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ABSTRACT 

The centrifugal pump is a primary agent in process manufacturing. The condition of any 

one of its component parts can affect its operations, and effective condition monitoring 

(CM) is necessary to avoid unpredicted failure, minimize disruption costs and improve 

machine accessibility.  

The primary purpose of this research is to develop effective CM tools for centrifugal 

pumps, which can be easily deployed in practice. To this end two measurements: surface 

vibration and airborne acoustics are selected as data sources due to their being information-

rich in the dynamics of pump operations, especially the acoustic signal which can be 

obtained remotely with minimal disturbance of production lines. These information-rich 

datasets are adversely affected by noise contamination, so effective data processing tools 

need to be used. A gap found in present applications is the use of the modulation 

signal bispectrum (MSB) to improve fault detection due to its capability of 

suppressing random noise while retaining phase information, enhancing its ability to 

detect nonlinear components. A second gap was the lack of a structured comparison of the 

detection of faults in a centrifugal pump using its acoustic and vibration signals.  

An analytic study has revealed that both vibration and acoustic data contain non-linear 

interactions between deterministic excitations such as impeller rotation, bearing defects 

and random hydraulic flow and system resonances. As a result, the data can be modelled 

as the modulations between these mechanisms, and demodulation tools such as MSB can 

usefully be used to diagnose characteristic features, based on experimental studies. Using 

MSB and comparing it with more traditional methods such as envelope analysis, and the 

power spectrum showed both airborne acoustic signals, and pump surface vibrations could 

be used to correctly detect and diagnose bearing faults, mechanical seal defects, and 

impeller blade wear seeded into the test pump.  

It is demonstrated that both acoustic and vibration signals are capable of providing 

sufficient information to detect seeded bearing defects when using MSB analysis to 

remove random noise and improve modulation component detection. It was confirmed that 

remotely measured airborne acoustic signals are effective tools for monitoring pump 

health and detecting and distinguishing between inner and outer race faults and that the 

acoustic signals could provide better differentiation between healthy and defective cases 
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than vibration signals when investigating inner race faults. However, in the case of the 

outer race fault, the vibration signal provided greater separation of baseline and fault states. 

Both the airborne sound and vibration signals generated by a seeded mechanical seal defect 

contained sufficient information to detect the presence of the fault. For fault detection, 

MSB and power spectrum analysis-based methods were used separately. The results show 

that harmonics of the shaft drive frequency (48.3 Hz) in the acoustic signal allowed for 

easier fault detection than the spectrum. The MSB of the airborne sound provided good 

separation between baseline and fault harmonics over a wide range of flow rates. 

The MSB and power spectrum were also used to detect the seeded impeller faults at 

different flow rates. The experimental results show good separation of blade pass 

frequency between healthy and faulty cases for both the MSB analysis and the power 

spectrum of the acoustic signal. However, the harmonics of the shaft frequency (48.3 Hz) 

in the acoustic signals obtained using MSB provided a greater distinction between healthy 

and faulty cases for all harmonics than the power spectrum, suggesting that averaging 

MSB peaks in the low-frequency range which contains the shaft drive frequency should 

allow strong differentiation of impeller wear defects. Moreover, the vane passing 

frequency (338.3 Hz) for the baseline and seeded impeller faults showed clear separation 

of the acoustic peak magnitudes between baseline and both wear faults for MSB plots and 

the power spectrum. The experimental results show that the acoustic signal, whether 

analysed using MSB or power spectrum, outperformed vibration analysis. 
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CHAPTER 1:  

Introduction and Review of Condition Monitoring of 

Centrifugal Pumps 

 

 

 

This literature review explains fault detection and condition monitoring methods that 

are investigated and applied to centrifugal pumps. The chapter presents a brief 

literature review of previous work in this field as a basis for identifying gaps in 

relevant knowledge and defining the research aim and associated objectives. 
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1.1 Introduction 

Most manufacturing firms are looking to improve productivity by preventing machine 

failure and increasing machine working life. The purpose of condition monitoring (CM) 

of machinery is to recognise or warn, at the earliest stage possible, of any malfunction 

or defect which occurs during its operation. To assist in the diagnosis of the condition of 

any machine, CM is crucial to obtain the necessary data to protect the integrity of both 

mechanical and electrical machinery [1-3]. Different parameters can be applied to 

measure and investigate a machine's condition, such as noise and vibration signals, 

acoustic emission (AE), oil pressure and temperature, and current conductivity. 

Simulation models of machinery have been created to predict likely trends for these 

parameters [3]. The featured parameters, vibration, etc., change according to the 

machine’s condition, and these variations can be used by either maintenance 

technologists or automatically to improve the performance and maintenance of the 

machine. 

For a CM system to operate effectively, it must be able to obtain sufficient accurate 

information to monitor a running machine and detect any defect at the earliest possible 

moment. This enables improving the machine's performance and delaying severe 

deterioration of the system, including breakdown or failure. Therefore, the CM system 

must have the ability to locate and identify faults clearly, as well as providing detailed 

expectations of the machine's remaining operational life. 

CM of machinery is a critical measure in industrial-based maintenance; it is also an 

essential element in an efficient maintenance plan in any industry. If a machine is 

continuously operated at maximum capacity, breakdowns may occur which can 

sometimes be catastrophic. The consequences can have a significant effect on both safety 

and productivity. Preventive maintenance should be the first step in keeping the machine 

in a healthy condition [4]. 

In order to perform high-quality machine maintenance, different techniques can be used 

for extracting information about the condition of the machine, for instance, vibration and 

acoustic analysis [4]. The operation of a centrifugal pump, for example, requires the 

consumption of energy to power the mechanical performance and move the working 

fluid. The operating mechanism is generally rotary or reciprocating, and the pump can 
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be powered in many ways by manual operation, electricity, wind power or a combustion 

engine of some type [5, 6].  

1.2 Condition Monitoring of Centrifugal Pumps 

An essential part of many industrial operations is the centrifugal pump. Centrifugal pumps 

are widely used in situations requiring a high flow rate but low-pressure head, and the 

financial output of a factory can be significantly improved by adopting a system for 

monitoring and maintaining the health of such pumps. However, factors such as liquid 

contamination, including solid particles and chemically reactive substances, can lead to 

damage of pump components such as impellers, bearings, and mechanical seals. There are 

two common methods for checking a centrifugal pump, monitoring its performance and/or 

its condition [2, 7]. 

 

Figure 1-1: Schematic of condition monitoring [3] 

Depending on the variables monitored, the benefits of CM will be obtained by following 

one or other of the routes shown in Figure 1-1 [3]. However, it is not a case of choosing 

either one or the other because often, both performance and condition monitoring can be 

realised simultaneously, as the two methods are complementary.  

Al Thobiani, et al. [8] utilised spectral entropy of an acoustic signal as well as surface 

vibration to monitor cavitation in a centrifugal pump. The proposed method was 

sufficient for detection of cavitation. Similarly, Nasiri, et al. [9] analysed the vibration 

signal from a centrifugal pump to detect the onset of cavitation. They identified particular 

features as the input parameters for a neural network system to diagnose faults 

automatically. Yunlong and Peng [10] applied an advanced signal processing approach 
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known as Empirical Mode Decomposition (EMD) to the analysis of the vibration of the 

surface of a centrifugal pump to identify a misalignment. The EMD, which is considered 

a data-driven technique, extracted nonlinear features from the signal to identify the 

defect, after which a Least Square Support Vector Machine categorised the fault. It was 

found that the method was extremely efficient.  

CM of electrical machinery typically uses the parameters of motor current and voltage. 

However, vibration analysis is also widely used because the cyclic excitation forces 

resulting from wear, failure or imbalance have their own distinct vibration signatures 

[11]. Other techniques include the monitoring and analysis of motor oil, vibration and 

acoustic signals, AE, and instantaneous angular speed. Although vibration analysis is 

popular and can accurately identify most faults in a motor, the approach has one major 

disadvantage, which is the cost of the vibration sensors required to monitor the machine. 

However, these mechanical sensors can be replaced by analysis of variations of the motor 

current or acoustic signals produced by changes in machine condition. 

1.2.1 Condition Monitoring using Visual Inspection 

Historically, visual inspection was the most important CM process, and is broadly 

defined as using any of the human the senses (or any non-specialised equipment) to 

inspect and provide an initial assessment of a machine's condition [7]. It is a wide-

ranging approach utilising hearing, sight, smell and touch for facilities maintenance [12]. 

Visual investigation of the machine, usually by an experienced individual, can 

distinguish and identify defects via a noticeable change in the running condition of the 

machine. To help investigators examine parts which are not clearly visible, the 

investigators might utilise a hand-held videoscope to get reliable and precise pictures 

[13]. Furthermore, the visual observations can assess the condition of an entire machine 

before real deterioration happens, and may be part of the routine tasks of a machine 

operator. Moreover, it is known for its ability to detect potential issues early, for instance, 

leakage, cracks, and corrosion. 

Although it gives immediate details of machine condition, subjective assessment has a 

significant limitation, investigators may provide different assessments of the same 

machine depending on their individual skills, background, experience and knowledge. 

Also, while this subjective approach may give a precise assessment of the system health, 

each individual may obtain the same diagnosis by different methods [14]. It has been 
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demonstrated that alternative, technologically advanced approaches, will give not just 

more accurate predictions but also earlier warning of machine faults [15]. 

Fault detection and diagnosis has been continuously and considerably improved using 

AE, temperature, motor current, vibration, and acoustic measurements, all of which are 

briefly reviewed below. These parameters are inherent in the movement of a pump, are 

rich sources of information on the condition of the pump and offer numerous 

opportunities for non-intrusive assessment of pump condition. The great leaps in 

computational power over the past decades have also greatly enhanced advanced signal 

processing, assisting analysis of the measurements obtained [16]. 

1.2.2 Condition Monitoring using AE signals 

AE monitoring is employed to detect and measure transitory elastic waves produced by 

the fast release of the energy generated by a material undergoing deformation or surface 

damage. The energy is propagated as broadband waves through the structure and the 

properties of the AE signal make it a delicate tool for early fault detection [17]. In this 

technique, the most common signal parameters for analysis are events, amplitude, 

energy, RMS, and kurtosis, all of which are measures of the AE signals generated by 

rotating machinery due to such effects as friction, impact, leakage, cavitation, cyclic 

fatigue, and material loss [18]. 

The frequency range of AE is between 100 kHz to1 MHz; thus, it is less likely to be 

affected by signals of frequencies under 1 kHz produced by resonances excited in the 

structure and/or structure-borne background noise. The high sensitivity of the AE signals 

makes this a sensitive technique for early-stage fault detection[19]. However, a 

drawback of AE, restricting its usefulness in monitoring a wide range of rotary 

component is that the amplitude of the signal decays very rapidly, so the sensor must be 

located near to the source. Hence, there is a challenge to be overcome in obtaining and 

analysing AE data produce an accurate description of any machine fault. [20, 21] Sharma 

& Parey [22] claim to have used AE for monitoring the health of bearings and gears and 

to successfully detect and diagnose faults. These authors showed experimentally how 

operational parameters, including speed and load, affected the AE signal and presented 

a theoretical model to describe how the operating parameters impacted on the AE signal 

generated. The model was based on the existence of surface asperities and their 

interactions, assuming Hertzian contact. The model was extended to include defects on 
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inner and outer races and the rolling element, and the authors claim “satisfactory” 

agreement between experimental and predicted results. 

1.2.3 Condition Monitoring using Temperature Measurement  

Maintaining observation of the operational temperature and component surface 

temperature is known as temperature monitoring and can be used for performance 

monitoring and fault detection. The significance of temperature monitoring lies in the 

fact that the temperature of the components can be directly correlated to the wear in the 

machine elements, especially in places prone to insufficient lubrication such as journal 

bearings. Many techniques have been developed for accurate and efficient temperature 

monitoring of machine parts, these include thermocouples, optical pyrometers, 

resistance thermometers and thermography [23]. 

To measure the temperature at a point with, say, a thermocouple, is often simple to do 

and can provide significant useful data. However, a limitation in terms of monitoring 

temperature using a thermo-vision camera, for example, is that extraneous heat sources 

including environmental temperature may change and affect accuracy and reliability, 

more serious is that local hot points may merge and the signal will represent an overall 

body measurement[24].  

1.2.4 Condition Monitoring using the Motor-Current  

For condition monitoring of mechanical equipment driven by electric motors, such as 

compressors, pumps, motorised valves, and other processing machinery, the diagnostic 

process known as motor current signature analysis (MCSA) is a possible option. A 

primary use of MCSA is CM of mechanical components and the identification, 

characterisation and trend analyses of instantaneous load variations that help diagnose 

changes in pump running condition. This tracks immediate variations in the electric 

current, i.e., tracks the electrical noise content, thereby monitoring current flow through 

power leads to the electric motor that drives the mechanical load. This process uses the 

motor as a transducer, sensing load variations and then converting them to corresponding 

variation in the current generated within the windings of the motor. The variations in 

current within the motor windings are sensed, amplified and processed to allow 

inspection of temporal and spectral characteristics [23]. Accessing the motor current 
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signals provides promptly accessible and significant data from the inner working of the 

rotating machine. 

Kia, et al., [25] utilised wavelet analysis for monitoring the well-being of a gearbox using 

the stator current signature of the driving induction motor to compare in detail a healthy 

motor and a faulty one, into which a defect had been seeded and to detect the presence 

of the fault. 

Because MCSA utilises an electric motor parameter it decreases implementation 

difficulties and has numerous other positive features, such as much lower transducer 

costs as no extra sensors are required. In addition, these signals are ordinarily promptly 

accessible; however, there is a need for advanced processes for analysing such complex 

signals [26]. 

Mohantly, et al., utilised MCSA by building a self-diagnostic capability structure for 

fault diagnosis of the impeller of a centrifugal pump. Healthy and a faulty impellers have 

been analysed using time and frequency domains, and considerable differences were 

observed enabling this approach to be developed as strategy for fault prediction [27]. 

More recently Irfan et al., [28] have successfully detected and diagnosed impeller faults 

in a centrifugal pump using this method, and claim that their use of statistical relations 

extracted from the phase relations between the current signals provided a novel and 

superior method of fault detection compared to previously published MCSA methods for 

diagnosis of faults in centrifugal pumps. 

1.2.5 Condition Monitoring using Vibration Signal 

Many different approaches have been developed for centrifugal pump monitoring and 

fault detection [29, 30]. The most commonly used for detection and diagnosis of faults 

is vibration signature analysis [29, 31]. Vibration monitoring is categorised as a non-

destructive test. A sensor is used to detect degradation or damage by analysing system 

behaviour, diagnosing changes in characteristic vibration frequencies during operation. 

Vibration monitoring is one of the most popular techniques used to detect faults. In 

simple terms, it works by gathering vibration signals produced by the machine and then 

analysing them to detect any defects or changes that occur [32]. 

Each machine produces a vibration from mechanical or other sources, and every rotating 

element generates a specific vibration signal at a particular frequency, a factor that is 
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highly significant to machine condition monitoring [33]. A significant change in 

vibration signals may happen due to particular defects in the machine when contrasted 

with a predetermined baseline signal. Analysts have utilised this characteristic for initial 

stage fault detection and diagnosis in rotating machines prior to system failure. One of 

the most common CM techniques is vibration monitoring which is considered as a basis 

for programs for predictive maintenance. Different components in centrifugal pumps 

generate specific vibration signals, and by appropriate signal processing the faulty 

component can be detected, for instance, bearing or impeller.  

The best method for online diagnosis of rotating components and avoiding failure is to 

apply strategies dependent on machine vibration, measuring the the vibration signals of 

the components during operation [34-36] utilising the dynamics of the measuring signals 

to monitor a machine's condition, with the accelerometer the sensor most commonly 

utilised to gather vibration information. Then different signal processing approaches are 

used for analysing the data, including the statistical parameters such as RMS and crest 

factor, while in the frequency domain, higher-order spectral analyses (HOS) can be used 

[37].  

The generated vibration signal and the structure of the accelerometer are coupled, and 

the frequency response of the accelerometer has to be matched to the frequency content 

of the signal to be measured. The sources of the vibration signals may be non-linear and 

non-stationary, but in addition the signal from every source might be influenced by its 

transmission path and the medium through which it is passing. However, the application 

of vibration monitoring sensors can cause significant changes to feature such as mass 

and rigidity, and therefore its implementation may face challenges. Thus, vibration 

monitoring may not be a sufficient system for all CM [38]. The main challenge is how 

to determine precise vibration measurements in different environments from a limited 

number of locations on the machine during operation [39]. 

Any defect will usually be a local phenomenon, and in rotating machinery may have less 

significant influence on lower-frequency responses generated from a component. Rehab, 

et al., [40] examined the condition of increasing radial clearance in the inner and outer 

races of a roller bearing using the higher order bispectrum to analyse the vibration signal. 

The results showed the fault frequency amplitude changed with changes in radial 

clearance and change in load zone angle. Therefore, considering the previously 

mentioned disadvantages, plainly the vibration monitoring system may not always give 
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an exact answer to CM issues. The limits in the use of the vibration bispectrum in early 

fault detection and identification is a gap in present technical knowledge that needs to be 

addressed. 

1.2.6 Condition Monitoring using Acoustic Signals  

Airborne acoustic sound signal analysis is another non-destructive approach utilised for 

machine CM. Compared with vibration, the measurement of airborne sound signals can 

be described as non-intrusive and enables the possibility of collecting superimposed 

signals that appear as a single signal. This offers the possibility of better detection of 

faults, but background noise from nearby devices can easily influence airborne sound 

signals [41].  

This technique focuses on the noise or acoustic waveforms generated by the operation 

or process. These sounds are generally attributed to the surface vibration of components 

and propagated through the air from a solid object. In this monitoring technique, the 

acoustic or sound signal generated from components is acquired using microphones 

appropriate for higher frequency response ranges [42].  

The measurement of airborne sound can be a strategy for maintaining rotating 

machinery. The vibration will generate acoustic sound while the machine is working, 

and a suitable microphone can be used to pick up the airborne signals, and appropriate 

signal processing methods can be used to provide useful data for machine CM. The 

acoustic method is considered as non-intrusive and uses reasonably priced receivers 

which do not need to be directly mounted on the machine. The main limitation of the 

acoustic approach to CM is that the signal is easily contaminated by background noise, 

in particular, the noise produced from moving parts such as motor drive, cooling fan and 

other machines nearby [43]. Thus, analysis of the airborne signal from a machine must 

make some allowance for background noise and sources [38].  

Lee, et al., [44] studied the interactions of unstable flow through axial-flow pumps with 

unsteady pressure reaction on the rotor blades, and concluded that the acoustic signal 

from the pump could be directly related to the efficiency of the pump and provided a 

means by which to monitor pump performance. The results confirmed conclusions 

previously published that the detection and diagnosis of various defect in rotary 

machines can be achieved utilising acoustic techniques; that the airborne sound signal 
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can identify different deficiencies in centrifugal pumps [45, 46]. For example, Al-

Hashmi, et al., [3] had used the acoustic signal to detect and diagnose centrifugal 

cavitation. Al-Hashmi, et al., [47] presented approaches for identifying cavitation in 

centrifugal pumps by analysing the acoustic signal in terms of its probability density 

function (PDF) and standard deviation (SD). Baydar, [48] was an earlier successful 

application of the wavelet transform for detecting gear faults using its acoustic signals. 

This line of enquiry has been productively applied to centrifugal pumps by, amongst 

others, Al Thobiani, et al., [8] and Rapur & Tiwari [49]. 

However, what is clear from the review of the literature is that there is a gap in formal 

comparison of acoustic and vibration methods for the detection of faults/flaws in 

centrifugal pumps. Here we introduce three common faults each of two magnitudes into 

a pump and then use both acoustic and vibration methods to detect the presence of the 

seeded faults. It is considered that the detection of faults seeded onto bearing races, pump 

impeller and mechanical seals using both airborne sound and surface vibration obtained 

from the test-rig via MSB analysis has not been done before and as such fills a gap in 

present knowledge. Such an investigation will provide a comparative appreciation of the 

detection efficiency of the measured surface vibration and airborne sound signals using 

MSB, envelope and power spectrum analysis. 

1.3 Previous Studies into the Detection of Centrifugal Pump Faults 

1.3.1 Bearing faults 

Condition monitoring plays an important role in the early warning and early activation 

of rotating part maintenance plans, especially bearings and gears. From preventive to 

predictive maintenance, early detection of defects will improve the maintenance strategy, 

achieving reduced costs and earlier notice of breakdowns [50]. 

Various quantities have been used to classify bearing defects based on vibration, noise, 

temperature and the presence of certain chemicals. [32, 51]. Many papers on bearing 

fault identification and diagnosis using vibration-based monitoring have been published 

in the literature [50]. For stationary machine conditions, characteristic statistical 

parameters such as kurtosis, and spectral domain characteristics such as envelope 

analysis are usually used. But for non-stationary systems, time-frequency domain 

analysis using, for example, the Wigner-Ville distribution, Hilbert-Huang, or wavelet 
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transforms are more appropriate. Some techniques are data-driven, which is another tool 

used to describe the physical relationship between the bearing geometry, the particular 

fault frequencies of the bearing, shaft rotational speed and the impulsive actions 

generated by bearing faults [52-54]. 

Gan & Wang [4] diagnosed system faults by representative feature extraction based on 

such methods as Multiple-Domain Manifold (MDM), Singular Value Decomposition 

(SVD) and machine learning. For the identification of bearing defects in piston pumps 

the measurement was based on a novel symmetric cross-value neutrosophic cross-

entropy. Kumar et al., [55] defined a newly developed symmetric measure of fuzzy 

cross-entropy.  Li, et al., [56] introduced a vibration signal method using statistical 

feature learning for diagnosis of failure in rotating machines. Lara et al., [57] suggested 

an approach using the acoustic quality of the airborne sound produced during the pulse 

width modulation of the three stages of the current induction motor feed.  

Jena & Panigrahi [58] developed an approach focused on vibration and acoustic signals 

for gear and bearing fault localization, using time-frequency analysis, after which a 

robust peak detection technique was applied. For selected classifiers for early fault 

diagnosis in DC engines, Głowacz [59] proposed a method of feature extraction using 

the Shortened Frequency Selection Method. For fault detection and size estimation of 

roller bearings, Hemmati, et al., [60] used wavelet packet transformation of acoustic 

signals. He, et al., [61] proposed a novel method, using acoustic emission for diagnosing 

bearing faults. Predictive maintenance has been investigated by Scheffer and Girdhar 

[62], which enabled appropriate action to improve cost-effectiveness by reducing the 

time spent due to unforeseen system downtimes.  

To identify the bearing fault of a centrifugal pump, Mendel, et al., [63] used pattern 

recognition based on envelope analysis of the vibration signals. Automatic detection of 

bearing faults based on adaptive artificial intelligence was also proposed by Kumar & 

Kumar [64]. By applying the empirical wavelet transform, Wang, et al., [65] were able 

to successfully diagnose bearing faults. Bandt and Pompe [66] suggested studying 

complex and irregular vibration signals based on permutation entropy. A permutation 

entropy approach was also applied by Tian, et al., [67] to decompose non-linear and non-

stationary vibration signals based on a self-adaptive diagnosis of bearing faults. Glowacz 

& Glowacz [68] proposed focusing on main component analysis and Bayesian sensor 
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fusion analysis for the diagnosis and identification of bearing faults in an induction 

motor. Hamomd, et al., [69] suggested an MSB-based approach using vibration signals 

for fault diagnosis of a centrifugal pump. Mondal, et al., [70] used the modulation 

bispectrum of the acoustic signature for diagnosis of faults in reciprocating compressors.  

1.3.2 Mechanical seal faults 

Mechanical seal CM and fault diagnosis has been widely studied because some 95% of 

rotating equipment used in chemical processing use mechanical seals to stop leakages 

between the power drive shaft and cover [71, 72]. The gas and oil industry spends 

millions of dollars a year repairing and replacing failed mechanical seals. A crucial factor 

with such failures is predicting failure in real operating situations by data analysis to 

enable timely repairs [73, 74]. The two main components of a mechanical seal are a 

dynamic portion and a stationary ring sufficiently closely spaced so as to avoid the 

incidence of unnecessary leakage, see Figure 3-3. Friction between the stationary and 

spinning portions, scratching, wear, and the resulting generation of heat will result in 

poor contact and leakage [75]. CM can provide an early warning of such events, and, by 

measuring and evaluating the data gathered, can predict the remaining useful life of the 

seal. 

Numerous methods have been used to reliably recognize mechanical seal faults in order 

to maintain seal efficiency, including acoustic emission and temperature measurements. 

Much of the earlier research concentrated on using acoustic emission for the 

identification of mechanical seal faults. Li, et al., proposed contact state monitoring 

based on acoustic emission detection for seal end faces whose usage depended on an 

autoregression genetic particulate filter and hypersphere SVM [76]. Jianjun, et al., 

presented a numerical study of a mechanical seal on a new hydrodynamic pump where 

the leakage rate and opening force was found to increase with increase in diameter of the 

channel, fluid pressure and spiral angle [77]. The use of coustic emission was 

investigated by Zhang, et al., to track the condition of the seal-end faces in the presence 

of friction using empirical mode decomposition, the Laplace wavelet and coherence 

coefficient  to monitoring the state of the seal [71]. 

A further research paper by  [78] on increasing the speed of fault detection used the 

wavelet packet, radial base function and an artificial neural network (ANN). Fan, et al., 

provided multiple signal classification using HOS to extract critical characteristics from 
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noisy AE signals from the mechanical seal of a pump [79]. It was also noted that transient 

AE signals were observed during the operation of mechanical seals while the drive shaft 

was rotating, and that even when AE bursts were not detected, an acoustic signal from 

the mechanical seal was modulated by the shaft frequency. A model of mechanical seals 

predicting AE signals useful for CM and fault detection has been developed by 

Towsyfyan, et al., [72].  

Hence, detecting and diagnosing failing mechanical seals in a centrifugal pump using 

vibration and airborne acoustic signals via MSB analysis has not yet been achieved. 

Thus, the information extracts remotely monitoring from the surface vibrations and 

airborne sound signals. In practice, the focus is on the measured signals generated from 

friction between seal faces, which links noise contamination to fluid turbulence, 

component vibrations and noise in industrial environments. 

1.3.3 Impeller fault 

The stability of a centrifugal pump can be influenced by numerous variables including 

imbalance of the mechanical rotating elements which will affect the hydraulic flow and 

invariably increase the vibration induced [80] and can lead to material surface corrosion 

and even impeller failure [81].  

Many researchers have established different approaches to centrifugal pump fault 

detection [29, 30]. Vibration signature analysis for identification and diagnosis of faults 

in machine components is the most common and widely used method for condition 

monitoring [29, 32] but other parameters such as the emitted acoustic signal, 

temperature, wear, pressure and torque characteristics are used. Vibration and acoustic 

measurements offer numerous opportunities for non-intrusive signal measurement to 

provide data rich in information and, combined with the high computational power and 

advanced signal processing techniques available today have made huge strides forward. 

The probability density function (PDF) and standard deviation (SD) values based on the 

acoustic signal were proposed by Al-Hashmi [47] for the detection of cavitation in a 

centrifugal pump but these statistical parameters alone, while providing an overview of 

the state of the pump did not reveal specific faults. The same process has been repeated 

more recently by Al-Obaidi [82] using the vibration signals. The interaction of unstable 
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flows inside axial pumps due to the large unstable pressure response on the rotor blades 

was investigated by Lee, et al., [44].  

Liao, et al., [83] suggested a system based on the multi-scale hybrid hidden Markov 

model for tracking instrument wear by analysing cutting force signals. However, the 

conclusion to be drawn from most publications relating to fault identification and 

diagnosis using acoustic signals from rotating machines is that the acoustic signal should 

be capable of detecting wear defects in a centrifugal pump [45, 46]. 

Naturally, some wear will occur where the impeller and the pump casing come closest 

to being in contact, and this is due to the liquid being squeezed through a limited 

clearance. In addition, tiny particles invisible to the human eye can wear and erode the 

impeller. Larger solid particles, including those produced by boiler scale or rust can 

produce similar faults, though industrial effluent and well water can also cause erosion. 

Erosion can affect many of the pump’s components, not only the impeller, including 

casing wear rings, mechanical seal faces, and shaft sleeves[84, 85]. 

Wear can be exacerbated by corrosion, where the surface of a material is subject to 

chemical or electrochemical attack. Corrosion increases with temperature and oxygen 

content of the fluid in contact with the surface or with increased fluid velocity. Wear will 

also increase when the pump uses a small impeller operating at a high speed, when the 

impeller tip can suffer rapid wear. Bachus & Custodio claim that in 95% of cases the 

high speed of the working fluid is the cause of excessive wear in pump components. 

This research aims to extending current knowledge of how to detect a pump's condition 

in terms of impeller erosion by using both acoustic and vibration signals and MSB 

analysis to eliminate background noise, enhance the modulating components and 

increase the effectiveness of impeller wear monitoring. The power spectrum, a 

traditional form of analysis will be used for comparative tests. 

1.4 Research Motivation  

The earlier faults are detected in any system, the longer its working life and the greater 

its efficiency. Thus, the drive to detect faults at an ever earlier stage in their development 

is an ongoing process of which this research programme is part. To improve current CM 

methods and develop an effective method for detecting and diagnosing of pump faults 

in its early stages, preferably at low cost, is an ongoing challenge. This work uses 
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acoustic signals and surface vibration combined with MSB advanced signal analysis to 

investigate the effects of specific mechanical faults on the vibro-acoustic signals from a 

centrifugal pump. These effects are then used for pump fault detection and diagnosis.  

With rotating machinery, it can be a challenge to instal accelerometers. However, the 

great advantage of the airborne sound signal is that it can be measured remotely and at 

less cost. Thus, this research focuses on the characteristics of the measured airborne 

sound for detecting and diagnosing centrifugal pump faults and to explore the effect of 

different defects on the measured acoustic signals. These measurements are implemented 

using a microphone situated near the pump housing to measure the sound signals and 

then suitable HOS analysis to extract the most useful features for early-stage fault 

detection. 

The main purpose of the research is to improve CM and fault detection techniques for 

centrifugal pumps based on dynamic measurements: surface vibration and airborne 

sound, which allow for non-intrusive inspections CM system deployment.  

1.5 Research Aims and Objectives 

The primary aim of this research is to develop a potential approach for the detection and 

diagnosis of developing faults (bearing faults, failing mechanical seals, and impeller 

wear) in a centrifugal pump using surface vibration and airborne acoustic signals based 

on the advanced signal analysis MSB. To investigate the effective analytics of using 

advanced signal processing methods based on airborne sound and vibration signals, for 

the purpose of condition monitoring of centrifugal pumps. The secondary aim is to test 

in a structured and organised manner a comparison of the ease of detecting the seeded 

faults using the acoustic and the vibration signals separately. 

1.6 Research Objectives 

Objective 1- To describe operational functionalities of condition monitoring systems 

and identify the mechanical components of centrifugal pumps.   

Objective 2-To clarify the requirements of the pump test rig test and facilities to be 

used to perform experiments, seeding different faults, and gaining experimental data. 

To study the use of advanced methods, including data analytics of pumps, the 

monitoring and detecting defects using multiple data sources (surface vibration, 

airborne acoustic) and identifying the main research gaps.  



 16 

 

Objective 3- To simulate different mechanical faults: inner and outer race bearing 

faults, mechanical seal, and impeller wear, and to investigate how these faults 

influence pump performance under different flow rates. 

Objective 4- To explore the dynamic interactions between mechanical and hydraulic 

sources of centrifugal pump and the critical behaviour of these sources, and when 

faults occur. 

Objective 5- To examine the traditional methods (e.g., time and frequency domain 

analysis) for pump CM and detection of mechanical defects. To improve detection 

of the modulation components in both the vibration and acoustic signals and enhance 

them by implementing advanced signal process techniques such as the modulation 

signal bispectrum and envelope analysis, and then compare these results with 

conventional methods to ascertain how to obtain a more accurate identification and 

quantification of the faults. 

Objective 6- To examine vibration and acoustic measurements and compare the 

effectiveness of these techniques for healthy and faulty cases. 

Objective 7- To examine the capacity of vibro-acoustic signals to extract weak and 

noise-contaminated fault signals from the centrifugal pump for detection and 

diagnosis of pump faults with a high degree of accuracy. 

Objective 8- To provide recommendations and guidelines for future research in pump 

condition monitoring. 

1.7 Thesis Organization  

The thesis is structured as 10 chapters:  

Chapter 1- provides an introduction and general background into CM techniques for fault 

detection and diagnosis applied to centrifugal pumps. It also contains on overview of the 

relevant literature and identifies gaps in knowledge appropriate to this research project, 

The chapter also provides the research aims and associated objectives based on the gaps 

identified in the literature. The chapter ends by describing the organisation of the thesis.  

Chapter 2 - reviews the relevant literature on the fundamentals of the centrifugal pump, 

its structure, and various applications. It also reviews the characteristics of the pump and 

pump parameters, and then common faults are explored in association with their causes 

and contributions to pump failure. 
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Chapter 3-provides an overview of the introduction to pump failures, and it describes the 

main pump components and their functions and explains the main reasons for failure in 

mechanical seals, bearings, and impellers and can act as sources of vibration and sound. 

Moreover, these are the three most prevalent mechanical faults. The mechanisms that 

cause such wear, as well as the anticipated effects, are outlined. Faults are displayed and 

explained that will be seeded into the pump to demonstrate early detection of such 

common defects. Finally, the chapter discusses vibro-acoustic measurements in real, 

reverberant environments.  

Chapter 4- presents different CM approaches for detection and diagnosis of faults in a 

centrifugal pump. Starting with time-domain analysis, then statistical parameters 

obtained, then envelope analysis. It also reviews HOS methods including the power 

spectrum, traditional bispectrum and finally the MSB. 

Chapter 5- begins by detailing the test-rig and experimental facilities required for 

detection and diagnosis of centrifugal pump faults. Moreover, it presents the details of 

measuring equipment, data acquisition devices linked to the application system, sensors, 

and control systems. It also provides a description of the faults seeded into the centrifugal 

pump and test procedures. 

Chapter 6- reports an examination of the detection and diagnosis of pump bearing faults 

using vibro-acoustic signals and envelope analysis. This chapter presents the impact of 

the bearing defect on pump performance, then the time domain and spectral analyses of 

the acoustic signals. It then introduces the envelope spectrum of the acoustic and vibration 

signals and compares them. Finally, statistical parameters obtained from the envelope 

analysis of both the acoustic and vibration signals are compared. 

Chapter 7- examines the enhancement of detection and diagnosis of a bearing fault in a 

centrifugal pump, beginning with presenting the initial means for finding the fault via 

time and frequency domain analyses. Because of its capability to substantially reduce 

random noise and detect nonlinear components, the MSB was used for bearing fault 

detection using vibro-acoustic measurements. Finally, a comparison was made of the 

result obtained from the acoustic and vibration signals for detecting and diagnosing faults 

in the inner and outer races of the pump bearings. 
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Chapter 8- explains how to detect the failure modes of mechanical seals in centrifugal 

pumps based on vibro-acoustic mechanisms. This chapter presents the impact of a fault 

in the mechanical seal on pump performance, followed by using time and frequency 

domain analyses to detect and diagnose the fault. In addition, statistical parameters 

obtained from the surface vibration and acoustic signals are compared. Finally, MSB 

analysis is applied to both acoustic and vibration signals, and the results compared. 

Chapter 9- examines an impeller fault caused by wear, applying MSB analysis to the 

vibro-acoustic signals for detection and diagnosis. The impact of small and large wear of 

the impeller inlet on centrifugal pump performance are explained, then the vibration and 

acoustic signals are analysed in the time and frequency domains. Finally, the chapter 

presents impeller wear fault detection using MSB analysis, and compares the results 

obtained with spectral analysis for both acoustic and vibration signals. 

Chapter 10- provides the conclusions of the research and gives an evaluation of the 

primary achievements. It also presents the novelty of the research, and finally offers 

suggestions for future work on the condition monitoring of centrifugal pump operations, 

and additional enhancements of certain aspects of this work.  

Figure 1-2 General schematic of the research work plan.  
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Figure 1-2 Flowchart of research work 
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CHAPTER 2:  

Structure, Operation and Vibro-acoustic Sources in 

Centrifugal Pumps 

 

 

 

 

This chapter summarises the fundamentals of the centrifugal pump, reviewing relevant 

literature to describe its structure and use in industry, providing an understanding for its 

various applications. Based on this, the pump characteristic curves, pump efficiency, and 

pump selection are all discussed. In particular, the mechanical configuration and the 

component parts of the pump, such as the impeller, bearings, mechanical seal, and 

stationary casing, are introduced. The chapter also describes hydraulic forces that 

degrade mechanical elements of the pump and generate vibro-acoustic signals. 
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2.1 Introduction 

The most popular pump used in industry to raise and transport fluid through pipelines is 

the centrifugal pump. Typically, around 80–90% of petroleum facilities contain one or 

more centrifugal pumps because of their advantages in terms of rugged construction, and 

generally economic performance [86]. Failure to provide the ideal flow and head is one of 

the most widespread indications of pump deterioration. There are numerous conditions 

which are considered as the pump having failed; these include pump impeller and motor 

bearings defects, mechanical seal defects, leakages from pump casing, high noise and 

vibration levels, and motor faults. It is thus necessary to provide a maintenance 

programme to keep the pump in good operational condition. Typically, pump maintenance 

is responsible for a considerable proportion of the total maintenance cost [87, 88]. 

Often, the reason for a pump failure begins small and then grows gradually. Hence, 

detection of the first instance when the issue shows up can save the pump from permanent 

failure [87, 88]. The primary task in such circumstances is to detect the fault in the early 

stages, to determine if the pump has a mechanical fault or some deficiency in operation 

and provide accurate information on proper preventive measures to be taken. 

To confidently prevent pumps from failure, any maintenance programme must show an 

understanding of the operation of the pump as well as its mechanics. Pump fault detection 

and diagnosis requires an ability to detect changes in performance over time, combined 

with the capability to thoroughly evaluate the condition of the pump and provide a reason 

for the loss of performance allowing remedial measures to be taken to resolve the problem 

and prevent its re-occurrence. 

2.2 The Centrifugal Pump  

The term 'centrifugal pump' includes many types of rotor-dynamic pumps, and Figure 2.1 

illustrates the main classifications of such pumps [89]. Their relative simplicity of 

construction and capability of producing a high working pressure within a small space, 

means that they are popular tools in industry. A centrifugal pump's primary duty is to 

transfer liquid from lower levels to higher by adding kinetic energy to the liquid. A simple 

pump classification following [90] is presented in Figure 2-1 showing the pump of interest 

here a centrifugal pump with closed, radial impeller. 

. 
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Figure 2-1 Pump classification [90] 

The main task of a centrifugal pump is to transfer electrical energy from the motor into 

dynamic energy represented by the movement of the liquid being pumped. Two primary 

components of the hydraulic section of the centrifugal pump, the impeller and the diffuser, 

are responsible for the energy changes [91, 92]. In addition to industrial applications, 

centrifugal pumps have proved essential in a large number of service industries, such as 

water supply plants, electric power plants, food processing, jetting operations and 

hydraulic power services [93-95]. They are also commonly used for refrigeration, air-

conditioning, paper mills, and textiles and pulp production. According to a report 

produced by Grand View Research the world’s centrifugal pump market in 2019 was 

worth approximately US$98bn [96]. 

2.3 The Centrifugal Pump in Industry  

The primary purpose of pump machinery is to add mechanical energy to the working fluid 

via an impeller, and so move the liquid from one place to another. The energy increases 

the local pressure, which helps to transfer the fluid [97, 98]. Various end-use sectors, 

including chemicals, power, and oil and gas, are refurbishing plants, and pumping systems 
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in order to improve production efficiency. During the projection period, the water pumps 

market is expected to increase due to rising demand for retrofitting, improvements, and 

replacement of old assets and industrial systems in developed regions (2019-2029) as 

shown in Figure 2-2. By the end of this period, the worldwide water pumps market is 

expected to be worth US$ 64 billion [99]. 

 

 

Figure 2-2 Investment in different pump applications[99]  

Many forms and sizes of centrifugal pumps are available for different applications, and 

selection of the most appropriate pump for a given use is important. But it can prove hard 

to choose the “perfect” pump since the choice may be a compromise. For example, the 

experience of use, maintenance and repair of previous pumps, the strategy of the 

purchasing department, and collaboration between departments when pumps serve 

different needs. 

2.4 Structure of a Centrifugal Pump 

A centrifugal pump can be considered a rotary machine, in which the pressure and flow 

rate are generated dynamically. A vital feature of the pump is the impeller which transmits 

energy to the fluid by increasing its velocity; thus, the impeller speed will control the flow 

rate of the pump. The main parts of centrifugal pump are illustrated in Figure 2-3. 
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Figure 2-3 Centrifugal pump structure [100] 

2.4.1 The Impeller  

The impeller, which can be considered the core of the machine's rotating components, is 

responsible for accelerating the liquid after it enters the casing. It is the essential element 

of the pump liable for moving the fluid from one place to another [101]. To boost fluid 

velocity and pressure, mechanical energy is transferred from the rotating blades of the 

impeller to the fluid. Liquid enters the impeller via the so-called “suction eye” and the 

movement of the impeller pushes the liquid outwards through the channels shaped by the 

edges between the cover shroud and centre hub. The impeller types are determined by the 

requirements of the pressure, flow and application[102].  

Following  [102], impellers can be categorised as follows: 

Open Impeller 

An open impeller, see Figure 2-4, is one where the vanes are linked to the shaft axis and 

work as an uncovered part within the pump casing. While a closed impeller can be 

adversely affected by the accumulation of solid matter, which may cause a blockage of 

the flow, an open impeller's main feature is that it is used to drive unclean fluid that can 

include suspended material or large particles. However, frailty in vane structure is a 

drawback of this kind of impeller, particularly when the vanes are long. Open impellers 

are commonly made from rigid material to provide the necessary resistance not only to 

normal wear but also to resist the impact of solid particles [101, 103]. 
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Figure 2-4 Open impeller [104] 

Semi-Open Impeller 

The vanes in this impeller are mounted on one face of the shroud; these impellers contain 

a limit number of vanes whose length is such as to avoid clogging during operation, as 

illustrated in Figure 2-5. This impeller is used to drive fluids which contain debris or 

suspended bodies, for instance, sewage water [101].  

 

Figure 2-5 Semi-open impeller [105] 

Closed Impeller 

The third, and most prevalent, type of impeller employed in centrifugal pumps is the 

closed impeller, as shown in Figure 2-6. Because the suction eye can easily be impeded 

by solid debris, the main application of this kind of impeller is with clear liquids. The 

design of this impeller avoids the slippage of liquid that takes place with semi-open and 

open impellers [103]. 
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Figure 2-6 Closed impeller 

2.4.2 The Casing 

The pump casing, which contains the impeller, provides several functions [95, 103]. Its 

main purpose is to “suck in” the working liquid through the suction eye and to discharge 

it at a higher velocity via the discharge. In addition, trapped gases in the liquid, that could 

affect the pumping system, can escape via a vent. 

The casing of a centrifugal pump is categorised as a collector and its main purpose is to 

gather and trap liquid inside the housing, after which the impeller works to diffuse the 

fluid to a discharge pipeline. Figure 2-7 illustrates the pump casing [106]. 

 

Figure 2-7 Pump casing [106]  
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2.4.3 The Bearings and Bearing Housing  

The bearing housing is illustrated in Figure 2-8 [107]. There are considerable demands on 

the bearings of a centrifugal pump due to both the load and speed of operation. Although 

maintenance costs are not high, the cost of replacement can be expensive in terms of side 

effects such as loss of production. A pump system operating continuously at high speed 

can lead to wear damage to the bearings. The most convenient type of bearing for a 

centrifugal pump is the rolling element, usually located between impeller and motor, with 

its main task, keeping the rotating shaft in balance. Bearing failure can be a serious source 

of pump degradation, including leakage. Unusual operating conditions can be another 

cause of pump failure [108, 109]. Bearing fault detection and early-stage diagnosis are 

dependent on many variables, including the specific defect and the bearing housing. Fault 

detection in the early stages has significant benefits, for example it allows appropriate 

preventive action to be taken to maintain performance operation and avoid breakdown. 

For exact analysis of a bearing fault, several strategies have been recommended over the 

last few decades. In particular, bearing defect features (bearing frequencies) identified 

from internal monitoring can be used [110]. 

 

Figure 2-8 Bearings of a centrifugal pump 

2.4.4 Mechanical Seal  

Mechanical seals, sometimes referred to as wear rings, prevent the leakage of working 

fluids and gases into the atmosphere. They are found in many rotating devices such as 

pumps and mixers to eliminate leaks. The advent of the industrial era at the beginning of 

the last century led to the invention of the steam turbine, the electric motor, and the 
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dynamo. Along with these was the necessity of developing a mechanical seal. A patent 

on a mechanical seal, published in 1919, exploited a spring action to compensate for axial 

motion of a shaft. An improved version, the balanced mechanical seal, was patented in 

1933, this enhanced the capacity of the seal to withstand pressure and reduced heat 

generation between the seal’s faces. With these developments, seals were used on 

propeller shafts in submarines, and to improve packing on the water pumps of moving 

vehicles and refrigeration compressors. With further development, oil refineries had 

accepted these as standard devices by the 1950s, which led to extensive research in the 

field of elastomer technology for more advanced seal materials.  

Research led to mechanical seals with improved shelf-life, enhanced temperature and 

pressure threshold limits and better chemical resistance. The balanced O-ring-shaped 

mechanical seals are, to this day, the standard in industry. A mechanical seal usually 

comprises two main components, see Figure 2-9, one of which is stationary, while the 

other rotates against it, to achieve a seal. The factors that determine the design, placement 

and material of a seal are usually the working fluid, its temperature and pressure, and the 

speed of rotation. A wide variety of mechanical seals is available, ranging from a simple 

single spring to those with complex functions such as cartridge seal types [111, 112]. 

With present technology, nearly all liquids can be successfully sealed under most 

pumping conditions. Exploiting such efficient mechanical seals engineers have used 

centrifugal (multi-stage) pumps in extreme environmental conditions ranging from deep 

oceans to outer space [85]. Irrespective of seal manufacturer, these devices are heavily 

standardised and give similar performance: mechanical seals are designed to last several 

years with an approximate operating life of 40,000 hours [85, 112].  

No matter how well the rings work when new, natural wear means leakage will occur in 

the end and a description of the relevant mechanisms is given in the next chapter. Pump 

performance can deteriorate rapidly with excessive wear, particularly for small pumps 

running at high speed, and replacement of the wear rings should take place whenever the 

pump goes to the shop for an overhaul [85, 112]. 
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Figure 2-9 Mechanical seal [56] 

Despite major improvements in shaft-sealing methods, shaft-sealing issues remain one of 

the most common primary sources of system failure. Mechanical seals' dependability is 

determined by the seal's configuration, suitability for the pump, and the purpose and 

conditions under which the pump is used, which might not be those for which it was 

designed [3]. Generally mechanical seals in a centrifugal pump control leakage of the 

working fluid by making a connection between two opposite recirculation faces. A fixed 

ring is attached to the casing, while a revolving ring is attached to the shaft. A loaded 

spring acts to provide a closing force, keeping the rotating and stationary faces close 

together, but the sealing pressure is low [113]. 

2.5 Operation of the Centrifugal Pump 

In the centrifugal pump the circular motion of the impeller imparts kinetic energy to the 

working fluid. The stationary component is the diffuser or the volute, which transforms 

the kinetic energy of movement into pressure head. Equation 2.1 presents the velocity 

head, usually in meters of water produced by the kinetic energy transferred from pump to 

working fluid [3]. 

𝐻 = 𝑃/𝜌 ∙ 𝑔                                                                                                       Equation 2.1  

Where; 

 H      Velocity head (m)  

P       Pressure head produced by the pump (Pa)  

𝜌      Density of working fluid (kg.m-3) 

𝑔      9.8 ms-2 

The most significant component in the centrifugal pump involved in pumping the working 

fluid is, of course, the impeller. The kinetic energy of the working liquid at any point 
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along the impeller is directly proportional to the square of the speed of the impeller at that 

point. So, the pressure head developed by the pump will be determined by the speed of 

the tip of the impeller. The diffuser /volute is a curved funnel of growing zone, see Figure 

2-10, so that the speed of the fluid passing through it reduces, and the pressure increases. 

The shape of the volute acts to transform the kinetic energy of movement into pressure.  

 

Figure 2-10 The cross-section of the impeller [3] 

2.5.1 Pump Head, Theoretical  

The shape of the volute blades strongly influences the pump's flow pattern and impeller 

effectiveness which are primary factors controlling the energy transmitted. By utilising 

the principle of conservation of angular momentum, it is possible to determine the 

hypothetical increase in pressure head, 𝐻𝑡ℎ, through the impeller.  

Following the arguments presented by [92, 114], considering a volume of annular form 

contained by an inner radius 𝑟1 and outer radius 𝑟2, the torque used to pump the liquid by 

the impeller and the angular momentum entering and leaving must be equivalent, see 

Figure 2-11. 
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Figure 2-11 Diagram of inlet and exit velocities of the pump impeller [3] 

𝑇 = 𝑄𝜌(𝑟2𝑉𝑡2 − 𝑟1𝑉𝑡1)                                                                                 Equation 2.2  

Where 

 T        Torque acting on working fluid (N.m)  

Q         Volume flow rate of pump (m3/s)  

ρ          Density of working fluid (kg.m-3)  

𝑟1         Inner diameter of impeller (m)  

𝑟2        Outlet diameter of impeller (m) 

𝑉𝑡1      Absolute tangential velocity at inlet (m/s) 

𝑉𝑡2      Absolute tangential velocity at exit (m/s) 

The necessary power from prime mover (induction motor): 

 𝑃𝜊 = 𝜔𝑇 = 𝜌𝑄(𝜔𝑟2𝑉𝑡2 − 𝜔𝑟1𝑉𝑡1)                                                              Equation 2.3 

Where: 

T           Torque supplied to shaft (Nm) 

ω         Angular velocity of pump shaft (rad/s) 

𝑃𝑜 = 𝜌𝑄(𝑢2𝑉𝑡2 − 𝑢1𝑉𝑡1) = 𝜌𝑄𝑔𝐻𝑡ℎ                                                           Equation 2.4 

Where: 

𝐻𝑡ℎ         Pump head (m) 
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g             9.8 m/s2 

 𝑢1        The rotational velocity at the inlet (m/s) 

 𝑢2        The rotational velocity at the outlet (m/s) 

ρ            Density of working fluid (kg/m3) 

Ideally, with is no losses, the power delivered (Po) is equal to 𝜌𝑄𝑔𝐻𝑡ℎ. For a pump of 

efficiency, η, the shaft power required to drive the pump is: 

 𝐵𝐻𝑃 =
𝑃𝜊

𝜂
                                                                                                        Equation 2.5 

Where 

𝑃𝜊            Power supplied to the working fluid (kW) 

BHP         Motor power (kW) 

Consequently, the theoretical pressure head across the pump will be: 

𝐻𝑡ℎ =
𝜌𝑄(𝑢2𝑉𝑡2−𝑢1𝑉𝑡1)

𝜌𝑄𝑔
                                                                                       Equation 2.6 

𝐻𝑡ℎ =
(𝑢2𝑉𝑡2−𝑢1𝑉𝑡1)

𝑔
                                                                                            Equation 2.7 

2.5.2 Pump Capacity 

The volume rate at which the fluid is conveyed by the pump is the capacity of the pump, 

measured in cubic meters per second [92]. When determining pump type, cost and size for 

any application, the pump's capacity is a significant parameter. When assessing pump 

capacity, various factors are taken into consideration. For example, when choosing the 

pump to distribute potable water, the choice should include not only the length of the water 

lines, but likely increase in populations over the next twenty to thirty years. However, a 

more precise estimate is possible of the capacity of a pump for, say, a factory operation 

which needs water [115]. The pump capacity, Q, could be calculated using Equation 2.8. 

   𝑄 = 2𝜋𝑟1𝑏1𝑉𝑛1                                                                                                Equation 2.8 

Where: 

 𝑟1     Inner diameter of pump impeller (m) 

  𝑏1    Width of inlet blade (m) 
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  𝑉𝑛1  Radial component of velocity (m/s). 

2.6 Centrifugal Pump Characteristic and Performance Parameters 

To specify a suitable centrifugal pump for a particular application: the pump must convey 

the desired capacity with the required head. The “pump performance characteristics” refer 

to the relationship between the net positive suction, the pump head, pump efficiency, 

power, and capacity. The interrelations are usually presented graphically by the pump 

manufacturer, as in the pump performance characteristics shown in Figure 2-12. Hence, 

to select and to operate a centrifugal pump one should consider the relevant pump 

performance characteristics. Pump selection for a particular purpose would assess its 

ability to deliver a specific flow rate during a process at a particular head: and would 

include consideration of pump efficiency, net positive suction head and power 

consumption [3, 92].  

 

Figure 2-12 Pump performance and characteristics [116] 

The pump's optimum operating point in Figure 2-12 is the BEP, where pump power and 

pump head combine to optimise pump efficiency. The best efficiency point is the point at 

the crossing between net positive section head available with head required. Away from 

the BEP, the pump can experience more wear and have a shorter working life.  

One of the features of a centrifugal pump's performance is its ability to operate efficiently 

over a range of flow rates. Factors like pump size and suction conditions determine the 

speed of operation of the pump and its ability to deliver the pump capacity from zero to 
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the maximum rate. Pumping capacity will vary with power, efficiency, and the total pump 

head. One selects a reliable centrifugal pump for a particular propose by considering its 

characteristics: the head and capacity required to deliver a specific flow rate during a 

process [92, 117]. 

The laws of Specific Speed and Similarity are two of the laws that govern a pump's 

operation. These laws allow the researcher to predict pump behaviour, to determine how 

changes in working parameters, e.g., change in the running speed, will change the 

frequency of operation of component parts. It is possible to obtain the pump's operational 

features using these laws [92, 114]. The laws of affinity, also known as the pump laws, 

will become progressively significant with industrial pumps using variable-speed electric 

motors [3, 85]. 

2.7 Sources of Vibration In Hydraulic Systems 

As a typical hydraulic machine transferring kinetic energy to the fluid by a rotating 

impeller, pumps are well placed to generate both mechanical and hydraulic vibration 

phenomena. Here we do not consider transfer of pump vibration externally to, for 

example, the piping system but only from the surface of the pump. The vibration 

generated will depend upon the type of pump, its working conditions (operating point), 

age, wear, and quality of maintenance. The sources of mechanical vibration are invariably 

mechanical imbalance of the rotating parts, or poor adjustment or imperfect assembly, 

distorted or defective impellers, material deposits on (or wear of) an impeller, and loose 

housing in the case of ball bearings. Thus the vibrations in a dynamic pump will generally 

be linked to the shaft rotation frequency, 𝑓𝑟 [118, 119]. 

The shaft vibration frequency can match system torsional resonances, which are the 

system's characteristic natural frequencies, which can have large and damaging 

amplitudes. Other mechanical vibrations can occur at super synchronous (an integer 

multiple of the driving speed) frequencies or sub-synchronous (typically half the driving 

speed) [118, 119]. The sources of hydraulic vibrations will usually be due to pressure 

pulsations and turbulent fluid flow, these will include blade passing frequency, 

recirculation, stall and surge, uneven flow distributions generating hydraulic imbalance, 

misalignment causing unsteady flow (e.g., turbulence, vortex shedding), the pump 
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working away from the BEP which generates additional axial and radial hydraulic forces 

in the volute casing, and cavitation. 

The vibrating surfaces couple with the ambient air and radiate outwards as sound. 

Likewise, the impeller vanes when the pump operates away from the BEP will generate 

pressure pulsations in the working fluid that will excite vibrations and airborne sound 

with specific frequencies determined by with numbers of impeller vanes and shaft speed. 

The non-stationary behaviour of the fluid flow, turbulence, and cavitation can also 

generate vibration and airborne sound, though this vibration and sound will exhibit largely 

random waveforms due to the complex interactions of localised flow fields. 

The vibration and airborne signals demonstrate a clear association with the health of the 

pump, and analysis of the signals can establish the health of the pump [120, 121] and, in 

particular, to detect bearing, mechanical seal and impeller issues. However, the received 

signal will invariably contain wide-band noise from the excitations of hydraulic pressure 

sources, which in many cases do not represent different machine components [69]. The 

vibro-acoustic signatures of these mechanical parts permit the presence of defects to be 

detected. 

2.7.1 Hydraulic Induced Vibration in Centrifugal Pump Systems  

Hydraulic forces can cause considerable vibration in centrifugal pumps [80]. Excitations 

due to pulsations from liquid in contact with impeller vanes, flow turbulence, cavitation, 

and hydraulic instability are examples of hydraulic forces. Three types of non-stationary 

pump processes must be distinguished which can result in damaging pressure pulsations 

and even cavitation in the impeller's vane channels [105]. 

Fluctuations in the liquid inflow through the pump’s suction eye result in corresponding 

changes in the hydraulic radial load and an unequal distribution of flow velocity around 

the impeller. Moreover, the pump casing design also affects the radial load, the regular 

distribution of pressure and velocity by the volute casing hypothetically results in the 

pump operating at the BEP. To predict the hydraulic radial thrust, accurate standard 

formula are used [107, 122]. It follows, for example, that use of a double volute with 

different diffuser shape, see Figure 2-13, the radial thrust could be reduced. 
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Figure 2-13 Double and single volute [107] 

Asymmetry is the main reason for axial thrust (a net force) on the impeller of centrifugal 

pumps. Should the front shroud have a smaller surface area than the back shroud, there 

will be a net thrust (an unbalanced force) due to water pressure acting on the impeller in 

the opposite direction to the incoming flow as shown in Figure 2.14 [107]. These axial 

forces have been found to be of sufficient magnitude to seriously shorten bearing life 

and cause bearing failure [123].  

 

Figure 2-14 Components of axial thrust [107] 

2.7.2 Cavitation 

When the vibration generated by a centrifugal pump is clearly discernible over 

background noise, then cavitation is frequently found to be an issue [124]. Cavitation takes 

place when the pressure at a point in a liquid is lower than the local vapour pressure. It is 

considered a natural phenomenon that occurs when the local pressure drops due to external 

forces result in vapourisation of the fluid, after which the bubbles generated collapse 

sharply. The rapid collapse and uneven breakdown of these vapour bubbles leads to 
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surface damage due to the energy generated being highly focused [125]. This phenomenon 

must be guarded against when designing machines such as pumps, hydrofoils, and turbines 

[126]. 

Cavitation produces pressure-driven unsteadiness in centrifugal pumps and is considered 

one of the most important issues influencing pump efficiency, operability, and 

productivity [127, 128].  The high levels of noise and vibration associated with cavitation 

are obvious indications of its presence. To maintain pump operation strategically distant 

from cavitation, there needs to be an adequate minimum static pressure at the inlet channel, 

usually accomplished by having the NPSHa (Net Positive Suction Head Available) of at 

least 3% greater than the NPSHr (Net Positive Suction Head Required) [19]. Figure 2-15 

shows the effect of cavitation on an impeller volute. When cavitation appears, the pump's 

execution and productivity will be unfavorably affected [3]. The vibration generated by 

cavitation is wideband and thus often excites resonances in the structure, particularly in 

the pipework, which can generate leaky joints and even fracture supply lines. Specifically, 

the presence of cavitation decreases pump productivity, and can also lead to erosion, 

vibration, hydraulic unbalance, and rapid deterioration in pump performance [129, 130]. 

 

Figure 2-15 Effects of cavitation on pump volute [131] 

Pressure pulsations in a centrifugal pump are generated each time the tip of the rotating 

vane passes the volute tongue and thus it is often the tips of the impeller blades that suffer 

most wear. Factors such as pump design, total head produced, and the pump’s operating 

point and its proximity to the BEP, as well as the inlet and outlet flow conditions, can be 

responsible for generating these large pressure pulsations. To evaluate the centrifugal 

pumps performance and condition, pressure pulsation should be monitored as a 

significant parameter [109, 122, 132].   
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2.8 Key Findings 

Centrifugal pumps were introduced in this chapter, as well as their use in industrial 

applications. The pump function, pump characteristic curves, pump efficiency, pump 

applications, and pump selection are all summarised. In particular, the mechanical 

configuration and parts of the pump, such as the impeller, bearing, mechanical seal, and 

stationary casing, have been introduced. The chapter also described the hydraulic forces 

at work that degrade mechanical elements of the pump and generate vibro-acoustic 

signals. 

The dynamic interactions between mechanical and hydraulic forces are the fundamental 

sources of the stationary modulation behaviour which can be observed in measured 

signals. Moreover, when faults occur on key components such as impellers, bearings, and 

seals due to mechanical wear and fluid erosion the modulation tends to become more 

significant. However, the modulation will be adversely influenced by random and 

background noises, making it difficult to define its characteristics.  

Thus, data analytics will be developed to enhance the modulation components while 

suppressing random noise in the measured vibro-acoustic signals. To further clarify the 

measurement tasks, pump vibration and acoustic signals due to the interaction between 

mechanical and hydraulic forces are summarised in Figure 2-16. 

 

 

 

 

 

 

 

 

 

  

Hydraulic: likely to be random and/or 

broad band noise  

• Flow and pressure pulsations at 

periodic, BPFs and 𝑓𝑟 

• Unsteady flows, vortex, and cavitation. 

• Improper lubrication, friction and wear-

of bearings, impeller and seals.  

• Turbulent fluid flows. 

• Fluid resonances. 

Mechanical: likely to be periodic with 

discrete frequencies 

• Impeller asymmetry due to local 

corrosion. 

• Local bearing defects which exhibit 

periodicity at blade passing frequencies. 

• Nonuniform wear and contamination on 

seal surfaces, bearings and impeller. 

• Structural resonances. 

Mechanical and hydraulic couplings: 

Modulations between various periodic content and resonances 

Vibro-acoustics of the pump 

To enhance deterministic steady periodic components for reliable diagnostics 

while suppressing random content including measurement noise. 
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CHAPTER 3:  

Common Mechanical Faults in Centrifugal Pumps and Vibro-

acoustic Measurement  

 

 

This chapter presents a review of the faults in centrifugal pumps which occur in seals, 

bearings and impeller and can act as sources of vibration and sound. It is shown that 

these are the three most common mechanical faults. The mechanisms that generate such 

wear are described, as are the likely consequences. Faults to be seeded into the pump to 

demonstrate the early detection of such common faults are presented and discussed. 

Finally, the chapter introduces vibro-acoustic measurements in real, reverberant, 

environments. 
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3.1 Introduction to Centrifugal Pump Failures 

Pump components can be divided into mechanical and electrical. Here we focus on 

mechanical faults related to pump components. Typical pump defects are usually in the 

seal, bearings or impeller, while the electrical motor faults that arise are often in the stator 

or rotor [3, 133]. Furthermore, although pumps vary in design and sophistication to meet 

different requirements, the most commonly occurring faults remain much the same. Fault 

occurrences are shown in Figure 3-1 [134]. In terms of the component parts of the pump 

Figure 3-1 shows the relative frequency of occurrence of faults and associated costs. 

Obviously, seal failure followed by bearing failure are the two most commonly identified 

causes of pumping system breakdown, with impeller faults a significant factor.  

 

                              (a)             (b) 

Figure 3-1 (a) Causes pf pump failure (b) Pump repair costs [134]. 

3.2 Mechanical Seals 

Figure 3-2 shows the most common failure of mechanical seals [134]. After one failure, 

to prevent similar failures, it is necessary to make an analysis of the damaged shaft seal. 

The necessary information would include detailed information on pump operation which, 

typically, would have been recorded in any incident report. 
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Figure 3-2 Common causes of failure in mechanical seals [134] 

3.2.1 Basic Design and Sliding Contact 

A mechanical seal is an essential requirement in any rotating device moving a liquid. 

Despite major improvements in shaft-sealing methods, shaft-sealing issues remain the 

most common primary source of system failure. A mechanical seals' dependability is 

determined by the seal's configuration, suitability for the pump, and how the pump is used 

[3]. The essential and most basic mechanism of a mechanical seal is the pairing of a 

rotating element with a stationary one. The stationary, fixed, ring is attached to the casing 

and pressed against it is the rotating part which is fixed on the shaft as seen in Figure 3-3, 

a schematic showing the position of the mechanical seal inside the pump and highlighting 

its constituent parts. The two faces each “ride” on a thin layer of lubricant typically 3 x10-

4 mm thick [134]. If the film is too thick the seal leaks, if the film is too thin the asperities 

on the two faces will come into contact generating noise and heat, the latter will, 

eventually, cause seal failure. A loaded spring provides the closing force, keeping the 

rotating and stationary faces close together, but the sealing pressure can be low [113]. 

Typical shaft seal failures are highly dependent on material matching and seal type, and 

mismatching can cause excessive wear on seal faces and seal hang-up. Again, mechanical 

shaft seals where both seals have hard face material pairings will often experience dry 
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running problems. Reliability of operation, low power consumption, and low leakage 

rates are all requirements for seals.  

 

Figure 3-3 Mechanical seal component [135]  

Given that a seal has been performing satisfactorily the most likely reason for leakage is 

wear of the seal faces due to poor or absent lubrication. Other possible causes of a seal 

fault include the development of a fault in the supporting bearings which generate shaft 

vibration [136], or the seal has been subjected to a change in operating conditions which 

become have quite different from the conditions for which the seal had been designed 

[134].  

Well-performing seals should not hamper performance for many years after installation 

and, provided the seal ring retains its axial flexibility, can perform efficiently even with 

heavily grooved seal faces and severe wear (up to 0.5–1.0 mm). The two most commonly 

observed features of wear, are grooves on the seal face towards the product medium side 

(suggesting hard particles suspended in the working medium have entered the sealing 

gap), and deep grooves towards the atmospheric side (suggesting that the pumped 

medium has created precipitates, where the lubricating film left voids after evaporating 

[134].  

The vibration signal is produced by plastic deformation due to rubbing contact as one 

surface slides over the other, which generates vibration peaks at the rotation frequency 

and its harmonics, along with broad band content due to frictional effects but the signal 

will also be contaminated by background noise during the process. Unfortunately, the 

processes by which seal noise and vibration are generated are not well understood. A 
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recent review [137] has concluded that an acceptable model representing the phenomenon 

has not yet been established, and progress is still by empiric investigation and observation.  

3.2.1.1 Sliding Contact of Mechanical Seal Faces 

The sliding contact of a mechanical seal face can operate in one of three different kinds 

of lubrication (boundary, fluid, and mixed) conditions. In the case of the mechanical seal 

running with a full fluid film, the gap and leakage between faces will be high. If the 

lubrication is sliding contact, then hydrodynamic grooves will be formed in one, possibly 

both, of the mechanical seal faces, see Figure 3-4. In general, the mechanical seal face 

operates with a mixed lubrication film, which has an acceptable level of leakage and 

minimum wear of the faces. In boundary and mixed lubrication systems, the most 

important features are the materials of the mechanical face and coatings, including 

geometric properties such as surface waviness and surface roughness. 

Furthermore, since the mechanical seals are not perfectly flat a partial hydrodynamic 

lubrication film will occur between the faces. If the sliding face temperature increases 

sufficiently, the lubricant will begin cavitating. This condition is unstable and could starve 

the contact area of lubricant, a condition which gives rise to high wear. The lubrication 

film will start to vaporise if the temperature gets any higher [138-141].  

 
 

(a) (b) 

Figure 3-4 (a) Mechanical seal running with different lubrication films (b) 

Hydrodynamic groove in the surface of a sliding face [138] 

Material deformation or fracture releases energy as elastic surface waves in the material, 

sometimes called stress wave emission while fluid leakage, friction, and impact can act 

as vibration sources [71, 142]. The mechanical seal is a vibration source where the 

vibration is generated via friction or collision between the active ring and stationary face. 
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The frictional forces active in mechanical seal and components vary with the surface 

roughness (frictional forces), geometry of the structure, characteristic of the medium and 

work conditions such as rotating speed, temperature, pressure, etc.  

The friction condition between seal faces can be classified as follows:  

• Dry Friction 

The direct contact between seal faces takes place if a liquid (lubricant) film does not form, 

so that dynamic and stationary parts are in intimate contact. When the shaft speed and film 

pressure start by increasing slowly, direct connection between seal-end face components 

will produce serious levels of dry friction. However, the amplitude and frequency of the 

vibration signal will be high and there can be a small degree of leakage [71]. Dry friction 

is shown in Figure 3-5. 

 

Figure 3-5  Friction conditions between seal faces [71] 

• Fluid Friction 

Fluid friction in a sliding bearing is when a thin film-like layer of lubricant forms between 

the mechanical faces of a seal. The very thin lubricated film separates the faces of the 

mechanical seal completely. In this case, the friction generated is due to viscous fluid 

shear. Power consumption, wear, and friction decline, which also reduces the heating 

effect. With fluid friction, the wear on the end-face is small, even with leakage. Also, fluid 

friction produces only weak vibration signals [71]. Fluid friction is shown in Figure 3-5. 

• Boundary Friction 

When the seal’s end faces are in tight contact around the boundary of the mechanical seal, 

a thin liquid molecular layer is produced. This thin film can partially separate the faces of 

the mechanical seals. This kind of friction is termed boundary friction. Because the 
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lubrication film is thin it is a challenging task to measure the liquid pressure. In general, 

the molecular boundary membrane is only three or four molecular layers thick, around 20 

manometers [71, 143]. However, the contact is discontinuous, and parts of the mechanical 

faces come into direct contact, and the pressure is borne by the contacts made between the 

asperities on the surfaces. The characteristics of the resulting signal are between fluid 

friction and dry friction. 

The viscosity of the lubricant film has some influence on friction characteristics. The 

performance of friction fundamentally depends on the lubricity of the liquid film, as does 

the material of the dynamic component and stationary face rings. In this process, the wear, 

as well as leakage, is relatively small. This is considered as an ideal mechanical seal 

friction condition [71].  

• Mixed Friction 

As the degree of the waviness of the seal faces decreases, so simultaneously, the gap 

between the seal faces is reduced, and the friction present will very alternate between the 

above three kinds. In general, mechanical seal end faces work in a mixed friction 

environment, though at high speeds and light loads, the mechanical seal faces are protected 

by a film of viscous fluid [71, 144].  

3.2.2 General Failure Modes of Seals  

Figure 3-1 shows that seal failure is the most common cause of pumping system 

breakdown. One possible reason is that the shaft seal has to endure a wide range of 

operating conditions, and there may occur situations when the operating conditions 

become quite different from the conditions for which the seal had been designed function 

[134]. Typical shaft seal failures are highly dependent on material matching and seal type, 

and mismatching can cause excessive wear on seal faces and seal hang-up. Again, 

mechanical shaft seals where both seals have hard face material pairings can experience 

dry running problems, which enhances seal wear and shortens seal life. 

Bearings support the shaft to which the seals are attached, and these will, themselves, be 

subject to wear. As they wear the shaft will oscillate (vibrate) and as a consequence of 

this movement the rubbing of one seal face on the other will eventually cause the seal to 

leak.   



 46 

 

When seal integrity becomes compromised, there is an egress of working fluid which 

evaporates leaving solid deposits. Experience shows these solid deposits can form on the 

sealing surfaces on the inside, on the working side and on any passage between. With 

time the solids build up and the leak grows [145].  

No reports have been found which present a clear description of the frequencies 

associated with seal wear/faults. This is because so many factors and processes are 

involved. It is hoped that this research will provide some insight into this, but from the 

literature it appears that the amplitude of the acoustic and vibration signals associated 

with the shaft frequency may provide some help. In this project the seeded seal faults 

were agreed with the supervisor as a scratch in the surface of the seal similar to those 

introduced into the bearings (see below), to allow liquid to seep through. It was 

considered that this corresponded to erosion problems found in practice and the vibro-

acoustic signals produced could be used to detect them at an early stage of development, 

see Chapter 5.  

3.3 Bearings 

Bearings play a vital role and are a critical component in centrifugal pumps and when 

selecting the most suitable bearing for a specific application, many factors have to be 

considered, such as temperature, flow, and pressure. Bearing failure is a common cause 

of failure in centrifugal pumps, see Figure 3-1, it can cause an unexpected breakdown, 

resulting not just in significantly reduced efficiency but also considerable production loss 

[108].  

With centrifugal pump bearings there are many causes of failure, but the most common 

causes are; inadequate lubrication with  excessive heat generated at the bearing, 

misalignment of the unit resulting in excessive radial load, and/or overloading the bearing 

element [146]. There are also various other reasons for failure in rolling-element bearings, 

such as contamination of the bearing oil by solid particles, water or corrosive materials 

which react chemically with the bearing's surface [109]. Manufacturing defects, careless 

handling and/or fitting resulting in inadequate internal bearing clearance, excessive axial 

thrust, and unbalanced rotating elements are other reasons for early failure in rolling-

element bearings.  
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Lubrication is used to reduce the friction between moving components and helps to extend 

component life by decreasing wear. Non-contaminated oil at a temperature of 30 0C can 

remain useful for thirty years without requiring replacement [109]. Excessive heat 

generated by overloaded bearings will cause the temperature of the lubricant to rise and 

reduce its capacity to support the load [109, 147]. In such a case, bearing-overload can be 

detected by using infrared thermography to measure the temperature [148]. 

Increased reliability of rolling-element bearings has been the focus of extensive study in 

recent years. It is critical to recognize the primary reasons for these breakdown 

mechanisms and the analytical signatures to identify and treat them at an early stage [149, 

150]. Early detection of these faults/flaws enables the problem to be corrected by having 

the bearing replaced in a timely manner. 

Bearings can suffer various faults, such as scratches, grooves, excessive wear, or 

corrosion due to overload, speed, or length of operational life. Furthermore, foreign 

objects contained in infected lubricant may become stuck between the rolling elements 

and the raceway, causing the bearing to fail. Premature bearing failures are described as 

bearing failures that are not caused by material fatigue. Faulty mounting, poor lubrication, 

contamination, unsuitable handling, and improper maintenance cause the majority of 

premature bearing failures [151, 152]. Each of these premature failures may result in a 

different bearing failure with its own distinct damage, similar to the previously described 

failure mechanisms. Figure 3-6, summarises the various types of bearing damage [151, 

153].  

 

 
Figure 3-6 Damage type of bearing 
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3.3.1 Characteristic Bearing Fault Frequencies 

All these above different factors can cause vibration of the bearings and increased noise 

levels. However, such issues are reflected by changes in the pump’s operation, allowing 

defects to be detected and diagnosed via vibro-acoustic signals. The detection of faults in 

their early stages can provide timely information and enable preventive action to be taken 

before failure. 

With the machine running, a defect generated in a bearing element will change its 

vibration patterns. The frequency of the signal that occurs due to the bearing defect is 

called a bearing defect frequency. The fault signature is due to a sequence of impulses 

occurring at a rate that will be a function of the structure of the faulty component, its 

geometric dimensions, and its rotational speed. Every bearing fault has a specific defect 

frequency, which shows as a peak in the frequency spectrum, as a result of increased 

vibration energy, see Table 3-1 [154]. Of course, harmonics of these frequencies will also 

be present, and in some cases where the harmonic matches a natural frequency of the 

structure their amplitudes can be larger than that of the first harmonic. 

Table 3-1 Bearing fault frequencies 

Location of Fault Relevant Equation 

Inner-Race 

 
𝑓𝑖 =  

𝑛𝑓𝑟

2
(1 +

𝐵𝑑

𝑃𝐷
cos Ф)                

Outer-Race 

 
𝑓𝑜 =

𝑛𝑓𝑟

2
(1 −  

𝐵𝑑

𝑃𝐷
cos Ф)                

Cage 

 
                𝑓𝑐𝑎𝑔𝑒 =

𝑓𝑟

2
(1 −

𝐵𝑑

𝑃𝐷
 cos Ф)                

Rolling Element or Ball 

 
𝑓𝑏𝑎𝑙𝑙 =  

𝑃𝐷

𝐵𝑑
𝑓𝑟 (1 − (

𝐵𝑑

𝑃𝐷
cos Ф) ²)           

(Where fball, fcage, fi and fo are the characteristic frequencies of the rolling element, the 

cage, and inner and outer races, respectively; fr is the rotational speed in Hz, Bd is diameter 

of roller or ball, PD is pitch diameter, n is the number of rolling elements, and Φ is the 

contact angle.) 

In this research project the seeded faults will be in the inner and outer races of a ball 

element and the predicted frequencies will be used to detect them at an early stage of 

development, see Chapter 6.  



 49 

 

3.4 Impellers 

The impeller is an essential component of centrifugal pump construction and an 

apparently minor defect on the impeller can easily interfere with pump performance and 

reduce its productivity [155]. The materials comprising centrifugal pump impellers are 

generally metal. Natural reactions between an unprotected impeller and the working fluid 

can corrode the impeller removing material, which is an irreversible process. Of course, 

the processes are accelerated if particulates are present in the working fluid due to 

physical abrasion. The higher the flow rate the faster the process, estimated as 

proportional to the cube of the flow velocity [156].  

The processes of wearing of the interior pump components via particles and suspended 

solids in the working liquid are called erosion [156]. Small particles invisible to the eyes, 

such as dissolved minerals in hard water, or larger solid particles such as sand, rust, and 

boiler scale can all cause erosion [157]. The pump casing, shaft sleeves, mechanical seals, 

packing, and wear rings, all influential components in a centrifugal pump are adversely 

affected by erosion but the impeller suffers most. Unfortunately, common pumped liquids 

including industrial effluent, boiler feed water, well water, condensate water, raw water, 

etc., will all cause some degree of erosion [158]. 

The phenomena of electrochemical or chemical attack on a material's surface is called 

corrosion. Centrifugal pump housings are commonly cast iron so a working fluid with PH 

of 6 or more will cause corrosion. Corrosion generally increases with increase in 

temperature, or with the presence of oxygen in the liquid [159]. Corrosion is increased by 

high fluid velocity, and whenever skewed components produce a sudden change in flow 

rate, also loose-fitting bearings can be further and rapidly deteriorated by corrosion.  

Corrosion/erosion of the impeller occurs mainly at the junction of the hub and the trailing 

part of the blade pressure side, and the junction of the shroud and the rear part of the blade 

suction side [160], see Figure 3.7. This will be the type of impeller deterioration seeded 

into the pump to be investigated in this thesis.  
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Figure 3.7 Corrosion-erosion of a centrifugal pump impeller [159]) 

Both erosion and corrosion of cast iron structures can be reduced by a defensive covering 

on the outside of the metal. As long as the covering is undamaged the metal surface is 

protected. Such a protective layer can defend the surface from erosion and even metal to 

metal contact. To avoid these effects when greater concentrations of solids are present in 

the fluid being pumped, the interior of a pump can be composed of more resistant 

materials such as bronze, hardened stainless steel, carbon steel, and high chrome steel, or 

be coated in ultra-hard coatings such as tungsten alloy or ceramic [85, 157, 161]. 

However, such attempts to overcome erosion wear can be very expensive. 

Fluid velocity is a significant factor in pump wear, for example, the Affinity Laws show 

that small impellers with high motor/impeller speeds can deliver the required pump 

pressure, but at the cost of the impeller wearing at a significantly faster rate. The high tip 

speed of the impeller would cause rapid wear. [85, 112] have shown that when greater 

than expected wear occurs in a pump, on 95% of occasions the responsibility is high-

velocity liquid. 

Should the velocity become turbulent it will often cause uneven and excessive wear to 

some parts, especially impellers [161].  Poor piping design or bad valve sizing could give 

rise to turbulence and irregular wear in pumps. Thus, whenever possible, the layout 

should use straight pipelines when building a pump system. Hence, for example, it is 

suggested not to place an elbow close to the pump as that would cause turbulent flow into 

the pump. In such situations, where elbows are unavoidable into the pump, it is advised 

to utilize long radius elbows along with flow straighteners. The use of short radius elbows 

will cause vibrations and pressure inequalities, and excessive wear of the pump. One 
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method of decreasing the liquid velocity and friction losses is by increasing the channel 

size, particularly in the discharge line [85, 161]. 

3.4.1 Blade Passing Frequency  

Blade Passing Frequency (BPF) sometimes called “vane pass" refers to the pressure 

pulses produced as each impeller vane passes the cutwater (the end of the volute adjacent 

to the discharge). This phenomenon is common to all centrifugal pumps, and normally 

poses no problem and, under certain circumstances can be used as a diagnostic tool. 

However, under certain conditions the passing impeller vanes can initiate flow separation 

and, possibly, cavitation inside the pump casing.  

The kth harmonic of the BPF, fbp, is determined using Equation 3.1, 

𝑓𝑏𝑝 = k𝑁𝑏𝑝 × 𝑓𝑟                                                                                              Equation 3.1 

where 𝑓𝑟 is the rotational frequency of the impeller in Hertz, and 𝑁𝑏𝑝 is the number of 

vanes on the impeller. 

BPF is an important source of noise, followed by pressure fluctuations due to turbulence, 

flow separation, flow friction, as well as vortices in the axial and radial clearances, 

particularly between open or semi-open rotors and the fixed part of the casing. The 

frequency and the magnitude of the noise is different from one pump to another and even 

between two notionally identical pumps, depending on the pump head being produced 

and the distance the point of operation is from the BEP [118, 119]. The amplitude of the 

pressure pulsation is held to a minimum while the centrifugal pump operates at its (BEP). 

3.5 Pump Vibration Overview 

The vibration and resulting airborne sound generated by pumps can be ascribed for the 

most part to two sources: hydraulic and mechanical. Production flaws or mistakes in 

pump parts can generate unbalance, misalignment, and non-uniform surfaces (such as 

waviness of impeller surfaces), all of which generate intermittent or fluctuating forces 

that cause a vibration of pump components, including attached pipework. Pump surface 

vibrations couple with the ambient air and radiate outwards as sound. Likewise, the 

impeller vanes when the pump operates away from the BEP will generate pressure 

pulsations in the working fluid that will excite vibrations and airborne sound with specific 

frequencies determined by with numbers of impeller vanes and shaft speed. The non-
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stationary behaviour of the fluid flow, turbulence, and cavitation can also generate 

vibration and airborne sound, though this vibration and sound will exhibit largely random 

waveforms due to the complex interactions of localised flow fields. 

Two sorts of background noise, hydrodynamic and mechanical, are transmitted through 

the system via the working fluid and structure to the surrounding air as airborne noise. 

The pump is the leading player, hence, it is important to recognise the pump's contribution 

to the noise generated [118, 119]. The pressure pulsations produced in an operating pump 

cavity due to hydrodynamic phenomena are strongly related to its casing vibration levels 

and levels of radiated sound [162, 163]  

Pump hysteresis and hydraulic pump leakage are both significant sources of vibration. 

The fluid's pressure pulsates primarily with the impeller because it interacts with the 

vanes of the impeller as well as stationary volute chambers. Thus, the vane number and 

pump rotational speed will be directly related to the rate of pulsation. If the pump operates 

too far from the BEP it will not only reduce pump efficiency but also generate high speed 

eddies or vortices that can cause unwanted vibrations with consequent stress and 

increased risk of failure. However minimum vibration/noise is generated not at the BEP 

but at about 10% below BEP [164]. When the liquid flow becomes unsteady and generates 

local eddies these can interact with the pump, valve body wall, pipeline, or other system 

elements. Similar interactions will occur when the flow is turbulent and/or vortices are 

present [162]. In fact, any pump operations which result in a difference between the angle 

of liquid velocity and the impeller's vane angle can produce vibration [163]. Appropriate 

features can be developed based on these characteristics to aid impeller fault diagnosis.  

Surface vibration and airborne signals demonstrate a clear association with the health of 

the pump, and analysis of the signals can establish the health of the pump and permit the 

presence of defects such as leaking mechanical seals, defective bearings, and faulty 

impellers to be detected [121]. However, the received signal will invariably contain 

broadband noise from the excitation of hydraulic pressure sources, which in many cases 

do not represent machine components [69].  

In the case of seals, bearings, and impeller, the fault generates vibration, and this is the 

initial mechanism by which the fault makes its presence felt. According to ISO 10816-

8:2014, Evaluation of Machine Vibration, maximum acceptable levels of vibration of 
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small machines, medium machines and large machines are 2.80 mm/s, 4.50 mm/s, and 

7.10 mm/s, respectively. For large machines with a “soft” base the limit is 11.2 mm/s. 

The vibration may be due to many factors such as unbalanced movement of components, 

the interaction of the working liquid with the pump or pipeline, and so on [103, 109]. 

Thus, the vibration levels from faults in the early stage of development will fall well 

within these limits which was a factor to be considered in selecting the accelerometer to 

be used here for measurement of the vibration of the pump casing. To investigate pump 

performance, different tests must be conducted to extract useful information, as the 

characteristic frequencies and their harmonics of the pump’s component parts will 

invariably be contaminated by background noise and the natural (resonant) frequencies 

associated with the pump. 

3.6 Airborne Sound Radiation from Vibration Surface 

The airborne sound power, P, radiated from the vibrating surface of the pump is, 

theoretically, given by: 

𝑃 = 𝜎𝜌𝑐𝑆̅�̅�̅2                                                                                                Equation 3.2 

where 𝜎 is the radiation ratio of the surface (depends on size, shape and orientation), 𝜌𝑐 

is the acoustic impedance of the air (𝜌, is the local density of air and 𝑐 is the local speed 

of sound), 𝑆 is the area of the vibrating surface and �̅�̅2 is the mean square surface-averaged 

velocity of that surface [165]. 

Assuming 𝜎 is constant for the purpose of comparing the sound power emanating from 

similar surfaces, the sound power level in decibels from a source compared with a 

reference source, of area S0, and mean square surface-averaged velocity ̅�̅�̅2
o is: 

𝐿𝑤 = 10 log (
𝑠

𝑠0
) + 10 log (

𝑣2

𝑣0
2)                                                                   Equation 3.3 

where 𝑆0, the reference surface zone is 1 m2, and 𝑣̅0 the reference mean square speed is 

50 x 10−9 m/s, as indicated by ISO/TR 7849 [165].  

3.6.1 Background of Airborne Acoustic: Propagation and Reverberation 

Background noise will invariably be present in the measured signal, whether from the 

local environment or electrical noise generated within the measuring system. However, 

substantial advances have been made in the reduction of this interference. We are now a 
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long way from such simple procedures as turning off background noise sources in the 

vicinity of the test experiment. However, in most experiments the airborne acoustic signal 

will be produced by numerous sources, not just the primary sources. The task is to 

separate those signals carrying useful information from those that are not.  

Removing undesirable signals requires knowing the range of frequencies of interest for a 

specific application. The rapid attenuation of high-frequency signals in the air means that 

signals arriving at the measurement point from significant distances will generally contain 

the sound of below 20 kHz. Typically, a reasonable frequency range for observation and 

investigation of airborne sound is  20 Hz to 20 kHz [166, 167]. Sensors with appropriate 

threshold values and built-in preamplifiers should be used to reduce electrical noise. 

3.6.2 Sound Wave Propagation 

Since the reverberant acoustic field can obstruct the function extraction, the performance 

of sound in volumes of air enclosed by boundary surface is important. To understand how 

the sound field in a closed room influences the essential acoustic features of a sound 

source, it is important to research the features of the sound field in a closed room. 

The outdoor sound field characteristics are clear compared to those of the enclosed sound 

field since the sound wave from the source spreads out quickly without obstruction and 

only attenuates with distance. Owing to numerous reflections from the walls, ceiling, and 

floor, sound released in closed space produces a complex sound field [168, 169]. The 

sound field in the room becomes more problematic as the room shape becomes 

complicated; with various surface finishes, phenomenon such as echoes, and flutter 

echoes may become troublesome. 

Assume that there is an omnidirectional source of sound in a closed space, as displayed 

in Figure 3-7. The acoustic waves are a series of waves propagating along various paths 

and each will be reflected several times at the wall surfaces; for example, the ray shown 

in the diagram is reflected first from wall A, then from B, C, and D. Correspondingly, 

each acoustic wave from the origin would be reflected several times in various ways 

inside the closed space, resulting in a complex sound field. When the sound energy 

emitted equals the sound energy absorbed at the wall’s surfaces the reverberant field will 

stabilize [169]. 
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Figure 3-7 Diagrammatic representation of a reverberant sound field in a closed space 
[169] 

3.6.3 Reverberation and Diffusion 

In most environments, the sound is made up of direct sound coming straight directly from 

the source or sources, as well as indirect reflections from surfaces and other items. In 

room acoustics, for example, both direct sound and reflections from the sides of the wall, 

ceiling, and floor are important in determining the acoustic signal. When sound strikes a 

surface, it is transmitted, absorbed, and reflected; the relative amounts of energy used in 

transmission, absorption, or reflection are determined by the acoustic properties of the 

surface. Broad flat surfaces (specularly reflected) or a diffusing surface may either 

redirect or scatter reflected sound. A diffuse reflection happens when a large portion of 

the reflected sound is spatially and temporally scattered, and the surface involved is often 

referred to as a diffuse [170]. In a closed room reverberation is due to reflections and will 

dominate far from the source. The reverberant field is the name given to this reflection-

dominated area [168]. 

The bending or spreading out of sound around obstacles in its path is referred to as 

diffraction. The size and shape of the barrier, as well as the frequency of the sound wave, 

interact in a complicated way. Diffraction happens when sound reaches a recess or a 

surface protrusion, and is more apparent at lower frequencies [171].  
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3.7 Key Findings 

This chapter has examined vibration and consequent airborne sound originating from 

pump operations, including its behaviour in enclosed spaces. The dynamic interactions 

between mechanical and hydraulic forces are the fundamental sources, which exhibit 

stationary modulation behaviour in the measured signals. When faults occur in 

mechanical components due to wear and fluid erosion, the modulation is enhanced. 

However, the modulation will be adversely influenced by random noises generated by 

random flows, making it difficult to characterise the characteristics of the modulations. 

Thus, this study will take the direction of enhancing modulation components by 

suppressing random noise in the measured vibration and acoustic signals. To further 

clarify the research tasks, pump vibration and acoustics from the interaction between 

mechanical and hydraulic dynamics the reader is referred to Figure 2-16. 

This chapter has described the three most commonly occurring mechanical faults in 

centrifugal pumps: in seals, bearings, and impeller. The mechanisms that generate such 

wear are described as are the likely consequences. These will determine the specific faults 

to be seeded into the pump to demonstrate the early detection of common faults. The 

characteristic frequencies, for bearings and impeller that can be used to detect the 

presence of bearing and impeller faults have also been presented. The best frequency to 

be used to detect seal faults will be investigated as part of this research.  

 

 

Equation Chapter 4 Section 1  
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CHAPTER 4:  

Processing of Vibro-acoustic Signal from Centrifugal Pumps 

Techniques   

 

 

This chapter presents an overview of signal processing techniques which are commonly 

used to analyse sets of dynamic data for detecting and diagnosing machine faults in their 

early stages. It starts with basic time-domain and frequency domain methods. Then it 

focuses on those methods that are more useful for demodulation analysis, in particular 

the Modulation Signal Bispectrum.  
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4.1 Introduction 

Signals measured by sensors such accelerometers and microphones are often 

contaminated by various noises including background interference. It is common practice 

to apply effective signal processing tools for cleaning the signals and extracting fault 

related information. Signal processing tools can be largely classified into three categories, 

as shown in Figure 4-1, which presents the most conventional methods utilised in data 

processing analysis [8, 172].  

 

Figure 4-1 Data processing methods [106] 

4.2 Time-Domain Analysis 

Recording a system's reaction parameters against time, or analysing system data over a 

specific period, is known as time-domain analysis. Such analysis involves the 

specification of some measured parameter as a function of time and is an established 

method of observing a system. Time-domain analysis can provide valuable information 

regarding the broadband response of the system [173]. This type of analysis is generally 

connected to performance indices or statistical parameters, for instance, root mean square, 

crest factor and kurtosis. These statistical parameters are used as trend factors that can 

provide information about energy levels or signal shape. However, the effectiveness of 

such performance indexes depends on the mode and its operating environment and 

whether the faults affect only a narrow frequency band. If so, the amplitude in that 

frequency band may not be the largest overall component and may not affect the overall 

peak amplitude [174, 175]. Figure 4.2 shows an example of time domain signals. 
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Figure 4-2 Specimen acoustic time domain signals of bearing inner race, bearing outer 

race and baseline, see Chapter 6. 

4.2.1 Root Mean Square (RMS)  

The most common statistical parameter, used very often to detect abnormality present in 

the system is the RMS, which is a measure of the energy content of a signal. This is the 

square root of the sum of individual samples' square values divided by the total number 

of samples in a signal, and is represented by Equation 4.1 [176]. 

𝑅𝑀𝑆 =  (
1

𝑁
 ∑ 𝑥𝑖

2𝑁
𝑖=1 )

1/2

                                                                               Equation 4.1 

  where N is the total number of samples and xi is sampled time signal. 

If the value of the RMS increases suddenly, exceeding a set value, it is assumed there is 

a fault in the system. However, the RMS is not sufficiently sensitive for detection of 

incipient faults. 

4.2.2 Peak Value 

This is the maximum value or amplitude of a signal. The peak to peak values can be 

positive or negative depending on the signal, see Equation 4.2 [177]. 

𝑃𝑒𝑎𝑘 =
1

2
(𝑚𝑎𝑥(𝑥(𝑡)) − 𝑚𝑖𝑛(𝑥(𝑡)))                                                              Equation 4.2 

   where x (t) is the signal of interest.  

4.2.3 Crest Factor (CF) 

The CF is the ratio of peak and RMS values of the signal, see Equation 4.3 [177]. 

𝐶𝐹 =
𝑃𝑒𝑎𝑘 𝑉𝑎𝑙𝑢𝑒

𝑅𝑀𝑆 𝑉𝑎𝑙𝑢𝑒
                                                                                                  Equation 4.3 

CF is taken to be an indication of how random the peaks are in the acquired signal. 
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4.2.4 Kurtosis 

Kurtosis gives us shape information concerning the signal. Kurtosis measures the amount 

of probability in the tails, see Equation 4.4 [178].  

𝐾𝑢𝑟 =
∑ (𝑥𝑖−𝜇)4𝑁

𝑖=1

𝑁.𝜎4                                                                                                Equation 4.4 

 where the σ = standard deviation and μ = mean of the signal series 𝑥𝑖(𝑖 = 1 − 𝑁). 

From the literature survey, it is found that kurtosis has a low value for a pump operated in 

normal condition and a high value for a faulty condition due to the latter signal's abrupt 

nature. CF and Kurtosis are useful parameters for detection of incipient faults, although 

with complex or advanced failures they can sometimes fail to distinguish between healthy 

and faulty conditions of the machine [178]. 

4.3 Frequency Domain Analysis  

As demonstrated by Baron Jean Baptiste Fourier many years ago, any waveform can be 

created by a combination of sine waves. Frequency domain analysis works by presenting, 

for example, vibration data in such a form by application of the Fast Fourier Transform 

(FFT) algorithm. This produces a frequency domain signal from the time domain. 

Irregularities in the time domain signal appear clearly as peaks in the frequency spectrum, 

which are usually much easier to detect than the original irregularities. Thus, if a fault 

generates specific characteristic frequency responses, detection and accurate diagnosis can 

be undertaken at a much earlier stage to avoid breakdown or deterioration of the system 

[23]. Frequency domain analysis is a popular means of detecting bearing faults [179]. In 

addition, the FFT is an efficient means of obtaining narrow band spectra in both low and 

high-frequency ranges for assessing defects in bearings. However, the drawbacks of 

frequency domain analysis are that a considerable quantity of data, such as transient or 

non-repetitive signal components, may be lost during the FFT conversion process as 

shown in Figure 4-3 [23]. 
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Figure 4-3 Specimen vibration frequency domain signals of bearing inner race, bearing 

outer race and baseline, see Chapter 6.  

4.3.1 Envelope Analysis 

In recent years, envelope analysis (EA) has become a common and useful technique for 

detecting and diagnosing different faults, in particular rolling element bearing faults [180]. 

A local fault will show itself as an impact frequency and harmonics of that frequency. The 

detected signal will be the raw signal as affected by the transmission path, so the frequency 

range in which the harmonics are likely to dominate is where structural resonances amplify 

the original harmonics [181].  EA examines the signal “obtained by amplitude 

demodulation” by analysing the frequency domain and utilising strong amplitude 

modulation phenomena to diagnose the presence of a fault rather than raw data [182, 183]. 

EA is commonly applied to vibration signals to diagnose incipient faults in machinery, 

especially when the defects are amplitude-modulating and hence affect the characteristic 

frequencies of the machine components [180, 184]. Ho and Randall [184] have used this 

approach very successfully to isolate the frequencies of the interplay between ball bearings 

and the raceway in a faulty bearing, demonstrating the ability of envelope analysis to 

present clear peaks, showing the presence of faults at certain harmonics within specific 

frequency bands. The spectrum provided rich information regarding both the repetition 

frequencies such as ball-pass frequency but also modulation, shown by the presence of 

sidebands, due to variation of the applied load [181].  

In simple terms, EA is the FFT frequency spectrum of the modulating signal. EA is 

performed in five steps, see Figures 4.4 and 4.5, by eliminating unwanted noise and 

emphasising the low-frequency, and likely most useful, content when analysing the 

signals' frequencies. 
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Referring to Figure 4-4, step one is composed of the first two blocks, the raw data is 

bandpass filtered to obtain the frequency range of interest and remove low frequency 

background noise levels, including that due to possible measurement system 

misalignment and imbalance. This process gives a good indication of signal-to-noise-ratio 

[180]. McFadden and Smith [185] showed that resonant frequencies of the structure 

should be considered when selecting the band-pass filter centre frequency, and that the 

filter bandwidth should be twice the highest fault frequency. That would ensure that the 

filter passes the carrier frequency and at least one pair of modulation sidebands.  

Step two is calculation of the envelope which comprises full wave rectification of the 

signal from bipolar to unipolar, converting the bottom half of the waveform to the top, 

and vice versa. This stage is performed using a Hilbert Transform (HT) which returns a 

complex signal, the real part of which is the original signal and the imaginary part is the 

HT, which is the original signal subject to a 90° phase shift [186]. Then the carrier 

frequency is removed by applying peak-hold smoothing, smoothing /filtering the fast 

transitions in the signal. Finally in step two the high-frequency components are removed 

by low band pass filtering, and the remaining low-frequency components will include the 

fault frequencies.  

In step three, the FFT is applied the to the envelope signals to obtain the envelope 

spectrum which will reveal the amplitude peaks of the fault frequencies. 

The procedure for computing the HT is shown in Equations (4.5), (4.6), and (4.7). The 

real part of the analytic signal 𝑥𝑎 for 𝑥𝑖𝑛 is the original data 𝑥𝑖𝑛 and the imaginary part is 

HT of 𝑥𝑖𝑛. After that, Equation (4.8) for the envelope leads naturally to Equation (4.9) for 

the power spectrum. 

𝑋 = 𝑓𝑓𝑡(𝑥𝑖𝑛)                                                                                                     Equation 4.5                                    

Figure 4-4 Steps in the process of envelope implementation 

X in Raw signals Band-Pass Filter 
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Envelope 

 

F out Fault Diagnosis 
Envelope 
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𝑋𝑎(𝑛) = |𝑥| = {
−𝑥, 𝑥 < 0

𝑥, 𝑥 ≥ 0
                                                                               Equation 4.6                

𝑥𝑎 = 𝑖𝑓𝑓𝑡(𝑥𝑎)                                                                                                    Equation 4.7                                             

𝑥𝑒𝑛𝑣 = √𝑥𝑎 ∗ 𝑐𝑜𝑛𝑗(𝑥𝑎)                                                                                    Equation 4.8 

𝑋𝑒𝑛𝑣 = |𝑓𝑓𝑡(𝑥𝑒𝑛𝑣)|                                                                                            Equation 4.9               

  Where 𝑥𝑖𝑛 is the input signal; X is the FFT of 𝑥𝑖𝑛; 𝑋𝑎 is the FFT of analytic signal or 

complex time signal for 𝑥𝑖𝑛; 𝑋𝑒𝑛𝑣 is the envelope spectrum; 𝑥𝑎 is the analytic signal for 

𝑥𝑖𝑛; and 𝑥𝑒𝑛𝑣is the analysed envelope signal. 

 

Figure 4-5 Example of envelope spectrums for two bearing faults. (a, b, c) Impulses at 

equal time intervals with no random noise. (d, e, f) original signal with 0.75% random 

fluctuations imposed [184]  

4.4 Higher Order Spectra 

In the early 1960’s the general concept of higher-order spectra was introduced by Tukey 

and Brillinger [187]. Recently, higher-order spectra have been applied in numerous 

research projects [188]. First order and second-order statistics are commonly used in data 

analysis applications and considered as reasonable signal-processing tools such as mean, 

power spectrum, autocorrelation, and variance. Second-order statistics are convenient for 

describing linear and Gaussian processes, but in reality conditions exist that deviate from 

both linearity and Gaussianity and here second order statistics are no longer adequate 

[189]. 

4.4.1 Power Spectrum (PS)  

The power spectrum of the time domain of an acoustic signal presents the acoustic power 

in the signal in terms of the signal’s frequency components. It is a second-order calculation 

of the harmonic power, which is a true, positive number. The P(f) is a second-order 
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frequency domain measure of the time-varying series ( )X n  and is calculated according 

to [190] [191]: 

𝑝(𝑓) = 𝐸(𝑋(𝑓)𝑋∗(𝑓))                                                                                    Equation 4.10  

Where 𝑋(𝑓) is the Fourier transform of the sequence 𝑥(𝑡), 𝑋∗(𝑓) is the complex 

conjugate of 𝑋(𝑓) at frequency (𝑓) for the time signal, 𝐸(. ) is a mathematical operators 

representing the statistical expectation [192]. 

The definition of the Discrete Fourier Transform, X(f), used to calculate the power 

spectrum of the discrete-time signal x(t) [193] is presented in Equation (4.11): 

𝑋(𝑓) = 𝐷𝐹𝑇[𝑥(𝑡)] = ∑ 𝑥(𝑡)𝑒−𝑗2𝜋𝑓𝑡∞
𝑡=−∞                                                        Equation 4.11   

Where DFT is the Discrete Fourier Transform                                                                

It is generally found that the amplitude of the power spectrum increases when the fault 

severity increases [194]. The power levels contained in different frequency ranges within 

the spectrum can be distinguished and this can be used for fault detection; however, the 

accuracy of the results for fault diagnosis can also be affected by the noise contained in 

the spectrum.  

4.4.2 Traditional Bispectrum 

In 1980s, a large number of researchers started using conventional bi-spectrum analysis, 

which is a high order spectral analysis [195]. The advantages and properties of the 

traditional bi-spectrum analysis were extensively compared with the power spectrum for 

nonlinear system identification and proved able to substantially reduce Gaussian noise 

while retaining phase information. The bi-spectrum analysis also proved an effective 

approach for detecting quadratic phase coupling (QPC) which occurs due to the nonlinear 

interactions between two signals producing a third whose frequency and phase are equal 

to the sum or difference of the previous two signals [196].  

The traditional bi-spectrum 𝐵(𝑓1, 𝑓2) can be illustrated in the frequency domain as 

follows: 

𝐵(𝑓1, 𝑓2) = 𝐸[𝑋(𝑓1)𝑋(𝑓2)𝑋∗ (𝑓1 + 𝑓2) ]                                                          Equation 4.12                                            

Where 𝐸[. ] and 𝑋∗(𝑓) are defined above.  𝑓2, 𝑓2  and  𝑓2 + 𝑓2  indicate the three individual 

frequency components achieved from the Fourier series integral.  
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Third order spectra differ from the second-order spectra in that they contain both the phase 

information and magnitude of the original time signal. The frequency components 𝑓1, 𝑓2  

and 𝑓1 + 𝑓2 are independent of each other and each frequency can be characterised by 

statistically independent random phases that are distributed over (−𝜋, 𝜇):  

𝜑(𝑓1) + 𝜑(𝑓2) =  𝜑(𝑓1 + 𝑓2)                                                                          Equation 4.13                              

Peaks that appear in the bi-spectrum at the bi-frequency 𝐵(𝑓1, 𝑓2) are due to nonlinear 

coupling. The normalised form of the bi-spectrum, or bicoherence is adopted as a measure 

of the degree of coupling between the various frequencies, and is expressed as in 

Equations (14):  

𝑏2(𝑓1, 𝑓2) =
|𝐵(𝑓1,𝑓2)|2

𝐸 [|𝑋(𝑓1)𝑋(𝑓2)|2]𝐸[|𝑋(𝑓1+𝑓2)|2]
                                                             Equation 4.14              

4.4.3 Modulation Signal Bispectrum  

In order to improve the performance of the bi-spectrum for characterising faults, 

particularly in rotary machinery, the modulation signal bispectrum (MSB) has been 

developed to include the possibility of the occurrence of an interaction at 𝑓1 − 𝑓2, see 

Equation (16)[197]: 

𝐵𝑀𝑆(𝑓1, 𝑓2) = 𝐸[𝑋(𝑓2 + 𝑓1)𝑋(𝑓2 − 𝑓1) 𝑋∗ (𝑓2)𝑋∗ (𝑓2)]                                 Equation 4.16        

The total phase of the MSB is:  

𝜑𝑀𝑆(𝑓1, 𝑓2) = 𝜑(𝑓2 + 𝑓1) + 𝜑(𝑓2 − 𝑓1) − 𝜑(𝑓2) − 𝜑(𝑓2)                              Equation 4.17                    

When two components 𝑓1 and 𝑓2 are coupled together, their phases can be obtained as: 

𝜑(𝑓2 + 𝑓1) = 𝜑(𝑓2) + 𝜑(𝑓1)                                                                           Equation 4.18                                           

𝜑(𝑓2 − 𝑓1) = 𝜑(𝑓2) − 𝜑(𝑓1)                                                                           Equation 4.19                                              

From Equations (4-18, 4-19) it can be seen that combining the equations, the total phase 

of MSB in Equation (4-17) will be zero. The MSB amplitude is the product of four 

magnitudes.  The bi-spectral peak appears at (𝑓1, 𝑓2). If (𝑓1 + 𝑓2), (𝑓1 − 𝑓2) are both 

produced due to nonlinear effect between 𝑓1 and 𝑓2 the bi-spectral peak will appear at bi-

frequency 𝐵𝑀𝑆(𝑓1, 𝑓2). In this way, sideband characteristics of a modulation signal are 

effectively represented by the MSB. MSB magnitude would be almost zero if these 

components have a random distribution but are not coupled. Wide-band noise in vibration 

signals can be effectively suppressed in this way, allowing for accurate detection of 
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discrete components. The rate of coupling among three components can be measured 

using a modulation bicoherence signal. Equation (4-20) is used to calculate the degree of 

coupling between three components[196, 197]. 

𝑏𝑀𝑆
2 (𝑓1, 𝑓2) =

|𝐵𝑀𝑆(𝑓1,𝑓2)|2

𝐸⌈|𝑋(𝑓2)𝑋(𝑓2)𝑋∗ (𝑓2)𝑋∗(𝑓2)|2⌉𝐸[|𝑋(𝑓2+𝑓1)𝑋(𝑓2−𝑓1)|2]
             Equation 4.20 

4.4.4 The Performance of Bispectrum 

The bispectrum approach has various positive properties compared with the conventional 

power spectrum; as stated in the previous section, non-linear system recognition, Gaussian 

noise elimination, phase information preservation and recognition of the QPC that can 

emerge when two signals interface non-linearly with one another and produce a third with 

a frequency and phase equivalent to the sum or difference between the initial two signals. 

This could apply, for example, to a signal generated by a non-linear interaction between 

just two segments: the shaft speed and bearing, or shaft speed and seal. So it is suggested 

that the bispectrum can give a more exact diagnostic analysis of signals from mechanical 

elements under fault conditions [196]. 
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4.5 Key Findings 

This chapter has overviewed the background of different signal processing techniques 

often used for vibro-acoustic measurements. Amongst a large family of signal processing 

tools, it is identified in theory that two potential tools: envelope analysis and MSB are 

potentially useful to characterise the modulated vibration and airborne acoustic signals.  

Especially, the demodulation analysis by MSB has the merits of suppressing random 

noises generated by vortex flows, friction excitations and measurement noise and 

promises to give reliable and robust results for detection and diagnosis. Comparatively, 

envelope analysis can be implemented with less computing cost but has very limited noise 

reduction capability. 

 

 

  



 68 

 

CHAPTER 5:  

Experimental Test Rig Facility and Fault Simulation  

 

 

This chapter presents a comprehensive description and justification of the devices and 

equipment used in the pump test-rig and explains the choice of the sensors and acquisition 

hardware used for appropriate and precise measurements of the vibro-acoustic 

parameters describing the performance of the centrifugal pump and used for fault 

detection. It also explains how the different faults were chosen and manually seeded into 

the test pump. 
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5.1 Introduction 

The focus of this investigation is on developing a new and potentially useful method for 

detecting and diagnosing deficiencies in the performance of a centrifugal pump. This will 

involve experimentally checking the condition of a pump using vibro-acoustic 

measurements to investigate and detect faults/flaws. To accomplish this aim, the test-rig 

available in the University of Huddersfield’s Centre for Efficiency and Performance 

Engineering (CEPE) was used but with capability enhancement carried out by introducing 

the centrifugal test pump, renewing and replacing pump parts to simulate different faults 

and adding data acquisition sensors suitable for the required vibro-acoustic 

measurements. The developed fault simulations were bearing inner race and outer race 

faults, wear on the impeller inlet vane, and a faulty mechanical seal. It was also necessary 

to update and upgrade the software so that it could provide the higher order analysis 

(MSB). This was a reasonable and cost-effective way to provide a test rig that met the 

essential requirements of the proposed project.  

5.2 Test-Rig Facility and Description  

Figure 5-1 presents the test-rig, the core of which is the Pedrollo centrifugal pump, model 

F32/200A. The pump is a closed type of single-stage driven by a three-phase electric 

pump motor at 9.5 A and 380-400 V, with a rated rotation speed of 2900 rpm. The pump 

can deliver 450 l/min with a head of 0.55 bar, it is integral to a closed loop recirculatory 

system containing water at a maximum pressure of 10 bar. The piping is steel connected 

to plastic water tanks.  

Figure 5-2 is a schematic of the system, showing the pump and transducers, which were 

located appropriately and positioned precisely. The specifications of the transducers are 

listed in Table 5-1and Table 5-2 and were used to measure the multiple operating 

parameters commonly used in experimental hydrodynamics, such as flow rate, flow 

pressures at the different flow rates, as well as surface vibration and airborne sound. 
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Figure 5-1 The Test-Rig, showing Pedrollo pump and transducers 
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Figure 5-2 Test rig schematic. 
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Table 5-1 Test-rig components 

 

Table 5-2 Piping system components. 

 

5.3 Measurement System 

The test-rig was originally constructed for the purpose of monitoring and evaluating the 

pump system’s performance, and this was enhanced to include the necessary sensors and 

measurements to determine the effects of seeding simulated faults/flaws into the pump. 

This required selection of the vibro-acoustic sensors to be used and where they were to 

be positioned. A condenser microphone situated 50 mm from the body of the pump to 
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measure the airborne sound generated by the pump. The nearfield in which the direct 

sound radiated from the pump will dominate over its reverberant extends to about one 

wavelength from the pump surface [198]. Thus, a distance of 50 mm puts an upper limit 

on the nearfield of about 6 kHz which is well above the frequency of the sounds of 

interest. The vibration generated will be measured by a piezoelectric accelerometer 

mounted vertically on the pump body. Already positioned on the test rig were a high-

pressure transducer in the discharge line and a low-pressure transducer in the suction line. 

The flow rate in the discharge line was measured using an electronic sensor. Rotational 

speed of the pump was determined using an encoder mounted on the end of the motor 

shaft. A hydrophone was fixed on the discharge line.  

The datasets representing the experimental results were gathered for the healthy pump 

and pump with seeded faults/flaws. It was decided that the pump should be tested with 

nine different flow rates from zero to around 450 l/min in steps of 50 l/min.  

The existing seven-channel data acquisition system (DAS) sampled at a rate of 96 kHz. 

The duration of each sampling period was 40 seconds, giving 3.84 x 106 data points.  

5.3.1 The Speed Controller  

Typically a centrifugal pump requires a speed controller interface to enable motor speed 

to react to the requirements of the system. In other words, pump speed must be integrated 

with the system’s demands in terms of pumping power. Here the decision was made to 

have a range of fixed flow rates but with a constant pump speed of 2900 rpm. The Omron 

3G3MV inverter-type speed controller was already present on the test-rig, see Figure 5-3, 

and this was used to advantage here because it allowed the use of a lower-cost pump with 

a single impeller. This was important because it enabled a more direct investigation of 

the effects of the seeded faults/flaws.  

The principles of operation of the speed controller are based on converting the AC supply 

to DC, then reverting to AC in order to meet the pump’s demands and match the 

frequencies required for operation. This method can save energy while controlling the 

pump speed [199]. The controller is capable of providing high-torque control at low 

speeds. The 3G3MV was a three-phase model appropriate for the power supply available. 

For a pump with a maximum speed of 2900 rpm, the controller can decrease this speed at 

regular intervals to zero. However, there are limitations to this approach, if the impeller 
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is designed with a particular running speed for a given flow rate, any changes in speed 

may reduce the pumping efficiency significantly [200]. 

 

Figure 5-3 Omron 3G3MV inverter-type speed controller 

Table 5-3 Characteristics of the Omron 3G3MV inverter-type speed controller 

 

5.3.2 Vibration Sensor-Accelerometer 

The most widely used transducer for system CM and detection of faults is the 

piezoelectric accelerometer. Here a Sinocera type YD38180 piezoelectric accelerometer 

was selected as having an appropriate frequency range, a suitable sensitivity, was 

relatively small so that it could be fitted easily to the pump surface, of small enough mass 

that it didn’t affect the movement of the surface, adequately robust to withstand the likely 

environmental conditions, easy to attach to the required surface, and relatively 

inexpensive. Table 5-4 presents its specifications. The accelerometer was attached to the 

discharge casing at the outlet of the pump. This was chosen as the point at which the flow 
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was likely to generate most vibration. Figure 5-4 shows the accelerometer fixed on the 

pump outlet. 

Table 5-4 Characteristics of the vibration sensor 

 

 

Figure 5-4 Accelerometer and location of accelerometer 

Advice in the literature from professionals concerned with monitoring pumps is that a 

single accelerometer is sufficient for smaller pumps, of which the Pedrollo is one. The 

accelerometer should be rigidly attached to the metal comprising the pump housing with 

the sensor mounted so that it is in normal (90o) to the face of the bearings [201]. To ensure 

the accelerometer was rigidly attached to the pump a brass stud was screwed into the 

casing and the accelerometer attached to the stud using superglue. The output was fed to 

a Sinocera YD3 131 charge amplifier, then to the DAS and finally to the PC. All recorded 

information was sent to the PC hard drive preparatory to analysis. 

5.3.3 Acoustic Microphone  

Acoustic techniques are regarded as a non-destructive form of testing and are becoming 

increasingly familiar as a sensor in CM systems for the measurement and analysis of the 

noise waveforms generated by machinery in operation [202]. Airborne sound techniques 

focus on the analysis of the waveforms of the noise signals picked up from microphones. 
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The major advantage of most microphones is their wide frequency response and relatively 

ease of mounting. Figure 5-5 shows the position of the microphone, 50 mm from the 

pump casing, this was a compromise between the sound radiated from the pump and the 

background noise that would be likely to be present in an industrial environment.  

The further away from the source the relatively stronger the background noise, the closer 

to the pump the more likely the measured sound would be dominated by the area of pump 

surface closest to the microphone. The decision on where to position of the microphone 

was a balance, and it is not suggested that the chosen microphone position would be the 

ideal position in other circumstances. 

The microphone specifications are given in position close to the pump  

Table 5-5. The microphone output was linked to a pre-amplifier after that to the DAS and 

from there to the PC. 

 

Figure 5-5 Acoustic microphone and position close to the pump  

Table 5-5 Acoustic microphone characteristics 
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5.3.4 Flow Rate Transducers 

The flow rate transducer used on the test-rig was Rotor Flow RFO comprising six vanes 

and a cylindrical rotor, see Figure 5-6. The fluid (water) flowing through the pipe causes 

the rotor to rotate, and the flow rate was determined by measuring the number of rotor 

revolutions per unit time. The meter was situated on the outlet at the end of the discharge 

line, see item 9 in Figure 5.2. The accuracy of the device is high, at around 1 per cent with 

a frequency range from about 25 to 225 Hz, for the given pipe diameter that represents a 

range from 50 to around 450 l/min. Further specifications are provided in Table 5-6.  

 

Figure 5-6 Rotor Flow Meter 

Table 5-6 Flow meter characteristics 
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5.3.5 Shaft Encoder  

The encoder used in this test-rig was a Hengstler Model-RI 32, as shown in Figure 5-7. 

This was fixed on the end of the pump shaft to gather data on instantaneous angular speed. 

The specifications are shown in Table 5.7. The encoder consists of a glass disc with 

opaque and clear areas. It determines the position of the shaft at different times by using 

a light source and an optical detector array which reads an optical pattern. The control 

device reads this code via a microprocessor and that defines the angle and speed of the 

shaft. As with the other transducers the encoder was connected to the PC through the DAS 

which was capable of recording the output pulses for every revolution of the shaft and this 

enabled the shaft speed to be determined. 

 

Figure 5-7 Hengstler Model-RI 32 shaft encoder  

Table 5-7 Characteristics of Hengstler Model-RI 32 shaft encoder 
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5.3.6 Data Acquisition System  

The data acquisition system (DAS) utilised in this system was a 16 channel, 16-bit 

resolution Sinocera YE6232B, as shown in Figure 5-8. This system can collect and record 

data from analogue devices such as chart recorders, physically plotting the signal on a 

paper sheet, while displaying it on an oscilloscope. The system can acquire the values of 

eight different variables simultaneously, see Table 5-8. Each input was sampled at 96 kHz. 

All sensors attached to the test-rig were connected to the DAS.  

The sensor outputs were conditioned (e.g., amplified as needed) to convert the signal to a 

common voltage range, ±5V. In order for the data to be displayed and stored on the PC, 

the voltage signals were controlled by the microprocessor system before being input to the 

multiplexer. The multiplexer processed the signals by using A/D conversion via a 

sampling and holding unit to an A/D converter and so produces a parallel input to the PC 

where it can be processed before being displayed and stored. The PC therefore had both 

an A/D converter and a multiplexer mounted in one of the expansion slots. The 

specifications of the Sinocera YE6232B are shown in Table 5-9.  

 

Figure 5-8 Data Acquisition system Sinocera YE6232B 

Table 5-8 Connection Order for Channels 

 

 
Chanel No Variable 

CH 1 Speed 

CH 2 The pressure transducer of section 

CH 3 The static pressure transducer of discharge 

CH 4 Vibration 

CH 5 Acoustic microphone 

CH 6 Hydrophone 

CH 7 Flow rate 
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Table 5-9 Characteristics of Sinocera data acquisition system 

 

5.3.7 Intel Pressure Transducer and Discharge Sensors  

The pressure transducer used in the suction line was the Sinocera CY-YB-0-5, used for 

general industrial purposes with an upper gauge parameter of around 10 bar, see Figure 

5-9 for its positioning in the suction line. Its specifications are shown in Table 5-10. The 

essential operation of this kind of transducer is to function as a strain gauge for pressure 

sensors bonded onto a diaphragm, which flexes in accordance with the applied pressure. 

The movement of the strain gauge is proportional to that of the diaphragm and directly 

reflects the pressure in the system. The strain gauge was incorporated into a Wheatstone 

bridge circuit in order to regulate the readable electrical signal. Although the changes in 

resistance would normally be too small to be appropriate for monitoring analysis and 

recording, a condition transmitter/signal was used to convert the voltage signals produced 

by the two pressure sensors applied to the rig.  

 

Figure 5-9 Pressure transducer Sinocera CY-YB-0-5 in suction line 
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Table 5-10 Characteristics of transducer in inlet line 

 

The transducer used in the outlet line, Sinocera Y084602, is shown in Figure 5-10, and 

Table 5-11 provides its specifications. Typically, the pressure of water in a test-rig for a 

pump system should range from 0 to 5 bars, subject to the guidelines provided by the 

manufacturer. Here, the pressure maximum measured in the discharge line was 10 bar, 

and the pressure maximum in the suction inlet line was 5 bar. The power supply for both 

transducers was a Farnell Instruments Ltd. L30/2.  

 

Figure 5-10 Sinocera Y084602 pressure sensor in outlet line 

Table 5-11 Characteristics of Sinocera Y084602 pressure transducer in outlet line 

 



 81 

 

5.4 The Centrifugal Pump  

The pump selected for use in this study was a Pedrollo F32/200AH, which is categorised 

as a horizontal entrance, single-stage, machine with a closed impeller, see Figure 5-11. 

This kind of pump is intended for general use with clean water in agriculture, civil, and 

several industrial processes. It is of relatively simple construction and very suitable for 

the insertion of the given simulated faults/flaws: inner and outer race bearing faults, wear 

of the impeller and a faulty mechanical seal. Further specifications are given in Table 

5-12. 

 

Figure 5-11 Centrifugal pump Pedrollo F32/200AH 

Table 5-12 Characteristics of the centrifugal pump Bedrollo F32/200AH. 
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5.4.1 The Relation Between Pump Flow Rate and Pump Head 

The curve showing the pump flow rate as a function of pump head is presented in Figure 

5.12. This graph represents the healthy baseline (BL) case which will be used for 

comparison with flow rates obtained after the faults/flaws are introduced. Figure 5-12 

shows that that an increase in pump flow rate is accompanied by a reduction of the pump 

head. However, decreasing the flow resistance at flows over 300 l/min produces little 

increase in the flow. 

 

Figure 5-12 The baseline curve of pump flow rate against pump head 

5.5 Fault Simulation  

These experiments will investigate the detection and diagnosis of seeded localised 

mechanical faults/flaws. Two strategies could be utilised. The first method is run-to-

failure. The machine runs until failure occurs after a fault grows gradually, this method 

is time-consuming and costly and is rarely used. The other process is deliberately creating 

an imperfection in the system and to then analyse the impact of the defect by comparing 

healthy and faulty cases. The latter approach is much quicker and cheaper to implement 

and was adopted in this experimental study. 

5.5.1 Bearing Faults  

This study's experiments have examined a common type of deep groove in the ball race 

of type FAG 6307 bearings, see Figure 5-13, which were attached to the pump shaft. 

Bearing specifications are presented in Table 5-13. The study was divided into three 

separate cases; the first case was the healthy bearing as a baseline, the second was a 



 83 

 

bearing with a seeded inner race fault, and the third was a seeded fault in the outer race, 

both faults were designed to simulate abrasive wear. 

Abrasive wear can be the result of varying loads, or contamination with micro debris, or 

lack of lubricant. All these can lead to sliding contact between the balls and the raceway 

surfaces which ultimately produce this type of bearing fault. Care was taken to ensure the 

size and shape of the simulated faults agree with the type of abrasive wear of bearings 

that occurs in industry. This included taking advice from production engineers at HB 

Bearing Ltd, the company which supplied the bearings. The fault to be seeded also had to 

be capable of being easily produced in the research centre. Combining these requirements, 

the final bearing defects were small scratches, see Figure 5-13. The fault measurements 

were 0.5 mm wide by 0.2 mm deep and 7 mm long, extending across the surfaces of the 

bearing’s inner and outer races.  

  
(a)                     (b)   

Figure 5-13 Bearings faults (a) Inner-race, and (b) Outer-race 

Table 5-13 The bearing characteristics 

 

5.5.2 Mechanical Seal Fault Simulation 

Some working fluids contain suspensions that can cause scattered deposits to appear on 

the faces of mechanical seals, and which then build up. If the deposits cover only a 

proportion of the face, there will gaps in the seal around the deposits. The result is a leaky 

seal. Unfortunately, while the leakage may be small initially, typically it grows at an 

accelerated pace and more and more of the working fluid escapes. The simulated seal fault 

introduced here has not, to the author’s knowledge, been reported previously. The seeded 
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fault was a scratch introduced onto the seal surface, as shown in Figure 5-14, that allowed 

a small leakage. 

  

Figure 5-14 Seal fault simulation                 

5.5.3 Impeller Wear Inlet Vane Fault Simulation 

Erosion due to solid-fluid contact is the primary cause for impeller failures due to wear of 

the surface of the material. Pump impellers can be subject to severe wear damage, 

significantly reducing pump efficiency and, eventually, its working life. The impeller 

needs protection against such wear.  

Here wear faults were simulated using closed impeller type 166GRF3228H with two 

levels of impeller inlet vane fault. The seeded wear faults can be seen in Figure 5-15, 

simulating erosion-corrosion wear. For the “small” fault a length of 1 mm was removed 

from one inlet vane, see Figure 5-15, and for the “large” fault 2 mm was removed. 

Comparisons of the vibro-acoustic signals and flow rates were made between the healthy 

and faulty cases of impeller wear under constant motor speed and different flow rates. 

  

Figure 5-15 Wear fault in inlet vane of impeller 

5.6 Test Procedures 

The experimental datasets were collected from: 

(i) The test bearings for three different cases: baseline, inner-race, and outer-race faults. 

(ii) The mechanical seal: healthy and faulty. 
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(iii) The inlet vane of the impeller: with small, large and without wear fault.  

The experimental study was carried out under steady-state conditions. The test equipment 

was started up and left to run a half hour before any data was collected. The DAS collected 

the measured data on seven of its channels for 40 seconds as described in Section 5.3. 

Also as described above the pump speed was 2900 rpm and the water flow rates were 0 

(blockage) 50, 100, 150, 200, 250, 300, 350, and full flow rate around 450 l/min. The 

flow rates were controlled manually using the throttling valve in the discharge line. The 

flow in each case was maintained constant, but the accuracy was around ± 5 l/min. 

The pressure sensors in the suction and discharge lines, the accelerometer, the 

microphone, the flow sensor in the discharge line, the encoder was all set up as described 

above. 

To evaluate the impact of the various faults on pump performance, the sensor signals were 

measured for the given flow rates. The reliability of the data obtained was confirmed by 

repeating every test five times under the same conditions. After that, the acquired data 

were prepared and analysed through a MATLAB program. 
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5.7 Key Findings 

The centrifugal pump CM investigation was carried out using the described pump test rig. 

The test rig components, including the required measuring equipment and sensors, as well 

as the data acquisition system used to collect data from the test rig, are described in this 

chapter. Each test rig cable, DAS channel, and fault form was given its own mark so that 

the conditions of each record could be easily identified. Different faults were seeded into 

the centrifugal pump in a realistic industrial scenario to analyse centrifugal pump output 

under various operating conditions. Before running the test, rig and collecting data, a 

safety check was performed, which included inspecting all cables and covering any 

moving parts with a safety grid. The centrifugal pump was then worked under each fault 

state, and data was collected for that condition. The data was organised, including a test 

number, date, and condition, and stored in a MATLAB environment for further study. 

The results revealed that the test rig was well-built and can be used to evaluate various 

fault cases under wide pump operating conditions. 

 

Equation Chapter 6 Section 1  
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CHAPTER 6:  

Detection and Diagnosis of Bearing Faults Using Envelope 

Analysis of Vibro-acoustic Signals 

 

 

This chapter evaluates envelope analysis for detection of seeded bearing faults based on 

vibro-acoustic signals. After applying time domain and frequency domain analysis, more 

advanced signal processing, envelope analysis, was used to find the fault signatures 

corresponding to the inner and outer race faults. The chapter consolidates the main 

merits of using acoustics signals for monitoring compared to using vibration signals. 
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6.1 Introduction 

In recent years airborne acoustics has been increasingly used for CM of rotating 

machinery [169]. The acoustic signals are obtained by relatively cheap microphones, that 

can be easily installed, can be analysed using convenient signal processing software to 

obtain useful information on the condition of the system. Such airborne sound techniques 

are non-intrusive, and so is regarded as an ideal option for, e.g., bearing CM, and can give 

a direct indication of the presence of changes in the noise produced by a machine [43]. 

Here the acoustic and vibration signals from the bearings were obtained from the 

microphone installed 50 mm from the pump housing and the accelerometer mounted on 

the pump casing, see Section 5.3 and Figures 5.1 and 5.2.  

6.2 Generation of Surface Vibration and Sounds  

Vibration and acoustic noise generated by the pump can be traced to two key sources – 

hydraulic and mechanical forces, the relative magnitude depending on the build and 

operation of the pump. The generation of periodic forces acting on the pump housing 

result in periodic vibration of the surface. These forces, as stated previously, can be due 

to manufacturing imperfections or errors in rotating components such as imbalances, or 

non-uniform impellers, or assembly errors such as misalignment. Likewise, pressure 

pulsations of the fluid induced by the impeller vanes, especially when the pump operates 

far from its BEP, can also generate small movements in the housing. The vibration of the 

housing generates sound waves which are radiated into the surrounding air, resulting in 

the generation of airborne sound. The vibration can have a unique periodicity that 

correlates with the source, such as number of vanes or rollers in the bearings. 

Additionally, turbulent flow, especially cavitation, will generate vibration and sound that 

can exhibit large random waveforms as a consequence of the complex interaction of local 

flow fields. 

These vibration and sound signatures have been shown to bear a close relation to the 

operation of the pump and its health, and can provide the basis for fault detection [121, 

203] as described in Section 3.1. Particularly interesting is the study by Hamomd, et al.,  

[69] which shows the possibility of using such methods to detect bearing faults despite 

the signal containing a high noise content from other sources, e.g., hydraulic excitations 

that are normally absent in other machines such as engines and gearboxes. In this case the 
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characteristics of a faulty bearing were sufficiently different from the random nature of 

the hydraulic sources to make the presence of a fault detectable. This is a good indication 

that the sound signal produced by the vibration of the pump casing has the potential to be 

useful in the detection of bearing faults/flaws. 

6.3 Bearing Fault Frequency Calculations 

The bearing element to be investigated is a popular type of deep groove ball bearing and 

is shown in Figure 6-1. The theoretical characteristic faults frequencies were calculated 

using equations (1), (2), (3), and (4). Table 6-1 shows expected fault/flaw frequencies for 

the inner and outer races, the rollers and the cage predicted in accordance with the bearing 

dimensions and operating speed [154]. This type of bearings transmits both axial thrust 

and radial forces produced by the action of the impeller on the working fluid to be 

transmitted. The main specifications are shown in Table 6-2. 

 

Figure 6-1 Bearing structure 

Table 6-1 Bearing fault frequencies 

Location of Fault Relevant Equation 

Fault 

Frequency 

(Hz) 

Equation 

 No 

Inner-Race 

 
𝑓𝑖 =  

𝑛𝑓𝑟

2
(1 +

𝐵𝑑

𝑃𝐷
cos Ф)                241.5 Hz 

(1) 

Outer-Race 

 
𝑓𝑜 =

𝑛𝑓𝑟

2
(1 − 

𝐵𝑑

𝑃𝐷
cos Ф)                

 

150.9 Hz 

 

(2) 

Cage 

 
                𝑓𝑐𝑎𝑔𝑒 =

𝑓𝑟

2
(1 −

𝐵𝑑

𝑃𝐷
 cos Ф)                18.7 Hz 

(3) 

 

Rolling Element or Ball 

 
𝑓𝑏𝑎𝑙𝑙 =  

𝑃𝐷

𝐵𝑑
𝑓𝑟 (1 − (

𝐵𝑑

𝑃𝐷
cos Ф) ²)           100.5 Hz 

 

(4) 
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Table 6-2 Specification of FAG TYPE 6307 ball bearing  

 

With rolling element bearings the predominant fault is minute spalling indentations 

generated on the surfaces of rolling elements and races [154]. Such surface fatigue 

phenomenon is frequently enhanced during running and installation by overloading or 

shock loading. The fault/flaw usually begins as a below-the-surface crack which 

gradually migrates to the surface of the component causing a small piece of the surface 

metal to break away and leave a corresponding pit. The change in surface geometry 

immediately impacts on the surfaces with which it comes into contact, there are 

corresponding changes in the contact pattern with the production of short, sharp contact 

stresses. There will be a sequence of impulses with a duration and periodicity determined 

by the dimensions and motion of the bearing. A major reference for identifying and 

diagnosing of bearing faults is the characteristic frequency at which these occur. 

Time and frequency domain signals are used to detect and diagnose the fault. The latter 

tend to be more useful as they contain the given characteristic components which show 

as peaks in the spectrum. These can indicate both the presence of a fault/flaw and indicate 

what the fault is likely to be. 

6.4 Impact of Bearing Defects on Pump Performance Curve 

Figure 6-2 presents the performance curve for the baseline and the two defective bearings. 

We see that at low flow rates there is no significant difference in flow rates due to the 

presence of either fault. However, at higher flow rates, above about 350 l/min, there does 

appear to be a slight increase when an outer race fault bearing fault is introduced. 
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Figure 6-2 Impact of bearing defect on the performance curve 

6.5 Time Domain of Acoustic Signals 

Figure 6-3 presents the time domain signals for baseline, inner and outer race defects for 

three flow rates. The measurement run was 40 seconds for all cases. We see that the 

presence of either bearing defect increases the RMS amplitude of the signal, see Figure 

6-4, which is indicative of the presence of a fault. In fact, RMS is the most common 

statistical parameter, used very often to detect abnormality present in a system. The RMS 

is a measure of the energy content of a signal, and is represented by Equation 6.1 [176]. 

𝑅𝑀𝑆 =  (
1

𝑁
 ∑ 𝑥𝑖

2𝑁
𝑖=1 )

1/2

                                                                             Equation 6.1 

where N is the total number of samples and xi is sampled time signal.  

If the value of the RMS increases suddenly, exceeding a set value, it is assumed there is 

a fault in the system. However, the RMS has two serious constraints, it is not sufficiently 

sensitive for detection of incipient faults, and it is a summative measure making 

identification of the source difficult, if not impossible when it is contained in random 

noise of much the same magnitude as the fault frequency peak. 

The RMS value of the acoustic waveforms demonstrated a clear distinction between the 

healthy state and defective cases. It also established an apparent difference between the 

healthy operation and faulty inner and outer bearing races. Except for the highest flow 
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rate, it was able to separate not only between healthy and faulty conditions but also 

between the inner and outer race faults. Though, of course, the separation of the faults 

will depend on their relative magnitudes. 

 

Figure 6-3 Samples of time-domain acoustic signal for baseline, inner and outer races 

 

Figure 6-4 RMS of time domain acoustic signals for baseline, inner and outer races 
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6.6 Spectrum Analysis of Vibro-Acoustic Signals  

Figures 6-5 and 6-6 presents the acoustic and vibration spectrums up to 500 Hz, for three 

flow rates, for the BL condition and both bearing faults. An upper limit of 500 Hz was 

considered adequate as it encompassed the first and second harmonics of both inner and 

outer characteristic fault frequencies. It is evident, from these figures that spectrum 

analysis provides more useful information on the presence of faults than the time domain 

signal. 

Peaks at 150.9 Hz and 241.5 Hz, corresponding to the outer and inner race signature 

frequencies respectively, can be clearly identified in the spectrums. This is a good 

demonstration of the inclusion of fault information in both acoustic and vibration signals. 

We also see peaks at harmonics of the motor’s rotational frequency (48.3 Hz), and at 

144.9 Hz and 193.2 Hz. Moreover, in on-site operation there can be large variations in 

low frequency noise making it difficult to reliably estimate the peak values for fault 

identification. Additionally, due to the non-linearity of impact sounds, it is hard to 

precisely estimate the peak values present in the spectrum to assess the severity of the 

fault. Figure 6.6 presents the vibration spectrums for the healthy and bearings with seeded 

faults for the given flow rates. It is seen that the spectrum peak at 241.5 Hz indicates an 

inner race defect, while the peak at 150 Hz indicates the outer-race defect, again for all 

three flow rates. However, on-site both sets of spectrum results for bearing fault detection 

and diagnosis could be influenced by background noise which would directly affect 

bearing fault detection and diagnosis. 
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Figure 6-5 Acoustic spectrum for three flow rates Acoustic spectrum for bearings with 

and without faults for three flow rates (fi and fo are inner and outer race characteristic 

frequencies, respectively) 

 

Figure 6-6 Vibration spectrum for bearings with and without faults for three flow 

rates (fi and fo are inner and outer race characteristic frequencies, respectively, and 

vpf is vane passing frequency) 
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6.7 Envelope Spectrum of Vibro-acoustic Signals 

Envelope analysis is one way to enhance the characteristic fault frequencies effectively 

and efficiently. Figure 6-7 displays the envelope spectrum for baseline and inner and outer 

race faults for airborne sound signals for the maximum flow rate of 431 l/min. It can be 

seen that the inner and outer race characteristic frequencies, fi and fo respectively, on the 

figure, are clearly observable, much more so than in the BL acoustic spectrum. We also 

note that the harmonics, 2fi, 2fo and 3fo are clearly visible. 

Figure 6-8 displays the envelope spectrum for baseline and inner and outer race faults for 

vibration signals for the highest flow rate of 431 l/min. The characteristic frequency for 

the inner race fault is predicted to be 241.5 Hz, and this can be discerned in the spectra of 

the vibration signal, Figure 6-8, as can its second harmonic. However, comparison of 

these peaks with the corresponding peaks in the acoustic spectrum show that they are not 

so clearly identifiable. This result was somewhat surprising but was confirmed by re-

taking the measurements a total of five times. 

 

Figure 6-7 Envelope spectrums of acoustic signals for maximum flow rate 431 l/min (fi 

and fo are inner and outer race characteristic frequencies, respectively) 
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Figure 6-8 Envelope spectra of vibration signals for maximum flow rate 431 l/min (fi 

and fo are inner and outer race characteristic frequencies, respectively) 

The envelope spectrum of vibration signals at maximum flow clearly identifies the outer-

race fault frequency at 150.9 Hz, together with its second and third harmonics.  

Knowing the shaft speed, its harmonics should be easily recognized, and in this plot we 

see the appearance of harmonics of the shaft frequency (48.3Hz), at 96.6, 144.9 and 193.2 

Hz.  

Clearly, envelope spectra effectively identified two common bearing faults and 

distinguished between them using characteristic fault frequencies. It can be seen that the 

outer race characteristic frequency fo and its harmonics 2fo and 3fo are obvious in both 

the acoustic and vibration spectrums. However, the peaks associated with the inner race 

fault and its harmonics are not so clearly identified on the vibration plots as on the 

acoustic. 
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6.8 Comparison of Fault Diagnoses 

6.8.1 Envelope Spectrums at Different Flow Rates   

Figure 6-9 and Figure 6-10 present the envelope spectrums obtained for both acoustic and 

vibration signals for the baseline, and inner and outer race faults for three flow rates, the 

maximum flow is included for comparison purposes. In the plots for both the acoustic and 

vibration signals, the peaks representing the frequency of the outer-race fault (150.9 Hz) 

and its harmonics are very clear, and it is almost exactly the frequency predicted, and 

appears to be independent of flow rate.  

The predicted value of the characteristic frequency of the inner-race fault was 241.5 Hz. 

In the spectrum of the acoustic signal there is a clearly discernible peak close to this 

frequency, with another peak at the second harmonic for the two lower flow rates. 

However, while there is no clearly defined peak associated with the inner race fault in the 

vibration signal spectrum at full flow, there are small peaks at this frequency for the two 

lower flow rates. It is seen that the envelope spectrum analysis can detect inner and outer-

race defects, and the data gathered will be useful for the diagnosis of such faults.  

It has been noted that peaks occur in the acoustic spectrum at 50 Hz and 100 Hz that do 

not occur in the vibration spectrum. On cross-checking with other plots, they are seen 

only for this set of readings. The peaks represent a one-off incident. 50 Hz and 100 Hz 

peaks such as these tend to be associated with electrical machinery and referred to as 

mains hum. The most likely cause of the peaks is that some electrical machinery in the 

vicinity was active when the contaminated readings were taken but not noticed at the 

time. Later checks have been unable to identify the machine responsible.  
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Figure 6-9 Envelope spectrum of vibration signals (fi and fo are inner and outer race 

characteristic frequencies, respectively)

 

Figure 6-10 Envelope spectra of acoustic signals (fi and fo are inner and outer race 

characteristic frequencies, respectively) 



 99 

 

6.8.2 Statistical Parameters for Envelope Signals 

Figure 6-11 and Figure 6-12 present the RMS values of statistical measures obtained from 

the envelope signals obtained for both acoustic and vibration signals for the baseline case 

and inner and outer race faults. It can be seen that the vibration measures can distinguish 

between the baseline case and between the two-seeded faults.  

 

Figure 6-11 Envelope signal RMS of vibration signals for baseline, inner and outer race 

faults  

 

Figure 6-12 Envelope RMS values of acoustic signals for baseline, inner and 

outer race faults 
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However, RMS is invariably a measure of the energy contained across the spectrum, and 

so can indicate the presence of a fault but cannot diagnose a particular fault. The 

separation between the three cases is generally consistent across the flow rates used, 

except that at the highest flow rate, the magnitude relating to the baseline increases 

relative to the others. Also, as seen in the envelope spectrum, the outer race fault is more 

prominent in the plots than the inner race fault. 

Similarly, we see that the RMS for the acoustic spectrum can distinguish between the 

baseline case and between the two-seeded faults. It confirms the differences between the 

three plots, including a clearer separation of fault plots from the baseline than occurred 

for the vibration signal. Once again, however, because the RMS is a measure of the energy 

contained across the spectrum it is not able to diagnose a particular fault. 
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6.9 Key Findings 

These results confirm that acoustic signals acquired remotely and analysed using 

envelope analysis are an effective approach for detecting and tracking pump bearing 

faults. The method produces a more detailed analysis that can provide ample diagnostic 

information to differentiate between the healthy state of a centrifugal pump with inner 

and outer race faults/flaws. The signal envelope effectively eliminates unwanted 

background noise, as well as fluid-induced noise found in the acoustic signal range. 

Furthermore, the airborne sound RMS values was superior to the vibration signal, in 

providing a clear indicator of the existence of the inner race fault and the complete 

distinction between safe and defective conditions. This is because that sound signals 

perceived by a remote microphone is more compressive in terms of that it is resulted from 

larger area of vibrations of the pump and thus more sensitively and reliable reflect 

changes in pump dynamics. In contrast, the vibration signal is only from the dynamic 

responses of a local point where the vibration response sometimes is less significant due 

to antinode effect of structural resonances. 

 

Equation Chapter 7 Section 1  



 102 

 

CHAPTER 7:  

Acoustic and Vibration Signal Based Detections of Bearing 

Faults using Modulation Signal Bispectrum Analysis 

 

 

 

This chapter examines the enhancement of detection of bearing faults seeded into the inner 

and outer races of the bearings of a centrifugal pump using the Modulation Signal 

Bispectrum (MSB). It begins by presenting the attempts to find the fault via time and 

frequency domain analyses. Because of its capability to substantially reduce random noise 

and detect nonlinear components, the MSB was used for fault detection using vibro-

acoustic measurements. Finally, a comparison was made of the fault detection process 

using the data acquired from the acoustic and vibration signals. 
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7.1 Introduction 

Bearings are an integral component of nearly all rotating devices. The primary function 

of the rolling element in any rotating object is to hold rotating parts in proper alignment 

when radial and axial loads are applied. Early identification of bearing faults allows 

proper action to be taken to sustain and/or increase performance while lowering lifetime 

costs. One aim of this research is to improve bearing condition monitoring in centrifugal 

pumps. In contrast to surface vibration measurement, the airborne sound signature and its 

remote measurement and analysis eliminates the need for sensors attached to the pump.  

High levels of background noise, especially with airborne sound signals, makes 

conventional approaches to detecting and diagnosing machine faults difficult. As a result, 

advanced signal processing such as the MSB is used to greatly minimise unwanted noise, 

detect nonlinear components and, when applied to airborne sound and vibration 

signatures, improve the identification and diagnosis of inner and outer race bearing faults 

for a range of operating conditions.  

The identification and diagnosis of internal and external race bearing defects provide data 

for comparing the effectiveness of measured vibration and airborne sound signals. The 

results show that the diagnostic features obtained by applying the MSB to the acoustic 

signal revealed a greater distinction between safe and defective cases than those obtained 

when using the vibration signal for detecting inner race defects.  

The characteristic frequencies of rolling element bearing faults will depend on operating 

speed and dimensions. For the given race, FAG Type 6307, see Figure 5-13 and Table 5-

13, these are listed in Table 6-1: inner-race, outer-race, cage and rolling element fault 

frequencies for a motor speed of 2900 rpm (48.3 Hz) are, respectively: 241.5 Hz, 150.9 

Hz, 18.7 Hz, and 100.5 Hz. 

7.2 The Flow Chart for Bearing Fault Detection  

This study was divided into three separate cases; the first was the healthy bearing as a 

baseline, the second was the seeded fault on the inner race, and the third was the seeded 

fault on the outer race. The seeded bearing defects are described in Section 5.5.1  
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The outline of the plan for detection and diagnosis of the seeded bearing faults based on 

the airborne sound signals and surface vibration is shown in Figure 7-1. Time and 

frequency domain analyses provide the initial means for finding the fault, see Chapter 6, 

then, advanced signals processing is applied in the form of MSB analysis for both the 

airborne sound and vibration signals. Finally, the MSB results obtained for airborne sound 

and surface vibration for detecting and diagnosing the two bearing faults are compared. 

 

7.3 Test Rig and Experimental Procedure 

Three bearing faults examined in this study were in three separate bearings identical save 

only for the presence of the seeded fault. Each time a bearing was replaced, it was ensured 

there was no leakage nor any change in operating conditions. Vibration and acoustic 

datasets were collected for all three bearings for the same range of flow rates, from fully 

open at 450 l/m the flow was decreased gradually in steps of 50 l/m, 450, 400, 350, 300, 

250, 200, 150, 100, and 50 l/m, and then zero flow with the valve fully closed. Control of 

the flow rate was by a manual valve; Pump motor speed was held constant at 2900 rpm, 

and the flow rate set to 250 l/min for a pressure head of 10-bar. The pump operated under 

various flow rates and heads, allowing the pump features to be analysed under a full range 

of operating conditions. 

Fault Type & 

Fault Position 

Analysis Methods 

Machine Condition 

Diagnostic 

Experimental Data 

Baseline, Bearing Fault 

Inner race – Outer race 

Vibro-Acoustic Time Domain 

MSB of Vibration Signals MSB of Acoustic Signals 

Fault Detection and Diagnosis 

Comparison Analysis 

Set of Fault Frequency Harmonics Set of Fault Frequency Harmonics 

Figure 7-1 Framework of the process for bearing fault detection and diagnosis. 
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In this research, MSB analyses based on airborne sound signals and surface vibration 

signals were conducted in parallel and the results compared to assess the more efficient 

method of determining the signature frequencies and magnitudes of the spectral peaks. 

This allowed the differences between the two approaches (vibration and acoustic signal 

analysis) to fault detection and diagnosis to be evaluated. 

7.4 Bearing Fault Detection and Diagnosis Using MSB Analysis 

Figure 7-2 displays magnitudes of the MSB peaks and coherence values for the acoustic 

signal; baseline and seeded bearing faults. We see that the magnitudes are substantially 

different for the three signals, lowest for the baseline, noticeably higher for the outer race 

and higher again for the inner race. As expected, the seeded faults in the pump bearing 

are detectable by the increased magnitudes of specific peaks. When contrasting the 

baseline with the spectrum levels for the inner and outer races, these peaks are clearly 

discernible. We also see in Figure 7-3 the presence of nonlinear coupling indicated by the 

MSB coherence. 

Figure 7-4 and Figure 7-5 present the same information for the vibration signals. Once 

again, we see the magnitudes of the MSB peaks vary between the three tests giving a 

strong indication of the presence of faults. It can be seen again observe nonlinear 

coupling. The two findings each suggest clear differences between the baseline signals 

and those generated by the faulty bearings due to the mechanical driving forces generated 

by the defects. 
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Figure 7-2 MSB magnitudes and coherences for the acoustic signal for flow rate around 

450l/m for bearings with and without seeded faults 

 

Figure 7-3 MSB magnitudes and coherences for the acoustic signal for flow rate around 

250 l/m for bearings with and without seeded faults 
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Figure 7-4 MSB magnitudes and coherences of vibration signal for flow rate around 450 

l/m for bearings with and without seeded faults 

 

Figure 7-5 MSB magnitudes and coherences of vibration signal for flow rate around 250 

l/m for bearings with and without seeded faults 
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7.5 Comparison of detection results based on MSB peaks 

The results obtained using the MSB technique for both vibration and airborne sound 

signals are discussed and compared in this section to investigate their relative merits in 

detecting the seeded bearing faults.  

Figure 7-6 presents the amplitude of the first and the second harmonic of the MSB peaks 

for the outer race fault and the baseline, at 150.9 Hz and 301.8 Hz as a function of flow 

rate. Figure 7-6 (a) shows the results for the vibration signal, we see that for the vibration 

signals the first harmonic provides little differentiation between cases except for the 

highest flow rate. For the second harmonics of the outer race, it gives a much clearer 

separation compared with the first harmonic. Figure 7-6 (b) shows the averaged values of 

the first and second harmonic peaks of the acoustic signals, there is a clear separation 

between cases except for the highest flow rate with the second harmonic. Figure 7-6 

demonstrates a better separation of the defective case from the BL using the acoustic 

signal than using the vibration. 

  
(a) (b) 

Figure 7-6 Averaged MSB peaks for 1st and 2nd harmonics of outer race fault and 

baseline for (a) Vibration signals, and (b) Acoustic signals 

Figure 7-7 (a) and (b) presents combined average of the MSB peaks for 1st and 2nd 

harmonics of outer race fault for the vibration signals and acoustic signals respectively. 

The plots confirm that the average MSB peaks of the 1st and 2nd harmonics for both 

vibration and acoustic signals can clearly distinguish between the baseline and seeded 

fault in the outer race, except possibly for the MSB analysis of the acoustic signal at the 

highest flow rate.  
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Figure 7-8 (a) and (b) presents the average MSB peaks for 1st and 2nd harmonics of inner 

race fault for the vibration and acoustic signals respectively, as a function of flow rate. 

For the vibration plots, Figure 7-8 (a), there is significantly less separation between 

baseline and averaged MSB peaks for 1st and 2nd harmonics of outer race fault than for 

the acoustic signal. The MSB vibration plots show only slight separation, with the 

exception of low flow 50 l/m. The acoustic signal, Figure 7-8 (b), shows a clear and 

significant difference between MSB signals for the baseline and 2nd harmonic for the inner 

race fault. The peaks for the first harmonic, however, fluctuated and did not differentiate 

consistently between BL and inner race fault condition.  

  

(a) (b) 

Figure 7-8 Average MSB peaks of 1st and 2nd harmonics of inner race fault (a) 

Vibration signals, and (b) Acoustic signals.  

Figure 7-9 (a) and (b) presents the combined average of the MSB peaks for 1st and 2nd 

harmonics of the inner race fault for the vibration and acoustic signals, respectively, as a 

  

(a) (b) 

Figure 7-7 Combined averaged of MSB peaks for 1st and 2nd harmonics of outer race 

fault and baseline  (a) Vibration signals and (b) Acoustic signals 
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function of flow rate. The vibration peaks showed no significant difference between this 

combined average over the range of flow rates and did not provide a strong and clear 

distinction between the two plots. On the other hand, the peaks in the acoustic spectrum 

related to the average of the combined 1st and 2nd harmonics showed a significantly larger 

peak in the presence of faults, demonstrating that the acoustic signal with MSB analysis 

outperforms vibration analysis for the given test arrangement. Despite a noisy atmosphere 

that impacted the signals, it was better able to extract modulation characteristics from the 

bearing faults. 

  

(a) (b) 

Figure 7-9 Combined average of MSB peaks at 1st and 2nd harmonics of inner race 

fault (a) Vibration signals, and (b) Acoustic signals 
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7.6 Key Findings  

This study has shown that both the acoustic and vibration signals from a centrifugal pump 

can be effective in the detection of the given seeded bearing faults. It has been 

demonstrated that the MSB is able to suppress random noise and enhance detection of the 

modulation components in both the airborne sound and vibration signals.  

The outcome was the successful separation of the averaged magnitudes of the first and 

the second harmonic peaks of outer and inner race bearing fault compared with the 

baseline condition, for both surface vibration and airborne sound signals. The results 

demonstrate that for inner race fault detection acoustic analysis can show a better 

separation between healthy and faulty signals than the vibration signal. But for the outer 

race fault the acoustic signal gives greater separation of baseline and fault condition.  
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CHAPTER 8:  

Detection of Fault Modes of Mechanical Seals of a Centrifugal 

Pump Using Vibro-Acoustic Measurements 

 

 

This chapter evaluates vibro-acoustic measurements for detecting a mechanical seal fault 

seeded into a centrifugal pump. Firstly, time and frequency domain analyses were 

implemented to detect the fault signatures corresponding to the seal fault. Then, advanced 

signals analysis using MSB was applied. Finally, the chapter summarises and compares 

the results of the analyses, presenting the main merits of using the airborne acoustic signal 

for fault detection compared to the vibration signal. 
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8.1 Introduction 

One of the most important components in fluid machines for preventing leaks is the 

mechanical seal. The seal performance degrades due to improper operations, scratching, 

impulsive forces, wear, and overheating, resulting in low-performance activity and 

pollution of the environment. In this chapter the mechanical seal faces, and friction 

conditions are monitored using vibration and airborne sound signals. Seal failures often 

produce additional vibration and sound due to the direct interaction of two sliding 

surfaces, according to their operating mechanisms with surface asperity colliding as a 

series of random impulses. The resulting vibro-acoustic signals are likely to have a 

broadband characteristic. The materials used in the structure of the pump and its seals will 

affect not only the degree to which the elements wear, but also the amplitude of the 

vibration signal [204]. The amplitude of the vibration signal will increase with increased 

number and size of wear elements. 

An aim of this research is to establish a potentially useful method for the detection and 

diagnosis of failing mechanical seals in a centrifugal pump using pump surface vibration 

and airbourne acoustic signals. The broadband sound emitted due to the rotating 

components will experience low frequency modulation at the shaft drive frequency (48.3 

Hz). Based on this information, it is possible to derive fault signatures from noisy sound 

signals using the MSB, which has the ability to demodulate the signal while also reducing 

noise. Experiments show that sound signals combined with MSB analysis can detect 

mechanical seal faults remotely in the early stages, outperforming spectrum analysis. 

Moreover, the findings presented here demonstrate the efficacy of remote acoustic-based 

monitoring and provide a clear indication of complete fault separation under various pump 

operating conditions. 

8.2 Flow Chart for Mechanical Seal Fault Detection 

The general method is the same as that described in Chapter 7 for detection of bearing 

faults. However, whereas with the bearing faults we were looking for pre-defined fault 

frequencies here we are looking for a set of fault frequencies not known in advance that 

will define the presence of a fault in the seal, see Figure 7-1 and Figure 8-1. Given the 

mechanism by which the vibration is generated it is expected that the spectrum will 

contain, as a fundamental frequency that of the shaft 
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The fault detection is in three stages, beginning with fault form and location, which is the 

simulated fault, and wear of the mechanical seal face. Next is the analysis of the vibro-

acoustic signals based on the standard power spectrum and MSB analysis. The last step is 

detection of the presence of the mechanical seal fault. 

 Some suspensions and solutions create a build-up of dispersed deposits on the mechanical 

seal faces. A gap in the seal opens as a result of deposits covering only a fraction of the 

seal faces. As liquid flows through the gap, the leakage, which is slight at first, accelerates, 

causing settlement to accelerate, see Chapter Five, Figure 5-14. Of course, mechanical 

seal defects can also be induced by friction between the two seal faces. 

8.3 Performance Curve of Pump with Defective Seal 

Figure 8-2 presents the performance curve for the baseline and with the faulty seal. We 

see that at low flow rates, below 350 l/min, the flow rate in the presence of the fault is 

significantly less than for the healthy case, this is because the flow rate depends directly 

on pump efficiency, and this will be decreased by the presence of the faulty seal. The 

Figure 8-1 Framework of the process for pump mechanical seal fault 

detection and diagnosis 
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consequential and substantial reduction in flow rate due to the seal wear fault may, of 

course, be used as an addition means of confirming the presence of the fault and its 

identification.  

 

Figure 8-2 Impact of seal fault on performance curve 

8.4 Time and Frequency Domains of the Vibration Signal 

Figure 8-3 shows the time domain of the vibration signals for the BL and faulty 

mechanical seal for three flow rates. We see significant differences between the BL and 

faulty case with the increase in amplitude at all three flow rates indicating a defective 

condition.  
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Figure 8-3 Vibration signal in the time domain with and without faulty seal for three 

flow rates 

Figure 8-4 shows the frequency domain analysis of the vibration signals for BL and faulty 

seal conditions for three flow rates. We see peaks at characteristic frequencies and their 

harmonics which relate to the defective case. Besides, the peaks at characteristic 

frequencies and their harmonics contribute to the defective such as the shaft frequency of 

48.3 Hz and the vane-pass frequency of 338.3 Hz. A very distinct difference in the 

magnitude of the signals can be seen at low frequencies. The vibration spectrum indicates 

the presence of the mechanical seal defect. 



 117 

 

 

Figure 8-4 Frequency domain of vibration signal with and without faulty seal 

8.5 Time and Frequency Domains of the Acoustic Signals  

Figure 8-5 shows the time domain of the acoustic signals for BL and faulty mechanical 

seal for three flow rates. A significant difference between the amplitude of the BL and 

faulty case can be seen at all three flow rates indicating a defective condition. An indicator 

of a system fault may be the difference between the amplitude of the BL signal and signal 

generated by the faulty condition, but the degree of randomness in the signals makes the 

cause of any abnormality challenging to classify. 
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Figure 8-5 Acoustic signal in the time domain with and without faulty seal for three flow 

rates 

Figure 8-6 shows the frequency domain analysis of the acoustic signals for BL and faulty 

seal conditions, for three flow rates. A very definite difference in magnitudes of the signals 

can be seen at low frequencies suggestive of stick-slip instabilities which can excite low 

frequency wideband noise [205]. In addition, peaks at characteristic frequencies particular 

the shaft frequency of 48.3 Hz and its harmonics which would be expected to relate to 

faulty seal. The acoustic spectrum confirms the presence of a fault in the mechanical seal.  
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Figure 8-6 Spectrum of the acoustic signal with and without faulty seal 

8.6 Comparison of Statistical Parameters: Acoustic and Vibration 

Signals  

Figure 8-7 shows the relationship between the vibration RMS values and flow rates for 

the healthy condition and case of the mechanical seal faults. It can be seen that the RMS 

values of the faulty and healthy states are not well separated. However, at the maximum 

flow rate there is the suggestion that the faulty condition exhibits a significantly greater 

level of vibration than the BL.  
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Figure 8-7 RMS of vibration signals in the time domain 

Figure 8-8 shows the RMS values of the time-domain acoustic signals for the healthy and 

faulty states of the mechanical seal. It can be seen that the RMS values for the fault are 

consistently higher than for the faulty seal compared to the BL.  

 

Figure 8-8 RMS of acoustic Signals in the time domain 

8.7 Fault Detection by MSB Analysis 

8.7.1 MSB Analysis of the vibration signals 

Figure 8-9 presents the MSB results for both magnitude and coherence for the vibration 

signal for the BL condition and with a faulty mechanical seal for a flow rate of around 430 

l/min. We see that the magnitude of the pulses is substantially greater with the faulty seal 

than the BL case. This is due to the MSB's superior ability to suppress random wideband 

noise. Also, see the coherence plots, which enhance discrete components. In Figure 8-10, 

flow rate around 300 l/min, the MSB peaks in the low-frequency range show the presence 

of noise due to the leaking seal. Figure 8-11, flow rate around 100 l/min also shows the 

presence of additional peaks due to the presence of a leaky seal though they are more 

obvious in the coherence plots. 
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Figure 8-9 The MSB magnitude and coherence of vibration signal at around 430 l/m 

with and without faulty seal 

 

Figure 8-10 The MSB magnitude and coherence of vibration signal at around 300 l/m 

with and without faulty seal 
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Figure 8-11 The MSB magnitude and coherence of vibration signal at around 100 l/m 

with and without faulty seal 

Figure 8-12 shows the average magnitude of the peak at the shaft rotational frequency 

(48.3 Hz) and its first five harmonics in the power spectrum of the vibration signal, for the 

baseline case and faulty seal, as a function of flow rate. The magnitudes of the peaks 

follow the same general trend, and no clear pattern is discerned for the difference between 

the cases.   
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Figure 8-12 Magnitude of vibration peaks at the first five harmonics of shaft drive 

frequency (48.3 Hz), with and without faulty seal 

Figure 8-13 shows the averaged MSB peaks for the vibration signal, at the shaft rotational 

frequency (48.3 Hz) and its first five harmonics with and without faulty seal as a function 

of flow rate. We see very little differentiation between the baseline and faulty case except 

at the highest flow rate where the magnitude of the fault signal increases. 
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Figure 8-13 Averaged MSB peak for vibration signal, first five harmonics of shaft drive 

frequency (48.3 Hz) with and without faulty seal 

8.7.2 MSB Analysis of the Acoustic Signal 

Figure 8-14 presents the MSB results for both magnitude and coherence for the acoustic 

signal for the BL condition and with a faulty mechanical seal, for two flow rates. We see 

that for the flow rate of 420 l/min the magnitude of the peaks is substantially greater with 

the faulty seal than the BL case. We note that pulses of higher magnitudes can have an 

effect on the seals due to mechanical and hydraulic impact. Figures 8-15 and 8-16 presents 

similar figures for flow rates of 300, and 100 l/min. 
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Figure 8-14 The MSB magnitude and coherences of acoustic signal at around 430 l/m 

flow rate with and without faulty seal 

 

Figure 8-15 The MSB magnitude and coherences of acoustic signal at around 300 l/m 

flow rate with and without faulty seal 
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Figure 8-16 The MSB magnitude and coherences of acoustic signal at around100 l/m 

flow rate with and without faulty seal 

Figure 8-17 shows the average value of the peaks in the acoustic power spectrum, at shaft 

drive frequency (48.3 Hz) and its first five harmonics, for base line and faulty seal, as a 

function of flow rate. The plots of the amplitudes of the first and second harmonics show 

good separation between baseline and faulty conditions. However, the other harmonics, 

show little or no difference between baseline and defective condition. 

Figure 8-18 shows that MSB of the acoustic signal can provide a more consistent 

difference between baseline and faulty seal condition over the range of spectral harmonics 

of shaft drive frequency (48.3 Hz). The MSB analysis is capable of excluding background 

noise interference and extracting the modulation characteristics in the sensor signal 

indicating the degradation of the mechanical seal. 
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Figure 8-17 Magnitude of MSB acoustic spectral harmonics for shaft drive frequency 

(48.3 Hz), with and without faulty seal 
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Figure 8-18 Amplitude of first five harmonics of shaft drive frequency (48.3 Hz) in the 

acoustic power spectrum with and without faulty seal 

Comparing Figure 8-17 and 8-18, we see that for the flow rate of 420 l/min the MSB 

analysis consistently shows the magnitude of the signal is substantially greater with the 

faulty seal than the BL case. This figure shows that for the acoustic signal the faulty 

mechanical seal is more clearly discernible using MSB analysis than the power spectrum. 
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8.8 Key Finding 

This experimental investigation used the airborne sound and vibration signals produced 

to detect the presence of a fault seeded into a mechanical seal. Power spectrum and MSB 

analysis-based approaches were used separately for fault identification. The outcomes 

show that the harmonics of the shaft drive frequency (48.3 Hz) contained in the MSB 

analysis of the acoustic signal enabled fault identification more readily than the power 

spectrums of either the acoustic or vibration signals or MSB analysis of the vibration 

signal. MSB provides a strong separation between baseline and fault harmonics across a 

range of flow rates, which could be useful for effective online monitoring, allowing the 

mechanical seal fault to be successfully detected and diagnosed.  

 

 

 

Equation Chapter 9 Section 1  
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CHAPTER 9:  

Detection of Impeller Wear in Centrifugal Pumps Using 

Modulation Signal Bispectrum Analysis of Vibro-acoustic 

Signals 

 

 

This chapter presents the use of the Modulation Signal Bispectrum for detection of an 

impeller wear fault seeded into a centrifugal pump. Included are time and frequency 

domain analyses to help determine the fault signatures corresponding to the impeller 

wear defects. Finally, the chapter presents the MSB analysis of both vibration and 

acoustic signals and compares their performance in detecting the impeller fault with that 

of the power spectrum of the signals. The chapter emphasises the advantages of using the 

acoustic signal for fault detection rather than the vibration signal.  
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9.1 Introduction 

Here we focus on the CM of a pump with the aim of detecting impeller wear using vibro-

acoustic signals. An enclosed impeller as described in Section 2.4.1 and shown in Figure 

2-6 was used. The pump impeller requires attention because mechanical wear can cause 

serious harm, reducing the pump's lifetime and performance. Impeller wear was studied 

in this chapter using vibro-acoustic signals obtained at various flow speeds. Fluid flow 

and the presence of particulates cause a small amount of wear in the region of the impeller 

inlet vane, this wear grows with time. The uniform corrosive wear area is defined as the 

area where the impact velocity is less than the critical value, and it grows as the impeller 

velocity increases. In reality, wear mechanisms vary from one region to the next; it is 

larger when the tangential portion of the impact velocity is heavy, and this is what 

eventually causes the impeller to fail. MSB analysis was carried out to extract incipient 

fault signatures, due to its advantages as described previously. The experimental results 

show that the MSB’s diagnostic features can detect impeller wear at an early stage.  

The MSB approach was then compared to a conventional method, the power spectrum. 

As described in previous chapters, the vibration and airborne sound signals were collected 

for different operating conditions, the signals were then analysed to discover the presence, 

or not, of the seeded fault. This MSB study of vibro-acoustic signals and their spectrums 

offers a clear distinction between healthy and defective impeller wear conditions at 

various flow rates. 

9.2 Fault Simulation  

Two typical centrifugal pump impeller defects were simulated experimentally and seeded 

into the experiment rig. Corrosion/erosion faults on the impeller vanes were simulated by 

removing a short length of material from the vane tip close to the hub: 1mm to represent 

a small degree of wear, and 2 mm a large degree of wear, see Figure 9-1 and Section 5.5.3. 

As previously the vibro-acoustic signals corresponding to each fault were analysed. 
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Figure 9-1 Initial fault simulation of impeller wear 

9.3 Framework of Impeller Fault Detection 

In this section, the test process followed closely those described in Chapters 7 and 8 for 

bearing fault detection and mechanical seal faults, respectively, and is shown again in 

Figure 9-2. The initial step is the simulation of the impeller fault, i.e., inlet vane wear. 

The following step is the gathering of relevant acoustic and vibration data and its analysis 

using both the power spectrum and MSB. The final stage is detection of the seeded fault. 

The two sets of results were compared, to assess their relative performance. 

9.4 Impact of Impeller Wear on Pump Performance Curves  

Figure 9-3 shows the performance curves for the centrifugal pump healthy and with the 

seeded impeller faults. As expected, impeller wear reduces the pressure head relative to 
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Figure 9-2 Framework of impeller wear fault analysis 
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the healthy case across the range of flow rates tested. Significantly, there was no 

discernible difference between flow rates with the smaller and larger faults present save 

at the highest flow rate. 

 

Figure 9-3 Performance curve of centrifugal pump with and without impeller wear faults 

9.5 Time Domain Analysis of Vibration and Acoustic Signals  

Figure 9-4 shows the airborne sound and vibration signals in the time domain for three 

flow rates for baseline and defective impeller conditions. It can be seen that at different 

flow speeds the defective cases have greater amplitude than the baseline, which could be 

an indication of the presence of a fault. However, the signal appears highly random, 

making it challenging to confidently claim the presence of a fault let alone identify it. 
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Figure 9-4 Acoustic and vibration signals in the time domain for healthy impeller and 

impeller with “small” and “large” faults 

9.6 Statistical Parameter Comparison of Acoustic and Vibration Signals  

Figure 9-5 shows four statistical parameters (RMS, peak, peak factor and kurtosis) of the 

vibration and acoustic signals derived from the time domain It is clear from Figure 9-5 

that the vibration data cannot generally clearly distinguish between the baseline case and 

when an impeller fault is present. However, we see that for the peak, peak factor and 

kurtosis the acoustic signals can differentiate between the baseline and fault case certainly 

at lower flow rates. 
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Figure 9-5 Statistical parameters (RMS, Peak, Peak Factor and Kurtosis) for vibration 

and acoustic signals in the time domain with and without impeller faults 

The difference in the RMS values is much smaller than for the other measures, and since 

RMS is an aggregate measure, it will seldom be able to diagnose a particular fault. With 

peak factor and kurtosis, while the general trend is for a clear difference in signal level 

between the two cases, the individual baseline values fluctuate to a degree that would 

undermine confidence in wear fault detection using this measure. 
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9.7 Impeller Fault Vibration and Acoustic Signal Spectrum Analysis 

Figure 9-6 shows the spectrum of the vibration signal for a healthy impeller and impeller 

with wear faults for three flow rates, 433, 306 and 150 l/min. Because the impeller is 

driven by the motor we expect, and do see, peaks characteristic of the drive frequency, 

(𝑓𝑟  = 48.3 Hz), and its harmonics clearly visible in the spectrum. We also see a peak 

corresponding to the vane passing frequency vpf (338.3 Hz). These peaks are clearly 

visible for all three flow rates and the spectrum of the vibration signal tends to confirm 

the presence of the impeller wear faults. However, these frequency peaks could be 

contaminated by noise generated either by fluid flow or other system components. But 

the effects of fluid flow on vibration characteristics that occur in the low-frequency range 

are difficult to remove by conventional approaches such as FFT during the signal 

processing.  

 

Figure 9-6 Spectrum analysis of vibration signal with and without impeller faults for 

three flow rates 

Figure 9-7 displays the acoustic signal frequency domain for the three given flow rates for 

baseline and defective conditions. Again, the characteristic fault frequencies, fr (48.3 Hz) 

and vpf (338.3 Hz) and their related harmonics are clearly noticeable and significantly 

higher than the baseline levels. Thus, the spectrum of the acoustic signal demonstrates the 

presence of the impeller wear fault. As with the vibration signal, these frequency peaks 
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could be contaminated by noise generated either by fluid flow or other system 

components. 

 

Figure 9-7 Spectrum analysis of acoustic signal with and without impeller faults for 

three flow rates 

9.8 MSB Analysis Based Detection 

This section aims to investigate the detection of impeller wear faults using the MSB and 

to compare the results obtained with those from the power spectrum for both vibration and 

acoustic signals. 

9.8.1 Impeller Wear Fault Detection by MSB of Vibration Signals  

Detection of the seeded wear fault by MSB analysis via the magnitude and coherence of 

the signals is presented in Figure 9-8 for the vibration signal obtained from the centrifugal 

pump without and with impeller faults. In the tests the flow rate for the baseline case was 

430 l/m, however seeding an impeller fault, but maintaining the remainder of the system 

constant reduced the flow rate. It was decided that it was better to work with a reduced 

flow rate rather than introduce additional changes to the test rig. The corresponding flow 

rate for the small seeded fault (1 mm) was 427 l/min and for the large seeded fault (2 mm) 

was 418 l/min.  
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Again, the merit of the MSB is it suppresses random wideband noise and so improves 

detection of impeller wear faults. The MSB magnitude results in the low-frequency range 

in Figure 9-8 (f1 < 300 Hz and f2 < 500 Hz) show less noise smear of impeller faults than 

baseline case. To detect the presence of the wear faults, confirmed by distinct 

corresponding coherence peaks of the fundamental frequency (48.3 Hz) and vane passing 

frequency (338.3 Hz). The MSB coherence is the result of coupling between two 

frequency components and the MSB plots show distinct peaks at fault frequencies of 48.3 

Hz and 338.3 Hz that are clearly different from the baseline plot. The largest pulses due 

to mechanical and hydraulic effects are shown in Figure 9-10. The tallest peaks are due 

to high levels of hydraulic asymmetry and mechanical vibrations and indicate the 

presence of the impeller wear fault. 

 

Figure 9-8 MSB Magnitude and coherence of vibration signals for impeller with and 

without faults at flow around 430 l/min 
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Figure 9-9 MSB Magnitude and coherence of vibration signals for impeller with and 

without faults at flow around 300 l/min 

 

Figure 9-10 MSB Magnitude and coherence of vibration signals for impeller with and 

without faults at flow around 150 l/min 
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9.8.2 Comparison of Detection of Impeller Wear Faults Based on the Power 

Spectrum and MSB Analysis of the Vibration Signals 

Figure 9-11 presents the averaged magnitude of the first 5 harmonics in the power 

spectrum for fr (48.3 Hz) for the baseline case and the two-seeded wear faults as a function 

of flow rate. The figure shows that none of the plots provides consistent or significant 

differences between healthy and either wear fault. 

 

Figure 9-11 Magnitude of the vibration power spectrum plots of the first five harmonics 

of 48.3 Hz with flow rate. 

Figure 9-12 shows the magnitudes of the first five harmonics of the shaft rotation (fr = 

48.3 Hz) for baseline and both wear faults as obtained using MSB analysis of the vibration 

signal. The MSB improved discrimination between the results by removing noise and 

aperiodic low-frequency impact impulses but did not significantly separate the baseline 
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and two fault cases for all harmonics. However, the first harmonic gives a useful 

separation at the highest flow rates, but the other harmonics generally do not provide a 

significant or consistent separation between the baseline and faulty cases.  

 

Figure 9-12 Magnitude of the MSB vibration plots of the first five harmonics of 48.3 Hz 

with flow rate. 

Figure 9-13 shows a comparison of results obtained by the vibration power spectrum and 

MSB analysis for the magnitude of the peak obtained at the vane passing frequency (338.3 

Hz) for the baseline and both seeded impeller faults. For both power spectrum and MSB 

plots, there is a clear separation of the vibration peak magnitudes between baseline and 

small and large wear faults, but the magnitude of the separation varies with flow rate. 
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Additionally, in Figure 9-13(a) we see a separation between the small and large wear faults 

for all flow rates except 300 l/m. On the other hand, Figure 9-13 (b), while consistently 

showing a separation of baseline and fault signals, there is an overlap of the two wear fault 

signals. Thus, while the increase in peak level at the blade passing frequency could be an 

indication of an impeller wear fault at all flow rates, the magnitude of that difference could 

not be taken as a measure of the degree of the fault. 

  
(a) 

 

(b) 

Figure 9-13 Comparison of (a) power spectrum plots and (b) plots obtained using MSB 

for the vane passing frequency (338.3 Hz) of the vibration signal. 

9.8.3 Impeller Wear Fault Detection by MSB of Acoustic Signal  

Figure 9-14 presents the magnitude and coherence obtained from the MSB analysis of the 

acoustic signals for a flow rate of 450 l/m for baseline and both seeded faults. The baseline 

plot has lower peak magnitudes than those for the wear faults, suggesting a defect in both 

cases. The MSB plots in the low frequency range shown in Figure 9-15 and Figure 9-16 

show less noise smear, and that can also be recognized in the corresponding MSB 

coherences, especially with the distinctive peaks corresponding to the shaft rotational 

frequency of 48.3 Hz and its harmonics, and the vane passing frequency, of 338.3 Hz. 

The findings show that the seeded wear faults tend to appear as simple peaks related to 

the fault frequency, while in the case of baseline, the peaks are minimal. The MSB 

magnitude and coherence plots indicate distinct differences between baseline and faulty 
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cases with the higher magnitude peaks triggered by the mechanical pulses due to hydraulic 

asymmetry suggesting the presence of an impeller wear fault. 

 

Figure 9-14 MSB Magnitude and coherence of acoustic signals for impeller with and 

without faults at flow around 430 l/min 
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Figure 9-15 MSB Magnitude and coherence of acoustic signals for impeller with and 

without at flow around 300 l/min 

 

Figure 9-16 MSB Magnitude and coherence of acoustic signals for impeller with and 

without at flow around 150 l/min 
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9.8.4   Comparison of Detection of Impeller Wear Faults Based on the Power 

Spectrum and MSB Analysis of the Acoustic Signals 

Figure 9-17 shows the magnitudes of the peaks of the first five harmonics of the drive 

shaft’s rotational frequency of 48.3 Hz that appear in the power spectrum, for baseline and 

the two seeded faults as a function of flow rate. The first harmonic shows a consistent and 

significant separation between the baseline and the faulty conditions, but does not 

effectively separate the two fault conditions. The second harmonic also shows a consistent 

separation between baseline and defective conditions, but the separation is of much lower 

magnitude than for the first harmonic. The second harmonic also fails to clearly 

distinguish between the two fault conditions. The 3rd, 4th and 5th harmonics, however, 

show a different pattern, the baseline signal produces a higher amplitude peak than either 

fault condition. 

 

Figure 9-17 Magnitude of the acoustic power spectrum plots for the first five harmonics 

of 48.3 Hz with flow rate 
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Figure 9-18 shows the magnitudes of the MSB peaks for the first five harmonics of the 

shaft drive frequency (48.3 Hz) obtained from the acoustic signals for the baseline and 

two seeded faults.  

The MSB results for impeller wear offer useful data and a stronger pattern for the 

separation of the harmonics for the healthy and impeller fault cases compared to the power 

spectrum analysis. For the first and, especially, the fifth harmonics there is a clear 

separation between baseline and fault conditions (except at a flow rate of 350 l/min with 

the first harmonic) though there is no consistent separation of the two faults. The 2nd, 3rd 

and 4th harmonics show no significant separation of the small fault and baseline and only 

separate the baseline and large fault at a flow rate of 350 l/min. 

 

Figure 9-18 Magnitude of the MSB plots for the first five harmonics of 48.3 Hz in the 

acoustic signals with flow rate 
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Because of its capacity to reduce wideband, low-frequency noise, the MSB shows stronger 

results at low-frequencies for all flow rates. The vibration amplitude for the broad 

impulses of the impeller wear fault of the pump gets higher as the flow pressure gets lower. 

Thus, it shows that MSB analysis is able to extract characteristic modulations 

representative of degradation due to wear of the impeller by largely eliminating noise 

effects on signals. 

Figure 9-19 shows comparable results for the peaks obtained at the vane passing frequency 

(338.3 Hz) for the power spectrum and MSB analysis of the acoustic signals for the 

baseline and two seeded wear faults. There is a consistent separation between baseline and 

both wear faults for both the power spectrum and MSB plots. In Figure 9-19 (b) the results 

provide a more comprehensive separation and strong and clear distinction between the 

healthy and both impeller fault plots. The MSB results show good separation between the 

baseline and faults for all flow rates, but not between the two-seeded defects. Despite 

background noise that influenced the acoustic signals, it shows the ability to extract 

modulation characteristics of impeller wear faults. The experimental results show that the 

acoustic signal, whether analysed using MSB analysis or the power spectrum, outperforms 

vibration analysis. 

 

(a) 

 

(b) 

Figure 9-19 Comparison of (a) Power spectrum plot and (b) Plot obtained using MSB for 

the vane passing frequency (338.3 Hz) of the acoustic signal 



 148 

 

9.9 Key Findings 

In this research, analysis of the experimentally measured vibration and airborne sound 

signals generated was able to identify impeller wear. Fault detection was carried out 

separately using power spectrum and MSB analyses. The harmonics of the shaft 

frequency in the acoustic signals as obtained using MSB showed better results than the 

power spectrum. It also provided a strong separation between all harmonics at various 

flow rates, which can be used effectively for online monitoring. It is concluded that 

harmonics obtained using MSB analysis detected the seeded impeller wear faults 

successfully. This high level of diagnosis is achieved because MSB has the ability to 

minimize noise and demodulate nonlinearities.  

The results show MSB analysis, and the power spectrum of the acoustic signal displayed 

good separation of faulty and healthy condition at the vane pass frequency. Also, the 

vibration power spectrum shows a little clearer separation of baseline and the faults than 

for the acoustic. For the MSB of the acoustic signal does offer a slightly better 

differentiation between the plots than a vibration. This should enable strong 

differentiation of impeller wear defects by averaging MSB peaks in the low-frequency 

range. In addition, the presence of either wear fault in the impeller caused a significant 

drop in the flow rate strongly indicating the presence of a fault.  

  

Equation Chapter 10 Section 1  



 149 

 

CHAPTER 10:  

Conclusions and Proposals for Future Work 

 

 

This chapter presents the conclusions drawn from this research and its main 

achievements. It describes how the aim and objectives stated in Chapter One were 

achieved. After that, a summary of the contributions to knowledge made by this research 

is presented. Finally, recommendations for future studies on this topic are made. 
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10.1 Aim, Objectives and Achievements 

This research has successfully achieved the stated aims of improving condition 

monitoring performance by developing the effective analytics of surface vibration and 

airborne acoustics signals for detection of faults seeded into a centrifugal pump by 

applying advanced signal processing techniques. It has also carried out a systematic 

comparison of results obtained from analysis of the measured acoustic and vibration 

signals regarding identification of the faults seeded into the pump. This work proposes 

means for the detection, at an early stage of development and before breakdown, of three 

common pump defects: bearing faults, mechanical seal defect, and wear of the impeller.  

Each objective and how it was achieved are now listed. 

Objective 1. To describe operational functionalities of condition monitoring systems and 

identify the mechanical components of centrifugal pumps. 

Achievement 1. A general evaluation of the most popular CM approaches used for 

detecting and diagnosing faults in rotary machines is presented in Section 1.2, with 

the focus on the reliability of vibro-acoustic measurements to detect pump faults. 

This provided support for the research aim and its associated objectives, and 

provided motivation inspired by the research gaps identified. Fundamentals of 

centrifugal pumps were addressed in Section 2.2, while the main mechanical 

components and centrifugal pump applications were presented in Section 2.4. 

Objective 2. To clarify the pump test rig test requirements and facilities to be used to 

perform the experiments, seeding different faults, and gaining experimental data. 

To study advanced methods, including data analytics of pumps, monitoring and 

detecting defects using multiple data sources (surface vibration and airborne 

sound) and identifying the main research gaps. The latter are presented in 

Sections 1.2.5, 1.2.6 and 1.3. 

Achievement 2. The test rig used to perform the experiments is detailed in Chapter 5, 

including a description of the simulated faults and the experimental procedure. 

Sections 5.2, 5.3 and 5.4 describe the test rig used to conduct investigations, 

explaining its constituent parts, while Section 5.5 explains the role played by the 
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author in deciding what faults to simulate, how to seed them into the test rig, 

selecting the vibro-acoustic sensors, and their positioning. 

Objective 3. To simulate different mechanical faults: inner and outer race bearing faults, 

mechanical seal, and impeller wear, and to investigate how these faults influence 

pump performance under different flow rates. 

Achievement 3. The mechanical faults seeded into the centrifugal pump are reviewed in 

Section 2.8. It is shown in Chapter 3 that mechanical faults adversely affect pump 

performance and generate increased pump vibration and noise emitted and degrade 

system performance. With a consequent decrease in the efficiency of the centrifugal 

pump and shortening of the pump’s working life. The details of how the particular 

faults were decided upon and introduced into the system is given in Section 5.5 and 

5.6. The vibro-acoustic measurements with seeded faults were compared with those 

made for the baseline condition at a fixed motor speed of 2900 rpm. Several system 

parameters were varied during the tests to determine the pump's condition at 

different flow rates. 

Objective 4. To explore the dynamic interactions between mechanical and hydraulic 

sources of centrifugal pump and the critical behaviours of these sources when faults 

occur. 

Achievement 4. The noise and vibration generated by pump operations were addressed in 

chapter 3. The fundamental sources that display stationary modulation behaviour in 

measured signals are dynamic interactions between mechanical and hydraulic 

sources. Furthermore, when mechanical wear and fluid erosion cause failures on 

essential components such as impellers, bearings, and seals, the modulation 

becomes more substantial. Furthermore, random noises from random flows will 

have a negative impact on modulation, which making it harder to characterise 

modulation behaviour. 

Objective 5. To examine the traditional methods (e.g., time and frequency domain 

analysis) for pump CM and detection of mechanical defects. To improve detection 

of the modulation components in both the vibration and acoustic signals and enhance 

them by implementing advanced signal processing techniques such as the 
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modulation signal bispectrum and envelope analysis, and then compare these results 

with conventional methods to ascertain how to obtain a more accurate identification 

and quantification of the faults. 

Achievement 5. Detection and diagnosis of the seeded faults using time and frequency 

domain analyses were implemented on the collected data, see Sections 4.2, and 4.3. 

Separate evaluations of pump fault detection were carried out based on the vibration 

and acoustic signals separately. Then, advanced signal processing techniques were 

used to improve fault detection: envelope and MSB analyses, as described in Section 

4.4. Comparison with results obtained by conventional methods is presented in 

Chapters 6, 7, 8 and 9. These chapters contain details of the detection of wear defects 

in the seals, bearings, and impeller. The descriptions given include details of the 

advanced signal processing techniques used (envelope and MSB analyses). 

Objective 6. To examine vibration and acoustic measurements and compare these 

techniques for healthy and faulty cases. 

Achievement 6. The tests were carried out with the accelerometer attached to the pump 

casing, and the acoustic sensor positioned 50 mm away from the pump casing. Data 

were recorded at a sampling rate of 96 kHz. Each fault was installed in the pump in 

turn, and for each defect nine flow rates were tested: 0 (blockage), 50, 100, 150, 

200, 250, 300, 350, and 450 (l/min). The pump’s flow curve was found to show 

significant variations in the presence of the faults, see Sections 6.4, 8.2, and 9.4. The 

vibro-acoustic signals for the seeded mechanical pump faults were obtained and 

used to show the presence of the faults at the different flow rates and compare these 

techniques for healthy and faulty cases are presented in Chapters 6, 7, 8 and 9. 

Objective 7. To examine the capacity of vibro-acoustic signals to extract weak and noise-

contaminated fault signals from the centrifugal pump for detection and diagnosis of 

pump faults with a high degree of accuracy. 

Achievement 7. Sections 4.3 and 4.4 present the principles of envelope analysis, the 

power spectrum and MSB analysis used for diagnosing the presence of faults seeded 

into the centrifugal pump. Chapter 6 presents and compares the outcomes obtained 

using envelope analysis and the power spectrum to analyse the airborne sound 
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emitted from the pump when the bearing faults were seeded into it. It was shown 

that the envelope analysis was an efficient mechanism for detecting and tracking 

pump bearing faults when using the acoustic signal. Chapter 7 presents the results 

of MSB analysis and shows that use of MSB enables the accurate extraction of the 

modulation features. It also shows that the acoustic signal is better than the vibration 

signal for detecting the seeded bearing defects. The outcome was the successful 

separation of baseline and fault signals for the averages of the first and the second 

harmonic peaks of an outer race bearing fault for both vibration and acoustic signals. 

         Chapter 8 presents the results when detecting the mechanical seal defect using MSB 

analysis and the power spectrums of both the vibration and acoustic signals. It shows 

that MSB analysis of the acoustic signal provided the most sensitive assessment of 

the presence of the fault, compared to the vibration signal and the power spectrum. 

The first five harmonics of the shaft rotational frequency (48.3 Hz) obtained using 

MSB analysis gave good separation between baseline condition and the seal defect. 

         Chapter 9 presents the results obtained when detecting impeller wear faults using the 

power spectrum and MSB analysis of the vibration and airborne sound signals. The 

acoustic signal analysed using MSB gave better separation of baseline and fault 

signals than either the vibration signal or the power spectrum when using harmonics 

of the shaft frequency. The seeded impeller wear faults were successfully detected 

using harmonics obtained through MSB analysis. 

Objective 8. To provide recommendations and guidelines for future research in pump 

condition monitoring 

Achievement 8. Section 10.4 makes numerous proposals for possible future research into 

condition monitoring of centrifugal pumps. 

10.2 Conclusions  

The principal conclusions of the study can be summarized as: 

1. The efficient detection of mechanical defects (bearings, impeller, and seal) 

seeded into a centrifugal pump using vibro-acoustic signals has been successfully 

achieved.  
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2. The seeded defects were detected by comparing signals obtained with a fault present 

with those obtained for the baseline (healthy) condition. This was achieved for a 

range of flow rates from blockage (zero flow) to the maximum, 450 l/min but at 

constant motor speed, 2900 rpm.  

3. Comparison of the effectiveness of the vibration and acoustic signals revealed 

that the airborne acoustic signal was at least as informative as the vibration signal 

and, in some cases, as presented in Chapters 6, 7, 8 and 9, could provide more 

information on the presence of a fault.  

4. The detection of the simulated bearing faults was achieved using both envelope 

analysis and MSB signal processing techniques for both vibration and acoustic 

signals. This tested the relative efficacy of envelope and MSB analysis of surface 

vibration and acoustic sound signals for detecting the presence of bearing faults. 

Both envelope analysis and MSB were effective in eliminating random 

background noise present in the signal, improving the identification of 

modulation components in both vibration and acoustic signals, and able to 

distinguish between the healthy state and with inner- and outer-race faults. It was 

found that the acoustic signals offered a clearer distinction between baseline and 

defective signals. In addition, the RMS of the acoustic signal was superior to that 

of the vibration in giving good separation between the healthy and defective 

conditions.  

5. The detection of the simulated seal faults was achieved using MSB signal 

processing for both vibration and acoustic signals. It was found that averaging 

the MSB peaks for the first and lower harmonics of the drive shaft frequency 

present in the acoustic signal provided a strong separation between baseline and 

fault harmonics across a range of flow rates enabling the mechanical seal fault to 

be successfully detected. This part of the investigation showed the airborne sound 

signal gave better results than the vibration for the detection of the seeded seal 

fault. Reduction of background noise using MSB also enabled the RMS of the 

acoustic signals to give full separation between faulty and healthy cases over a 

wide range of pump operations. 

6. The results show that MSB provided a more consistent and clear difference 

between baseline and faulty seal condition over the range of harmonics associated 

with the shaft frequency (48.3 Hz) at different flow rates. Furthermore, the 
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mechanical seal defect provides a significant reduction in the flow rate curve 

which would be an additional marker of the presence of a seal fault. The power 

spectrum was also used to detect the presence of the mechanical seal fault with 

both vibration and acoustic signals. Results showed that MSB analysis separated 

the mechanical seal fault from the healthy case with greater certainty than was 

achieved using the power spectrum.  

7. Power spectrum and MSB both detected the simulated impeller wear faults with 

both vibration and airborne sound signals. The seeded impeller wear faults were 

identified using harmonics of the vane passing frequency present in the acoustic 

signal obtained through MSB analysis, but the power spectrum of the acoustic 

signals gave a clearer indication of the presence of wear faults. Nevertheless, the 

experimental results showed that both the MSB and power spectrum of the 

acoustic signals showed good separation of baseline and fault condition at the 

vpf, implying that averaging MSB peaks in the low-frequency range should allow 

strong differentiation of impeller wear defects.  

10.3 Contributions to Knowledge 

The research accomplishments have resulted in a number of contributions to knowledge 

in the field of centrifugal pump CM, which can be summarised as: 

First Contribution: As a typical hydraulic machine the vibration and acoustic responses 

of a centrifugal pump are deemed modulations due to the interaction of steady and 

deterministic components, including high frequency structural fluid resonances. This 

important finding clarifies the direction of selecting and developing effective data analytic 

tools including envelope and MSB analysis. 

Second Contribution: The detection and diagnosis of bearing (inner race, outer race) 

faults in centrifugal pumps using envelope analysis of the vibro-acoustic measurement is 

entirely novel when using remote acoustic measurements. No other work has been found 

describing this method in any detail. This is a novel application for detecting a particular 

fault taking advantage of the ability of envelope analysis to suppress noise and 

interference.  

Third Contribution: Applying the MSB to the vibration and acoustic signals obtained 

with rolling element bearing faults in a centrifugal pump is a new approach to noise and 
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interference suppression. This novel application has never been done before. Such 

advanced monitoring means faults such as those seeded into the pump can now be detected 

and diagnosed more precisely.  

Fourth Contribution: No study has been found which used MSB analysis based on vibro-

acoustic signals for fault detection and diagnosis of mechanical seals in centrifugal pumps. 

It is believed that this is a unique application of MSB analysis. 

Fifth Contribution: This work fully confirms that remote airborne acoustic measurement 

can achieve excellent detection and diagnosis performance for pump monitoring, which is 

comparable to the localised vibration measurements. For the first time, this is backed by 

experimental evidence. No one has reported this point before although many works did 

foresee that acoustic signal could be used for pump fault detection and diagnosis. 

10.4 Recommendations for Future Work 

A number of suggestions for future work are made based on this study that could develop 

CM and fault detection and diagnosis of centrifugal pumps: 

Recommendation One: Applying different AI signal processing methods to vibro-

acoustic measurements. 

Recommendation Two: To establish a theoretical background of the experimental 

behaviour via developing a mathematical model of pump behaviour to study the vibro-

acoustic signals for different fault conditions. 

Recommendation Three: Further simulation of wear of the impeller vanes, by including 

simulated faults on every vane with different severity levels, again using vibro-acoustic 

measurements. 

Recommendation Four: To investigate an integrated approach, the merging of the 

vibration and airborne acoustic signals into a single measure for fault detection, Such an 

approach would aim to combine the best of both methods. 

Recommendation Five: To extend the work to the development of a novel, low-cost 

system for condition monitoring the different faults based on vibro-acoustic measurements 

and MSB techniques. 
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Appendix A 

The specification of Centrifugal Pump 
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