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Cavitation is a specific liquid dynamic phenomenon that usually occurs during the operation of hydraulic
machinery. This phenomenon is a subject of great concern because it reduces mechanical efficiency,
degrades and damages the surface of the propeller, and increases undesirable vibrations and noise emis-
sions. These factors affect the service life and operational safety of hydraulic equipment. In this paper, a
novel cavitation detection method with phase demodulation of ultrasonic signals is proposed. Firstly, the
modulation of the fluid motion of the ultrasonic signal is analyzed. The algorithm describing the relation-
ship between the ultrasonic phase and the spatial mean velocity of flow field is then investigated. More-
over, a classifier model based on support vector machine is established to identify the cavitation state.
The performance of the proposed method is experimentally verified in the laboratory using 320 test sam-
ples. The successful recognition rate reaches 98%, which indicates good stability and accuracy for cavita-
tion detection. The ultrasonic transducers are installed on the outer surface of the pipeline, which is
believed to be more suitable for practical applications than hydroacoustics or other pressure and optical
cavitation detection methods. Furthermore, the proposed method can be used to discriminate between
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laminar and turbulent flows in the pipeline.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cavitation bubbles appear in liquid areas where local pressure
is lower than the saturation vapor pressure. The blades of a
hydro-turbine, pump, and the vessel screw propeller are all
affected by cavitation during operation. The formation of cavitation
changes the flow field velocity distribution and results in a
decrease in the efficiency of hydro-turbine and a shortage in the
pump lift. Vessel speed may also be limited because of the propul-
sive force reduction caused by cavitation. Moreover, cavitation also
excites violent structure vibration and sound emission, which may
result in structural fatigue failure. If the bubbles collapse near the
rigid boundary, machine components may be damaged as a result
of cavitation erosion. The resulting damage consequently shortens
the service life of the machinery and increases the cost of
maintenance.

Various cavitation detection methods were investigated by
numerous researchers. Cavitation detection technology is focused
on the fields of optics, operating efficiency, pressure, vibration,
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and noise emission [1,2]. The phenomenon of ionization and light
flash occurs when cavitation bubbles collapse, which is called
sonoluminescence [3,4]. Difficulties in catching light flashes in
engineering applications render this method suitable only for sci-
entific research. The operating efficiency of the pumps is decreased
because of the changes in fluid velocity field during cavitation.
Therefore, cavitation can be identified according to the decrease
in operating efficiency [5]. However, cavitation is considered seri-
ous if the decrease in operating efficiency is evident. Furthermore,
cavitation is not the only factor that can affect operating efficiency.
Yoshinobu et al. monitored the pressure pulsation in a pump cav-
itation experiment and determined the relationship between cavi-
tation and pressure pulsation [G]. However, other occasional
factors can induce abnormal pressure pulsation, which may result
in a false decision. A vibration signal envelop method for cavitation
detection was presented by Farhat et al. [7] and Bourdon et al. [8],
but the assumption used in this method cannot be proven correct
in theory. Nasiri et al. also studied vibration signals for cavitation
pattern recognition using neural networks [9]. Furthermore, Kal-
lingalthodi combined vibration with pressure signal analysis for
cavitation detection in water jet propulsion units [10]. Acoustic
emissions may be aggravated by cavitation bubble collapse, which
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is analyzed and widely used for cavitation detection [2,11-15].
However, a false decision may be produced by detection methods
based on vibrations and acoustic signals as a result of the strong
background noise presented in practical environments. Passive
imaging of cavitational acoustic emissions using an ultrasound
sensor array is mentioned by Salgaonkar et al. [16] and Kevin
et al. [17], whose potential applications are for medical purpose
rather than hydraulic machinery cavitation monitoring.

The active detection method using active ultrasonic emissions
was also investigated. Ultrasonic emission is backscattered by bub-
bles during cavitation; this scattering effect can be detected for
cavitation recognition [18-21]. Barkhoudarian [21] detected the
cavitation of a pump using this active method. Pump cavitation
is recognized according to the attenuation degree of the ultrasonic
emission passing through the bubble area of cavitation. However,
this method is only available when cavitation is developed to some
degree and when the bubbles have left the blade without collapse.
More importantly, the amplitude of the received ultrasonic signal
can also be affected by the turbulent flow. Therefore, accurately
recognizing the cavitation, especially during its inception stage, is
difficult.

In this paper, a detection method based on the phase demodu-
lation of ultrasonic signal is proposed. The propagation of the ultra-
sonic signal in the flow field is modulated by the flow field
movement. Additionally, the flow field velocity distribution is dis-
turbed by the collapse of the cavitation bubbles. Based on these
two factors, ultrasonic carrier signal demodulation may be used
for cavitation detection. The theory of ultrasonic modulation
through fluid motion is analyzed, and the digital signal phase
demodulation algorithm is then explained. Finally, a cavitation
experimental device is set up to verify the theoretical analysis.
The features of the demodulated signal are extracted, and the cav-
itation state is recognized by a pattern classifier. The performance
of the proposed method is validated by experiments. The results
show that under the same experimental conditions, the proposed
method has a comparable or slightly higher success rate than the
hydroacoustic method.

The ultrasonic transducers are installed outside the pipeline,
and this nonintrusive installation mode makes this approach more
feasible in practical applications. In terms of the methods involving
hydroacoustics, pressure, and optics, the transducers must be put
into liquid to acquire the signal. As a result, the intrusive installa-
tion mode is necessary. Especially for pressure pipeline, the intru-
sive installation of transducer reduces the security of device
inevitably. The proposed method in this paper avoids this security
problem at all. Furthermore, unlike traditional Reynolds experi-
ment [22], the proposed method can be applied for the discrimina-
tion between laminar and turbulent flow states without colored
liquid, particularly for non-transparent fluids.

2. Theoretical analysis
2.1. Physical process of phase modulation

When the absolute static pressure in the negative pressure area
falls below the saturated vapor pressure at the same temperature,
the gas dissolved in liquid gets separated out and is mixed with
steam. This mixture of steam and gas is called a cavitation bubble.
The steam trapped inside the bubbles is condensed once more into
water when the bubbles move forward with flow and reach the
positive pressure area. A vacuum is created in the area of bubbles
because of the sudden volume contraction. Subsequently, a super-
speed micro jet is formed to fill the vacuum space with liquid, and
a shock wave is formed at the same time. The micro jet results in a
variation in the transient velocity of the nearby flow field, while

the ultrasonic is affected by the fluid motion during its propagation
in the fluid. The propagation velocity of the ultrasonic signal
increases while the fluid velocity is in the same direction as the
ultrasonic, and vice versa. This condition results in a phase shift
in the received ultrasonic signal. Thus, the ultrasonic carrier is
modulated by the fluid velocity information. The output of the
phase demodulation can be regarded as a physical representation
of the spatial mean value of the particle velocity component in
the direction of the ultrasonic, and the particles are distributed
in the propagation path of the ultrasonic. A variation in fluid field
velocity information (relative to time) results from the continuous
demodulation and can be used to identify the cavitation state.

As shown in Fig. 1, the originally transmitted ultrasonic signal is
defined as

sp = a-sin(wot + ) 1)

where a, wg, and 0y denote the magnitude, angular frequency, and
the initial phase of the signal, respectively. The ultrasonic beam
propagates from ultrasonic transducer A to ultrasonic transducer
B, and the distance between two transducers is L. If the transient
velocity of a liquid particle located at x along the X-axis is V, at a
certain time point, and the angle between the particle velocity
and the X-axis is 6,, then the velocity component in the direction
of the X-axis is given by

V! =V, cos(by) (2)

This component also denotes the velocity increment of the
ultrasonic caused by the fluid particle at location x. The overall
effect on the propagation velocity of the ultrasonic is obtained con-
sidering all the fluid particles from point A to B along the X-axis,
which is

B
Au:l/ V, cos(0y) dx 3)
L Ja

Au is the physical spatial mean value of the velocity component of
the particles in the direction of the X-axis. These particles are dis-
tributed along the X-axis from point A to B. The ultrasonic signal
received by the transducer B is

. . wolL
=a- At)=a- 4
Sp = a- sin(wot + Oy + weAt) = a - sin (wot + 0o + or Au) (4)

The phase shift of the received ultrasonic signal caused by fluid
motion is
ol —Au N oL

~ % Au (5)

A0 ~
c Cc+Au c?

Ultrasound Transmitting
Transducer

X
—>  Flow
w0\ Vi
X-axis Organic Glass Pipe

Ultrasound Receiving
Transducer

Fig. 1. Schematic diagram of the modulation of ultrasonic signals. Vy is the transient
velocity of a liquid particle located at x along the X-axis, with a velocity component
in the direction of the X-axis, by which the speed of ultrasonic is changed.
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The propagation speed c of the sound in liquid is significantly
greater than the flow speed, that is, ¢ > Au. Therefore, the phase
shift A0 of the received ultrasonic signal is linearly proportional
to Au.

Fluid motion is highly irregular in the turbulent flow, in which
each part of the liquid is severely mixed, and the particle tracks are
chaotic. The demodulated signal of the ultrasonic signal fluctuates
violently as a result of the turbulent flow field. By contrast, the dif-
ferent layers of the fluid do not mix with one another in the lam-
inar flow field, which is steady. The fluid only flows along the
pipeline, whereas the velocity in the radial direction is zero. Thus,
no effect is observed on the propagation velocity of the ultrasonic
signal, and the demodulated signal can be shown as a flat line.

2.2. Phase demodulation

Phase demodulation using the quadrature demodulation princi-
ple is adopted to realize software demodulation [23]. According to
Eq. (1), the phase-modulated signal is defined as

s(t) = a - sinfwot + 0(t) + 0o] (6)

where 0(t) is the modulating signal. A frequency conversion is
applied to the phase-modulated signal s(t), with the orthogonal car-
rier signals generated locally as shown in Egs. (7) and (8). After low-
pass filter and baseband signal processing, the modulating signal is
recovered as shown in Egs. (9)-(11).

si(t) and sq(t) are defined as

si(t) = s(t) - cos(mpt)
a

=5 {sin[2wot + 0(t) 4 Oo] + sin[0(t) + Oo]} (7)

Sq(t) = s(t) - sin(wot)
= %{f cos[2mot + O(t) + Bo] + cos[O(t) + 6o} (8)

where s/(t) and sq(t), being temporary results, are outputs of fre-
quency conversion. When a low-pass filter is applied to sft) and
sg(t), the following are gained:

I(t) = a - sin[0(t) + 0o 9)

Q(t) = a- cos[(t) + 6o] (10)
The demodulation result can be obtained by using Eqgs. (9) and (10)

I'(®)Q(t) —1(H)Q'(t)

"O="r0 0

(11)

Finally, the modulating signal 0(t) is obtained through the inte-
gration of 0'(t). The variable 0(t) represents the phase shift at time t.

3. Experimental system

A cavitation experimental bench is set up as shown in Fig. 2. The
closed-loop system consists of an axial flow pump driven by DC
motor, water tank, tachometer, flow meter, pipelines, valves and
a high-speed camera. The water tank is designed to sit on top of
the bench. A transparent pipeline system is designed to facilitate
the observation of state of the flow field in the pipeline. A pair of
ultrasonic transducers is symmetrically fixed on both sides of the
wake flow area and 4 cm downstream of the impeller. The ultra-
sonic has a frequency of 1.5 MHz and is emitted into the wake flow
area of the impeller by transducer A. According to above illustra-
tion, the demodulation of the ultrasonic signal corresponds to
the spatial mean value of the velocity distribution along the radial
direction, and the particles are on the ultrasonic propagation path.
The high-speed camera is placed beside the impeller to capture the
cavitation image. Data acquisition equipment with a sample rate of
15 MHz is used to acquire the ultrasonic transducer output. A
B&K8103 hydrophone is located at position 3, which is 2 cm away
from the impeller, as shown in Fig. 2, to acquire the flow field noise
and detect cavitation for comparison. Fig. 3(b) and (c) are cavita-
tion photographs of the experiment bench at different cavitation
development periods, in which the bright, cloud-like area is the
cavitation bubble cluster. Cavitation occurs near the tip of the
impeller and the blade suction surface (see Fig. 4).

As shown in Fig. 1, the ultrasonic wave propagates from trans-
ducer A to transducer B. However, both the direct and multiple
reflection waves are received by transducer B, which inevitably
reduces the signal-to-noise ratio (SNR) of the signal. Through
repeated verification, the reflected ultrasonic signal is attenuated
by 24 dB comparing with the direct wave after double reflection,
as shown in Fig. 5. The reflection waves should be too weak to
deteriorate the direct arrival wave significantly after multiple
reflections.

To avoid phase aliasing, A0 in Eq. (5) must satisfy the following
limitation:

—-T<AO<T (12)
According to Egs. (5) and (12), the valid range of Au is
—-10.6 m/s < Au < 10.8 m/s (13)

In the axial flow pump impeller zone, the fluid particles do also
move in the radial direction, but their radial velocity components

Valve

Water tank

B&K 8103
hydrophone

Flow meter

E%@ﬂﬂ

Fig. 2. Image and schematic diagram of the closed-loop system for the cavitation experiment. The ultrasonic transducers are located at points A and B. The B&K 8103
hydrophone can be installed at points 1, 2, or 3 for cavitation detection. Point 4 is the axial flow pump impeller. After flow velocity measurement, the flow meter is removed to

avoid its effect on the flow field and hydrophone signal.
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cluster.

Tip of the impeller \
Suction surface

Pressure Surface

Fig. 4. Sketch of an impeller. The blade tip, suction surface and pressure surface are
indicated.

are extremely small under the design operating conditions, so that
the cylindrical layers are considered independent each other. This
observation is proved by Tang using an experiment [24]. Tang mea-
sured the distribution of the fluid radial velocity component along
the radial direction at the exit area of the impeller using particle
image velocimetry (PIV) and found that the radial velocity is signif-
icantly slower than the mean flow velocity. Even in the flow field far
away from the impeller, the velocity fluctuation of each liquid

(c)

Fig. 3. (a) The picture of impeller before cavitation. (b and c) Illustration of different development period of cavitation. The white area in the impeller is the cavitation bubble

Original sound T

L

Amplitude (V)

05 _
Reflected sound after
5 double reflection i
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_2 1 1 1 1
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Fig. 5. Direct and reflection signals received by transducer B. The time difference
between the two pulses is double the time needed by the ultrasonic wave to
propagate from transducer A to transducer B. A 24 dB reduction occurs in the
secondary reflection ultrasonic signal compared with the direct wave.

particle remains slower than 10% of the mean axial velocity (that
is, the mean flow velocity) [25].

Fig. 6 exhibits the relationship between mean flow velocity and
impeller rotational speed in the experiment. The mean flow veloc-
ity is only 1.3 m/s at a rotational speed of 4000 r/min. The phase
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Mean flow velocity (m/s)

2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Rotate speed (RPM)

Fig. 6. Mean flow velocity vs. rotational speed of the impeller. When the rotational
speed reaches 4000 r/min, the mean flow velocity is only 1.3 m/s.

aliasing does not definitely appear in the experiment, and the fol-
lowing work further proves that the spatial mean value Au is far
from the limitation given by Eq. (13).

4. Experimental results and analysis

The rotation speed of the motor is increased incrementally from
a low speed during the experiment, and the modulated ultrasonic

01t (a)
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Phase (Rad)
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Time (Sample)

005 - 1
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05 1 15 2 25 3 x10*

Time (Sample)

Phase (dB @ 1 Rad)
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Fig. 8. Phase spectra of the demodulated signals (the reference value of unit dB is 1
radian). All curves marked with (a), (b)...(i) correspond to impeller rotational
speeds of (a) 0 r/min, (b) 2200 r/min, (c) 2500 r/min, (d) 2700 r/min, (e) 2900 r/min,
(f) 3100 r/min, (g) 3200 r/min, (h) 3400 r/min, and (i) 3500 r/min respectively.

signals are acquired synchronously for phase demodulation and
analysis. The motor speed ranges from 2200 r/min to 3400 r/min,
which crosses the critical rotation speed of cavitation. Fig. 7 shows
the time domain waveforms after the phase demodulation of the
four samples in one experiment. As shown in Fig. 7(a), the demod-
ulated signal is almost zero when the impeller is still. Fig. 7(b)-(d)

01+ (b)
005 |
3
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2 LRR R RVARVE LAY vV
005 |
01 f
05 i 15 2 25 3 x10*
Time (Sample)
o1t (d) E
005 | |
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05 1 15 2 25 3 x10
Time (Sample)

4

Fig. 7. Demodulated signals in the time domain. The rotational speeds of impeller are (a) O r/min, (b) 2200 r/min, (c) 3000 r/min, and (d) 3400 r/min. The power of the
demodulated signal is almost zero when the impeller is still. The value increases with impeller speed.
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Fig. 9. (a) Power of band from 2 kHz to 5 kHz of the phase-demodulated signals. (b) Differential of the power in (a). The motor speed increases from 1500 rpm to 3500 rpm. A

sudden increment appears after cavitation (motor speed reaches 3050 rpm).
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Fig. 10. Kurtosis of the phase-demodulated signals. A sudden increment appears
during the cavitation inception period (motor speed reaches 3050 rpm). However,
the kurtosis has no specificity at other periods (motor speed is lower than or higher
than the critical speed). Kurtosis is sensitive to pulse characteristic of signal, it is
maximal when a few bubbles appear in cavitation inception period.

3500 4000

shows the demodulated signals at the non-cavitation, cavitation
inception, and cavitation development stages, respectively. More
frequency spectra of the demodulated signals are analyzed. The
power of the demodulated signals in the band of 2-5 kHz slowly
increase along with the speed of rotation before cavitation. How-
ever, a sudden increase in the power appears while cavitation
occurs, as shown in Figs. 8 and 9. The frequency band of 2-
5 kHz, which is used in Fig. 9, is determined according to Fig. 8.
A sudden jump in kurtosis, as illustrated in Fig. 10, shows that
the pulse characteristic of signal appears during the cavitation
inception period. These variations are so evident that they can be
used for cavitation detection. Multiple samples are acquired in
the experiment for repeatability validation and to minimize uncer-
tainty. These samples ensure that the experiment results given
above are representative.

A total of 640 samples are obtained in the cavitation detection
experiment, of which 320 samples are used for training, whereas
the remaining samples are used for testing. The features of the
demodulated signal are extracted and optimized. A cavitation
detection model based on the support vector machine (SVM) is
designed for cavitation identification using the demodulation of
the ultrasonic signal. The feature selection method is based on
the accuracy of the SVM classifier. Single-feature SVM classifiers
are constructed, and their correct rates are tested. All the features

with an accuracy of over 90%, such as the root mean square, zero-
crossing rate, peak-to-peak value, and shape factor, are selected. A
classification model is trained to recognize the test samples. The
recognition rate for this model is 98.2%. It has been reported that
the cavitation noise is clearly heard through normal listening
[2,26]. Therefore, the cavitation noise can be used to monitor and
detect the onset and development of cavitation. A total of 300
training samples and 400 test samples are collected by the B&K
8103 hydrophone using the same experimental platform for com-
parison. A feature vector consisting of kurtosis, power in the band
above 10 kHz, and spectrum center is established. An SVM classi-
fier is trained, and its recognition rate is 97.4%.

5. Conclusion

In this paper, a novel method was proposed to detect cavitation
based on active ultrasonic flow field velocity measurement. The
theory of ultrasonic modulation by fluid motion was analyzed.
The ultrasonic propagating in a flow field was modulated by the
transient fluid velocity information. The continuous demodulation
of the received signal enabled the measurement of the flow field
velocity pulsation. The relationship between the demodulated sig-
nal and the spatial mean value, which is the particle velocity com-
ponent in the direction of the ultrasonic signal along the path of
ultrasonic propagation, was established. The modulating signal
was recovered by following baseband signal processing. The effect
of liquid cavitation on the ultrasonic propagation velocity was ver-
ified by the experimental study. The power of the demodulated
signal, being almost zero when the fluid was still, clearly increased
along with fluid motion. Furthermore, a sudden increment in the
power and pulse characteristics appeared during cavitation incep-
tion. The accuracy of the proposed cavitation recognition method is
over 98%, which is comparable to the performance of the acoustic
method using a hydrophone. In addition, the ultrasonic transduc-
ers in the proposed method are easy to be installed on the outer
surface of the pipeline. This nonintrusive installation method is
more convenient than the installation methods that use pressure
and hydroacoustic signal analysis in some engineering applica-
tions. For future research, this method can also be used for the
identification of laminar and turbulent flows, especially in non-
transparent fluids.
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