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ABSTRACT

Centrifugal pumps are widely used in many different industrial processes, such as power
generation stations, chemical processing plants, and petroleum industries. The problem of
failures in centrifugal pumps is a large concern due to its significanemd&ion such critical
industries. Particularly, as the core, parts of a pump, bearings and the impellers are subject to
different corrosions and their faults can cause major degradation of pump performances and
lead to the breakdown of production. Therefoan early detection of these types of faults
would provide information to take timely preventive actions.

This research investigates more effective techniques for diagnosing common faults of impellers
and bearings with advanced signal analysis of sendwration. As overall vibration responses
contain a high level of broadband noises due to fluid cavities and turbulences, noise reduction
is critical to developing reliable and accurate features. However, considering the modulation
effect between the rating shaft, vane passing components and any structural resonances, a
modulation signal bispectrum (MSB) method is mainly used to extract these deterministic
characteristics of modulations, which differs from previous researches in that the broadband
vibration is often characterised with statistical methods, high frequency demodulation along
spectrum analysis. Both theoretical analysis and experimental evaluation show that the
diagnostic features developed by MSB allow impellers with inlet vane damagegiandne

faults to be identified under different operating conditions.

It starts with an irdepth examination of the vibration excitation mechanisms associated with
each type of common pump faults including impeller leakages, impeller blockages, bearing
inner race defects and bearing outrace defects. Subsequently, fault diagnosis was carried out
using popular spectrum and envelope analysis, and more advanced kurtogram and MSB
analysis. These methods all can successfully provide correct detection andidiajribe

faults, whichare induced manually to the test pump.
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Envelope analysis in a bands optimised with Kurtogram produces outstanding detection results
for bearing faults but not the impeller faults in a frequency range as high as several thousand
hertz (about 7.5kHz). In addition, it cannot provide satisfactory diagnostic results in separating

the faults across different flow rates, especially when the compound faults were evaluated. This

deficiency is because they do not have the capability of eapipig the random noises.

Meanwhile, it has found that the MSB analysis allows both impeller and bearing faults to be
detected and diagnosed. Especially, when the pump operated with compound faults both the
fault types and severity can be attained by tiedysis with acceptable accuracy for different

flow rates. This high performance of diagnosis is due to that MSB has the unique capability of
noise reduction and nonlinearity demodulation. Moreover, MSB diagnosis can be a frequency
range lower than 2 times the blade pass frequency (<1kHz), meaning that it can be more

costeffective as it demands lower performance measurement systems.

In addition, the study also found that one accelerometer mounted on the pump housing is
sufficient to monitor the faultsoboth the impeller and the bearing as it uses a lower frequency
vibration which propagates far away from the bearing to the housing, rather than another

accelerometer on the bearing pedestal directly.
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CHAPTER ONE
INTRODUCTION

In this chapter, the general introduction and literature review regarding condition monitoring
techniques are presented. Thesaditionmonitoringtechniquesnvolve fault diagnostic and
detectiontechniques, whicthave been used for centrifugal pumps. It describes also the
importance of maintenance strategy and the life cycle of a centrifugal pump. Finally, it explains

the research motivation, aim and objectiven addition, the outline of the thesis is presented.
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1.1 Background

One of the crucial parts of Predictive Maintenance (PM) is Machine Condition Controlling
(CM). 1t is considered one of the most appropriate strategy to employ when carrying out
machine mantenance in various industries. To operate the machine from maximum time until
shutdowns repeatedly, that can occur breakdowns and catastrophic faults, occasionally, these
consequences will affect strongly on repairing cost, reducing products and Baéegntive
maintenance is a first reaction, whereas the maintenance that carried out whilst approaching
high efficiency also very small failures are expected during period of repairs. However, the

maintenance activities are essential and as a resulttohtiva spares are usgd.

In some cases, the maintenancpattiment waits for the equipment or machine to fail before

they carry out any maintenance and this form of reactive management method is referred to as
Runto-failure. In this technique, the department does not anticipate for any maintenance
requirementsin order to predict and address all the possible failures that are likely to affect

the plant. When this reactive technique is applied, the maintenance department is forced to
maintain various inventories of spare parts that include spare equipmentastadll main
FRPSRQHQWY IRU WKH SODQWYV LPSRUWDQW PDFKLQH 7Kt
equipment that can be delivered immediately when need ariggs Hdwever, even if this

alternative is possible, the amount of money charged fokalglivery significantly increases

WKH UHSDLU SDUWVY FRVWY DV ZHOO DV WKH GRZQWLPH
Therefore, rurto failure management approach is considered a very expensive maintenance
management technique. Also, this approaesults to limited availability of the process
machinery. It is a few plants that apply the true philosophy oftedfailure management

approach [4].

The initial response was the preventive maintenance approach. In this approach, maintenance
is conductd in intervals in order to minimize the likelihood of machine failure in between the
repairs. The challenge ofpreventive maintenances the scheduling guideline timell
preventive maintenance management programs assume that machines will degrade within
period The meartime-to-failure (MTTF) or bathtub curve, as shownRigure1-1, indicates

that a new machine has a high probability of failure because of installation problems during
early period of operatiotime. After this initial period, the probability of failure is relatively

low and lowest for an extended per{@dl. After this normal machine life period, the probability

of failure increases sharply with elapsed operation time. In preventive maintenance
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management, machine repairs or rebuilgssaheduled based on the MTTF statisiicwever,
different kinds ofcomponerg have different failure distribution curves. Statistical result of
failure distribution is often not an accurate guideline for a single machine or its components,
which can opeate under different conditions and undergo different deterioration speed. Thus

preventive maintenance managemeant often be in ovemaintenance or undenaintenance.

Number of failures

Break in
or Equipment
start-up we———— —Normal life —————  <¢worn out =

Time -

Figurel-1 Bathtub curve of failurendication$3]

Predictive Maintenance (PM), also known as CondiBased Maintenance (CBM)s a
widely accepted maintenance philosopl#y. As in predictive management philosophy
maintenance action tsken in time instead of oscheduleto avoidunexpected catastrophic
failures as well asunnecessarynaintenancecosts. Takingpumpas an example, iis very
important tocarry outmaintenance at regular intervals, which are shorter than the expected
time between failureShe preventive maintenance philosophy entails a strategy that prompts
discussion, and it involves scheduling of thaimienance actions whenever the maintenance
department detects potential functional failures. Such an earlier detection is conducted to avoid
any unanticipated catastrophic failufé$. This does mean that the vast majority could have
run longer by the factor of two or more. The advantdglei® method is that most maintenance
can be planned and that disastrous failure is significantly reduced. On the other hand, with the
advanced maintenance of pump condition monitoring and maintenance carried out at the
RSWLPXP WLPH LW KtBgés teniparedRti eitileGrMriDto break or preventive
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maintenancéut does require reliable condition monitoring techniques, which not only are able

to determine current condition but also give reasonable prediction of remaining useful life.

Various techologies can, and should be applied as part of the extensive predictive maintenance
approach. This is due to the fact that machine or mechanical systems account for most of the
plant equipment failure. Therefore, vibration monitoring is considered a coocigdonent of

the predictive maintenance progranadthough a few othetechniques, such as acoustic
emissions, eddgurrent signal and thermography are also ug@julThe protbem of failures

in centrifugal pumps is a large concern due to its significant influence over industrial
production. Particularly, as tleere,parts of the pump, bearings and the impellers are subject

to different corrosions undesirable noise/vibratiorand their faultscan cause major
degradation of pump performances and lead to breakdown of production. Therefore, an early

detection of such faults would provide information to take timely preventive actions.
1.2 Condition Monitoring Methods

The condition mottoring approach identifies the various problems affecting the plant early so
that they can be addressed immediately before they escalate intgpkexgroblem that can

result in a complete breakdown. Most of the condition monitoring techniques consider
vibration monitoring as a crucialement, whichhas a lot of information about the piece of
machinery. In addition, the objective of machinery condition monitoring is to obtain the earliest
possible warning of incipient damage or malfunction and to assigte diagnosis of the
subsequent cause. There are many books that focus on condition monitoring and fault diagnosis
[6, 7]. Machine condition monitoring is concerned with obtaining data that would aid in
evaluating machinery mechanical and electringegrity. It is the measurement of various
parameters related to the mechanical and electrical condition of the machinery such as
vibration, acoustic emission, temperature, oil pressure, oil debris, voltage, current conductivity
and corrosion, which makt possible to determine whether the machine is healthy. In addition
machinery models can be established for simulating and predicting the trend of changing
parameterg8]. These are parameters such as vibration, temperature, pressure, current and
voltage that change as a result of differing operating condition, thus providingititemace
engineer with prior knowledge that may be used for maintenance or improving the performance
of the machine. It is generally accepted that condition monitoring offers many advantages,

including:

DEGREE - DOCTORATE OF PHILOSOPHY (PHD) 4



COMPOUND FAULT DIAGNOSIS OF CENTRIFUGAL PUMPS USING VIBRATION ANALYSIS TECHNIQUES

1) Avoiding unexpected catastrophic breakdowns withpessive or dangerous
consequences

2) Reducing the number of machine overhauls to a minimum and thereby reducing
maintenance costs.

3) Eliminating unnecessary intervention and subsequent risk of introducing faults on
previously healthy machines

4) Improving the maniacturing efficiency

5) Reducing the intervention time and thereby minimising production loss (as the fault to
be repaired is known in advance and overhauls can be scheduled when most convenient)

Conditiontbased maintenance; is made based on collecting,gsiogeand analysing data from

the monitored machine in order to determine the actual operating condition of a system or

component at any time. A replacement or repair decision is then taken based on the analysis of

the data. This method is possible becafdbe great developments achieved in sensors, data

acquisition, signal processing techniques and suitable software. Therefore, a CM system must

have the ability of providing accurate information about the running machines with the

presence of electricainterference, expecting the needs for maintenance prior severe

deterioration, failure or breakdown happens, clearly detecting and locating the faults in detail,

and even providing an approximation of the machinesVifieration monitoring is generally

thekey component of most condition monitoring systems. The following is the most common

CM techniques used.

Vibration Based Condition Monitoringvibration based condition monitoring uses of fion
destructive sensing and analysis of system characteristibe ime and frequency domains

to detect changes, which may indicate damage or degradation. It picks up the vibration signals
generated by machines and analyses these signals to determine the condition of the machine

[9].

Whenever a machine is experiencing a particular problem, the vibration analysis sends warning
signals to inform the maintenance department that there is an issue that tedpgraddressed.

Some of the problems that affect machines include misalignment, unbalance as well as
mechanical looseness of the rotating machineries. The vibration analysis sends warning signals
when such failure occurs. Also, condition monitoring tratker process parameters and
operating conditions such as temperature loads in order to give display a clear picture on how

the systems are running. The main principle of the vibrdiased damages detection approach
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is that damage will highly alter th¢ \VWHP{V PDVV VWLIIQHVV RU GLVVLSD
WXUQ FKDQJH WKH V\VWHPVY PHDVXUHG G\QDPLF-UHVSRQ
based damage detection approach seems intuitive, its real uses poses various significant
technical problms. One of the most significant challenges is because damage is a local
condition and may not really affect the ldmequency global responses experienced by
structures that is measured during the vibration tests. Also, the challenge is supported by
various issues related to making repeatable and accurate measurements at a few location on the

structures that operate in different settifif3.

Sohn and Farrdfil1] came up with a pess for damage detection as well as localization within

a system. This procedure is solely based on time series analysis of the vibration data recorded.
Lin et al.[12] assert that they have recorded excellent results in the detection of mechanical
faults using the wavelet denoising method. This technique performs well when it is used to
denoise the mechanical vibration signals of low sigoaloise ratiosR PandianBVA Rao

[13] assert that the application of vibration monitoring technique together with the debris
analysis, one can diagnose about 98% of the key challenges affecting the mechanical system
using these two methodsvioreover, Konruff, Mike [14] assert that using preventive
maintenance technique will increase the uptime and life of the machine, reduce the costs of
operation, enhance the quality of products, protecetheronment as well as render a safe

working environment.

Visual Inspection¥Visual inspection typically means inspection using human senses or any
non-specialized inspection equipment. Visual inspection is a simple method makes using either
or all of huma senses such as vision, hearing, touch and smell in maintenance of facilities.

Visual inspection provides a flexible and immediate assessment of corjtifjon

Temperature MonitoringDefects of the bearings and impellars likely to experience greater

friction and as a result, the various rotatpagts of the centrifugal pump will produce a lot of

heat. The simplest technique to detect faults in the rotary machines id thus to track the
WHPSHUDWXUH RI WKH OXEULFDQWmpelerthélBiggL QJ TV KRXVLQJ

Acoustic Based Condition Moaring: Acoustic technology has been developed to include the
field of condition monitoring. Acoustic analysis is now a recognised technique of non
destructive testing. This approach concentrates on the analysis of acoustic or noise waveforms
produced by rachinery processe¥/henever solid objects vibrate, they generate sound. Also,

sound can refer to vibration signals propagated on the air. Therefore, the sound produced is as
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a result of the vibrating objects. Generally, a machine will generate acoustitaations or

sound signals while it is running or performing its processes. The acoustic signals from the
running machine should be recorded by the microphones, and be used for both vibration and
condition monitoring. Unlike the vibration sensors, itessy to install microphones. Also,

microphones have greater frequency response rbges

Acoustic Emission Technology for Condition Monitoridgoustic emissions are defined as
transient elastic waves generated from a rapid release of strain eaesgg by a deformation

or damage within or on the surface of a material. Sources of acoustic emission in rotating
machinery include impacting, cyclic fatigue, friction, turbulence, material loss, cavitation,
leakage, etc. The acoustic emission most contynparameters for diagnosis are amplitude,

RMS, energy, kurtosis and evefis].
1.3 Previous Research on the Centrifugal Pump Faults Diagnosis

Most industries like petroleurand chemical plants consider condition monitoring as one of

the critical aspects of maintaining production safety as well as efficiency. In order to enhance
monitoring performance, most of the studies conducted in the recent years used advanced data
analyss techniques. These technigues are used on the surface vibrations of the pump. Various
modelling approaches are being explored to enhance performance analysis of the centrifugal
pumping machinesAnagnostopoulog18] performed an investigation using a numerical
methodology to simulate the turbulent flow in-@ithensional centrifgal pump impeller and

to compute the features performance curves of the compact pump. The flow domain is
discretized with a polar, Cartesian mesh and the Reyaoleiaged NavietStokes (RANS)

eguations are solved with the control volume approach of thalance model. By increasing
the Gy L %the discrepancy with the design point increases as well; because with the increase
a

of this parameter, the effect of the restriction applied by the head penalty to limit the
optimization to the constardesign point diminishes. Advanced numerical techniques for
adaptive grid refinement and for treatment of grid cells that do not fit the irregular boundaries
are implemented in order to achieve a fully automated grid construction for any impeller
design. Tle conducting results show an evidence of an adequate precision and accuracy.
Experiments quote of flow rates were also conducted by Md®je whereas Howard and
Kittmer used water as a working fluid and focused attention on the flow in shrouded and

unshrouded impeller configurations, using afilot measurement technique. Visser e{20)]
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presentedhe outcomes oftie experiments conducted for blade passage flow using a low speed
model pump impeller. They reported that the flow within the rotating impeller passage can be
described well by distribution flow which is postulated by the bountamr and potential

flow considerationsAcosta et al[21] established that by using static piezometer taps in the
blade surfaces and simple impact @®hn the impeller passages. The results show that the
relative velocity profile near the suction side of the blade progressively deteriorates from the

inner to the outer radial stations.

Use of vibration method in the condition monitoring of rotating nrealy has been well
established over the last few decadeany studies have shown the positive results of using
vibration method for monitoring the condition of centrifugal purf#s24]. According to
previous stdent the vibration method is effective for monitoring the bearing of centrifugal
pumps. Several publications discussed that the main feature of the vibration signal of
centrifugal pumps and turbines the interaction between the flowing fluid moving partasu

rotor and fan blades, also the interaction between rotor vanes with the nearby stationary parts

such as the volute tongue and casj2§, 26]

The vibration signals are normally processed and analysed using a number of different
methods. These methods include overall reading, spike energy, kurtosis, spectrum, envelop and
spectrum analysis. These methods include also advanced techsughess wavelet, neural
network and genetic algorithnj27, 28] It is of great importance that the right techniques
should be chosen for a particular application, iffaotts will either go undetected or will be
wrongly diagnosed. It is important to know that some publications indicate that the vibration
alone is not sufficient to monitor the health of rotating machinery especially when large

industrial machines are coerned29, 30]

Signal processing methods are combined with pattern recognition methods to achieve fault
diagnosiof centrifugalpumpsZhou ¢ al.[31] introduceda method for centrifugal pump fault
diagnosis based on the continuous hidden markov model (CHMM). Later, the [@2out
forward a new method based on Empirical Mode Decomposition (EMD), and Least Square
Support Vector Machine (LSVM) for vibration signals analysis of the centrifugal pump
which has the nostationary and nohnearity characteristics of misalignment faults.
Application results showed that the proposed method is effective, which can better extract the

nonlinear features of the fault and more exactly diagnosis failé&nget al.[33] suggested
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another fault feature extraction techmegqwhich is based on the Intrinsic Mode Function,

together with envelope sample entropy that diagnoses faults in rolling bearings.

Farokhzad[34] proposed an adaptive networks fuzzy interference system (ANFIS). The
technique will be used to diagnose the type of fault affecting the pump. Some of the pump
conditions to be diagnosed include healthy, wionpeller, broken impeller, cavitation and

leakages. The FFT technique is used to extract features from the vibration signals. To validate
WKH V\VWHPYV SHUIRUPDQFH WKH WHVWLQJ GDWD VHW ZC
the outcomes recorded, adbclassification accuracy of 90.67% was reported. This implies

that the system is able to act as an intelligent system for fault diagnosis in real applications.

Zhang et al[35] presented another technique based on ANFIS model andsuoalé entropy
performed on the electric motor bearings. These electric motor bearing had threg feadiou

categories including inner race, outer race as well as ball faults.

Nasiri et al[36] utilized vibration analysis in order to detect the rate of cavitation in centrifugal

pumps with a neural network appoba This technique is considered an intelligent system to

monitor the condition of the centrifugal pumpsisal et al[37] also applied atborne acoustic
VLIQDOV DQG WKH VXUIDFH YLEUDWLRQYVY VSHFWUDO HQWL

pump. They realised that spectral entropy is more accurate in monitoring cavitation.

Wang et al[38] proposed an intellige diagnosis technique for the centrifugal pumping system
using various features resulting from vibration signals for unbalance and misalignment
monitoring. These diagnosis methods were obtained using partially linearized neural networks,
rough sets and walet transform. A reverse wavelet function was applied to record the fault
features of the measured vibration signals as well as to record the hidden fault data across

optimum frequency areas.

Muralidharan et al[39] suggested that the diagnosis of vibration based faults of -iloc&
centrifugal pump should be conducted using the J48 algorithm and wavelet analysis. The
researchers explored the meblock centrifugal pump faultske bearing faults, cavitation,
impeller fault, both bearing and impeller faults. All of them simulated five standard states.
Various features of wavelet have been derived usamginuous wavelet transfor(@WT) for

various wavelets as well classified withe J48 algorithmMoreover, (J48) is an algorithm

used to generate a decision tree developed by Ross Quinlan mentioned earlier.
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Li et al. [40] carried out their experiments investigation on the failure of the trial impeller of
centrifugal pump, they have been employed a zinc hydrometallurgy industrial process
happened only after a service a round month of period.eMery a composition analysis
technique in their study hdmeenintroduced for inspection an impeller material by spectrum
analyser, microstructure analysis by optical microscopes. The results of this research shows the
high nitrogen addition in the duplestainless steel (DSS) resulted in too low ferrite content,

because of too short service life; he recommended nitrogen content valu®i8%.1

S. Perovic, et al[41] presented current spectrum signatures which are fosetetection of
different faults like cavitation and damaged impeller condition. A fuzzy logic system is also
developed to classify the three faults. The authors conclude that the probafiéylt

detection varies from 50% to 93%.

Saeid Farokhzad et al42] have achieved vibration analysis and investigation differ
operation condition of centrifugal pump, the pump conditions were considered to be normal
pump, broken impeller and leakage faults. Moreover, the vibration data was collected from the
inspected pump and compared with vibratspectra of healthynachire. Additionally, the
results from this work have given more understanding on the dependent roles of vibration

analysis in predicting and diagnosing machine faults.

Siegler[43] explained the development and use of signal processing procedures for detection
of the eroded impeller faults of the centrifugal pump in the submarines. Various fault features
were recorded from the power spectrum. Using theal network system, approximately 90%

of these test cases were classified corre@bhmalz, et al44] realised thaspectral energy
within bands of 85Hz can be calculated and also used to detect low flow condition or

cavitation in centrifugal pumps.

Rafik Zouari et al[45] elaborated another diagnosis technique for centrifugal pumps. This
approach was development in line with the pump reasmice framework using the neuro
fussy models. This system is based on signalppseessing, vibration measurements and
classification using pattern recognition methods for diagnosing faults such as cavitation, air

injection, misalignment and partial flow

As fault recognitionaccuracydependson separabilityof features, novel signal processing
methods are investigated to extract fault features from vibration signal wigidoatto-noise
ratio (SNR. Y Lei et al. [46] presentecn improved kurtogram method for fault diagnosis of
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rolling element bearings, has been proved to be a very powerful and practical instrument in
machinery fault diagnosis. Kurtogram, based on the short time Fourier transform (STFT) or
FIR filters. however, limits the accuracy improvement of kurtogram in extractingsigat

characteristics from a noisy signal and identifying machinery fault.

The sources of noise and vibrations are well known. However, techniques to identify the exact
source of vibration or noise are still in earlier developmental stages. Noise idecedsone

of the major challenges to diagnosis of vibrations in the centrifugal pump. Vibration and noise
significantly affect the service life and performance of the centrifugal pump. When compared
to other machine tools and utility equipment, diagnosisources of vibrations and noise in
centrifugal pumps is more difficult. This is due to the fact that the components of machine tools
are visible. On the other hand, the root cause of vibrations and noise in centrifugal pumps may
lie deep in the hydrawior mechanical aspects. Identifying the mechanical faults is easy but it

is more difficult to identify hydraulic issues. Therefore, diagnosis of vibrations and noise in

centrifugal pumps is very complex.

This work characterises vibration signals frornemtrifugal pump to determine an effective

and reliable feature sets for detecting and diagnosing faults from the bearings and impellers.
As the vibration signals contain higgvel background noises due to inevitable flow cavitation
and turbulences, noiseduction and feature extraction are critical procedures in vibration
signal analysis. Therefore, wavelet based fast Kurtogram, which enhance periodic impulses is
used to select the optimal sbland for further envelop analysis. It has shown that theoweplr
envelope analysis produces correct detection for both -nager and outerace faults in
bearings. In the meantiméjis work presents a new method of fault diagnosis based on
Modulation Signal Bispectrum (MSB) analysis of surface vibrattonsed ¢ enhance the
periodic bladepass components, producing accurate diagnosis of the impeller and bearing
faults. Moreover, MSB is used to capture the deterministic nonlinear feature of modulation
components between fluid pulsations, rotating oscillatiotiseofiriving shaft and the impeller

for reliable diagnosis.The diagnostics performances are also valid for different flow

conditions.
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1.4 Research Problem (Motivation)

The main objective of this research is to develop a condition monitanddault diagnosi
systemfor the centrifugal pumps, basemh vibration measurement3he total cost and
maintenance ofhe centrifugal pumps seems to be the main concern of the researchers and
industrial designers. Subsequently, condition monitoring of the centrifuggdgpsignificantly

will improvemaintenancechedule and also reduce the cost of unforeseen fah#s=fore a

proper maintenangarogram significantlyimprovetheprofitability of theenterprisen the past

few decadesa good understanding tife industy today.However, high cost, and maintenance

of the pumps and other equipment afeen regarded as a necessary expense that belongs to
the operating budgetFigure 1-2 shows typical maintenance costs relative rtdating
machinery, petrochemical plants. Therefore, any significant improvement in the maintenance
of the pump to achieve significant savings in maintenance costs, as well as the development of

productivity, which is the objective of this project to mati.

Pump Lifecycle Costs

Pump 10%
15%
Pump = Purchase Cost
Installation Cost
o,
Pump 35% Pump 40%

Operating and
Energy Cost

Maintenance
Cost

Figurel-2 Typical maintenance cosi7].

Currently, various new technologies have made the automation of condition monitoring (CM)
easier. This is the exact form of intention that is required for these faults. The application

of these technologies will ensure earlier diagnosis of faults, possible remedial action as well as
deployment of the appropriate maintenance process before the centrifugal pump is damaged or

fails to operate.

During signal processing of the practical signals, data collection processes, structural
distortions, environmental disturbances as well as interferences generated from the other
related components and machines inevitably induce a lot of.noiserder to implement

reliable and efficient fault detection and fault diagnosis for the impeller and bearing faults, this
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research greatly focuses on denoising as well as feature extraction from the vibration signals

using the periodic, modulation andpulsive characteristics of the fault systems.

1.5 Overall Aim and Objectives

As centrifugal pumps are by far the most commonly used pumps in industry, they have been
chosen for this project to develop condition monitoring techniques. Specifically, tlaectese

will investigate and monitor the key components: impeller and bearing in centrifugal pumps as

they are relatively common defects in these pumps and can reduce performance, induce
damages to the pump components and even catastrophic failures. Maisiogpenergy costs

is causing manufacturing plants to focus their efforts on reducing the amount of energy used in
URWDWLQJ HTXLSPHQWYV 3XPSV RI XQVXLWDEOH VL]H SF
causing companies to suffer reduced productivity imcreased expenditure on maintenance

and spare pumps. Moreover, such faults always accompany with addition noise and vibration,

providing feasibility to diagnose them at early stages.

Therefore, this research aims at accurately characterizing the iafbnasponses and
developing effective diagnostic features using the state of the art analytics techniques.
Meanwhile, it also takes into account the minimization of the cost in monitoring agysben

by optimizing sensor placement and reducing data atsizes while utilizingnore advanced

analysis technique8ased on these considerations, the objectives of this research study are:

Objective 1 To review different condition monitoring techniques and especially
vibration data analysis methods in devalop effective vibration features for
monitoring pump conditionsThis is to include fault detection methods for pumps

system.

Objective 2: To review the centrifugal pump fundamentals: operating process, types,
pump selection, an overview of various apglmas where centrifugal pumps can be
used, mechanical construction, mechanical and hydraulic faults including impellers and

bearings.
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Objective 3: To reexamine the influences of the centrifugal pump faults on the
mechanical and hydraulic vibrations, whicicludes generassessments of vibration

analysis methods that can be applied to the detection and diagnosis of pump faults.

Objective 4: To refine the existing pump test rig to be suitable for monitoring the
centrifugal pump conditions by inducing diféat fault parts into the system and hence
allowing a full evaluation of the vibration based condition monitoring techniques
developed. In addition, right sensors and measurement systems are specified for
adequately measuring vibrations along with speectbaer, suction and discharge
pressures, flow rate hydraulic sound and airborne sound

Objective 5: To collect and analyse vibration signals under healthy/baseline pump
conditions, and theperform experiments that reproduce common mechanical faults
such asmpellers and bearings at constant speed and under different flow rate/discharge

conditions.

Objective 6: To analysevibration signal data recorded from faulty and healthy
condition usingvibration spectrum for detecting and diagnosing the fautider
different flow rates.

Objective 7: To apply higher ordespectrum analysisechniques to the vibration

signals fordetecting and diagnosingpeller faultsunder different flow rates

Objective 8: To analyse vibration signals recorded using the time donraiguéncy
domain and envelope analysis based on fast Kurtogram for bearing fault diagnosis

under different flow rates.

Objective 9 To analyse vibration signals for developing methods being capable of the
detection and diagnosis of combined faults usingaaded signal processing methods.

1.6 Thesis Outline and Structure

This thesis is organised into Ten chapters to address the research objectives. The following
gives a brief description of the contents of each chapter to show the basic interconnections

betweerthe chapters:

Chapter One
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This chapter presents a general introduction and literature review of condition monitoring,
which includes fault detection and diagnosis methods applied to centrifugal pumps. Also
describes the importance of maintenance straseglythe life cycle of a centrifugal pump.

Finally, it explains the research motivation, aim and objectives. In addition, the outline of the

thesis is presented.

Chapter Two

This chapter provides a general introduction to centrifugal pumps and their ingqeoimaour
lives.which includesan overview of various applications where centrifugal pumps can be used,
mechanical construction of centrifugal pumps including the bearing, impeller, the pump casing.

In additional mechanical and hydraulic fawdte preseted.

Chapter Three

This chapter provides a general introduction and overview of centrifugal pump vibration
including an overview of mechanical and hydraulic sources of vibration in centrifugal pump in
addition a review of vibration method.

Chapter Four

This chapter describes the methods for centrifugal pumps including details of the Higher Order
Spectra Analysis (HOSA) measures (bispectrum) which are an extension of second order
measures (e.g. power spectrum) to a higher order. Time and frequency dostizials are

also presented.

Chapter Five

This chapter reviews the construction and design of a test rig suitable for measurements of the
faults in centrifugal pumps. A complete description of all the components, equipment and
sensors used in the constroatiof the testig, also reviews all tesig configurations for
monitoring faults in centrifugal pumps and instrumentation used to collect the vibration signals,

finally the data which has been collected will be analysed by using Matlab software.

Chapter Six

This chapter review the sources of vibration in a centrifugal pump during operation with
healthy compared with faulty conditions, also explains how defective impeller vanes affect the
pump vibration levelln additional this chapter describes how thenp performance and

vibration level is affected by the presence of the defective impeller. It then introduces the use
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of vibration spectrum to detect the faults and finally, the experimental results are presented and
discussedn addition, the chapter éoises on the application of vibration method mainly based

on the high frequency component of the vibration spectrum.

Chapter Seven

This chapter investigates the conditions of centrifugal pump impellers using surface vibration
with advanced vibration signahalysis. Modulation signal bispectrum (MSB) is employed as
the major tool to analyse vibration signals and hence diagnose the changes in impeller
conditions.This chapter then describes how the pump performance and vibration level is

affected by the presice of the defective impeller.

Chapter Eight

This chapter investigates the conditions of centrifugal pump, Bearings using surface vibration
signal analysis, fast Kurtogram with advanced envelope analysis. This chapter then describes
how the pump performa&e and vibration level is affected by the presence of the defective
bearings. It then introduces the use of vibration spectrum to detect the faults and finally, the

experimental results are presented and discussed.

Chapter Nine

This chapter investigatesehconditions of centrifugal pump, diagnosis of combined faults
bearings and impeller characteristics using surface vibration spectrum, envelope with advanced
signal analysis: the modulation signal bispectrum. This chapter then describes how the pump

performance and vibration level is affected by the presence of the defective faults.

Chapter Ten

This chapter draws conclusions from this research and proposes some aspects for future
research in condition monitoring of centrifugal pump systems and for funtipeovements of

some aspects for work.
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CHAPTER TWO

CENTRIFUGAL PUMP FUNDAMENTALS AND
FAULT MODES

This chapter provides a general introduction to centrifugal pumps and their importance in our
lives,which includesn overview of various applications wieasentrifugal pumps can be used,
mechanical construction of centrifugal pumps including the bearing, impeller, the pump

casing. In addition, mechanical and hydraulic fa@ts presented.
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2.1 Introduction

Centrifugal pump consists of a stationary pump acpsimd an impeller. The pump casing to
guide the main function of the liquid from the suction nozzle in the centre of the imgwsller,
main function of the pump is to convert the energy delivered to a prime mover (electric motor) first
into kinetic energy{velocity) and then into static pressure of the fluid that is being punije.
purpose of the volute is to collect in the vicinity of the high speed of the impeller of the liquid
out and lead to the gradual decline in the velocity of the fluid, by impgatvie flow of the
region. Then, the liquid is discharged from the pump, through the most common problem with

centrifugal pump vibration nozzle emissidas, 49]

The centrifugal pump comprises of a stationany emating part. The stationary part comprises

of a bearing, casing, electric motor as well as its cooling fan. On the other hand, the rotating
part has a pump impeller and a shaft. Depending on the working processes, the sources of
vibration in the pumpan be categorised into two namely hydraulic and mechanical process.
The mechanical sources of vibration include friction of seals or bearings and the vibrations
from the unbalanced rotating objects. The hydraulic sources of vibration are fluid flow
perturkation within the pump and contact between rotor blades and the stationary components

like guide vanes and volute tongia®].
2.2 The Centrifugal Pump

A device or machine used to transfer, raise or compress ituieferred to as a pump. A Pump

is a motor driven equipment and it one of the largest single user of power (31%) in the industry.
Various process variables such as the flow of liquids and gases as well as pressure, have been
regulated with mechanical d¢tthes, adjustable ilet guide vanes and throttles. These pumps
usually operate as variable torque loads. As the load increases, the speed increases and vice
versa. All these mechanisms waste a lot of energy, provide inaccurate control, as well as require

frequent maintenandé1, 52]
2.3 Working Mechanismof a Centrifugal Pump

$ FHQWULIXJDO SXPS UHIHUV WR D PDFKLQH ZKLFK LV DEC(
energy to rotational energy, and thus increasing the velocity of pumped Thedenergy

changes occur by virtue of two main parts of the puhmjmpeller and the volute or diffuser.
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The impeller is the rotating part that converts driver energy into the kinetic energy. The volute
or diffuser is the stationary part that converts the kinetic energy into pressure dnergy.
addition, the presencef the stationary volute tongue which converts the kinetic energy of the

fluid into fluid pressure as shown kgure2-1 [53].
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e
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Driveshaft Flange
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*s Impeller

L Upstream
Pipe Flange

Figure2-1 The liquid flow path inside a céifugal pump[53].
2.4 Characteristic Curves of Centrifugal Pump

The performance of centrifugal pumps is usually described by various curves whereby the
delivery head is plotted over the rate of flow. In addition, centrifugal pump performance can
be demonstrated graighlly using a characteristic pump. A characteristic curve exhibits the
brake horsepower, total dynamic head, net positive suction head and efficiency plotted against
WKH SXPSY{V F [b8]|DrRér&\are thie® @atformance characteristics of pump:

% Head developed by the pump (H).
¥ Brake horse power (BHP).
¥, Efficiency of the pump.

Figure2-2 shows that, the pump head decreases with increasing flow rate till the pump cannot
deliver the fluid at Q= Q max. In addition, the horsepower shows slightly increase with

increasing the flav rate. Moreover, the pump efficiency initially increases with increasing flow
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rate, reaches a maximum up to at Q= Q*, and then decreases to zero at Q5@| nvaxere

Q* is the best efficient point of the flow rate.

lHead (m)

orsepower (BHP) hp)

H or BHP Efficiency(n)
or

n

Qnax

Q, flow rate (I/min)

Figure2-2 Performance characteristics of a puibg).

2.5 Head Developed by the Pump (HDP)

Head refers to a total wiodone per unit weight of the water by a pump impeller. Also, it is the
HQHUJ\ ZDWHU DFTXLUHV EHWZHHQ WKH SXPSTV VXFWLRQ D
measured between the suction and discharge sides of a pump is referred to as pump head.
PUHVVXUH LQ OLTXLG LV DV D UHVXOW RI WKH OdéxégnsLGTV FR
some pressure on the surface. The column of water whose weigh exerts pressure is known as
head. Head is normally expressed in meters (m) or feet (ft) ofiid.lidead and pressure are

two distinct ways of expressing a similar vaJGs].
2.6 Brake Horse Power (BHP)

There are various $ses that should be accounted for in any physical process. As a result, the
pump shaft should be offered more power in order to provide the water with more power. This
W\SH RI SRZHU LV UHIHUUHG WR DV EUDNH SRZHU RU EUD
(discussed below) determined the amount of power needed at the punjpShaft

BP = WP/E

WP = water power in horsepower umit
E = energy
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2.7 Pump Efficiency

Pump efficiency is the present of power input to the pump shaft (the brake power) that is
defined as a ratio of energy output to the energy input applied to the pumprreqrump
RIWHQ H[SHULHQFHYV O Rficiéehtyis Ms& tKah MKpdrcBriX AS § kestit) the
total amount of energy needed to operate the pump is more compared to the actual energy
which is transferred to water. The brake power (BP) and water power (WP) are used to compute
WKH SXPSYV $HolldwsLHQF\ D

E% = (BP /WP) x 100

$OVR YDULRXV WHVWV DUH FRQGXFWHG WR GHWHUPLQH W
type and size of the pump. Generally, larger pumps are more efficient. The materials that are
used in the construction of the pusmdso affect its efficiency. For instance, smoother impeller
ILQLVKHY HQKDQ3HV WKH SXPSTV

Also, pump curves indicatehé¢ type and size of the pump, its operating speeds
(revolutions/minute), as well as the size of the impeller (in inches). Moreover, it shows the best
HITLFLHQF\ SRLQW %(3 RI WKH SXPS :KHQ SXPSYV RSHUD

efficiency point it is said to be operating cost effectivihp].
2.8 Pump Selection

Selection ofpump based on total head (not discharge pre3(sand flow rate. The flow rate
will depend on the maximum requirement. Total head is the amount of energy that the pump

needs to deliver to account for the elevation difference and friction loss in the §8tem

Before selection of pump model one shoeléluate its performance curve. The performance
curve is demonstratedylts operating curve or rate of hefidw. The curve exhibits the
capacity of the pump (in gallons/minute) plotted against the cumulative developed head (in
feet). Also, it demonstrates the required power input (brake horse power), efficiency
(percentage)as well as suction head requirements (the net positive suctions head requirements
in feet) over various flow rates7]. Pump manufacturers do not use discharge pressure as the

criteria for pump selection.

2.8.1 Hydraulic Aspects

All the information needed to select the pump size such as the head H and the flovefrate Q

the required operating points are presumed to be known. The data is acquired from a system
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characteristic curve. Also, the frequency of the electric mains is given. It is possible to select
the pump size and the rotation speed using the aforementiahesd{57]. ISO 3555 indicates

that the predicted charactgtics experienced between tResitive Suction Head Required
(NPSHR) and Net Positive Suction Head Available (NPSHA) for the system are highlighted in
theFigure2-3. More details regarding the pump selected ssthainput power P, efficiency,

E reduced impeller diameter Dr and the required (NPSHr) can be determined from a single
characteristic curve as demonstrated in the figure below. Provided that there is no any other
reasons to act otherwise, the selecteP @V RSHUDWLQJ SRLQW VKRXOG
efficiency point (BEP) Q=(rate of flow when the efficiency is highgs(].

Relation between NPSHa-NPSHr

14 | | |
—8— NPSHa-From Formula
—&— NPSHr-From Pump
12 | —¢— NPSHa-Measured /
10 //
8 a O V4
¢ —X / —©

Head (m)

0
50 100 150 200 250 300 350 400 450

Flow rate (I/m)

Figure2-3 Pump performance curve

2.9 Pump Applications

All industrial processes that underpin our modern civilization and the need to triunsfer
pressure level from one to another, from one place to another. Pumps are, therefore, an
important part of an industrial process an integral parts of all modern economic and social

developmenf58].

Centrifugal pumps, as compared to axial compressors, are commonly used because of their

simplicity and ability to generatrelatively highpressure ratio in a short axial distance. In

DEGREE - DOCTORATE OF PHILOSOPHY (PHD) 22

E



COMPOUND FAULT DIAGNOSIS OF CENTRIFUGAL PUMPS USING VIBRATION ANALYSIS TECHNIQUES

general, centrifugal pumps are used wherever any quantity of liquid is required to move from
one place to another. This applies to a large number of applications and services including
electric power plants, water supply plants (i.e. sewage, drainage or irrigation etc.), oil
refineries, chemical plants, steel mills, food processing, mines, dredging and jetting operations,
hydraulic power services and almost all ships whether propelled by stelese engings6,

58, 59]. Figure2-4 showhow the pump market is split betwedifferent industrial sectors.

N

Figure2-4 Overview of the pump applicatidb8].

Furthermore, centrifugal pumps are found in services such-asraditioning, refrigeration,

pulp and paper mills and textile&lthough these pumps have much in common, they vary in
design andconstruction to meet specific requirements of each service of various different
categories of pumps used in different applications, the centrifugal pumps are the most
commonly used. According to the business plan of ISO issued in January 2004, centrifugal

pumps represent around 64% of the pump market as shdviguire2-5 below:
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H Centrifugal Pump
M Rotary

I Reciprocating

M Diaphragm

¥ Other

Figure2-5 The pump markg60].
The right choice of pump in some applications such as nuclear power plant, does not affect
only the industry production but other domestic and social developments as well. It is also
strongly related to thpeople and environment safety as the pumps play a major role in the
design and operation of nuclear power plants and nuclear facilities. Two typical industrial
applications, (e.g. water treatment plant and water pumping st