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Abstract. The increase in the share of wind and solar energy production in Europe 
has led to changing demands for the storage capacity of pumped storage 
hydroelectric plants, requiring considerable changes in operating conditions, such as 
the sequence and number of load cycles. As a result, the assumptions underlying the 
design of components for the expected lifetime may no longer be valid. Non-
destructive in-service inspections during the regular scheduled outages contribute to 
safe and reliable long-term operation. In the later stages of the design life, it can be 
necessary to introduce additional non-destructive in-service inspections for critical 
areas of highly stressed components. Because of the change in operational 
conditions, material fatigue became one of the leading damage mechanisms in 
highly stressed components of hydroelectric power plants, limiting the lifetime of 
these components. If fatigue cracks are detected, further analysis is required to 
determine whether a limited continuation of operation is possible. Measures 
typically consist of a removal of the crack-affected material and a fracture 
mechanics analysis of the remaining lifetime. In addition, a reliable non-destructive 
testing technique is required for repeated inspections of the critical areas after a 
limited number of load cycles determined by the lifetime analysis. In this paper, we 
present the results of ultrasonic inspections of a high-stress area at the inner surface 
of a rotor hub, including a performance demonstration of the UT technique on real, 
service-induced cracks. The inspection technique can be applied at short intervals 
without complete disassembly of the turbine and the shaft of the rotor hub, which 
limits the impact on availability and operating costs.  

Introduction  

The highly flexible hydroelectric pumped-storage plants play an important role in the 
transition to an increased percentage of renewable energy sources. They serve as storage 
capacity for excess energy during peak production from wind and solar, and help stabilize 
the power grid. Most of the pumped storage plants in operation today were originally 
designed to compensate for the daily fluctuations in energy demand, while continuously run 
coal-fired and nuclear plants supplied baseload demand. Since the production patterns for 
wind and solar differ considerably from those of large conventional plants, the resulting 
changes in the operational conditions of the pumped storage plants, in particular the 
modified load cycles, have an impact on the remaining lifetime. Fatigue has become one of 
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the leading damage mechanisms in highly stressed components of hydroelectric power 
plants. Existing lifetime predictions and inspection intervals need to be reevaluated, in 
particular after the detection of fatigue crack initiation. This new focus on fatigue has also 
led to the development of a new guideline for fatigue loaded components in hydropower 
plants [1].  

1. Background: Detection of Fatigue Cracks and Concept for Remaining Lifetime  

1.1 Fatigue Crack Detection and Evaluation  

As part of a scheduled in-service inspection of Unit 3 at SEO’s Vianden station in January 
of 2015, the turbine was disassembled and the shafts were disconnected from the rotor hub, 
allowing surface inspection of the inner surface of the rotor hub. The design of the rotor 
hub is shown in Figure 1. This type of rotor hub consists of two hollow cast steel parts with 
a relatively small wall thickness, bolted together at the center. The high-stress areas are 
located at the inner surface at the transition from the conical section to the flange, which 
connects the rotor hub to the shaft. Fatigue cracks are expected to initiate in the radius at 
this transition. As part of an extensive inspection program, MPA Stuttgart was tasked with 
a magnetic particle inspection (MT) of the high-stress areas at the inner surface of the 
disassembled rotor. This inspection revealed several circumferential crack indications with 
lengths of up to 300 mm, Figure 2.  

In order to decide about a potential repair and continued operation of the rotor, it 
was decided to determine the remaining crack-free wall thickness as a basis for a fatigue 
analysis and a fracture mechanics analysis of the remaining lifetime. Depth profiles of the 
three longest cracks were obtained through step-by-step drilling into the cracked radius at 
several positions along the crack, followed by magnetic particle inspection after each step 
until the bottom of the drilled hole showed no MT indication.  

The resulting crack profile (Figure 2) was used as a basis for a modified design with 
a different geometry of the inner surface, which would result in complete removal of the 
cracked material. A detailed fracture mechanics analysis using data for mechanical 
properties obtained from material samples from both parts of the rotor, led to the 
conclusion that it would be safe to continue operation for a limited time. However, the 
inspection intervals for NDT of the high stress areas at the inner surface had to be shortened 
considerably.  Also, the detection of these service-induced cracks emphasized the need for 
inspections at shorter intervals for the remaining lifetime of all the rotor hubs of this type, 
affecting a total of 4 units at the Vianden station.  

In order to gain access to the inner surface for magnetic particle testing, the turbine 
and the shafts of the rotor hub have to be fully disassembled, and then reassembled after the 
inspection. This typically takes several weeks, which – including the time for the non-
destructive inspection – results in the unit being off the grid for at least 13 weeks. Parallel 
to the efforts to determine the crack depths, the operator therefore considered possible 
ultrasonic techniques for detection of this type of crack from the outer surface of the rotor 
hub. This would allow inspection without fully disassembling the components, which 
would considerably reduce the outage time to only four days. 
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Figure 1: Design of the rotor hub – 3D view (left) and axial cross section with high-stress area marked (right) 

 
 

1.2 Concept for Future In-service Inspections  

MPA Stuttgart was tasked with evaluating different techniques for ultrasonic inspection of 
the high-stress area at the inner radius from the outer surface of the rotor hub. An initial test 
by manual phased array inspection on the detected service-induced cracks showed that 
these cracks could be detected with longitudinal wave and mode conversion techniques. It 
was concluded, however, that a manual inspection would not be sufficient for reliable 
detection of small cracks and for a clear distinction between cracked and intact regions. 
MPA Stuttgart therefore suggested a mechanized phased array technique. Mechanized 
scanning with the UT probe in axial and in circumferential direction and representation of 
the ultrasonic data in top view and side view images, makes it much easier to connect each 
ultrasonic reflection to the corresponding position in the component, so that different 
sources of ultrasonic signals can be identified more reliably. This is particularly important 
for the rather complex geometry at the radius and the transition to the flange with different 
reflections from geometric features, in addition to reflections from small imperfections in 
the cast steel. Also, detectability of small-amplitude signals from crack tips or crack 
surfaces is considerably improved.     

Considering that a safe operation of the rotors is absolutely essential, it was 
necessary to confirm the capability of the ultrasonic inspection technique to detect the 
relevant crack type at an early stage. A successful performance demonstration of the 
ultrasonic inspection technique on the detected service-induced cracks in the rotor hub of 
unit 3 would provide the required confidence in the technique. Due to a tight schedule for 
repair and reassembly to put Unit 3 back into operation, this performance demonstration on 
the real cracks had to be completed within only a few days after determination of the crack 
depth profiles.  

For implementation of the mechanized inspection, MPA initiated cooperation with 
Müller & Medenbach GmbH (MuM), who – in addition to their expertise in mechanized 
UT – had a scanner ready for use on the rotor hub geometry. This way, the performance 
demonstration and qualification of an ultrasonic phased array technique on the real, service-
induced cracks could be completed within the given limited timeframe.  
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Figure 2: Crack depth profile of the service-induced cracks used for UT qualification 

 

2. Qualification of Ultrasonic Technique  

In many cases performance demonstrations of NDT techniques are limited to test blocks 
with artificial flaws or with cracks produced in the lab because real, service-induced cracks 
are not available. Here, the exact type of crack to be detected by the qualified technique 
could be used on the actual component, so that a successful detection of these real cracks 
would provide the required high level of confidence in the ultrasonic technique.  

Based on the initial test with manual inspection and on past experience, two phased 
array probes operating at 2 MHz with wedges optimized for generation of longitudinal 
waves were selected, one dual array probe in transmit-receive configuration and one single 
array probe. Both probes were scanned in two directions on the conical surface of the rotor 
hub. The step size in circumferential direction was 4 mm. In axial direction, ultrasonic 
signals were acquired in increments of 1 mm. In addition to a wide range of longitudinal 
wave beam angles from 0° to 60° in increments of 5°, some shear wave beam angles 
between 33° and 45° were implemented. The focal depth was optimized for detection of 
flaws located at the inner radius. Due to the geometry of the component, the primary probe 
orientation was with the sound beam directed towards the flange side of the conical section. 
With the dual array probe, an additional scan with the sound beam directed away from the 
flange was implemented for confirmation of detected indications and detection of possible 
cracks initiating on the flange side of the radius.  

As expected, the service-induced cracks at the inner radius could be detected with 
longitudinal waves beam angles of 45-60°, using the mode conversion of the accompanying 
shear wave at about 30-35°, see Figure 3. The corresponding ultrasonic indication NE1 can 
be clearly identified at the circumferential positions of the three long cracks, and is absent 
in the crack-free regions, Figure 4. The crack lengths determined from the ultrasonic 
signals are comparable to the lengths of the MT indications. With small beam angles, 
reflections from crack surfaces and crack tips could be identified at some positions along 
the crack, despite their considerably lower signal-to-noise ratio compared to NE1. 



5 

Additional indications from reflections at the holes drilled to obtain the depth profile of the 
cracks prevented a reliable depth sizing along the complete length of the cracks.  
The results of the inspection led to the conclusion that cracks at the inner radius between 
the flange and the conical section of the rotor hub could be detected with the applied UT 
techniques with a high level of confidence. The smallest detectable crack depth was 
estimated to be around 2 mm. This estimate was based on the fact that the NE1 indication 
was detected with sufficient signal-to-noise ratio over the complete length of the cracks 
with an actual crack depth of 2 mm near the edges of the MT indications.  

This successful performance demonstration on real cracks was considered to be a 
sufficient basis for a reliable in-service inspection of the rotor hubs. In order to gain 
additional information for a characterization of small flaws, fabrication of a UT test block 
was initiated after unit 3 went back into operation. This test block was machined from cast 
steel block and matches the component geometry in the relevant region around the radius. 
Three 20 mm long EDM notches with depths of 2, 4, and 8 mm were used as reference 
flaws. In addition to the qualified UT technique, some additional longitudinal and shear 
wave beam angles were applied for inspection of the test block. This extended qualification 
using short flaws of defined depth showed some additional signal characteristics at small 
angles which can be used to identify cracks and to estimate the crack depth. 

3. Application for In-service Inspection  

After completion of the repair of Rotor 3, followed by MT surface inspection, the qualified 
ultrasonic technique was used for inspection on the new rotor design in order to generate 
reference data for a comparison with future in-service inspections. In addition, inspections 
were prepared for all the other rotor hubs with comparable geometry at the Vianden station. 
Based on the critical crack depths and fatigue crack growth rates which were obtained by 
fracture mechanics and fatigue analyses for Units 1 and 3 for a crack initiating at the inner 
radius, the inspection interval for the UT inspections was set at 1500 hours of operation. 
 Unit 1 was the first of the remaining three units to be scheduled for in-service 
inspection due to its higher number of load cycles. Also, previous surface inspections had 
revealed some MT indications at the inner radius, which could be removed by minor local 
surface grinding and polishing. The qualified mechanized UT inspection technique was 
successfully applied on the conical sections of the rotor hub, without disassembly of 

 
Figure 3: Mode conversion technique for detection of cracks at the inner radius 
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components, only removal of a cover and installation of a small work platform was 
necessary. This way, the full inspection and evaluation on both sides of the rotor hub could 
be completed within four days, including remounting of generator side-covers and start-up. 
The shallow grooves from the surface polishing at the positions of MT indications in the 
inner radius were clearly visible in the UT images as local reductions of the wall thickness. 
There was no evidence of indications with signal characteristics of cracks in the high stress 
region at the radius.  
 Confirmation of the capabilities of the qualified UT inspection technique was 
obtained during the first in-service inspections of Units 8 and 9. The inner radius at the 
turbine side of the rotor hub of Unit 8 showed three small-amplitude NE1 indications over a 
total range of 380 mm in circumferential direction. The presence of shallow cracks in that 
range was confirmed with the small-angle shear wave at 30°. Comparison with the signal 
characteristics for the EDM notches in the test block allowed concluding with high 
confidence that the crack depth was smaller than 4 mm. Since this crack size was far below 
the critical crack size for the component with a comfortable safety margin for crack growth 
during the determined inspection interval, the rotor could be put back into operation 
immediately. The next in-service inspection after approximately 1500 hours of operation 
revealed no signs of a change in the crack depth or the total length of the crack, only a 
reduction of the indication-free areas within the 380 mm range was observed. This result 
led to the conclusion that the estimated crack growth rate was very conservative and 
allowed for an increase of the inspection interval for Unit 8 from 1500 to 3000 hours of 
operation.  

Ultrasonic inspection on Unit 9 showed two indications with clearly visible signal 
characteristics of cracks with extension in thickness direction. A maximum crack depth of 
approximately 19 mm was estimated from reflections at the crack surfaces. Even though the 
rotor could have continued to operate safely for a limited time, it was decided to initiate a 
repair after only a few days, since further crack growth might eliminate that option. The 
actual crack depth profile obtained using the methods applied for Unit 3 confirmed the 
results of the UT inspection.    
 

 
 

Figure 4: Detection of service-induced cracks using a mode conversion technique (see Figure 3) 
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4.  Summary and Conclusions  

Changes in operating conditions for hydroelectric pumped-storage plants have led to new 
requirements for early detection of fatigue cracks in high-stress regions of ageing 
components to ensure safe operation through the later stages of fatigue life. A mechanized 
ultrasonic phased array inspection technique was successfully qualified using real, service-
induced fatigue cracks at the inner surface of a rotor hub. A clear distinction between 
reflections from the complex geometrical features at the inner surface could be achieved by 
using a mode conversion technique. Reliable detection of small cracks and an estimate of 
crack depth were demonstrated on a test block with relevant geometry and artificial flaws 
with different depths. The qualified UT technique allows inspection of the critical areas 
without disassembly of the turbine and the shaft of the rotor hub, which greatly reduces the 
time and effort required for in-service inspection. The total time for the outage was reduced 
from approximately 13 weeks to only four days. Results of the in-service inspections have 
confirmed the capabilities of the UT technique for detection and sizing of cracks, and 
allowed an increase of the inspection interval for one of the rotors. 
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