Failure investigation of a Kaplan turbine blade
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Abstract
In this paper, an uncommon failure of a Kaplan turbine blade has been analyzed. After the monitoring system detected a sudden increase in vibration levels, the turbine was inspected. The inspection showed that a large
crack occurred on one blade starting from the leading-edge side root hole. Moreover, the tip of the blade was also found broken. A comprehensive analysis of the crack surfaces, broken parts and the vibration data revealed a
fatigue problem probably caused by rubbing between the blade and the nearby wall.
The effect of contacts on the stress distribution of the blade was investigated through a numerical model of the turbine blade. To validate this numerical model an experimental modal analysis was done on a nondamaged blade and the results showed a good agreement with the numerical results. Stress distribution analysis showed that when applying a contact force, the stress at the leading-edge root hole increases drastically.
Therefore, experimental evidences as well as numerical simulations confirm that the crack occurred due to rubbing between the blade tip and the nearby wall.

1.1 Introduction
Kaplan turbines are widely used in low water head and large capacity hydropower plants due to their good performance in their whole range of operation [1]. The runner of Kaplan turbines consists of several blades than can
change their incidence flow angle in order to ensure good performance for all the operating points. This angle is changed by means of a complex control system located inside the hub and shaft (see Fig. 1). Moreover, there is a narrow
gap between the blade tips and the nearby stationary wall, which is commonly named as tip clearance. In order to ensure a good performance of the machine, this tip clearance has to be very small, normally of about 0.05% the runner
diameter. Details of a typical Kaplan turbine are shown in Fig. 1.

Fig. 1.Fig. 1 Kaplan turbine assembly.
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Typical damage types in Kaplan turbine are caused by silt erosion [2,3], cavitation [4–6] and fatigue [7–10]. Erosion usually affects the surface of the blades, due to the high velocities of the water, and it is expected to appear in

areas where the water has suspended particles [2,3]. Cavitation may occur in Kaplan turbines because of an improper blade profile or extreme off-design operation conditions [4,5]. One common type of cavitation is the tip clearance
cavitation, which appears in the gap between the blade tip and the stationary nearby wall [5]. One way of avoiding this cavitation type is to reduce the tip clearance to its technological minimum, which increases the chances of having
rubbing between the blade tip and the wall. Another method of dealing with this cavitation type is to install the so-called anti-cavitation tip-lips (see Fig.1). However, most of the cases of damage in Kaplan turbines come from fatigue
problems [11].
Kaplan turbines are subjected to both static and dynamic pressure loads. The static pressure load is proportional to the net head and the flow rate passing through the runner. The dynamic pressure load is caused by the Rotor
Stator Interaction (RSI) [12,13] or other and less common dynamic phenomena such as vortex rope, tip vortex and Von Karman vortices [11,13–15]. Some studies [9,12] have shown that the water pressure load can induce high-stress
concentration at the root area of the blade and on the piston rod as shown in some references [7, 10, 16]. Some of these studies presented also cases of resonances, where the frequencies of the runner coincided with the dynamic
pressure excitation frequencies, increasing drastically the blade vibration, and therefore causing severe damage to the blade. Moreover, if the material has defects at this zone, the fatigue process can be greatly accelerated.
Another case of damage in Kaplan turbines, but less common, is rubbing. Due to the small tip clearance, the blade tip may contact the stationary wall due to high radial forces, normally caused by unbalance or fluid instabilities
[17]. Unbalance can be of mechanical or hydraulic origin. Mechanical unbalance could be induced by a non-correct assembly of the rotating train, especially of the runner blades or the generator poles, a failure in the bearings, a loss of
stiffness of the machine supports or other problems associated to a non-distributed rotating mass. Hydraulic unbalance in Kaplan turbines could occur when the flow present asymmetric characteristics, such as under rough operating
conditions with the appearance of cavitation or vortex rope. Rubbing in rotating machines is known to produce high impact forces and can lead to catastrophic failures in the worst-case scenario [18]. Thiery et al. [17] performed some
theoretical analysis about blade tip-wall contacts. They introduced some parameters to study the problem, like the contact stiffness or damping. Results showed that, under rotation, if the contact frequency (times that the blades
contact the wall per revolution) is near a natural frequency of the rotor, the vibration of the shaft could be amplified drastically, increasing also the strength of the contact. However, this study is only theoretical, there are no failure
cases of prototype Kaplan turbines due to rubbing available in the literature.
In this paper, an uncommon failure of a Kaplan turbine blade due to rubbing has been analyzed. After the monitoring system detected a sudden increase in vibration levels, the machine was stopped and inspected. The
inspection of the turbine showed that a large crack occurred on one blade starting from the leading-edge side root hole. Moreover, the tip-lip of the blade was also found broken. A comprehensive analysis of the crack surfaces, broken
tip-lip and the vibration data revealed a fatigue problem probably caused by rubbing between the damaged blade and the nearby wall. To demonstrate this theory, a numerical blade model was used. First, this numerical model was
validated by an experimental modal analysis. Then, the pressure due to the water load was applied and, finally a contact force was introduced in the model. Results showed an increase in the stress in the part where the crack started.
Therefore, both experimental and numerical evidences demonstrate that the crack appeared in the blade due to rubbing between the blade tip and the stationary wall.

2.2 Damage description
The case reported in this paper corresponds to a Kaplan turbine with a head of 34 m and maximum power of 73 MW. It is a vertical machine supported by a thrust bearing in the lower side of the generator, and two radial
bearings, one in the turbine side and another in the generator side. The runner has 6 blades rotating at 125 rpm and the distributor has 24 guide vanes. The tip clearance is of 0.09% the outlet diameter of the runner.
Periodically, vibration monitoring is carried out to supervise the condition of the turbine. This procedure consists of measuring the vibration on some accessible points of the machine allowing the detection of abnormal
vibrational behavior and, in some cases, incipient damage. For this case, data was measured in the bearings in axial and radial directions. In one of the measurements, the vibration monitoring system detected an increase in the overall
vibration levels, as well as a clear change in the spectra obtained by performing the Fast Fourier Transform (FFT) of the time signal. Therefore, the machine was stopped and inspected.
The inspection of the runner showed a large crack starting from the leading-edge side root hole of one of the blades (Fig. 2). A detail of the crack is seen in Fig. 3, where the beach marks can be also discerned. The beach
marks show that the damage was caused by a fatigue problem. In addition, some scratches were found on the whole perimeter of the stationary wall and the tip-lip of the damaged blade was also found broken (see Fig. 4 and Fig. 5).
This fact leads one to think that a contact between the tip-lip of the blade and the wall occurred. To better understand how the blade was broken, a further investigation using a numerical blade model is carried out in the following
sections.

Fig. 2 View of the blade with crack. a) Pressure side. b) Suction side.
alt-text: Fig. 2

Fig. 3.Fig. 3 Detail of the crack. a) From the pressure side. b) From the suction side.

alt-text: Fig. 3

Fig. 4.Fig. 4 View of the runner from below. Non-damaged blade (left) and damaged blade (right).
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Fig. 5.Fig. 5 Detail of the broken tip-lip and scratches in the stationary wall. a) Detail of the broken tip-lip. b) Detail of the scratches in the wall.
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3.3 Analysis of the machine vibration
As mentioned above, the machine was monitored periodically by analyzing vibration in the bearings. Analyzing the vibration overall levels as well as the spectra of every measured point, the status of the machine can be
evaluated [19–21]. However, first, it is essential to understand the origin of the vibration in the turbine.
Vibrations generated by Kaplan turbines can be of mechanical origin or of hydraulic origin. Mechanical origin forces are mainly the centrifugal forces, which depend on the distribution of the rotating mass and on the rotational
speed. The hydraulic forces can be divided in two types: the static loads and the hydrodynamic loads. The static load is caused by the mas-flow passing through the runner and therefore they are higher for higher generating powers
[12]. The hydrodynamic loads mainly come due to the Rotor Stator Interaction (RSI), although they can also provide from other hydraulic phenomena such as vortex rope, tip vortex or Vortex-shedding [14,15,22–24].
The RSI arises from the interference between the rotating blades of the runner and the stationary guide vanes [25]. In Kaplan turbines, RSI is not as important as in Francis turbines or Pump-turbines, but it still exists. Viewed
from the stationary frame, the RSI frequency depend on the rotating speed of the runner (ff), the number of rotating blades (Zb) and the order of harmonics (n):
Eq. 1(1)

The excitation shape corresponding every fb, n is the superposition of several excitation modes (k) that can be calculated with the following expression:
Eq. 2(2)

where Zv is the number of guide vanes and m the order of harmonics from the rotating view. The highest amplitudes are obtained for the minimum values of |k|. For this case, the combination of m and n that minimizes |k| is
m = 1 and n = 4, being k = 0. The sign of k indicates the rotation of the pressure pulsation. If it is positive the pressure pulsation rotates in the same direction than the runner and if it is negative, it rotates in the opposite direction.
Fig. 6(a) shows a typical vibration signature of a Kaplan turbine in a turbine bearing without any damage. The vibration signature for the generator bearing without any damage is seen in Fig. 7(a). Three peaks can be clearly
identified: ff, fb,2 and fb,4. However, a sudden increase in the harmonics related with the ff was found when the blade was broken (see Fig. 6(b) and Fig. 7(b)). The unbalance, related with the ff increased considerably in comparison with
the one with the machine in good condition (Fig. 6(a) and Fig. 7(a)). These symptoms coincide with a severe unbalanced rotating machine and with a blade contacting in the stationary wall during operation, which would induce one
strong impact to the blade every revolution, exciting also the natural frequencies of the system.

Fig. 6.Fig. 6 Comparison between the spectra before damage (a) and with damage (b). Turbine bearing.
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Fig. 7.Fig. 7 Comparison between the spectra before damage (a) and with damage (b). Generator bearing.
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The overall vibration levels of all the measured points also increased considerably. Fig. 8 shows these levels for the turbine bearing and the generator bearing. After the reparation of the blade, the symptoms observed with the
broken blade disappeared.

Fig. 8.Fig. 8 Overall vibration levels along the time. a) Turbine bearing. b) Generator bearing.
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4.4 Numerical simulation
A numerical model of one blade has been built up in order to simulate the stress distribution in the blade. This numerical model considers the rod, the blade and the tip-lip (see Fig. 9). Ansys Workbench 17 [26] has been used
to solve all the simulations in this paper. The material used in the simulation is stainless steel (density of 7750 kg/m3, Young’'s Modulus of 193GPa and Poisson’'s ratio of 0.31). The blade is fixed at the rod using a totally fixed support.
The mesh sensitivity was strictly checked and the mesh density at the root holes, which are the typical stress concentrator points, was especially increased. Finally, about 1.4 · 105 tetrahedral elements were used, as shown in Fig. 9.

Fig. 9.Fig. 9 View of the mesh.
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First, a modal analysis was performed and the results were compared with experimental values (see Section 5). Once the numerical model was validated, the typical static pressure distribution over a Kaplan blade was applied
in the model. This pressure distribution was applied according to the reference [14] (see Fig. 10(a)). In this reference, the pressure distribution was obtained by CFD (Computational Fluid Dynamics). The static pressure distribution in
Kaplan blades depends on the operating point because the blades present different angle for every flow rate. In this case, the pressure distribution used corresponds to 67% of guide vane opening, which is a point slightly below the
BEP (Best Efficiency Point). The rotating speed was also introduced to the blade to consider the inertia effects. The stress distribution was obtained for this pressure distribution. After that, one tangential force and one radial force
were applied in the blade tip, just were it was found broken in the prototype (see Fig. 10(b)). These forces model the behavior of a contact with the stationary wall. As the value of these forces was not known, different values were
tested to see the influence of those forces on the stress distribution over the blade.

Fig. 10.Fig. 10 Pressure pattern (unit: Pa). b) Contact forces.
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5.5 Experimental modal analysis

To validate the numerical model, an Experimental Modal Analysis (EMA) [27–29] was done. De Souza Braga et al. [30] studied the modal behavior of an axial flow turbine numerically and experimentally. The results showed that
the blades’' mode-shapes are not affected between each other, therefore the modal behavior of the whole runner can be represented by the modal behavior of a single blade.

5.1.5.1 Set-up and instrumentation
The EMA was done on a non-damaged blade of the runner, as shown in Fig. 11. The blade was impacted using an instrumented hammer (Dytran 5802A, 220 μV/N) and the response was measured using an accelerometer (Kistler
8752A, 100 mV/g). Both accelerometer and sensor were connected to a Bruel & Kjaer (LAN XI Type 3053) acquisition system which recorded the signals in the time domain. The blade was impacted always in the same point (see Fig.
11) and the accelerometer was moved to 21 different positions in order to represent the mode-shape of the blade for every natural frequency. This method is called roving accelerometer [27,28]. Three impacts were done in every

position of the accelerometer in order to compute the average of them. The positions where the accelerometer was placed are shown in Fig. 11.

Fig. 11.Fig. 11 Experimental Modal Analysis. Not include the radius, not necessary.
alt-text: Fig. 11

5.2.5.2 Signal analysis
To analyze every point, a frequency response function (FRF) between the accelerometers and the hammer was computed. The average in a frequency domain of three impacts was used taking 8 s of time signal and a frequency
resolution of 0.125 Hz (400 Hz maximum frequency analyzed). The coherence function was also computed between the accelerometer and the hammer in order to ensure the accuracy of the experimental testing. In that way, one FRF
was obtained for every point where the accelerometer was located (21 in total). Using the 21 FRFs, an operational deflection shape (ODS) [28,31] of the runner can be obtained.

5.3.5.3 Natural frequencies and mode-shapes
A FRF of one of the points analyzed is shown in Fig. 12. The first five natural frequencies of the blade are observed between 0‐ and 200 Hz. The mode-shapes associated to every of those natural frequencies are shown in Table 1
and in supplementary videos. In this table, the results obtained by simulation are also shown. It is seen that there is a good agreement between experiment and simulation since both mode-shapes and values of natural frequencies are
very close.

Fig. 12.Fig. 12 Frequency Response Function. Change mode-shapes names by Mode 1, Mode 2, Mode 3, Mode 4, Mode 5.
alt-text: Fig. 12

Table 1.Table 1 Experimental and numerical modes. Mode-shapes animations added as supplementary material.
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6.6 Dynamic response of the blade
To determine the effect of rubbing on the stress distribution of the blade and its relationship with the crack appearance, a static structure analysis of the blade was performed. To do so, first, a typical pressure distribution in
Kaplan turbines is applied to the structure as explained in Section 4 and then, a contact force was applied in the tip of the blade.

6.1.6.1 Stress distribution under normal operating conditions

Once the pressure pattern over the blade is applied, the stress distribution due to this pressure is obtained. Therefore, this stress distribution corresponds to the normal operating conditions of the machine and it is shown in
Fig. 13(a). The displacement of the blade is also shown in Fig. 13(b). It is observed than the maximum stress in the blade is located in the zone where the crack started in the machine. The stress distribution matches with other

previously obtained in other Kaplan turbine prototypes [12].

Fig. 13.Fig. 13 a) Displacement of the blade under normal operating conditions. b) Stress distribution under normal operating conditions.
alt-text: Fig. 13

6.2.6.2 Stress distribution with rubbing
To model the rubbing, a radial force and a tangential force were applied to the blade (see Fig. 10(b)). The value of these forces is not known, hence different values were tested in the simulation. Fig. 14 shows how the value of
these forces affect the maximum stress value located in the root of the blade, where the crack started. The figure shows the stress normalized against the value found without any rubbing (Section 6.1). It is seen that for the contact
forces from 106N to 107N, the stress value increases drastically. From the case of the scratched wall and broken tip-lip, the contact force in this researched case ought to be very high. Therefore, with the appearance of these tangential
and radial forces the stress in the root increases and it demonstrates the appearance of the crack in the blade.

Fig. 14.Fig. 14 Normalized maximum stress changes with contact force.
alt-text: Fig. 14

However, not only the stress in this point increases, but also the stress distribution changes due to the appearance of a tangential and radial force in the blade tip. Fig. 15 shows the displacement and stress distribution due to
different values of tangential and radial forces. It can be observed that the stress is also higher in the zone of the tip-lip, just where it was also found broken. This fact demonstrates why this part was also found broken in the machine
inspection.

Fig. 15.Fig. 15 Displacement and stress distribution a) Tangential force value of 106N. b) Radial force value of 107N.
alt-text: Fig. 15

7.7 Conclusions
In this paper, an uncommon failure of a Kaplan turbine blade has been analyzed to find out the causes that provoked it.
Kaplan turbine blades are prone to have fatigue problems due to high hydraulic loads. The root area is usually the high-stress area and is easy for the crack to initiate. In the present case, a large crack occurred on one blade
starting from the leading-edge side root hole. This damage generated an increase in the vibrations of the machine that was detected by the monitoring system.
After inspection, beach marks were found on the crack surfaces, which indicated that the crack was caused by fatigue. At the same time, some scratches were found on the chamber wall and the tip-lip near the leading-edge
was broken. This showed that there had been a contact between the damaged blade and the wall.
To research the effect of the contact on the stress distribution of the blade and its relationship with crack appearance, static structure analysis was done. To validate the numerical model used for static structure analysis,
experimental modal analysis was done on an intact blade and the results showed that both the modes and their appearance sequences had good agreements with the numerical results.
For static structure analysis, the hydraulic pressures on the pressure and suction sides from the literature as well as the centrifugal force due to the rotation were implemented together. The results showed that with the
increase of the contact force, the stress at the leading-edge root hole increases drastically. A high-stress area also appeared at the tip-lip zone. Therefore, it ought to be the high contact force that caused the crack and broken tip-lip to

occur.
Supplementary data to this article can be found online at https://doi.org/10.1016/j.engfailanal.2019.01.056.
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Highlights
• A large crack was discovered in a Kaplan turbine blade.
• A failure investigation of the crack was performed.
• Experimental research on the dynamic behavior of a Kaplan turbine blades was carried out.
• A numerical model of the Kaplan turbine blade was validated and used for studying the origin of the crack.
• Rubbing between the blade and the stationary wall was demonstrated to be the cause of the crack appearance.
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