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An Investigation of the
Relationship Between Acoustic
Emission, Vibration, Noise,
and Cavitation Structures on a
Kaplan Turbine

The goal of the study was to explain the relationship between different acoustic signals
and visual appearance of cavitation. Measurements of acoustic emission, vibration, and
noise were performed on a Kaplan turbine model, with only two blades, in a cavitating
condition. Since a model with only two blades was used, most of the side effects were
eliminated, and it was concluded that the cavitation itself is the source of the recorded
signal. Results showed an interesting relationship between the extent of the cavitation and
the recorded data from sensors. At a decreasing cavitation number, the recorded ampli-
tudes from all measurements first rose, experienced a local maximum, then fell to a local
minimum, and finally rose again. The cavitation was also visually observed. It was
concluded from the measurements that there are distinct correlations between acoustic
emission, vibration, and noise on one side and the topology, extent, and type of cavitation
structures on the other side. A physical explanation for the phenomenon was introduced
and included in a semi-empirical model that links the visual appearance of cavitation on
the blade of the turbine to the generated noise and vibration. [DOI: 10.1115/1.2754313]

1 Introduction

The phenomenon of cavitation, characterized by vapor genera-
tion and condensation, occurs frequently in hydraulic machines. It
causes vibration, increase of hydrodynamic drag, changes in the
flow hydrodynamics, erosion, thermal and light effects (such as
luminescence), generation of noise, and acoustic emission.

The most commonly used method for identifying the presence
of cavitation in hydraulic machines is based on observations of the
drop in efficiency. It must be noted that cavitation starts to de-
velop before the usual “critical” point, the 1% drop in efficiency
in turbine model testing. It is generally accepted that the pressure
for inception of cavitation is not constant and varies with fluid
physical properties and the surface roughness of the hydraulic
equipment. Other techniques, such as vibration analysis [1-3],
hydrophone observations, and application of the high-frequency
acoustic emission technique [4-6] in condition monitoring of ro-
tating machinery, have been growing over recent years. Typical
frequencies associated with these techniques range from 5 kHz to
1 MHz. On the other hand, in model testing, visualization of cavi-
tation is becoming an important aspect of cavitation research
[7-9]. The interesting trend, where when the cavitation number is
decreased, the measured signal first rises, experiences a local
maximum, then falls to the local minimum, and rises again, is
actually well known and was first reported by Pearsall [10] who
investigated cavitation noise and vibration in a centrifugal pump.
A similar trend on an inducer pump was also measured by Go-
palakrishan [11]. However, a thorough explanation of the trend
was never given.

This paper discusses the measurements of acoustic emission,
vibration, and noise on a two-bladed Kaplan turbine. Parallel to

lCorresponding author.

Contributed by the Fluids Engineering Division of ASME for publication in the
JoURNAL OF FLUIDS ENGINEERING. Manuscript received June 21, 2006; final manuscript
received April 2, 2007. Review conducted by Yu-Tai Lee. Paper presented at Eu-
ronoise 2006.

1112 / Vol. 129, SEPTEMBER 2007

Copyright © 2007 by ASME

conventional measurements, images of cavitation structures were
recorded. It was discovered that a correlation exists between the
acoustic emission, vibration, and noise on one side, and topology,
type, and extent of cavitation structures on the other side. Finding
deterministic links between the acoustical signal and the cavita-
tion structures could lead to improvement of the monitoring and
control of hydraulic machines.

A physical explanation of the processes involved in the noise
generation is given in this paper. To quantify our observations, the
conclusions drawn from the results of experiment are introduced
as a semi-empirical model that also includes theories of cavitation
cloud collapse [12,13] and attenuation of the pressure wave [14].
A similar model was previously successfully used for the predic-
tion of cavitation erosion on different geometries [15,16]. The
present model could be used to predict the cavitation noise and
also to determine the type of cavitation that appears in turbines.

2 Experimental Setup

Experiments were performed at the low head closed-loop test
rig for Kaplan turbines (Fig. 1). Model tests were performed ac-
cording to IEC 60193 standard [17]. The flow rate was measured
with an absolute accuracy of +0.16% of the measured value (Ven-
turimeter calibrated with volumetric method) and £0.20% of the
measured value (electromagnetic flowmeter). The head was mea-
sured with an uncertainty of less than +0.1% of the measured
value.

Experiments were first conducted on a four-bladed Kaplan tur-
bine model with specific speed n,=3.21 and nominal outside di-
ameter of 350 mm. The Reynolds number was held constant dur-
ing the experiment Re=2.6 X 10° (based on the blade tip velocity
and the blade chord length).

Because of the distorted signals from noise, the measured
acoustic signals from the four-bladed turbine show an unclear
cavitation trend from the interaction of multiple blades. This un-
clear trend is also demonstrated from the visual measurements. In
order to isolate the cavitation features, a two-bladed Kaplan tur-
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Fig. 1 Low head closed-loop test rig for Kaplan turbine test-
ing: 1, model turbine; 2, motor-generator; 3, circuit pumps; 4,
pressure tank; 5, suction tank; 6, flowmeters; and 7 and 8,
regulation and by-pass valves, respectively

bine was therefore constructed from the original four-blade con-
figuration by removing two blades. The two-bladed turbine has, of
course, higher specific speed than the original. The efficiency of
the two-bladed turbine certainly deviates from the original design.
However, a similar cavitation condition and phenomena would be
expected with the same revolution speed, guide vane opening,
flow rate, cavitation number, and lower head as for the original
four-bladed turbine.

Because of the physical nature of cavitation, sensors with a
large frequency range were used. The acoustic emission sensor
and accelerometer were mounted on the flange in the horizontal
plane at the beginning of the suction tube. The hydrophone was
mounted on the suction tube close to the impeller. Actual positions
of the sensors, stroboscopic light, and the charge-coupled device
(CCD) camera can be seen in Fig. 2.

2.1 Acoustic Emission Sensor. For the detection of the high-
frequency noise, an acoustic emission sensor Kistler §152A1 was
used. It contains a piezoelectric element that detects acoustical
waves in solids with a frequency ranging from 50 kHz to 400 kHz
(x10 dB). The sensor was mounted according to ASTM E 650-85
standard [18]. It was connected to the signal-conditioning device,
a Kistler AE-Piezotron Coupler 5125A, which contains the sen-
sor’s current supply, the amplifier, a two-pole Butterworth high-
pass (50 kHz cutoff frequency), and low-pass (1 MHz cutoff fre-
quency) filters.

2.2 Hydrophone. A Bruel and Kjer (B & K) type 8103 high-
frequency hydrophone was used. It can be used for sound mea-
surements with a frequency ranging from 0.1 Hz to 180 kHz.
(x12.5 dB). The hydrophone was connected to the charge ampli-
fier B&K-type 2635. The hydrophone was submerged in a small

container filled with water and attached to the outside surface of
the draft tube. The acoustical signal was transmitted from the flow
field, through the Plexiglas and water to the hydrophone. To im-
prove the amplitude resolution of the high-frequency component
before A/D conversion, the low-frequency signal (up to 2 kHz)
was removed with an analog filter KEMO VBF42.

2.3 Accelerometer. A Bruel and Kjer type 4393 accelerom-
eter was used. It has a flat frequency response from 0.1 Hz to
~15 kHz. The typical mounted resonance frequency is ~55 kHz.
The calibration curve was considered so that the vibrations could
be measured almost up to the accelerometer resonance region (fre-
quency range 30-50 kHz (+7 dB)). Despite this deficiency, the
results were similar to those of the acoustic emission and hydro-
phone measurements. The accelerometer was connected to the
amplifier B&K-type 2635.

2.4 Data Acquisition. The acoustic emission, hydrophone,
accelerometer, and trigger signals were simultaneously sampled at
a 12-bit resolution with a 1 MHz sampling rate for 20 s to pre-
serve the full frequency range of each transducer for further analy-
sis. To avoid the possible aliasing phenomenon, the sampling fre-
quency was at least five times higher than the observed frequency
range. PC-based sampling was carried out simultaneously over
four channels using a National Instruments PCI-6110E A/D con-
verter card. Data sampling and post-processing were performed
with software developed in LABVIEW on 2 X 107 samples of com-
plete acquired signal from each transducer.

2.5 Blade-Passage Modulation Level. Amplitude demodula-
tion (or envelope analysis) is a method of signal analysis, which
includes elements of signal treatment in the time and frequency
domain. Shaft rotation in hydraulic machinery is a fundamental
motion that influences all other phenomena. Turbine blades en-
counter a nonuniform and nonsteady flow field at the entrance.
The dominant frequency contained in the cavitation signal is the
blade-passage frequency (BPF). The cavitation signal is modu-
lated by the blade-passage frequency. In order to demodulate sig-
nal, bandpass filters are used to extract the other frequencies. The
filtered signal is then processed by the Hilbert transform or by full
wave rectification to obtain the envelope signal. The Fourier trans-
form of the envelope represents the demodulated spectrum G ,(f).
The modulated intensity (power) I, is then

f2
IM=J GM(f)df (1)

N

Abbot et al. [3] showed that the blade-passage modulation level
(BPML) can be used as a measure of cavitation intensity on the
blade

Fig. 2 Experimental setup: 1, accelerometer; 2, hydrophone; 3, AE sensor; 4,
stroboscopic light; 5, CCD camera; 6, trigger; 7, stroboscopic main unit; 8, PC
with video grabber card; and 9, PC with data acquisition
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Fig. 3 Two-bladed impeller model efficiency at various cavita-
tion numbers

n

BPML = ., Gy(f) 2)

i=1

where BPML is a sum over blade-passage frequency harmonic
lines f; given in the demodulated spectrum.

The method can disclose the presence of amplitude modulation
of the high-frequency noise in hydraulic machinery. Since it is
sometimes difficult to distinguish between the basic flow noise
(structural and noncavitating) and the cavitation noise, it is useful
to apply the same technique also to signals of the noncavitating
flow [9].

2.6 Model Turbine Operation Conditions. The present
study concentrates on the most severe cavitation conditions, i.e.,
at the operating point with a full turbine discharge and a minimum
full-size turbine operating head. Cavitation measurements were
performed at a fixed model turbine head (5.4 m), flow rate
(0.44 m3/s), and rotational speed (900 rpm). Only the cavitation
number was changed by adjusting the absolute pressure in the
turbine draft tube. The definition of the cavitation number as used
in water turbine testing is

oo H,-H,—H, 3)
H
where H), is the atmospheric pressure, H; is the suction head, H,
gives the vapor pressure of water, and H is the net head applied to
the turbine.

At first, a negative suction head was achieved by applying over-
pressure in the draft tube (measuring points with cavitation num-
ber o higher than 4.6 in Fig. 3), then a vacuum pump was used to
achieve positive suction head up to the point of full impeller cavi-
tation. In this way, the full range of cavitation conditions was
tested.

3 Results of Measurements

Previous studies showed that signals of acoustical emission,
noise, and vibration will rise with decreasing cavitation number,
reach a maximum, and then fall in a very low cavitation number
region [9]. With the highly cavitating flow, the signal drops be-
cause highly compressible two-phase flow attenuates the pressure
wave and causes the fall of the measured signal.

In another commonly found trend of the acoustical signal with
the cavitation number, one would first observe a rise of the signal
to a local maximum, a fall to a local minimum, and a rise again
[10,11]. A clear and plausible explanation of such a phenomenon
was never given. Present measurements show a similar trend, and
this study focuses on explaining this phenomenon.
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Fig. 4 Results of measurements with acoustical emission
sensor

Diagrams of measured signals with three sensors, i.e., the
acoustic emission sensor shown in Fig. 4, the hydrophone shown
in Fig. 5, and the accelerometer shown in Fig. 6, in different
frequency ranges are presented. The data obtained from the acous-
tic emission sensor, the hydrophone, and the accelerometer are
normalized by their maximal values (BPML/BPML,,,,).

3.1 Results of Acoustic Emission Measurements. For the
acoustical emission measurements (Fig. 4), the frequency range
plays no role for the cases with higher cavitation numbers. Both
signals (in the frequency ranges of 60-120kHz and
180-300 kHz) begin to rise at approximately o=3.4, where cavi-
tation first occurs. A maximum of both signals is reached at o
=1.9. After that, the amplitude of the signals drops significantly
until a local minimum is reached at o=1.5. The amplitude of the
signal with the frequency range 180-300 kHz drops slightly
slower in this region, probably because the majority of the eigen-
frequencies of the pressure waves that are emitted during the cavi-
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Fig. 5 Results of measurements with a hydrophone
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Fig. 6 Results of measurements with accelerometer
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tation cloud collapse also lie in this range [12,13]. At even lower
cavitation numbers (o-<1.5), both signals rise again.

3.2 Results of Hydrophone Measurements. For hydrophone
measurements (Fig. 5), the frequency range has greater influence
on the measured signal amplitude. Similarly to the acoustic emis-
sion measurements, the signals begin to rise at incipient cavitation
(0=3.5). The signal with the frequency from 200 kHz to
280 kHz rises the fastest since it is the closest to the eigenfrequen-
cies of the pressure waves that are emitted during the collapse of
vapor structures. The maximum of the three signals is not reached
at the same cavitation number—while the signals with the ranges
of 20-90 kHz and 100-140 kHz reach it at o=1.9, the signal
with the range of 200-280 kHz reaches it at approximately o
=2.1. The signal amplitudes drop when the cavitation number is
further decreased. Interestingly, the signal with the frequency
range of 200—280 kHz drops the fastest. The local minimum is
the same for all the frequency ranges at approximately o=1.5.
Also, similar signals can be seen in a region with o<<1.5.

It seems that the frequency range plays a major role in hydro-
phone measurements. The sensor responds much quicker (at lower
signal magnitude) when the range of frequencies is closer to the
eigenfrequency of the measured pressure waves.

It is possible that the structural response of the turbine and
other components might affect the measurements, but we believe
these effects are negligible in comparison to the signal of cavita-
tion. This is concluded from a noise measurement of nearly as low
as 40 dB for a noncavitating condition.

3.3 Results of Vibration Measurements. Accelerometer
measurements (Fig. 6) are again less dependent on the range of
frequencies. No significant influence can be seen even in the range
of 30-50 kHz, where the sensor resonant frequency could have an
effect. The signals begin to rise after the incipient cavitation oc-
curs (o=3.4). The maximum of all signals is reached at o=1.9,
and the local minimum occurs at o=1.5. The signals rise when the
cavitation number is further reduced (o<1.5).

It is clear that a sufficient explanation of signal trends cannot be
given at this stage. The local minima probably correspond to the
increased compressibility of the developed cavitating flow. Visu-
alization of cavitation was employed to determine the reason for
the increase of the amplitude at very low cavitation numbers.

4 Visualization of Cavitation Structures

A Sony HC-HRS50 progressive scan monochrome CCD camera
(internal/external synchronization for capturing up to 60 noninter-
laced frames per second at maximum resolution of 659 X 494 pix-
els) with Pentax C-mount lenses 12 mm /1.2 and a stroboscopic
light were used for image capturing and illumination, respectively.
The stroboscopic light and the camera were triggered at a specific
rotation angle of the turbine shaft using an inductive sensor. Im-
ages of the suction side of one blade were taken simultaneously
with the acoustic measurements. For each operating point, 600
images of the same turbine blade were taken during 40 s of data
acquisition (turbine revolution speed was 900 rpm). Images were
digitalized in real time with a National Instruments PCI-1409 im-
age acquisition board in an eight-bit color depth (256 levels of
gray level). In further analysis, only 500 images were retained
(100 images with the most differences from the average were
further discarded).

Figure 7 shows a typical image for the blade cavitation. One
can see the suction side of the blade. The cavitating flow can
occur at three typical positions:

* near the impeller hub-hub cavitation
* on the suction side of the blade-blade cavitation
e on the tip of the blade-tip cavitation

It is not necessary for the cavitation to be present at all three
positions. The blade cavitation, for example, occurs much later (at

Journal of Fluids Engineering

cavitation

oo
»” o

-
o

*
o )
(Y

1

[l

’

4

Blade caviation

Hub cavitation

Fig. 7 A typical image with noted places of cavitation occur-
rence on the blade

a lower cavitation number) than the hub and tip cavitation. The
arc that can be seen in the bottom part of the image is the edge of
the suction tube (the same applies for the images in Figs. 8—10).

Figure 8 shows typical images of cavitation on the blade at
different cavitation numbers. The first operating point at cavitation
number o=8.11 displays one-phase liquid flow. Cavitation first
appears at cavitation number o=3.4 (Tipcipient=3-4). At first, cavi-
tation on the hub and on the tip of the blade is present (Fig. 8).
The cavitation pockets are first attached to the solid body (to the
blade and the hub). The separation of the cavitation clouds occurs

Fig. 8 Typical images of vapor structures at different cavita-
tion numbers
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Fig. 9

Image from the series (left), mean value of gray level u
(middle), and standard deviation of gray level s (right) for three
cavitation numbers

when the pressure is further decreased—at approximately o
=2.63. The position and type of the cavitation remain unchanged
until the cavitation number 0=2.097 is reached. At this stage, the
hub cavitation changes its type from cloud to bubble cavitation—
macroscopic bubbles (radii>1 mm) appear. Meanwhile, the tip
cavitation remains cloudy.

With the decreasing pressure, the cavitation on the hub and the
tip grows. At cavitation number o=1.9, the cavitation on the sur-
face of the blade appears in the form of macroscopic bubbles
(bubble cavitation). The types of cavitation remain the same (hub
bubble cavitation, blade bubble cavitation, and tip cloud cavita-
tion) until the pressure is decreased to the limit where supercavi-
tation on the blade occurs. The first glimpse of supercavitation can
be seen at cavitation number o=1.425; the cavitation covers en-

H-B H-B
TC | TC |H-B H-C
< B-S B-B [d-C T-C
) N
1.0
H-C...hub cloud cav.
0.8 T-C...tip cloud cav.
H-B...hub bubble cav.
é B-B...blade bubble cav.
5‘ 061 B-S...blade supercav.
o
S
= 0.4
o
o
0.2

o
o

!!E::E!lllll I!!!illllll |I=IIIIIIII |IIIIIIIII |IIIIIIIII IIIIIIIIII
2 -

Fig. 10 A typical diagram of acoustical measurements with
noted corresponding cavitation types and positions
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tirely the blade at cavitation number 1.34. Meanwhile, it seems
that the tip cavitation remains cloudy and the cavitation on the
hub remains bubbly.

4.1 Image Post-Processing. Image post-processing is based
on the fact that image n with ij pixels can be presented as a matrix
with ij elements. With eight-bit resolution, there are 256 levels of
gray level for A(i,j,n), in which the matrix element can be 0 for
black pixel and 255 for white pixel

A(i,j,n) € {0,1, ...255} (4)
Each image is presented as a matrix
A(l,1,n) --- A(i,1,n)

(5)

A(1,2,n) -+ A(i,2,n)
tmage(n) = | A

A(1,j,n) A(i,j,n)

Interesting parameters are the mean value of gray level, u(i,j),
and the standard deviation of gray level, s(i, /), of the ijth matrix
element in the series of N images

N
1
e ]—VE‘T Ali,j,n) (6)
1 N
s(i,j) = HE [AGi,j,n) = pli, )T (7)

n=1

Results of functions u(i,j) and s(i,j) are best presented as con-
tour diagrams in matrix form,

w(1,1) m(i, 1)

O ®)
w(1,j) M(;’,J’)
s(1,1) s(i,1)

(i) = s(I:,Z) s(i:,Z) ©)
S(l-,j) S(l:,j)

Convergence of the mean value and the standard deviation of
gray level was studied to determine the minimum number of im-
ages that need to be included in the post-processing. The uncer-
tainty level of <1% for the mean value and <1.5% for the stan-
dard deviation was estimated for the case with 50 images [8].

4.2 Results of Image Post-Processing. In all, 500 images for
each operating point were used for the statistical evaluation of
cavitation. The mean value and standard deviation of gray level of
images were calculated. Figure 9 shows results of statistical evalu-
ation of images for three characteristic cavitation numbers (o
=2.36, 1.546, and 1.340). The left image in Fig. 9 is from each
series, the middle image represents the mean value of gray level
M, and the right one represents the standard deviation of gray level
s. We can interpret the mean value of the gray level as a parameter
that is related to the mean vapor volume fraction. Similarly, one
can look at the standard deviation of the gray level as a parameter
that defines the activity (dynamics) of cavitation. We can conclude
that both the vapor volume fraction and the dynamics of cavitation
increase as the cavitation number is reduced.

It is known that the cavitation appearance becomes stable as the
state of supercavitation is reached. In contrast to this, the standard
deviation increases. This is probably because the steady free sur-
face between the liquid and the vapor phase is still slightly oscil-
lating, but not in a form of cavitation cloud separations. This
phenomenon was more thoroughly investigated by Dular et al. [8].

Besides an expected increase of cavitation aggressiveness, the
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damping effects, which can be related to the vapor volume frac-
tion [14], will also increase. In the following sections, a discus-
sion of the effect of the increase in attenuation as a possible rea-
son for the measured signal trend is presented.

5 Discussion

Since the signals of acoustical measurements (Figs. 4-6) do not
vary significantly, the explanation and discussion of the relation-
ships between the acoustical measurements and cavitation appear-
ance are, in essence, the same for all the measured signals. Hence,
only the relation between the hydrophone measurements in the
range of 100—140 kHz and cavitation images is thoroughly dis-
cussed. The conclusions stated in this section are also valid for
other measurements (vibration, acoustic emission, and other hy-
drophone measurements).

Figure 10 shows the measured evolution of the hydrophone
signal (100—140 kHz) and the corresponding cavitation types and
positions. Inset pictures show raw images, mean values, and stan-
dard deviations at specific operating points.

The signal starts to rise after the incipient cavitation occurs (at
o=3.4). As mentioned before, first the cavitation on the hub of the
impeller and on the tip of the blade occur. Both regions of cavi-
tation are cloudy (the bubble sizes are up to 20 wm) and attached.
The signal rises exponentially as the cavity grows, and the cloud
separations begin to occur. At approximately o=2.1, the cloud
cavitation on the hub becomes partially bubbly—macroscopic
bubbles appear, the diameter of which are on the order of a few
millimeters. It is known that an implosion of a single macroscopic
bubble is usually less aggressive than an implosion of a cloud of
microscopic bubbles [13]. This is probably the reason that a small
decrease in the gradient of the amplitude versus o can be seen in
the diagram at this point (Fig. 10, and also in other diagrams of
acoustical measurements, Figs. 4-6). The gradient increases
again, after the tip cavitation grows slightly (at o=?2). At cavita-
tion number o=1.9, a maximum of the acoustical signal is
reached. At this stage, the blade starts to cavitate in the form of
macroscopic bubbles. If we move to the next operating point (o
=1.746), then the acoustical signal falls dramatically. The cavita-
tion on the other hand grows. The reason probably lies in the fact
that the hub cavitation grows to the point when it “chokes”
itself—the pressure wave that is emitted at a cloud collapse is
attenuated in a highly compressible two-phase bubbly flow region.
The pressure wave amplitude that comes from the hub cavitation
is, in fact, smaller at 0=1.746 than at 0=1.9, where the cavitation
extent is smaller. The gradient of the acoustical curve decreases
when the cavitation number is decreased. This is because the ex-
tent of the cavitation increases—while the part of the detected
signal from thehub cavitation decreases, parts of the signal from
the tip and the blade cavitation increase. They are not influenced
by the attenuation of the two-phase bubbly flow. The local mini-
mum is reached at approximately o=1.5. When the cavitation
number is further reduced, the cavitation pocket covers the whole
blade—supercavitation occurs. Here (at o<<1.5), a free surface
between the liquid and vapor phase exists. This situation is
unique, since the compressibility of individual phases is much
smaller than that of the bubbly two-phase flow, which was present
at higher cavitation numbers. The emitted pressure waves are
again faced with a smaller attenuation; hence, the detected ampli-
tudes are higher at very small cavitation numbers.

6 Model Development

On the basis of the above-mentioned interpretations, we can
formulate a physical model that links the information gained by
the visualization of cavitation structures to the results of measure-
ments of cavitation noise and vibration. This model is very similar
to the cavitation erosion model developed by Dular et al. [15,16]
that uses data from visualization as input for the prediction of the
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Fig. 11 Principle on which the model is based

distribution and the magnitude of damage. This can be done be-
cause the processes of cavitation erosion and cavitation noise and
vibration are strongly linked [19].

The phenomenon of cavitation noise generation is complex and
can be looked on as a sequence of several processes. The pre-
sented theory explains it in the following way (Fig. 11):

¢ Collapse of the cavitation cloud causes a shock wave that
spreads in the fluid.

* The magnitude of the shock wave is attenuated as it travels
through the fluid.

e The attenuation of the shock wave is predominately a func-
tion of the vapor volume fraction of the region through
which it travels.

Although results of acoustic measurements imply otherwise, the
cavitation aggressiveness (which would be manifested in effects
such as cavitation erosion) probably gradually increases as the
cavitation number is decreased and does not follow the trend mea-
sured by acoustical sensors, which are positioned “far” away
[8,19]. This hypothesis was partially confirmed by erosion tests
from previous studies on similar geometries, where increase in
erosion was found when the cavitation number was lowered
[20,21]. The measured trend is very probably solely a result of
attenuation of the pressure wave by the region between the cavi-
tation and the sensor.

6.1 Amplitude of the Emitted Pressure Wave. The power
and, consequently, the magnitude of the emitted pressure wave are
closely related to the velocity of the change of the vapor cloud
volume (velocity of cavitation cloud collapse) and to the sur-
rounding pressure [22]. We can write the following relation:

dv
PW{IVC = Ap( Z)
where Ap is the difference between the surrounding pressure and
vapor pressure (pg,—p,) and dV/dt is the change of the vapor
cloud volume in time .

The magnitude of the emitted pressure wave is proportional to
the square root of its power (po \Py,.). If we consider the sur-
rounding pressure to remain approximately constant, then we can
write that the distribution of the mean change in cavitation cloud
volume reveals the mean distribution of amplitude of the pressure
wave that is emitted by the cavitation cloud collapse.

Since the measurements of the instantaneous change of the
cavitation cloud volume is not possible (the image-capturing fre-
quency was much lower than the frequency of vapor cloud shed-
ding), a standard deviation of gray level was used as the parameter
to be related to the power of the emitted pressure wave. Standard
deviation can be used in this manner since it is a function of the
change of the gray level in the image as well as the cavitation
cloud volume. This hypothesis was confirmed by comparing re-
sults of the standard deviation and the time derivative of a se-
quence of images using high-speed movie [23].

(10)
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dv
gray level=f(V) = s (Z) (11)
The hypothesis is that the relation between the time derivative
of vapor cloud volume and the distributions of standard deviation
of gray level exists. A measure of the emitted pressure wave
power P, can be simply formulated in the following way:

Pwave & APE E Sij
i

where Ap is the mean pressure difference and s is the standard
deviation of a pixel in the series of images. It was found by
comparison of model predictions and from results of experimental
measurements of the emitted pressure wave magnitude by Hof-
mann [24] that a linear function shows the best correlation to the

experimental results [15,16],
S
P()=k\’stave=k\/APEzsi]:kl ~
b [\/APEESU]
i

(12)

(13)

In order to simplify the calculation at each operating point, the
expression inside the square root was normalized by its maximal
value (in this case, it occurred at the cavitation number o=1.34).

6.2 Attenuation of the Pressure Wave. As the pressure wave
travels away from its source, its energy is gradually converted into
heat. For our problem, the main energy loss mechanism is the
viscous losses generated from the friction within the fluid itself
[14]. In the present case, the pressure wave passes a highly com-
pressible two-phase region and also a single (liquid) phase region
before it arrives at the sensor (except for the last three operating
points, where supercavitation is present and only two regions with
small compressibility exist). The wave magnitude is attenuated
with distance x from the source according to
P =p067(2/3)(w2/pc3)7/x (14)
where w is the pressure wave frequency, 7 and p are the viscosity
and the density of the fluid through which the pressure wave trav-
els, respectively, and ¢ is the sonic velocity within the fluid
through which the pressure wave travels. The quantities p, 7, and
¢, are functions of the local vapor volume fraction a. The vapor
volume fraction « of the region where the pressure wave travels
through (the region between the cavitation cloud and the sensor)
can be related to the mean value of the gray level of the cavitation
images [25]. For the present study, the following relation was
used:

>

! J

23]

A maximal value was used to normalize the function.

a=fw =k X mwj=k (15)
i

6.3 Consideration of Sonic Velocity and Fluid Properties.
Experimental results show obvious influences of fluid properties
on cavitation aggressiveness. For example, it was shown that
when the experiment was conducted in water with high gas con-
tent cavitation aggressiveness (the amplitude of acoustical signals)
was smaller [8]. The main reason lies in the fact that the sonic
velocity is lower in water with high gas content. Consequently,
compressibility and pressure wave attenuation are higher. To con-
sider these effects, one has to introduce the properties of two-
phase bubbly mixture to the model.

The sonic velocity of fluid with the presence of gas bubbles is
given by [12]

1118 / Vol. 129, SEPTEMBER 2007

Fig. 12 Positions of masks that define different positions of

cavitation occurrence

o 1—a) |02
c={[p,(1 —a>+pga1( — )} (16)
KD gsur P

where p; and p, are the density of the liquid and gas, respectively,
a is the gas volume fraction, and « the polytropic constant of the
gas. The density and viscosity of the fluid considering the pres-
ence of gases are

p=ap,+(1-a)p (17)

and

n=an,+(1-a)y (18)
Results of Egs. (16)—(18) are included in the “final model
equation”—Eq. (20), where parameters of the fluid (sonic veloc-

ity, density, and viscosity) through which the pressure wave trav-
els are considered.

6.4 Formulation of the Integral Pressure Wave Amplitude.
The noise or vibration detected contains signals from cavitation
from the hub, blade, and tip. We must consider that pressure wave
first travels through a two-phase flow and then also through a
single-phase liquid flow before it reaches the sensor. The pressure
wave from a specific cavitation location is in respect to attenua-
tion rate (Eq. (14)); therefore,

Piig = (p()e—(2/3)(w2/p2pr%p) r]szzp)e—(2/3)(w2/plc?)7/1)(, (1 9)

The expression in the parentheses defines the amplitude of the
pressure wave on the boundary of the cavitation pocket (variables
p, 71, ¢, and x correspond to two-phase fluid—index 2p). The
added exponential function defines additional attenuation of the
pressure wave amplitude due to friction in single (pure liquid)
flow (variables p, 7, ¢, and x correspond to pure liquid fluid—
index 1). Finally, the pressure wave amplitude can be defined as
the sum of the pressures from specific locations defined by the
mask (Fig. 12) (from hub, blade, and tip)

) 3 5 3
ps= (170 hube—(2/3)(w 1P2p hub€2p, hub) ’hp,hubr‘zp,hub)e—(2/3)(w 101€7) M b
2 3
+ (p() bladee_<2/3)(w /pzp.bludeCZp.blude) ﬂzl)-blﬂdele’-,blﬂde)
3
X e~ 3@ i) 71 prage

2 3 5 3
+ ( Do ﬁpe_(zm(‘" 102, 1ip€ap.sip) ﬂz,;.up’fzp.[ip) e~ 23N pic) iy

(20)
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Table 1 Values of parameters used in the model

ky k3 X1
Region/coefficient (Pa) k, (m) (m)
Hub cavitation 6% 10° 0.3 0.07 0.2
Blade cavitation 6X10° 0.987 0.03 0.1
Tip cavitation 6% 106 0.241 0.01 0.01

The acoustical path considered in Eq. (20) does not entirely
reflect the complicated physical situation with the pressure waves
bouncing from different solid surfaces. The simplification is, how-
ever, reasonable since the possible reflected pressure wave is for
an order of magnitude smaller because of the high frequency and
additional viscous attenuation and energy loss at reflection.

6.5 Relation Between the Pressure Wave Amplitude and
the Acoustic Pressure. The acoustic pressure is by definition the
pressure variation around the mean pressure. We presumed that
the acoustic pressure amplitude is proportional to the pressure
wave amplitude ps (the acoustic pressure amplitude rises with
increasing pressure wave amplitude).

One can make such an assumption, since it is the pressure wave
ps that causes cavitation effects (such as erosion) and, therefore,
noise generation. The aggressiveness of these effects (and, conse-
quently, the generation of noise) is proportional to the amplitude
of the pressure wave py [19].

6.6 Acquiring the Data From the Images. As we can see
(Egs. (13) and (15)), we need to acquire the data composed of the
mean values and the standard deviations of the gray level to de-
termine the parameters of vapor volume fraction and the intensity
of cavitation implosion at the specific region (hub, blade, and tip).
For this purpose, masks were used so that only the gray level from
the desired region was considered for post processing (Fig. 12).

Another problem occurs when the shock wave travels through
the cavitation cloud. The thickness of the cavitation cloud defined
as X2p hubs X2p plade> AN X, i in Eq. (20) are approximated as the
functions of the mean value of the gray level in the region and

expressed as
pIPIY

Xyp = kEEM,, kzm
j i
] max

Again normalized values were used. Values of coefficients ki, k,,
k3, and the distances between the cavitation at the specific region
and the sensor x; pyp, X/plages and X; 5 are given in Table 1.

To determine the values of coefficients k;, k,, and k5 that are
used in Egs. (13), (15), and (21) information from literature and
some iterations are required. The shock wave magnitude at its
origin has not yet been experimentally determined because of the
effect of attenuation, but theoretical work by Brennen [12] and
Shimada et al. [13] set it on the order of 6 MPa. Some help was
also gained from experimental measurements of the shock waves
on similar geometries from Hofmann [24]. It was also shown by
the present authors [8] that using the value of 6 MPa works well
for prediction of the pressure wave amplitude. The coefficient k;
was chosen to fulfill the physical and empirical (from past studies
[12,13,24]) considerations of the shock wave values, so the maxi-
mum pressure wave amplitude of 6 MPa was assumed (k;
=6 MPa).

The coefficient k, varies significantly from one region to an-
other, since the vapor volume fraction varies according to the type
of cavitation (Fig. 8). The values were derived by iteration, but
physical background was considered. It can be seen from the
single images (Fig. 8) that, for the case of hub and tip cavitation,
maximal volume fraction does not reach values near to unity. This

(21)
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Fig. 13 Evolution of values of parameter k, during iterations

is because the vapor volume fraction is relatively low in cloud and
bubble cavitation. For example, Stutz and Reboud [26] report on
measurements of void fractions, where maximal values of up to
a=0.4 for the case of cloud cavitation were found. Hence, a maxi-
mum value of vapor volume fraction (coefficient k,) of a=0.4
(kp max=0.4) for these two regions was expected and also found.
On the other hand, in the region of blade cavitation, almost a
single vapor phase was approximated, since a supercavitation re-
gion exists here in the case of a maximum (Fig. 8). The final
values of coefficient k, were then determined by iteration until the
best correlation between the experiment and the model prediction
was found. The values are in agreement with experimental data
from past measurements of vapor volume fraction in cavitating
flow [26]. The evolution of values of k, for each iteration step are
presented in Fig. 13. One can see that the values k; yyp, K3 plades
and k; ;;,, converge to the final values regardless of the initial value
(cases for initial values of 0.1 and 0.9 are presented). The coeffi-
cient k3 defines the maximal thickness of cavitation—values were
measured directly from the images. The values of densities and
viscosities of water and water vapor (p,, p,, v, v,) and the sonic
velocity (c;) and water vapor pressure (p,) correspond to the am-
bient temperature of 20°C. The system (surrounding) pressure
was pg,;=22,500 Pa.

A value of f=0.5 MHz for frequency of the pressure wave was
chosen on the basis of studies of Shimada et al. [13] and Lohrberg
et al. [19] and also on the basis of measurements of pressure
waves on similar geometries done by Hofmann [24].

In order to present the model in a clearer way, Fig. 14 shows the
whole path from image capturing to the prediction of the pressure
wave amplitude for one operating point (one cavitation number):

1. 500 images of cavitation structures are captured (Fig. 8).

2. By means of statistical evaluation (Egs. (5)—(9)), the mean
value and the standard deviation of the images are deter-
mined (Fig. 9).

3. Masks that determine the position of cavitation are gener-
ated (Fig. 12).

4. Parameters in Table 1 (k;, ky, k3, and x;) are determined on
the basis of references, iteration and present experiment (see
Sec. 6.6).

5. Po (Pohubs Poplades Poyip) is calculated by Eq. (13), where
matrix of standard deviation is used as an input. Masks and
parameters from Table 1 are also used in this step.

6. Void fractions « for each region (hub, blade, and tip) are
calculated by Eq. (15), where matrix of mean value is used
as an input. Masks and parameters from Table 1 are also
used in this step.

7. Physical properties and void fractions « are used to deter-
mine the properties of the two-phase flow region through
which the acoustic wave travels (7, hub> 72p plades 72p tip»

Paphubs  P2pblades  P2ptips Copiip)  (Egs.

C ub»
(16)-(18)) e

C2p.blade>
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Fig. 14 Graphical representation of the model structure

8. The thickness of the cavity (X2, hub» *2p,blades X2p,tip) 18 calcu-
lated by Eq. (21), where parameters from Table 1 are used as
an input.

9. By introducing parameters of single (pure liquid) fluid (7,
p1» ¢ and distances between the cavity and the sensors
(X1, hub> *1,plade> X1ip)> attenuation rate and, finally, the sum of
the pressure wave amplitude are calculated by Eq. (20).

7 Results of Predictions

As already mentioned, we made a presumption that the acoustic
pressure amplitude is proportional to the pressure wave amplitude
ps and that the acoustic pressure amplitude rises with increasing
pressure wave amplitude. Hence, a comparison of results of mea-
surements of acoustic emission in the frequency range from
60 kHz to 120 kHz and the model prediction of the pressure wave
amplitude is shown in Fig. 15.

One can obviously see the resemblance of the two curves. The
model predicts that the pressure wave amplitude begins to rise as
cavitation first appears (at cavitation number o=3.4). The pre-
dicted pressure wave amplitude exponentially rises as the cavita-

250 1 r25
—o— Noise measurements
200 A o F2
——Pressure wave prediction
g 150 1.5
g '
o g
o
100 4 12
50 r F 05
0 ¥ T T ™ * T r 0
1.0 1.5 20 25 3.0 3.5 4.0 4.5 5.0

o3

Fig. 15 Results of noise measurements and model predictions
of the pressure wave amplitude
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tion number is decreased and reaches a maximum at the same
operating condition at which the maximum of acoustic emission
was measured (at cavitation number o=1.9). The model then cor-
rectly predicts the decrease in pressure wave amplitude and later
an increase as the operating pressure (cavitation number) is low-
ered. The maximal predicted amplitude of the pressure wave is
~2.4 MPa, which corresponds very well to the measurements of
Hoffman [24].

For better understanding of how the model works, it is conve-
nient to plot the individual contributions of each cavitation region
(hub, tip, and blade), which adds to the sum of the pressure wave
amplitude (Fig. 16). The model predicts that the pressure wave
from the tip cavitation will rise exponentially as the cavitation
number decreases. It will reach a maximum at approximately o
=1.9. Then a sudden decrease occurs as a result of “choking.” Its
predicted amplitude falls to almost 0 at o=1.5. After that, super-
cavitation occurs and a signal of higher amplitude is predicted. As
can be expected, the cavitation on the tip of the blade adds the

201
—t— Pressure wave from tip

1.57 =o= Pressure wave from hub
- —o=Pressure wave from blade
©
S 104
o

0.5

o] T
1.0 3.5

Fig. 16 Predicted pressure wave contributions of each cavita-
tion region
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biggest portion to the sum of the predicted pressure wave ampli- Psuer = surrounding pressure (Pa)

tude. This is because it is the closest to the sensors’ location, and p, = vapor pressure (Pa)
therefore, the attenuation is the smallest. ps = integral pressure wave amplitude (Pa)
In the case of hub cavitation, the model predicts a monotone Ap = pressure difference (Pa)
increase of cavitation intensity until a plateau is reached at o po = pressure wave amplitude at its source (Pa)
=2.0. The predicted pressure wave from this region stays almost Pyae = pressure wave power (W)
constant until 0=1.8 is reached and then falls to a negligible Q = volume flow (m3/s)
value. Similarly to the case of tip cavitation, a pressure wave is Re = Reynolds number Re=ul/v
predicted as the cavitation in this region takes the form of super- = standard deviation

cavitation.

In contrast to hub and tip cavitation, the blade cavitation occurs
later (at a lower cavitation number). Its influence is first predicted
at 0=2.3, but the pressure wave amplitude does not increase sig-
nificantly until o=1.8. After that, the intensity decreases to almost
0. Again at 0=1.5 in the regime of supercavitation, an increase of
the pressure wave amplitude was predicted.

s
t = time (s)
V = volume (m?)
u = blade tip velocity (m/s)
x = distance (m)
x; = distance in liquid (m)
X, = distance in two-phase flow (m)
a = vapor volume fraction
n = dynamic viscosity or efficiency (Pas)
m = liquid dynamic viscosity (Pas)
7, = vapor dynamic viscosity (Pas)
Kk = polytropic constant
M4 = mean value
v = kinematic viscosity (m?/s)
p = density (kg/m?)

8 Conclusions

A study of acoustical measurements on a two-bladed Kaplan
turbine model in various cavitating conditions was presented. In-
teresting results that could not be unveiled previously were ob-
tained. As the cavitation number was decreased, all signals expe-
rienced a maximum, local minimum, and later (at even lower
cavitation numbers) another increase in amplitude. Visualization

of the cavitation was done, and a relatively simple statistical pi = liquid density (kg/m’)

evaluation of captured images was performed. A hypothesis that p, = vapor density (kg/m?)

the mean value of the gray level is related to the local vapor o = cavitation number (Eq. (1))

volume fraction and that the standard deviation of the gray level is o = pressure wave frequency and revolution speed
related to the dynamics of cavitation was made on the basis of (rad/s)

previous studies.
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