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Abstract: One of the main causes of damage in hydraulic turbines is cavitation. While not all
cavitation appearing in a turbine is of a destructive type, erosive cavitation can severely affect the
structure, thus increasing maintenance costs and reducing the remaining useful life of the machine.
Of all types of cavitation, the maximum erosion occurs when clouds of bubbles collapse on the
runner surface (cloud cavitation). When this occurs it is associated with a substantial increase in
noise, and vibrations that are propagated everywhere throughout the machine. The generation
of these cavitation clouds may occur naturally or it may be the response to a periodic pressure
fluctuation, like the rotor/stator interaction in a hydraulic turbine. Erosive bubble cavitation
generates high-frequency vibrations that are modulated by the shedding frequency. Therefore,
the methods for the detection of erosive cavitation in hydraulic turbines are based on the
measurement and demodulation of high-frequency vibrations. In this paper, the feasibility of
detecting erosive cavitation in hydraulic turbines is investigated experimentally in a rotating disk
system, which represents a simplified hydraulic turbine structure. The test rig used consists of
a rotating disk submerged in a tank of water and confined with nearby axial and radial rigid surfaces.
The excitation patterns produced by cloud cavitation are reproduced with a PZT (piezoelectric patch)
located on the disk. These patterns include pseudo-random excitations of different frequency bands
modulated by one low carrier frequency, which model the erosive cavitation characteristics. Different
types of sensors have been placed in the stationary and in the rotating parts (accelerometers, acoustic
emission (AE), and a microphone) in order to detect the excitation pattern. The results obtained for
all the sensors tested have been compared in detail for the different excitation patterns applied to the
disk. With this information, the best location and type of sensor to detect the different excitations have
been identified. This study permits improving the actual technique of detecting erosive cavitation in
hydraulic turbines and, therefore, to avoid operation under these circumstances.
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1. Introduction

Nowadays, hydropower plays an important role in the energy market since it is the only
renewable source which is able to compensate for the non-constant energy production of wind or solar
power [1–3]. This means that hydro units regulate their power depending on the other renewable
sources’ production to ensure the stability of the grid and to satisfy the energy demand. However,
when hydraulic turbines regulate their power below and above their best efficiency point (BEP),
they present different dynamic problems [4–7] which affect the useful life of the mechanical parts of
the turbine.

Appl. Sci. 2018, 8, 451; doi:10.3390/app8030451 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0001-7125-0734
https://orcid.org/0000-0003-1777-1840
http://www.mdpi.com/journal/applsci
http://dx.doi.org/10.3390/app8030451


Appl. Sci. 2018, 8, 451 2 of 18

One of the most important problems that always appear in hydraulic turbines is cavitation [8,9].
Cavitation is the formation of vapor cavities in a liquid due to rapid changes in pressure [10].
These cavities can grow, collapsing implosively and emitting large-amplitude shock-waves [11].
This cavitation phenomenon is very important in Francis or reversible pump turbines [8], since their
runners are designed to have the maximum efficiency for a given head and flow rate, hence, cavitation
appears out of this design point. In Kaplan turbines, cavitation is less likely to occur because they can
regulate the angle of their runner blades depending on the head and the flow rate, ensuring a high
performance in the whole operating range. The cavitation phenomenon in hydraulic turbines has been
studied for many years, especially in laboratory models [12–16].

Different types of cavitation can appear in hydraulic turbines [8,9]. The most important are:
leading edge cavitation ((1) in Figure 1), travelling bubbles cavitation ((2) in Figure 1), draft tube
swirl ((3) in Figure 1), inter-blade vortex cavitation ((4) in Figure 1), von Karman vortex cavitation
((5) in Figure 1), and tip vortex cavitation (only in Kaplan turbines). Of all types of cavitation,
the maximum erosion occurs when clouds of bubbles collapse on the runner surface (cloud cavitation).
The generation of these cavitation clouds may occur naturally or it may be the response to a periodic
pressure fluctuation like the RSI (rotor stator interaction) in the hydraulic turbine.

The cavitation phenomenon may be different in a real prototype than in the laboratory model
because it depends on the operating conditions, therefore, its detection on-site in the power plant
is necessary [17,18]. In the past, different studies [9,17–24] were published about the experimental
detection of cavitation in hydraulic turbine prototypes. The idea was to detect the shockwaves
generated by the collapse of the cavitating bubbles, which are transmitted through the hydraulic
turbine structure, by means of analyzing high-frequency vibrations. To do so, accelerometers and
acoustic emission (AE) sensors were placed in different parts of the machine. The advantages and
drawbacks of every location tested are summarized in the following points:

- Detection with accelerometers in the guide vanes [9,17,19,20,22]: It is a direct measurement
but it is only useful for entrance cavitation. It is difficult to separate from erosive and
non-erosive cavitation.

- Detection with accelerometers and AE sensors in the turbine bearing [9,17,22]: Only erosive
cavitation is detected, but it is an indirect measurement and the transmission characteristics from
the runner to the bearing are unknown and filtered.

- Detection with accelerometers in the draft tube [17,22]: Only for draft tube swirl cavitation. It is
non-representative of the erosion suffered by the runner.

- Detection with accelerometers in the shaft [21]: Direct path from the runner, but more complicated
measurement with the possibility of having also generator excitations.

Two different high-frequency analysis techniques were used to detect erosive cavitation in the
previous studies: analyzing the RMS (root mean square) value at high-frequency bands (over 10 kHz)
and applying amplitude demodulation techniques, such as the Hilbert transform [25], to obtain the
low-frequency oscillation of the cavitation cloud. Figure 1 shows an example of a prototype Francis
turbine analyzed with the aforementioned technique. In this case, the power spectrum and amplitude
demodulation of a high-frequency band (10–15 kHz) are shown for an accelerometer located in the
turbine bearing. Three different operating conditions were analyzed: 70%, 85%, and 100% of the guide
vane opening or the maximum power. It is observed than the amplitudes of the spectrum are higher
for the 100% of the maximum power and lower for the 70% operating condition. Moreover, the main
frequencies related with the rotating speed, RSI, and their harmonics are present when demodulating
the signal for the case of 100% of the maximum power, whereas they are not seen in the 70% operating
condition. After several hours of operation at 100% of maximum power, severe erosion damage was
found in the blades, which was associated with unstable inlet leading edge cavitation.



Appl. Sci. 2018, 8, 451 3 of 18
Appl. Sci. 2018, 8, x FOR PEER REVIEW  3 of 18 

 
Figure 1. Sketch of a Francis turbine runner showing different types of cavitation and the current 
method to detect cavitation. The typical cavitation zones are highlighted in green. Adapted with 
permission from [9], Elsevier, 2006. 

Therefore, it seems that the power spectrum amplitude increases and that different peaks appear 
in the demodulation of the high-frequency bands when erosive cavitation is present in comparison 
with the non-cavitation case. However, there are still some problems to be solved with this method: 

- The transmission path from the runner to the measuring position can only be known in air (the 
runner could be impacted during an overhaul [17]) but not in water and under operation. 

- No correlation between existing cavitation and the measured signals can be obtained: the 
cavitation cannot be visualized in the prototype [25].  

- The excitation characteristics of the cavitation are an unknown. 
- It is not clear which high-frequency bands have to be used for every sensor for the analysis. 

In this paper, all of these uncertainties are studied using an experimental test rig. The test rig 
consists of a rotating disk submerged and confined in water. The disk has been instrumented with a 
PZT (piezoelectric patch) [26–30] and different sensors (accelerometers, AE, and a microphone) have 
been located in the rotating and stationary parts of the test rig. In that way, the transmission of 
different excitation patterns simulating cavitation to the different parts of the test rig can be studied 
in detail. Therefore, since the excitation is completely known, the best transmission path from the 
excitation to the measuring point can be obtained, as well as the best sensor for its detection. The 
results obtained in this study permit improving the current methods to detect and monitor [20,31,32] 
erosive cavitation in hydraulic turbines. 

2. Experimental Investigation 

The experimental investigation carried out in a laboratory test rig is explained in this section. 
First, the test rig used is described, then the instruments used are listed and, finally, all the 
experimental tests conducted are explained. 
  

Figure 1. Sketch of a Francis turbine runner showing different types of cavitation and the current
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Therefore, it seems that the power spectrum amplitude increases and that different peaks appear
in the demodulation of the high-frequency bands when erosive cavitation is present in comparison
with the non-cavitation case. However, there are still some problems to be solved with this method:

- The transmission path from the runner to the measuring position can only be known in air
(the runner could be impacted during an overhaul [17]) but not in water and under operation.

- No correlation between existing cavitation and the measured signals can be obtained:
the cavitation cannot be visualized in the prototype [25].

- The excitation characteristics of the cavitation are an unknown.
- It is not clear which high-frequency bands have to be used for every sensor for the analysis.

In this paper, all of these uncertainties are studied using an experimental test rig. The test rig
consists of a rotating disk submerged and confined in water. The disk has been instrumented with
a PZT (piezoelectric patch) [26–30] and different sensors (accelerometers, AE, and a microphone) have
been located in the rotating and stationary parts of the test rig. In that way, the transmission of different
excitation patterns simulating cavitation to the different parts of the test rig can be studied in detail.
Therefore, since the excitation is completely known, the best transmission path from the excitation to
the measuring point can be obtained, as well as the best sensor for its detection. The results obtained
in this study permit improving the current methods to detect and monitor [20,31,32] erosive cavitation
in hydraulic turbines.

2. Experimental Investigation

The experimental investigation carried out in a laboratory test rig is explained in this section. First,
the test rig used is described, then the instruments used are listed and, finally, all the experimental
tests conducted are explained.
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2.1. Test Rig Description

The test rig used in this paper consists of a rotating disk submerged and confined in water
(see Figure 2). The disk is made of stainless steel and it rotates at f f = 4.1 Hz by means of a transmission
belt driven by a motor (Mavilor MLV-072) (Mavilor Motors S.A., Santa Perpètua de Mogoda, Spain),
which rotates five times faster than the disk (20.5 Hz). The rotating speed is controlled and stabilized
with a computer. The excitation and response signals are transmitted from the rotating to the stationary
frame through a Michigan S10slip ring. This system is mounted at the tip of the shaft. This test
rig has been used in previous studies to analyze the dynamic behavior of the submerged disk-like
structures [26,28,29,33–35].
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disk at the desired frequency bands. The PZT works in a range of −100 V to 250 V. For the signal 
generation, a NI-9263 (National Instruments, Austin, TX, USA) module was used. This module could 
generate four independent analog outputs with an amplitude of −10 V to 10 V. With an OEM-835 
(OEM Systemas Company, Reno, NV, USA) amplifier the analog signal was amplified by 25, so the 
sent signal to the patch had the desired level. Additionally, a signal to monitor the excitation was sent 
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To measure the excitation and response of the rotating structures, the disk was instrumented 
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Figure 2. Sketch of the experimental test rig and the sensors installed. ADISK, accelerometer in the disk;
AINF, accelerometer in the inferior cover; ABEAR, accelerometer in the bearing; ASH, accelerometer
in the shaft; ESH, acoustic emission sensor in the shaft; ETT, acoustic emission sensor in the superior
cover; ATT, accelerometer in the superior cover; ALAT, accelerometer in the lateral cover.

2.2. Instrumentation

The disk was instrumented with a PZT (piezoelectric patch) (PI-876A12) glued to the disk with
an epoxy component, LOCTITE 454 (Loctite, Hartford, CT, USA). This PZT was used to excite the
disk at the desired frequency bands. The PZT works in a range of −100 V to 250 V. For the signal
generation, a NI-9263 (National Instruments, Austin, TX, USA) module was used. This module could
generate four independent analog outputs with an amplitude of −10 V to 10 V. With an OEM-835
(OEM Systemas Company, Reno, NV, USA) amplifier the analog signal was amplified by 25, so the
sent signal to the patch had the desired level. Additionally, a signal to monitor the excitation was sent
to the data acquisition system.

To measure the excitation and response of the rotating structures, the disk was instrumented with
a miniature and submergible accelerometer (ADISK in Figure 2) (Dytran 3006-A, sensitivity: 100 mV/g)
and the shaft with another accelerometer (ASH in Figure 2) (MMF Type KS91B, sensitivity: 10 mV/g)
and an AE sensor (ESH in Figure 2) (Brüel and Kjaer Type 8313) (Brüel & Kjaer, Naerum, Denmark).

Moreover, different sensors were located in the stationary parts of the test rig: one accelerometer
in the upper cover (ATT in Figure 2) (Kistler 8752A50, sensitivity: 100 mV/g) (Kistler, Winterthur,
Switzerland), one in the lower cover (AINF in Figure 2) (MMF Type KS91B, sensitivity: 10 mV/g)
(Metra Mess-und Frequenztechnik, Radebeul, Germany), one in the side cover (ALAT in Figure 2)
(Dytran 3006-A, sensitivity: 100 mV/g) (Dytran Instruments Inc, Chatsworth, CA, USA) and another
one in the bearing (ABEAR in Figure 2) (Dytran 3006-A, sensitivity: 100 mV/g). An AE sensor
(Brüel and Kjaer Type 8313) (Brüel & Kjaer, Naerum, Denmark) was also installed in the upper cover
(ETT in Figure 2), as well as a microphone (Brüel and Kjaer Type 4957) near the test rig.
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The signals were acquired using an acquisition system (Bruel and Kjaer Type 3038) module.
The acquisition frequency was set to 25.6 kHz.

2.3. Tests Conducted

In order to represent in the present test rig the typical excitation of erosive cavitation in
hydraulic turbines, different excitation patterns were applied to the disk using the PZT. In this
case, a pseudorandom excitation in three different ranges of frequency was selected [36]: in the band
1–2 kHz (PS1), in the band 10–11 kHz (PS2), and in the band 20–21 kHz (PS3). Moreover, each one of
these pseudorandom excitations was multiplied by a given low-frequency value in order to represent
the low-frequency hydraulic phenomena in hydraulic machines. The low frequencies selected were
f 1 = 22.1 Hz (see Equation (1)), which represents the RSI in the hydraulic turbine, and f 2 = 1.4 Hz
(see Equation (2)) which represents the vortex rope phenomenon. These values were selected of the
same order of those that usually appear in hydraulic turbines, and non-multiple or harmonics of
the rotating frequency of the disk. For every pseudorandom excitation, three different tests were
conducted: one with only the pseudorandom excitation, one with the pseudorandom excitation and
the f 1, and another one with the pseudorandom excitation and the f 1 and f 2 frequencies (see Table 1
and Figure 3):

Envelope1 = cos(π· f1·t) (1)

Envelope2 = cos(π· f2·t + θ) (2)

where θ is an arbitrary phase between Envelope1 and Envelope2.

Table 1. Excitation patterns applied to the disk using the PZT (piezoelectric patch).

Excitation Name Excitation Characteristics

Exc-1-2kHz-0 PS1
Exc2-1-2kHz-1 PS1*Envelope1
Exc3-1-2kHz-2 PS1*Envelope1*Envelope2
Exc-10-11kHz-0 PS2
Exc-10-11kHz-1 PS2*Envelope1
Exc-10-11kHz-2 PS2*Envelope1*Envelope2
Exc-20-21kHz-0 PS3
Exc-20-21kHz-1 PS3*Envelope1
Exc-20-21kHz-2 PS3*Envelope1*Envelope2

Appl. Sci. 2018, 8, x FOR PEER REVIEW  5 of 18 

and Kjaer Type 8313) (Brüel & Kjaer, Naerum, Denmark) was also installed in the upper cover (ETT 
in Figure 2), as well as a microphone (Brüel and Kjaer Type 4957) near the test rig. 

The signals were acquired using an acquisition system (Bruel and Kjaer Type 3038) module. The 
acquisition frequency was set to 25.6 kHz. 

2.3. Tests Conducted 

In order to represent in the present test rig the typical excitation of erosive cavitation in hydraulic 
turbines, different excitation patterns were applied to the disk using the PZT. In this case, a 
pseudorandom excitation in three different ranges of frequency was selected [36]: in the band 1–2 
kHz (PS1), in the band 10–11 kHz (PS2), and in the band 20–21 kHz (PS3). Moreover, each one of 
these pseudorandom excitations was multiplied by a given low-frequency value in order to represent 
the low-frequency hydraulic phenomena in hydraulic machines. The low frequencies selected were 
f1 = 22.1 Hz (see Equation (1)), which represents the RSI in the hydraulic turbine, and f2 = 1.4 Hz (see 
Equation (2)) which represents the vortex rope phenomenon. These values were selected of the same 
order of those that usually appear in hydraulic turbines, and non-multiple or harmonics of the 
rotating frequency of the disk. For every pseudorandom excitation, three different tests were 
conducted: one with only the pseudorandom excitation, one with the pseudorandom excitation and 
the f1, and another one with the pseudorandom excitation and the f1 and f2 frequencies (see Table 1 
and Figure 3): 1 = cos( · · ) (1) 2 = ( · · + ) (2) 

where θ is an arbitrary phase between Envelope1 and Envelope2. 

Table 1. Excitation patterns applied to the disk using the PZT (piezoelectric patch). 

Excitation Name Excitation Characteristics
Exc-1-2kHz-0 PS1 

Exc2-1-2kHz-1 PS1*Envelope1 
Exc3-1-2kHz-2 PS1*Envelope1*Envelope2 

Exc-10-11kHz-0 PS2 
Exc-10-11kHz-1 PS2*Envelope1 
Exc-10-11kHz-2 PS2*Envelope1*Envelope2 
Exc-20-21kHz-0 PS3 
Exc-20-21kHz-1 PS3*Envelope1 
Exc-20-21kHz-2 PS3*Envelope1*Envelope2 

 
Figure 3. Example of the different excitations used. 

Therefore, a total of nine different types of excitations were applied to the disk (see Table 1). 
These nine excitations were applied to four different configurations: (1) the disk in air without 
rotation; (2) the disk in water without rotation; (3) the disk in air with rotation (ff = 4.1 Hz); and (4) 
the disk in water with rotation (ff = 4.1 Hz). In this way, the influence of the water and the rotation 
could be evaluated for the different excitations applied. 

Figure 3. Example of the different excitations used.

Therefore, a total of nine different types of excitations were applied to the disk (see Table 1).
These nine excitations were applied to four different configurations: (1) the disk in air without rotation;
(2) the disk in water without rotation; (3) the disk in air with rotation (f f = 4.1 Hz); and (4) the disk
in water with rotation (f f = 4.1 Hz). In this way, the influence of the water and the rotation could be
evaluated for the different excitations applied.
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2.4. Signal Analysis

To analyze the signals acquired during the different tests, three different signal analysis methods
were applied: coherence between the sensor and the PZT, FRF (frequency response function) between
the sensor and the PZT and amplitude demodulation analysis to every sensor signal. These methods
are explained in detail in the following sections.

2.4.1. Coherence

The coherence between two signals x(t) and y(t) is defined by Equation (3) [36], where Sxy(f ) is the
cross-spectral density of the signal and Sxx(f ) and Syy(f ) are the power spectral density functions of x(t)
and y(t), respectively. f is frequency and t is time:

Coherencexy =

∣∣Sxy( f )
∣∣2

Sxx( f )·Syy( f )
(3)

In this case, x(t) is any of the sensor signals and y(t) the excitation signal sent to the PZT. If this
value is close to 1, both signals are coherent, which means that the signals acquired by the sensors are
caused by the excitation of the PZT. A good coherence between the sensor and the PZT indicates that
the transmission path is good. However, if the coherence is close to 0, it means that there is no linear
causality effect between the sensor and the excitation signal and, therefore, in this case, it is not useful
for the detection of erosive cavitation.

2.4.2. Frequency Response Function (FRF)

The FRF between two signals x(t) and y(t) is defined as in Equation (4) (also known as FRFH1 [36]),
where X(f ) and Y(f ) are x(t) and y(t) in the frequency domain. Again, in this case, x(t) is any of the
sensors signal and y(t) the excitation signal sent to the PZT:

FRFH1 =
X( f )
Y( f )

·Y
∗( f )

Y∗( f )
(4)

A FRF constant along the frequency band studied means that the excitation and the response
are totally proportional, whereas a non-constant FRF gives the response of the structure due to the
excitation. To detect erosive cavitation, it is convenient to have a constant FRF along the frequency
band, which means that the sensor is directly detecting the excitation and not the structural response
due to that excitation.

2.4.3. Amplitude Demodulation Analysis

The demodulation procedure starts filtering the time domain signal in the frequency range studied
to remove the low-frequency and high-frequency content outside the frequency range. Then the
envelope of the filtered signal is computed using an algorithm based on the Hilbert transform (Hi) [9].
Mathematically, the Hilbert transform of a time signal x(t) is defined as in Equation (5):

Hi(x(t)) =
1
π

∫ ∞

−∞
x(τ)

1
t− τ

dτ (5)

The envelope is obtained by forming the complex analytical signal x̃(t), which is the sum of the
time signal x(t) (real part) and the Hilbert transform of x(t) (Equation (5)) (imaginary part):

x̃(t) = x(t) + jHi(x(t)) (6)

The analysis of the resulting envelope in Equation (6) in the frequency domain permits identifying
the modulating frequencies inside the high-frequency band selected for the study. In this case,
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after applying this analysis to the signals acquired by every sensor, it is desired to obtain the rotating
frequency (f f) or the modulating frequencies f 1 = 22.1 Hz and f 2 = 1.4 Hz depending on the case.
The amplitude of the frequencies obtained after applying this analysis can be compared for all the
sensors to determine the best sensor to detect erosive cavitation.

3. Results and Discussion

The results obtained for every configuration tested are presented in this section. First,
the coherence between the sensors and the PZT is shown and commented. Then the FRF between the
different sensors and the PZT is presented and, finally, the amplitude demodulation analysis for the
different sensors is discussed.

3.1. Coherence

The coherence between the sensors and the PZT was computed for all the configurations tested.
Figure 4 shows the coherence for the sensors installed in the rotating frame and for the three different
excitation frequency bands while the disk was standing in air and in water (no rotation). It is seen
that coherence is very good for the accelerometer located in the disk (ADISK) and for the AE sensor
located in the shaft (ESH) for all the frequency bands, and in air and in water. The points with
minimum coherence correspond to antiresonances of the disk [36], so they can be neglected. However,
the accelerometer located in the shaft (ASH) presents different results for the lower frequency band
(1–2 kHz), where the response of the structure dominates and, therefore, it is not coherent in this zone.
For the higher frequency band (20–21 kHz) this accelerometer is coherent both in air and in water.
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Nevertheless, the results of the sensors installed in the stationary parts of the test rig present
different results (see Figure 5). The accelerometer in the bearing (ABEAR) shows similar results than
the one located in the shaft, so it is thought that both are measuring the same kind of information but in
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a different reference frame. The other sensors present better coherence when the disk is submerged in
water than in air. This means that the vibration of the disk is mainly transmitted to the stationary parts
through the water, and that the mechanical transmission from the disk to the stationary parts is poor.
The AE sensor has a good coherence for all the frequency bands with the disk in the water, whereas
the microphone better detects the disk vibration for the middle frequency band tested (10–11 kHz),
also with the disk in water. The accelerometer located in the lower casing presents only good coherence
for the higher frequency band (20–21 kHz) and again only with the disk submerged in water.

Figures 4 and 5 show the coherence for different excitation bands and sensors, in air and in water
in the non-rotating case. The same kind of analysis was performed with the disk rotating at 4.1 Hz and
the results obtained were almost the same.
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3.2. FRF

The frequency response function was computed for those sensors where the coherence was higher,
both in air and in water configurations. Those sensors are the ones located in the rotating frame (ADISK,
ASH, and ESH). Figure 6 shows the FRF of these three sensors for the excitation “Exc-20-21kHz-0”. It is
observed than the FRF in air for the three sensors is not completely constant, the accelerometers being
the ones that better detect the structural response. In water, the accelerometer in the disk (ADISK) and
the AE sensor in the shaft (ESH) present a constant FRF, whereas the accelerometer in the shaft (ASH)
detects some structural response. Moreover, the phase is also constant for the AE sensor. This means
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that this sensor receives the propagation of the excitation with no relevant interference from the
dynamic behavior of the mechanical system in the excited frequency range. This is an important
conclusion, because it means that, in comparison with the accelerometer in the shaft, an AE sensor can
better detect the excitation and it eliminates the structural response of the shaft. The same results are
obtained for the other frequency bands tested and for the AE sensor in the shaft.Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 18 
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3.3. Amplitude Demodulation Analysis

An amplitude demodulation analysis was also performed for all the configurations tested. First,
the results without modulating frequencies are shown, then the results with one modulating frequency
and, finally, the ones with two modulating frequencies.
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3.3.1. Without Modulating Frequencies

The results presented in this section are the ones obtained with the excitations called
“Exc-1-2kHz-0”, “Exc-10-11kHz-0”, and “Exc-20-21kHz-0” in Table 1. Without any modulating
frequencies and only the pseudorandom excitation, after an amplitude demodulation analysis, the only
frequency expected to be found is the rotating frequency (f f) for those cases under rotation in case
there is a misalignment in the shaft.

Figure 7 shows this amplitude demodulation analysis for the sensors installed in the rotating
frame. It is observed that, for the accelerometer in the shaft (ASH), the rotating frequency is clearly
seen for both cases in air and in water, and with greater amplitude in the case of the high-frequency
band. The accelerometer in the disk (ADISK) also sees this rotating frequency, but only in the case
of the water, where probably the misalignment of the rotating structures is higher. However, the AE
sensor located in the shaft (ESH) does not capture this rotating frequency for any of the excitation
bands tested. This is another proof that this sensor is not detecting the structural response of the shaft,
but it is detecting only the excitation by the transmission of acoustic waves through the structure.
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Figure 7. Amplitude demodulation for the sensors on the rotating frame and the excitation without
any modulating frequencies. Rotating case (f f = 4.1 Hz).

The results for the stationary sensors are shown in Figure 8. The accelerometer located in the
bearing (ABEAR) presents similar results than the one located in the shaft (ASH in Figure 7): it detects
the rotating frequency and its harmonics, especially in the high-frequency band (20–21 kHz). However,
the rest of sensors from the stationary frame also detect the rotating frequency of the motor (20.5 Hz),
its harmonics, and its subharmonics. This is because the vibration of the motor at its rotating frequency
is also transmitted through the air and through the support, which is the same piece as the rest of
the casing. Therefore, stationary sensors, especially the microphone and the AE sensors in the casing,
in this case, are also affected by the motor vibration and not only by the vibration of the rotating part.
This is a particular situation in this test rig, but it has to be considered for the analysis of the results.
Even so, the accelerometer located in the casing (ATT) is able to detect the rotating frequency of the
disk in the case of water for the excitation of 10–11 kHz, where the transmission is better through the
liquid, as commented in Section 3.1.
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3.3.2. With One Modulating Frequency

The results presented in this section are the ones obtained with the excitations called
“Exc-1-2kHz-1”, “Exc-10-11kHz-1”, and “Exc-20-21kHz-1” in Table 1. With the modulating frequency
of f 1 = 22.1 Hz and the pseudorandom excitation, after an amplitude demodulation analysis,
the frequencies expected to be found are the rotating frequency (f f) for those cases under rotation, as in
the previous case commented in Section 3.3.1., and the modulating frequency f 1 = 22.1 Hz.

Figure 9 shows the results for the rotating sensors as well for the PZT. The results for the PZT give
the information of the excitation for the different excitation patterns. The amplitude of the modulating
frequency f 1 is higher for the lower frequency band tested. This fact is due to the PZT characteristics,
which behave differently at different frequency bands. Comparing the AE sensor in the shaft (ESH)
with the excitation (PZT), the results are almost the same, which confirms that the EA sensor in the
shaft represents very well the excitation in the disk. The cases where the rotating frequency was not
found have been zoomed around the f1 in Figure 9. The accelerometers in the disk (ADISK) and in
the shaft (ASH) give the same information than without any modulating frequency for the rotating
frequency (f f), but adding the modulating frequency f 1. In the case of the accelerometer of the disk
(ADISK), this frequency (f 1) is better seen in the frequency band of 10–11 kHz, whereas in the shaft it
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is better seen in the frequency band of 20–22 kHz. This is related to the frequency resonance of every
accelerometer, which is different for this both cases.

The results for some stationary sensors are shown in Figure 10. In this figure the most relevant
sensors for the detection of the f 1 modulating frequency are shown. It is observed that the accelerometer
located in the bearing (ABEAR) presents similar results than the one located in the shaft (ASH in
Figure 9). This observation was also pointed out in the analysis without any modulating frequency
(Section 3.3.1). Again, the high-frequency band is better able to detect the modulating frequency f 1.
The accelerometer installed in the upper cover (ATT) does not detect the modulating frequency in air,
since the transmission of the disk vibration without water is very poor for this sensor (this was also
confirmed in the coherence Section 3.1). However, it is clearly detected in the configuration with water,
and the results obtained are very similar to those obtained with the accelerometer installed in the
disk (ADISK in Figure 9). For this kind of accelerometer, the band 10–11 kHz is the best to detect the
modulating frequency f 1. Moreover, the microphone does not detect the modulating frequency f1 since
it is mainly receiving the information of the motor rotating speed, as it was commented in Section 3.3.1.
Again, the AE sensor located in the head cover presents the same results than the microphone, since it
is detecting the acoustic waves transmitted by the motor more than the ones transmitted by the PZT.
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3.3.3. With Two Modulating Frequencies

The results presented in this section are the ones obtained with the excitations called
“Exc-1-2kHz-2”, “Exc-10-11kHz-2”, and “Exc-20-21kHz-2” in Table 1. With the modulating frequencies
of f 1 = 22.1 Hz and f 2 = 1.4 Hz and the pseudorandom excitation, after an amplitude demodulation
analysis, the frequencies expected to be found are the rotating frequency (f f) for those cases under
rotation, as in the previous case commented in Section 3.3.1, and the modulating frequencies
f 1 = 22.1 Hz and f 2 = 1.4 Hz.

The results obtained for the analysis of the two modulating frequencies and the sensors of the
rotating frame are shown in Figure 11. The conclusions here are almost the same than in the case of
one modulating frequency: the AE sensor in the shaft (ESH) detects the excitation and not the response
of the structure, the accelerometer of the disk (ADISK) detects both modulating frequencies but better
in the range of 10–11 kHz, and the accelerometer of the shaft (ASH) is affected by vibrations induced
by the motor when water is considered, and it detects the modulating frequencies better at 20–21 kHz.
The main difference between one and two modulating frequencies is that near the f 1 modulating
frequency appear two other frequencies which correspond to f 1 − f 2 and f 1 + f 2, respectively. This has
to be considered when analyzing complex systems with more than one modulating frequency, as in
the case of a hydraulic turbine.

The results for the stationary sensors are plotted in Figure 12. Again, the same conclusions than
in the case of one modulating frequency can be extracted with this results, but with the difference that
the f 2 modulating frequency can also be observed as a difference between f 1 and the nearby peaks.
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The microphone, as well as the AE sensor located in the upper cover, does not obtain the
modulating frequencies f 1 and f 2, but it detects vibrations induced by the motor. This means that the
transmission of the acoustic waves through the air is stronger for the motor vibrations than for the
disk vibrations.

The accelerometer located in the upper cover (ATT) again detects similar information than the one
installed in the disk (ADISK) when there is water, which confirms than the transmission disk-cover
is due mainly to the water. This accelerometer senses the modulating frequencies better in the
10–11 kHz band, which confirms that every kind of accelerometer and every position in the test rig
has its own best high-frequency band to detect low-frequency phenomena by means of amplitude
demodulation techniques.
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4. Conclusions

In this paper, the current method to detect erosive cavitation in hydraulic turbines by analyzing
high-frequency vibrations has been revised by studying its main existing uncertainties. This method is
based on measuring high-frequency vibrations provoked by the collapse of cloud cavitation bubbles
near the runner in different parts of the machine. It compares RMS values and amplitude demodulation
of different high-frequency bands and different sensors. However, the transmission path from the
runner to the measuring points is not known when the machine is under operating conditions,
as there is no visual correlation of cavitation and the measured signals, and it is still not clear which
high-frequency bands have to be used for every sensor located in every position of the machine.

To optimize this current method, a simplified test rig based on a rotating disk submerged in
water has been used. The disk has been excited with a PZT reproducing the excitation patterns caused
by erosive cavitation, hence, the phenomenon of cavitation is not present in the test rig. Several
sensors, including accelerometers, AE sensors, and a microphone, have been installed in the rotating
and stationary parts of this test rig. This way, the excitation is completely known and, therefore,
the transmission path between the excitation and the measuring point is obtained for every sensor.
Different high-frequency bands have also been tested to study which are the best to detect the excitation
for the different sensors. Thus, the best sensor and position to measure the given excitation is obtained.

The results obtained show that the sensors installed in the rotating frame are the best to detect the
excitation at high-frequency given to the disk. Especially, the AE sensor installed in the shaft was the
best sensor to detect the excitation, since it is able to eliminate the structural response of the shaft and
only obtain the information of the excitation, for all kinds of frequency bands tested. Accelerometers
located in the shaft and in the disk detect both excitation and structural response, which can be
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distinguished using the amplitude demodulation analysis. For these sensors, the excitation is better
transmitted at high frequency (10 to 11 kHz or 20 to 21 kHz).

For the sensors installed in the stationary part, it has been demonstrated that the transmission of
the disk vibration was better when the disk was submerged in water than in the case of the disk in air.
This means that the disk vibration is mainly transmitted through the water. The accelerometer in the
bearing presents similar results than the one located in the shaft, and the accelerometer in the upper
cover shows relevant information also obtained by the accelerometer in the disk. The microphone and
AE sensor located in the stationary frame are contaminated by the vibration of the motor and, in this
case, they are not very useful to obtain the excitation in the disk.

The comparison made in the present study permits improving the current method to detect
cavitation in hydraulic turbines. In this case, the best position and sensor have been selected as an AE
sensor in the shaft, which works properly in both low- and high-frequency bands.
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Nomenclature

AE Acoustic Emission
BEP Best Efficiency Point
RMS Root Mean Square
RSI Rotor Stator Interaction
PS Pseudorandom
PZT Piezoelectric Patch
f Frequency
t Time
Hi Hilbert transform
θ Phase shift
f f Rotating frequency
f 1 Modulating frequency at 22.1 Hz
f 2 Modulating frequency at 1.4 Hz
FRFH1 Frequency Response Function
Sxx(f ) Power Spectra Density function of x(t)
Syy(f ) Power Spectra Density function of y(t)
Sxy(f ) Cross-spectral Density function of x(t) and y(t)
τ Variable which satisfies τ 6= t
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