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Abstract

Cavitation-induced vibration and erosion of pipes is a potentially damaging factor
in piping systems. To prevent it, a detection method for cavitation phenomena
should be developed. In power plants, especially, it is desirable to detect them from
outside pipes during operation. Detection of cavitation phenomena was
experimentally investigated in this paper using accelerometers mounted on the
outer surface of a pipe upstream and downstream from an orifice. The following
results were obtained. (1) With the progression of cavitation, output voltage of the
accelerometer varied, and the amplitude and number of the pulse-shaped signals
increased. However, it would likely be difficult to distinguish them from noises in
an operating plant. (2) It was difficult to recognize the characteristic frequency of
cavitation, because the power spectrum density was broad up to the accelerometer
limit of 45 kHz. (3) The flow directional distribution of RMS (root mean square)
values of accelerometer output voltage varied greatly with the progression of
cavitation. Therefore, from comparison of RMS values obtained upstream and
downstream from the orifice it seems possible to detect cavitation phenomena in
the piping systems of operating plants.

Key words: Cavitation, Power Plant, Pipeline Component, Orifice, Accelerometer,
Detection

1. Introduction

A local increase in flow velocity in a valve or orifice, where the flow area decreases,
causes the fluid pressure to drop, and cavitation bubbles appear when the pressure falls
below the saturated vapor pressure. With the decrease of flow velocity downstream from the
throttle, the fluid pressure rise causes the cavitation bubbles to collapse and impact
pressures occur due to the bubble collapse. The impact pressures bring about erosion of the
pipe wall and vibration of the piping systems, which are potentially responsible for damage
to those systems'?. Piping systems are designed to avoid cavitation during normal
operation. During transient operation at the plant startup and shutdown, however, there is a
potential for cavitation occurrence, and coolant leakage has occurred due to a crack at a
pipe welding caused by cavitation-induced vibration”. Therefore, a cavitation detection
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method which can be used during plant operation should be developed in order to prevent
such problems.

Regarding pump cavitation, the Turbomachinery Society of Japan has published the
Guideline for Prediction and Evaluation of Cavitation Erosion in Pumps™® which describes
methods to detect and evaluate cavitation using accelerometers, AE (acoustic emission)
sensors and underwater microphones. Sawada et al.®”’ conducted experiments to detect
cavitation in a waterwheel using acoustic emission. In a plant piping system, however, there
are many elements such as valves and orifices other than pumps, where cavitation may
occur, and devices to measure pressure and flow rate are not equipped on most of them.
Therefore, it is difficult to evaluate cavitation number at those elements and prepare a data
base for judgment of cavitation occurrence in advance. No studies on cavitation detection at
valves and orifices in an operating plant have been reported.

The objective of this study is to develop a detection method of cavitation phenomena at
the valves and orifices in plant piping systems without preparing a data base for judgment
of cavitation occurrence. We focus on cavitation downstream from a throttle such as a valve
and an orifice and its effects on a pipe wall, which is the pressure boundary. In plants, it is
desirable to use microphones which do not touch the pipes. As an essential first step to
apply microphones, however, we used accelerometers in this paper in order to evaluate the
relationship between the behavior in a pipe and detection characteristics on its outer surface.
We carried out visualizations of the cavitation field downstream from an orifice,
measurements of erosion distribution on the inner surface and measurements using
accelerometers mounted on the outer surface of the pipe, and evaluated the possibility for
cavitation detection in an operating plant piping system.

2. Experimental Apparatus and Method

2.1 Test apparatus and test section

Figure 1 shows the closed test loop which consists of a reservoir, pump, test section and
pipe system. The reservoir is a pressure vessel (volume, 1.28 m’) and the pressure at the
safety relief valve is 3.2 MPa. Water temperature can be raised to 150 ‘C by electric
heaters installed in the reservoir. The flow rate is measured by an electromagnetic flow
meter upstream from the test section and pressures are measured both upstream and
downstream from the test section. Water temperature is measured by a thermocouple in the
reservoir. The pressure in the test section is controlled by the nitrogen tank connected with
the reservoir. The flow rate and velocity in the test section are adjusted by inverter control
of the pump. Ordinary tap water is used as working fluid. Dissolved oxygen concentration
is measured before and after tests, because the concentration of dissolved gas in the working
fluid may affect bubble occurrence and impact pressures due to bubble collapse.

E Test section @ Flow meter
i B Reservoir

H@tZE
_> Pump vN

Fig. 1 Test loop

itrogen tank
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Figure 2 shows the test section, which consists of a pipe and an orifice. The pipe (inner
diameter, 49.5 mm) is made of acrylic resin or stainless steel, SUS 304. The orifice has a
length of 28 mm and diameter of 24.75 mm, and it is made of stainless steel, SUS 304.

We used the acrylic resin test section for observation of the cavitation field and
measurements of cavitation erosion, where erosion test specimens (Fig. 3) were inserted in
the pipe wall. The erosion test specimens were made of pure copper, C1100BD-H, in order
to decrease the effects of unevenness due to erosion on the flow field and to shorten the
erosion time.

Upstream
Downstream Accelerometer
% % $24.75
pd \ \|/
T T /0 1 {T_
Flow direction % Orifice
300 28
Fig. 2 Test section (unit: mm)
30 10
b5 P b8 ¢ 14

Erosion surface

Fig. 3 Erosion test specimen (unit: mm)

2.2 Test conditions
Cavitation number was used for the test parameter and it is defined by:
_2P-pR)

PV,
where P [Pa] is the pressure downstream from the orifice, P, [Pa] is the saturated vapor
pressure, V, [m/s] is the average velocity in the orifice and © [kg/m3] is the water
density.

The tests in this study were conducted at a water temperature of 24-27 “C and constant
flow velocity of ¥, = 15.0-15.4 m/s. The cavitation number was adjusted by controlling the
pressure in the reservoir and the pressure downstream from the orifice, P. The effects of
setting errors and fluctuations of ¥, and P on the cavitation number were within +0.03.
The dissolved oxygen concentration during the tests was 3.77-6.55 g/m’.

2.3 Measurements by accelerometer
It has been reported that the predominant frequency is several decades of kHz
acceleration on the acrylic pipe wall caused by bubble collapse is measured using an

©® when

accelerometer. Additionally, it has been reported that the high frequency region over 10 kHz
is important” when the erosion rate is predicted from outputs of sensors. Therefore, in this
study, we used piezo-electric accelerometers with a high frequency range (TEAC, 703FB,
0.3-45 kHz +3 dB). Figure 4 shows the measurement system using accelerometers. Each
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accelerometer was mounted on the outer surface of the test section using double-sided
sticky tape and then fixed using a resin band. Output voltage of each accelerometer was
stored in a digital oscilloscope through an amplifier, and treatment of the measured values
was done using a personal computer.

N g

\ / Amplifier
<4 l
Flow direction Oscilloscope
g |
" Accelerometer
; ’ Personal computer
FERERE]
i !. : i ;’ ' :‘il Fig. 4 Measurement system
1111111
- [ AE :-' IE !I I j
E 111 | . .
y i 4 F 1111 5'5 f 3. Measured Results and Discussion
THHHLL
- ? 1 1 3.1 Output characteristics of accelerometer
i I Figure 5 shows observations of the cavitation field and output voltage of one

accelerometer at the cavitation numbers of o =2.8, 1.4 and 0.7 for the stages of no
cavitation bubbles, initial cavitation and developed cavitation, respectively, which were
determined from cavitation bubbles observed downstream from the orifice. In the
measurements, the test section made of stainless steel was used and the measurements were
made 100 mm downstream from the orifice outlet, where cavitation bubbles were near the
pipe inner surface in the case of developed cavitation. At o = 2.8, the output voltage was
very small comparing with that under cavitation conditions. At o =1.41in the stage of
initial cavitation, the output voltage was small, but pulse-shaped signals were detected. At
o = 0.7 in the stage of developed cavitation, pulse-shaped signals with large output voltage
were detected and their frequency increased. It seems that the accelerometer detected
impact pressures caused by collapse of cavitation bubbles as pulse-shaped signals.
Therefore, in the stage of developed cavitation like o = 0.7, it may be possible to detect
the cavitation phenomena from the detection of pulse-shaped signals and to evaluate the
strength of cavitation from the amplitude and frequency of these pulse-shaped signals. In an
operating plant, however, the situation differs from that within a test facility, and various
kinds of noise caused by pumps and motors may be detected. Thus, it may be difficult to
judge the detected pulse-shaped signals as pulses caused by cavitation.

In order to evaluate the effects of the cavitation number on acceleration, we measured
acceleration on the pipe wall at 75 mm downstream from the orifice, while changing the
cavitation number. The velocity was constant at }/ =15 m/s. Accelerometer output voltage
at 75 mm downstream from the orifice is shown in Fig. 6. The vertical axis shows the
average of 5 output voltage RMS (root mean square) values normalized by the average of 5
output voltage RMS values at o = 2.8 without cavitation, which was about 0.47 mV. At
about o = 2.6, the RMS value started to increase, and cavitation bubbles were very small
and difficult to see. The RMS value increased until about ¢ = 2.0, then decreased for
0<2.0, and had a local minimum at about o =1.4. At about o =1.6, cavitation
bubbles could be clearly observed. Therefore, we defined the stage of initial cavitation as in
the region of o >1.4. However, it should be noted that the RMS value was relatively large
in the region of 1.8<o <24 due to cavitation inside the orifice. As for decreasing the
cavitation number from o =1.4, the RMS value increased and became the maximum at
abouto =0.6. In the region of o <0.6, the RMS value decreased and super cavitation
occurred at about o =0.4.
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3.2 Frequency analysis

If there is a characteristic frequency in the accelerometer output voltage caused by
collapse of cavitation bubbles, we can separate it from noises in an operating plant and
detect cavitation. Therefore, we conducted frequency analyses for output voltage of the
accelerometer mounted on the outer surface of the acrylic pipe or stainless steel pipe at 100
mm downstream from the orifice. Figure 7 shows the results of frequency analyses using a
low-pass filter of 500 kHz to cut the effects of noise from the inverter for the flow rate
control of the pump.

1.0E-03 —
5 LOE0 o7 I+
Z10E05 1 R
2 1.0E-06 o 0=2£8 |
Z 1.0E07 |
£ 1.0E-08 —AP’\ \
2 LOE-09 1y — A
S 1.0E-10 \} M \
S 10E-11 ||, WA /\\/\, \[\f\
5 LOE-12 [0 ot O '-."‘m,'lﬂ,-l )
Z 1.0E-13 e : .
A~ 1.0E-14 T :
1.0E-15 ‘
0 10 Fre%gency%l(sz) 40 50
(a) Acrylic pipe

Power spectrum (V/~2/Hz)
=)
&t
—_— O
— O O
e
=3

0 10 20 30 40 50
Frequency (kHz)

(b) Stainless steel pipe
Fig. 7 Frequency analysis of accelerometer output voltage at 100 mm downstream from
orifice

In the tests using the acrylic pipe, compared with the power spectrum at o =2.8
without cavitation, the power spectrum in the stage of initial cavitation at o =1.4
increased in the region below 30 kHz and the power spectrum lower than 10 kHz was
several orders larger than the high-frequency components over 30 kHz. In the stage of
developed cavitation at o =0.7, the power spectrum increased in the whole frequency
range and the power spectrum lower than 10 kHz was one order larger than the
high-frequency components over 10 kHz. On the other hand, in the tests using the stainless
steel pipe, the power spectrum increased in the region below 20 kHz at o =1.4 compared
with the power spectrum at o =2.8 and the power spectrum at about 10 kHz was one
order larger than the frequency components over 20 kHz. In the stage of developed
cavitation at o =0.7, however, the power spectrum increased in the whole frequency
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range and many peaks appeared over 20 kHz.

The results shown in Fig. 7 indicate that the power spectrum measured by the
accelerometer depends on the pipe material and that high-frequency components are larger
in the stainless steel pipe than in the acrylic pipe, which means that decay in the acrylic
resin is large especially in the high-frequency region. Moreover, even in the same-material
pipe, frequency characteristics of the accelerometer output voltage depend on the cavitation
number. Therefore, it may be difficult to judge occurrence and strength of cavitation from
the frequency analyses of the accelerometer output voltage. In order to do so, a sufficiently
large enough data base for the objects of cavitation detection such as valves and orifices is
required.

3.3 Flow directional distribution of output voltage

Cavitation bubbles generally appear downstream from a throttle and it is expected that
the accelerometer output voltage is larger downstream than upstream. On the other hand,
the effects of vibration and noise from other sources on the accelerometer output voltage
may be similar both upstream and downstream. Therefore, we measured flow directional
distributions of the accelerometer output voltage, and evaluated the possibility of cavitation
detection. We conducted tests at o =2.8, 1.4 and 0.7, and made measurements at 300 mm
and 90 mm upstream from the orifice, and 50 mm, 75 mm, 100 mm, 170 mm and 270 mm
downstream from it. For o =0.7, the accelerometer output voltage was additionally
measured at 35 mm downstream from the orifice. Figure 8 shows flow directional
distributions for RMS values of the accelerometer output voltage. In case (a) at o =2.8,
the maximum RMS value was very small at 0.47 mV and there were no clear differences
between RMS values upstream and downstream from the orifice. The results show that
there were no impact pressures caused by collapse of cavitation bubbles. In case (b) at
o =1.4, the maximum RMS value was 5.5 mV, which was over 10 times larger than that at
o =2.8. The RMS values upstream from the orifice were larger than those downstream
from it and their ratio was about 2. In this case, collapse of cavitation bubbles occurred in
the orifice near the inlet and it seems that impact pressures might mainly propagate
upstream. In case (c¢) at o =0.7, the maximum RMS value was 74.9 mV, which was over
10 times larger than that at o =1.4. The maximum RMS value downstream was over 10
times larger than the RMS value upstream, the results showed that collapse of cavitation
bubbles caused a large impact pressure on the pipe wall in the downstream region. As
shown in Fig. 8, from the flow directional distribution of the accelerometer output voltage,
it is possible to detect locations where impact pressures act.

In order to confirm the relationship between the location where an impact pressure was
acting and accelerometer output voltage, we measured the flow directional distribution of
erosion. In the erosion measurements, the erosion test specimen surface (Fig. 3) was mirror
finished, and each erosion test specimen was inserted into the pipe wall and adjusted so that
there would be no unevenness between the specimen surface and the wall inner surface. The
weight of the erosion test specimen was measured before and after tests using a precision
balance with the minimum indication of 0.01 mg, and the erosion rate was obtained from
the change of weight and test time. Because the erosion rate depends on the test time, we
used the erosion rate when it had reached the maximum and was almost constant. Figure 9
shows the flow directional distribution of erosion rates at the cavitation number of 0.7. In
the figure, the average, maximum and minimum values of erosion rates among five
measurements are shown. The peak location of erosion rates was in the region of 60-75 mm
from the orifice outlet, which agreed with the peak location of RMS values being at about
75 mm as shown in Fig. 8 (c).
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3.4 Ratio of output voltage upstream and downstream from the orifice

We conducted simultaneous measurements using two accelerometers mounted at 90
mm upstream and 75 mm downstream from the orifice outlet, where the erosion rate was
the maximum. Figure 10 compares RMS values of the accelerometer output voltage
upstream and downstream from the orifice. Figure 11 shows the RMS ratio of the
accelerometer output voltage downstream and upstream from the orifice. Because gain of
each accelerometer is different, RMS ratios were normalized in the figure using the RMS
ratio at o = 2.8. Measurements were conducted five times, and the average, maximum and
minimum values are shown.

With decreasing cavitation number, the RMS value upstream increased after cavitation
occurrence, and became the maximum at about o =1.6. The RMS value upstream was
larger than the RMS value downstream in the region of 1.4 < ¢ <1.8, but did not increase
in the stage of developed cavitation and its dispersion was small. On the other hand, the
RMS value downstream was larger than the RMS value upstream in the stage of developed
cavitation for o <0.9 and its dispersion was large. From the results shown in Fig. 11, we
judged there was transition of cavitation when the RMS ratio between downstream and
upstream values was larger than 4.0 and its dispersion was large. However, even when the
RMS ratio was lower than 4.0, cavitation occurred. As for the stage of initial cavitation in
the region of 1.6 <o <2.4, the RMS value was relatively large as shown in Fig. 10 due to
cavitation in the orifice and its classification method is an issue that remains for further

investigation.
5\ 80 -- -& - - - upstream
é 70 — —+— downstream
© 60 ‘\
5 50 1‘ (
En 40 1=
% 30 ! \\ J/I\
e e S
£ 10 P " I e
O O Aeedm : " - =

0 1 2 3
Cavitation number, 0
Fig. 10 RMS values of accelerometer output voltage at upstream and downstream of orifice

T

22

M,

Accelerometer output ratio
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Fig. 11 RMS ratio of accelerometer output voltage between downstream and upstream
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3.5 Discussion

Cavitation measurements have been conducted using an accelerometer, AE sensor and
microphone, and it is well known that output signals change due to the cavitation number.
However, in order to detect cavitation in an operating plant without a data base on output
characteristics caused by cavitation, quantitative change is not detected, but rather
qualitative change.

We evaluated frequency characteristics of accelerometer output voltage. In the stainless
steel pipe, however, there were many peaks in the power spectrum up to the accelerometer
upper limit of 45 kHz as shown in Fig. 7 (b) and we could not specify a characteristic
frequency for cavitation. On the other hand, when we conducted frequency analysis only for
the pulse-shape signal like that shown in Fig. A in the Appendix, a clear peak of frequency
was obtained at 20-25 kHz in the acrylic pipe and at 35-50 kHz in the stainless steel pipe.
This means that decay of high-frequency signals is large in the acrylic pipe.

The flow directional distribution of the RMS values of the accelerometer output voltage
was similar to the flow directional distribution of erosion (compare Fig. 8 (c) with Fig. 9).
Applying the results, we can detect the occurrence of the stage of developed cavitation from
the RMS ratio of the accelerometer output voltage upstream and downstream from a throttle
in an operating plant without the data base to judge cavitation states (see Figs. 10 and 11).
Moreover, from the simultaneous measurements with plural accelerometers mounted at
different flow directional locations, we can evaluate the location where an impact pressure
acts and confirm that the pulse-shaped signal is caused by the impact pressure due to
collapse of cavitation bubbles. An example is shown in the Appendix.

There are some remaining technical issues. As shown in Figs. 10 and 11, the RMS ratio
of the accelerometer output voltage upstream and downstream from the orifice is almost the
same at about o =1.4. Therefore, when the RMS value of the accelerometer output
voltage is large and there is a possibility of cavitation occurrence, detailed measurements of
the flow directional distribution of the accelerometer output voltage like Fig. 8 (b) are
required. The important issue of this study is to confirm the effectiveness of the proposed
cavitation detection method in Fig.11 in order to prevent cavitation erosion, namely to
evaluate the relationship between the cavitation detectable region and cavitation erosion
conditions. Additionally, accelerometers have demerits that their setting time is long and
objects where measurements can be made are limited to low temperature pipes. Therefore, it
is more desirable to use microphones, which are easy to use in a plant, even though signals
from impact pressures become weak.

4. Conclusions

We conducted tests to detect cavitation phenomena using accelerometers mounted on
the outer surface of a pipe with an orifice, and obtained the following results.

(1) As cavitation develops (i.e. decreasing the cavitation number), the number of
pulse-shaped signals in the accelerometer output voltage increased and the amplitude of
the pulse-shaped signals increased. In order to use this information for cavitation
detection in an operating plant, however, it should be confirmed that these pulse-shaped
signals are not noise but signals from impact pressures caused by collapse of cavitation
bubbles, and a data base to compare amplitudes of the pulse-shaped signals is needed.

(2) The characteristic frequency for cavitation could not be specified, because the power
spectrum of the accelerometer output voltage greatly depended on the pipe material and
there were many peaks in power spectrum up to the accelerometer upper limit of 45
kHz especially in the stainless steel pipe.

(3) The RMS ratio of the accelerometer output voltage upstream and downstream from the
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orifice changed according to cavitation states, the RMS value upstream was about 2
times larger than the RMS value downstream in the stage of initial cavitation, and the
RMS value downstream became about 10 times larger than the RMS value upstream in
the stage of developed cavitation. Therefore, cavitation occurrence can be detected
from the flow directional distribution of the accelerometer output voltage, which was
qualitatively similar to the flow directional distribution of erosion.

Regarding use of the RMS ratio of the accelerometer output voltage upstream and
downstream from the orifice mentioned in (3), measurements are needed at plural locations,
but a data base to judge cavitation stages is not required and the RMS ratio can be applied
to detect cavitation phenomena in an operating plant. Moreover, from the simultaneous
measurements with plural accelerometers mounted at different flow directional locations,
the location of an impact pressure can be identified and it can be confirmed that the
pulse-shaped signals in the accelerometer output voltage are caused by the impact pressures
due to collapse of cavitation bubbles.
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Appendix

In order to confirm that the pulse-shaped signals are caused by impact pressures due to
collapse of cavitation bubbles, we conducted simultaneous measurements using three
accelerometers mounted at different flow directional locations. The axis in the flow
direction from the orifice outlet is x and the axis in the circumferential direction from the
top of the outer surface of the pipe is y. The locations of the three accelerometers are S; (a,
0), S>(b, 0) and S5 (c, 0). The location of the impact pressure is (x, ¥), and the time is #; when
the impact pressure reaches each accelerometer S; (i =1, 2, 3). Then we have the following
equations for the relationship between the location of each accelerometer and the
propagation time of the impact pressure.

Vs'tlz\/(x_a)z"‘yZ’ V;(Zl+dt2): (x_b)z""yz’ I/s(t1+dt3): (x_c)2+y2
dt, =t,~1, (j=2,3)

In the equations, V; [m/s] is the propagation velocity of the impact pressure in the pipe wall,
flow directional locations of accelerometers, a, b and ¢, are known, time differences of dt,
and dt; are measured, and the unknown parameters are x, y and ¢#;. In the evaluation of x and
vy, we assumed the following. (1) Collapse of cavitation bubbles occurs near the inner
surface of the pipe and the impact pressure acts on the inner surface of the pipe. (2) We
neglect the pipe wall thickness and the impact pressure propagates in concentric circles to
reach the accelerometers. (3) Sound velocity of side waves in stainless steel is 3,000 m/s.

Figure A shows output voltage of simultaneous measurements with three
accelerometers, where a, b and ¢ are 50 mm, 75 mm and 150 mm, respectively. The
cavitation number is ¢ =0.7. Clear time correlations between waveforms of the output
voltage could not be obtained, because waveforms warped during propagation at the pipe
wall. Therefore, we evaluated the location of the impact pressure using the time differences
of the first peaks of the waveforms shown in Fig. A. As the result, the location of the impact
pressure was x =97 mm and y =55 mm. The flow directional location of x =97 mm is within
the region of high RMS values and large erosion rates as shown in Figs. 8 (¢) and 9. And the
circumferential location of y =55 mm (angle & = 104° from the top) is less than 7R, =95
mm. Therefore, the pulse-shaped signals may not be noise but may be caused by impact
pressures due to collapse of cavitation bubbles.

We also conducted simultaneous measurements using two accelerometers, where a steel
ball of 0.26 g was dropped between the two accelerometers. From the similarity of the
waveforms of the output voltage, we confirmed that the waveforms shown in Fig. A were
caused by impact pressures.
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Fig. A Output voltage of simultaneous measurements with three accelerometers

at o =0.7 (*distance from orifice outlet)




