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Abstract

Cavitation is an important problem that occurs in any pump and contributes highly towards the deterioration in the performance
of the pump. In industrial applications, it is vital to detect and decrease the effect of cavitation in pumps. In this study therefore,
focus is on detecting and diagnosing the cavitation phenomenon within a centrifugal pump using vibration technique. The results
obtained for vibration signal in time and frequency domains have been analysed in order to achieve a better understanding
regarding detection of cavitation within a pump. The effect of different operating conditions, including various flow rates related
to the cavitation have been investigated in this work using different statistical features in time domain analysis (TDA). Moreover,
Fast Fourier Transform (FFT) technique for frequency domain analysis (FDA) has also been applied.

Keywords Centrifugal pump - Cavitation - Vibration technique - Fast Fourier Transform (FFT)

Introduction

Condition monitoring has made more acceptable and helpful
for many process industries. These monitoring systems can
give useful information regarding different problems or faults
that can occur in the damaged components of the pump. In
addition, it helps to improve the performance of the pump or it
can be recognised when the pump needs to be refurbished or
replaced. In recent years, most industries have broadened their
interest on condition monitoring systems. In order to decease
the maintenance cost and increase the reliability of machines.
According to the standard ISO 17359:2011, the condition
monitoring process can be divided into five important sections
as shown in Fig. 1.

System Identification

The condition monitoring system process includes analysis of
the function of the system, such as; identifying types of a
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failure in the system and selecting the components that have
to be considered for condition monitoring. Furthermore, it
consists of all information regarding to the research tech-
niques and the existing historical data for the study.

Data Acquisition System

This includes collecting and saving useful data that was col-
lected using suitable sensors. It is a very important section in
condition monitoring system because it consists of several
steps such as measuring and recording data, type of sensor,
number and position of the sensor and type of signals that
were collected.

Data Processing

This is the third significant section in the condition monitoring
process; the first stage in this section is to remove any unwant-
ed noises in the collected data from the environment. This can
be achieved by using filter function to filter out most of the
unwanted noise. This data can then be processed using the
suitable technique to extract suitable features, which can be
used to define the performance of the system. For instance,
Fast Fourier Transform technique was widely used to convert
data from time domain to the frequency domain.
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Fig. 1 Condition monitoring system process [1]
Diagnosis

The purpose of diagnosis is to determine the location, severity
of the damage and fault in the system. Different faults in the
machine can be diagnosed by collecting data when the ma-
chine is working under different operating conditions. The
general trend is to collect data when the machine is working
under healthy and faulty conditions. This data (healthy and
faulty) will be analysed to identify the variance. The level of
the variance indicates the current condition of the system,
which will help to make decision for the next step.

Decision Making

The diagnosis is to provide useful information regarding what
happens in the system. The condition of the system and the
required level of maintenance are defined based on the analy-
sis of the features used for diagnostic purposes [1].

In the literature, many researchers have attempted experi-
mentally to investigate and discuss the pump performance
with and without cavitation using various conditioning mon-
itoring methods. One of these studies carried out by Zhang
et al. [2] where authors attempted to study the vibration fea-
tures in the centrifugal pump that has a special slope in the
volute. In their work, they proposed and analysed vibration
characteristics in the pump with a special slope volute to de-
crease the vibration and offer a new technique to decrease
vibration level in the pump. They collected vibration signals
at various flow rates and compared the performance obtained
between the slope volute and conventional spiral volute pump
conditions. The results have shown that the vibration level of
the slope volute pump was lower than the vibration level of
the conventional pump under different frequencies. They have
therefore found that using slope volute pump can efficiently
decrease the vibration level in the centrifugal pump. Stopa
et al. [3] detected incipient of cavitation in the centrifugal
pump. They used a tool known as Load Torque Signature
Analysis (LTSA). It uses electrical signals from the motor to
compute the torque that the pump develops via its frequency
spectrum information and determines the occurrence and in-
tensity of the cavitation. Their results have revealed that the
LTSA tool presents a response pattern close to those normally
shown by vibration and pressure sensors when used in such an
application. The LTSA tool can detect the cavitation using a
single component impeller passing frequency. Chudina [4]
used noise as an indicator in investigating cavitation
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phenomenon within the centrifugal pump. When cavitation
occurs in the pump, it causes various undesirable effects such
as drop in performance of the pump, erosion, pitting and dam-
age to parts of the pump, as well as increase in the level of
vibration which then results in increased noise. In his work,
the author carried out analysis of the noise signal in frequency
domain under different operating conditions. The results
showed that the cavitation increases at high flow rate particu-
larly at the high range of frequency. Cernetic et al. [5] detected
and monitored of cavitation in the pump by using vibration
and noise signals. They used two types of centrifugal pumps,
the first one was closed impeller with six blades and made of
metal alloy, the second one was semi-open impeller with six
blades and made of plastic material. They detected cavitation
in each pump separately and the results have shown that each
pump has different vibration spectra and noise levels with
various discrete frequencies. In addition, they found that the
difference between vibration and noise under cavitation and
non-cavitation conditions was between 10 to 15 dB. Albarik
et al. [6] investigated and diagnosed centrifugal pump faults
through the use of vibration approach. They used a closed
impeller centrifugal pump in their investigation with some
parameters of the pump considered in their design such as
flow rate of 30 m3/h, head of 55 m and rotational speed of
2900 rpm. They predicted the relationship between the Net
Positive Suction Head available and Net Positive Suction
Head required by decreasing the discharge valve progressive-
ly with the suction valve fully opened according to ISO 3555.
NPSHr for the system increased when flow rate increased.
The results have shown that when the flow rate increases the
level of vibration increases as well. Suhane [7] studied the
effect of radial clearance on pressure pulsations by using
vibration and noise signals in the centrifugal pump under
different flow rates and radial clearances between impeller
and diffuser of 1.5 mm, 3.7 mm, and 6.8 mm. The hori-
zontal type pump has been used in their study together
with diffuser. The impeller has been designed using eight
blades while that of the diffuser composing of seven
vanes. Results indicated that at low flow rate, both vibra-
tion and noise levels were low and are high when the flow
rate is also high. Moreover, the vibration and noise levels
were minimum at the maximum radial clearance between
impeller and diffuser. In addition, from experimental out-
comes the author observed that when the value of radial
clearance increases, the lower pressure fluctuations occur.
Farokhzad et al. [8] experimentally investigated the
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relationship between vibration signal and the type of fault
within the centrifugal pump under different operating con-
ditions using a condition monitoring system. They tested
two different configurations; the first one has broken im-
peller and the second one was with faulty seal conditions.
They collected vibration signals from the pump using the
accelerometer which was positioned on the bearing of the
shaft. The results have shown that an important change in
the trend of vibration signal was occurred as a function of
fault at various operating conditions. The value of RMS
for healthy pump conditions was moderate and stable, but
this increased in value due to the broken impeller and
faulty seal.

Study and detection of cavitation experimentally has
become a significant aspect in pumps to give better
understanding and provide confident and reliable results.
Moreover, the experimental results allow us to under-
stand the relationships between the occurrences and de-
velopment of cavitation with vibration signals.
Therefore, this study is focused on investigating the
performance and inception and development of cavita-
tion in a centrifugal pump experimentally under differ-
ent operation conditions based on vibration analysis
technique. Vibration signals in the centrifugal pump
were analysed in both time and frequency domains un-
der different operation conditions.

Fig. 2 Experimental setup
components and flow loop system

The Experimental Setup of the Centrifugal
Pump

The main aims of this present study are to determine the pump
performance and detect cavitation in the centrifugal pump
experimentally. The detection of cavitation has been achieved
by using different techniques such as vibration through the use
of'accelerometer sensor and pressure using two pressure trans-
ducers at suction and discharge of the pump under the differ-
ent range of operation conditions. To achieve these aims, it
was essential to construct and design an appropriate experi-
mental setup for the centrifugal pump, where the designing of
this experimental setup would be discussed in more details in
the next section.

Figure 2 depicts the different parts for the flow loop of
experimental setup. The centrifugal pump can supply water
to the tank with a maximum pressure about 10 bar. The select-
ed flow loop system was re-circulatory and included a plastic
water tank, PVC clear pipe and PVC connections compo-
nents. The tank capacity has been based on the maximum flow
rate. The inlet pipe diameter of the pump is 2 in.. Also, the
outlet pipe diameter of the pump used is 1.25 in.. Thus, a
reducing coupling of 1.25 to 1.5 in. has been used to connect
the outlet pipe to the water flow meter line because the diam-
eter of water flow meter is 1.5 in.. The tank is made from
plastic with dimensions of 95 %90 x 110 cm. The entire
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section pipes are a transparent pipe the reason behind that is to
permit observation when the cavitation occurs. There are sev-
eral reasons behind selecting the latter type of pipe. Firstly, the
clear pipes are easier to install. Secondly, they are easy to con-
nect them and thirdly they are low cost as compared to the
stainless-steel pipes. Furthermore, the PVC pipes do not neces-
sarily allow for complicated tools to be used in connecting the
different pipes together, as the entire connections between pipes
are made using a solvent welding type (solvent cement and
cleaning fluid) However, the PVC clear pipes have some dis-
advantages such as lack of rigidity. The connections of the flow
loop of the centrifugal pump and the water tank are made
through use of various sizes of PVC pipes.

Vibration Sensor

Commonly, vibration is the greatest widely utilised parameter
in the condition monitoring of rotating systems such as
pumps, turbines and compressors.

The cavitation process in centrifugal pumps includes the
start formation and collapse of huge bubbles. As a result, the
bubbles collapsing generate vibration in the pump. Therefore,
the vibration within the pump provides a strong indicator of
the occurrence of cavitation. Consequently, cavitation could
be predicted and diagnosed by monitoring vibration signals
through the use of an appropriate sensor such as accelerome-
ters. In this current study has been used the accelerometer
sensor type IEPE (small size, high sensitivity) model CA-
YD-1182 position at the outlet volute near tongue region as
depicted in Fig. 3. The accelerometer range of frequency in the
experimental setup is between 0 Hz to 15KHz and the opera-
tion temperatures range —40 and + 120 °C. Table 1 summa-
rises the accelerometer sensor specifications.

At volute, the tongue region which is the smallest clearance
that exists between the impeller and the pump volute casing.

Fig. 3 The accelerometer and its location on the centrifugal pump

SEM

Table 1 Specifications of the accelerometer sensor

Vibration accelerometer sensor

Axial Sensitivity (20£5 °C) 100 mV/g
Measurement Range (peak) 50¢g

Transverse Sensitivity <5%

Frequency Response (0.5 dB) 0.5 to 15,000 Hz
Mounting Resonance Frequency 40,000 Hz
Polarity Positive
Operating Temp. Range =40 to +120 °C
Shock Limit (+peak) 3000 g
Operating Current +2 to +10 mA (typical 4 mA)
Output Signal (peak) <6V

Noise (1 to 20 kHz) <0.5 mg

Base Strain Sensitivity 0.2 mg/pe
Magnetic Sensitivity 1.5¢/T

Thermal Transient Sensitivity 10 mg/°C
Output Impedance <100

Weight 9¢g

Where at this region the pressure fluctuations in the centrifu-
gal pump reaches the highest values; therefore, the accelerom-
eter is located at this position on the volute to gain the best
signals of vibration as it shown in Fig. 3. Through the current
experimental study, the position of the accelerometer is
attempted in various places in the volute. Thus, it found that
position near the tongue region is the most appropriate place
for gaining the best vibration signals.

Conventional Statistical Measures from the Time
Domain Analysis

The study will use conventional statistical measures to analyse
signal that were obtained from time domain by using the sta-
tistical features below:

Analysis of Data using the Peak Value of the Signal

It is an important statistical parameter and is used to calcu-
late the peak value of the signal [9].

Analysis of Data using Root Mean Square (RMS)
Value

The RMS value of the signal is employed widely in condi-
tion monitoring for machines in order to indicate the energy
level of the signal. Further, this statistical feature is used to
evaluate the effect of signal fluctuations in any machine and it
can be defined by using the equation given below [9]:

1
RMS = Nzgvzlx,-z (1)
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Where, x; and N are represented the element signal and the
total number of elements.

Analysis of Data using the Peak-to-Peak Value of the
Signal

This is an important statistical parameter and represents the
distance from the minimum peak to maximum peak of the
signal.

Analysis of Data using Variance Value

The fourth statistical parameter that was used in this study
is to measure and analyse signals that are obtained from time
domain variance value and it can be given as below [9]:

z<xi—x) N

Variance =
N-1

Where, xi, N, and X are represented the set of elements, the

total of elements, and the mean value of elements respectively.

Frequency Domain Analysis

The Fast Fourier transform technique is extensively
used to transform the signal from time domain into
the frequency domain on the assumption that the fre-
quency elements of the signal are always directly relat-
ed to the mechanical condition of the machine compo-
nents. The Fourier transform produces a frequency spec-
trum, which is the average of the signal over the sam-
pling period [9]. The outcome of the Fast Fourier trans-
forms offers the amplitude of the signal with frequency.
The Fourier transforms and its inverse for continuous
signals mathematically can be defined as below [9]:

0

Flw)= [ X(¢)e* dt (3)

—00

The inverse of FFT can be written as:

o0

X(@0)= 1 F(w)e™ dw (4)

—00

Where, X(t) and F(w) are the time and frequency signals,
and j = V-1
w="27f (5)
Where, w represents angular frequency, and f=1/T, T rep-

resents time in second.
&= cos2mift + sin 27t (6).

Conventional Statistical Measures from the Frequency
Domain Analysis

For further analysis, this work was used different conventional
statistical information to analyse signals that were obtained
from frequency domain by using below statistical values:

Analysis of Data using the Mean Value of the Signal

The mean value of a signal is denoted by the Greek symbol
W, it represents the average value and can be calculated by
using equation (7) [10].

1 _
H= N ?/:()Ixi (7)

Analysis of Data using Root Mean Square (RMS)
Value

The RMS can be calculated from frequency domain (spec-
trum), representing the value from zero to 70.7% of the max-
imum (peak) amplitude for the spectrum [11].

Calculate Total Head of the Centrifugal Pump

In this experimental study, the total head of the centrifugal
pump can be calculated under different operational conditions
as following:

Velocity at the Suction Side of the Pump

This velocity at the suction side of the pump can be calcu-
lated by using below equation:

_ 40

VvV, =
: 7Td|2

(8)

Where, Q, Vi, and d,are represented the flow rate (/min),
water velocity in suction pipe (m/s), and suction pipe diameter
(m) respectively.

Velocity at the Discharge Side of the Pump

This type of velocity can be calculated using equation (9):

4
Vy = Qz
7Td2

©)

Where, V5, and d, are denoted the water velocity in dis-
charge pipe (m/s) and discharge pipe diameter (m).

Friction Head (Hf)
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This type of friction head can be calculated using the below
equation:

-

Where, f, L, and D are defined the Darcy friction factor,
pipe length (m), and pipe diameter (m).

Static Suction Head (Hs)

This head represents the vertical distance from the centre
line of the pump to the free water level in the tank.

Head at the Suction Side

To calculate the total head at the suction side the following
equation can be used:

P V)P
Huy =27, +—+ - (11)
pg  2g

Head at the Discharge Side

The total head at the discharge side can be calculated by
equation (12):

Py, V2
Htout:ZZ +72+72 (12)
pg  2g

Total Head in the Centrifugal Pump

Total head in the pump can be calculated as follow:

H, = Htin_Hmut_Hf_Hs (13)

Where, H,,,, and H,, are represented the total head at the
inlet and outlet of the pump.

In order to calculate the NPSH in this study the ex-
perimental data for Net Positive Suction Head required
(H-NPSHR) curve of the centrifugal pump that was pro-
vided by its manufacturer (Pedrollo company pump
model F32/200H) and the NPSHA can be calculated
under several operational conditions as follows:

Pdﬂ‘l PS' 2 PV
L—FV————Hi (14)

NPSHa =
pg 2g pg

SEM

Diagnosis of Cavitation within the Centrifugal Pump
Using Vibration Analysis Technique

In this current study, various experimental measurements
techniques such as vibration and pressure based on different
pump operation conditions have been used in order to simul-
taneously find the relationship between vibration and detect-
ing cavitation within the centrifugal pump. Sources of vibra-
tion in the centrifugal pump during different operational con-
ditions have been evaluated and then the revealing of how the
incipience and development of cavitation influences the pump
vibration level. Furthermore, it presents and discusses the ex-
perimental outcomes of using vibration technique for moni-
toring cavitation within the centrifugal pump on the experi-
mental setup. Also, the work would provide the analysis on
the vibration signals in time domain using time wave form
analysis (TWFA) and then using various statistical features
such as peak, RMS, peak-to-peak and variance values in order
to predict and diagnose the cavitation under various operation
conditions. For further analysis on the characteristic of the
cavitation phenomenon inside the centrifugal pump, the vibra-
tion signal in time domain is converted to frequency domain
analysis (FDA) through the use of (FFT) technique which can
be suitable in predicting and diagnosing cavitation in the
pump. This study further focuses on analysing the vibration
signal in frequency domain based on different range of fre-
quencies. Furthermore, analysis on the vibration amplitude in
frequency domain by using different features such as mean
and RMS on the vibration amplitude values. This analysis is
essential in order to obtain a better understanding and also
more information regarding the detection of the occurrence
of cavitation within a pump for various frequency ranges
and hence, finding the sensitive frequency range for predicting
cavitation.

Vibration Sources in the Centrifugal Pump

The origin of vibration in centrifugal pumps might occur from
various types of sources. Comprising of hydraulic and me-
chanical excitation forces leading to an increase in the levels
of vibration that might decrease the performance of the pump
and hence lead to causing damage in the pump parts such as
the impeller, volute and also leads to decrease in pumps bear-
ing life and the seal failures [12, 13]. The measurements of
vibration in the centrifugal pump can be utilised for several
applications including quality control and condition monitor-
ing (CM) investigations and also for research development,
where each of the listed application has their peculiar analysis
and measurement procedures. Thus, this study provides and
discusses the usage of vibration technique for predicting cav-
itation in the pump. Vibration in pumps has two central
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sources, the first one is hydraulic and the second one is me-
chanical sources. The next section will explain these type of
vibration source [13].

The Vibration Occurrence from Hydraulic Sources
in the Centrifugal Pump

This type of vibration in centrifugal pumps occur as a result
from several problems including problems of flow distribution
which include high velocity, and also interaction between the
rotating part such as impeller, and the stationary part such as
the volute through the rotation of the impeller in the pump
particularly at volute tongue region. Furthermore, hydraulic
sources of vibration in a centrifugal pump includes blades
passing forces, hydraulic imbalance, recirculation flow, cavi-
tation, system instabilities, water hammer and so on [12].

The Vibration Occurrence from Mechanical Sources
in the Centrifugal Pump

The pumping system comprises of several parts. This
pumping system include the centrifugal pump, an electrical
motor and its related flow loop piping system such as pipes,
elbows, fittings, and valves. Even through regular operation
conditions, various kinds of physical processes create vibra-
tion such as hydraulic interaction with the piping system, im-
proper installation or maintenance, application for the pump,
and manufacturing designs and different types of faults [14].
Typically, the mechanical vibration sources in the pump in-
cludes several sources such as pressure fluctuations created in
the fluid [15], unbalance, misalignment between shafts con-
nections, and damaged bearings [16]. Moreover, other me-
chanical sources include the mechanical forces, improper us-
age of the pump as provided in the installation manual and the
conditions emerging from the pumps’ incorrect assembly and
also from wear [12].

Cavitation as another Important Source of Vibration
in the Centrifugal Pump

When cavitation occurs in the different types of machines (e.g.
propellers, turbines, and various kinds of pumps), it leads to
drop in pressure particularly at the eye of impeller below the
water vapour pressure. As a result, leading to increase in the
level of noise and vibration due to unstable flow which causes
increase in the pressure fluctuations within a pump [12].
When cavitation starts to occur within the pump, the first
formations of bubbles are very small leading to the bubble
collapse inside the pump. As cavitation continuous inside
the pump, the bubbles collapse then occurs close to the surface
of the impeller, which eventually erodes the impeller and
hence, causes pitting on the surface of the impeller and volute.
Because the formation and collapse of bubbles happen

randomly, the incipience and development of cavitation can
cause high noise and vibrations within the pump [12].

Over the last decade, there have been increasing interests in
using condition monitoring (CM) methods for detecting cav-
itation. There are several reasons behind this method as it
decreases the costs of machines maintenance and hence, en-
hance productivity and safety in the industry. In this study,
various analyses techniques have been used to predict cavita-
tion phenomenon in the centrifugal pump. The vibration sig-
nal will be analysed, as it is one important technique in the
condition monitoring for the centrifugal pump in order to pre-
dict early and diagnose the inception and development of cav-
itation occurrence within the pump. Also in this research, the
vibration signals would be collected through the use of an
accelerometer (vibration sensor) that has been positioned
close to the volute tongue region of the centrifugal pump.
The reason behind selecting this position is because this is a
part in the pump that has high effect due to the high interaction
between the rotating part (impeller) and stationary part (vo-
lute). To study the wide range of operation conditions, flow
rate has been changed by throttling the ball valve at the dis-
charge pump side and then keeping the suction valve open at
100%. Furthermore, the analysis of vibration signals under
different above operation conditions using time domain anal-
ysis (TDA) and frequency domain analysis (FDA) are per-
formed using MATLAB code in the next sections.

Effect of Various Flow Rates to Predict
the Performance and Cavitation
within a Centrifugal Pump

Vibration technique has been used in order to predict cavita-
tion. For analysis purpose, effect of various flow rates on the
performance of the pump and predict cavitation within a pump
have been investigated in this section. The centrifugal pump
has been operated experimentally at different flow rates (three
stages of flow rates). The first stage was at low flow rate, and
the second stage was at design flow rate and the last stage was
at high flow rate as summarised in Table 2. Keeping pump
rotational speed N =2755 rpm constant. The next section pre-
sents the results of the pump performance and predicting cav-
itation that have been obtained from experimental calculation
based on the different flow rates.

Table 2: Summarises wide range of flow rates that have
been used in this case under investigation in order to predict
the performance and cavitation.

Performance Output of the Centrifugal Pump
One key aim in this experimental study, is to calculate the

pump head. Therefore, several experimental measurements
have been conducted to find the pump performance under
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Table2 Range of flow rate for the pump under pump rotational speed of 2755 rpm

Range of flow rate (I/min)

378 370 365 362 352 342 331 320

302 276 252 227 200 177 152 103

various operation conditions. Furthermore, the suction and
discharge pressures signals of the pump can be obtained
through the use of two pressure transducers at suction and
discharge sides of the centrifugal pump. The data includes
pressure signals and calculated head are processed through
use of MATLAB code as shown that in next section.

Calculate the Head and NPSH of the Centrifugal Pump
under Various Flow Rates

Figure 4 depicts the head of the pump under various flow rates
measurements which has also been summarised in Table 2 with
a pump rotational speed of N=2755 rpm. From this figure, it
can be clearly seen that the changes in pumps’ flow structure as
flow rate increased from lower to the higher value and the
interesting point is here to notice the change of head in the
pump. It can be observed that the trend of head gradually de-
creases when flow rate increases. Moreover, from this figure, it
can be seen that the head is changing in a periodic manner as the
pressure changes in the pump. Due to three main possible rea-
sons, the first one is due to the high interaction between the
impeller and tongue volute region which generated by the im-
peller rotational speed. The second reason is related to the non-
uniform distribution of pressure distribution in the volute due to
the asymmetrical cross-section area of the volute, and finally,
the important reason is the occurrence of inception and devel-
opment of cavitation within the pump. Moreover, it can be seen
also from this figure that when the pump operates under high
flow rate, it leads to decrease in the head within the pump and
then also lead to reduction in the pressure at the inlet eye of the
impeller below the water vapour pressure. Hence, that leads to

60
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Flow rate (/min)

Fig. 4 Head of the centrifugal pump under pump rotational speed
2755 rpm

SEM

cause cavitation, and it will develop in the pump when the flow
rate is increased. Further investigation also shows that the head
rapidly decreases when the pump operates at flow rate higher
than 350(I/min). The reason is because of the occurrence and
development of cavitation.

The effect of cavitation on the output performance of the
centrifugal pump under different operation conditions would
be discussed. Such conditions would include various flow
rates, different pump rotational speeds, various suction valve
openings and using air injection by using vibration technique.
It is essential to first investigate and then calculate the Net
Positive Suction Head NPSHa of the centrifugal pump so that
the relationship with the different flow rates can be described,
as well as also establishing a general knowledge of the pumps’
performance. In this experimental study, the centrifugal pump
has been tested under different measurements of flow rates
corresponding to normal operation conditions (without cavi-
tation conditions) and with cavitation conditions. The cavita-
tion characteristics of the centrifugal pump that are monitored
as important part of this study are plotted in Fig. 5. This figure
depicts the Net Positive Suction Head available, and Net
Positive Suction Head required against different flow rates
based on inception and development of cavitation in the pump
[17]. For this purpose, the pumps’ flow rate can be changed
through progressively throttling the discharge valve and then
keeping the suction valve open at100% and keeping the pump
rotational speed constant at 2755 rpm. The experimental data
for the H-NPSHr curve for the centrifugal pump has been
provided by the manufacturers (Pedrollo company pump
model F32/200H).

9

Pump NP SHr
] IR W— S— SR— ——NPSHa |1

NPSH (m)

0 i i i i i

100 150 200 250 300 350 400
Flow rate (I/min)

Fig. 5 The cavitation characteristics of the centrifugal pump under

different flow rates
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From this figure, the different regions of cavitation are
quite apparent. The first one was when the pump works under
low flow rate making no cavitation to occur in this region. At
this point, the NPSHa is higher than the NPSHr. For the sec-
ond region, the flow rate is higher than 350(1/min) and at this
region, cavitation begins to occur in the pump where the in-
tersection between the two curves for NPSHa and NPSHr
already occurred. That means the development of cavitation
starts at this point. The third important region is when cavita-
tion within the centrifugal pump starts to increase as the flow
rate increases more than 350(I/min) due to decrease in the
pressure at the eye of the impeller below the water vapour
pressure and hence, at this point, the NPSHa becomes smaller
than the NPSHr. Also, it is clear that the signs of cavitation
include deteriorating of the performance of the pump.
Additionally, during the experimental measurements for the
centrifugal pump, inception of cavitation rapidly deteriorated
at the flow rate higher than design flow rate as shown that in
Fig. 5. Also, it can be seen from this figure that cavitation has
occurred at flow rate between higher design flow rate range of
300(I/min) and 350(I/min). It can be clearly seen that the level
of cavitation was increased with the flow rate increased.
Furthermore, based on the above results regarding the rela-
tionship between the NPSHa and NPSHr with the pumps’
flow rate, it can be seen that the value of NPSHa and
NPSHr have a high effect on the performance of the pump.

Investigations and discussions regarding the performance
of the centrifugal pump under cavitation conditions have been
carried out using vibration technique in details in the follow-
ing sub section.

Predicting Cavitation within a Centrifugal Pump
Using Vibration Technique under Various Flow Rates

In this research, an attempt has been made to investigate
the pump behaviour under the effect of normal operating
and cavitation conditions, through the application of vi-
bration technique. This technique necessitates particular
sensors such as an accelerometer sensor and accurate sig-
nal evaluation processing technique in order to analyse
the vibration signal related to the cavitation condition
within a pump under different operating conditions.
Results corresponding to the vibration signal under vari-
ous flow rates, through calculations and analysis of the
signal amplitude in time and frequency domains within
the pump, have been presented to predict and diagnose
cavitation. Simultaneous evaluation of the different exper-
imental measurements based on normal operation (with-
out cavitation) and cavitation conditions have been per-
formed using MATLAB code. In this study and through
the experimental tests, the vibration signals are collected
using an accelerometer sensor as mentioned earlier. The
performance of the centrifugal pump parameters such as

discharge flow rate, inlet and outlet pressure are measured
through the use of various types of sensors including wa-
ter flow meter, two pressure transducers at suction and
discharge sides of the centrifugal pump. The various types
of signals from all the above sensors are sampled, collect-
ed and saved through the use of dynamic data acquisition
and analysis system model YE7600 from Global Sensor
Technology (GST) made by SNOCERA
PIEZOTRONICS. In this experiment, the pump was in
operation for each test under the different flow rates.
During each experimental test, for the vibration sig-
nal sampling process, the pump rotation speed was kept
constant at the different flow rates. In these experimen-
tal measurements, each experimental test has been re-
peated at least 3 times. In order to obtain and provide
more reliable consistent data sets, collecting and repeat-
ing each operation test helps to comprehend the charac-
teristics of the vibration signals and hence, acquire more
dependable diagnostic features for predicting cavitation
within the pump. This study collects and then analyses
the vibration signals under various flow rates as
summarised in Table 2. These signals were obtained
and collected through the use of the sensor such as an
accelerometer type CA-YD-1182. At the input, the volt-
age signal obtained from the accelerometer has been
collected then sampled at 96 kHz in the data acquisition
system. Furthermore, the numbers of data points in each
of these experimental measurements were equal to
2,880,000 points and the averaging time was 30 s. In
order to measure vibration in the system, an accelerom-
eter has been used as the most appropriate vibration
sensor [18]. There are several reasons behind using this
type of sensor. Firstly, it can be used for wider ranges
of frequency. Secondly, it is easy to install on the ma-
chine. Thirdly, it is reliable for vibration measurement
and finally, it can be used effectively to predict various
conditions such as healthy or faulty equipment [19].
Currently, there are many applications associated with
pumps in industry. Therefore, condition monitoring in
pumps has become a significant application as it can
allow the extension of the life of the pump as well also
decrease the cost of maintenance. In this research, a
methodology has been proposed for detecting the incep-
tion and development of cavitation within the centrifu-
gal pump. Figure 6 depicts the flow chart used for the
analysis of the vibration data. The methodology used in
this research consists of different stages and the brief
details of these experimental stages are as follows:

* The first stage includes collecting the experimental
raw vibration signals from the centrifugal pump un-
der the different ranges of operating conditions using
accelerometer sensor.
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Fig. 6 Flow chart analysis of
vibration data processing
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* Analysing the vibration signal based on time domain
(TD). Firstly, to compare the various raw vibration
signals under the different operation conditions using
the graph of the time wave form analysis (TWFA).
Second is to analyse the vibration signal by using
different statistical features such as peak, RMS,
peak-to-peak and variance values.

* Detect various levels of cavitation (no cavitation,
inception, development and full development of cav-
itation) within a pump by using the above features.

+ Compare between the above mentioned features to find
the sensitive feature in order to detect different levels of
cavitation.

* Analyse the vibration signals based on frequency
domain (FD) using FFT technique. Firstly, analyse
the raw vibration signal based on various frequency
ranges (low and high-frequency ranges).

* Analysing the amplitude of the vibration signals un-
der different frequency ranges and wide range of
operating conditions based on frequency domain
(FD) analysis using different statistical features such
as mean and RMS vibration amplitudes.

SEM

» Detect different levels of cavitation (no cavitation, incep-
tion, development and full development of cavitation)
within a pump by using the above features.

The details of analysing the vibration data in time and fre-
quency domains under different range of operation conditions
and frequency ranges using above methodology, are presented
and discussed in the next sections.

The Vibration Signal Analysis Based on Time Domain
(Waveform) under Various Flow Rates

In the time waveform analysis (TWFA) of vibration accelera-
tion signal has been compared under normal and cavitation
operating conditions. The experimental results have been
depicted and grouped based on different flow rates. Different
vibration waveforms signals collected by accelerometer that is
mounted on the centrifugal pump casing are illustrated in
Fig. 7. This figure depicts the relation between the amplitude
and time for the vibration waveform signals under various
flow rates for different operation conditions were considered
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Fig. 7 Analysis of the vibration signal in TWFA under various flow rates at N =2755 rpm

which are normal operation conditions without cavitation and
abnormal operation conditions with cavitation are listed in
Table 2, and pump rotational speed of 2755 rpm. It can be
seen from this figure there are different levels of vibration
amplitudes according to the change in the flow rate. For ex-
ample, when the pump works under the low range of flow rate
such as, between 152 and 302(l/min) the levels of vibration
amplitudes are almost the same. It is also worth noticing that at
a low range of flow rate the levels of vibration amplitudes are
lower than that when the pump operates under high flow rate.
However, at the high range of flow rate for example, from 331
to 352 (I/min) the vibration levels begun to increase.
Obviously, at the range of flow rate from 362 to 378(I/min)
the values of vibration amplitudes rapidly increase, the results
depict that the vibration amplitude signal increases with flow
rate increases. Two possible reasons can be considered behind
this phenomenon. The first one is due to the high interaction
between the impeller and volute tongue region such interac-
tion occurs particularly in this region due to two important
reasons. The first one when the trailing edge blades of the

impeller are near and then they crossed the tongue region
during rotation of the impeller, and the second reason when
the tongue area was in between two trailing edge blades of the
impeller. The second main reason to increase the vibration
amplitude is mostly due to the incipient cavitation phenome-
non taking place at the high flow rate, and it will develop when
the flow rate is increased [20—22]. In this case, the trend for the
vibration amplitude was more random with high peaks when
compared with normal operating conditions. The reason be-
hind this is that when cavitation occurs in the pump, it gener-
ates very small bubbles and these small bubbles collapse and
hence, leads to changes in the shape and amplitude of the
vibration signals. Furthermore, it can be seen that the occur-
rence of cavitation is one key reason that causes instability in
the flow within a pump. By comparing between figures (a)
and (p), it can be concluded that vibration signals are sensitive
to predicting cavitation within a pump.

As it is evident in above figure, the change in the level of
vibration amplitude varies according to flow rate changes.
However, such variances have revealed that the useful
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evidence concerning information regarding for detecting cav-
itation phenomenon within a pump using time wave form
analysis (TWFA).

For extraction of useful raw data features, statistical analy-
sis is used in condition monitoring (CM) method, which de-
pends strongly on the kind of signal under investigation. In
order to obtain further information with regard to analysing
the vibration signals, this section has analysed the vibration
signal in time domain through the use of various types of
statistical features such as peak, RMS, peak-to-peak and var-
iance values. In order to obtain clear idea regarding how the
vibration amplitude is changed under different flow rates, and
hence to predict and diagnose the cavitation. Furthermore, the
analyses above features are performed using MATLAB code.
The level of vibration stability of a pump is associated with the
pump flow rate. For this study, the design of experimental
setup for the centrifugal pump loop system can operate under
different operation conditions.

Analysing the Vibration Signal Using Peak and RMS
Values in Time Domain

As mentioned earlier, to analyse the sample of vibration sig-
nals under various operation conditions, different statistical
features of vibration signals have been used in time domain
analysis (TDA) including peak and RMS values. The peak
and Root Mean Square (RMS) value function in the vibration
signal has been a useful function for monitoring condition
systems. These statistical features are widely used in condition
monitoring in referring to the signal energy content. The raw
vibration data are obtained from experimental setup and then
processed in time domain. Figure 8 depict the analysis of
vibration signal for a centrifugal pump using above statistical
values. In order to detect the inception and development of
cavitation conditions, various types of operation conditions of
flow rates such as at low flow rate from 100 to 250(1/min),
design flow rate at 300(I/min) and high flow rate from 320 to
378(l/min) has to be conducted with the pump rotational speed
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kept constant at 2755 rpm. It can be seen that from these
figures there is a small indication of the variance in vibration
level at flow rates below 350(1/min). Though, at a flow rate
above 350(I/min), the vibration level witnesses a significant
increase. However, the results from the experimental measure-
ments have showed that the same trend occur for all the sta-
tistical features on the vibration signals under the different
flow rates. All of these statistical parameter trends, rapidly
increases, when the centrifugal pump operates under flow rate
of 350(I/min). One of the main reasons is because of the oc-
currence of cavitation at this particular flow rate. The second
reason is due to the interactions between the impeller and
volute tongue region which then results to the pressure fluc-
tuations reaching the highest peak inside the pump occurring
very close to this tongue region. However, the values and
levels of the pressure fluctuations inside the pump increase
or decrease in magnitude as the trailing edge blades of impel-
ler is near or far away from the volute tongue region. It can be
noticed that the rapidly starting value increase was earlier for
the peak feature as compared to the RMS feature. The results
depict that using peak and RMS features in time domain anal-
ysis (TDA) have the capability in order to predict cavitation in
the centrifugal pump under high flow rates. Due to the char-
acteristics of cavitation in centrifugal pumps, as illustrated in
earlier sections in Fig. 5, it was obvious that when the flow
rate was higher than design flow rate, it led to inception of
cavitation of the pump. On this basis and from above findings
it can be concluded that cavitation was the central problem
behind the increase in the level of vibration in the centrifugal
pump. Hence, the vibration signal analysis in the time domain
can be considered as an indication to first determine the
pump’s condition, in addition to when cavitation has occurred
in the pump. Additionally, the peak feature value was more
sensitive as compared to RMS feature for detecting occur-
rence of cavitation.

From these figures, the different regions of cavitation are
apparent. The first one was when the pump works under low
flow rate making no cavitation to occur in this region. At this
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Fig. 8 Trends of peak and RMS features with NPSH of the vibration signal within the centrifugal pump at 2755 rpm

SEM



Exp Tech (2020) 44:329-347

341

point, the NPSHa is higher than the NPSHr. For the second
region, the flow rate is higher than 350(1/min) and at this
region, cavitation begins to occur in the pump. That means
the development of cavitation starts at this point. The third
important region is when cavitation within the centrifugal
pump starts to increase as the flow rate increases due to de-
crease in the pressure at the eye of the impeller below the
water vapour pressure. The cavitation process in centrifugal
pumps includes the start formation and collapse of more bub-
bles. it generates very small bubbles and these small bubbles
collapse and hence, leads to changes in the shape and ampli-
tude of the vibration signals. As a result, the bubbles collaps-
ing generate more vibration in the pump. Consequently, the
vibration within the pump provides a good indicator for cav-
itation occurrence. In addition, during the experimental mea-
surements for the centrifugal pump, inception of cavitation
rapidly deteriorated at the flow rate higher than design flow
rate as shown that in Fig. 5.

The investigation of vibration signals through the use of
peak and RMS values offer useful information regarding a
centrifugal pump condition. Hence, analysis of the trend of
vibration amplitude, together with the flow rates could pro-
vide a good indicator for detecting cavitation. Consequently,
different statistical parameters to monitor the trend of vibra-
tion amplitude such as peak-to-peak and variance values can
be used to predict cavitation as we would see in next section.

Analysis of the Peak-to-Peak and Variance Values
Based on Time Domain (TD)

The relationship between the vibration level and various flow
rates within a centrifugal pump can provide more information
regarding the detection of cavitation through the use of other
different types of statistical features trends such as peak-to-
peak and variance values. For further analysis, the vibration
signals in time domain for the centrifugal pump in Fig. 9
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depicts the peak-to-peak and variance values, under various
flow rates as summarised in Table 2, under a pump rotational
speed of 2755 rpm. It can be clearly seen that from these
figures that the values of peak-to-peak and variance have ap-
proximately the same trend as compared to the trends of peak
and RMS values as shown in Fig. 8 above. It can be observed
that there is no significant change in peak-to-peak and vari-
ance values when the centrifugal pump operates under low
flow rate from 100 to 300(1/min). Also, as seen at a flow rate
beyond 350(I/min), the vibration amplitudes witnessed a fast
increase as shown in these figures. For comparison between
different flow rates, the level of vibration amplitude has been
rapidly changed with the increase of the flow rate value par-
ticularly in the flow rate from 350 to 378(I/min). When the
centrifugal pump operates at low flow rate, while the pump
rotation speed is kept constant at 2755 rpm, it can be observed
that no cavitation occurred. While at the same rotational speed
but under high flow rate, inception of cavitation then begins to
occur at the pump and as the flow rate increases continuously,
cavitation then also increases leading to the pump work-
ing under a fully developed cavitation. In other words, it
can be seen that when the NPSHa is smaller than the
NPSHTr, that leads to cavitation occurrence as shown that
in Fig. 5. Furthermore, it can also be observed that the
peak-to-peak value increase rapidly when compared to the
variance value. From the above finding, it can be conclud-
ed that the peak-to-peak value was more sensitive as com-
pared with variance value. Also, the result shows that the
use of statistical features such as peak-to-peak and vari-
ance values in order to analyse the vibration data in time
domain acquired from experimental measurements can be
a suitable technique to identify the inception and devel-
opment of cavitation in the pump under different operation
conditions. Based on the above results, it can be observed that
the occurrence of cavitation within a pump was the important
reason to increase the level of vibration amplitude.

5500
z
E 4400 -
@
=
3
T 3300 -
E —
: 5
8 A <
S 8 &
s 2200
£ =2
= =T
> X g =
g Inception of s =
= 1100 — s =
= Cavitation -
& -
P —

0+ - |
100 150 200 250 300 3% 400

Flow rate (V/min)

Fig. 9 Trends of peak-to-peak and variance feature with NPSH of the vibration signal within the centrifugal pump at 2755 rpm
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From these figures, it can be clearly seen that the same
different regions of cavitation are apparent as shown in the
previous figures for peak and RMS vibration signals. The first
one was when the pump works under low flow rate making no
cavitation to occur in this region. For the second region, the
flow rate is higher than 350(1/min) and at this region, cavita-
tion begins to occur in the pump. That means the development
of cavitation starts at this point. The third important region is
when cavitation within the centrifugal pump starts to increase
as the flow rate increases due to decrease in the pressure at the
eye of the impeller below the water vapour pressure as men-
tioned in the above. Also, during the experimental measure-
ments for the centrifugal pump, inception of cavitation rapidly
deteriorated at the flow rate higher than design flow rate as
shown that in Fig. 5.

The Analysis of Vibration Signals Based on Frequency
Domain (FD) under Various Flow Rates

As mentioned in the previous section, the level of vibration
signal amplitude highly depends on the operating conditions
of flow rate inside the pump. The results from time domain
analysis have revealed that when the pump is being operated
under low flow rate that is less than the design flow rate, a
minimum level of vibration will occur. However, when the
pump is working under condition that is higher than the design
flow rate, more vibration and noise occurs. This is attributed to
several reasons but one reason is mostly because of the inter-
actions between the impeller blades and part of the volute
tongue, close to the tongue region. Another reason can be
due to increase in turbulent flow within the pump. The most
important reason is due to the cavitation phenomenon that has
occurred at high flow rate. The vibration signals have been
collected through the use of an accelerometer sensor. The
cavitation in the pump can be identified by finding the varia-
tion in vibration signal amplitudes as would be discussed in
details in the next section.

Predict the Cavitation within a Pump at Frequency
Range from 0 Hz to 2 kHz

Figure 10(a) and (b) depict the three-dimensional figure of
vibration signals in the frequency domain based on the differ-
ent range of frequencies. The first one is at low range frequen-
cy from (0 Hz to 1 kHz) and the second one is at range of
frequency between (1 kHz and 2 kHz) under various measure-
ments of flow rates as shown in Table 2 and the rotational
impeller speed of 2755 rpm. It can be seen that from both
figures, there are small variances in the level of vibration am-
plitude within the centrifugal pump when the pump is operat-
ing less than 300(I/min). However, it can be clearly observed
that there is a significant increase in the level of vibration
amplitude that occurred, when the pump is operated under

SEM

flow rate higher than 350(1/min). It can be noticed that this
increase in the level of vibration amplitude occurs for both
range frequencies from (0 Hz to 1 kHz) and (1 kHz to
2 kHz) respectively. The reason behind that is due to the high
interaction between water and the blades of the impeller, as
well as the interaction between the impeller and volute.
Moreover, one important reason is due to the occurrence of
cavitation within the pump.

Also from this figure, it is worth observing that under flow
rate higher than 350(1/min), the development of cavitation has
already occurred. This is due to the smaller vapour bubbles
generated in and around the impeller passages and hence, the
bubbles impeding the flow rate being pumped. As a result,
these bubbles cause increase in the level of vibration and noise
inside the pump which then results in a decrease in perfor-
mance of the pump. Therefore, a decrease in the pump perfor-
mance is a reliable indication of cavitation has occurred in the
pump. Also, the dominated frequencies for both frequency
ranges are associated with the shaft rotating frequency (Rf),
blade passing frequency (BPF) and their harmonics.
Furthermore, as mentioned in this section, it can be observed
that the level of the vibrations was closely related to the oc-
currence of cavitation in the pump.

Predict the Cavitation within a Pump at Frequency
Range from 2 Hz to 15 kHz

Figure 11(a) and (b) depict the three-dimension vibration sig-
nal in frequency domain analysis (FDA) and the frequency
range is from 2 Hz tol10 kHz and 10 Hz to 15 kHz under
various flow rates and the pump rotational speed of
2755 rpm. It can be seen that these range of frequencies have
the same trends as compared to previous figures for level of
vibration amplitude in frequency domain under flow rate less
than 350(1/min). However, the trend of vibration amplitude
increases with flow rate increases; it is also worth observing
that the vibration amplitudes under high flow rates have much
higher intensities as compares to the low flow rate due to the
occurrence of the inception of cavitation at the flow rate lower
than 350(I/min). After the inception of cavitation has oc-
curred, variations in the level of vibration amplitude increases
as flow rate increases. When the cavitation increases continu-
ously, it means the pump is operating under the conditions that
cavitation has developed fully, leading to the level of in-
creased amplitudes in the vibration signal, particularly under
higher flow rate. Because of the occurrence of cavitation in the
pump, bubbles begin to form and collapse within the pump
which directly affect the level of the vibration amplitude.
Furthermore, it can be observed that high-frequency range
was more sensitive for detecting cavitation particularly at high
flow rate as compared to low-frequency range.

It can be found that from above findings, the vibration
amplitude when the pump works under inception and fully
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Fig. 10 Vibration frequency under various flow rates and the vibration frequency range from 0 Hz to 2 kHz at 2755 rpm

developed cavitation was higher than without cavitation con-
dition (at the low flow rate) under the different range of fre-
quencies as shown that in previous figures. The explanation
for an increase in the level of vibration amplitude can be
clearly noticed in the high flow rate, is due to the inception
and development of cavitation process within a centrifugal
pump at that time. Whereas, the occurrence of cavitation is
due to decrease the inlet pressure at the eye of impeller under
the water vapour pressure, causing the formation of bubbles in
this region. During the decrease in the inlet pressure, these
bubbles begins to grow in size due to the increasing flow rate
that then leads to increase in the velocity of flow, which
causes further decrease in the inlet pressure in this area.
When cavitation start occurs, it increases the vapour
bubbles thereby causing the level of vibration to in-
crease due to the flow at inlet eye of an impeller

Vibration amplitude (m/s?)

Frequency (Hz)

(a)

Fig. 11 Vibration frequency under various flow rates and the vibration frequency range from 2 Hz to 15 kHz

becoming more turbulent. This is mostly due to the
implosions of the bubbles surrounding the surface of
the impeller. Furthermore, this process of collapsing
and formation of bubbles could cause damage to the
parts of pump particularly on the blades of impeller
and hence, causes significant decrease in the perfor-
mance of the pump.

Analysis of Vibration Amplitude in Frequency Domain
Using Different Statistical Features

As shown in the previous section, 3-D figures are used in
order to analyse the level of vibration amplitude based on
different range of frequencies. It can provide more knowl-
edge regarding the inception and development of cavita-
tion in the pump. However, during this experimental
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work, analysis of the vibration signal based on the fre-
quency domain also helps to detect cavitation within a
pump. Moreover, comparing the vibration amplitude un-
der various operation conditions helps to match the vari-
ations in the level of vibration amplitude with the differ-
ent characteristics of cavitation of the pump. This section
has analysed the vibration amplitude signal in frequency
domain, by using different statistical features such as
mean and RMS vibration amplitude values. Furthermore,
the analyses of these features are performed using
MATLAB code. In this section, in order to obtain more
details regarding the analysis of vibration signal, different
range of broadband frequencies have been used due to the
accelerometer sensor having also, a wide range of fre-
quency band and hence, can be used to measure the dif-
ferent range of frequencies in the centrifugal pump. For
comparison purpose in this study, the vibration under dif-
ferent range of frequencies will be analysed and discussed
during the investigation in order to find the sensitive
range of frequency to detect the occurrence of cavitation
within a pump.
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Analysis of Vibration Frequency Using Mean Vibration
Amplitude Value

Figure 12 depicts the analysis of vibration signal using
mean vibration amplitude value for various range of
frequencies namely (a) 0 Hz—1 kHz, (b) 1 kHz-2 kHz,
(¢c) 2 kHz-10 kHz, and (d) 10 kHz-15 kHz, under op-
eration conditions including flow rate as summarised in
Table 2, and pump rotation speed of 2755 rpm. The
same trend can be seen in the vibration amplitude under
both low and high range of frequencies. The minimum
vibration amplitude for the low flow rate is less than
the design flow rate of 300(I/min), and no significant
change in the level of vibration amplitude at this oper-
ation conditions. However, the results have showed that
a rapid increase in the level of vibration amplitude for
the high flow rate which is higher than design flow rate
in excess of 350(1/min). It then means that this increase
signifies that cavitation has occurred and has starts to
increase within the pump which was due to the fact that
NPSHr was higher when compared to the NPSHa.
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Fig. 12 Mean vibration amplitude value of the frequency range from 0 Hz to 15 kHz and NPSH at 2755 rpm
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These results show a strong agreement with the result
obtained from the previous section. It can therefore be
concluded that the level of vibration amplitude provides
a good indication to predict and diagnose cavitation in
the pump. Moreover, it was further noticed from above
analysis of the level of vibration amplitude that the
result is not limited to any particular range of broad-
band frequencies. However, it can be achieved through
the use of various ranges of broadband frequency.

From these figures, it can be clearly seen that the
same different regions of cavitation are apparent as
shown in the previous figures for time domain analysis.
The first one was when the pump works under low flow
rate making no cavitation to occur in this region. For
the second region, the flow rate is higher than
350(/min) and at this region, cavitation begins to occur
in the pump where the intersection between the two
curves for NPSH and mean vibration amplitude signals
already occurred. That means the development of cavi-
tation starts at this point.
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Analysis of Vibration Frequency Using RMS Vibration
Amplitude Value

For further analysis of the vibration signal in frequency do-
main. Figure 13 depicts the analysis of vibration signal using
RMS vibration amplitude value for different range of broad-
band frequencies namely (a) 0 Hz-1 kHz, (b) 1 kHz-2 kHz,
(c) 2 kHz-10 kHz, and (d) 10 kHz—15 kHz, under operation
conditions including different flow rates as shown in Table 2
and pump rotation speed of 2755 rpm. It can be clearly seen
that the RMS value has the same trend of the vibration ampli-
tude in the mean value, but different values of the vibration
amplitudes. During the experimental measurements, it can be
seen that there is no significant change in the vibration ampli-
tude between 100 and 350(1/min). That means at this point, the
pump operated under cavitation conditions due to NPSHr be-
ing higher than NPSHa.

It can be seen that the same different regions of cavitation
are apparent as shown in the previous figures using mean
vibration amplitude signals. The first one was no cavitation.
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Fig. 13 RMS vibration amplitude value of the frequency range from 0 Hz to 15 kHz and NPSH at 2755 rpm
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For the second region, the flow rate is higher than 350(1/min.
That means the development of cavitation starts at this point.

Conclusions

Based on above results in this section, several flowing conclu-
sions has been drawn regarding the effect of different flow
rates and pump rotational speeds on the vibration signal and
performance of the centrifugal pump.

The trend for the head of the centrifugal pump gradually
decreases when flow rate was increased due to the hy-
draulic and mechanical losses as well as different levels
of cavitation occurrence within a pump

When the pump operates under low flow rate, no cavi-
tation occurs due to NPSHa being higher than the
NPSHr. But at flow rate greater than 350(1/min), cavita-
tion occurs in the pump

The results have shown that when the pump works under
unstable flow rate, it leads to change in the dynamic
characteristics within a centrifugal pump and hence,
leads to changes in the vibration signal properties.
Therefore, the analysis on the vibration signal has been
an efficient technique in order to detect the unstable op-
erating conditions

The level of cavitation within a centrifugal pump has
been directly linked with the pump flow rate and as the
flow rate increases, cavitation level also increases
Under cavitation process, the vapour bubbles increase
due to decrease of the fluid pressure, lower than the
vapour pressure. Moreover, they have high effects on
the flow within a pump. The inception of cavitation pro-
cess mostly occurred at the eye of the impeller around or
closed to the impeller blades leading edges. The levels of
cavitation extend increasingly on the impeller passages
as the flow rate increases. Hence, at the occurrence of a
fully developed cavitation, strong turbulent flow patterns
also occur at the impeller blade passages which is the
main reason why unstable flow occurs, which then in-
creases the pressure fluctuation at the inlet of the pump
and in turn, leads to increase in the level of vibration and
noise

The vibration signal analysis in time domain, using dif-
ferent statistical features such as peak, RMS, peak-to-
peak and variance values can be considered as a first
indication to determine when cavitation has occurred in
the pump

The peak and peak-to-peak feature values were the most
sensitive to detect cavitation within a pump when com-
pared to RMS and variance features

Frequency domain analysis technique to investigate the
vibration amplitude has been a satisfactory technique to

10.

predict the inception and development of cavitation
within a pump

The pump has generated two main dominant frequen-
cies. The first one was associated with the shaft rotating
frequency (Rf) and the second one was the blade passing
frequency (BPF) and their harmonics under different
flow rates and various pump rotational speeds

The use of features such as mean and RMS vibration
amplitude values to analyse the vibration signal in fre-
quency domain provides more information regarding the
prediction of cavitation within a centrifugal pump
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