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Abstract. This paper presents an experimental study of the vibrations induced both by cavitating and by

non-cavitating flow in a hydraulic installation that comprises the main elements of a water hydraulic
system. The cavitation was triggered by progressively closing a butterfly valve. The vibrations were

measured on the pump, on the bearings housing, on the pump drive motor, and at nine measurement
points located upstream and downstream of the main elements of the installation. The measurements were

carried out at different flow rates obtained at different openings of the butterfly valve. The results suggest

that the phenomena that take place inside the pump and inside the bearings cause vibrations having
frequencies of up to 10 kHz. The results also indicate that the cavitation that occurs at the butterfly valve
causes vibrations of high frequency, above 3 kHz, that have a distinct peak at about 18 kHz. These results
could be useful in establishing proper maintenance plans for hydraulic installations.

1 Introduction

The current state of the fundamental and industrial
research regarding vibrations in water hydraulic systems
reveals that the vibrations are the effect of the operating
conditions of valves and pumps [1-5]. Pumps operating
at partial-flow regime are a frequent cause of vibrations
(pump-induced vibrations) in water piping systems [6].

Some vibrations are the effect of cavitation phenomena
which occur in the flow section of throttling devices
(valves, orifices, nozzles) when the pressure drops below
the vapor pressure of the fluid at the process temperature.
Once the cavitation begins, critical operating conditions
could occur, that have different effects, such as increased
noise emissions, pressure fluctuations and vibrations,
erosion, corrosion, and loss in installation efficiency.
Eventually, structural failure of a pipe hydraulic system
could occur because of fatigue caused by supercavitation
that is accompanied by maximum noise and vibration
levels [4, 7]. The vibration of the entire hydraulic system is
a measure of the system integrity and the vibration
measurements “quantify” the effects of the transient
movements of flow instabilities and cavitation.

The experimental studies presented in the literature
show the characteristic frequency bands specific to
cavitation-induced vibrations for different types of
devices found in water hydraulic systems. For a butterfly
valve, frequencies of 4 kHz and 9.6 kHz were identified
to be specific to cavitation [8]. In the case of a hollow jet
valve, the frequency band of the cavitation induced
vibrations is between 5 kHz and 6 kHz, and another band
is between 10 kHz and 23 kHz [9].

The frequency analysis of cavitation-induced vibrations
highlights a high-frequency vibration domain that can be
monitored at each level of cavitation intensity. It was
experimentally observed that, in advanced stages of
cavitation, the cavitation number o decreases to lower
values (e.g. 6 < 1 in the case of supercavitation) and the
vibration amplitudes increase to values higher than 1 m/s?
[4, 10].

In water hydraulic systems, the flow-induced vibrations
are represented in the low-frequency band as well. One
cause of low-frequency vibrations is flashing. Downstream
of the narrow section where cavitation normally occurs,
flashing begins, replacing cavitation, when the pressure
difference between the downstream pressure and the vapor
pressure becomes less than or equal to zero. In such a case,
the vapor bubbles do not implode (collapse) anymore and a
two-phase flow (a liquid-vapor mixture) develops [11, 12].
Although flashing is not as severe as cavitation, it cannot be
controlled or prevented [13]. The effects of flashing flow
are flashing erosion and low-frequency vibrations. When
the flashing flow appears in an installation with narrow
sections, the entire pipeline responds and becomes excited
to mechanical vibrations having frequencies below
10 Hz [11].

The vibroacoustic behavior of hydraulic installations
depends on the physical properties of the fluid inside, on
the pipe material and geometry (such as cross-section,
wall thickness, etc.), and on each component of the
hydraulic system (pipes, valves, pumps, flanges, elbows
with welding joints, and other pipe connections) [5].

This paper presents results of the vibration
measurements on a water hydraulic installation at different
operating conditions. The measurements were carried out

* Corresponding author: safta.carmenanca@gmail.com

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 85, 06006 (2019)
EENVIRO 2018

https://doi.org/10.1051/e3sconf/20198506006

at twelve measurement locations, including the pump, the
bearings housing, and the drive motor. Three
accelerometers were used to record the vibrations. The
acquired signals are analyzed and discussed based on Fast
Fourier Transforms (FFTs) and Root Mean Square (RMS)
accelerations. A synoptic diagram with the behavior of the
analyzed water hydraulic system is presented. Of a
particular interest was to identify the frequency domains of
the vibrations caused by the cavitation at the butterfly
valve.

2 Experimental installation and
measurement procedure

The experiments were carried out at a water hydraulic
installation which was designed as a test rig for butterfly
valves having the nominal diameter of 100 mm and the
nominal pressure of 6 bar (Dn 100, Pn 6 [7]).

The installation (Fig. 1) is an open loop system that
contains a free surface water tank, a suction pipe, a
pumping assembly, and a discharge pipe. Both the
suction and the pressure pipe are connected to the water
tank. The two pipes have the inner diameters
Dy =128 mm and D, = 104 mm respectively.

An orifice plate with D and D/2 pressure tappings is
mounted on the suction pipe for measuring the flow rate.
The differential pressure at the orifice plate is measured
with an U-tube differential manometer with mercury.

The pumping assembly consists in a centrifugal
pump driven by a three-phase AC motor with 2 pole
pairs and a rated speed of 1460 rpm. The fundamental
frequency corresponding to the rated speed is of 24.3 Hz.
The pump impeller has 5 blades, hence the blade passing
frequency is of roughly 121.5 Hz. The pump shaft is
supported by two ball bearings and is connected to the
motor by an elastic pin bush coupling. At zero head, the
pump delivers a maximum flow rate Qmax=0.043 m¥/s
(43 I/s).

At the pump outlet a gate valve is installed, having
the role of a throttling valve that allows to correctly start
and stop the pump and to adjust the flow rate
independently of the butterfly valve.

The butterfly valve is of wafer type and is mounted on
the pressure pipe between two flanges. Its inner surface is
rubber lined to provide the seal against the valve flap. The
valve is provided with a blocking mechanism that allows
the adjustment of the valve angle (i.e. flap angle) between
0° (fully opened) and 90° (fully closed) in increments of
10°.

The vibration levels were measured with three

Fig. 1. Experimental installation and measurement points.

identical Briiel & Kjaer DeltaTron accelerometers with
built-in preamplifier and transducer electronic data sheet
(TEDS), connected to a laptop via a portable bus-
powered USB carrier from National Instruments. The
accelerometers have the reference sensitivity of 20 m/s?
RMS at 159.2 Hz, the measuring range 7000 m/s? peak,
the frequency range 10% of 0.1 Hz to 6 kHz, and the
phase response £5° of 0.5 Hz to 5 kHz. The sampling
frequency for all the measurements was of 50 kHz.
Although the sampling frequency is outside the
frequency range 10%, this is likely to affect only the
measured amplitudes, while the relevant frequencies will
still be correctly identified.

Measurements were carried out simultaneously using
the three accelerometers placed at the points indicated in
Figure 1. These points were grouped for the
measurements as follows:

. points P1, P2, and P3 located downstream of the
pump, on the pressure pipe;

. points P4 and P5 located upstream and downstream
of the butterfly valve respectively, and point P6 located
on the tank;

e  points P7, P§, and P9 located on the suction pipe;

. points P, B, and M located on the pump casing, on
the bearings housing, and on the AC motor respectively.

The labels of the points P1 to P9 on Figure 1 indicate
on which side of the pipe the accelerometers were
placed.

The measurements were carried out in four stages.

In the first stage, the throttling valve was closed to
prevent the flow and the vibrations associated with flow
phenomena. Immediately after starting the pump,
vibration levels were measured only at points P, B, and
M to identify those vibrations caused by the pump, the
bearings and the motor when the bearings and the motor
are still cold. This stage will be denoted as “cold
running”.

In the second stage, the throttling valve was kept
opened close to its fully opened position, while the
butterfly valve was closed progressively from the fully
opened position, in which the valve angle a equals 0°, to
valve angles of 30°, 40°, and 50°. For each valve angle, the
pressure drop on the orifice plate mounted on the suction
pipe was measured and the vibration levels at the
measurement points P1 to P9 were recorded. At the points
P, B, and M vibrations were recorded only for the valve
angle o =0°. Based on the pressure drops on the orifice
plate, the flow rates were calculated according to SR EN
ISO 5167-2, which is an exact translation in Romanian of
ISO 5167-2 [14].

In the third stage, the butterfly valve was kept opened
at 0 =0° and the opening of the throttling valve was
diminished, so that the discharge decreased below the
maximum value attained during the second stage. For
this configuration, the vibrations were measured only at
points P, B, and M.

In the fourth stage, the throttling valve was closed
completely to prevent the flow and the vibrations were
measured again at points P, B, and M to identify those
vibrations caused by the pump, the bearings and the motor
when the bearings and the motor are warm due to the



E3S Web of Conferences 85, 06006 (2019) https://doi.org/10.1051/e3scont/20198506006

EENVIRO 2018
ia M, Q/Qmax = 0, RMS = 7.584 m/s* i(; M, Q/Qumax = 0, RMS = 9.049 m/s*
% 251 W 251
g 2.0 = 2.0
— 15 15
=10 =10
0.5 0.5
3.5 3.5
3.0 30
'_}\ 2.5 }\ 2.5
2 2.0 = 2.0
;j 1.5 ;‘; 1.5
1.0 1.0
0.5 0.5
3.5 3.5
30 30
w25 “w 25
~ ~
g 2.0 g 20F
Z 15 Z15F
< <
1.0 1.0F
0.5 05
100 10" 102 10? 10*
a) f (Hz) b) f (Hz)

35 M, Q/Quax = 0.598, RMS = 9.188 m/s?

1.0

3.5
3.0
2.5
2.0
1.5
1.0

A (m/s?)

35T P, Q/Quax = 0.598, RMS = 14.13 m/s* 3.5
__30F 30
w25 % 2.5
~ ~
g 20F = 2.0
Z15F Z15F
< <

1.0F 1.0

05 0.5

10! 107 10? 10* 10! 107 10? 10*

c) f (Hz) d) f (Hz)

Fig. 2. Frequency spectra of the vibrations measured at different flow rates on the motor, on the bearings housing, and on the pump at
a) zero flow rate during cold running, b) zero flow rate during warm running, ¢) diminished opening of the throttling valve, and d)
maximum opening of the throttling valve.

energy dissipated into heat inside the bearings and inside
the motor.

The second, third, and fourth stages will be also
denoted as “warm running”.

3 Results

Figure 2 presents frequency spectra obtained by applying
the Fast Fourier Transform (FFT) to the vibration signals
measured on the pump, on the bearings, and on the motor
at different operating regimes. The operating regime is
indicated by the relative flow rate calculated as the ratio
between the operating flow rate and the maximum flow
rate that can be delivered by the pump, O/Omax. Figures 2a
and 2b show results obtained at zero flow rate during cold

and warm running respectively. In terms of accelerations,
the fundamental frequency of roughly 24.3 Hz is barely
visible, yet not completely absent. The same remark is
valid for the blade passing frequency. To better
distinguish the fundamental frequency, its harmonics, and
other lower frequencies, an integration is required to
convert accelerations to velocities or even to
displacements. However, the purpose of the study was to
investigate not the domain of low frequencies, but that of
high frequencies. Therefore, all the results presented in
this paper are in terms of accelerations.

The bearings clearly have the highest level of
vibrations independently of flow rate and of whether the
motor, the bearings, and the pump run cold or warm.
Moreover, the signal measured on the bearings housing
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is very noisy in the frequency domain between 350 Hz
and 10 kHz. This domain can be split into three
subdomains: (i) from 350 Hz to 800 Hz, (ii) from 800 Hz
to 2.5kHz, and (i) from 2.5kHz to 10kHz. In
particular, the highest amplitude peaks exceed 3 m/s? at
frequencies of roughly 1.3kHz and 2kHz. It is
interesting to note that the frequency of 1.3 kHz is
roughly ten times the blade passing frequency. Based on
previous studies and on manufacturers specifications, it
can be assumed that the vibrations in the first frequency
subdomain, i.e. below 800 Hz, are caused only by the
bearings. An additional source of vibrations is the
imbalance of the cantilevered pump impeller caused by
the centrifugal force, by the variable and uneven
pressure distribution inside the pump volute, and by the
hydrodynamic interaction at the pump outlet between the
pump impeller and the volute tongue. This imbalance is
transmitted through the shaft to the bearings and is likely
to be the source of the vibrations having frequencies
close to and above 1kHz. However, another in-depth
study focused on the pressure pulsations inside the pump
volute and at its outlet is required to verify this
assumption.

Considering the shape of the humps on the diagrams
in Figure 2, it can be stated that the vibrations measured
on the motor and on the pump are similar to a large
extent to those measured on the bearings housing. The
most important difference consists in the significantly
lower amplitudes of the vibrations measured on the
motor and on the pump. It seems that the vibrations
having frequencies higher than 350 Hz are transmitted
from the bearings. The lower amplitudes at the motor
could be due to the dampening by the elastic pin bush
coupling, while the decrease in amplitudes at the pump
could be caused by the flanged couplings with the
suction and the pressure pipes, that increase the stiffness
of the pump.

A comparison of Figures 2a and 2b, i.e. between cold
and warm running respectively, suggests that the
operating temperature has a certain influence on the
vibration levels. On the motor there are visible increases
in amplitudes at frequencies above 800 Hz, with a
significant increase at roughly 3.5 kHz. On the bearings,
the amplitudes clearly increase at frequencies around
1.3 kHz and decrease slightly at 5 kHz. It is rational to
assume that these changes in the vibration levels are
caused by the variations of the rotor-stator gap inside the
motor and of the clearances inside the bearings due to
the increase in the operating temperature.

When Figures 2a and 2b are compared with Figures
2c and 2d, it can be observed that there are no significant
differences between the vibration levels measured at
zero flow rate and those measured when the water is
pumped inside the installation. In particular, Figure 2c
shows an important increase in the amplitude of the
vibrations on the motor at about 800 Hz, but this could
have only an electro-magnetic cause related to the
change in the load of the motor. Therefore, it can be
concluded that the phenomena that take place inside the
pump and the bearings are important sources of
vibrations having frequencies up to 10 kHz.
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Fig. 3. RMS accelerations of the vibrations measured on the
motor, on the bearings housing, and on the pump depending on
the relative flow rate.

The RMS accelerations of the vibrations measured
on the motor, on the bearings housing, and on the pump
depending on the relative flow rate Q/QOmax during
warm running, under conditions of non-cavitating flow,
are summarized in Figure 3. The motor is the least
prone to variations in the RMS acceleration depending
on the flow rate. The variation of the RMS acceleration
remains low even on the pump and on the bearings. The
higher level of vibrations on the bearings in comparison
with the pump and the motor is clearly indicated by the
significantly higher values of the RMS acceleration. It
is interesting to note that on the motor and on the pump
the increase in the flow rate leads eventually to a slight
decrease in the RMS acceleration, while on the
bearings the increase in the flow rate is accompanied
by an increase in the RMS acceleration.

Figure 4 presents frequency spectra of the vibrations
measured upstream and downstream of the butterfly
valve, in points P4 and P5 respectively, at different valve
angles. It should be mentioned that the noise specific to
cavitation was heard after switching the valve flap from
a=30° to a=40° Therefore, the frequency spectra
corresponding to the valve angles of 0° and 30°,
presented in Figures 4a and 4b respectively, were
obtained in the absence of -cavitation, while the
frequency spectra corresponding to the valve angles of
40° and 50°, presented in Figures 4c and 4d respectively,
were obtained under conditions of cavitating flow. The
blocking mechanism of the butterfly valve did not allow
to precisely find the valve angle at which the cavitation
is initiated. It should be reminded here that an increase in
the valve angle corresponds to a local decrease in the
flow area, which favors the increase in the cavitation
intensity at the butterfly valve.

As long as the cavitation does not occur (Figs. 4a and
4b), the frequency spectra of the vibrations measured
close to the butterfly valve show larger amplitudes
mostly between 100 Hz and 3 kHz. The corresponding
vibrations propagate most probably from the pump and
from the bearings. In particular, the amplitudes of the
vibrations at the blade passing frequency of 121.5 Hz are
visibly higher than those of the vibrations measured on
the pump (Fig. 2). This indicates that the vortex
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Fig. 4. Frequency spectra of the vibrations measured at points P4 upstream and P5 downstream of the butterfly valve at different

valve angles.

shedding at the volute tongue, caused by the
hydrodynamic interaction between the blades of the
pump impeller and the tongue, produces effects mostly
downstream of the pump and to a significantly lesser
extent inside the pump.

It is also interesting to note that, although in the
absence of cavitation the amplitudes of the vibrations
above 3 kHz are very small, they are higher upstream
of the butterfly valve, at point P4, than downstream, at
point P5. This suggests that, under conditions of non-
cavitating flow, the butterfly valve acts as a damper for
the high frequency vibrations. The explanation could
most probably reside in the increased elasticity of the
valve due to its thick rubber lining and to its mounting
between flanges using long bolts.

When the cavitation occurs, it has a marginal effect
on the vibrations measured upstream of the butterfly
valve, at point P4 (Figs. 4c and 4d). As expected, the
cavitation has, however, a dramatic effect on the
vibrations measured downstream of the valve, at point
P5. At frequencies above 3 kHz, the cavitation causes
vibrations of increasing amplitude as the frequency
increases, until a distinct peak is reached at roughly

18 kHz. Beyond this frequency, the amplitudes of the
vibrations decrease rapidly. A comparison of Figures
4c and 4d reveals that the amplitudes of the vibrations
measured at point P5 and having frequencies above
3 kHz increase also when the cavitation intensity
increases due to the increase in the valve angle.

Figure 5 summarizes the RMS accelerations of the
vibrations recorded at the measuring points P1 to P9 at
different relative flow rates obtained by adjusting the
valve angle at the butterfly valve. Before discussing the
results, it should be recalled that the decrease in flow rate
is due to the progressive closing of the butterfly valve,
which diminishes the flow area and, at valve angles
greater than 30°, leads to cavitation. From this point of
view, the diagrams in Figure 5 should be read from right
to left. Downstream of the pump and upstream of the
butterfly valve, at points P1, P2, P3, and P4, the decrease
in flow rate leads to a decrease in RMS accelerations
until the cavitation at the butterfly valve is initiated. The
decrease in RMS accelerations is steeper closer to the
pump, i.e. at points P1 and P2. This decrease could be
explained by the decrease in the frequency and the
intensity of the vortex shedding at the tongue of the pump
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Fig. 5. RMS accelerations of the vibrations recorded at the
measuring points P1 to P9, depending on the relative flow rate.

volute, at the throttling valve, and at the pipe elbow
downstream of the pump as the flow rate decreases. After
the cavitation is initiated, the RMS accelerations start to
increase as the flow rate continues to decrease and as the
cavitation intensity at the butterfly valve increases.
Downstream of the butterfly valve, at point PS5, the RMS
acceleration remains almost constant at a low value of
roughly 2 m/s? in the absence of cavitation and increases
abruptly up to slightly less than 40 m/s? as the decrease in
flow rate is accompanied by an increase in cavitation
intensity. On the water tank, at point P6, the RMS
acceleration also increases as the flow rate decreases.
Since the water tank is close to the butterfly valve, the
increase in RMS acceleration could be related to the
increase in cavitation intensity. On the suction pipe, at
points P7, P8, and P9, the decrease in flow rate is
accompanied by a decrease in RMS accelerations. The
decrease is more pronounced at point P9, which is the
closest to the pump, and negligible at point P7, which is
the furthest from the pump. These last results indicate
that the cavitation at the butterfly valve has no influence
on the vibration levels on the suction pipe.

4 Conclusions

The study presented in this paper aimed to
experimentally investigate the vibrations in a water
hydraulic system, being particularly focused on those
vibrations induced by the occurrence of cavitation at a
butterfly valve.

The results obtained suggest that the pump and its
bearings are important sources of vibrations with
frequencies of up to 10 kHz. The increase in flow rate
leads to a certain increase in the RMS accelerations of
the vibrations measured on the bearings housing.

than that presented by Yamada et al. [8]. In terms of
global values, the cavitation at the butterfly valve comes
with an abrupt increase of about 20 times in the RMS
accelerations of the vibrations measured downstream of
the valve.

The results obtained could be wuseful in the
management of preventive maintenance of complex
water hydraulic systems.
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