025) [5], who demonstrated that validated finite element models can effectively
predict the structural reliability of rotating shaft systems under various operating
conditions. Therefore, the verified model developed in this study is considered
sufficiently accurate for assessing the influence of wear and repair methods on the
structural and dynamic performance of the Kaplan turbine shaft.

The static structural analysis revealed significant differences in radial
deformation among the four shaft conditions, as shown in Figure 3. As expected, the
intact shaft (K1) exhibited the smallest radial deformation (0.000136 mm), indicating
a uniform stiffness distribution and a concentric rotor system. In contrast, the worn
shaft (K2) experienced the highest deformation (0.033123 mm), representing an
increase of approximately 24,255% relative to the baseline condition. The substantial
increase resulted from localized material loss, which reduced shaft stiffness and
generated an asymmetric mass distribution, thereby increasing shaft eccentricity and
lateral deflection. Repair using Belzona 1111 (K3) reduced the maximum
deformation to 0.021123 mm, corresponding to a 36.23% reduction compared with

the worn shaft. However, the repaired region still exhibited localized deformation
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because the elastic modulus of Belzona is considerably lower than that of the original
steel shaft. Conversely, the S5410 shock sleeve (K4) demonstrated the most favorable
structural performance, reducing the maximum radial deformation to 0.00076983
mm, equivalent to a 97.68% reduction relative to K2. The machining process
combined with the installation of a stainless-steel sleeve successfully restored shaft
geometry, improved stiffness uniformity, and produced a deformation pattern
closely resembling the intact shaft. These findings indicate that restoring both the
shaft geometry and mechanical properties is essential for minimizing eccentric

deformation and improving rotor stability.

Radial deformation was evaluated to quantify the deviation of the shaft from the centerline under operational loads (rotation speed 300 rpm and torque 1.05x10% N-mm).

K1 - Normal Shaft (Baseline) K2 - Worn Shaft (Non-uniform Wear) K3 - Belzona 1111 (Coating Repair) K4 - SS410 Shock Sleeve (Machined + Sleeve)

Type: Total Deformation Type: Total Deformation Type: Total Deformation Type: Total Deformation
Unit: mm Unit: mm Unit: mm Unit: mm
0.000136 Max 0.033123 Max 0.021123 Max 0.000770 Max
*| 0.000109 0.026498 0.016898 0.000616
= 0.000082 0.019874 0.012674 0.000462
] 0.000054 0.013249 0.008449 0.000308
§ 0.000027 0.006625 0.004225 0.000154
0 Min 0 Min 0 Min 0 Min

Y - Y - Y - Y
/L‘ | Max: 0.000136 mm | 1 Max: 0.033123 mm J\ Max: 0.021123 mm )\‘
at o wx =X K
Total Deformation (mm)
e E— T Masimum
Table 4. Maximum Radial Deformation Figure 4. C ison of i Radial D
T T 1E-01
Max Radial Increase Ci to to = 0.033123
e Deformation (mm) |  Baseline K1 (%) Worn Shaft K2 (%) £ —_— 0.021123
K1 - Normal (Baseline) 0.000136 | - - _§
[ T | T 2 1E-03 4 0.000770
K2 - Worn Shaft 0.033123 | 24,255 % - E ]
[ T T 1 ® 0.000136
| K3- Beizona 1111 0.021123 15,431 % 36.23% § 1E-04 |
‘ K4 - SS410 Sleeve 0.000770 466 % 97.68 % g 1E-05
Table 5. Deformation at Key Locations (mm) = 1E-06 +
K1 K2 [ K3 Ka K1 K2 K3 Ke
Location Normal Wom Beizona 1111 $S410 Sleeve Normal Worn Belzona 1111 $S410 Sleeve
X-dir Z-dir X-dir Z-dir X-dir Z-dir X-dir Z-dir
AUpper | | [ 1 Key Findings
Joumap | G8E-05 | 62E-05 | 1.64E-02 | 1.51E-02 | 1.056-02 | 9.72E-03 | 3.89E-04 | 3.56E-04 « Shaft wear (K2) caused a dramatic increase in radial deformation due to material loss
t t 1 t t and uneven stiffness distribution.
BJO‘ Middle | o 1e.05 | 7.86-05 | 2.106-02 | 1.98E-02 | 1.32E-02 | 1.25E-02 | 4.636-04 | 4.27E-04 « Belzona 1111 repair (K3) reduced ion by 36.23% to the worn shaft,
! ! ! ! ! ! ! but deformation is still higher than the baseline because the coating modulus is lower
Cllower | g4e.05 | 5.96-05 | 1.786-02 | 1.64E-02 | 1.11E-02 | 1.026-02 | 351E-04 | 3.21E-04 e ) , X ) )
Jowred | | | « SS410 shock sleeve (K4) is the most effective repair method, reducing deformation by
97.68% compared to the worn shaft and ing a close to the b:
Locations for Deformation Evaluation Equation for Radial Deformation
Discussion
A B C 2 2
The static structural results indicate that restoring both geometry and stiffness of the journal section is crucial to N ) i 1l i g u, = \/ uy +u;

recover the concentricity of the shaft. The shock sleeve not only reinstates the nominal diameter but also provides
material properties close to AISI 1030 steel, resulting in a much lower radial deformation than the coating repair. uy = displacement in X direction

u, = displacement in Z direction

Figure 3. Static Structural Analysis

The static structural analysis confirmed that non-uniform shaft wear
significantly increased radial deformation by reducing the shaft cross-sectional area
and structural stiffness. This behavior is consistent with the mechanics of materials
theory proposed by Hibbeler (2014) [6], which states that structural deformation is
governed by material stiffness and cross-sectional geometry. A reduction in shaft
stiffness increases elastic deformation under the same loading conditions. The static
structural analysis confirmed that non-uniform shaft wear significantly increased
radial deformation by reducing the shaft cross-sectional area and structural stiffness.
This observation is further supported by Linawati et al. (2019) [7], who reported that

the stiffness of a material strongly influences its deformation response under
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external loading. Although their study focused on geotechnical materials, the same
mechanical principle applies to engineering structures, where higher stiffness results
in lower deformation.

The findings are consistent with those reported by Momcilovic et al. (2012) [8]
and Urquiza et al. (2014) [11], who showed that localized wear in hydraulic turbine
shafts disrupts load distribution, promotes shaft eccentricity, and reduces structural
integrity. The present results further demonstrate that restoring the original shaft
geometry and stiffness is essential for recovering structural performance.

Among the evaluated repair methods, the 55410 shock sleeve exhibited the best
structural response because its mechanical properties are closer to those of the
original shaft material than those of Belzona 1111. This observation agrees with Cai
et al. (2025) [5], who emphasized that preserving the original stiffness of rotating
shafts is critical for maintaining structural reliability. Likewise, Ridha et al. (2023)
[10] highlighted that effective Kaplan turbine repairs should restore both
dimensional accuracy and mechanical properties. The finite element approach
adopted in this study also supports the findings of Budiman et al. (2021) [4],
confirming that numerical simulation is an effective tool for evaluating repair
alternatives before field implementation.

Overall, the results indicate that successful shaft restoration depends not only
on recovering the original geometry but also on selecting a repair material with
mechanical properties comparable to those of the original shaft to ensure structural
stability and long-term reliability.

The modal analysis showed that the global vibration characteristics of the shaft
assembly were only slightly affected by local wear and repair because the overall
mass and stiffness of the rotor system remained largely unchanged. The maximum
natural frequency deviation was 0.110% for the worn shaft (K2), 0.418% for the
Belzona repair (K3), and only 0.028% for the S5410 shock sleeve (K4) compared with
the baseline shaft. Although these frequency shifts were relatively small, the
corresponding mode shapes revealed noticeable differences in deformation
symmetry. The intact shaft exhibited well-defined orthogonal bending mode pairs,
reflecting a balanced mass and stiffness distribution. The worn shaft displayed
asymmetric mode shapes caused by uneven stiffness around the journal region,
while the Belzona repair partially restored the shaft geometry but still produced
localized stiffness discontinuities due to the lower elastic modulus of the repair
material. In contrast, the S5410 shock sleeve generated mode shapes and paired
natural frequencies that closely matched those of the intact shaft, indicating a more
effective restoration of the rotor dynamic characteristics. Therefore, mode shape
symmetry provides a more sensitive indicator of repair quality than natural

frequency alone.
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A comprehensive comparison of the four shaft conditions demonstrated that
shaft wear significantly deteriorated both the structural and dynamic performance
of the rotor system. The worn shaft exhibited the largest radial deformation, the most
asymmetric deformation pattern, and the greatest tendency toward eccentric
rotation. Although the Belzona repair improved the shaft geometry and reduced
deformation, its lower material stiffness prevented complete recovery of the original
dynamic characteristics. The SS5410 shock sleeve consistently produced the best
overall performance by minimizing radial deformation, maintaining natural
frequencies close to the baseline condition, and restoring symmetric mode shapes.
The superior performance of the sleeve can be attributed to its mechanical
properties, which are more comparable to those of the original AISI 1030 shaft,
thereby restoring both the mass distribution and structural stiffness. Consequently,
the 55410 shock sleeve is recommended as the most effective repair method for worn
Kaplan turbine shafts because it provides the closest structural and dynamic

response to the original shaft condition.

The p four shaft it K1 i ), K2 (Worn Shaft), K3 (Belzona 1111 Repair), and K4 (SS410 Shock Sleeve Repair)
based on static structural performance, modal characteristics, and overall repair effectiveness.
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Figure 4. Comparative Evaluation of Repair Methods

The comparative evaluation demonstrates that the repair method substantially
influences the structural and dynamic performance of the Kaplan turbine shaft, as
shown in Figure 4. Among the four investigated conditions, the SS410 shock sleeve
(K4) exhibited the best overall performance, characterized by the lowest radial
deformation, the smallest natural frequency deviation, and the most symmetric
mode shapes. In contrast, the worn shaft (K2) produced the largest radial

deformation and the highest degree of eccentricity, while the Belzona repair (K3)
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provided only partial improvement. These findings indicate that restoring both the
shaft geometry and its mechanical properties is essential for recovering the original
rotor behavior.

The present results are consistent with the mechanics of materials theory
proposed by Hibbeler (2014) [6], which states that the stiffness of a structural
component is governed by both its material properties and cross-sectional geometry.
Although the Belzona coating successfully restored the journal dimensions, its lower
elastic modulus compared with AISI 1030 steel resulted in lower local stiffness and
consequently higher radial deformation than the metallic sleeve repair. Conversely,
the S5410 shock sleeve restored not only the shaft dimensions but also the structural
stiffness, leading to a dynamic response that closely resembled the intact shaft.

These findings are also in agreement with the hydraulic turbine failure
investigations conducted by Mom¢ilovic¢ et al. (2012) [8] and Urquiza et al. (2014)
[11]. Both studies reported that localized shaft degradation alters stress distribution
and rotor alignment, ultimately increasing vibration and reducing operational
reliability. They emphasized that repair strategies capable of restoring shaft
concentricity and stiffness are more effective in preventing recurring failures than
repairs that only recover the damaged surface. Similarly, the present study
demonstrates that the SS410 sleeve achieved a 97.68% reduction in radial
deformation relative to the worn shaft, whereas the Belzona repair reduced
deformation by only 36.23%, indicating that the restoration of structural stiffness
plays a decisive role in improving shaft performance.

The superior performance of the S5410 shock sleeve is further supported by the
reliability analysis presented by Cai et al. (2025) [5], who showed that maintaining
an appropriate balance between shaft stiffness and mass distribution is fundamental
to preserving the structural reliability of rotating machinery. The minimal natural
frequency deviation observed in K4 (0.028%) confirms that the metallic sleeve
effectively restored the mass—stiffness ratio of the shaft, whereas the Belzona repair
exhibited the largest frequency deviation (0.418%) because of the lower stiffness of
the polymer composite. These findings suggest that the mechanical compatibility of
the repair material with the original shaft is an important consideration in repair
design.

Furthermore, the present results support the observations of Ridha et al. (2023)
[10], who highlighted that long-term reliability of Kaplan turbine components
depends not only on restoring dimensional accuracy but also on preserving the
mechanical characteristics of critical rotating components. The finite element
approach adopted in this study also corroborates the work of Budiman et al. (2021)

[4], demonstrating that numerical simulation provides an effective engineering tool
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for quantitatively comparing alternative repair strategies before field
implementation.

Overall, this study extends previous research by providing a comprehensive
comparison of two practical repair methods based on both static structural and
modal analyses. Unlike earlier studies that primarily focused on shaft failure
mechanisms or stress analysis, the present work integrates structural deformation,
natural frequencies, and mode shape characteristics to evaluate repair effectiveness.
This integrated approach provides a more robust engineering basis for selecting
repair methods capable of restoring shaft concentricity, minimizing dynamic

instability, and improving the long-term reliability of Kaplan turbine shaft systems.

4. Conclusion

This study successfully developed and validated a finite element model to
evaluate the structural and dynamic behavior of a worn vertical Kaplan turbine shaft
and to compare two practical repair methods. The numerical model demonstrated
satisfactory accuracy, with mesh convergence deviations below 2% and a critical
speed prediction error of 8.32%, confirming its suitability for structural and modal
analyses. The results showed that non-uniform journal wear significantly reduced
shaft stiffness, leading to a substantial increase in radial deformation and a greater
tendency toward shaft eccentricity. Although the changes in natural frequencies
were relatively small, the wear noticeably affected the symmetry of the mode shapes,
indicating degradation of the rotor's dynamic behavior. Among the evaluated repair
methods, machining followed by the installation of an SS410 stainless-steel shock
sleeve provided the best structural and dynamic performance.

This method reduced radial deformation by 97.68% compared with the worn
shaft, restored the natural frequencies to values very close to the intact condition,
and produced the most symmetrical mode shapes. In contrast, the Belzona 1111
repair improved shaft performance but was less effective because its lower elastic
modulus could not fully recover the original structural stiffness. Overall, the
findings demonstrate that effective shaft restoration depends not only on recovering
the original geometry but also on selecting a repair material with mechanical
properties comparable to those of the original shaft. The integrated evaluation using
static structural and modal analyses provides a reliable engineering basis for
selecting repair strategies that improve the structural integrity, dynamic stability,

and long-term reliability of Kaplan turbine shaft systems.
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