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Abstract: The integrity evaluation of the rotor wedges of turbine generators is discussed by
observing the mechanical resonant frequency shift originating from cracks. We propose a simple
method of obtaining the frequency response of the inspection target using point contact piezoelectric
sensors and a network analyzer. Eigenmodes are identified in both experiments and finite element
analysis, and frequency responses are compared. Several resonant frequencies shift to the lower side
owing to the stiffness decrease caused by the crack, and the validity and effectiveness of the method
are discussed. From both measurements and finite element analysis (FEA), the modes where the crack
is located in the high-stress region have a more significant shift than the mode that does not. The shift
was correlated between the FEA and measurement throughout most of the modes.
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1. INTRODUCTION

The rotor wedges of a turbine generator [1–4] hold a

large centrifugal force acting on the rotor coil in the slots of

the rotor iron core. After a prolonged operation, cracks may

appear on the part of a wedge that hooks into the slot, as

shown in Fig. 1. A conventional industrial method enables

the detection of cracks of 0.5 mm or deeper [5]. To prevent

a catastrophic breakdown, periodic health diagnoses should

be performed. Cracks themselves can be detected visually

if every wedge is removed from the slots. However, it is

a labor-intensive task to perform such an inspection for

hundreds of wedges.

The MHz-band ultrasonic pulse-echo method [6] is

commonly used to nondestructively detect cracks of less

than 1 mm depth. However, the method has several

disadvantages, such as it requires a long measurement

time because the entire surface of the part being studied

must be scanned. Furthermore, it cannot detect defects

located in the shadow region of the ultrasonic beam owing

to the uneven shape of the wedge. In addition, the

inspection surface, which is usually covered with dust,

should be cleaned.

Many other methods have been proposed for non-

destructive testing using ultrasound. Linear methods focus

on vibration intensity [7], strain energy [8], or guided

waves [9–13]. Electromagnetic acoustic transducers

(EMATs) [9,14,15] are sometimes used for driving and

detecting ultrasonic vibration. Nonlinear methods such as

imaging using harmonics of airborne ultrasound [16,17]

and nonlinear scattering from closed cracks [18–20] have

also been proposed. In recent years, resistance detection

by ultrasonic heating [21] and defect detection by guided

wave generation using an airborne ultrasonic phased array

[22] have been reported.

If the focus of the inspection is not on the crack

location but on the integrity of the component, inputting a

broadband signal and detecting changes in the frequency

spectrum of the component, which is measured in a healthy

state beforehand, can be an effective method [23,24].

Ghosh et al. [10] and Kundu [12] inputted a wideband

signal to a specimen plate submerged in water and detected

defects from the fluctuations of multiple Lamb wave

modes. Koyama et al. [25] investigated a method of

estimating the amount of liquid in a sealed cylindrical tank

from the resonant frequency shift of an inserted metal rod

because of the mass-loading effect of liquid. Hasebe et al.

[26] evaluated the soundness of the amount of adhesive

material from the resonant frequency shift of anchor bolts
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driven by EMATs. Takata et al. [27] diagnosed the aging

of piping from the resonant frequency shift of the in-plane

bending deformation vibration of cylindrical shells attrib-

uted to the stiffness change.

For ultrasonic crack detection and evaluation, numer-

ical analysis is used in combination with the above

methods, especially for the visualization of scattering.

Finite difference analysis [28,29] is suitable for handling

time waveforms with low memory usage. Finite element

analysis (FEA) [30,31] has the advantage of modeling

complex geometries and using both eigenvalue and

frequency domain analysis. Boundary element analysis

[32] and the distributed point source method [12,33] are

effective for analysis with few interfaces because they can

handle open regions.

We have studied a method using a point-contact

piezoelectric sensor to measure the frequency responses

of a specimen to detect the existence of cracks. The

advantages of the method are as follows.

(1) Detection is possible using inexpensive sensors and a

low-cost USB-based network analyzer.

(2) Measurement is completed in a few minutes by

pressing the sensor against two fixed points on the

sample.

(3) Inspection is possible for an entire component,

including the shadow zone of a MHz-ultrasonic beam.

(4) The sensor head has a small round shape and easily

penetrates oil or dust on the surface.

(5) Inspection is possible without removing wedges from

rotor slots.

In this paper, we describe the proposed inspection

method and the structure of the piezoelectric sensor, and

investigate the crack detection capability for a metallic

member using the resonant frequency shift. First, as a

preliminary test of the proposed inspection concept, we

conduct crack detection in a two-dimensional T-shaped

component. Second, we apply the method to an actual

wedge component for practical application. Furthermore,

we discuss the relationship between crack-susceptible

modes and the stress distribution through FEA.

The FEA simulation was performed to grasp the

resonance frequencies and their corresponding mode

shapes, as well as the effects of cracks on the frequency

shifts. However, we do not pursue an exact match between

the measured frequencies and the calculated results. This is

because the actual wedges made with the same design

exhibited a slight individual difference in the resonance

frequencies, which might be caused by a production

process. This also means that cracks cannot be detected

from only the post-operational frequency response, but

the initial frequency response must be obtained in a healthy

state beforehand.

2. PRELIMINARY TEST USING
TWO-DIMENSIONAL T-SHAPED

METAL BLOCK

2.1. Target Specimen and Analysis Model

Figure 2(a) depicts the T-shaped test piece made of

structural steel (SS400). Specimens with different sizes of

crack are prepared. The crack depth is d ¼ 0{3 mm (every

0.5 mm), the width is w ¼ 1 mm, and the vertical position

is y ¼ 1 mm from the T-junction to mimic the crack-prone

area indicated in Fig. 1. Owing to the restriction of the

machining available at the laboratory, the crack width was

w ¼ 1 mm, which was larger than a practical one.

Figure 2(b) illustrates the configuration of the point-

contact sensor. The sensor consists of a multilayered

piezoelectric actuator (PC4FL, Thorlabs Inc.), a convex

lens of R ¼ 4:2 mm, and a 13-mm-long back mass. The

multilayered actuator is employed to be driven with a few

volts of the output voltage by the network analyzer used in

Sect. 3. The convex lens increases the setting precision of

the sensor relative to the surface. Since the lens and the

target surface are in point contact, changes in the vibration

Fig. 1 Cross section of rotor wedge and common
location of crack.

Fig. 2 (a) T-shaped specimen for preliminary test and
(b) point-contact sensor.
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characteristics of the test object caused by the sensor. The

round shape of the lens provides freedom for the direction

precision in placing the sensor on the specimen surface. In

the preliminary test, we used a single sensor and obtained

the frequency spectrum of the electrical admittance using

an impedance analyzer (4294A, Agilent). Figure 3 is a

photograph of the measurement setup. Measurement was

performed by pressing the convex lens of the sensor with a

hand against the center of the top surface of the T-shaped

test piece on the sponge sheet.

Figure 4 shows the finite element model, which is

divided into 1 mm elements and has typical material

parameters of steel: Young’s modulus of 210 GPa, Pois-

son’s ratio of 0.3, and density of 7,800 kg/m3. The analysis

was performed using commercial FEA software (ANSYS

2019 R3) with three-dimensional quadratic 20-node hex-

ahedral elements (SOLID186). A node on the middle of the

upper surface of the T-shape is excited by external vertical

force input. Figure 5 shows the displacement amplitudes

and stress distributions for the eigenmodes existing in the

frequency range of 20–80 kHz in a healthy member. Modes

with asymmetric distributions in the depth direction, such

as torsion in the longitudinal bars, which hardly occurs in

an actual wedge with the current excitation method, are

excluded. In all of the above modes, the stress is high near

the T-junction. If a crack occurs in this area, the resonant

frequency is expected to decrease owing to a reduction in

stiffness.

2.2. Frequency Response

Figure 6(a) shows the frequency response of the

vibration displacement for 20–80 kHz (every 100 Hz) with

a unit load input simulated with the finite element method.

Since the driving point is located at the center of the

structure, only the (V1) and (V2) longitudinal vibration

modes can easily be observed. Figure 6(b) shows the

measured electrical admittance characteristics in the same

frequency settings. The prominent peak and dip originating

from the electrical characteristics of the piezoelectric

element should be excluded from our interest, but the

small change around 52 kHz is more noteworthy, and this is

the response of the (V1) mode. The upward global slope in

the measured curves was due to the electrical capacitance

Fig. 3 Photograph of measurement setup.

Fig. 4 Finite element model of T-shaped specimen.

Fig. 5 Bending and longitudinal vibration modes in the
range of 20–100 kHz. Contours show the amplitude of
displacement and von Mises stress.
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of the multilayered piezoelectric actuator. We can hardly

observe the (V2) mode in the electrical measurement.

Therefore, in the following, we focus on the data in the

vicinity of the (V1) mode.

Figure 7 shows the frequency response near the (V1)

mode for different crack depths in every 0.5 Hz.

Figure 7(a) shows the displacements calculated with the

finite element method, while Fig. 7(b) shows the measured

admittances. Although the third significant digit of the

frequency differs between the calculated and measured

data owing to the drift in the measurement temperature and

the possible error in workpiece dimensions, the peak shifts

(� f ¼ fcrack � fno-crack) for the same crack depth are almost

identical: �13 Hz (error: 3 Hz) for a depth of 0.5 mm and

�35 Hz (error: 5 Hz) for a depth of 1.0 mm, where the error

is defined to be j� fmeasure �� fFEAj.
Figure 8 shows the dependence of the peak shift rate

(� f = fno-crack) on the crack depth. The FEA results also

show the shifts for eigenmodes other than the (V1) mode.

Although the original peak positions are not exactly the

same, the experimental and analytical peak shifts agree

within an average error of 20%. The relatively abrupt

change in the vicinity of depth = 0.1 mm in the FEA

results can be attributed to a numerical factor; that is, the

element stiffness tends to be higher than in reality because

the FEA element near the crack becomes thin and

hexahedral with a high aspect ratio [34]. The peak shift

is more than ten times larger for the (B1) mode than the

(V1) mode. Therefore, if we wish to actively use the (B1)

mode to obtain larger shifts, we should change the

excitation position to the left or right edge of the upper

side of the T-shape. However, it is impossible to access

the corresponding part in an actual generator wedge, the

left or right end of the bottom surface in Fig. 1, since the

iron core slot entirely covers it.

2.3. Discussion

In this section, the effectiveness of the above crack

detection method is discussed. Steel parts of industrial

machinery are usually designed with a safety factor of

about ks ¼ 2 [3]. The yield stress [35] of mild steel (SS400)

is �y ¼ 240 MPa, and the fracture toughness [36,37] is

generally considered to be KI ¼ 200 MN/mm3=2. The

critical crack depth dc at which crack propagation proceeds

at the design stress for a one-sided crack in a uniform bar is

derived from [38]

KI ¼
�y

ks

ffiffiffiffiffiffiffiffi
�dc

p
; ð1Þ

giving dc ¼ 0:9 mm. To avoid structure breakdown, we

should detect a crack of this depth (dc ¼ 0:9 mm) or

greater. In the above experiment, we can detect the crack

with the target depth of 0.5 mm from the peak shift of

10 Hz with good signal-to-noise ratio. The crack is

considered to be sufficiently detectable as long as the

sampling frequency is 10 Hz or lower.
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The possibility of false negatives should be discussed

numerically when the crack width w is less than 1 mm, or

the crack is located farther away from the T-junction.

Figure 9 shows the change in frequency shift when the

crack (a) width w and (b) crack height y are changed for

the crack depths d ¼ 0:5 and 1.0 mm. The experimental

results for y ¼ 17 mm are also plotted in (b) because we

have already measured such a sample case. Since the

frequency shift is caused by the decrease in elasticity in the

high-stress region shown in Fig. 5, the effect of the crack

width w is not so significant that a frequency shift of about

10 Hz is observed even when the crack width is almost

zero. Regarding the crack height y, the frequency shift

tends to increase as it moves away from the T-junction up

to 10 mm. There is a possibility that the shift approaches

zero above a height of 20 mm, but this is not a problem

because this height is sufficiently far from the crack-prone

area.

Since the peak shift depends on the crack depth, width,

and position, it is impossible to identify the crack depth

and position from the frequency shift of a single mode.

However, if the frequency response of the healthy state is

obtained beforehand, it can be used to determine whether a

part is in a healthy or unhealthy state.

3. TEST WITH THREE-
DIMENSIONAL WEDGE

3.1. Measurement Settings and Resonant Modes

In this section, we apply the proposed method to a

practical three-dimensional wedge. Figure 10(a) illustrates

the test piece to be inspected [39], the crack-prone area,

and the measurement method. The target part is made of

stainless steel with a length of 300 mm, a width of 51 mm,

and a height of 25 mm, and has three through holes.

Hundreds of wedges are installed in a practical large

turbine generator, and the accessible surface for inspection

is the top one shown in the figure.

A set of multilayered piezoelectric elements with brass

back masses and convex lenses bonded to them is used as

an exciter and sensor. A chirp signal is input to one of the

piezoelectric elements located at a quarter length from one

end to excite vibration. The other element receives the

vibration at a quarter length from the other end to obtain

its transfer function. The transfer function is measured to

avoid the electrical capacitance effect observed in Fig. 6.

In the sensor shown in Fig. 10(b), the back mass in

Fig. 2(b) is replaced with a brass cylinder having a higher

mass to keep the pressing condition constant using gravity.

The test wedge is placed on the sponge sheet, and the

two elements are held by hand during the measurement. A

low-noise preamplifier (ITHACO, 1201 Low Noise Pre-

amplifier) is employed to increase the output signal by a

factor of 20. The expensive network analyzer was replaced

by Analog Discovery 2 (Digilent Inc.), a low-cost USB-

based analog circuit measurement tool, to acquire the

transfer function. The low-cost measurement tool worked

well for our purpose because it exhibited enough frequency

accuracy and stability owing to the quartz-oscillator-based

clock. Although the absolute precision in the magnitude of

transfer function was poorer than the impedance analyzer,

the absolute magnitude was not necessary for the proposed

method. Owing to the electrical capacitance of the sensor

head, the input voltage of 5 V drops by half between 20

and 40 kHz. Therefore, the evaluation is based on the gain

of the transfer function between the input and output

voltages, GV ¼ jVout=Vinj.
Figure 11 is a photograph of a crack formed to mimic a

typical one. A wire cutter was used to make a 0.3-mm-

wide, 5-mm-deep incision at the preferred location of the

crack at an angle of elevation of 45� and an angle of

azimuth of 60�. A 10-mm-long cut is visible in front of the

crack. After measuring the frequency response of the sound

member, the artificial crack was created, and the frequency

response was measured again.

Figure 12 depicts the finite element model with a

crack (i). The wedge part with a crack is divided into
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tetrahedral quadratic element with a size of 2 mm. The

crack is created by performing a boolean difference

operation on the original CAD model of the wedge as in

Figs. 12(b) and 12(c). Models with cracks (ii) and (iii) are

also created and analyzed independently. The input in the

harmonic vibration analysis is a point excitation by an

external force. The receiver acquires the displacement of

the surface nodes at the measurement location. In the FEA,

the evaluation is based on the gain of the transfer function

of the displacement amplitude, Gu ¼ juðzÞout=uðzÞinj. Three

crack patterns are also considered in the analysis to

evaluate the effect of the crack location. Crack (i) in

Fig. 12 has the same location and shape as the exper-

imental crack in Fig. 11. Cracks (ii) and (iii) are created

using a cylindrical tool with a height of 0.3 mm and a

radius of 10 mm at an elevation angle of 45� and a depth

of 5 mm. Crack (ii) is located at the center of the bar,

while crack (iii) is located at a quarter length from the bar

end.

The modes of the original wedge in the 10–40 kHz

frequency range are analyzed. The modes can be roughly

classified into four types on the basis of the number of

nodes.

Figure 13 shows (5–9,0) bending modes, where bend-

ing occurs only in the length direction. The number of

nodes in the (length, width) direction distinguishes the

bending vibration modes. As a representative example, the

stress distribution of the (8,0) mode is displayed. Although

this mode group exists from a relatively low frequency,

the stress is almost zero around the crack(i)-prone area,

and hardly any modal frequency shift of these modes is

expected.

Figure 14 shows (1–4,2) modes, which are bending

modes with two nodes in the width direction. The (2,2)

mode does not appear in the frequency response because of

the driving position. A significant resonant frequency shift

can be expected since these modes have high stress near the

crack(i)-prone area.

Figure 15 shows the (V2–6) longitudinal vibration

modes. In the longitudinal vibration mode, almost no stress

is generated at the edge of the member; thus, hardly any

frequency shift because of the preferred site (i) is expected.

Figure 16 shows the (H4–6) modes originating from

the opening and closing of through holes. The obtained

vibration patterns are similar to that of the (m,2) mode, and

the peak shift is expected in the (H4) mode because high

stress is generated around crack(i)-prone area. However,

Fig. 12 (a) Finite element model of wedge specimen
with crack (i). (b) Boolean operation of creating crack
(i). (c) Bolean operation of creating crack (ii) and (iii).

Fig. 13 (m,0) bending modes for frequency range of
10–40 kHz.

Fig. 11 Photograph of specimen with simulated crack.
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hardly any shift is expected in the (H5) and (H6) modes

since almost zero stress is generated at the edge.

3.2. Frequency Response Results

Figure 17 shows the acquired frequency characteristics

in every 5 Hz. The experimental values in (a) and (c) are

the voltage gain GV measured with the network analyzer,

and those in (b) and (d) are the displacement gain Gu

calculated through the FEA. Although there is a slight

difference in the position of the peak, some of the modes in

the 30–40 kHz range are shifted to the lower-frequency side

by the crack in both the experiment and the FEA. Figure 18

shows the frequency shift of these modes. The bending

modes (m,0) with no nodal line in the width direction and

the longitudinal vibration mode (V) show almost no shift in

the case of crack (i), both of which are subjected to almost

zero stress at the end of the member. In contrast, the

bending vibration modes (m,2) with two nodal lines in the

width direction exhibit shifts of 10 Hz order, and the shift

direction is consistent between the experiment and the

analysis. This is because the modes with bending in the

width direction are subjected to higher stress at the crack

site than in the surrounding area.

Despite the same crack size, the shift in the FEA is only

about half of the experimental one. In addition, in the (m,0)

and (H5,6) modes, a positive peak shift due to the decrease

in edge mass is generated in the experimental data, which

Fig. 14 (m,2) bending modes for frequency range of
10–40 kHz.

Fig. 15 Longitudinal modes for frequency range of 10–
40 kHz.

Fig. 16 Hole-related modes for frequency range of 10–
40 kHz.
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is not observed in the FEA. The cause of the error could be

the difference in the void volume of the crack between the

experiment and the FEA. In addition, tetrahedral elements

larger than the crack width tend to have higher stiffness

than in reality, which is unavoidable owing to the

limitation in computational power.

When the crack position is varied, a peak shift is

observed in the modes that did not respond to the edge

crack (i). For example, the (H6) mode is highly responsive

to the center crack (ii) and the (H5) mode is highly

responsive to the quarter crack (iii). In addition, in the case

of cracks (ii) and (iii), lower-order bending modes (m,0)

respond. This is considered to result in the decrease in

stiffness due to the crack at the high-stress site of each

mode.

On the basis of this fact, we may locate a crack using

the trend of the peak shift of each mode. At the same time,

however, some modes are unaffected by the crack location.

This means that it is necessary to detect the peak shift of a

considerable number of modes such as (m,2) and (Hm) to

judge the integrity of a member comprehensively, instead

of focusing on one specific mode.

4. CONCLUSION

To evaluate the integrity of the rotor wedges of turbine

generators, we proposed a diagnosis method based on the

frequency response taken using a point-contact piezo-

electric sensor. The natural frequencies of the wedge

member were shifted to the lower side by a crack. First,

we studied the dependence of the frequency shift on the

crack shape in a two-dimensional T-shaped member. Then,

we investigated the frequency shift of an actual wedge

member. The specific modes were downshifted by a crack

in both experiments and FEA. The possibility of utilizing

the frequency shift for the detection of cracks was

discussed.

In future work, it will be necessary to develop a

practical setup to cope with an actual site where the wedge

member is tightly held in the generator rotor slot. A method

of compensating for the frequency shift due to contact with

the iron core and for the environmental temperature drift

should be developed. Since the contact load changes in a

long-term generator operation, a method of removing this

effect from the frequency response is necessary.
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