#

$%&& $

I ##

%  #03

$

8% &% &()&
$ !
x
$
0
$
11 1$ !
%
$/
$ /

$%&& $



Fault Detection and Diagnosis irHeavy
Duty Diesel Engina Using Acoustic

Emission

Fathi Hassen Elamin

A thesis submitted to the University of Huddersfield in partial
fulfilment of the requirements for the degree of Doctor of
Philosophy

The Unwversity of Huddersfield

November2013



ABSTRACT

A condition monitoring program applied to diesel engines, improves safety, productivity, increases
serviceability and reduces maintenance cast®stigation ofa novel condition monitoring systems

for diesel enginés attracting considerab&gtention due toththe increasing demands placed upon
engine components and the limitations of conventional techniques. This thesis documents researc
conducted to assess the monitoring capabiliigesd acoust emission(AE) analysis It focuses on

the possibility ofusing AE signals tononitor the fuel injector and oil condition.

A series of experiments were performed on a JCB-dtake diesel engine. Tests under healthy
operating conditions developed atdiled understanding of typical acoustic emission generation in
terms of both the source mechanisms and the characteristics of the resulting activity. This was
supplemented by specific tests to investigate possible acoustic emission generation dpisttnthe

slap and friction.

The effect of faults on the injector waveform was investigated uba@jection systerand at one
sensor location. To overcome the reflectiansl injection systernonfiguration effects the method

of acoustic emission impedagé was used. This enabled the injector signal to be successfully
extracted and clearly shows its capability for detecting even minor combustion deviations between

engine cylinders.

Comparison between signals and measurement of the oil condition showegriatied useful
information about the lubrication processes. Simulation and experimental work have demonstratec
the capability of this technique to detect lubrication related faults and irregular lubrication

variability between the engine's cylinders.



A review of the AE sources in diesel engis@nd how to represent th&E signals generateis
presentedThreeanalysismethods were usetime-domain analysis using parameters sucRagt
Mean SquareRMYS), variance, mean and kurtosis; frequeniomain anbysis whichrelied on the
amplitudes of the frequency cpanents of the measured signals; dimde-frequency domain
analysisextracing featuresso thatthe energy content of the signals and the frequency components

were localized simultaneously.

In this work, datahas been obtainedom tess on a diesel engine, where the engine load, speed,
temperature and the oil lubrication tyywere change. The monitored signal and its difference from
that obtained for normal engine conditions was noted as a iiguittsre that could be used for fault

detection and diagnosis.
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CHAPTER ONE

INTRODUCTION

This chapter gives an introduction to the work presented in this thesis. Firstly, the fields of
condition monitoring and diagnostic system impletagon proecdure are introduced.
Secondlythe work to be reported in this thesis is introduced; the research work aims and

objectives are outlined and the thesis structure is presented.
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1.1Introduction to Condition Monitoring

Due to the growinglemands for availability, reliability, cost efficiency and safety, the call for
accurate machinary fault detection and diagnosis is becoming increasingly important.
Machinery maintenance is often condition based, that is, decisions regarding the repair or
replacement of a machine part, overhaul and/or standard maintenance are made on the basis of
the measured condition of the machine. Proper machine condition monitoring procedures
need to attain high levels of asset availability, reliability and performahdst minimising

unplanned downtime and the cost of maintenance.

Condition monitoring, fault diagnosis and fault detection are terms used to describe similar
FRQFHSWV GHWHFWLRQ RI DQ\ DEQRUPDOLW\ RU GHYLDWLF
Condiion monitoring has the primary aim of assessing the health of a machine or structure,
while fault diagnosis identifies the component or process which caused the deviation from the

normal condition.

Mechanical signature analysis is, in many aspects, aestblished field of engineering and
is widely used, for example, in production quality control. Sensor measurements are
employed to determine whether the quality of a manufactured product meets the required
specification. Such endf-assembly tests are dmming common in the manufacture of

machines and products, as the market demands ever greater reliability.

Another very important field of application of mechanical signature analysis is condition
monitoring. The availability of relatively lowost digitalcomputers especially designed for
industrial applications and the increasing use of digital controllers have given rise to an

explosion in the use of diagnostic and monitoring applications over thevtadecades.

Acoustic emission (AE) and chemical aptlysical analysis of hservice lubricating oil,
process parameters and thermal images are examples of the variety of technologies utilised in
condition monitoring. Traditionally, data as sensed from the object under surveillance is
compared with baselineeadings taken under normal operating conditions. Today it is
possible to combine the data from a number of systems in order to judge the state of the

machine or structurd].

Various signal analysis techniques have been employed in condition monitannagig
these, classical and parametric spectral estimation methods have played a major role. The use

of spectral analysis techniques is often dictated by the periodic or repetitive nature of the
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motion of most if not all - machines; defects and incipidatiures often manifest themselves

in the form of changes in the spectrum of a measured signal whose spectral characteristics are
usually easily associated with a physical phenomenon such as the speed of rotation or the
repetition rate of a certain moti¢h).

Each machine has its own baseline signature expressed in terms of one or more continuously
varying parameters. The challenge is to detect any change as soon as the signature begins to
depart from normal. The condition of every machine depends omaséaetors such as the
operating environment (quality of fuel, air, water, lubricant etc.), the operating modes (part
load running, overloading etc.) and operator skills. All of these are variable, and deviation of
any of them from the normal range colddd to a fault developing within the system. In
complex systems a fault in any subsystem, if not repaired early enough, can severely affect

the performance of the other subsystems.

Thus it is very important to recognise at an early stage that a faulekakbped and also to
identify the component responsible for that fault. Many existing diagnostic systems belong to
a category where the fault is detected after the condition of the machine has deteriorated so

badly that visual, audible and olfactory (isenell) signs are already presg2it

1.1.1 Why Monitor and Diagnose Faults in Engines?

Even minor faults can contribute to a reduction in the useful life oftugh engingsand it

is in the seHinterest of companies to avoid such potentially unnecessssgs. Faults not

only directly reduce the performance of an engine, they can also cause secondary damage to
other parts of the engine; this can lead to significant economic loss for the user and in some
casego personalnjury [3].

Different predictie maintenance methods and techniques such as vibratonstic and
acoustic emission monitoring, using time and frequethayains have been developed to
detect and diagnose faults, improving maintenance and, hence, the performance of both
engines andydems[4]. When the faults are less seriouarlg detection and diagnosis not

only provides information about the nature of the problem but also allows maintenance
personnel to plarthe necessary corrective actiohhus, theproduction losses can be
minimised. Such an approach will result in lower labour and parts costs, less downtime and

more efficient use of maintenanmsources [5].
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In the past twenty years development of CM techniques, particularly acoustic emission
monitoring, has greatly improvedaimaintenance of rotating machinery. However, over that
period, reciprocating machinery such as reciprocating engines has been largely ignored [5].
This is predominantly because the acoustic emission generated during normal operation of a
reciprocating enige is impulsive because ofmpact forces resulting from the different
sourceswhich makesthe diagnosis of problems relatively difficult.

Table 1.1 shows some of the major international disasters which occurred between 1980 and
1989, with theirattendat effects. The impact on the environment may be so important that
some major incidents must be considered as disasters, even if no human casualties were
involved. It is essential to have improved safety the process industryup-to-date
maintenance infanation on engine conditions [6]. The fact that the monitoring and control

of excessive vibration, noise and temperature levels are now required by law in many
countries mayprovide a significant spur to the introduction of CM techniques [6]. In 1998
aloneit is estimated that more than 2000 lives were lost as a result of accidents at sea
attributed to weather, fire and explosion, machinery failure, collision/contact, grounding and
unknown incidents [3].

Presently diagnostic systems capable of detectingiemt faults in engines are limited due
mainly to the extremely difficult task of detecting and interpreting the low level of signal
from a fault in its early stages.

Many applications of condition based maintenance (CBM) can provide significant savings
[7]. A few examples are listed below:

1. SKF (a CM equipment supplier) claims that in one company, use of CBM reduced
maintenance costs by up to 27%, productivity rose by 21%, while unscheduled downtime
dropped by 40% and equipment breakdowns were rediycéd% [8].

2. One study has shown that CBM reduced maintenance costs of one company by more than
30%, increased equipment availability and performance fre%92, enhanced safety and
reduced energy consumption by up to 10% [7].

3. Adelaide Brighton CemeénlLtd: reported savings of 15% ($5 million) through
improvement in plant availability and avoidingl® unplanned shutdowns per year. $125,000

per year was saved by reducing tiyesed maintenance schedules. Reduced spare parts
inventory resulted in savingf approximately $130,000 per year [9].
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Table 1.1Major international disasters resulting from lack of proper maintenance [6].

Year Location Causes Effects
1980 North Sea (UK) Oil rig capsize 123 killed
1984 Bhopal (India) Toxic release 2700 killed and
about 10 times as
many injured
1984 Ixhuatepec LPG 500 killed
(Mexico) explosion
1988 North Sea (UK) Piper Alpha 167 Killed
explosion
1986 Chernobyl Nuclear 31 Kkilled and
(USSR) reactor fire 135000 residents
were evacuated
1989 USSR Gas pipe 500 killed
exploson

1.2 Motivation

In the last century, the development of heavy duty diesel engines achieved a high level of
success. Todayliesel engines are complex and have numerous components that could
potentially fail. In order to avoid failure and tmaintain high efficiency it is essential to
monitor the engine condition continuously. Thus there has been an increased interest in
engine condition monitoring because of the potential advantages to be gained from reduced
maintenance costs, improved adlility, increased engine availability and reduction of the risk

of main engine failure. Nowadays, the essential issue for diesel engine condition monitoring
in most industries is inadequate and accurate fault detection and diagnosis. One of the most
promising approaches to condition monitoring is to use AE signal angl@isHence, the
motivation of this research is the efficient detection and diagnosis of faults in a heavy duty
diesel engine using AE techniques. The motives behind not building inusechoriented
diagnostic systems into domestic equipments (cars included) are fairly transparent. However,

major machinery failure causing damage to life and property can never be justified.
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1.3 Research Topic

7TKH WRSLF RI WKLV UHYV Hantd BiEgnbdis i) Beawy \DutyHDved¢ IFBAGINR Q)
8VLQJ $FRXVWLF (PLVVLRQ’

The main challenge to diesel engine fault detection and diagnosis is the improvement of
diagnostic accuracy based on the information collected. In order to use effectively the
collecta information, the significance of every parametefeature needs to be considered.

This research will study the possibilities of improving diesel engine fault detection and
diagnostic accuracy based on AE measurements. Measurement techniques are widely
available for dealing with uncertainly problems and AE measurements are included in this

type of problem.
The use of AE for detecting diesel engine faults is most useful {#i&n

1. The fault is incipien{fault symptoms are not clear).
2. Fault information $ not precise (in some cases) because of the background noise;
3. The boundaries between different failure modes are not clear or overlap making it difficult

to identify specific faults.

1.4 Implementation of Condition Monitoring System

To implement a suassful condition monitoring system the following four procedures should
be carefully considered [1]:

1. Sensor selection.

2. Feature extraction.

3. Feature comparison.

4. Decision process determination.

1.4.1 Sensor Selection

An insight into the underlying sciencé any particular machinery is essential when selecting
the type of sensor to be used in applications associated with that machinery. Sensors designed

to respond to one particular physical variable are often influenced to some extent by other
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variables. Ths knowledge helps in eliminating disturbances from other variables. The major

parameter for sensor selection is summarised in table 1.2.

Table 1.2Summary of the main sensor parameters

Range Max minus Min value of the measured stimulus

Resolution Smallest measurable increment in measured stimulus

Sensing frequency Max frequency of the stimulus which can be detected

Accuracy Error of measurement, in% full scale deflection

Size Leading dimension or mass of sensor

Opt environment Operating temperatund envionmental conditions

Reliability Service life in hours or number of cycles of operation

Drift Long term stability (deviation of measurement over a
time period)

Cost Purchase cost of the sensor

It is vitally important topay appropriateattenton to the communication channel through
which the signals from the sensors are processed. It is the extraction of specific features from
the signals that are important, and it is good practice to use knowledge gained from
experience to maximise the sigit@lnoise ratio. These insights are generally more valuable
than relying solely on the unthinking application of advanced signal processing strategies and
can often turn the detection of a deviation from normal into meaningful information about the

machineunder examination.

Having decided on the types of sensors suitable for the detection of relevant phenomena, it is
important to recognise that the sensors, and parts of the communication channel, are not
always entirely reliable. Accommodating faults in tbetection system is traditionally

achieved by distributing sensors and associated hardware components around the system
under consideration in order to ensure against defects or damage in any one localised channel.

32



Such arrangements are typically configaiin a triplex or quadruplex arrangement with the
outputs from the channels compared for logical consistency, with small variations between
them being ignored. Such an approach is often called hardware redundancy although the
concept is often extendediteclude analytical processes, in which case parallel redundancy is

a more appropriate term [1]. When building hardware redundancy into a system it is vital to
remember that identical sensors tend to have similar life expectancies, and hence a
malfunction n one sensor is likely to be closely followed by faults in others. This limitation is

overcome by using dissimilar sensors responsive to different process variables.

1.4.2 Feature Extraction

Early detection of the onset of any deviation from normal igngportant application of

industrial diagnostics. The concept of feature extraction can be represented in simple terms as:

(1.1)

Where is the output of the sensor, is the normal condition signature, and

are the signals associated with the background noise and the signal arising from the onset of
an anomaly respectivelyfhe @erator has a value of zero when there is no anomaly
present and unity otherwise. The task in detecting the occurrence of an anomaly is to estimate
when the operator is sufficiently removed from zero and close enough to unity tiutens

the indication of the onset of an anomHly. In practice this means making a decision, as will

be discussed in the following two subsections (1.4.3 and 1.4.4).

At this stage it is necessary to select a suitable feature extraction strategguéligicollect
sample records over significantly long periods of operation in order to establish a base line
defined as normal operation. The standard derived in this way is often called a historical
standard. Historical standards are widely used in in@dlsapplications because they are
relatively easy to establish although uncertainties arise in any resulting decision making

process.
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1.4.3 Feature Comparison

Sample records establish a base line performance which extraction strategies use to detect an
actual departure from normality, so confidence in the fault detection system would be

enhanced by additional information on the long term statistical nature of base line data.

One method that is used is to test prototypes of key elements of a systeroansigeration

for the whole of their life expectancy in order to generate signals arising during failure of the
element and establish base line data over very long periods. Standards established by
prototype testing generally have wide acceptance amompgsators of industrial systems.
However, in some simple situations, it is possible to establish a comprehensive theoretical

standard by rigorous mathematical analysis.

1.4.4 Decision Process Determination

The ultimate aim in any fault detection system is twvjgle an unambiguous indication of the
onset of fault conditions as soon as possible and do so with utmost reliability. The criteria for

assessing the quality of the decision include:

1. The timeT taken before an indication of fault conditions is reached.
2. The probability,Ps, of generating a spurious indication of a fault.

3. The probability P, of missing the onset of fault conditions.

These three criteria are interrelated, which necessitates consideration of theffgade

involved in designing any particulapplication.

6XSSRVH WKDW WKH H[WUDFWLRQ RI D IHDWXUH IURP D V\V
results in a Gaussian probability density function (pdf) with zero mean value. The onset of a

fault is assumed to shift the mean value of the featuaenew norzero value [1].

It is to be expected that as the averaging timever which the features are estimated, is
increased, the overlap between the two pdfs decreasdstermines the speed of response of
the diagnostic syste to a fault condition. The choice df is thus determined by the
maximum time allowable in any practical situation. In any system with a high risk of severe
damage as a result of the escalation of an undetected fault, such as a nucleaf neaatdr,

bedefined to be around off&lf of one second. The automatic detection of a fault requires the
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setting of a decision boundary which when crossed in feature space initiates the indication of
the fault condition [1].

The reliability of the decision making press can be improved by using more than one
feature extracted from the signal, providing, of course, that the features are independent. A
simple example of multiple features would be the simultaneous use of an amplitude
probability function with the powewithin a defined frequency band. The optimal threshold
could be set and decision rules specified, ranging from the signal exceeding both thresholds
simultaneously, to either threshold alone being exceeded. The former having the same
philosophical base abe parallel redundancy discussed above

1.5 Introduction to Research Work

The diesel engine is a complex machine and as such it provides a challenging environment to
test ideas on fault detection and diagnosis. When operating in a healthy conditiogiuecan
thousands of hours of uninterrupted service. However, if a fault develops, the growth can be
fairly rapid. For this reason developing a sensitive condition monitoring system capable of

detecting a fault in its early stages before bréakn happenssiimportant.

In this research, AE data collected from a JCB 444T2 diesel engine is used for the detection

and diagnosis of specific developing engine related faults.

1.5.1 Aims of This Research

The thesis useAE as aCM technique for the study of predie maintenance of direct
injection diesel engine. The aim of this research is to devalowre accurate and sensitive
fault detection and diagnosis tablat can be used with internal combustengines (static

engines only)

This will be achieved byanalysingthe AE data fromthe one sensorlnd developmg a
MATLAB based posfrocess computational analysis todlme, frequency and frequency
time domain analysesill be used for CM and their suitability compared and discussed. The
thesis will presentraoverall methodology of diagnostic system development, which requires
source identification, dynamic modellingjgnature recovery, fault signature identification,
and diagnostic system design. Each of the main chapters of this thesigjsracomponent
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of the proposed methodology, in the order in which one would expect to proceed when

developing a diagnostic system.

The thesiswill also develop a mathematical model to representsihecific componenof a

diesel engine. The modeicludesthe secondarynotion of the piston, because secondary
motion has significant implications for oil transport past the piston-pauk and engine
friction. The model predictions of system behaviour will be tested against the experimental

results.

1.5.2 Research Objecties

In this work, AE measurements acquired from external surfaces of diesel engines are
investigated under the premise that these measurements can reveal information about the
operation of crital processes and mechanical events within the engime is because the

capital investment andfé cycle costs of such machines argnificant and the applitans

are criticalin terms of safety as well as business profitability and operational reliahilgy

HD environment

Objective 1 Toreview conditiormonitoring of diesel engines.

Objective 22 To UHYLHZ WKH GLHVHO HQJLQHYV SULQFLSDO IDXOWYV
techniques used to monitor and evaluate these faults.

Objective 3. To study diesel engine AE sources and to investigdi&t infaomation can be
extracted from AE measurements regarding engine operation. This necessitates an evaluation
of AE signals acquired from the AE sensor with the aim of correlating features in the AE

signals to actual events occurring within the engine.

Objective 4: To study specifically AE signals arising from tbendition of the lubrication

which is a key element of engine operation and impacts upon engine performance, emissions
and reliabilityand, importantly. Theres no suitablelubricantmonitoring tod even though a

number of techniquetructureborn noise, acoustic, oil analysis gtcave been used in the

past. The influence of other engine parameters such as engine speed, load and temperature
will also be investigated in order to develop undersliag of the source mechanisms
responsible for AE generation, and thereby of the aspects of interfacial behaviour which can

be monitored.
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Objective 5: To apply signal processing methods and teakesqtime, frequency and time
frequency domain analyses) eéatract fault features for early fault detection and to compare

their performance.

Objective 6: To developa mathematical model of the diesel endgimde used for condition

monitoring. The experimental results will be used to verify the model prediction

Objective 7. To introduce specific quantifiedadlts into the enginand both measure and

predict the effects on engimperformance.

Objective 8: To allow the advanced CM techniques investigated and developed in this thesis

to be used for demonstratian educational and training purposes concerning diesel engines.

Objective 9: On the basis of the investigation conducted in this worlprtavide useful

information to guide future research in this field.

1.6 Thesis Structure and Organisation

In this section a brief introduction is given to the contents aeldtive emphasis of the

chapterof the thesis

Chapter 1: A brief introduction to condition monitoring is presented, as well as the aims and

objectives of this work.

Chapter 2: A brief introdudion to diesel engine condition monitoring methods, advantages,

performance and faults are presented.

Chapter 3: Outlines the principles of AEandgives abrief review of the growing rage of
applications and presents a review of tegalopments to dateoncerning AE monitoring of
diesel engines andleer reciprocating machinerfrevious work on AE monitoring of sliding
contact is examined in detail for a variety of applications including; laboratory wear tests,

hard disk drive operation and the meshofigears.

Chapter 4: Investigatesourcesof AE in diesel engine. Details are givehdiesel engines

AE sources including mechanical impact (piston slap, valve impact and injector tick), friction
and other sources (gas flow, fluid flgwerack formationand weay and background noise
(noise not related to the engine sourcé®yoduce thdundamentals oAE measuremenAE

data processing techniques ancognised AE analysis parameters
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Chapter 5: Develops the mathematical model of the behaviour offthe-stroke diesel
engine, including a dynamic model of the piston mechanism. The aspects of the model are

combined into a set of ndmear differential equations developed using MATLAB.

Chapter 6: Describesand explains relevant aspectdiud diesel eginetest rig. It then briefly
describes the transducers usedthis work, the experimental procedures and the fault
simulation. Test engine specification is briefly introduced. Details are given of the AE
temperature, speedoad (torque),and cylinder pressure sensors. It also déses data

acquisition.

Chapter 7: Investigates the fundamental characteristics of the diesel ekgisgnals, using
time-domain, frequencylomain, time-frequencydomain and other statistical analyses of
acoustic emissiodata colleted by the AE sensoAE signals for a range of loads and speeds

are considered in order to provide a baseline for normal engine characteristics.

Chapter 8: Shows how the modeldeveloped in chapter five ismplemented. The
mathematical equatis are solved numerically in tMATLAB environment to givempact
force between piston skirt and cylinder wall friction forcds describe the initial
implementation of the model, including quantifying physical parameters. It then briefly
explains how he simulation was implemented and comparison of model predictions and

system behaviouaremade.

Chapter 9: Summarises the achievements of the research work described in this thesis and
relates each one to the objectives given in Sectibi2.1The key ihdings of the work are

listed as conclusions and those aspects of the thesis which are novel and where the author has
made a contribution to knowledge are given in some detail. Finally, suggestions for further

research are presented.
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CHAPTER TWO
DIESEL ENGINE CONDITION MONITORING

This chapter provides a generaitioduction to the diesel engine. Firstgnginefundamentals
are discussed and then an overview is given of diesel engine condition monitbengrincipal
faults occurring within the egines are presented and relevant measurement procedures for

condition monitoring are briefly discussed.
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2.1 Introduction

The diesel engine has found wide application as the main power supply system in a variety of
road vehicles, merchant shipad emergency generation units, and is a mainstay that serves a
variety of industries. Within the last decade, the use of the diesel engine became even more
widespread as higbpeed direct injection diesel engines became realistic alternatives to the
gasdine engine for the modern passenger céi HFDXVH LWV GXH WR WKH HFRQ
decrease of gemhouse gases, especially %fd Carbon dioxide is a major source to the
greenhouse effect, which leads finally to global warmirtge overall ales of diesel vehicles in

the EU roughly doubled between 1994 and 2002, with much of the growth occurring in the latter
years; diesel vehicles reached 44% of the new @akeh sale in 2003 [12] ar®sB.3% in 2010
accordingto6 FKPLGWTV 'LHVH® 2QIGIB]3URVSHFW

Diesel fuel consumption wordide in 2005 was expected to be 22.8 MBPD: with on road
vehicle consumption 12.6 MBPD (of which freight trucks consumed 74%, and buses and light
duty vehicles 13% each) and-offad 10.2 MBPD [2]. It has be@stimated [2] that, worlavide,
onroad diesel demand will grow at an annual rate of a proximately 3% per year, double that of
gasoline. Such a growth would result in worldwide demand for diesel fuel fiarachvehicles of

16.6 MBPD by 2015.

The diesekngine possesses many advantages over spark ignition engines (S¢grizimce its
invention it has been associated with the emission of oxides of nit®d¢@x) and harmful
particulate matter (PM), which have many negative healtheswttonmental etfcts [L4]. Of
course, the degree to which these harmful emissiongesierated by a diesel engine is strongly
dependent on the engine maintenar®ecause European legislation is set to impose further
restriction on the level aémissions that are pernatt from diesel engines together with targets
for greater fuekfficiency[14], the diesel engine manufacturer has the task of producing suitable

power trainsystems that meet or exceed such directives.

To meet these proposed standards, the engineer tHagdlmp new techniques and processes that
can be integrated with existing engine |yistems to reduce pollutant output. Figure 2.1 presents
newer technologies which have been introduced into diesel engines in order to fulfil engine

performance and emissi requirements.
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The fuel injection system is a sslgstem that has lent itself to improvement in engine
performance and emission quality, and will play a vital role in the development of improved
diesel engines for the foreseeable future. New injecttmi@ogy will allow small and precise

will help quantities of fuel to be injected into the combustion process faster, and more precise
control of the cooled exhaust gascieculation and catalysts equipment will help to meet the
lower NOX emission levelequirements, while new filters will retain some or most of the
particulates [15]. This thesis investigates and analyses a new type of CM for diesel engines,

capable of detecting engine failures and faults which have harsh/negative impact on the engine.

Figure 2.1Diesel engine new technologies [16].
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2.2 Engine Fundamentals

A diesel engine is the power source of many machines. It generates the necessary drive power to
overcome the resistance of loads by burning fuel and converting the energy conbenintétt

mixture to mechanical motion. Internal combustion (IC) engines are commonly classified
according to the type of fuel they use; the two principal categories are diesel and petrol. Diesel
engines and petrol engines are also categorized as comprégsition and spark ignition,
respectively. There are many different types of diesel engines. In marine and stationary engines, a
two-stroke turbocharged configuration is most frequently used, while in smaller engines-a four
stroke cycle is more commotwo and four refer to the number of piston strokes occurring during

any one cycle of events. Diesel engiaes often larger and more rigidly built than spagkition

engines because of the higher stress levels due to the higher pressure in the coaffausben

For injection of the diesel fuel into the combustion chamber there are two main techniques,
directinjection and indireeinjection. In the direeinjection method, fuel is injected directly into
the cylinder, where it is mixed with air. For amdirectinjection, the engine has an auxiliary
injection combustion chamber where the fuel is mixed with air. This technique is used when a
faster fuelair mix is needed, i.e. small engines operating at high speed. For fuel economy and
power density the dectinjection system has a clear advantage and is therefore state of the art in

passenger cars [16].

In contrast to sparignition engines, diesel engines do not use spark plugs. Here, trarfoek
iIs compressed by the piston which results in a teatpee rise. This temperature rise is large
enough for the gas to sagfnite.

Most commercial vehicles are invariably powered by the diesel engine because of its superior
thermal efficiency and higher fuel efficiency and reduced emssion. The diesel engine is an
essential contributor in the construction, transport, agriculture, electrical generation, marine and

other sectors. For that reason, diesel power plays an essential role in the economic growth of a

nation and pollution of #aenvironment.

From a maintenance viewpoint, the engine is the major cost item in most common sources of
power, both for vehicles and for static equipment and the most complex component requiring

fault detection and diagnosis. Not only are most faillneslen they can also involve several
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aspects: mechanical, chemical, electrical, thermal or any combimditibase At the same time,
any single failure symptom can be caused by several failure sources. For instance, an overheating

engine can be traced mechanical, electricandbr thermal causes.

Traditional maintenance practices mean that most engine failures prove catastrophic. There is
little advance warning of the engine malfunction so failures are expensiveema@anied by
secondary damag&he main performance indigtors on most common diesel engines are engine
temperature andil pressure. There is an increased tendency to move from preventive (time
based) maintenance to one dependent on engine and component cor@iniition monitoring

Is used todetectabnormalitiesof the engine and incipient failurand plays a significant role

improving economic efficiencgndin preventing dangeus accidents from occurring.

2.3 Diesel Engine Sensing

The vibration signal gives a global repretsgion of the diesel engine signature, with almost
every moving part of the engine and the associatedessf contributing to the signal.i$ often
difficult to interpret the vibration signals in any but the simplest diesel engines. Vibration
excitaton of diesel engines is largely causedrbgvement ofmechanical components (mass
effects). Motions of liquid and gas, witheir lower inertia forces, are not easily monitored using
vibration signals. AE with its sensitivity to high frequency stress wawesinsensitivity to low
frequency, whole body movements, offers a potential complementary alternative sensor

technology.

Acoustic emission is the term used to describe stress waves emitted by certain mechanical and
fluid phenomena. Typical phenomena,igthgenerate AE, include plastic deformation, sliding
contact, mechanical impact, turbulent flow and cavitation. Many of these processes occur in
diesel engines and the main challenge is to use signal processing to monitor these processes
effectively to déermine the engine condition; whether using tidegnain, frequencglomain or

time-frequencydomain features extracted from the CM signal.
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24 A Review of Diesel Engine Condition Monitoring

Abnormal running conditions for a diesel engine can vary widelgeverity and consequences

from slightly affecting an engine's performancec&tastrophic equipment failure. These events

can be expensive, sometimes dangerous, and occasionally cause environmental, and health and
safety issues. Good CM can ensure thgirenprovides the required power under safe conditions

with less fuel consumption, lower emissions and lower maintenance cost. Detecting faults and
diagnosing the underlying problem as quickly as possible and providing assistance to correct the

problem areghe goals of engine abnormal situation prevention.

Condition monitoring of diesel engines can be assessed on a continuous or periodic basis from
observation or measurement of selected parameters. The application of CM and fault diagnosis
strategies to aidsel engine is a wetkecognised method of increasing its operational efficiency

and reducing consequential damage, spare parts inventories and breakdown maintenance.

The main jobof most monitoring systems is to obtain information about the engine iiotm of

primary data and, through the use of modern sigmatessing techniques, to provide vital
information to the engine operator and the engine control system, before any failure occurs with
the engine in service. Good monitoring systems for diesgines can achieve at least the
following benefits:

x Improved decision making capability for selection of optimum engine operation conditions.

x Only defective equipment or assemblies are replaced, reducing time and cost of maintenance.

x Effective pediction and planning of maintenance operations. Time scheduled for maintenance
can be used effectively since the nature of the fault is known in advance and both spare parts and
labour can be organised accordingly.

x Reduction of engine emissions andlfoc@nsumption.

2.4.1 Overview of Principal Faults in Diesel Engines

This section presents the principal faults within a diesel engines and then outlines monitoring

techniques used in engine condition monitoring.

Diesel engines are widely employed nowgddarhere high power production is necessary such as
in heavy power gesrators, heavy road vehicleapst long-distance locomotives and most road

vehicles have diesel engines al$n.the 1950s and 60s diesel engines became increasingly
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popular for use ivans and taxis, however it was not until the sharp increases in oil prices in the
1970s that serious attention was paid to the small passenger car rh@k€h¢ last few years

have seen the use of small diesel engines grow, largely due to betterdinemgcand longer
operating life, until nowadays all main European car producers offer at least one diesel engine
model [L7]. The diesel engine when operating normally can give thogsahdours of
uninterrupted service. However, if a fault developsgifwavth of the fault tends to be fairly rapid

and can lead to major failure which can cause loss of life, damage to property and incur high
costs when it occurs in, for example, commercial transport vehicles or ships. This why, it is

essential to implememeliable and sensitive engine condition monitoring techniques.

Figure 2.2Principal faults in diesel engines

Diesel enginesuse high compression ratjogenerating a sufficiently high pressure and
temperaturdo cause spontaneous ignitiontbé injeded fuel. Also the speed of engine rotation

is 3000 rpm or more. The high speed, high pressure and high temperature increase the risk of
faults occurring within the engine. Figure 2.2 shows classification of faults according to engine

systems and componeriiL8].
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One of the mosmportantelementss fuel injection system malfunction, whichresponsible for
about 8% of the engine fault§18]. These system faults can also dirgctaffect engine

efficiency, exhaust emission, engine noise and other pagesnet

Another important element is the lubrication system malfunction account for a high percentage of
the engine faults. The lubrication system faults can directly affect the engine power, emission and
other performance parameters, this is why it waltite to study this element of the system and

associated faults.

2.4.2 Overview of Condition Monitoring Techniques

Nowadays engingperformance together with high economy is a very important operating
characteristic, and CM is being used to ensure thaictiaracteristic is not only maintained but
optimised. The conventional attitude to engine upkeep has been to follow a fixed routine
PDLQWHQDQFH SURJUDP EDVHG RQ WKH HQJLQH PDQXIDFWX

disadvantages.

1. The maintenancechedule is based only on past experience of similar engines. There is no

guarantee that an individual component would be in perfect condition throughout this interval.

2. The component is sometimes still in good condition even after the elapsed intervll and

would be a waste of time and money to repair or replace a perfectly healthy component.

Many techniques are being used for machines condition monitoring; this subsection explains the

use of some of these techniques for fault detection and diagnoseséh eingines.

2.4.2.1Vibration Monitoring

Vibration monitoring is one of the most important methods empldgedientifying faults and

predicting engine failures. This methad particular is becoming progressively more accepted

as a predictive maintenance methatid for engine maintenance decisions. Thiswky the
understanding of vibration meth®ds of enormous significance to maintenance ereging.

Vibration monitoring colled the vibration signalggenerated byn engineandanalyses tha to
GHFLGH WKH HQJLQHTV FRQGLWLRQ widkapplichtionbHhiQtydeldflU R XV U

monitoring and one of the main reasons is that each engine psodbcations ofifferent types
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whilst working. The second reason is thia¢ vibration system of the common engine #&sd

structures are theoreticallyell-understood, making ipossibleto predict the features dhe

vibration signals detected usingpecial instrumentation such as wide band transducers and

convenient analyssr The third reasois that one caavoidconsiderable expense, for instance by

avoiding the acquisition adn engine or the possibkuddenoss of power output. Furthermore

improvemeng in computation and vibration signal processing methods have &aldsdlarge

number of application®ifficulties in using vibration monitoring mighdaccur due to thenixture

of various noise and vibration sourcesth nonlinear andnon-stationary and the influences of

numerous different transmissiopaths [9]. Nevetheless vibration monitoring is notyet

adequate to provide ghlurpose condition monitoring of the diesel engaseit provides mostly

vibrationinformation which igelatedto the firingsequencef the engine

While types of failures such as wear mmighot make significant changés thevibration signal,

vibrationbased CM has evolved askay methodwhich employs transducers to measure the

vibration at a point, anché mint where the transducers sholld placeds where the signal

detected isdepaxdent upon the failure (faultjo be diagnosedit is particularly useful for

analysing rotating machinery because itn@grmally easy to use in such circumstances and

relatively cheap. Various methods exist fmocessing and saving of signals producedndu

vibration analysis some of which are:

1.

Most simply, using peak, peak to peakRiS valuesof signals to establish the mechanical

condition of an engine

. Spectrum analysis which transforms the tidmnain input signal using Fourier processes.

This is wsed mainly for tendency analysis and diagnosis, with particular frequencies related to

particular component2();

. Envelope analysis, or high frequency resonance technique (HFRT), restricts the signals to

those frequencies that are necessary to be motitéresuppresses undesired background
vibrations, and allows the envelope near the signal to be analysed, cancelling unwanted low

frequency vibrations; and

. Cepstrum analysis is employed to identify a sequence of harmonics (or sidebands) in the

spectrum ando estimate their relative strength. This is done by taking the logarithm of the
amplitudes and reconstructing one or more spectrums using these latest values. This has the
effect of increasing the comparative significance of the component of loweserfisqu

Usually the power Cepstrum is a frequency analysis of a frequency analysis.
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Vibration method is an obtrusive method and ikist common problem withts use because
transducers have to be fitted onto the engine in several placefiect relevantvibration data.
However this technique has remained rather limited in its application to diesel engines,
essentially because of the complexity of the vibration signals that are involved, see Figure 2.3,
becausehe superposition of the contributions offéeient vibratory sources modified by their
respective transmissigraths. These sources originate from several intptmahomenons the

engine and excite the natural modeghaf engine. The vibration is amplified at the natural
frequencies of the enge. Therefore, the produced vibration and the noise radiated from the

engine result from the combination of the excitations and the dynamic respdhseswiicture.

Figure 2.3Angulardomain signal of body vibrations of a four stroke diesel engine

It was quickly realised that any effective approach dedicated to diesel engines would have to
cope with the highly transient nature of their vibrations. Gu, et al., [20] demonstrated that
common injector faults change the vibration energy of the injeptidges, and on this basis, the
monitoring of an injector via the comparison of monitored pulses with a baseline is described
[21].

Molinaro and Castain [22] have performed signal processing pattern classification on sensor
based vibration signals to impt® knock detection in spark ignition engines. They applied a
classical fowrstep technique to the modelled vibration signal, consisting of: feature extraction

(e.g. energy, amplitude distribution, statistical parameters and cepstral coefficients),rselectio
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WKH PRVW UHSUHVHQWDWLYH IHDWXUHV LGHQWLILFDWLRQ
their vectors and their relationships, and, finally application of classification rules (i.e. with and
without knock). Althoughthey only used the vibrain signal, the accuracy of the fault detection

was 100% at a speed of 1500 rpm, while, at higher speeds the result was less good; i.e. the
accuracy was 75% at 5500 rpm. Thomas, et al., [23] have also used a pattern recognition

technique to detect enginadck, again using the vibration signal.

Grimmelius and Meiler [24] have developed a feature extraction and pattern recognition
algorithm to detect cylinder migre in a diesel engine by applying a bdseel fluctuation signal

analysis and torsion peaklua analysis on the crankshaft torsion signal.

2.4.2.2 Al / Lubrication Analysis

The analysis of oil is widely employed @M and thisis due to thefactthat the contents (debris)

of the oil provide a superior indication of the condition of the endiigs is becausé¢he oll

comes into contact with the majority the moving parts in the enginélnfortunately, until now

oil analysis has generally been applied only in the CM of marine diesel engines. Oil analysis is
particularly useful where it is not ®ato apply the vibration technique, but it does have its own

advantages. Different methods of oil analysis that have been employed are:

1. Viscosity determination by a simple experiment can give an indication of the change in
chemical structure of the oiDue to oil dilution by fuel the degree cbntamination of theil
will be indicated by the flasipoint of the oil

2. The magnetic chip detector method utilises a magnetic plug fitted into the lubrication system
and directly into the oil. The size and numioémarticles attracted to the magnet indicates

engine wear, particularly of components such as cylinder liners.

3. Ferrography is a relatively simple and valuable method similar to maghéticletection, but
in this case a magnetic field is used to sepaletearticles by their size instead of attracting
them together. The shape and size of the particles provide information on different failure

mechanisms such as abrasion, fatigue and corrosion.

4. Spectrography uses various methods to determine differetiti@aroncentrations in the olil.
In some methods a sample of oil is atomised using a spark and the amount of energy
emitted/absorbed at particular wavelengths correspond to the concentration of particular

elements present in the oil.
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Oil analysis gives anndication of WK H H QslitaQility] Mdr sustaineduse andprovides
significant results about the condition tbe individualcomponents in the enginBhysical and
chemicaltestsof lubricans can be employed for efficient diagnosis and detection afiirant
mechanical failurein the engineConventionally, oil analysis has been very hard to carry out on
line. Beck and Johnson [25] reported the use of ferrography to monitor particles present in the
lubricant of a diesel enginaver thirty years agdSince then there have been many reports on the
application of ferrography and oil spectrometry to many kinds of diesel engines. Yan Liu, et al.,
[26] developed a system for dine wear condition monitoring for a marine diesel engine. This
system consistedfoparticle detection, lubricant quality assessment and measurement of shaft
torgue moment and instantaneous rotation velocity. This system detected wear particles in
lubricant with online ferrography so as to judge wear condition of the diesel engihanélysis

methods can also be carried out for gear boxes and many other machines.

2.4.2.3Cylinder Pressure Monitoring

In diesel engines, cylinder pressure can be considered to be the pulse of the engine, and the most
commonly used parameter used todgteombustionCylinder pressure, as a function of crank

angle for both the compression and expansion strokes of the eyglaghas been used to obtain
guantitative information about the combustion process. The pressure history and peak pressure
insidethe engine cylinder give an indication of the timamgd quality of the combustion and heat

release rate.

Analysis of the energy released by the air to fuel mixture shows that it is a function of the
variation of pressure in the cylinder and so thestatt directly related to the engine's torque and
work output. Studies of pressure variation as function of crank angle as well as cylinder volume

are commonly used to monitor diesel engine combustion.

The crank angle at which the peak pressure occurmsrysimportant for the combustion process

and gives information about ignition and injection timing which are veportant parameters

for combustion optimisation, and CM of internal combustion engines. Detailed knowledge of the
pressure, and crank anglevehich peak pressure occurs, could be part of a powerful diagnostic
technique. Cylinder pressure is a direct indication of combustion performance and is used to
estimate air to fuel ratio [27, 28], and estimate of ignition timing in engines [29]. Auetadtio

estimation is very useful for transient engine control, and Galley and Powel [27] estimated the air
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to fuel ratio of a petrol engine by using the crank angle history in conjunction with inlet manifold
pressure and engine speed. Leonhardt, §88l,,used cylinder pressure to monitor fuel injection
pump performance. They measured cylinder peak pressure, temporal location of peak pressure
and engine speed. These fed into a neural network which was used to evaluate a function they
called the "ceme of gravity of pressure waveform"” to predict mass of injected fuel and crank
angles at which the fuel was injected into a four cylinder diesel engine. By comparing the
predicted values with the ideal, they were able to detect anomalies such as migirer or
combustion in the cylinder. Fog, et al., [31] developed a system, which predicted cylinder
pressures from strain gauge measurements at the cylinder head. A feed forward neural network
time series representing ten past histories of strain gauge geauas trained to predict the next
instance of strain as well as cylinder pressure. It was conjectured that the cylinder pressure record

predicted in real time could be used for fault diagnosis.

Figure 2.4 Angulardomain of cylinder pressure [16]
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Gassenfeit and Powell [28] used a similar approach incorporating the ratio of the cylinder
pressure before and after combustion. Cylinder pressures have also been used for direct engine
control by Anastasia and Pestana [29], Kawamura, et al., [32] and #¢38n Russell and
Haworth [34] show how combustion noise can be measured by analysing the rate of change of

pressure in each cycle.

Figure 2.4 shows direct cylinder pressure measurement made with afritenheiezcelectric
transducer. Several measuremetechniques available for direct -aylinder pressure
measurement are not suitable for use withirsarvice engines because they are expensive,
unreliable, not sufficiently robust and not easy to maintain or calili€gtander pressure indirect
measurenent techniques are not suitable for the use on small automotive engines, because they
are only suitable for the use on engines witlividual cylinder heads anexposed to the
combustion process are subjected to large thermal shock and typexgliye water cooling.

They are also fragile making them unsuitable for use outside of a laboratory environment.

2.4.2.4Instantaneous Angular Speed Monitoring

Flywheel instantaneous angular speed (IAS) of a diesel engine contains a lot of information about
in-cylinder pressure. This technique has been used to detect faults within fuel injection systems
and combustion processes. It is based on the fact that the IAS of the flywheel increases as the
cylinder fires and decreases with subsequent cylinder compreghisriechnique again requires

the use of speed sensors such as encoders fitted onto, say, the crankshaft of the flywheel and if

we mounted more sensors, we will get more accurate results.

Cylinder to cylinder variations are identified from frequency dentermonics, with dominant
harmonics at the cylinder firing rate, and swdrmonics indicating cylinder differences. Many of
the frequencies noted, but not related to cylinder firing were shown to be caused by engine

accessories [35].

Statistical methods ere employed by Sood, et al.,[36] to extract features from measured
flywheel speed data. Waveform crassrelation analysis enabled the classification of waveform
data into faulty and healthy cluster vectors. This method was shown to give a high diagnosti
success rate. A parameter estimation approach was also adopted by Sood, et al.,[37]. They
showed that an analysis model and parameter ratio classifier can give highly successful diagnosis.

Function approximation was carried out using regression coeffifdature vectors.
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Kim, et al.,[38] examined pattern recognition diagnostic techniques using flywheel speed data
sampled at a very high rate. Three bases were used for the investigation: minimum distance, auto
regression and principle component analy§)§.these methods, it was shown that principle
component analysis is very capable in detecting misfiring and it was demonstrated that its
LPSOHPHQWDWERIQ@ LIQRBEY $IBRFHVVRU ZDV TXLWH VWUDLJKWI

Jianguo, et al.,[39] developed a dynamic eidor simulating the IAS on a small four cylinder
diesel engine. It was found that the gas pressure and the vertical unbalanced inertial force,
calculated based on the proposed model, had a great influence on the IAS. The characteristic
parameters for detting faults relating to the-cylinder pressure were successfully obtained.

Gu, et al.,[40] used neural networks and fuzzy logic to process the IAS to detect diesel engine
faults. Ben Sasi, et al.,[35] extracted the IAS from the diesel engine alteon@bort voltage to

detect exhaust valve clearance faults. To date the research on IAS has shown that this technique,
while useful for confirming the identification of faults detected by other methods, is not yet able

to diagnose faults. However, in the néature it is expected to show considerable success with

advances of aihoard computational technology.

24.2.5Air -borne Acoustic Monitoring

This technique focuses on the analysis of acoustic or noise signals generated from engines. Faults
within machiQHV FRXOG EH GLDJQRVHGXWUPOYT HQILLQUHHB UMYLQWHW
simple tool had two probes, one for vibration with a solid contact pointer (called the
MHWHFWRVFRSHY DQG WKH RWokidhidg tenital \eRrjfi€z& (cdlletVthe D QR
WHFWRSKRQHYT > @ )DXOW GHWHFWLRQ XVLQJ WKLV WRRC
operator to remember what he had heard previously when the machine was operating correctly.
SHUKDSV WKRVH ZHUH WKH GD\V RI WKH innW& mmélioat fizfl, RSHUD
where the use of a stethoscope is used to identify the early signs of human body failure, such as

faulty heart valves (a swishing noise), etc.

In the early 1960s considerable success was claimed at the Boeing Company in the th8A for
detection of faults in an aeengine using an acoustic analyser. This was followed by similar
work in UK with RollsRoyce and Bristol Siddeley Engines including the Spey, Dart and
Olympus engines. This engine research had the objective of being abtmitor such parts as
bearings, blades, shafts and gears using one or more carefully placed microphones; the engine
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frequencies being recorded at idling speed. No significant differences were detected between a
MIJRRGYT HQJLQH DQG R Qndluddd\WKe prichsiprbbtdoDw@s tiaXtkeWifference
EHWZHHQ DQ\ WZR pJRRGY HQJLQHV ZDV JUHDWHU WKDQ V
FRQFOXVLRQ DW WKH WLPH ZDV WKDW 3:DFRXVWLF GLDJQRY\
complex rotating maclHU\" > @ )LJXUH VKRZV D PLFURSKRQH

acoustic waveform signals of two crankshaft revolutions of the engine test rig.

Acoustic analysis is not nearly so widely used as vibration monitoring in the CM of diesel
engines. This stesnfrom the difficulties associated with extracting useful information from
signals having a high noise content, and the fact that the transducer is so easily influenced by the
local environment.

Cyclic combustion noise variation was used in fault diagniog Schmillen, et al.,[43]. Aouichi,

et al.,[44] investigated the internal mechanisms causing diesel engine noise and described how
noise levels are likely to change with fault condition, and Izumi, et al.,[45] compared combustion
noise and vibration imrmation. Chaudhri [46] showed that sound measurement is more useful in
the detection of faults which cause considerable changes in noise output but little or no change in

vibration signals.

Figure 2.5Angulardomain of acoustic waveform for two crahkét revolutions [Z].
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The most considerable advances were achievdgbbyet al.,[47] and bysu, et al.,[8], when it
was found possible to eliminate background noise by digital filtration, and the péégder
Ville distribution (SPWVD) and Continuou&avelet Transform (CWT) were used to detect and
diagnose incipient faults in diesel engines.

2.4.2.6 Exhaust Monitoring

Diesel engine exhaust quality contains information related to combustion, injection and
lubrication. Through exhaust monitoring itpsssible to reveal defects including injector faults,
misfiring, bore wear, valve leakage and lubrication degradation, it is also possible to make an
estimation of overall engine performance. In addition, exhaust emissions measurement also

serves as statiory safeguard for the environment.

The extraction of condition monitoring information from diesel exhaust can be achieved in two
ways: chemical analysis of exhaust (emission) gases (incldi)gCO, NO, NO,, CO, and

H,0), and the physical measuremenipafticles, colour, temperature, mass flow rate, noise, etc.
Figure 2.6 shows a shape of the pressure wave for a complete engine cycle measured from the
engine exhaust pipe.

Figure 2.6 Angulardomain of exhaust pressure waveform for complete cycle [16

Hadden, et al.,[49] reported a technique for the CM of diesel engines based upon the
measurement of exhaust pressure pulses, and defect identification from smoke colour was
documented in Highway and Heavy Construction. More recent developments feadston the
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derivation of an accurate relationship between performance and emissions: Gill [50] and Khair
[51] both reported on the passive control of a diesel engine using a particulate trap and catalytic
converter. Hartman, et al.,[52] reported the dgwment of an ircylinder optical sensor for
active emission control. Another attractive measuring approach was monitoring of particle
dynamic behaviour using laser light reported by Klingen [53], Corcione [54] and Smallwood, et
al.,[55].

Of particular inerest is the exhaust monitoring technique proposed by Soliman, et al.,[56]
because this involves both emission control and routine condition monitoring to detect misfire
and some other combustion related faults. The technique is based upon tailpipentpolluta

concentration, and engine deterioration criteria for preventive maintenance are explored.

2.4.2.7 Acoustic Emission Monitoring

Acoustic emission has been widely applied to, amongst other things, pipeline testing, evaluation
of ageing aircraft, tranefmer testing, rocket motor testing, production quality control,
inspections of valves in steam lines, wind turbine monitoring, ship hull monitoring and

earthquake prediction.

AE is defined as mechanical waves, naturally generated by an abrupt relestsedfenergy

within a material, which can be observed in rupture presssghasthe snapping of dry twigs

and the cracking of rock&E measurement techniques involve the detection of the stress waves,
usually within a range of 100 kHz to 1 MHz. Thisdquency range is relatively high and has the
useful consequence that a better signal to noise ratio can be achieved than with vibration signals
or acoustic signalsAE is the predominant technique for detection of microscopic changes in
material where thatomic rearrangement in a material during cracking and deformation generates
elastic waves. By using piezoelectric transducers, the waves travelling through the material can

be detected. AE ialsosensitive to phenomenon such as cavitation, impact aodlémce 56].

An AE is an acoustic wave generated by atenial and an AEsignal is the electrical signal
produced by a sensor in resperis this wave [5]7 Burst type AEsignals are often represented
by a decaying or damped sine wave. The mathematiodehof such aignal is described in

Equation 2.2

8P L8 I5F$SPeceAP 2.2)
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Where, V (t)Butput voltage of the ABensor,
8~ Initial maximum gynal amplitude,
B = Damping factor / decay constant (greater than 0),
t = time (variable),

= , Is the angular frequency.

Basically, there are two types of AE signals, burst and continuous signals.

1. Discrete or burst emission: this is high amplitude, energy emission where the individual stress

waves representing definite activity inpeocess can be observed. Phenomena such as crack

growth can be observed with burst emission.

2. Continuous emission: this is low amplitude, low energy emission useful for continuous

observation such as monitoring leaks in processes and dislocation in metals.

Figure 2.7 Angulardomain of acoustic emission waveform signal of two crankshaft revolutions

Figure 2.7 shows a AE sensor output representing the AE waveform signals for two crankshaft

revolutions. AE can be generated by a wide range of possible Igiyausources which, in

reciprocating machinery, can include combustion, piston slap, valve clatter, gas flow and many

other mechanical and fluid events. Such sources also produce acoustic noise and vibration,

although acoustic waves and lower frequendyations can both suffer from the difficulties of

interfering sources (e.g. wind noise, structural vibration), which make the diagnostic information
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from the sensor signal more difficult to extract. For this reason, AE has great potential for

revealing theénternal operating characteristics of the machine, whilst usingmuorsive sensors.

Current diagnostic systems normally involve an automatic analysis of the acquired signal.
Feature extraction and pattern recognition algorithms are often used fosiagaignals, and a

class, which is determined by the diagnostic results, is assigned. In the simplest form, each class
indicates a condition such as normal/faulty, or a more specific condition like a leaking cylinder
head gasket. The classification is i@eled by matching features of the signal, or even the
complete acquired signal, with a set of reference data corresponding to known conditions. Fog, et
al.,[58], have successfully applied principle component analysis to AE signals to detect exhaust
valve kakage in a large marine diesel engineGBamry, et al.,[59] used various statistical
features and pattern recognition techniques such as the mean and the variance of AE signals to

identify diesel engine faults such as cylinder head gasket leakage.

AE Advantages
1. Highsensitivity,
2. Non directional technique,
3. Insensitive to structural resonances and mechanical background noises,
4. Real time capability volume monitoring approach,
5. Early and rapid detection of defects, faultsoks, and
6. Minimization of plant downtime for inspection, no need for scanning the whole structural

surface.

AE Disadvantages
1. Highly specialised sensors and signal processing is required,
2. Signals weaker than vibration signals, and
3. Repid attenuation of signal during propagation requires the AE sensors to be very close to

the source.

2.5Summary

The shift to predictive maintenance strategies has created a requirement for more revealing

diagnostic information that than currently aaile.

As regards the former, a wide range of novel monitoring techniques have been investigated by

different authors, with some proving more successful than others. Of these, analysis of vibration
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signals appears the most promising due to theimonsive nature of the measurements, the rich
information content of the signals and recent advances in signal processing techniques.
Furthermore, it appear that more diagnostic information is contained in the -frighneency
emission range and therefore monitgr based upon significantly high#equency AE
measurements is anticipated to offer even greater capabilities. Previous work in this area shall be

reviewed in the following chapter.
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CHAPTER THREE
ACOUSTIC EMISSION MONITORING AND ITS APPLICATION

TO DIESEL ENGINES

This Chapter provide an understanding dhree areas of AE monitoring that are central to the
research work presented in this thesis. Firstly, the principles of AE are outlined, which includes
discussion of AE sourceand a brief reviewof the growing range of applications. Secondly,
developments to date concerning AE monitoring of diesel engines and other reciprocating
machinery are reviewed. Finally, previous work on AE monitoring of sliding contact is examined in
the context of applation to laboratory wear testsThis provides the opportunity to examine
relationships between variables that govern sliding contact and any resulting AE activity
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3.1 Introduction

Acoustic Emission or stress wave emission is phenomena wherebigttahighfrequency elastic

waves in the range 100 kHz to 1000 kHz are generated by the rapid release of strain energy from a
localised source within or on the surface of a material or a certain précessnber of source
mechanisms in machine operatia@are recognized to generate AE such as sliding contact, wear,
mechanical impacts and certain types of fluid fldlwe signals resulting from AE can be measured

at the surfaces of a machine using a suitable sensor and can be analysed in differentxtrags to e

the required informationthe most important of which is signal characterisation with regard to
performance of the machine being studied [3®hile AE sensors are mounted on the surface
(externally) the technique is namtrusive. In addition, AE #gnals are associated with the
degradation of real operationalocessesyhile other monitoring techniques are often intrusive and
typically measure degradation symptoms [60]. The many benefits associated with AE monitoring
are such that research into @pplications has increased the last decadeand a number of
engineering disciplines have become associated with commercial AE based monitoring systems
[61].

3.2 Acoustic Emission Principles and Applications

AE monitoring, also referred to as stressvevanonitoring, is the practise of characterising and
evaluating AE signals in order to investigate material or component behaviour. It is inherently a
passive Non Destructive Testing (NDT) technique that relies on energy being released from a
material. Ths is distinctly unlike conventional ultrasonic NDT inspection techniques, where the

effects of introducing external, artificial waves of a known type are monitored.

The purpose of this section is to provide understandingf the foundations of AE monitang;
how AE is generated, how AE can be measured, methods to process AE signals in order to provide
information for condition monitoringand how AE monitoring fares when evaluated against

comparable techniques.

3.2.1 Fundamental Principles

AE is thetem given todescribetransient, elastic waves of surface displacement that occur within
the approxima frequency range 100 kHz to 100BlZ«due to changes in the microstructure of
materials.Phenomena which cause these impulsive releases of energy andoehfohm to the

classical definition of an AE source, i.e. they occur due to mechanical deformation of a stressed
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material, include crack growth, movement and creation of dislocations, and slip, twinning and grain
boundary sliding in metals. In essencey farm of atomic level material dislocations can generate

AE and it has been claimed that displacements as small as 1/1000th of an atomic radius can produce
well-distinguished AE signal$[]. There are a number of other mechanisms that either give rise to

AE that occur in the absence of any deformation process, thessoaretimes termed pseudo
secondary sources, and in terms of machinery operation include mechanical impacts, sliding

contact, turbulentidiid flows and fluid cavitation.

AE generatedvaves radiate in all directiongropagating throughout th@material in a variety of

forms; ascompression, shear and Lamb waves, and ultimately manifesting themselves as Rayleigh
surface waves. As the waves propagate they suffer a loss of amplitude witicediftallock ¢2]
identified four reasons for this attenuation; geometric spreading of the wave front, internal friction,

dissipation of energy into adjacent media and velocity dispersion.

Geometric spreading of the wave from a point source inevitablytgesuattenuation since the

wave has a fixed amount of energy which must be distributed over an ever larger wave front. The
wave amplitude will decrease inverseWth distance in thregimensional solids and inversely as

the square root of the distancetwo-dimensional structures such as plates and shells. This form of
attenuation has been noted as being dominant close to the source, i.e. in the né&t.flatérinal

friction involves the conversion of elastic wave energy into thermal energy thnoargbus
damping mechanisms. This results in exponential attenuation with distance that becomes dominant

at greater distances from the source, i.e. the far. field

Further signal distortiotekes placeavhen material boundaries are encountered as wavetrefie
refraction, transmission and mode conversions can all occur. Therefore, for complicated structures
that feature, for instance, intricate geometries, cavities and contain fluids, wave propagation will be
considerably more complex than for simple @s&atnd strips. These effects generally cause a
reduction in wave amplitude with distance although local constructive strudéve interference

effects may also exist. Wave dispersion is a further form of attenuation which causes different
frequency compaents of a signal to propagate through a material at different velocities. The
outcome is that a signal of initially short duration spreads out as it travels and loses amplitude

accordingly.
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In effect this means that by the time measurement of the sggpatsible at the material surface the
waveform will merely be a representation of the original source excitation. Nevertheless, significant
information is still available, and it is typically the variation of the measured signal, either with time
or distance, which is of interest. The benefit of AE propagation is that, given a source of sufficient
energy, external remote investigation of material behaviour can be achieved. This is a significant
advantage when the area of interest is at an inaccessilieooais one which prohibits the use of

other monitoring techniques.

3.2.2 Relative Merits of AE, Vibration and Air-Borne Acoustic Monitoring

The source mechanisms that produce AE are generally also responsible for vibration and audible
air-borne acoust waves. All can be exploited as nomnrusive condition monitoring techniques,

although it has beerlaimedthat AE has significant advantages otrex other two

The principal benefiof AE is that far greater signéd-noise ratios can be achieved f&ignals

relating to the most important mechanisms and processes. Because of the very high frequency
content of AE the lowefrequency background noise, which can be troublesome for vibration
monitoring, has little bearing on the AE signal. Accelerometeositor surface motion up to
approximately 50 kHz usintpe most modertransducersHowever, operational noise and machine
resonances are also prevalent in this region and because this background vibration is often orders of
magnitude greater than any faudduced vibration then early, accurate detection of faults can be
difficult. Consequently, when abnormalities in the vibration signal are detected the machine or
component is usually close to faily@ failure has already occurred. AE monitoring on titeer

hand is of such sensitivity that it can be used to detect the degradative processes that lead to failure
rather than the consequences. A further benefit of-tiggfuency AE is that the temporal and
spatial resolutions are significantly greater tHan vibration monitoring. Again, this is because

high frequency waves attenuateuch quicker with regards to both time and distance. The
monitoring of airborne acoustics via instrumentation located away from the material surface is a
further step down imiagnostic capabilities wheaaditionalacoustical environmental effects have

to be considered.

Numerous investigations have directly compared AE and vibration monitoring, and to a lesser
extent airborne acoustics for machinery diagnosise3déhave included experimentation on rolling

element bearings6B, 64, 63, reciprocating engines and compressd@s, 67, 6§, centrifugal
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pumps p9] and the meshing of gears(}72]. In eat of these cases AE monitoringagvshown to
be the more effective for faultetection and performance monitoring. One aspect where AE
monitoring shows a particular improvement on vibration monitoring is an increased sensitivity to

fluid flows, both for normal and faulty operatios3] 69, 71].

The improvement offered through AE mtoring is emphasised in Figure 3.Which shows
simultaneous itylinder pressure, RMS AE arRMS accelerometer measurements acquired from

the cylinder head of a running gaglled engine §7]. It is evident that the vibration signal lacks

clear correlabn with the timing of the valve activity (denoted in Figidd as IVO and IVC for

inlet valve opening and closing, and EVO and EVC for exhaust valve opening and closing) whereas
the AE signal displays more information with transient AE events geneltagé@gdlavalve action. In

this case the accelerometer measurements appear to show a particular lack of information as other
researchers have reported that valve impacts within engines are identifiable from vibration signals
[73, 74, 75].

Figure 3.1 Simultaneous ircylinder pressure , RMS AE and RMS acceleration
measurements from a ghgelled engine [67]

Vibration monitoring does possess some advantages when compared to AE monitoring.

Accelerometers can be mounted so to measure the vector compohextseleration thereby
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providing a 3dimensional account of whoeleody surface movement. This is in contrast to the 1
dimensional measurements available through AE measurements. Absolute measurements of
acceleration can be obtained; hence data can bparethora quantitative basis. This has resulted
in vibration monitoring being widelysed, weHunderstood and industrially accepted. Currently,
AE monitoring is not as widelynderstood or as accepted although it is quickly gaining in

recognition as a calition monitoring techniqups7].

3.2.3 Applications of AE Monitoring

The benefits of AE monitoringre sufficient for it tdoecome an established technique in a number
of engineering disciplines with a number of bespokeb&Bed commercial monitoring sgms
available for specific applications. This is particularly true in the field of pressure vessel proof
testing where the nedestructive nature and high sensitivity to cracks and fluid flow through
confined spaces make it a valuable tool for structasabssment and defect locatién, [76]. AE
analysis has proven to hmarticularly well suited to be the monitoring of crack initiation and
propagation 77]. This has been ascertained through applications as varied as the monitoring of

cables in suspensidoridges 78] and of the structural integrity of historical statuég]

On a smaller scale, laboratory materials research is a further successful application. The generation
of AE from microscopic material disturbances has allowed material propeereagé mechanisms
and resulting material behaviour to be investigated in detail using insight that may not be available

through other means.

Condition monitoring of machinery via AE measurements is an expanding area of active research
where AE monitoring ¢ bearings is perhaps the most advangawbably as a result of the
regularity of bearing faults occurring in industry and tedative ease of investigation. Other
components investigated include gearboxes, turbines and reciprocating engines. Pragtess to

monitoring of reciprocating engines shall be detailed in the following section.

Recent developments in computational and data acquisition capabilities have permitted further
investigation into these established research themes as well as oppnaudylitional research
possibilities. These have been in fields as diverse as orthopaedic diagnostics, where friction during
bending of human knees has been deted®€ pnd botay, where phenomena such as flora

cavitation have been studiegl].
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3.3 AE Monitoring of Reciprocating Machinery

The purpose of this section is to provide a review of achievements to date regarding AE monitoring
of reciprocating machinery; this primarily involves diesel engines, both large and small, but also
includes work on reprocating compressors. The use of fimnusive AE analysis in engine
diagnostics is a relatively recent development that has centred primarily on research institutions,
although the progression into commercial use has of late been observed, withaidessbased

engine diagnostic system currently availdB2].

This monitoring method is based on the premise that the mechanical and fluid events and processes
occurring within engines, e.g. valve activity, injector operation, piston motion, fuel caorbastd

exhaust, generate AE which can then be measured with suitably placed external sensors.,Therefore
with appropriatesignalanalysis there is the possibility to monitor aspects of machine operation and
detect associatethults. Details shall be giveas to what has been investigated and also the
analytical techniques that have been employed. A thorough review of this topic is also provided by
Steel and Reube®]].

3.3.1 Initial Identification

To the author's best knowledge the first published woricerning AE acquisition from engines

was reported by Weset al.,[83]. However, these works made no attempt to understand the AE
generated during engine operation, rather, they were largely exercises irpsigeaising with the

aim being to extract digitally embedded burdype AE signal, relating to a micro crack, from
background AE acquired from a lawnmower engine. Nevertheless, it was recognised that certain
aspects of engine operation abuesult in AE generatiorfWe are looking at scenarios efe the

AE signal is buried in strong interference (which could be periodic) due to a mechanical motion,

like the movement of a piston in an engif@&4].

Much of the AE in this caseasregarded as noisghich wasdominated by frequencies below 30
kHz. Ths is below the typical AE frequency band lower linaibdit is not clear what, if any, pre
processing filtering steps were taken. Hence this observation may simply be a consequence of un

filtered AE acquisition.

Gill, et al.,[85] were thefirst to repot on the possibility of engine diagnssia AE measurements.
This study focused in particular on the combustion process, with RMS data acquired from sensors

66



located close to the combustion chambers of small;dtvokehigh speed direct injectioHSDI)

diesel engines. Information about the timing and sequence of mechanical operation within the
engine was used to map the eventsh@ AE signals acquired during normal operation to their
respective origins. This showed that events were generated from sttionbar combustiomelated
processes as well as from valve activity for all four cylinders. The presence of these events was
found dependenupon sensor location with signals from other positions on the engine noted as

being more complegontainingcontributions from other engine driven components.

Two induced fault conditions were investigated; fuel starvation through disconnection of the fuel
feed pipe to a individual cylinder, and reduced injection discharge pressure. Under fuel starvation
conditions asimple comparison revealed that the events purported to relate to the combustion
process in normal operation were absent. To characterise a progressive reduction in injector
discharge pressure the authors used a simple technique whereby the energyeiwiaddwed

section of the signal was calculated and compared as conditions varied. It was also found practical
to use the signalveraged ovet0 cyclesso that a timeaveraged, time&lomain signal was obtained,

which provideda better overall representati of the AE signature at a particular running condition.
Thesignalenergy in a window corresponding to the combustion process was found to increase with
a reduction in discharge pressure. It was reasoned that this was due to an increase in combustion
harshness as a result of poorer fuel atomisation. Analysis of event timing was also doo@d t
useful for fault detection. Re initial event, postulated to be combustretatedoccurred earlier in

the cycle with decreasing injection pressure. This was st@msiwith the premise that the event was
injection related since the lower delivery pressures would be achieved by the fuel pump earlier in

the cycle.

3.3.2 Monitoring of Injection, Combustion and CombustionRelated Processes

Gill, et al.,[86] expandedtheir earlier work 85] to investigate more detailed raw AE signals
acquired from the fuel injector body of a small, HSDI diesel engine operating under reduced
injection discharge pressures. To provide a thorough evaluation of injector operation theaAE dat
were supplemented by measurements of injection pressure, needle lift@idder pressure. As

in the previous study, the relatively small size of the engine meant that AE originating from all four
cylinders of the engine propagated to the sensotitwgavith the most prominent events found to

relate to fuel injection and combustion in the cylinder closest to the sensor.
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The level of temporal resolution offered through AE monitoring permitted the injection AE
signature to be separated into its cdostit events. The authors suggested that the initial AE burst
was due to the sudden increase in fuel pressure whilst the main AE burst was generated due to the
injector needle attaining the fully open position and subsequently impacting with the infatyor b
Importantly, these observations were validated through comparison with the needle lift
measurements.

Again, similar to 85], the timing of injection events was observed to advance for a reduction in
injection discharge pressure. This was found cagrisisboth cyclically and also over all engine
speeds and load®nsideredThe authors also report that for the lowest pressure the duration of the
whole injection/combustion AE event wastendedcomparedo the normal condition by a period

of low amplituce AE. This was thougho berelated to coarse fuel atomisation which would require

a longer combustion period. Validation of tlsisggestiorwas not provided, and woulthve been
difficult to achieve, but it does illustrate that examination of AE activisyy reveal further insight

than needle lift and fuel pressure monitoring.

Several other research groups have investigated AE relating to injection and combustion processes
[67, 8793]. Berjger B7] confirmed that operation of a fuel injector without carstion was indeed

a source of AE. Fuel was injected into a combustion chamber of @tfolee engine filled with

inert gas thereby inhibiting fuel ignition and combustion and leaving only the injection events,
namely the pressure increase in the injelotmty, the resulting needle movements and-pigdssure

fuel flow, as possible AE sources. Analysis presented in this work was limited but AE events were
noted andattributed to injector operation, with the amount of activity dependant on both the
guantityand diameter of the nozzle orifices. The proposed use of such knowledge was for injector

nozzle diagnostics in ship injection systems.

Bialkowski, et al.,[88] performed similar tests on a commmail diesel injection system again
finding that significantAE activity was generatedby injector operation in the absence of
combustion. In this case, AE activity was found to increase with both injection pressure and fuel

pre-heating.

Godinez et al.,[89 reported that injector cavitation and detonation coutddmgnosed from
analysis of timedomain AE characteristics. These claims were corroborated through simultaneous
acquisition of other engine data, in this case load measurement from the rockedomaia

analysis of windowed injection/combustion eventaswalso found to be a suitable method for
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identification of operating conditions over varying load by Franeesl.,[90]. Eleven statistical
features were extracted from a window corresponding to the combustion AE events for a 3.8 MW,
medium speed, fotstroke engine, namely; signal energy, mean, standard deviation, variance,
skewness, kurtosis, maximum amplitude, peak start location, peak ignition location, peak end
location and power spectral density raBoincipal Component Analysi®CA)was usedd identify

and eliminate redundant features and a neural network was then applied to differentiate between
operating conditions. The results of this process showed that engine loading condition could be
reasonably identiéd, although not with complete cilence. Further frequenayomain analysis
showed that engine loading could not be determined through analysis of frequency content but

could be distinguished through wavelet analysis.

Chandroth et al.,[91] described a data acquisition system which aeguiAE measurements
alongside vibration and 4aylinder pressure data for the detection of combusttated faults in a
small, fourstroke diesel engine. This was expanded upon by Shaekegl.,[92] who applied
neural networks tassesshe value of ach measurement technique for the detection of these faults.
Selective preprocessing methods were employed, in the case of AE data this consisted of
frequencydomain analysis. The authors reported that the best performance in terms of
generalisation, i.ewhen one dataset is tested against validation data, with a value of 97.7 %, was
from the AE measurements. This compared with 94.0 % and 88.7 % for the vibration- and in
cylinder pressure data respectively, providing further evidence of the usefulness of AE

measurements engine diagnostics.

Other combustiomelated features have been investigated. The possibility of using AE
measurements to infer futd-air ratios in an &ylinder, 430 kW, foustroke gas engine was
investigated by EGhamry et al.,[67]. For this work a window of raw AE data corresponding to

the combustion period in the cylinder closest to the transducer was extracted from the rest of the
signal. Simple features were then calculated such as the mean, peak, peak to mean ratio, standarc

deviation and variance over 10 individual cycles acquired at various running conditions.

The amount of AE activity was observed to increase for both lean and rich running conditions
compared to the reference normal condition, with variance noted as thdistiost parameter. The
changes in fuel supply were also evident, although to a lesser degree, from inspectoyliodan

pressure data.
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Figure 3.2 Raw AE acquired from a 430 kW, festroke engine showing injection/combustion
events at areas ofarimum pressure, other smaller events appear regularly, AE () and in
cylinder pressure-{-------- ) [93].

El-Ghamry et al.,[93] further outlined a technique whereby thecilinder pressure trace could be
reconstructed from the AE signal over the coasgion/expansion period. This would $milar to

others who attempted reconstructiohthe incylinder pressure traaesing vibration [9496] and

IAS measurements9f, 98 99104 to diagnose combustion deficiencies. Although this work
centred on the eobustion period, data were presented, see Fig@ravhich showed a number of
other events, both large and small in relation to the prominent injection/combustion events, and

these appear regularly during the cycle and are cyclically consistent.

3.3.3 Mmitoring of Exhaust Valve and Gasket Leakage

Much use has been made of the sensitivity of AE to gas flow excitation to investigate the
monitoring of fluid flows within engines, including normal processes and leakages from both

exhaust valves and gaskets.
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El-Ghamry et al.,[67] reported that for a 0.5 MW gas engine AE was generated at¢omesdent

with valve movements; the specific example given was of exhaust valve opening, which was
observed to be accompanied by a broad, -hAigiplitude AE event. It wareasoned that the AE
generated during valve opening may be indicative of the gas flow properties through the exhaust
port, and thus this activity would be affected by such factors-aeglimder pressure, valve leakage

and deposition. The authors alsdatthat the AE signals were much more defined and responsive

to these valve actions than simultaneously acquired vibration measurements.

Fog et al.,[66, 71, 109 detected exhaust valve leakage in a large;stmoke dieseengineusing

AE measurementsagain finding this more effective than acceleratiorgyhinder pressureor
temperature measurements. For this work in addition to the normal case the exhaust valve was
degraded by cutting a groove in the valve face, with two leakage areas, 4 mndf.20was found

that due to the large size of this engine the cyliiecylinder analysis was simpler than for small
engines because the propagation distances and signal attenuation were such toglindess
interference was minimal. This allowed forsea isolation of events, and using knowledge of the
engine cycle the AE events were then related to mechanical actions within the engine3.Bigure
shows such events labelled as XVO, XVC, IJS and IJE which relate to exhaust valve opening and
closing andthe start and end of the injection processpectively A further preprocessing step

was the resampling of the data, which effectively related one AE sample to one pulse of the shaft
encoder signal thereby overcoming signal -stationarity over varyingoperating conditions.
Furthermore, it greatly reduced the amount of data per cycle which permittedsieeapplication

of higher statistical analysis techniques

RMS AE signals acquired from the exhaust valve housing of the engine operating unddr norma
conditions and with a large exhaust valve kgkare given in Figures3.3(a) and 3.3(b)
respectively. It is clear that with the leak there is a significant increase ac#kiy. As might be
expected, this occurs during the compression and exparns@egpand increases in amplitude with
in-cylinder pressure. This leakage activity was also observed to increase in proportien to

leakage area.
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Figure 3.3RMS AE signals acquired from a large, tatwoke diesel engine, (a) healthy condition

and (b)large exhaust valve leak [66].

Friis-Hansen and FodlLDg investigated the same dataset and found that a simple calculation of the
mean value in a windowed region relating to the compression stroke, 300 to 350 degrees after TDC,
was sufficient to distingesh between leakage sizes with only a small percentage of
misclassificationsThis window was chosen carefully to avoid signals relating to injector and valve
sources. The possibility of monitorimgjector misfire was also investigated, not through amalys

AE generated during the injection procéss through the consequencesaambustion, i.e. the in
cylinder pressure and related leakage levels. Detection was proposed through comparison of AE
energy during windows of the AE signal before and afte€CTRatios above and below unity were
found to be suitable for distinguishing between normal operating and complete misfire conditions.

However, it was not clear whether this method would work under no leakage conditions.

Monitoring of head gasket leakage & small, foustroke diesel engine was investigated by El
Ghamry et al.,[107]. As with others who have considered AE generation from small engines a high
level of cylinder crossalk was observed, hence sensor positioning was important in ordereb targ
specific engine areas. When gasket leakage was induced AE activity during the
compression/expansion phase increased significantly, in a similar manner to that observed
previously by Foget al.,[66, 73, 109, for exhaust valve leakage. An algorithm éasipon signal
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thresholding and statistical quantifiers waesseloped to automatically identify this gasket leakage
feature. Francest al.,[10§ also reported that the energy content of a windowed section of the
signal varied when a fault was introducedthe exhaust manifold gasket of a small, fstioke

engine. However, although a change was generally observed between fault and no fault conditions

the difference was not systematic over varying engine speeds and loads.

Variability of AE signals overeveral cylinders of a mediuspeed, foustroke diesel operating

under normal conditions was evaluated by Franeg¢sal.,[109. For each cylinder statistical
parameters were calculated over a number of cycles for a windowed area of the signal containing
the compression and expansion phases. In each case the AE energy content was found to be
cyclically consistent; however, substantial variation was observed betyketers. One cylinder
displayed a significant increase from the normal variance, andaestsvarying loads indicated

that the additional AE activity was related to thecytinder pressure. Frequency analysis showed

that it contained energies at higher frequencies and although this was not investigated further this

led the authors to suggektt the additional AE activity was indicative of leakage.

AE measurements have also been successfully used to monitor normal and faulty valve processes
and associated leakages in reciprocating compressorseGdl.,[68, 103. AE signals acquired

from the cylinder head of a small, tveglinder compressor during normal operation showed all
mechanical activities of inlet and exhaust valves(. In this case, the valves were of the plate
variety and their operation was therefore dictated by the peegdterential between the cylinder

and exhaust manifold. Several faults were induced. For both a grooved discharge valve seat and an
unseated discharge valvedditional AE features relating to gas leakage were evident in addition to
changes in event timg brought about by variations in pressure balance. Analysis of event timing

also permitted the detection of a weakened valve spring.

Testing on a large scale, industrial, ethylene compre68pfurther demonstratethe sensitivity of

AE monitoringto valve actions and fluid flows. Valve opening and closing events were readily
identifiable. A further source was identified as fluid flow in and out of the cylinder; in addition to
being active at valve opening this also generated aaloplitude feature araa midstroke
SRVLWLRQV 'DWD DFTXLUHG LPPHGLDWHO\ SULRU WR DQ RY
significant AE activity resultedrom leakage past the valves and also from leakage through the

stuffing box to the sump.
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3.3.4 Event Mappingand Source Location

The task of relating AE events to their respective mechanical andnfledthanical sources within

DQ HQJLQH WHUPHG pHYHQW PDSSLQJYpapets\ané iepb@Everii VF U LE
mappingis, effectively, the source locatioof a sequence of AE events aided by knowledge of the
processes that constitute an engine cycle and which may be anticipated to give rise to AE.
Acquisition of other engine signals can also be useful, engine timing signals are particularly
valuable as theprovide calibrated timing references; also, needle lift measurements have proved
effective in understanding AE generation during fuel injector opera86h Even when further

engine information is unavailable the processes of varying engine operatuiians and inducing

faults will generally bring about changes to the cyclic AE signature which can then be used to

understand the original source mechanisms

It has been demonstrated that the temporal resolution of AE signals acquired from engires is of
extremely high order, due to butgpe events usually being of a relatively short duration.
Therefore, this allows the events to be separated and mapped in the time, or angular, domain to a
precise level. This is particularly true for large, ispeedengines where interference between

events is often minimal.

Nivesrangsanet al.,[111-114] conducted a thorough investigation into the mapping of AE events
generated within the cylinder head of a small HSDI diesel engine. In doing so they introduced
techniques for spatial reconstitutiod]3 and source locatioriL]Ll4 using multisensor arrays. The
motivation for developing suchechniques was to provide famd monitoring of specific
components and/or processes and thereby improve the diagnostic tiapabfliAE. This is
particularly relevant for small, mutylinder engines as the small propagation distances and
material attenuation properties results in AE from all cylinders contributing to the AE measured at a
single point. This is exemplified in ¢gire 3.4(@@) which shows rawime-domainAE data acquired

from sensors located on the cylinder head adjacent to cylinders 1, 2 aad].4The windowed

firing period for each cylinder is also indicated and immediately it is thedrthe main events are
associated with the injection/combustion processes, and that the amplitude of these events are

greatest for the sensors located closest to the cylinder in question.
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Figure 3.4 Raw AE signals acquired from the cylinder head of small, HSDI engine, (a)
propagation around the head, (b) attenuation characteristics [112].

A systematic reduction in energy is evident as the AE gaies to other sensor positiorsge

Figure 3.4b which shows AE energy level versus injeetensor distancdn order to develp
techniques for application on a running engine the authors first investigated AE propagation
characteristics, i.e. soursensor attenuation, wave arrival time differences and frequency
modulation, using Hsilielsen simulated sources and a nine sens@yaocated around the
cylinder head 112 113. Nivesrangsanet al.,then applied the knowledge gained from these tests

to reconstituting the source AE characteristics, in terms of timing and amplitude, for events
associated with injector operation anchaust valve openingll3. Good results were reported
from the reconstitution process, thereby offering more accurate information regarding event timing
and amplitude that could be used as the basis of a diagnostics system. However, the events
consideredvere noted as being the dominant features in the signals, ojfcisthe question as to

how this process would fare for lowstrength sources. Further difficulties were noted when an

event was itself a composite of multiple sources.

Accurate source locain of events was also demonstrated using triangulalasalys taken from
the ninesensor array [I4]. Triangulation methods based upon wave arritahe-of-flight

difference and relative energy content wereestigated, with the former found succes$fulburst
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type events and the latter for events which contained multiple sources. A prerequisite for
application of these techniques was that the signals should contain strordgfimetl events, with
filtering suggested to improve performance for weaairces. The success of this work opens the
path towards complete automatic spatial decomposition of signals usingsemdtr arrays. A
possible application could e precisdy locake the source of events thatay be indicative of a

fault, such as eants that may originate due to scuffing in large engine cylinder liners.

3.3.5 Monitoring of the Piston RingPack and Cylinder Liner Interface

Pontoppidan and eworkers [L1512(0 have investigated AE monitoring of the piston rpack

and cylinder linerninterface. Tle different published papetsed some of the same dataskfsre
theinterest lay with developing advanced signal processing techniques for the detection of changes
in signals rather than on fundamental interpretation and understandingsajrihks. RMS AE data

were acquired at 20 kHz from sensors positioned on the cylinder cover and liner of a large, two
stroke dieselenginerunning at several loads, and under normal and no lubricating oil supply
conditions. Again, the inherent natationaity of the signals was overcome through resampling the

data to a constant number of samples per engine cycle via the TDC and shaft encoder signals.
THFKQLTXHYV VXFK DV phHYHQW DOLJQPHQWY ZHUH DOVR GHYF
injection events due to load chang&$¢-11§.

Statistical techniques such &sdependent Component Analysis (ICApd PCA were used to
investigate the data and it was found that changes in lubricating oil condition could readily be
identified [L19, 12(. Furthe work [115 applied a variant of ICA to effectively separate the RMS

$( VLIQDWXUH LQWR IRXU FRPSRQHQWY RU pKLGGHQ VLJ
characteristics of AE generation at three different loads whilst the remaining signal waseidentifi
as being representative of friction and wear. These $gnals are shown in Figure5@), with
Signal1 the friction related signal, and data presented from BDC to BDJ shown in figure).

The authors noted that features in the friction signaldcbe related to the engine operation; the
amplitude was lower at the beginning and end of the cycle wiias thought possibly due to
improved lubricating conditions at around BDC as the cylinder may have received oil indirectly via
the common air intakdzigure 3.50) shows the level of each hidden RMS AE sigmasentas the

test progressed. Changes in the three-tetated signals coespondeadvith the load changes.
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The frictionrelated signal emerged just after the lubricating oil supply was skt diod increased
throughout the experiment until the supply was restored. This resembles what would be gxpected

andappeasto verify to a degree the existence of a friction contribution to the overall AE signal.

Sigurdssonet al.,[11§ further showedhat AE generation was greater during operation with no
lubricant supply than for normal conditions. In this case a simple feature was extracted, the total AE
energy generated during an engine cycle, and this was found sufficient to discriminate between
lubrication conditions at constant load. Figu8&(@) depicts this feature clearly for two engine

speeds.

However, AE energy was observed to also increase with load, therefore values for faulfauitl no
conditions coincide over varying loads, implyingtfa single overall threshold cannot be used for

fault detection.

The authors suggested models, founded on supervised and unsupervised learning and with engine
load as an input, which could counter this problem by providinglinear threshold functies, as

shown in Figure 3.@).

Figure 3.5 (a) Four hidden signals during a cycle, Signal 1 is attributed to friction and wear. (b)
Development of four independent components during test, source 1 attributed to friction [115].
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Figure 3.6 (a) Histogram otyclic AE energy for normal and no lubricant supply conditions, upper
and lower panels at 25% and 50% load respectively, (b) Scatter plot of AE energy versus load with
several fault/no fault decision boundaries indicated].1

Carlton [121] alluded to he commercial use of an AE monitoring system to address the problem of
cylinder liner scuffing. Although no further information was revealed, and no results or case studies

were presented, it can be assumed from the context that this was in relatige todaine engines.

3.4 AE Monitoring of Sliding Contact

As has already been stated one of the major objectives of this work is to investigate AE generated
from thesliding friction of piston assembly and cylinder lin€n providea foundation fothis it is
necessary to review the body of work which has considered AE monitoring of sliding, or

interacting, surfaces.

The study of sliding contact encapsulates the topics of lubrication, friction and wear. When two
contacting surfaces move relative to eadieothana resistance to motion occurs. This resistance,
or friction, is due to a combination of various mechanisms such as asperity defori&tion
(deformation through rubbing)adhesion and ploughing by hard asperities or entrapped wear
particles, andresults in surface and swirface deformations, dislocations and fractures which

dissipate strain energy in a variety of thermal, kinetic and elastic forms. Monitoring of these effects
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therefore presents the opportunity to gain insight into tribologieddatour since they are

intrinsically related to the friction mechanisms.
One component of the elastic energy released is in the form of radiated stress waves, including AE.

The possibility of using AE to infer tribological behaviour has been investigatelddeveloped in
numerous published works covering various applications. Precursor to more detailed studies was
the initial understanding that AE arises from frictional processes that occur during manufacturing
operations such as turning, grinding and fioign [122-128]. Fundamental friction and wear
characteristics have been investigated on standard wear testing laboratory equigsédg]|[1

These have identified systematic relationships between AE activity and the various parameters
which govern frictionand wear. Further investigations have focused on applying AE monitoring to

a range of industrial situations where interfacial conditions are problematic. This has included a
significant body of work on the monitoring of hard disk drive magnetic storageede[143-167

and also industrial applications such as gearboxes, mechanical seals and HE&8ihg§ .

3.4.1 Initial Identification of AE Generation from Friction and Wear Source Mechanisms

AE monitoring was initially identified as a technique tkatld prove useful for investigation of
friction and wear phenomena through studies of material cutting and forming processes conducted
to investigate whether tool or cutting process condition could be ascertained. The concept behind
this is that in ordeto remove or form material a considerable amount of power is expended in the
form of plastic deformationf the material This is inevitably accompanied by friction acting at the
interface of tool and work piece, and chip in the case of machining proctssesnsequence of
which is gradual wear of the tool surface that is detrimental to the quality of the work piece surface

finish.

AE generated during turning of aluminium alloy was investigated by Grabec and Leskd¥ar [
The spectral content of thegsial was examined with audible frequency emissions observed to be
discrete whilst emissions in the ultrasonic range, including AE, were continuous. The influences of
various cutting parameters were evaluated and although the continuous signal wasadlaed t
friction at the tool/work piece interface no correlation could be identified between tool wear and AE
activity, though the possibility was not dismissed. Tool condition monitoring via AE measurements
was also considered by Iwata and Moriwak2J. They again focused on the spectral content and
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reported that features up to 350 kHz were related to the tool wear condition, it was also suggested

that AE count parameters may be indicative of tool condition.

Numerous further studies followed these initimbrks and these have firmly established the
effectiveness of AE monitoring of tool condition for manufacturing processes including turning
[124, 125], milling [126], grinding [127] and forming [1R8n all of these examples characteristics

of AE generatia have been related to friction and wear. A number of researchers have associated
bursttype AE events to occurrences such as tool fracture and chip-diffeakilst continuous AE
emissions have been linked to continual shearing and friction. This maeralreviewed in detail

here but is used to highlight the role that this research has had in establishing the use of AE

monitoring towards understanding interfacial behaviour.

It is appreciated that the material deformation energies associated witlfiaotanaog processes

may be considerably greater than for normal wear processes. Nonetheless, it has also been
recognised that small energy level deformations generate AE, for instance, Doehfalq[177]
proposed the use of AE to detect the onsetipfogtween surfaces. Their work consisted of blocks

of varying materials and surface roughness pulled in a-shigkmotion against a reference
aluminium base block, with pulling speed and normabllearied. For all materials excdpttite

plastic a busttype AE signal was observed upon the onset of motion, i.e. the transition from static
to kinetic friction, with the basis for AE generation identified as deformation of surface asperities in
contact. For the plastic material it was thought that theas wo AE generation due to a
combination of low surface roughness and characteristically poor AE generation capabilities. For
steel blocks the AE amplitude was observed to increase with speed whilst an increase in normal
load was found to result in increas AE activity for rough surfaces and reduced activity for
smoother surfaces. A further application was given of a robotic gripper whergypa #E signals

were observed upon contact of gripper arm with the object and again upon the slipping release.

3.4.2 AE Monitoring of Sliding Contact in Laboratory Wear Tests

To investigate the relationship between AE generation and the friction and wear of sliding contact
systems a number of studies have been performed using laboratetggest which simple tés
pieces are loaded against each other in relative motion. Thesigsesan take several forms such

as a stationary ball on rotating cylinder or reciprocating pin on stationary disc, and typically the

speed of relative motion and the applied load caralteyed so as to provide a range of wear
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characteristics. Such tests are routinely used in tribological studies and represent an ideal base for
investigation of AE activity from friction and wear. Furthermore, theserigstallow other friction
and wearparameters to be readily obtained, for instance, measurements of friction force or wear

scars, and these can aid interpretation of AE activity and correlation to tribological behaviour.

One of the first investigations of this kind was conducted by Belyal.,[129 who examined

friction and wear behaviour of polymers sliding against steel using AE and observed that AE
parameters could be used to distinguish between different wear mechanisms. Surface roughness of
specimens s increased which caused ausition from adhesive and fatigue wear regimes to
abrasive wear, and this was found to be accompanied by an increase in AE count rate. This was
explained by a greater number of AE generation sites as wear debris surface area increased. A linear

relationshp between cumulative AE count and wear volume was presented.

Figure 3.7 AE generation characteristics using a ball and cylinderig$or (a) lubricated contact,
(b) nonlubricated contact [130].
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McBride, et al.,[130] generatedh body of work whih investigated AE generation during rotation

of a steel cylinder loaded against a stationary steel ball with both lubricated and unlubricated
contact consideredlhe AE peak amplitude and the rise tif@ eachAE signalwere extracted

from time-series AEparameters. Clear differences were observed betWwdwitated and non
lubricatedconditionsfor each parameteFigure 3.7(a) showslower but more consistent peak AE
values and no particular esime characteristic, whilgtigure 3.7(b) shows greater pak AE values

with increased spread for ndumbricated contactand a distinctively sharp event rigame

characteristic.

These observations were correlated to the wear inflicted upon lhenbacylinder surfaces. The
nontlubricated contact produced a dist wear scar with evidence of material transfer and wear
debris, which led thauthors to conclude that the nluricated AE characteristics were indicative

of micro-fracture and material removalheoretical analysis of the contact zone indicated that
mixed lubrication conditions would exisind he lubricated case, however, showed smooth wear
scas with significant plastic flowThe authors therefore attributed the AE generation characteristics

in this case to asperity contact.

Work in this area wataken forwardby Bonesset al.,[131] who, using a similar setp also found

that AE generation was greater from unlubricated contact than lubriddtegwere also able to
distinguish between different wear mechanisms. Common features in thieisbowy for lubricated

and unlubricated conditions emerged after the data were presentedlog llmgmat as shown in
Figure3.8(a). An initial peak observed for both cases was attributed to the initial removal and gross
deformation of original asperities. Thisas followed by a second peak of gradually increasing
amplitude. Scanning Electron Microscope (SEM) examination of the surfaces at this point revealed
transference of debris from the rough cylinder to smooth ball hence this secondary phase was
attributed toadhesive wear. The erratic behaviour exhibited by the unlubricated cassbafi&00
seconds was attributed predominantty abrasive wear. It was further proposed that for each
mechanism; initial contacidhesion and abrasion, a linear relatigpdetween wear scar volume
andintegrated RMS AE signal could be established. Thgh@vnin Figure3.8(b) for the initial
contact and adhesive wear periods for cortdmicatedwith two grades of paraffin.

This conceptwas further investigated for lulsated contact by Boness and McBrid&Z[Lwho
reported differing behaviour between a reference lubricated sample and one cordaneng
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reducing additive, the latter exhibited less AE generation and a reduced wear volume. Furthermore,
they could also dtinguish between different concentrations of added aluminium particles
accelerate wearAE activity was observed to increase with particle concentration, and this

concurred with increased wear as quantified through examinations of wear scars.

Other auhtors [133-135] have verified the capability of AE measurements to detect changes in wear
regimes during unlubricated sliding. Jiaa and Dornfel@3]Istudied longdistance unlubricated
sliding using a piron-disk setup. Through analysis of timgeries RMSAE, and substantiation by
SEM examinations, they identified distinguishing features for three different wear regimes;
runningin, steadystate and selcceleration.Tests to investigate break behaviour after the
removal of wear particles indicated #ose relationship between AE activity and energy lost
through frictional work. Additionally, the response of AE generation to varying sliding speeds and

loads was evaluated.

Figure 3.8 (a) RMS AE time histories for two different lubrication conditior{b) linear
relationships between integrated RMS AE signals and wear scar volume for different wear regimes
[131].
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The mean RMS AE level during the steatgte wear region was found to be proportional to both,

as shown in Figur&.9 for data scaled to theame range from two different AE measurement
arrangementand material pairs. The authors stated that their results were in agreement with a
power function relation between RMS AE and the rate of frictional energy dissipation given by Diei
[136].

Similarly, Hamchi and Klamecki [34, 135] investigated the use of AE monitoring to discriminate
between different wear mechanisms acting at an unlubricatedngdisc interface. Various loads

and speeds were considered as well as several pin materials. Foratersilsithe AE count rate

and energy content were found to parallel the variation of wear rates across tiseverkel wear
transition. It was also found that the different methods of energy dissipation associated with
adhesion and microutting (abrasion wear regimes produced different peak AE amplitude
distributions. However, it was noted that the results wieq@endentipon the material properties,

with inconclusive results from tests with a copper pin.

Figure 3.9Effect of sliding speed and load ®MS AE level for two different arrangements [134].
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Lingard and Ng [37] investigated AE generation during unlubricated sliding of a rotating disk
loaded against a stationary disk. Again, a range of disk materials, loads and speeds were
investigated withtorque friction measurements and wear scar dimensions recorded to aid
interpretation of the AE data. Significant AE activity was observed with AE event count rate and
cumulative event count extracted as parameters. No discernible relationships emergéuesdien

were evaluated against measures of wear such as wear rate and volume, although the possibility was
not discounted. Instead, relationships were identified between frictional work and cumulative AE
event count for all the material pairs examined. ®alghipsfor varying speesland load are as

shown in Figures3.10@) and 3.10() respectively whilst a further factor was found to be the

materias of thepairs used.

The form of these relationships were noted as being similar to the power law réigtibasveen
the amount of AE generated and the rate of frictional work given by [C8€] Hind referenced by
Jiaa and Dornfeld [3].

Figure 3.10Unlubricated ball and cylinder test rig, cumulative AE versus frictional work, (a) effect
of speed (b) déct of loading [137].
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The authors also provided an explanation as to why AE generation would be related to frictional
IRUFHY UDWKHU WKDQ SDUDPHWHUV RI ZHDU 7KH\ UHDVRC
indicates that only a small proportion of asfy interactions produce a wear particle, whereas all

such events contribute to the frictional force.

Further work by Lingardet al.,[138] led the authors to state that AE output appears to be more
sensitive to contact conditions than measurementstioérefriction force or of the wear rate.
Frequency domain analysis showed that certain peak frequencies were associated with different

material pairs.

Recent work by Mechefske and SuB9lLconsidered AE generation from lubricated sliding contact
using aball-on-disk testrig and a nofrcontact laser vibroneter. The lubricant contained an anti

wear additive, zinc dialkyldithiophosphate, which was noted as increasing in effectiveness with
greater sliding speeds. Similar to other work, their results shdva¢dhie peak AE and RMS values
increased in accordance with sliding speed and wear surface strain rate. They also reported that AE
count rate, in terms of sliding distance, reduced when sliding speed was increased and they related

this to the effectiveness the lubricant and hence wear rates.

AE generation during elastohydrodynamic lubiimathas been investigated [13B8]. Boness et

al., [13] reproduced these conditions by using a polished surface on-arbaflinder testrig and

noted that for thse conditions the RMS AE level was no greater than the base noise level of the
HTXLSPHQW 7KLV IXUWKHU FRQILUPHG WKH DXWKRUVY YLH
source in their work. Lingarcet al.,[138] also reported that AE activity was ersitive indicator of
lubrication condition. They observed that when lubricant was introduced to-ardisc interface

the AE activity reduced significantly, a reflection of the much reduced wear rates. Motbeyer,

found that as conditions were akdrso to increase the elastohydrodynamic effect, quantified by the
fLOP SDUDPHW R.UW, the AE rbuhKrdtel systematically reduced.

Several research groups have indicated that scuffing, severe adhesive wear, can be identified
through AE monitoring. Boness 40] investigated normal operation and scuffing inducing
conditions using a batn-cylinder test rig, with jet fuel and clayeated jet fuels as lubricants and
tests at various loads in both air and nitrogen environments. For both environments an initial peak
in the AE activity was observed which was believedindicate interaction of major asperities

during initial wear. For the air environment, under 4senffing inducing conditions, both AE levels
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and wear scar diameter gradually increased till the end of the test. Under the same conditions the
nitrogen enironment case showed no further increase in wear scar or AE level thus indicating that

a further oxidative wear mechanism was present for the air environment case.

Figure 3.11Log AE count rate and coefficient of friction versus film parameter [138].

Regarding scuffing, this could be induced at a critical load in the nitrogen environment, and could
be identified through wear scar examination. At this critical load thetmayed fuel samples
exhibited greater AE levels than untreated fuel, as showigure3.12 Further examination of the

wear scars showed that at this critical load the initedhesive damage in some cases led to
progressive deterioration and subsequent failure, i.e. scuffing, which was accompanied by constant
high AE levels, labeDHG DV pVF XI1IBRZFd Qthgns Jtkeddrface recovered with both
ZHDU DQG $( OHYHOV UHGXFHG IRU WKH UHPDLQGHWB.RI WKH

An interesting observation regarding the stability of AE monitoring wadeniiy both Bonesst
al.,[131] and Lingard et al., [138 Using different testig and materiahrrangements both research
groups showed that if a test was interrupted and then restarted, the AE RMS activity resumed at its

previous level. This bodes wébr the robustness and repeatability of AE monitoring.
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Figure 3.12Schematic of the AE monitoring system for a ball on flat slidiylghder.

Figure 3.13 Induced scuffing at a critical loading [140].
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3.5 Summary

This section has reviewed AE geation and how it can be measured and analysed to provide
information useful for condition monitoring. The measured AE signal is geneebigndentipon

three main factors; the source generation characteristics, the transmission path from the source to
the sensor, and the sensor response characteristics. A variety of processing techniques can then be
applied to the measured signal, from the extraction of simple waveform and statistical parameters to

complex algorithms.

The use of AE as an engine conditiononitoring measured has been found to offer greater
diagnostic capabilities than comparable techniques, due to higher level temporal and spatial
resolutions, increased sensitivity and improved signal to noise ratios. It has been established that the
mechanical and fluidmechanical events and processes occurring within engines, e.g. valve
contacts, fuel injection, combustion and exhaust, are AE generating sources from which diagnostic
information can be garnered. Findings which suggest AE monitoring caappleed towards

determining the lubrication condition are particularly relevant to the work in this thesis.

The majority of investigations into engine AE generation have used similar analytical procedures, at
least for the initial processing steps. RawRMS AE data has been typically been converted from

the timedomain to an angular base to overcome signgtationary. In many cases RMS AE has
been found adequate; however, to best exploit the extreme temporal resolution available then raw
measurementare necessary. The signals are then usually interpreted through mapping of AE events
to the mechanical and fluishechanical actions occurring within the engine. Simplistic and
advanced signal processing techniques have been used to characterise sigiyateseaachers

have found simple statistical parameters to be sufficient, calculated either from the whole engine
cycle or from windowed areas, although improvements have been reported using advanced

statistical techniques.

AE monitoring has also proved be effective for gaining insight into the tribological behaviour of
sliding contacts, particularly for evaluation of contact dynamics and frictional behaviour during
boundary lubrication conditions. This has been ascertained over several differertimmgsliwhere
factors governing contact have been varied and corresponding effects on AE activity related,
including; sliding speed, load, time, surface topography and lubricant characteristics. Various
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gualitative relationships have been proposed andrnresmases these have been found transferable
across applications. Tests where hydrodynamic conditions were induced showed little or no AE
activity above background noise levels. A variety of primarily tohoenain AE parameters have
been used to characterige AE activity, although frequenajomain analysis has also been shown
useful. The potential benefit of this work in terms of condition monitoring is that it demonstrates
that it may be possible to obtain anlore measure of friction without the neeat firect, intrusive

measurements.
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CHAPTER FOUR
DIESEL ENGINE ACOUSTIC EMISSION
SOURCES AND DATA PROCESSING

This chapter investigates and discusses acoustic emission sources in diesel engines; includin
mechanical impact (for exangbiston slap, valves impact, injector tick, etc.), friction sources, other
sources (gas flowfluid flow Crack formation and wedyturbo noiseand background noises. Secondly

the fundamentals of acoustic emission measurement, acoustic emission dassipgotechniques

and recognised AE analysis parameters are introduced.
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4.1 Introduction

Development of modern heavy duty diesel engines is driven by three major factors: fuel economy
pollutant engineout emission, and customer satisfaction. Btisy these requirements, advanced
technologies are needed for all aspects of engines, including lubrication oil, fuel and engine
components. The performance of the engine is directly affected by the friction, weahybtas flow

(one of the importansources of AE) and oil consumption, which are in turn closely related to the
listed three factors. Therefore, a detailed understanding of acoustic emission sources is crucial fc

developing advanced condition monitoring of diesel engine.

4.2 Diesel Engne Acoustic Emission Generation

The AE signals encountered on diesel engines are mostly stress waves travelling on the surface of t
engine. Mechanical events that generate AE include impacts and crack formation; in addition, fluid
and gas flows also gerage AE [178]. The propagation of the acoustic emission waves through the
engine is very complex; with nemiform wave dispersion/attenuation, reflection/transmission

needing to be considered.

Neill, et al., [179] and Fog [1§have shown thafor AE meaurement, the distance between sensor
and source should be reduced as much as possibteatAE signals are far more localised, .i.e
virtually comingonly from the source where they are generaladg means, however, that differential
damping of diffeent sourcesvill be crucial in sensor location considerations due to material interfaces
along the signal path [181Pf course, it is necessary to ensure good signal conductivity from the

surface to the sensor.

Virtually all the theory and knowledge frowbration monitoring can be applied to AE since the two
types of signal are generated by the same events, e.g., impacts and frictional movement, both lead
small movements of the structure (vibration), and micro cracking inside the material. The neagnitud
of AE signals are functions of the amplitude of the forces and wear involved, and thus many of the
phenomena that have been used for monitoring vibration also appear in Atedautse of the
frequency ranges involvedith less contaminating noiseand rmise has always been the most

significant problem with vibration measurement.
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A review of an engine's AE sources shows thatgeneration of engine AE involvesanydifferent
sources and mechanisnand that make the AE signals very complex, in additigkE wave
propagation in a real structurse additionally complicated by factonsicluding internal damping,
reflection, refraction, conversion mode and diffracti@®2]. These AE signals contain not only

stationary waveforms but also netationary trangints, pulses and embedded noise.

4.2.1 Mechanical Impact

The impact sources in diesel engines will be related mainly to collisions between mechanical parts
e.g. pston slap, injector tick and valve movement [183,]184%e following sections will desdre

both of these in detail.

4.2.1.1Piston Slap

It is well known that the impacts between piston and cylinder may contribute significantly to the AE
generated from diesel enginesaigpecific frequency range. Reducing diesel engine piston slap effects
will reduce not onhAE eventsput alsoreduce impacts and wear of the piston and cylinder, and hence
enable betteoperation of the diesel engine.

Piston slap, see Figure 4..s common to all reciprocating engines, and has been the focus of

considerablenterest over the past decade or so. This interest has been stimulated by:

1. The effect of waterside attack @liesel engine cylinder liners.
2. The excessive wear on pistonglimder liners and piston rings.
3. The contribution this phenomenon makesthe overall level b AE generated byeciprocating

engines.

Piston slap is mechanical in nature and is responsibledonsiderablgortion of WKH GLHVHO H
overall AE events The crankslider mechanism of an engine between piston and cylinder imall

KDV D YHU\ VPDOO FOHDUDQFH ZKLFK LV ODUJH HQRXJK WR I
the impact between the piston and the cylinder aadlrepresents one of the more prevalent sources

of AE among the mechanical impact sowqeesent in a diesel enginehen compared with other
sources such as the injection system, impacts in bearings, the valve train and the a{k3&48§.

Piston slap occurs because of sudden variations in the forces acting on the piston in theaectibal di

of the cylnder liner These radial forces are a function of the inertial forces acting on a piston and
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connecting rod. When the impact occurs between piston and cylinder liner kinetic energy is transferre
to the cylinder, and transmitted throutite structure of the engine as AE, and radiated away from

the engine's surface in the form of noise.

Figure 4.1 Piston slap phenomenomechanism

Many research activities in the last few years have been focused on piston slap. The investigations
have addressed the dynamic behaviour of the piston assembly and studied the influence of radial

clearance, engine speed and properties of lubricant on piston slap and associatedmEhenom

Griffiths and Skorecki [187identified the final speed of the pim as a useful parameter with the
purpose of calculating the kinetic energy of the impact, assessing the reduction in noise produced
for different geometriconstructive configurations of the engine. They concludedpisédn slap
predominates in the lofvequency range below 5 kHwiile Fielding and Skorecki [1$&howed

experimentally that the effects can exteénd - 10 kHz.

Haddad, et al., [189, 198howed that piston slap could become one of the major sources of noise
in internal combustion enges with an optimized combustion chamber. This staiglysed the
measured vibration from piston slap and investigated the effects of load, speed and temperature,

different operating conditions, anldet use of different lubricants.

Ungar and Ross [186&tudied experimentally the effects of the impacts of the piston in alternating

machines, confirming that they constitute an important part of the engine total noise. They
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developed a theoretical description to calculate the crank angle at which pistoocsiegppamd to
predict the AE.

, Q '"f$IRVWLQR HW DO > @ SURSRVHG D FRPSXWHU Sl
film force between piston skirt and cylinder wall due to the hydrodynamic lubricagsmmanism.
The finite element method has begpplied by other authors to analyse the impact force. However,

these models are sufficient only to estimate the impact forces.

To eliminate noise generated by piston slap attention should be directed towards:

1. Preventing the change of the side forceolfgetting the crankshaft from the axis of the cylinder
by an amount greater than the crank radius, but this rather drastic change in engine design is
hardly likely to be acceptable.

2. Close control of the pisteaylinder liner clearance as a practical solntto elimination of piston

slap.

Thethickness of the oil film in the cylinder cleararnmays avery importantrole in reducing piston

slap andAE.

4.2.12 Valves

A multi-cylinder diesel engine has many intake and exhaust valves. Closing and opttiege
valves is achieved by a camshaft and valve spopgrating in precise synchronisatidtt events
from the valves in a diesel engine arise from two sources of distinctly different origin and character,

namely:

1. Impact betweercolliding surfaces,n particular those of the valve and valve seat, and of the
rocker arm with push rod or valve stem. Valve impact is considered to beett@pnant source
of AE.

2. Aerodynamic noise created by gas passing between the valves and their seating, and gas flow

over the valve face.

The valve is loaded by a spring and the cylinder pressure, which varies periodically during engine

operation. The valve impacts on the valve seat on valve closure, and the degree of impact depends
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on the valve closing velocity, whicls icontrolled by the dynamic behaviour of the valve train,

particularly the force exerted on the valve by the valve spring.

The bending of the valve comesults in a sliding motion, improper contact and valve/seat interface
wear, which affects engine peranceValve wear has been a problem to engine designers and
manufacturers for many years. Work carried out previously to isolate the fundamental mechanisms
of diesel engine intake and exhaust valve seat wear experimentally [192, 193] has shown that
recession originates from two processes: impact of the valve on the seat on valve closure, and
sliding of the valve against the seat as the valve head deflects and wedges against the seat as
combustion occurs in the cylinder. Thgeecesses produce charadBd wear features on valves

and seats. Impact on valve closure leads to the formation of a series of ridges andowalleys

valve seating faces and surface cracking on seat insert seating faces. Radial scratches were seen o

seat insert seating faces aresult of sliding at the valve/seat interface.

Studies of wear have focused on the effect of engine operating conditicms&s temperature and
load [194. Little work has been carried out to investigate the effect of design parameters, material
properties, valve closing velocity and the effect of reducing lubrication at the valve seat interface on

wear.

Research work on diesel engines has tended to place greater emphasis on investigating exhaust
valve wear than on intake valves. Modelling approachesd until ow for predicting valve wear
[195,194, have been simplistic and have focused mainly on the sliding contact between the valve
and seat under the action of the combustion pressure, taking no account of the impact of the valve
on the seat on va closure. Most only enable a qualitative analysis rather than providing a

guantitative prediction of valve recession.

Mostinvestigationsdealing with diesel engin&E discuss the amount &fE generatedby the valve
but havebeen limited to showing theontribution the valve makes to the ovedAlE eventsby
comparing the condition when the valves are operating normally with that when the valves are

inoperative this type of work is repted by Bradbury [19[7and Mercy [P§].

4.2.2 Friction

Many resarchers have studied the frictional contributions and tribological characteristics of each

engine component through both theoretical and experimental studies.
96



The engine frictional losses can be classified into four main components: piston/ring assembly,
valve train system, bearing system, and auxiliaries (water pump, oil pump, alternator, etc). Figure
4.2 shows the general proportions of the frictional loss of each engine component, although these
proportions can be changed according to engine speedaluhthe type of engine.

Figure 4.2Representative mechanical loss distributions for a diesel engine [199].

From Figure 4.2, it can be said that most of the engine friction losses are from the piston assembly.
Therefore, it is necessary to attack gh&ton assembly friction to achieve low engine friction since

the piston assembly (piston skirt, piston rings and piston pin) accounts for about half of total engine
friction for motoring conditions, and an even higher fraction of total engine frictiorirfog
operation. Many researchers have made a great effort to understand the tribological phenomena and
reduce the frictional losses of the piston assembly. However, the friction reduction of the piston
assembly still remains a challenging area duedgatimplexities of the tribological phenomena and

the interrelations among friction, emissions, durability, noise and vibrations, oil consumption, blow

by, etc.The friction characteristics of the diesel engine are related to the type of lubrication. The

main friction sources in diesel engines are:

4.2.2.1PistonLiner A ssembly

The frictional forces associated with the piston liner assembly usually consist of:

1. Ring friction.
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2. Piston skirt friction. This type of friction is strongly dependent on twinfac
a) Whether the skirt contacts the cylinder bore, and
b) How the skirt shears the oll

3. Rod bearing friction.

McGeehan [19Previewed the literature for piston and rifrgetion and quoted sources [200, 201

that suggesidthat piston assembly fricn could account for 58 % to 75 % of the total mechanical
friction of the internal combustion engine. However sty@apersverewritten beforel98Q Recent
literature and experience at Cummins Engine Company suggests that the total friction due to
pistors, rings, and rods Wilcontribute only 40 to 55 % [20204], which is a measure of the

progress made in the last three decades.

Friction can be measured by motoring teardown engine tests which are commonly used and
probably the simplest technique to eakiengine friction [205, 206]. This test involwesating
the engine with a motoring dynamometer and recording the torque required to maintain a constant
speed. By removing components from the engine it is possible to determine their contribution to
friction. There are also other friction sources in the engine, but these contribuéesordil amount
compared to the total engine friction. There are recommendations and contributions made in the

literature from various companies for reducing friction.

1. Ford Motor Co. [202, 20207 methods to reduce friction
. Reduce ring temsn (44 % reduction in tension cause®2a% reduction in ring friction),
5HGXFH PDVV pu UHGXEFWLB@FDXVHV D
. Coated top ring,
. Ring materials and coatings,
. Reduce the number of rings (4 % reduction for 2 rings rather than 3 rings),
. Optimized ring face profiles,
/IRZ TULFWLRQ VNLUW DQG UROOHU IROORZHU FRDWLQJV u
2. Cummins Piston Ring Division [208, 209]:
. More conformable low tension oil ring,
. Reduced compression ring cressction,
. Connecting rod guided by piston (constrain the rod from moving along the axis of the engine with
the piston rather than between the crank throws), and

. Reduce the piston mass,
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3. Southwest Research Institute (21
. Reduce oll ring tension,
. Reduce windage or percent of oil in the air, and

. Reduce maximum cylinder pressure.

Almost every company surveyed claimed that reducing ring tension (oil ring in particular) and top

ring width would reduce friction.

Efforts to reduce piston skirt friction yielded mixed results. Some said that reducing the contact area
of the piston skirt would reduce friction while others said it would not. Increasing skirt clearance
was another way to reduce friction but it was noted tthiat might increase cavitation problems.

Reduced mass of the piston was cited by many as a way to reduce friction.

4.2.2.2Valve Train System
The elements that are responsible for most of the valve train friction are:

1. Cam / tappet interface,
2.Cam jounal bearings
3. Rocker arm /pivqgtand

4. Oscillatory interfaces.

Valve train frictional losses typically accouior 7 to 15% of the total mechaal losses of a diesel
engine,and are generallyabout a quarter atha for piston assemblieddowever,at lov engine
speeds their relative importanc® much more equalHowever, it is in terms of wear and the
consequent reliability and durability problems that the valve train has proved to be the most difficult
to design and lubricate effectivel211]. The degn and tribological performance of the cam and
follower have therefore historically been based on the choice of materials, specification of the
lubricant additives and calculation of Hertzian stress. It is widely accepted that there is significant
surfacecontact between the cam and follower resulting in boundary lubrication. However, in more
recent times the role of thin film lubrication, predominantly elastohydrodynamic lubrication, has
been recognize®[L]]. Figure4.3 shows the distribution of frictiolosses.

It is well known that at the start of the cam/follower event the friction is dominated by rolling and

then subsequently by sliding of the surfaces in the presence of lubricant as the cam nose is neared.
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Apart from the cam/follower interface, theamshaft bearings, follower/guide and valve/guide
interfaces also contribute towards drivertriiction losses. Ball, et al., [212heasured the valve

train friction of diesel and gasoline engines and found that the form of the camshaft drive torque
variaion with crank angle was largely dictated by the cam profile and valve spring forces.

Baniasad and Emg®13] adopted a similar ggnoach using novel strain gaugamshaft drive
pulleys to study the effect of engine speed and temperature on averagefcdma&htorque. There

are many pssible ways in which valve train friction measurement can play a vital role. For
examplein the design and development of cam profiles and geometry, valve timing, valve spring
rate and lubricant formulation. It can alscoyide validation data for predictive mathematical

models and provide guidance as to their further development.

Figure 4.3Distribution of valve train friction losses.

4.2.2.3Engine Bearing System

Bearing friction contributiormakes the second largesontribution to engine frictiofollowed by

losses from the valve train, which comes from many different sources including the crankshaft main
bearings, connecting rod beand bearings, connecting rod smafld bearings, camshaft bearings,

and rocker arnbearings. Engine bearings typically represent 20 to 30% of the total engine frictional
losses. Of the many different bearings in a diesel engine none are more critical or highly stressed

than the connecting rod big/smalhd bearings and the crankshafimiaearings.
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At low engine speeds, the engine friction loss is more ddednby boundary lubricatiorthan

mixed lubrication,whereas shear loss becomes important at higher engine speeds and under such
conditions lubricant viscosity plays an important ratedefining these losses. Engine journal
bearings operate mostly under hydrodynamic lubrication, apart from during stop/start or under very
high loads where elastohydrodynamic lubrication andethidbrication can become important. A
journal bearing consts of a shaft rotating within a stationary bashwith anengine main bearing,
whereas in bigend bearing the bush also has angular velocity. The hydrodynamic film generated
between the journal and bush surfaces supports the load. This feature isynoaitedl bearing

load-carrying capacity and is related to the bearing durability.

Most of the reported engine bearing friction data has been calculated through the measurement of
lubricant temperature and oil film thickness. A number of experiments haare g@formed to
measure oil film thickness in a bend bearing using the total capacitance techni@ad$18.

Bates et al., and Spearot [219] and Murpi82(] also measured oil film thickness by the total
resistance method to investigate bearing perémrce. Suzukiet al.,[22]1] and Choj et al., [222
measured minimum film thickness using the total capacitance method and compared the data with
the predicted results. Cheaet al.,[223 carried out evaluation of friction in engine bearing from
cranksh#t temperature measureme@ha, et al.,[224] measured the bignd bearing film thickness

by using the total capacitance method and a setgperlinkage called a grasshopper linkage to
bring the wiring out of the engine crankcase. Iragti al.,[225 used capacitive measurement
technique to measure hydrodynamic lubricating oil film thickness in the middle main bearing of a
heavyduty sixcylinder diesel engine. Measurement of oil film thickness as a function of the crank
angle was carried out with a vation of the engine speed, load, and oil temperature. Mag2éh |
measured the bearing film pressure distribution on a test rig using semicortgpetqressure
transducers. Schilowitz and WateB2F] successfully measured the oil film thickness in tiein

bearing of an engine in an operating vehicle. Mihataal.,[228 successfully used a thiiim

pressure sensor made of mangdaimeasure oil film pressure during engine operation.

Helena et al.,[229, on a test rig, measured oil pressure jauanal bearing using an optical sensor.
Warrens et al.,[23( used a relatively new, commercially available dynamically loaded journal
bearing rig to study the effect of different viscosity modifiers on friction performance., duéil.,

[231, 232, on a custom made rig, measured oil film thickness in a journal bearing using eddy
current sensors. Tanaka3[ successfully usea transparent bearing to study the effect of oll

cavitationon a test rigCerratq et al.,[234] modified the main bearing of©ingle cylinder engine,
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extensively modifying the bearing housing, to measure the frictional performance. Similarly, other
researchers like Syver@35, Sinanogly et al.,[236], Sorah et al.,[237], Tseregouniset al.,

[238, and Unlu and Atik 239 have carried out interesting experiments on test rigs, looking at
details such as the effects of temperatures, pressures, oil film thickness, etc. on journal bearing

performance.

From the above review, it is clear that oil film measurements have beesdcaunti by humerous
researches but none have measured engine bearing friction in a real firing engine without any

major modification to the bearing housing.

4.2.2 4 Auxiliaries

Engine auxiliaries comprise about-28% of the total engine friction losselSngine auxiliary

power losses come from such buitaccessories airbo, pumping lossexgolant pumps, oil
pumps and fuel injection pumpas well as those that are external such as fans, generators, air
conditioning, and powesteering pumps. Of thesemponents the oil pump will be the focus since

the fuel pump, whether inline or distributor type, are cam driven against roller followers and the
basic friction losses are closely related to those covered in the valve train friction section, while the

power to drive the coolant pump is rather low in comparison

Thereport by Steward and Selby [34hows a numbenf examples of how reducing oilscosity
will reduce engine friction. But it was also shown that reducing the viscosity could cause significant
increase in wear. However, cases were also shown where different additives to the oil could lessen

or eliminate the effect of the low viscosity on wear.

As the reports above indicate, lower viscosity oils may lead to increased wear. In particular, wear

will increase around Top Ring Reversal of the cylinder bore. This increase in wear may be reduced

by:

1. Improving the design of the piston and ring,
2. Improved oil formulations, and

3. Material which have a high resistance to wear.
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4.2.3 Other Sources

Fluid and gas flow are also common sourcesAfiérin diesel engines. The most significant gas flow
restriction ina diesel engine is the flow through the intake and exhaust valt@sh plays an
essential role in determining residual gas fraction which hmvemportant influence on fuel
consumption and emissigrand the important fluid flow is that through the injectdurbulence
generated in a diesel enginedisfined anisotropic and akE signalgeneratedy the turbulent or
cavitatng flow through the dfice can be detected by AgensorsThe gas flow processes into,
through, and out dd diesel engine iall unsteady that is the pressure, temperature and gas particle
velocities vary with time. Both largecale and smalcale turbulence have a drastesult on
combustion, flowmixing ard heattransfer in an engine [241]he major source of energy for
turbulent velocity fluctuations is sheiarthe mean flow, e.g. jets [2Dut the velocity gradient at
the wall in the boundary layer produces laugetices which are unstable inside the chamber and

eventually break down into additional turbulent motion.
The fluid flow through the orifice of the injector is associated with four components:

1. Pressure build up in the injector (this includes a smallachjpetween needle and valve seat
beforethe needle is fully open).

2. Needlelift (mechanical impact between needle and its backstop and fluid flow through injector
nozzle).

3. Needle closing (mechanical impact between needle and its seat and fluid flow thmeattr
nozzle).

4. Back pressure fluctuatis in the fuel line (repeated reflections of back pressure between needle
and plunger of the fuel injection pump in the fuel delivery line after needle has closed).

Typically, the injection process is a combinatiof needle impacts and the high pressure fuel flow

within the injector body. Gu andal [243,244 have studied needle dynamic behaviour in the

diesel engine injection process and have developed a dynamic model for the needle motion of a

typical singlestage, holetype injector of a direct injection diesel engine and compared it with

experimental results for the vibration response from an injector body. They describe the vibration

characteristic of injectors by three series of transients during an imextme; fluid excitation

beginning prior to needle opening impact, needle opening impact and needle closing impastt. Gill

al., [249 also have observed the injection process using AE and vibration methods and found that
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AE detected activity starting i the buildup of fuel pressure in the higiressure pipe prior to the

opening of the needle valve, which did not appear in the vibration signal.

Crack formation is alsa source of acoustic emission in diesel engiriérack formation appears
after manyrepetitive cycles of use and can affect even {sigbngth materials. The set of crack
formation can be the result of surfaoepactdue torelative motion. The impact factor could be
from residual stresses the component due to the impact, the stoesxentration associated with
the shape of the impact steand incipient micrecracks formed during impgobr plastic work in

the materialor distortion of the microstructur€racks in the bearing(connecting rod bearing)
could be the effect of cavitaticand crack formation in the liner may be reduced by ensuring the
piston had a low coefficient of friction, experienced only small impacthigh strength materials

were used [26].

Wear is inevitable for enginpars in sliding contact. The amount efear depends on material
pairs, surface topography, working condit®m@and chemical effects of the environment. It is
impossible to completely prevent webautsince it leads to largeconomical losse$ is the subject

of muchresearch immany disciplines. Any empirical relation is difficult to develdpecause the
relevantfactors are not predictable. Seventy five percent of the wear in an engine occurs during the
heating up period, because of the poor lubrication at that time. The lubricant norma#yafdinm

film to prevent metakmetal contact. When the engine is not in operation, the lubritaimsto the
bottom, and it takes time to foracomplete film after starting up. Since the hardness of the surface

is higherand the roughnesslisss effedtze wear at this stage is expected to be less.

The most severe wear occurs on the cylinder surfaatieselengines. On the upper portions of the
cylinders, lubrication is poorer comparing to other regions, because the lubricant that reaches here is
thenpartly burnt Pistons, valves, and piston rings are the other elements subjected to severe wear.
The wear in cylinders is the result thfe physical and chemicaffects of combustion, cooling,
friction, and lubrication.To eradicate or at least to reduitee wear atthe cylinderpistonring

system, the surface of the cylinder tube is continuously lubricated.

The primary reason for wear is the failurdubrication 'XULQJ WKH HQJLQHYV RSHU]I
hand the cylinders are continutusubricated;on the other hand the rings strip off the oil, and
cause metainetal contact. Abrasive wear particles on the cylinder fdeap grooves on the

surface The wear rate is ndhe same on all parts of the cylinder. The most severe wear occurs at
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regiors neartop dead centre (TDC), the ledsbricated region because the flam@mmovesthe
lubricant and constitutes theamshocks. The regions near to bottdeadcentre (BDC)are the

least worn regions because these regionkastexposed to the flame and drest lubricated.

4.3 Background Noise

Background noise is unwanted signals pickedfrom sources that are not relevant to the source
being monitored and can have electrical /andnechanical origins. Precautions against such
interfering noise should ahys be takeneven thoughenormous progress has been made since the
early ue of AE tedinology. In diesel engines A&ventswill almost certainlybe generated from
more than just the source of interest and will be a complex combination of combunsgiast,and

flow generated AETheseAE signals must be identified or eliminated in order to discriminate them

from the signals of interest generated by the engine.

A basic starting point for eliminating these unwansggghalsis the selection of an appropriate
frequency range for #happlication. Background noise coming from longer distances usually
consists only bfrequency components below X8z, and so has only a small influence tbe
measurements higher than 20 kHz. It has been found that 100 kHz toigMlHsuitable range for

the study and monitoring of diesel engines. Further studies are needadow the rangand
improve the accuracy of AE monitoring. Noise elimination could be a key factor to successful use
of AE inspetions in some difficult idustrial applications such as dime monitoring of welding

and the detection of fatigue ckagrowth in flying aircraft [247, 248

Electrical noise problems can be eliminated by using differential sensors or sensors with built

preamplifiers and selang proper thresholds.

4.4 Acoustic Emission Processing

4.4.1 Measurement of Acoustic Emission

There are several methods of measuring absolute surface displacement which involve capacitive,
electromagnetic and laseptical measurement techniques. Howevpractical difficulties in
applying these methods in an industrial environment have meant that the vast majority of AE
monitoring has used resonant transducers based on piezoelectric elements. These sensors hav
proven to be suitably sensitive and robiasthe extent that thdyavebecome accepted as the norm.

The material used for the active element is most usually lead zirconate titanate (PZT), a
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piezoceramic; although it has been shown ihas equally feasibleto useother piezeactive

materials sah as polyvinylidene diflouride (PVDF249.

Figure 4.4Schematic of an AE sensor [10].

The construction of a piezoelectric AE sensor is shown schematically in BigurEhese sensors

rely on the fact that a voltage is generated in proportionaoctimpression of the piezoelectric
element; hence nanometre surface displacementsoaxerted into an electrical signal. However,

the output of most piezoelectric sensors is not an accurate description of the surface movement
under inspection. Rather,th $( VLIJQDO L H WKH VHQVRU RXWSXW LV W
transient waves.

This is influenced by the sensor construction and consequent frequency response, the amplitude
sensitivity and associated se#fsonance (ringing after initialxeitation), and also by whatever

means the sensor is coupled to the material.

The sensor response characteristics are determined by the eofmibie piezoelectric element.
These can be manufactured in a variety of forms so as to offer a range of cesoequencies and
sensor sizes for various applications, although for sensor selection there is usually a compromise
between bandwidth and sensitivity. If prior information is known about the source frequency
characteristics then narrowband sensors caselected to provide high sensitivity, conversely, if
source characteristics are unknown then broadband sensors with lower sensitivity are available.
With regards to monitoring of machinery the AE sources of interest have typically broad and varied
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frequerty contents and therefore broadband sensors are generally required if all mechanical and
fluid processes are to be considered. Moreover, since most of these sources are of reasonably high
amplitude the loss of sensor sensitivity is less important tharbribedness othe frequency
response. A further factor in sensor selection is the anticipated source to sensor transmission
distance. Given that higher frequencies suffer from greater attenuatiorhdalkeyaninherently
smallerdetection distance and thewed the spatial range of a sensor is indirectly determined by its

resonancérequency.

The use of resonant sensors incurs further distortion of the original source AE, but this is tolerable,
and somewhat unavoidable, since these transducers represensthprantical means of measuring
emissions in the upper frequency range. Although the impact of this may be minimal for
comparative work when a consistent -spt is used, it can be a problem when absolute
measurements are required. Furthermore, the laakuafversally accepted, and applied, method of
signal calibration means that quantitatigcemparison of test results obtained from different

detection systems is highly questionable.

Attempts have been made to overcome this problem through signal natioalisand
characterisation of AE sensor response to reproducible broadband sources such dsagencil
breaks £50], glass capillary breaks2$0, 251] and helium gas jets [35However, there are
problems with this approach, particularly since the geedrataveforms are reproducible only at a
single point on a given structuamd even then although the structure can generally bedefatied

the amplitude is dependent upon the source energy. As a result these methods arensallyiniv
employed inpractce; rather they tend to besed as a check to ensure the functionality of the AE
detection system and to confirm the quality of sensor coupling. A further use for these reproducible
sources is to investigate AE propagation in structures, in which casactjuired signalsare

required to be normalised as a function of the source energy.

There are several other essential components in an AE measurement system. Signal amplification is
necessary and is provided either integral to the sensor or externallpnaamplifier. Filtering of

the signal is necessary to eliminate unwanted frequency components and backgieandhe

range of this filtering can typically be varied to suit the application although a prerequisite is the
removal of any lowfrequency eargy and this lower limit varies from 20 to 100 kHz. Analysis of

the frequency content via conventional spectrum analyssisrrthan timeseries datawas also

muchused
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RMS averaging of the raw sighused to be commonlysedin the acquisition of AEdata. This
significantly reduces the required sampling rate thus allowing the use of less sophisticated data
acquistion equipment. However, this wat the expense of information loss, both of the fine detail

of the raw AE waveform and of the associatgecsral contentSome researchers use specific
circuitry which does not acquire and staolaa for future analysis but instead analyses the signal in

reattime through the extraction of waveform features.

TodayAnalogue to Digital converters continuousligitise raw AE signals at full bandwidth, i.e. at
sampling rates up teeveralMHz, and store this data for future analysis. Prior to, thigitised
acquisition of raw AE was limited to smalatabatches that for many applicationsneinsufficient

to permit a full investigation.

4.4.2 AE Analysis and Signal Processing Techniques

There are two basic types of AE signal. The first is biyfs¢ emission, where the signal consists of
FOHDUO\ GHILQHG pHYHQABETHRSe avEisZae dagter)ded Xydrhplitude
significantly larger than the background level, distinct sharp signal rises and close to exponential
decays, and individual pulsesan bewell-separated in the tirn@omain. The second type is
continuous emission; this occurs whenrdtugeneration is so rapid that the signal appears

continuous and resolution of individual events is not possible.
Typically, signals acquired from machinery will be a combination of both to varying degrees, for

example, Figuret.5(b) shows a raw AE sigal measured from the surface of a running engine in
which a number of overlapping bursind continuoustype events of varying amplitude are evident.
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Figure 4.5 (a)Examples of AE emission types, (b) typical AE signal acquired from a running

engine.

4.4.2.1Time-Domain Analysis

There are various means by which AE signals can be processed and evaluated in order to extract
information useful for condition monitoring, the most fundamental being the characterisation of
signals with regards to the behaviai the object under observation. The most common method for
achieving this is time&lomain characterisation of buttype events through extraction of waveform
parametersThis typically involves monitoring the sensor output continuously for activity that
exceeds a predefined threshold level. When this occurs an event is registered and the signal is then
processed to extract parameters such as those identifiédgune 4.6, these include; peak
amplitude, event rise time, event decay time, signal duraiigrevent count and AE count rate.

Of all the waveform descriptors, the measure of threshold crossing counts has probably been the
most widely used, likely due to the simplicity of measurement system required and the applicability
for both burst and contuous type emissions. However, there are disadvantages associated with the

sole use of count parameters to describe AE signals.
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Figure 4.6 Typical timedomain parameters extracted from AE Sighai2].

These were outtied by Beattie and Jaramillo [Z5wvho stated that firstly, AE count rate considers

the amplitude of a signal only indirectly in that a large amplitude signal will usually persist for a
longer time than a low amplitude signal, thus producing more counts. Secondly, for two signals of
equd amplitude and duration, the one with the higher frequency content will register most counts.
They suggested that a more quantitative measure is desirable, with the most obvious being the
amount of AE energy emitted.

A further problem with applying thresld-based analysis to machinery monitoring is that burst
type activity is often accompanied by a high level of continuous signal. If the burst activity is
generated from a fadtelated source, such as the early signs of wear, then this may effectively be
buried in the continuous signal, which can make identification via thresimallysis difficult.
Therefore, to fully preserve the possibility of incipient fault detection and to better understand AE

generation from machinergontinuous and mixed AE shoub& analysethy other means.

AE energy is a measurement parameter used extensively in AE monitoring. However, the
calculation of energy is open to interpretatidheenergy is taken as the area under the absolute of
the signal, as defined in Equationl4this is in contrast to a number of researchers who define AE

energy as the area under the square of the signal.

'Li, RR@P (4.1)
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Where R B, is the absolute amplitude of the Algnal in volts, is time inseconds and is the

AE energy in V.s

A point to note regarding Equati@hl is that although it is presented in relation to time this does
not preclude the use of other bases. For instance, for AE acquired from rotating equienidat t
signal is often transformed from a tirdemain waveform to one which is a function of angular
displacement. The resulting AE energy is then also an ardoaain parameter and the integration
limits may be angular positions, as defined in Equati@n

" LidRa @a (4.2)

Where R a; is the absolute amplitude of the angtdamain AE signal, is angular position in

degrees, is the anguladomain AE energy, an@landb are angulapositions.

A further parameter widely used to indicate energy is the Root Mean Square (RMS) value of the
raw AE sigal, calculated using Equatior34

415 L 8 AGs TS (4.3)

Wherex is the data value at a discrete point in time Bnsl the total number of data sampieghe
selected time periodRoot Mean Square (RMS)f a signal can be measured also using this

equation:
&zl 8177 RPE@P (4.3)

Where R P, is the instantaneous value of the signal at tirmed 8: £ jis the RMS value ofR P,

for the time period.

This can be applied as pestquisition processing in which the RMS value for each sueectise
window is calculated, as shown in Figuté for a bursttype event. Otherwise, a signal averaging
circuit can be irbuilt into the acquisition equipment which continually calculates the RMS value

over a sliding time period. This allows data asgion at a lower, more conventional rate thereby
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bringing about a significant reduction in data size. This can be beneficial when analysis of many
hundreds or thousands of lengthy acquisitions is considered as analysis of raw waveforms can be

extremely conputationally intensive.

Further simple statistical parameters are commonly used to describe signals such as the mean,
VWDQGDUG GHYLDWLR & ddfineld @ 6quativhsl4DQ1BHNG respectivelyThese
can be applied to a whole signal, to sections, or windows, of a signal, or to determine variation

between sets of signals.

T8 < A Ty (4.4)
& L 82 Al TuF T8 (4.5)
ab L C—55 AS STy F T8 (4.6)

Other statistical indicators often used are the slessrand kurtosis [253s well as crest, impulse,
clearance and shape factokartosis and skewnesseastatistical parameters that can be used to
describe the graphical representation of the AE signal population. Kurtosis characterises the relative
peakedness or flatness of a distribution compared to the Gaussian distribution. Positive kurtosis
indicatesa relatively peaked distribution. Negative kurtosis indicates a relatively flat distribution.
Kurtosis is defined as

- Ag_ e ed

-QNLE T (4.7)

Skewness characterises the degree of asymmetry of the distribution around its mean. Positive
skewness indicates a distribution with an asymmetric tail extending towards more positive values.
Negative skewness indiest a distribution with an asymmetric tail extending towards more

negative values. The Gaussian distributions produce a skewness of zero.

Y eged ?

53 L TEEl (4.8)
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4.4.2.2Frequency-Domain Analysis

Frequencydomain analysis offers further options favestigation of AE signals, and is a proven
technique for machinery diagnostics. This has been established through a long association with
vibration monitoring where spectral analysis is considered one of the principal analytical tools and

Is used in mangommercial monitoring packages.

Since AE is regarded by some as an extension of vibration monitoring, in that both are
measurements of surface motion as a function of time, the transfer of many diagnostic principles

from the latter to the former has bessacomplished

In general, frequency analysis involves the decomposition ofgeries data into the frequency
domain; this is typically achieved as an estimate through an algorithm known as the Fast Fourier
Transform (FFT). For many applications this heat alone is sufficient to describe the signal.
However, other algorithms have been developed which implement the FFT in order to estimate the
distribution of the signal energy in the frequency domain, the principal methods for this are known
as the Powespectral Density836' DQG :HOFKY{YV 36'HVWLPDWH >

Regarding condition monitoring, analysis of frequency spectra can be similar taldmaen
analysis, in that deviations from the expected normal condition may be indicative of faults. Some
frequency prameters are directly associated with aspects of normal machine operation such as
running speed or resonance, however, the development of faults may result in the emergence of
discrete frequencies which can be related to the physical behavioundigfdual machine
components, and\E spectral angkis is used to distinguish between different types of source

mechanisnwhich isof benefitwheninvestigaing events of unknown origin.

A further approach commonly used is to filter the signal to separat® ittsntonstituent parts. If
the filter is carefully constructed then this can then allow increased focus on specific events through

enhanced signdb-noise ratios.

There are some problems in using frequency domain analysis and the common one is the energy
leakage and the low resolution. This energy leakage can be reduced by employing a window

function, such as a Hanning window.
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4.4.2.3Time- Frequency Domain Analysis

Time- frequency domainralysisis an attractiveapproach whiclanalysse AE signask in the time
frequency domain. This igseful becausenany acoustic emissions are transient signals \akere
stationarycharacteristis are assumed byhe classical Fourier approachkor transient AE signals,
the early parts of an event can often provide mofarinationconcerningthe AE source than the
main stream because the latteroféen distorted by the effect of mutie reflections during
propagation. The significant progressadein time-frequency analysign the past twenty years
provides tools to inestigate the characteristics of frequencthegse transient processes.

The most widely used timgequency methods include the Shdnne Fourier Transform (STFT),
Wavelet Transforms (WTand Wigner-Ville Transform (WVT) The WignerVille Distribution
(WVD) was first successfully used to analyse transient AE signals for condition monitoring by
[255] Newland at the University of Manchester.

The STFT can be defined as:

5:Fi; LI T:RA:PFI; X% V@ P (4-10)

It employs a moving window&(t - 2 to the measured AE sigralt) whenperformingthe Fourier
transform. If the time window is narrow enough, a good time resoluéinbe achievd, but atthe
cost of reduction irfrequency resolution. This will not heoublesome irthe analysis of AE signsl
because high frequency resolution is not oftecessary for such high frequency signdlhis
technique will be used to analyse the AE signals acquired during the expsriment

Wavelet transforms artechniques introduced e 1980s to process transient signals, particularly

to reveal local disturbanceand have been applied bpany researchers to the field of fault
diagnosis. The pioneering work was carried out by Newjab8,256¢ who introducel the wavelet
transform into the analysis of mechanical vibrations. It has been widely recognised that the wavelet
transform is an effective technigdor machinery fault diagnosis the past 10 years, numerous
studies have been pighed in the field of condition monitoring and fault diagnostd¢sch have
included signal processg in the timefrequency domain fothe déection of transient signals and
extraction of fault feature or weak signal componernsg][2

Wavelet transforninas been used to process AE signals. @8][demonstrated the effectiveness of

waveletbased AE analysis to characterise fracture behaviour in composite materials. J&bhng [2
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appied a Garbor wavelet to analygee AE event generated in anisotropic cosifmlaminates and
found it an effective tool to analyshe wave propagation in dispersive medium. Dinget al.,
[260] useda wavelet packet transform tccuratelyestimate the arrad time of AE eventdased on
the decomposition of the AE signal. Teestudiesshowthe effectiveness of wavelet transform
the analysis of AE evestparticularly singleburstAE. No paper has been found in thierature
that has applied thigechnique to the analysis afcontinuous AE signal or a train of butgpe

acoustic emissions.

4.4.3 Feature Extraction and Pattern Recognition

A number of other approaches exist for AE signal processing which do not involve applying a
threshold, which are applicable for burst and continuous type emissions, and for bethniime
frequency domain information. Although the work in this thesis does not apply these techniques it

Is considered worthwhile to provide a brief review.

Many of these methods are considered attractive to condition monitoring as they introduce some
form of automation to the analysis process and therefore lend themselves well tomeeal
monitoring. Also, they can be adapted to quickly handle large amounts of data and to identify
changes in signals, or signal features which do not conform to the expected aasleer point is

that many of these processes are purely statistical in nature, and require minimal interpretation of
the complex AE signals with regards to the material or component behaviour. Hence, they are
generic and transferable over applicati@ssis borne out in the wide range of data processing
problems to which they have been applied, such as speech recognition, machine vision, medical

diagnostics and financial market analysis.

One technique used for isolating significant features from large often complex datasets is
Principal Component Analysis (PCA). This is a form of higleeel statistical analysis whereby
variance is analysed and a simplified description of the data is returned which preserves as much
statistically relevant informain as possible. The removal of redundant features is deemed
desirable, especially for the large datasets which AE monitoring usually generates, as it permits the

application of further statistical classification and diagnostic aids.

Independent Componentnalysis (ICA) is a further signal isolation technique, and is considered an
extension of PCA. It assumes that the measured signal is a composite of separate signals which can

be resolved using ICA algorithms based upon the assumption that the sourceasigstahtistically
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independent. The outcome is the source signals and also a measure of their separation effectiveness
i.e. how strongly they appear in the measured signal. This technique is especially useful for

extracting lowlevel or hidden signals, mch may otherwise be obscured by dominant sources.

Pattern recognition techniques are extensively used in condition monitoring applicatibes,

using simple timalomain parameters, or in combination with feature extraction or other analytical
processe. The overall aim with pattern recognition is to ascettagtonditionof an itemthrough
comparison of measured signal parameters against a reference bank in which signals over varying
conditions are mathematically and statistically vedfined. A besmatch is identified and the
acquired signal is then classified as representative of that particular condition. One drawback with
this process is that in order to minimise misclassifications prior knowledge is required of all
conditions that may be encdened. This may be impractical due to the many different operating
conditions and fault scenarios; hence the pattern recognition process rapplicationpe limited

to differentiating between normal and abnormal conditions.

Neural networks have regublaibeen used to recognise and classify complex fault patterns without
requiring a great deal of prior knowledge about the process, the signals, or the specific fault
patterns. Neural networks are structured in layers of interconnecting processing e{(emaoiss),

with the behaviour of the network determined by the weights associated with each connection.
These weights can be adaptively trained using example signals to associate a particular input pattern
to an output classification. Hence, if somethimgilar to that pattern is presented again then the
network will recognise it and return the appropriate output. Many output possibilities can be
programmed in this manner and it is not unusual to have several processing layers in order to
achieve an outputlassification. Neural networks are adept at handling large amounts of data in a
short period of time and are therefore useful for-tiea analysis and for data fusion, i.e. the

amalgamation of information obtained from a variety of sensory inputs.

Further generic signal processing tools include fuzzy logic and expert systems. Fuzzy logic is a
technique used when fault threshold values for conventionatdomein and frequenegontent

analysis are felt too rigid to suit the complex nature of mechaoaalition monitoring. Expert
systems is a term used to describe the application of knowhsstgeel procedures and programs that

are the equivalent to the knowledge, or reasoning processes, that would be expected from human

experts in a particular field.
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CHAPTER FIVE
MATHEMATICAL MODEL OF PISTON
SLAP AND FRICTION IN A DIESEL ENGINE

In this chapter a mathematical modeldsveloped for the numerical simulation of the habar of

the fourstroke diesel engine used in the test agd subsequently for predictirige impact and
friction forces between piston assemdahd cylinder walkesponsibldor piston slap signatureand
friction. The modelconsists ofa piston displ@ement equation, piston acceleration equation and
piston motion equation. In additioa,hydrodynamic lubrication model developed for piston slap

phenomenorand friction
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5.1 General Concepts

This chapter describes a mathematical model develtpathulate the work cycle & healthy
four-stroke diesel engine, and to simulate the consequences of pist@nglapston friction The
fundamentalidea is that piston slap imitiated when the connectingd side force changes
direction either dueot changes in the connectingd angle, or the connectirgd force (from
FRPSUHVVLRQ WR WHQVLRQ RU YLFH YHUVD andHricBdn\aww R Q TV
significant sourceof AE evens and energydss and can lead to cavitatioeavon the cooling side

of the liner, while its motion along the cylinder bore generates friction and transports oil, thereby
affecting wear of the piston, rings and liner, and contributing to oil consumption.

Factors effecting the piston slap and frictioa [@61]:

Cylinder liner temperature,

Oil film thickness between piston skirt and cylinder liner,

Lubricant viscosity,

Engine speed,

Piston skirt profile,

Piston skirt size,

Piston skirt waviness,

Piston skirt roughness,

© © N o g s> w D P

Skirt-liner clearance, and
10Wrist-pin offset.

Piston skirt lubrication is pragted by lubrication oilwhich is, in generalpicked up from the oil

sump and thrown onto the cylinder bore by the motion of the crankshaft. In some engines,
lubrication oil is also sprayed onto the undersidéhefpiston or other locations within the power
cylinder system. The lubrication is then transported along the cylinder bore by the motion of the
piston piston rings and gravity. Lubrication oil is also transported around the system when it is
entrained irblow-by gases. The lubrication oil leaves the cylinder bore in three ways: oil returns to
the sump: oil entrained in the bldwy gas leaves the system via the crank case: or oil is consumed
in the combustion chamber.

The engine process is the basis fag model simulating piston slamd frictionAE eventsbut due

to the complex nature of oil transport within the system and inaccessibility for experimental
confirmation it is often impossible to accurately predict the location and thickness of oil films

within the system.
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5.1.1Piston Slap

As stated, piston slap is caused by changes in direction of the piston side force. This event occurs
many times in an engine cycle; however, major piston slap has been found to occur near TDC
during firing. This is dudo the fact that at thisme the impact energy is greatehie to the high
pressures in the cylinder chambe82R While high levels oengine noise hee warranted in major
changes irdiesel engin@lesign geometrypiston slap is reducesimply by changng the geometric
parameter of the piston known as wiapst offset[263, 264, 265, 26p Offsetting the piston has the
effect of reducing slap impact sinogvement of the piston form from one side of the cylirtder

the other occurs prior to peak cylimdeonditions, and thus with less impact energy. This has
generally beerusedfor reduction ofAE eventscaused by piston slap in diesel engines and has
proved to be successful, relative to oteeentsource levels.

Without wristpin offset the piston siply traverses from the antnrust side to the thrust side, when

the side force on the piston changes direction. This usually occurs near peak cylinder pressure
conditions, which causes a steep piston side force curve, and in turn, causes higher iemségt int

The effect of wris{pin offset is to cause the piston to tilt when the cylinder pressures become
significant, in an orientation such that the bottom of the piston makes initial contact with the thrust
side of the cylinder liner. As stated, thiscacs before peak pressure conditions, and thus the
intensity of impact is minimised. The reaction force due to contact at the bottom of the skirt
combined with the change in direction of side force causes the piston to tilt in the opposite
direction, causig another minimal impact between the top of the piston skirt with the cylinder liner.
This two phase impact technique of lowering piston slap impact intensity has proven to be effective
in low-noise engine design.

However, with the development of high spe low weight engines, more study is needed of the
dynamics of piston slap and the factors affecting it, rather than the quick answer of varying wrist
pin offset. Limited studies on the engine conditions affecting piston slap in diesel engines have been
undertaken, including engine load and spedfécts P67], and clearance effects at low speeds
[268]. In addition, studies of the dynamics of the piston using displacement measuring techniques
have also beeaccomplished [@9, 27(. However, there is needifa more complete picture tife
dynamics of the piston during piston slap, and the engine conditions and parameters affecting its
intensity. Also, there has been little understandinthefrole ofthe oil film in damping the impact,

since prediction othe oil film is extremely difficult, and therare noadequate ways of measuring

this parameter.
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5.1.2Piston Friction

The dieselengine frictional losses can be classified into four main componasten assembly,
valve train system, bearing systeand auxiliaries (water pump, @ump, alternator, etc). Figure

4.2 shows the general proportions of the frictional lfzgseach engine component, although these
proportionswill change according to engispeed, load, and the type of engi@éq.

From Figure4.2, it can be said that most of the engine friction losses are from the piston assembly
(piston skirt, piston rings and piston pimhich accounts fonearlyhalf of thetotal engine friction

for motoring conditions, and an even higher fractibrtabal engine friction for firing operation.
Thus it is necessary to attack piston assembly friction to achieve low engine fribsmy
researchers have made a great effort to understand tribological phertomethace the frictional
losses of the pisn assembly. However, the friction reduction of the piston assembly still remains a
challeng due to the complexities of the tribological phenomena and the interrel&teiwsen
friction, emissionsdurability, noise and vibratigmil consumption, blowby, etc.

Figure 5.1Stribeck diagram showing the various regimes of lubrication [263].

In general the characteristics of the lubrication phenomena in the piston assemblies can be
explained using the Stribeck curve. Figlré shows a general Stribeckagram representing the
various lubrication regimesThe Stribeck diagram classifidbe lubrication regime into three
regions: boundary lubrication, hydrodynamic lubrication, and mixed lubrication. In the boundary
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lubrication region, the asperities be®n two rubbing surfaces come into contact and become dry
friction. Surface properties and lubricant additivegféect the friction losses in this regicand the
friction coefficient is independent of lubricant viscosity, surface speed, and load. In the
hydrodynamic region there is no direct contact between the two surfaces. The lubricant film
separates the two surfaces completaigfriction losses in the hydrodynamic region mainly come
from shear forces of the fluids moving at different velocities betweetwo surfaces. The mixed

lubrication region lies between these two extremes.

Basically the main functions of the piston ring assembly aredb s
1. The high pressure combustion chamipem the crankcase, and

2. The oil in the crankcase from the combostchamber.

Optimized piston/ring pack designs should fulfilgeéunctions with minimum friction losses and

wear. That is, the tribological characteristics such as friction, lubrication and wear of the piston/ring
assembly are equally imponta Howeve, in this studythe main concern will beoncentrated tthe

friction losses of the pistamssembly.

The lubrication phenomena of piston rings are extremely complicated due to the variatidarof pis
speed, piston ring dynamiesd interactions of the aplder gas and lubricant fillnetweerthe ring,

ring groove, and the cylinder liner. Many researchers have made progress igngnétg
lubrication phenomena of the piston assembly. The results of their research have proven that the
basic frctional mechaism of the pistorassembly is the combination of boundary, mixed and
hydrodynamic lubrication.

As the oil viscosity, piston speed, and load are changed, the lubricant regime of the piston assembly
also changes. As thmston approaches TD&nhd BDC, the iston speed becomes zero momentarily

and the duty parameter (theaxis) in the Stribeck curve approaches zero. Therefore, the lubrication
regime near the TDC and BDC positions beconmsbary lubrication. At the migiston stroke,

the piston speets a maximum value and hydrodynamic lubricatidecomes dominant. Mixed
lubrication occurs during the transitions betwésxrodynamic and boundary lubrication. On the
up-stroke, the squeeze film effect of thi€can delay the transition to mix and boundaryricdtion.

In addition to thecomplicated friction mechanism of the piston/ring, the friction reduction of the
piston/ring is also interrelated with oil consumption, bloyy wear and other engirgurability
problems. Therefore, it remains a challengindgopegm to reduce the pist@ssembly friction losses.

Recently howeverthe AE techniqueas developed at Huddersfield University will be used in
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monitoring piston slap intensityand piston assembly frictipnand will thus provide an

understandingf the impat forces.

5.1.3 Characteristics of Piston Assembly Friction

The friction measurement of the piston assembly under engine firing condition is still a challenging
problem. This is why in this research the piston assembly friction measurement under firing

condition was done by using the AE technique.

Engine friction can roughly be dividedto: coulomb friction (dry friction) which occurs when
asperities between two surfaces moving relative to each other come into,camdaittiid friction

which develop®etween adjacent layers of fluid moving at different velocities. The actual degree of
friction in and betweemngine components can seldom be putlypéato either of these categories,

but insteadwill lie somewhere between these two extremes becaudeatthen, and velocity of

engine friction surfaces always vary when the engine isatipg.

This means that there is a continuum between dry friction and fluid friction and the place on this
continuum is dependent on such factors as: component geomatigces roughness, relative
velocities of the moving surfaces, normal loads and various rheological properties of the lubricant.
This continuum pproach is exemplified by what @ommonly known as a Stribeck curve. Figure

5.1shows a generic exampletbis curve.

5.2 A Review of Previous Work

Early work in this area [1889( was focused on reducing engine noise and vibration and began
with rigid body, frictionless models of the pistoglinder system based on idealised joint
constraints and a variety aflditional simplifications. These models were initially used to solve for

the crank angles at which the lateral force on the piston is reversed, causing piston slap to occur and
to develop an idea of which parameters were likely to affect piston motiwey Were later
developed into more sophisticated models that were used to investigate the effect of variations in
pistorrcylinder bore clearance and wrjgh offset. Experimental results obtained by Skorec8v]1
confirmed that piston slap is a signifitasource of engine noise, particularly in the range of 2 kHz

to 4 kHz and were used both to confirm the trends predicted by the model simulations and to

investigate the effect of varying lubrication conditions on piston slap.
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, Q "1$JRV W L) Rrodaseda@omputer program for the determination of the fluid film
force between piston skirt and cylinder wall due to the hydrodynamic lubrication mech&hism.
finite element method (FEM) hadso beerapplied by otheresearchert analyse the ipact force.
However, the models as well tee FEM wee not sifficient to estimate the impact forces. This is
because the basic mechanism associated with the piston slap is related to the medbarsiotd

of engine block in a neeimple way.

More recentwork hasemphasisednodelling of the oil film. The average Reynolds equation
developed by Patir and Cheng [271] was used by Zhu et al [272i®%H}e into account surface
roughness and wavingsand models have been extended from essentiallydimensonal
kinematic moded to quasithreedimensional models which make use of the -tlimensional

Reynolds equation, which was applied over a variable circundelsnDursunkayaet al [2&].

5.3 Piston and Piston Ring Kinematics

Fundamentato piston andpiston ring operation are the piston and piston ring dynamics, which
comprise the primary and secondary piston motions, radial and axial ring motions and ring twist.
These motions influence all facets piston andring operation; the formation of oil filsy the
resulting friction between ring and lindriction between piston and liner, slap between piston skirt
and liner wear of the components and bkmy across the ring pack.

The pimary motion of the pistoms equal to that of the pistaimgs. This @n be determined as a
function of the crank angle when the geometry of the celider mechanism is known; a
schematic of this assembly for a trupiston engine is shown in Figuse2a. Thus, expressions can
be derived for piston displacement, velocibdacceleration, and these are giwemquations 5.1,

5.3 and 5.5espectively.

The piston displacement, velocity and acceleration during a-$tvoke engine cycle, with a

connecting rod/crank radius ratm,of 2.6, are shown in Figure 5.2
If the crankshaft is rotating at constant angular spe@das shown in the Figure 5.2, we can

calculate the position of the piston in terms of the cearnie E[274]:
TL NSsF?2KODEJ:sF?2KQY (5.1)
Where: Uis the angle the cerod makes with the vertical, andcian be seen that:

HJO EJL NUOEJa (5.2)
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Figure 5.2 (a) Schematic of cranklider mechanism, (b) piston primary moti@75].

From Eq. 5.2 we got:

OEJ_t;f;’SOEJa

OEJ_CféOEJé

Where JL "VM

By using the trigonometric identity of:

UL YBFOBU L §SF o ecaf L ¥sF:J U cad (5.3)
By substituting Eq.5.3) into Eg. 6.1), we obtain

TLNHSF .. & EJFsF §sF = +<a;5Q (5.4)
In another form

TL NHsF...‘&;E:WF5F§SF:-2-<-a;GG (5.5)

With respect to timethe meancrankshaft angulapeed
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The piston position with respect to crank angle is sim@lgdthe piston speed is:
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The piston acceleratias the differentiatiorof the pistonvelocity. The acceleration with respect to

crank angle isT"f
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The acceleration with respect to time and the angular velocity of piston derivatives then:
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Wherex is piston displacement from TDCjs the crank radius, is the crank angulatisplacement

from TDC, nis the ratio of connecting rod length to crank radiies NKD Vv is piston velocity, &is

the mean angular speed of the crankshaftaaisdoiston acceleratioRiston secondary motion also
affects ring operation. This is caused by clearance between the piston and liner whishaaécal
movement and rotation of the piston about the piston pin according to the forces and moments
acting upon it. Piston rings also exhibit secondary motions; again includimgl latevement and

ring rotationsand additionally, ring lift and ring twst. These arise from the various forcesragon

the rings These include; inertial forces from piston acceleration and deceleration, forces owing to
the pressure difference across the ring, oil film damping forces, and friction forces from shearing of
the lubricating film and contact pressure at the ring/liner interface.

5.4 Governing Equations

5.4.1 Equation of Motion
The equations of motion for the piston have been deikloped [276,277]; howeveanodfications

were madeherein consideration of wist-pin moment inertia,/ z gwristpin friction 1+ and
friction and normal forces on the piston from theeerings, sand (g5 for the top ring, and
(geand (ggor the second ringnd \,sand (g7 for thethird ring (seeFigures 5.3 and 5)4Also,

the forces and moments due to oil film support were broken down into four forces and four

moments. Each side of the cylinder liner has a normal force, friction force, a momeuot ttiee t
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normal force, and a moment due to friction force. For the tisidst this calesponds to , (é i

and / {j,and / , jFor the antthrust side, this corresponds {e, (, o and /0o, and / ;o

[276.

Equilibrium of forces in thg-direction yields:

AGLUWEGBE®BGWEEC.. PEAGEE(GIE(oLT (5.10)

by

Where (corresponds to the foraueto the gas pressure on the top of the piston, 8gdand,

@\gorrespond to axial inertial forces due to the piston, and -pins{along with part ofthe

conrecting rod), respectively. The connecting rod force is giverféoy

Equilibrium of forces in the-direction yield:
Afs L (aeE (aF Cocdl EAjg(evE (1 EG LT (511)

Where \qand (a.g£orrespond to the horizontal inertia forces due to the piston, andpirjst

respectively. The third equilibrium equation balances moments about theinrastd yields:

Al pavaa L/ avE!l AeE/ ¢eE/ i Eloo E(RE(ay=F> F@%E

/¢iE/¢°EO/EAELs(3FEAELs(4F|'F|Lr (5.12)

Where / 4 igorresponds to the rotary inertia due to the wist %pand % correspond to the

wrist-pin offset and horizontal distamcbetween the wrigiin axis and centre of gravity,
respectively, ané andb correspod to the vertical distance from the top of the skirt to wpist

and centre of gravity, respectively. Elimination ¢from equationsg.10) and (5.1)lyields:

F(aeF (avk G E:(,iE(i:=fPE(i F(e (5.13)

Rewriting equation{.12) yields:

FIavF !l aeF (av,=F> L/ E/lif Eloo El,{E/ ;o0 (5.19
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Where (j and are the forces and moments that do not depend on fhisesrcontact:

(i L Ky E GeE @yE Algs (evo— P EAg (v (5.15)
[1 L/ eeE (% F @G% E % Alg (e vE Algs (e vW (5.16)

Frictional losses fromhie second ring are relatively small, and, as a result, most friction reduction
strategies focus on the top and oil control ringe horizontal inertia forces and moment are

defined in terms of piston eccentricitie® and };and can be calculated:as

Figure 5.3Schematic of piston cylinder wall system [276].
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Figure 5.4 Schematic of forces and moments acting on the pistdj.[27

(AeL FI geAVES AGF A7? (5.17)
(avk Fl a0#VE ABF AL? (5.18)
I avE ! ael FMW (5.19)

JURP 1HZWRQYV ODZ LQ PDWUL[ IRUP
7L o 2=? (5.20

Thus, equations of mass and acceleration define the equations of motion for the piston; the

procedure for determingthe terms in the forcematrix depends on the piston contact.

a(‘ E:(,iE(o;—fPE( Flon,
It Elji Elos EN ,fEI ;o ) )
(@] (0] (@] (0]
I EE@ F_AAEI gu@ F_AA | EET&EI éUjﬁ Agh
A

C : (5.22)
AEIéUlee_‘F>;@F7&A IEE::F>;—/C3\)F—AA g

Z
3|3
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5.4.2 Piston Ring Normal and Friction Forces, yand r_
The piston normal forces have been calculated assumingtgaalid contact between ring and
groove, and using forces calculated by a maglelilar to Namazian277). (55, (g&and (g3

correspond to the pressure force, friction force between the ring and liner, and ring axial inertia

force, respecdtely. The ringf ®juation oimotion is obtained by considering these forl@&s):

Lo L (aaE (vaE (udF (es (5.22)
Where » , is the ring mass, an@ is the top ring side clearance. The force between the piston and
ring is given by Namazian as:

>y,

Py
(es L FU& @ o Up (5.23)

Where . 5 is the ring length in the circumferentidirection 94 is the ring width in the radial
direction, and (critical shear ratejlepends on area covered with aigsgumeds 0.1). Substituting
equation $.23) into (5.22) yields:

xUy B x- Uy
(aaE (0aE (v dF UaaUGaL_g U: L &

(5.24)

This can be solved foby to obtain the normal force due tcettop ring. A similar analysis salore
for the secon@nd thirdrings.

The horizontal friction force can be calculated since the normal fetamoiwn:

(g5 L 30 0muedas (5.25)

Where J is,the friction coefficient between the fa and ring

pgl—mgqrn@l

5.4.3 Wrist-Pin Friction, y ||
The wristpin frictional moment/ g ds modelled as [24):

| eel O EOPas 4g ( (5.26)

Where 4g is the radius of the wrigtin, and ( represents the normal force on the wpist. The

sign changes with change in piston tilt.
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5.4.4 Cylinder Liner Support, g, I'myY egand Y mm

The cylinder liner support idividedinto a force and moment on both the thrust andtantistside
[261]. The two sides are decoupled by use of the piston tilt equation:

—féL%yﬁ (5.27)

Where, Qs the piston tilt, see Figure 5.4, and the side support due to hydrodynamic lubrication is

given by a averaged Reynolds Equation based on average flow factors [261]
~ @é@—fjAE—i @) @—iEOAL X4 7@“ E x—"AE s té—l; (5.28)

Whee 0, and Q are the pressure flow factors, ar@eis the shear flow factor. These flow

- ~ 0 -
factors are based on surface wavinessand surfaceoughness € The—g term is dependent on

piston skirtthermal distortions, machined profile, elastic deformations and geometry. With the
proper boundary conditions for the Reynolds Equation, the normal force due to hydrodynamic
pressure and its moment about the wpist is found by the following integration§for the thrust

side):

(joL 41 #p2p:ad)?KOa@a@UuU (5.29)
l'iioL 41 #g2p:adJ:fF>;?KOa@a@U (5.30)

Where yand #o. are the total bearing areas on the thrust andtlantst side, respectively, found

by iteration.

If the distance between the piston skirt and cylinder liner become smalgtersmu that the
hydrodynamic assumption is invalid, a contact pressure and friction force result. The contact
pressure is determined by calculating the normal pressure for one wave, then integrating over the
area to find the total normal pressure, and cguset force and moment. The coupled local wavy
contact pressure?{O, and wavy contact deformationjequations defined by Zhu et al [273] are
solved via adaptive step control numerical method, the following normal force and moment result
(for the thrust side

(joL 41 #ipp:ad)?KOa@a@U (5.3)

| iio L 41 #ia2p:adJ:fF>;?KOa@a@U (5.32
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Thus, by combining the contributions from the hydmwaimic and constant normal forces and

moments, the following totadormal force and moment res(fibr the thrust side)

(i LGoE (o (5.33)
l'ii LTiio0E/ iio (5.34)

5.4.5 Skirt-Liner Friction
The frictional forces and momentsusgd by hydrodynamic lubrication amsogiven by Zhu et al
[273] for a rough piston skirt. The shear stress isgase

i L Fg kOy E Qy 9E Qua— (5.35)

WhereQ‘J OJ £nd OJ zare the average shear stress factors dependent on surface waviness and

roughness. Thus, the hydrodynamic foatforce and moment is given @sr the thrust side)
(,ioL 41 #glladb@a@U (5.36)
I ,ioL 41 #pl:ad):4?KRA%, @a@ U (5.37)
In the case of contact, frictids given by(for the thrust side)

(ciol Fa- i #62 2d)8@a@ U 539
| Jiol 4 i #i62 28%E,:4 7K CFRa%:; @2 @ U (5.39)

Thus, by combining the contributions from the hydrodynamic and constatioriel forces and

moments, the followingptal forces and moment res(fibr the thrust side)

(g,i L ((;iUE((;iO (5.40)
I,i L1, i0E/ i (5.41)

This summarized the theory behind the piston slap model which will beandedmpare with the

experimentafesults.
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equation of motion
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motion and piston side force

Figure 5.5Flow chart forpiston frictional force and thgiston side force

133



5.5 Radial Thermal Deformation

During combustion, the piston crown and top land are exposed to combustion gases, resulting in
heat transdr to the piston and crown temperatures of about 200The top ring(s)seal the
combustion chamber and there is significant clearance between the piston and the cylinder bore at
the pin axis, so in general the piston skirt is not e¢gds significant amount of the combustion
gases. The piston skirt temperature is therefore predominantly determined by conduction of heat
from the crown, and typically varies axially through-BI0 . Depending on the material and
structure of the piston, and whether any cooling oil is supplied to the underneath of the piston,
temperatures within the piston can vary significantly. These temperatures and the corresponding
thermal expansion, which is of the same order as the piston eylide clearance, vary over time

with running conditions from cold shape at sigpt to a significantly larger shape at steatbte,

high load and speed. It is considered for the purposes of this study that we have fully warmed

engine | assume steadwt® warm thermal behaviour.

5.6 Cyclic Variations

As the cylinder pressuihanges fronmminimum to maximum value, the piston assembly friction is
influenced by the cylinder pressure variationughn addition to the friction force, it is valuable to
determinetherange betweemaximum and the minimurof thefriction force during the measured
engine cycles. The cylinder pressure variation and gas torque is shown inFgure

As expected, the piston assembly friction is dependent on the cylindeurpraessiation. The
variation of the second peak tife friction forces is very dependent on that of the peak cylinder
pressure. The crank angles at which the friction forces become maximum or minimum are
coincident with that of maximum pressure or minimpirassurerespectively

The gas torque signal exhibits an offset sine wave shape. The amplitude of the combustion related
torque oscillations is clear. The phase of the torque output main component is within a few crank
angle degreesf cylinder pressureThis is observed at the peak values of torque; however the
torque is a distorted sine wawdich can be observed in the bottom lumps between the combustion
events.This is largely due to inaccuracies in the reciprocating masses and valve train.

Fuelling, igniting and combustion relate cylinder to cylinder torfjuetuations. Due to uneven air
charge, fuel injectiors, poorignition repeatabilityandbr combustion instability, the engine torque
output isnever completely even, especially at low sgekdgically, the frequencies characterizing
these phenomena are lower than the firing frequency.
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Figure 5.6 Measured diesel engine pressure and gas torque

5.7 Cylinder Pressure Measurement

The oil viscosity at 90°C is just about 5% of that38tC [276]. The smalér value ofviscosity
yields an increased possibility for boundary and mixed lubricatibme®s the piston and the liner.

At elevated oil temperatusethe oil film thickness between the piston assembly and the liner could
be less thathe mean legth of metal asperities at some piston positions, and thus there could be
more possibiliy of metalto-metal contact between them during the engine operation.

That is, the lubrication regime could be boundary/@nchixed lubrication near the TDC and BDC
positions in which the cylinder pressure is high dmal piston speed is lowrigure 5.6 shows the
measured cylinder pressure at an oil temperature of about 9MéCGegion of most significance of

pressure is the region around TDC of compression staskijs is where transducer is located.

The trend of pressure force variation as the engine speed increases is the same as that for low
oil temperature. However, the absolute value of cylinder pressure at high oil temperature is
less than that at lowoil temperature due to the difference in volumetric efficiencySince the

air densities trapped in the cylinder become lower and the volumetric efficiencies are lower at
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high oil temperature, the cylinder pressure at high oil temperature is lower than thiafor low

oil temperature at the same engine speed.

From figure 5.6 (lower one) the measured engine speed fluctuations between two speeds, the
increased moment of inertia of the angldrake set up leads to very large engine noen
uniformity and thus limited speed fluctuations. Nonetheless, the greater speed droops of the
friction are apparent.

Note that the firing stroke is within the crank angle range from 10 todegdee ATDC The

maximum pressure shown here is around top dead centre.

Figure 5.7 Gaspressure acting on the piston crown

5.8 Effects of Engine Operating Conditions on Piston Liner Friction

Modern diesel engines operatén a variety of speed and load conditiodepending on their

application. Insmall vans and heavy duty trucksads angpeedwill vary considerably due to the
variety of operatingconditions encounteredsome passenger car engimgsically operate at high

speeds and high loads. Stationary power generation engines operate in higlovioagpeed
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conditions because higbhdd generates more power and the low speed is need@érface with
the electric generator and the power grid.
Both engine sped and load affect the frictiogenerated between the piston and liner. In

addition, oil supply plays a very important ratepiston assembliiner lubrication

5.8.1 Effect of Engine Speed

With increasing engine speed, combustion characteristics and corresponding pressure trace change
altering fuel injection timingand increase fuel magisecause the piston speed is disectlated to

the rotational speed of the cranksha#tlso the engine temperature increases with inectasgine

speed, and correspondingly the thermal deformations of the piston and cylinder bore increase. Both
the piston and cylinder bore temperatuses thermal deformations increase with axial heightl

the location of the coolant chamber affects the temperature distribution and any reinforcements can
restrict thermal deformation.

Figure5.7 showspistonaxial velocity(Eq. 5.7)and lateral forc€dEq. 5.13)behaviour forthe JCB

engine. It can be seen that thiston axialvelocity increased with increasingnginespeed and the

piston lateral trust force is only slightly influenced by increasing speed. The aptetpiston is

zero at both TDC anBDC as seen in Figur&y comparison with the Stribeck curve of Figi.é

the lubricant would bé the boundaryregimeand some asperity contact woydcesumablyoccur.

Also the coefficient of friction will increase during this phase resulting in isectdriction forces

[276]. Therefore, it is likely that high strength AE will be produced at these angular positions.
Moreover, at TDC the lateral forces are much higher than at BDC because of combustion and the
resulting AE should be strongerThe high faces seen at (0, 720 and 1440 deg.), because gas
pressure variation is greatest value around firing TDC (negative value denote piston movement
towards the BDC), whereas during compression, and inlet and exhaust strokes, its magnitude is
much lower.

Other factors such as the number of piston rings; piston ring profiles, width, tension, piston skirt
length and profile are all capable of influergipiston ring assembly friction but it dear that

these factors serve only to superimpose themselves orféesenherent to the nature of the piston
ULQJ DVVHPEO\YV UHFLSURFDWL Q JcyfriRiaV hresgure fludtOafions dvédtoY H O F
combustion (load).

As the speed increases the instantaneous piston speed atrokd also increases. At higihpiston

speeds the lubricant is in thgdrodynamic region, higher fluid pressure will develop in the oil film

formed by the hydrodynamic lubrication and friction foreall increaseFriction forces at both
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dead centres are different because aBiD€ the area of contact between piston and cylinder wall

is smaller due to the opening of the transfer port located at BDC. At the middle of the stroke, the
opening of the exhaust port also reduces the contact area between piston ahdcaa#ie of the

max pston speed at middle (low oil viscosity, the shear rate depends directly on the piston speed,

and the viscosity is controlled by the shear rate)

Figure 5.8 Enginespeedand effecion the piston

The lateralforce after compression TDC decreaasdte engine speed increases as sedfigare

5.7. However, incontrast to the period of time after cold starting the engdimefriction force near

the midstroke does not change a I@this is basically due to the low oil viscosity at high oil
temperatureAt high speed, the measured friction forces are more influenced by the increased
signal noise that occurs higher speedsThe friction forces decreassightly near compression
TDC as the engine speed increaard increase near mid piston stroke eWehe differences are
small. However, in contrast to expectations, the friction force peakcoegsression TDC dtigh

speeds greater than that féow speed
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5.8.2 Effect of Engine Load

The effect of engine load on friction is less straightforwardorbier to maintain constant engine

speed when the load on the engine increases, the amount of air and fuel brought into the cylinder to
be compressed and burned during combustion must be increased. As a result, higher peak pressure:
are reached in the cyililer.

The engine load acting on the piston (force and velocity) is illustrated in Figur.8 as a
function of the crank angle. As seen in the figure the piston lateral foragas increased by
increasing the load and there is no significant change in pistaaxial velocity with increasing
load. The friction generated by the piston is significantly affected by the pressuresachedin
the cylinder throughout the engine cycle.

Figure 5.9 Engine load acting on the piston

The cylinder pressure controls thep land pressures, which affect the piston dynamics and
therefore the lubrication conditions encountered by the rings throughout the engine cycle. Although
LQ JHQHUDO WKH FRQWULEXWLRQ RI IULFWLRQ DV D SHUF

reduces as load increases, because the piston lateral force is increasedrafigeea5.8, major
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changes in load may result in a change in the type of piston liner friction that dominates in different

parts of the cycle.

5.8.3 Effect of Oil Supply

Theamount of oil supplied to the piston throughout the engine cycle has a significant effect on the
friction and lubrication conditions between the piston and the linégl.[Z'’he presence of oil
between piston and liner should significantly reduce the dnctorce, as the side load is partially
supported by hydrodynamic pressure, thereby reducing the extent of aspetiygt. This may

affect the piston tilt to a small degree, but is not common to have a significant effect on lateral
motion. Also the presee of oil does not change the timing of the start of piston slaps, but provides
FXVKLRQLQJ VORZLQJ WKH SLVWRQYV WUDYHO DFURVV WKH
and reducing oscillations due to bouncing and tilt. The lateral moti@dised due to the fact that

the incompressible oil physically reduces the available clearance and can only be squeezed out in a
finite amount of time.

Note that there is no oil on the liner in the region above TDC of the oil control ring in the first
cycle. This is because the oil control ring can never travel above its own TDC position, and there is
thus no direct oil supply to the upper rings between TDC of the oil control ring and TDC of the top
ring. As a result, the only source of oil to this partha liner is what irought into this region by

the top ring or the second ring in subsequent cycles. Thénerisfore much less oil supply to this
section of the liner as can be seen in Figure 5.9.

Figure 5.10 lllustration of theoil dry region atop of cylindef276].
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5.9 Effects of Piston Parameters on Piston Friction

5.9.1. Skirt-Liner Clearance

As the piston travels up and down in the cylinder, it also rotatelew speed about 10 rprajd

moves transversally im secondary motion, due thanging gas pressures and iner{iasg.
Insteadof travelling along the axis of the cylinder, the piston presses against one side of the liner as
it moves towards the combustion chamber, then moves to the other side as it travels down. When
the pistonnrRYHV IURP RQH VLGH WR WKH RWKHU D 3VODS" RFFXU
and oscillates briefly before remaining pressed against it. The impact velocity of this slap affects the
amount of noise produced by the engine as well as the pigtbarfal losses as seen in Figure 5.10.

The skirt/liner clearance directly affects the impspeed of the piston slap. A larger clearance
allows thepiston to accelerate over a larger distance, resulting in a faster impact speed at the slap.
Large impact velocities lead to large impact forces, which lead in turn to large contact friction
lossesThus skirt/liner friction should be reduced as clearance is reducedshitigdbe for larger

oil thicknesses, but for thinner dilms a minimumpoint should occur where friction begins to

increase again when clearance is decreased.

Figure 5.11 Piston lateral impact velocity

This minimum point results from asperity contact occurring at tight clearances, inbrelases
friction, by bringing the skirt andrer surfaces closer together for low oil filihicknesses. &
large clearances the slapping velocity dominates and frictemmeases as clearance decreases,
while for very small clearances asperity contact becampsertant and friction begins to risehvie
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clearance is dweased. There idmaost no change in hydrodynamiciction with clearancewhat
causes change the frictionis a largely change in asperity contdlte ideal skidliner clearance
provides sufficient space for the oil but is notglrenoughto produce signifiant impact.
Insufficient clearance produces excessive confaiction, while excessive clearance produces

excessive impact.

5.9.2. Oil Supply/Qil Film Thickness
Oil film thickness, which is controlled by oil supply, has aedirimpact on frictionbut the

mechanisms of oil distribution between the piston and liner are notndlgrstoodA very thin oll

film enables the skirt to easily push the oil aside and contact the liner, leadiogndary friction.

On the other hand thick oil film tends to encourage hydrodynaruibrication by providing more
contact between the film and the piston surface, thereby enalhérigteral force to be spread over

a larger area.

As the film thickness is increased to a certain poingduces boundary contact friction to a very
small value, which minimizes net friction work loss. If film thickness is increased beyond this
critical point, however, no further reduction in boundary friciamcurs andhydrodynamic friction
increases duetan increase in wetted area. Thus, increasingthilakness beyond the critical point
can actually increase net friction.

The oil film thickness has a much greater impact on boundary friction than hydrodyifdmaic.
boundary frictions increased rapidlgs film thickness is decreasehis isdue to arincrease in the
amount of boundary contact that occurs as the piston and liner surfatesugte closer together
When the film thickness is increased sufficienthe boundary contact friction componeistvery

small (canbe neglected), and further increases in film thickness increase hydrodynamic friction
loss. There is only a small change in hydrodynamic friction throughout the range of film
thicknesses.

The olil film thickness has a mudarger effecton piston friction than skirt/liner clearance. The
main effect of the clearance is ¢ontrol frictionduring WKH 3VODS™ SHULRG RI WKH
while the film thickness affecskirt/liner contact thoughout the cycle.

When its effect on frictionis clear, the lubricant film thickness may also affect othegine
parameters. For example, a thicker oil film can serve to cushion engine slap, reshgimegnoise

and vibration as well as friction. However, if the film is too thick, oil consumptiag become a

problem.
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5.9.3 Surface Finish/Waviness

The piston skirt is typically machined so that it is covered by circumferential grooves, as well as
VPDOOHU VFD Gakpetitieg 27 6 KTQaHgrovves behave as oil reservoirs, supplying oil for
hydrodynamic lubrication. The customary measure of groove size is waviness, which is the
3D P S O L w.Xnaltbf the peako-valley depth) of the groove.

The liner also affects oil flow and retention. In typidéselengines, linerfiave a honing pattern
that serves much the same purpose as the waviness pattern on thahmstpaoves retain oil by
surface tension and serve as an alternate supply, and they also fimvigaths for oil. Unlike the
piston, in which grooves are machined circumferentidegrooves in the liner are often oriented

at an angle relative to ehhorizontal. The honing angles a modest impact on friction. Shallow
honing angles (relative to the horizontahcourage oil to flow laterally rather than move up or

down the line, which would baundesirable.

5.9.3.1Waviness vs. Roughness

Surface roughness refers to the natural deviations of an actual surface from a geonstrazzty
shape. Any metal shape has natural surface roughness that is related to the nratradature,
degree of polishing, and other factors. In a ring surface, surface roughness plagsréant role
because it serves much the same purpose as waviness on a piston surfatieythserves as oil
reservoirs, and the gaps between the peaks mdiogv paths for oil. In giston, however, the
waviness amplitudeshould begreater than the roughness amplitude, often byoeder of
magnitude. Thus, although roughness would be expected to play an important role in &ithston
nominally smooth (whoned) surface, roughness only slightly modifies the effeemplitude of
the waviness peaks in typical pistons. Therefore, roughness amplitude is expetiade a

negligible effect on frictionThechanges in roughness had little impact on net frctio

5.9.3.2Parametric Surface Waviness

The friction losses decrease as surface wavikesseases, largely due to a decreasboundary
friction. Foravailability of oil, a pistorwith deeper mached grooves has more volume to contain
the oil xthat is, the lubricant can bérapped within the mached grooves instead of staying
between the piston and liner. When itcentained within the grooves, the oil is not useful as a

lubricant or to support hydrodynamicessure, and asperity contact occurs. Caahg, when the
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oil cannot escape into deepachining grooves and is compressed between the piston and liner,
hydrodynamic pressure generated and the piston load can be fully supported on the oil film.

The relation of friction to surface waviness suggetependence not only on wavinéssght, but

on the relation of the waviness to oil availability. A smoother piston should relgsseoil to
support hydrodynamic lubrication, while a very wavy piston should require more.

There is a nearly linear relatiship between wavinesdjlm-thickness ratio and piston friction.
Thus, in cases where very littlebricant is available to the piston a low waviness is preferred,
whereas in cases where a lafty@ thickness is possible, a smooth piston is still prefrut a
wavier surface is allowablélowever, a very smooth pistonavays undesirable

Although skirts with low waviness values appear to produce the lowest friction, extremedbgh
surfaces can lead to high friction, wear and sometimes seizurentety smoothsurfaces do not
retain oil well, so that direct soklisblid contact, if and when it occurs, canvegy poorly lubricated
and quite severe. Also, the contact surface area may be larger in caseg siooth surfaces,
further contributing tdriction and wear. Therefore, friction can benimized by selecting small
but nonzero waviness values, to prevent scuffing.

In addition to the waviness, the effect of the roughnedsnsinated by the macroscopic waviness.
Since the characteristic letgof wavinessi(e., thedepth of the machined grooves) is typically an

order of magnitude greater than roughnessetfeet of waviness on friction loss dominates.

5.9.4 PistonSkirt Profile/Shape

CKDQJLQJ WKH 3IODWQHVV’" RI hydiodynamicLadd\boBridanpfiddian & BV K W
piston. A flatterskirt shouldshow both a larger wetted area and a thicker oil film. The thicker oil
film indicates thaseparation between the piston and liner is increased, decreasing boundary contact
or possiblyeliminating it entirely. An increase in wetted area size and film thickness tends to lead to
an increase in hydrodynamic friction losses, but this also results in lower average and peak oil
pressureswhich could help reduce hydrodynamic friction. Therease in wetted area and oil film
thickness (skirt/liner clearance) is sustained throughoudttbke

The skirtliner clearance for sharper profiles drops significantly belowwheiness heightfor a

large portion of the cycle, meaning that substantiniolary contact isccurring and high friction

forces created. For flatter profiles, skirt/liner clearance drops bilewaviness height briefly, and

only by a small amount, indicating that much less rmietialcontact is takinglace. Apiston with

a flatter profile experiences momgetting during the entire engine cycle, so that the change in

hydrodynamic lubrication is theame throughout.
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The change in skirt/liner clearance with piston profile suggests that a sharper gxpélgences
much more boundary fiction than a flatter one. Thionfirmed that dlatter piston profile causes a
large reduction in boundary friction, along with a slight increasehydrodynamic fiction.
Changing the pistoprofile has a substantial effect on the amount of baunfriction generated,

with metatmetal contact almost entirelgliminated for the flattest profile. Thamall increase in
hydrodynamic frictionfor flatter profilesis much smaller than theorresponding change in
bounday friction. In two different oil viscosities, the piston Friction Mean Effective Pressure
(FMEP) decreases for flatter profiJegith boundary contact decreasing substantially with smaller
increases in hydrodynamic friction. For both oil viscosities the proportion of the changes in

hydradynamic and boundary friction is different for the two cases.

5.9.5 PistonSkirt Size
The size of the piston skirt is an important parameter in piston design. For example pestteel

requires a dramatitg different design froman aluminium piston lmause steel is a mudenser
material. Steel offers a stiffer structure that can handighrhigher incylinder pressurelsut, if it is
not designed carefully to reduce weight; it will require much larger connectingaratiother
supporting structure, wel could nullify any potential advantages. In a typical gpestbn design,
much of the material is removed, especially in-&ivess areas like the periphefthe piston skirt.
Figure 5.11illustrates the difference in skirt siz®y comparingaluminium and steel pistonsvhich
were both designed for headyty engines(Obviously, it is simplistic to change the skirt size
without modifying the profilestiffness, or other charactertsti)

The effect of skirt size on friction can be understood by ebsgthat smaller skirts muslistribute
the lateral load over a smaller area (i.e., have higher average and peak presstireg)tesal to
have more boundary lubrication and less hydrodyoduofirication. Indeedthere is adramatic
increase in boundarfriction as the skirt size is reducelut aslight decrease in hydrodynamic
lubrication as thakirt gets smalletOn balancetiseems best to makeetbkirt as large apossible.

In actual piston designs, the tendency of smaller skirts to operatebouhdaryubrication regime
can be offset by other design changes. For instance, the ovality ealfjubted to spread the load
horizontally. Also, the profile can be adjusted to spread as mpessure in the centre region as
possble. Most of the presse is bornen the centre of the skirt. Since the steel pisgpreads the
load horizontally across its width, it does not incur significant friction disadvantggesducing
skirt height.
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Figure 5.12 Comparison of aluminium and steel piston des{@7$].

5.9.6 Piston Ovality

The pistonovality is designed not just to minimize friction, but also to minimize wesdjce
seizing, enhance guidance, etc. Piston ovality is essentially a piston profile oriented in the
horizontal direction, and it fulfilseveral of the same purposes as the profile.

When the engine is in operation, the piston skirt deforms in response to prassomesng from

lateral force on the connecting rod and inertial forces. Just as smooth, flgitefiexs distribute
pressuranore evenly and thereby promote hydrodynamic friction, pistonslegthovality have the
potential to reduce friction by conforming more closely to the liner.

However, thecaution that must be exerteelgarding the profilalsoapplies to ovality: the sysm

must be evaluatedfter the piston has been deformed by operational temperature and lateral

pressure.

Ovality is analogous to profile shape because both modify the effective clearance bistgveen
piston and liner. The objective of both is to facikta relatively flat oil film with graduajradients

in orderto distribute the lateral force over as large an area as possible. This progdrtadynamic
lubrication and reduces wear. The ovality is adjusted so that it clossishes the shape of the
liner, particularly at points in the cycle when the lateral force is high.

Since reducing the ovality (i.e., making the piston more round) enables it to better ctmtbien
liner surface, it is predicted that reducing ovality wdtluce contadriction, thereby reducing net
friction as well.However, it isimportant to not completely eliminate ovality (i.e., make a perfectly
circular piston). The latergdressure is highest along the thrust and-éntist lines, so these areas
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will deform the most. Aperfectly round piston will thus deform preferentially along the thrust and
antithrust lines,OHDGLQJ WR 3QHJDWLYH RYDOLW\ "~ RU D FRQFDYH \
thrust/antitrustines. This could cause instabilities and produce undesinaifhepressure patches.

Since ovality can be adjusted independently of the piston profile, the two parametbesjcently
optimized to achieve ideal results. The profile is difficult to optimize becauspigten rotates

during the strokeespecially ear the TDCeffectively changing th@rofile. The ovality does not

change as much, however, since the piston does not sigatécantly about the thrust/artthrust

axis. Therefore, in principle, the ovality can dygtimized more precisely than the plef Ideally,

the two can be jointly optimized to minimi®undary contact friction while also achieving other

objectives, such as smooth guidattt®ughout the stroke.

5.10 Other Considerations

In addition to frictional losses, wear of thestonandliner must also be taken into accouriston
OLQHU ZHDU OHDGV WR OHDNDJH RI FRPEXVWLEQY JD@BVDR;
corresponding reduction in efficiency and increase in engine emissions. Limitingghaslatgon of

engine performase and avoiding the need to service anglaee parts, requires that pistiomer

wear be controlled.

The actual wear of thgistonand liner is a complicated and not wetiderstood phenomenon, and

wear predictions have not beécluded in this study. W factor can becalculated, which takes

into account two main contributors: asperity contact pressure and slidiagagis The wear factor

Is a mean factor for an engine stroke, aad becalculated as the integral of the contact pressure
multiplied bythe piston speed, integrated over the stroke distance.

The wear factor increases as mean lubricant viscosity is reduced, because the amount of asperity
contact occurring incresas. Wear increases strongly eves frictional losses remain laghe
minimum FMEP at a viscosity corrg®nding to a high wear rate. This meam®osing an ideal
lubricant viscositywhich represents a balance between frictaoxd wear considerations, atite

desire for low friction must be balanced agaiti& need for low wearlt is possible to decrease

wear slightly by controlling viscositghanges during the engine cydaintaining high viscosity

near deagtentres can reduce asperity contact in thestruke regions, decreasing wear.
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5.11 Friction Reduction Strategies

Piston fiction arises from a complex combination of desiharacteristics, material arsdrface
features, oil properties, and engine operating conditidhg. piston skirt contributes as much
friction as the ringpack to the engin® ¥hechanicalosses. Like theing-pack, its friction can be
reduced if asperity contact is reduced. The pigperiences both hydrodynamic and boundary
lubrication, with the dominant lubrication reginedanging during the engine cycle. While the
hydrodynamic frictional losses fronhé two sidesare approximately equal and occur throughout
the stroke, boundary contact is only observedhenmajor thrust side, during the expansion stroke.
This results from the high gas pressu@¢ HVHQW DIWHU FRPEXVWLRQsIDV ZHC
moves from the minor to the majtirrust side. The boundary friction generated in this region of the
stroke contributes a significaatmount of total piston skirt friction.

Several piston parameters haverbdescussed abovacluding desigrmparametes such as the skirt
profile and waviness, and other factors including lubricant viscasitlskirtliner clearance, with
the goal of reducing friction. The most important parametenstified were oil film thickness and
skirt waviness, which can both Imeanipulated taeduce friction by reducing skirt/liner asperity
contact.

There are soméssueswhich have not been addressethd are significant in friction reduction
These parameters apactical design parameters whioffer the greatest potential forear term
implementation, viz. mechanical design of the pisteelf such as piston skirt ovality, the physical
dimensions of the piston skirt, and optimizing thiricant parameters for pistons of certain
geometrical and material desigidso there isanother important parameter, which is skirt stiffness.
The author expects that more flexible skirt can reduce friction, by increasing wetted area and
decreasing contact friction.

5.12 Summary

The results presented in this chapter are for heavy defseldengine. The degree to which
conclusions drawn from these results can be applied to other engines is sometimes limited,
particularly when there are significant differences in the combustion pressueetia balance,

piston xcylinder bore relativetsfness or oil supply conditions.

7KH PRGHO DQDO\VLY GHPRQVWUDWHG WKH SLVWRQYfV ODWH
pressure, component axial inertias and angular position of the connecting rod. Piston cylinder bore

friction and wristpin friction were not play a significant role in determining the side force acting on
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the piston.The connecting rod angular inertia and rate of change of momentum do not play a large
role in determining the magnitude of the side force but can significaffidlgt the midstroke piston

slap timing.The side forcecting on the piston, and driving lateral motion, is relatively unaffected
by oil film thickness.

The lateral motion of the piston is constrained by the cylinder bore and oil film, and is therefore
essentially a function of the pistoficylinder bore clearance, oil film thickness, side force, and
piston deformation (and cylinder deformation as well). There is large effect that oil film thickness
can have on lateral motion if there is sufficient aibgly, significantly reducing lateral motion and
impact velocities, and damping out oscillations.

Each of the parameter®igton Ovality PistonSkirt Size« HW F ZKLFK PHQWLRQHG D
potential to affect friction, but they offer varying benef@viously, the improvements are not
additives, if the waviness is excessive, profile curvature will no longer have much of an effect on
friction. In order to reduce friction, the piston should be designed to provide a relatively even skirt
liner clearancen order to enhance hydrodynamic lubrication and avoid boundary lubrication. This
can be achieved by using a relatively flat profile, adjusting piston ovality to match the liner shape,
and reducing waviness peaks so they do not contact each other. Mpesb®eting the lubricant

such as the viscosity excessive drag is also crucial to controlling friction. A key take away from this
study is that the piston liner system is highitegrated, and changing one variable affects many

other parameters.
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CHAPTER SIX
EXPERIMENTAL TEST FACILITIES
AND FAULT SIMULATION

This chapter discusses testated issues includinthe test rigjnstrumentation, and test procedures
Firstly a brief description of the test engine characteristics and specifications is given. Secondly
details of thetest systems and instrumentation are presented, with further information concerning the
acoustic emission instrumentation as it is of crucialantgnce in this work. The data acquisition, test

procedures, software and fault simulation strategies are described in the final section.
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6.1 Test Rig Specification

The testbed for this projectised as a source of AE data, was a J@BT2 diesel engine, 4.4 litre,
four-cylinder, fourstroke,16-valve, in-line, direct injection and turbocharged, as seen in Figure 6.1
and Table 6.1). This engine test setup is available within the Automotive Laboratory, Huddersfield
University, UK. This t\SH Rl GLHVHO HQJLQH LV FKRVHQ DV D WHVW E
duty diesel engine and used as a power supply in different equipments, such as wheel loader

excavators, soil compactors, electric generators, etc.,

Figure 6.1JCB444T2 |gine rig

The diesel engine was connected to an eddy current dynamometerexbrg a braking force
andwas rated to handle an engine of a maximum power of 210 kW and a maximum torque of 501
Nm. The test cell holding the dynamometer has a ventilagisteis to maintain room temperature

and an exhaust extraction system. Alke rig is controlled by a panel control outside the room
which is used to start/stop the engine, adjust engine speed and fuel supply, and monitor the engine
temperatureFigure 61 is a photo othe test enginen situ. The four cylindersvere numbered-4,

with cylinder 1 at the front.
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Table 6.1Test Engine Specifications [specification catalogue]

Type of engine Turbocharged diesel engine
Number of cylinders 4

Bore 103mm

Stroke 132mm

Inlet valve diameter 36.5mm

Exhaust valve diameter 33.2mm
Compressor inlet diameter 60mm

Compressor outlet diameter 60mm

Turbine inlet diameter 100mm

Turbine outlet diameter 80mm

Compression ratio 18.31

Number of valves 16

Injection system Direct injection
Displacement 4.399 litre

Cooling system Water

Maximum power 74.2 KW@ 2200 rpm
Fuel injection pump Rotary mechanical
Injection sequence 1-3-4-2

6.2 Test Rig Description

The test rig, as seen in Figuel, conssts of two main pds; the JCB444T2 diesekngine (firing
sequence of -B-4-2) and AC dynamometer. There asie AE sensor andther instrumentation
mounted on the test engine. The charge amplifiers and power supply urgitedre the front of
the engine. The outputs froall sensors are sent to the data acquisiigstemand operating
computer. The exhaust noise was reduceddningexhaust mufflers to the silencer. The load was

appliedby attachingan AC dynamometer to the engine shatft.

The AE signals are amplifiechd sent to thé\E data acquisition systerwheeas the other signals

aresent tothe CED power 1401 data acquisition sys{eee Fig. 6.9and then to the computer, for
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analysis and storage. An optical encoder was also fixed to the crankshaft to gigerapise once

per revolution in order to synchronise data collection.

6.3 Measuring Equipment and Instrumentation

Figure 6.2 shows the schematic for the test rig and instrumentation used in this work. In addition to
the AE measurements made by AE senBee different types of transducers have been installed on

the test rig to collect data on: combustion pressure in cylinder one (transducer was fixed in cylinder
one, because AE sensor was mounted in cylinder one as well), speed, top dead centre position
engine coolant temperature and load. These signals were collected using the following different
types of transducers:

1. Optical encoder,

2. Magnetic pickup,

3. Cylinder pressure transducer,

4. Thermocouples, and

5. Torque sensor.

Figure 6.2Schematic of the engirtest system.

Before the pressure sensor signals were fed to the AnaltwgDégital Converter (ADC), they
passed through a B&K type 2635 charge amplifier to condition the signal. The charge amplifier

compensates for the reduction in transducer sensitility to the use of long cables, filters out
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unwanted signal components and amplifies the signal. The charge amplifier also converted the high

impedance output signal into a lampedance voltage signal.

Speed and load channels were directly fed to a Cdgdritlectronic Design (CEBower 1401
multifunctional data collection interface. This ADC has sixteetbilénput channels and sixteen
digital 1/0 ports. Five programmable clocks, clock inputs and event (clock start) connections are

also provided for spmfic applications.

The incylinder pressure signal used to monitor combustion conditions was obtained from a Kistler
type 6125A piezoelectric pressure sensor from cylinder one as mentioned.

The flywheel TDC trigger signal is used to set the start timdatd collection so that each data
segment is measured at an exact crank position. This is to ensure accurate time domain averaging
and rearrangement of data segments. A second trigger signal, from the flywheel gear encoder, is
used to measure engine speadd from which a given number of pulses were sent out every

revolution.

The external load is measured wathhorque sensor, which was fixedhind the AC dynamometer.

6.3.1 Optical Encoder

A reference point is required to compare data collected fronteterig, or to time average the
signals. This was achieved by useng HED6000optical encoder, which is fixed tbe crankshaft
(in front of engineps shown in Figuré.3.

Figure 6.3Photo of optical encoder in position.
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This device consists of @tating disk, a light source, and a photo detector. The encoder enabled
data collection to commence at precisely the same crank angle position in each cycle, and also gave
a pulse for each cortgie rotation of the crankshaft, it allowed time domain avatago be
performed over the same period.

6.3.2 Magnetic Pickup

Engine speed and the numlzércrankshaft revolutios play a largeole in cycle procesanalysis

and in determining engine conditions, sesitmportant to measure this parametsraccuraly as

possible. For this measuring task miniature magnetic-yysk aresuitable. This type of sensor
consists of a permanent magnet, yoke and coil. A magpieléaup is mounted in close proximity to

the gear teeth of the engine flywhéelcause the detbce between the gear teeth and the-ppk

coil is critical seeFigure 6.4 $Q HOHFWULF LPSXOVH LV SURGXFHG E\ W
time agear toothpasses its tip. Since there d26teeth on the flywheelevery126impulses will
indicateone complete revolutioof the crankshatft, anthe number ofeeth detected per second is

proportional to the speed of the engine.

Figure 6.4AC voltage distribution of magnetic piakp [16].

The magnetic pickip sensor acts essentially like a smalhgrator, producing a current as lines of
magnetic flux are cut. These magnetic pigksensors come in ngowered and externglowered
varieties. The two wires to carry the AC voltage are twisted and shielded to prevent electrical

interference from dispting the signal. It is remarkable that these transducers supply a high signal
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output in spite of their small size and this has enabled their use where many conventional sensors

cannot be fitted. Hence these transducers are used in a wide range of @plgiatjons.

A RS-4652 magnetic pickip speed sensor was used to measure the speed of the engine. It was
fixed on the engine using a small bracket so that its tip was at a distance of approximately 2 mm

from the flywheel.

6.3.3 Cylinder Pressure Sensor

In-cylinder combustion pressure was measured by a Kistler type 6125A piezoelectric pressure

sensor, see Figure 6.5. The sensor was fixed in the combustion chamber of cylinder number 1. The
sensor is made of polystable quartz elements, and ground insiolateoid electrical interferences

due to ground loops, and does not require additional cooling. It has also been specially designed to
work at high temperatures and for precision measurement in internal combustion engines. The

specifications of the sensare summarised in Figure 6.5.

Figure 6.5Kistler type 6125 pressure sensor and specifictiéh

6.3.4 Temperature Measurement

Temperature measurements were taken in order to monitor the lubricating oil, cooling water, by
means of thermocouples in¢al at the oil sump and cooling water (water way out from the
engine). AE data is very dependent upon the engine temperature, and measurement and collection
of this data ensured repeatability of measurements (chosen of AE sensor location is very important
Also temperature monitoring ensured the safe operation of the other sensors and the engine itself.

The thermocouples used in this test wergype; see Figure 6.6, with a linear response from

20 to 220
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Figure 6.6K-type, CrAl thermocouple.

6.3.5 Torque Sensor

The torque sensor was a force transducer which converted applied force into an electrica signal.
torgue sensor type Heidenhain used in this project was attached to the back of the AC dynamometer

to measure the load applied by the latter to the engine, see Figure 6.7.

Figure 6.7 Torque transducer in position

6.3.6 Briel & Kjeer Charge Amplifier

The output from the cylinder pressure transducer was connected to a B&K Charge Amplifier Type
2635 toamplify the weak output signal, which gives an output voltage proportional to input charge.
This type of amplifier is a comprehensively equipped charge conditioning amplifier intended for
different applications, its output can be routed to portable teperders and level recorders,
electronic voltmeters, measuring amplifiers and frequency analyzers [278]. It can be powered from

internal batteries or external DC power supplies, making it useful both in the field and in the
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laboratory see Figure 6.8. An enoad detector, test oscillator and power supply unit are also
included. The overall gain of the type 2635 is adjusted in the input and integrator amplifiers in order
to provide a rated output level switchable between 0.1mV/unit and 1V/unit in 10 dB \fetps

these nine positions, the output signal level can be adjusted to best utilize the limited dynamic range
of tape recorders and to match the various input requirements of recorders, voltmeters and analyzers
[278].

Figure 6.8Face of B&K charge antifier type 2635 (left), back (righf)27§,.

6.3.7 Analogue to Digital Converter (ADC)

All the signals collected from the test rig, as explained in previous sections, needed to be converted
from the original analogue form to digitdExcept for the AE sigal this was achieved using a
CambridgeElectric Design (CEDPower 1401 ADC interface between the transducers and the
computer, see Figure 6.9. The CED Power 1401 is able to record waveform data, digital (event)
data and marker information, and can geteevaaveform and digital output simultaneously for +eal

time, multitasking experimental system using its own processor, clocks and memory, under the
control of the host computer. The Power 1401 featureslat i6ternal microprocessor and an-on

board memuoy to facilitate high speed accurate data capture and complémeoanalysis, freeing
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valuable time for the host computer to perform other tasks, such as updating the display and writing
the data to hard disk.

Technical data of the Power 1401 CED

1. 16digital input/output channels and 500MHz bandwidth,

2. Rear panel BNC socket for clock inputs and event (clock start) connections,

3. Interface adapters available for PC (ISA or PCI baisjl

4. 5 programmable clocks.

Figure 6.9Power 1401 CED analogue to digitainverter [77].

6.3.8 Software: Lab Windows TM/ CVI Version 5.5

National Instruments Lab WWdows / CVI Version 5.5 is an interactive development environment
written in the programming language C, to create virtual instrumentation applicg2ic®js It
includes a large set of ramme libraries for instrument control, data acquisition, analysis, and user
interface. Building an application in Lab Windows / CVI begins with the user interface, and a
graphical user interface (GUI) editor is included. The Dalndows / CVI development
environment contains many measurement specific features that make developing C based
measurement applications much easier than in traditional C development environments by, e.qg.

offering automatic code generation.

6.4 Data Acqusition Software

The data acquisition software is based on a windows operating system and has the ability to perform
online data sampling, record and monitor engine paramatersis runningsuch as speed, load

and temperature. The software packageahasparate sefp page to allow the uséw choose the
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required settingsuch as channel numbers, sampling frequency, data length and fileRragoes.

6.10 shows the seip window used to select the sampling frequency, channel points and the other
important factors and parameters. The sampling frequency is set at 80 tkidznableembedded

very high frequency band signdlsp to about 40 kHz3uch as &nsient pressures and temperatures

to be collectedThe data length is set 8192samples so that ormmplete combustion cycle (720°

crank angle) is included even at the low speed of 1000 rpm. Time Synchrwenagiing TSA)

was used fosix segments collected continuously at the same speed and load, and each segment is
acquired at exactly the same draangle as a reference positiofigure 6.11 shows the progress of

the data acquisition process. On this screen multiple channels of data are being collected. One of

which is cylinder pressure and one channebislanttemperature.

Figure 6.10Setup window screen

Other parameters such as speed, load, sampling rate, and data length are automatically saved in
binary format to the hard disk. The measured data is analysed offline using the MATLAB package.
All the results and figures resulting from thgperimental work and discussed in later chapters of

this research work were generated directly from the MATLAB environment.
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Figure 6.11Data acquisition in progress.

6.5 Acoustic Emission Measurement and Data Acquisition

AE measurements are based the use of an AE sensor to convert the motion of a point on a
surface generated by elastic waves into an electrical signal in which the variations of voltage mimic
identically, or are analogous to, the variations in motion. During AE measurements tagngpe
environment of the engine was noise controlled, e.g. the door was @losaddoor)and the other

enginedn the laboratorgwitched off to minimise contamination of the AE signal.

AE sensors used for accurate AE measurement need to be sersséble, capable of high
temperature operation, have good frequency response and be able to operate over a very wide range
of AE levels. To obtain the required accuracy this project used a wideband sensor as this is most

commonly used for precision measuent.

6.5.1 Wideband Sensor

The AE sensor wassed in this research were of the commercially available piezoelectric element
type, based on the ceramic, lead zirconate titanate (PZT). These generate small voltages in relation
to nanometre amplitudes suréa waves and can be manufactured so as to provide different

bandwidth responses and sensitivities to suit a variety of applications.
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The AE signals were measured usingPhysical Acoustics Corporatiowideband sensomodel

WD as shown in Figure 6.12. Thigoe of sensohas a differential output to decrease the influence

of noise. The Wideband sensor was chosen because it has a frequency range suitable for most
engine eventgyood sensitivityhigh temperature operati@md is of small size.

Figure 6.12PAC WD acoustic emission sensor and specificdi80].

Figure 6.13Simple diagram of AE sensor.

A schematic diagram of the AE sensor is given in Figure 6.13. Essentially it consistsysta
which is housed in an appropriate enclosure with arvpéate and a connector. The sensmves

due tothe stress wave impinging on its face, and livdes anelectrical signal to a preamplifier.
The preamplifier can be fixed inside the sensor enclosure to prevent signal lesssufe good
transmission ofthe AE signal, a thin layer dfigh vacuum grease was applied between the sensor

face plate and the holder surface.
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6.5.2 AE preamplifier

Amplification of the raw AE signals were generally providedabl?AC modelR/4/6 preamplifier
chosen for maximum copatibility to get best resultsThis type of preamplifier can work with
either a single ended or differential sensor, and provide 20, 40 or 60 dBrgh@iso bangass
filtering within the range 100 to 1000 kHZhe power is supplied using the outputnsigBNC

Figure 6.14 shows the premplifier andits specifications.

Figure 6.14PAC model 2/4/6 pramplifier and specification.

6.5.3 AE Data Acquisition System

The typical frequency of AEs is in the range of 100 kHiaVIHz. The recent developmeot data
streaming methods makes it possible to continuously sample and save such high frequency signals.
Data streaming is able to maintain a steady-Sigged data flow within a computer so that the data

can be transferred to a storage medium continuaisshyg such devices as the PAC PChoard,

shown in Figure 6.15. This board is connected to the computer through an industry standard high
speed (138MB/sec) PCI bus and the sampled AE waveforms can be continuously transferred to the

hard disk up to the pacity of the hard disk.

The AE measurement system developed in this research is based on the PAGRICWwhich was
specially designed for higbpeed data acquisition of AE signals.

The stored data can be shown on screen and characterised usinthellvailveform features and
statistical parameters discussed in Section 4.5.2, or processed using advanced digital computing
methods in MATLAB through the interface software developed by this author. All the AE signals

presented in the following chapters weprocessed using the software developed in MATLAB.
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Figure 6.16 shows the progress of the AE data acquisition process. In this screen two channels of
data are being collected. The sampling rate and length are automatically saved. The data files are
saved m binary format to the hard disk. The measured data is analysed offline using MATRLAB
package.

Figure 6.15 PCI-2 AE system card [280].

The system has two AE channels and two parametric channels wWihAf® converters.

For the AE channels, aB@wvn in Figure 6.17, the P& card provides selectable aatiasing filter
circuitry with 4 high pass filter selections (1 kHz, 20 kHz, 100 kHz and 200 kHz) and 6 low pass
filter selections (100 kHz, 200 kHz, 400 kHz, 1 M Hz, 2 MHz &dHz) allowing he
configuration of different filter strategies. The dateeamindgunction enables AE waveforms to be
recorded on the hard disk of the computer continuously at a rate of up ted@ples/sec.

The first parametric channel can be connected directly thd#houtput of sensor and can provide
measurement configurations such as gain control, offset control and filtering options. The second
parametric channel only provides a straight 1 volt input for conditioned sensor output. The
sampling rate for thedevo parametric channels can reach up to 10,000 readings/ sec.
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Figure 6.16 AE data acquisitiosystemin progress

Figure 6.17PAC PC}2 block diagram [280]
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6.6 Test Procedures and Fault Simulation

Two types of faults were simulated and seeded titoengine. The engine was tested at two seeds

(1000 and 2000 rpm) and four different loads, which will see in the following chapters. Data were

collected from the engine while it was running under these faulty conditions, these faults were:

1. Injector relaéd faults, such as injection pressure reduction, injection pressure increase and
injector disconnected (full misfire).

2. Lubricating oil related faults such as friction, piston slap and changes in viscosity.

6.6.1 Test Procedure

Before startinghe engineto avoid health riskghe ventilation system should be checkedletermine

it was working properly This sysem worksby suckng-up the exhaust emission of the engine and
takingit outsidethe laboratorfengine room)The vales forthe fue| thecoolingwater for the engine
and the dynamometeavere alsoopered manuallybefore starting the engine. The emergeangine
switch-off is fixed on the control panelhe oil supply indicatowaschecked to ensur suitableand

adequateil supply during test. The engine temperature waeckedperiodically to ensure it never

exceeded®0

The key objective for this studwas to acquirereal data from thdest rig and to develop an
understanding of how to apply signal processing methodE datafor diesel enginé€CM. First the
enginewas tested under different loagdgro Nm 50 Nm, 100 Nm and T6Nm, and atspeed of 1000
rpm and 2000 rpm. In thesess one AE sensor was fixed inside the holder and the haldaunted on
the cylinder headfathe engine by ceramic gdu(for injector fault) and the holder mounted (sensor
inside the holder) on the cylinder block for lubricating oil condition monitoringhkacuum grease

was applied betwedhesensor and holder to give good signal condugtivétween them

6.6.2 Injector System

The fuelinjection system is possibly the most important part of a diesel engine, and faults in the
fuel injectors causes many engine failures which is why it was decided to seed faults into the fuel
injectors. Not aly is the injector responsible for delivering the right quantity of fuel to the
cylinders, but this fuel must be delivered at the right time and at the right rate. In addition to this,
the fuel must be finely atomised and effectively distributed througtimucylinder to allow the

complete combustion of the air and fuel.
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There is one injector for each cylinder of the engine; this injector is fixed inside the cylinder head.
The introduction of fuel into the combustion chamber in a finely atomised spragti®lled by the

injector.

The internal components of the injector were accessible and these can be seen in Figure 6.18. From
left to right the figure shows the nozzle tip, the check valve stop, the check valve spring, the washer

assembly and the injectbody.

Figure 6.18Components of a diesel injector.

One of the most important factors affecting the condition of thection process is the fuel
breaking pressureAny changein the fuel breaking pressureill change the injection time and
therefae affect the combustioprocess and degrade engine performalmcéhis work the injector
breaking pressure was decreased by reducing washer thickeeBgyure 6.18 (a thinner washer
assembly was created) so that more fuel was injected; as a cortsedennjector breaking
pressure was reduced from 270 to 235 bar (as a result, earlier injection was expected) and by
increasing the thickness of washer (a thicker washer assembly was created) the injector will inject
less fuel and the start of injectiovill be later (breaking pressure was increased from 270 to 325
bar).

The last seeded fault was to disconnect the fuel injector from the fuel line (full misfire), this means
that air will be compressed and injected into the chamittbout any fuel, whichmeans that there

will be no combustion. Figure 6.19 shows the fuel pipe disconnected from the injector and the pipe
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connected to fuel container to avoid fuel spillage in the room. For compargsinfaexperimental

data was collected using a healttondtion injector at 1000 rpm and different loads.

Figure 6.19Arrangement for total misfire.

6.6.3 Lubrication Oil Faults

The lubrication system is one of the most important part of a diesel engine, and problems in the
lubricants causes many differeemgine failures (wear, cylinder, crankshaft, bearing etc.), which is
why it was decided to study lubricating oil condition and quality. The data expected from oil
analysis is dependent upon many factors. Primarily, the size of the engine will affemtiathe d

Viscosity is one of the most important oil properties, which determines whether the lubrication oil
can still effectively lubricate at operating temperatures. Viscosity is dineddtes to the condition

of the lubrication oil, as the measure ofwhw@iscous the oil is relates to how well the oil can
maintain its lubricating properties in the cylinder and outer parts under high temperature and
pressure. High or low viscosity can also indicate further problems, wherevisigbsity could
suggest highparticulate load, or that the oil level is no less important, would indicate that, if too
low, this can cause significant problems often resulting in engine failure (increase friction, wear
etc.). Depending on the environment in which the engine opefdsesif the oil level is too high,

this can make many different problems such abnormal running.
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6.7 Test Rig Recorded Data
6.7.1 Angular-Domain Display

The measuredmplitude of thesignalsfrom thehealthyengine was displayed in the angutibmain
Angulardomain analysisvas expected to reve#ie overall signalamplitude and cyclic features
while frequencydomain analysis gavepectral infomation of the AE. These methods weigplied

to study the AE generation mechanisms and to give the individatures of the sources.

Figure 6.20 shows th&E waveform recorded in a labatory environment witbut any special
consideration or precautions displaysthe raw AE time-domainsignal acquired from oneorking
cycle (two complete revolutiong)f the engineas a function o€rank angle at engine speed of 1000
rpm with noload. The mechanical event®rrespondindgo crank angle & shown along the bottom
of the figure IV and EV refer to intake and exhaust valves respectively, 1, 2, 3 and 4 réfer to

cylinders and INJ refers to the injector.

The main featurextracted fromthe AE waveform shown in Figure 6.26 that it exhibits four
peakscorrespondingo the engine firinggequence and each peak is caused by combustorreiof
the cylinders of the enginefrom left to right, cylinders 1, 34, and 2. The waveform consists of

numerous frequency componestgperimposed oeach other due to the numerous AE sources.

The thin vertical lines indicate TDC for each cylinder in the order they fiBe4-R. As can be seen

from Figure 6.20, the largest AE signals are associated with injection events and occur just after
TDC for each cylinder. Smaller amplitude events are also associated with exhaust valves opening.
The highest AE amplitudes are, as woblel expected, observed for the cylinder closest to the
sensor, since the magnitude of the signal will decrease with distance from sensor. Thus the highest
amplitude signal detected by the AE sensor is, as can be seen from the figure, due to events

occurringin cylinder one. This is because the sensor is mounted closest to cylinder one.

The major mechanical events in the engine cylinder head are injection, fluid excitation, exhaust
valve opening and its mechanical impacts (impact between valves and seatsy imgedle impact

and rocker arm with valve stem impact).

Figure 6.20 shows that the dominant event follows the fuel injection and that exhaust valve closing
is the most significant valve event, which is associated with the engine exhaust valve asd diffe

from those associated with the intake valve. The intake valve movement involves lower kinetic
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energy and the pressure differences across it might be expected to generate lower inherent signal
energy, and this almost certainly explains the-appearancef clear AE events for the exhaust

valve closing (EVC).

Figure 6.20Raw AE signal in anguladomain fromengine running at zero load and speed of 1000
rpm

The injectorevents for each cylinder occur at crank angles of around® , 360 and 540,
consigent with the firing order of -B-4-2. However, it is possible that the valve events include a
number of related events associated with impacts of the rocker anrthe/qgush rod or valve stem.

It is dso evident in the AE data th#ite actual timing of events can kéghtly different. The
difference in energy between cycles.g. thekinetic energy between the two potential impact points
at push rod and valve stems relatively random, dependiran exactlythe position ofthe rocker
from the previous cycle. There a@so appareninconsistencies between cyclesg. the exhaust
valve opaing events show differencé®tween the various running conditions. Thisli® to the
exhaust valve opening energlianging with the force the hot products of combustion exethe

faceof the valve an efect whose magnitudeill depend on running conditions.
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6.7.2 FrequencyDomain Display

Frequencydomain analysis gives sptral information of AE signals by transforming them fritra
time-domain tothe frequencydomain. The commaqrobvious characteristics in the spectrum of AE

signals are the firing frequency and its harmonics.

Here the recorded AE data is plottad amplitude of AE response against frequenapnd the
constancy between AE arahgine load should be more distinct than in the angldarain. The
demonstration in the frequendpmain is frequently more important because the frequency rates of
AE and their relabnship to the dynamic features ofgstem are clearess mentionegreviously in
section (4.4.2.2)The frequency spectrum or frequency domain caachéeved by using the digital

Fast Fourietransformof the time waveform.

Figure 6.21 shows the spaatn of the raw AE data at 1000 rpm with no load and we canhsee t
first peakin the AE spectrumoccurs at a frequency about20.0 kHz It is also clear there is a
singlemain peakin the spectrum extending from about 10 kHz to ald@kHz. This is someWwat

surprising, given the frequency response of the sensor, and confirms the importange=akthe

Figure 6.21Frequency spectrum of raw AE signal from engine running at 1000 rpm with no load

As can be seen from the Figure 6.#fere are two ain frequency bands, low and hi¢felow and

above 40 kHz)The low frequency band is generally continuous and dominates the signals, and is
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thought to be associated with the mechanical activity of mquamts around the cylinder hediche

higher frequeny components can bmeasuredround TDC for each cylinder.

These components are thought to be associated with fluid flow, including fuel flow in the gjector
and gas flow over the valveBog et al[58] and EI Ghamry et al5p] observed that the high
frequency components in AE signals appear to be associated wittild\icctivity for a number

of sources such as exhaust valve leakage on &theke large marine diesel engine and a cylinder
head gasket leak on a festroke, highspeed diesel engine pestively. Also gas flow across

turbine is very important source of AE.

6.7.3 Angular-Frequency Domain Display

Conventional spectral analysis using statistical parameters and Fourier trangfortime study of
periodic, stationary and deterministic ris&ds cannot accommodate the temporal variation of the

spectral characteristics of a netationary signal.

The Fourier transform does not take time information into account, it simply identifies all
frequencies contained in the signal, but it does novige information regarding the time when

those spectral components are present and when they are not. The Fourier transform is not a suitable
technique for nosstationary signalsand transient signals which are important in diesel engines are,

by their rature, normally highly nostationary,

In order to accurately represent the frequency information contained istattmmary signals, a
technique that presents both time and frequency information needs to be used, producing a signal

spectrum in the timéequency domain.

Angularfrequency analysis is a signal processing method that makes it possible to see both the time
and frequency information at the same time. It displays the combined results from time and
frequency analyses in a thrdemensional way Wwich plots the amplitudes against time and

frequency axes as shown in Figure 6.22.

Using this technique to analyse AE signals generated by a diesel engine enables us to link every
event observed in the tirfeequency plane to a single excitation s It is then possible to
measure the energy of each event and to quantify the part each excitation mechanism plays in the

AE signals measured on the surfaces of the engine.
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To describe this temporal variation of engine AE signals, an evolving spantbisis must be
performed by using tim&equency methods. Such methods are a good tool for describing the
spectral contents of transient signals as a function of time: they enable several patterns
superimposed in time and/or in frequency, within the samaesient signal, to be located and
separated in the timieequencyplane [B1].

Figure 6.22Time-frequency domain of raw AE signal from engine running at 1000 rpm with four
different loads: 0 Nm, 50 Nm, 100 Nm and 150 Nm.

Time-frequency analysis fosuch signals should make it possible to separate the responses
associated with each source of excitation and consequently lead to a better understanding of, for
example, the mechanisms of combustion, associated shocks and the transmission of resulting AE

signals to the external structure of the engine.

An efficient timefrequency method should allow us to:
1. Locate at each point of the structure the responses inherent to each source of excitation,

2. Analyse the frequencies associated with each source o&tejtand
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3. Measure the contribution of each source of excitation in terms of energy.

This should make it possible to quantify the contribution of generated AE signals from each of the

sources.

The timefrequency method is very useful in that most engiesfgnals are related to events such
as combustion and valve operations which have fixed occurrence times determined by the crank
mechanism. By performing tirfieequency analysis these events can be identified according to their

occurrence in both time arficequency[281].

The most common current method for obtaining the Hfireguency distribution is the sherime

Fourier transform (STFT). The STFT is a linear tifrequency transformation which maps a signal

onto the timefrequency (scale) plane anddensitive to transient signals. The STFT used in this
work processes a signal by decomposing the signal into short blocks (or windows) and computing
the spectrum of each block. Different types of windows can be used to reduce spectral leakage, but
usuallya Gaussian window is used. It is common to have a certain overlap of blocks to reduce

information loss due the window function.

For the AE engine, angle frequency analysis in which time is replaced by the crank angle is more
useful and has been used irstetudy. Figure 6.22 shows the AE waveform of the diesel engine in
the joint anglefrequency domain for an engine speed of 1000 rpm and four different loads (0 Nm,
50 Nm, 100 Nm, and 150 Nm). From the STFT representation we can clearly see four peaks
representing the combustion events of the engine cylinders in the firing order from left to right (1, 3,
4,2 and 1).

In the angularfrequency spectrum with no load shown in Figure 6.22, a large AE peak occurs at
crank angles integanultiples of 180 degreesyhen the piston of each cylinder reaches TDC and
immediately afterward during combustion. The AE levels at these angles are significantly larger in
the 20 to 50 kHz frequency domain and last for about 10 degrees especially for cylinders 3 and 4,
which is temporal stretching due to transmission distahosver frequency AE components, due
probably to the motion of the pistons and other moving parts, are present and discernible
particularly away from TDC positions and reach a maximum frequency around 50Itkidz.
expected that an increase of crankshaft and piston bearing gaps particularly affect these lower AE

events. The spectrum analysis shows that the major part of the energy is located in the lower
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frequencies (below 50 kHz), this can be seen more gleathe STFT representation, and also we
can see that the peak of the STFT extends to a low frequency Téregkeights of the combustion

peaks are proportional to the engine load and confirming that the engine AE signals are load
dependent

Figure 6.23Time-frequency domain of raw AE signal from engine running at 1000 rpm with four
different loads: 0 Nm, 50 Nm, 100 Nm and 150 Nm (zoomed).
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CHAPTER SEVEN
DIESEL ENGINE FUNDAMEN TAL ACOUSTIC
EMISSION CHARACTERISTICS

This chapter investigates the fundamental characteristics of diesel engine acoustic emission signals,
using timedomain, frequencgomain, and other statistical analysesAdE data. Acoustic emission
signals for arange of loads and speeds are considered in order to provide a baseline for normal
engine characteristics.

Firstly, timedomain characteristic technigaearediscussed. Secondly, tpewerspectum of the

engine AE signal is investigated. Thirdly, statisal parameters are used for detecting and
diagnosing simulated faults. An analysis of a number of measured parameters from the engine test
rig is thenundertakenfor the purposes of detectindiagnosing and assessing the severity of the
seededfaults desdbed in Chapter Sixchange in injection pressure andhanges in lubricant

viscosity, level and temperature.
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7.1 Introduction

Researchinto the AE generated frondiesel engines where the AE stress wavesre in the
ultrasound region (form 20 kHzp to several gigahertz), is now beimgdertakerby investigators

in a number ofUK universities. Work in this field has led to many experimental and theoretical
studies into the relationship between engine generated AE and other parameters sucheas engin
type, speed, load and combustion system [1, 6]. The studies tend to fatwsabraracteristics of

the AE wave transmissiopath. Investigations on many diesel engines of widely varying types and
designs have shown that the AE event generated by ctiotbuspresents a considerable part of

the overall AE events, and the combustion event is highly dependent on the cylinder pressure and

rate of change of pressure in the combustion cha[24éy.

AE signals can also be characterised by calculatinioestatistical parameters such as mean
value, standard deviation, skewness and kurtosis or can be further processed to obtain the
probability density function and correlation function. In the case of diesel engine AE signal
analysis, the correlation fation allows the contribution of the combustion event to the total AE

level to be calculated.

7.2 Combustion Pressure Event

The pressure in the combustion chamifea diesel engine has been extensively studied, primarily
from the point of view of moniting engine operating performance, but in recent years there has
also been interest in the combustion event and consequenrtréugiency AE within the diesel

engine.

A typical pressurerank angle curve for the cylinder pressure in the JCB diesel enggdeinuthis

work is shown in Figure 7.1. If the combustion does not occur, then the pressure rises and falls as
VKRZQ E\ WKH FXUYH p:LWKRXW ILULQJY ,I IXHO LV LQMHFWI
after a small delay period, there is rapmmbustion during which the pressure quickly rises to a
PD[LPXP DQG WKHQ IDOOV VHH Frdnk ldnglenyavefar@ dfsimia¢ For SiiU H V V
curves measured, whether on full load, part load or no load and with or without firing. The extra
area under the firing curve is a measure of the work done in the cylinder during the combustion

stroke.
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Figure 7.1Diagram of cylinder pressure vs. crank angfea@DC).

The rapid rise in pressure generates {irgquency components in the excitatiemde, as shown in
Figure 7.2. This figure shows a clear increase in amplitude of the frequency components of

excitation above about 250 Hz, when combustion takes place.

Figure 7.2Spectrum of cylinder pressure.
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Clearly, these high frequency raponents contain information about the combustion process,
particularly its onset and rate of rise. The spectrum of the cylinder pressure initially drops off
rapidly, about 45dB per octave, and thus contains little-figdluency energy. The shape of the
cylinder pressure curve is similar whether there is firing with no load, some load or high load, the
difference being the brief period of rapid pressure rise due to combustion, thus it can be inferred
that the increase in higihequency (above 250 Hz) engrgzhen combustion takes place is due to

this rapid increase in pressure when the piston is approaching TDC, after the fuel has been injected.

7.3 Diesel Engine Acoustic Emission Waveform

The output of the AE sensor mounted on the front of the cylinead (close to cylinder one) of the

test engine running at an average speed of 1000 rpm and with no load is shown in Figure 7.3(a).
Because the AE waveform was recorded in a laboratory environment without any special
considerations or precautions, thgher resonance frequencies were removed by low pass digital
filtering [282).

Figure 7.3Acoustic emission waveform and power spectrum of the diesel engine, AE sensor
mounted on the front side of cylinder head (close to cylinder No: 1)
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The main featur¢hat could be observed from the acoustic emission waveform are shown in Figure
7.3(a), is the four peaks corresponding to the engine firing sequence and these represent combustion
events in the cylinders 1,3,4 and 2 respectively. What makes the wavefamplicaded and

difficult to extract information from is the numerous frequency components superimposed on each
other.

In the associated power spectrum, shown in Figure 7.3(b), four peaks can be seen; the first at
approximately @ kHz the second at approxately 37 kHz, the third at approximately 65 kHz and

the fourth at about 100 kHz. The amplitudes of any higher harmonics can be ignored because they
contain considerably less energy than the first four leading terms.

As would be expected, the first peakdige to the combustion process and its amplitude is highly
dependent on the combustion conditions and the associated peaks to the first peak may be due to
gear timing mechanism3he second peak (37 kHz) is probably due to the closing impact of the
valves,which occur twice per crankshaft revolution, every second revolution in each cylinder. By
increasing the load the amplitude of both these peaks increases, see Figline thitd peak at 65

kHz corresponds to the third harmonic of the peak combustequéncy, also increases in
amplitude at higher loads. It has been shown that the peaks at 65 and 100 kHz are due to the AE
events in cylinder head and miagdue to valvesmpactevents or fuel injection [23].

Figure 7.4 AE waveform power spectra tife diesel engine at loads of (a) 50 Nm, (b) 100 Nm, and
(c) 150 Nm.
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7.3.1 Effect of Operating Conditions on the AE Signal

Each cylinder experiences fuel injection and combustion once for every two complete revolutions
of the crankshaft. Thus the numberpF RPEXVWLRQVY SHU VLQJOH UHYROXW
equal to (number of cylinders)/2. Here there are four cylinders, so there will be two combustion
processes during each complete revolution of the camshaft, and the corresponding AE occurrence

for 1000 rpm will be at twicéhe fundamental frequency.

This section reports on how varying the engine rig speed and load affect the characteristics of the
AE signals. The engine rig was operated at two speeds, 1000 and 2000 rpm under no load. A
Matlab codewas written to show the measured AE signal in terms of both thedmmain

(expressed as crank angle), and frequetayain.

Figure 7.5 shows angular domain histories at both speeds with their associated spectra. It can be
observed that the amplitudestbe angulaxdomain wave forms increase as the speed increases. In
the frequency domain the amplitude of the peaks also increases with incisgsestdg It seems that

the peaks stay in much the same places, but the relative amplitudes change. The pddkzat 19
does not move but it remains at 19 kHz at both 1000 rpm and 2000 rpm. However the peak at about

25 kHz gets a lot bigger at 2000 rpm than at 1000 rpm and dominates the spectrum.

Figure 7.5Angular domain and frequency domain, respectively, oAfesignal from a diesel
engine for engine speeds of (a) 1000 rpm; (b) 1000 rpm power spectrum; (c) 2000 rpm; (d) 2000
rpm power spectrum.
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To gain a better understanding of the speed effects, Figure 7.6(a) shows the signals for the two
speeds, superimposet each other. The corresponding AE frequency domain representations are

shown in Figure 7.6 (b) and (c) respectively.

Figure 7.6 Time and power spectra of AE signals from a diesel engine running at 1000 rpm and
2000 rpm.

Figure 7.7 Fourier spectrunof the AE signal from a diesel engine running at 1000 rpm and 2000
rpm; up to 20 kHz (upper) and 20 kHz to 100 kHz (below).
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Firstly, in Figure 7.6(a), the angular domain analysis of the AE signals is shown for the two engine
speeds of 1000 and 2000 rprar fwo complete revolutions20°) of the crank shaftabout0.12

seconds and 0.Gconds duration respectively.

Secondly, the differences in peak amplitudes are obvious; at a speed of 2000 rpm the waveform
amplitude is double that at 1000 rpm. Thisfooms that engine speed has a substantial effect on the
measured AE levels. Also, it can be seen from Figure 7.6 that the speed variation does not affect the
distinctive cyclical character of the AE waveform.

The spectrum of the AE signal has been diviotd two, a lower frequency bangdip to 20 kHz-

and a higher frequency band from 20 kHz up to 100 kHz, see Figure 7.7. The lower box in Figure
7.7 shows the high frequency portion, above 20 kHz, and reveals clear differences in the signal due
to a changén engine speed. The major portion of the AE energy is located in this frequency band.
This demonstrates that the higher frequency band dominates the engine AE levels for the
combustion event. The spectrum amplitudes increase with the increase of eegitesg more
harmonics can be seen in the spectrum. The frequency response of the AE sensor is linear up to

approximately 40 kHz, but we can still observe relative amplitudes beyond this frequency.

Figure 7.8 AE signals and associated Fourier spedairdife AE from a diesel engine running at
1000 rpm under; (a) no load; (b) 50 Nm; (c) 100 Nm; (d) 150 Nm.
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To investigate effects of load variation, the AE signal was recorded when the engine was running at
a speed of 1000 rpm, and under four different $oamkro, 50 Nm, 100 Nm and 150 Nm. The
recorded AE signals and the associate Fourier spectra are shown in Figure 7.8. The complexity of
the AE signals generated by the diesel engine makes the identification of the differences in the AE
waveforms in the tilmdomain, due to different loads, difficult to determine. The amplitude of the

spectrum in the higher frequency band, 20 kA0 kHz shows clearer results.

The load of 50 Nm exhibits higher amplitude but fewer transients compared with the case of no
load and this agrees with some previous researchers that the AE level is load dependent. By
increasing the load to 100 Nm and then to 150 Nm, the amplitude of the AE signals spectrum
increased and more transients could be seen in the spectrum in both theridveher frequency

bands.

Figure 7.9Mean value of AE signal for a diesel engine running at (a) 1000 rpm at four different
loads and (b) 2000 rpm at four different loads.
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Figure 7.9 shows the effect of load variation at different speeds on thedRM® AE signals.

Figure 7.9 confirms that the mean value of AE signal increases with the increase of engine speed
(double), however, the relationship between load and the AE signal level is more complex. At low
speeds the mean of AE signal level appéargely independent of load, but that at the higher
engine speed (2000 rpm) the mean AE signal level appeared to have increased with load (load

dependent).

7.4 Data Analysis Using Statistical Parameters

Here the term statistics refers to systematic ougthof arranging and describing scientific data and
inferring general properties from specific sets of observations. The idea behind testing the engine in
this way is to investigate the possibility of utilising AE measurements and simple statistical
method for online condition monitoring. Calculating the RMS values and the variance of the AE
signal may give a quick indication of the engine health in a relatively stifaigisrd way, and
LQIRUPDWLRQ RQ WKH HQJLQHTV KH DO Withow fhx @edd FoHaryV V H V

special training.

The statistical parameters: mean, standard deviation, variance, kurtosis and skewness are describec
with their defining equations in Section 4.5.2.1, TiBemain Analysis. The author wished to
assess the use thesmtistical parameters have in identifying of fault severities, assist in finding
solutions for uncertain fault problems and help to avoid high engine maintenance cost through

enhanced online monitoring and better identification of unexpected failure.

7.4.1 RMS Value and Variance as Fault Severity Indicators

In this section RMS values and variance of the acoustic emission signals are used to give an
indication of fault severity. The engine was tested ufm@rconditionspne with no fault anthree
different faults commonly found in injectors were introducsek Tabler.1. Case 1 was with no

fault introduced. In case 2 the injection pressure of cylinder 1 was reduced by 35 bars (13%) to 235
bars. Case 3 the injection pressure was increased byr&%2080) to 325 bars. In case 4 the fuel
injector was disconnected from the fuel line (full misfire). The engine was tested with each fault
under four conditions: with no load, 50 Nm, 100 Nm and a load of 150 Nm, each at speeds of 1000

rpm, 1100 rpm, 1206om and 2000 rpm.
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RMS values and variances of the measured AE signals were calculated and averaged for each of the
test conditions, see Figures 7.10 and 7.11. The RMS values increased from case 2 through to case 4,
and this applies for two speeds andhbt@ads. This increase corresponds to the fault severity
increase and could be postulated to the fact that in each case the number of faults increases
(mechanical impacts and flow friction etc.) the combustion getting affected more and hence the AE
level increasedRichard [283] stated that the variance of the RMS signal could be used as an

indicator of combustion quality.

Table 7.1Summary of faults seeded into the diesel engine

Casel Case?2 Case 3 Case 4

Fault location N/A Cylinder 1 | Cylinder 1 | Cylinder 1
Injection pressure | 270 bar 235 bar 325 bar Full misfire
Description Healthy Injection Injection Injector

condition | pressure pressure completely
reduction increase disconnected

Figures 7.10 and 7.11 are showing the RMS values and the variarezcfocase. It can be seen

that the faulty cases all have higher variances compared with the healthy case, case 1. Again an
increase in variance can be seen as the number (as mentioned before) and severity of the faults
increased, and this suggests thas tick simple approach could be used as an indicator for fault

severity.
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Figure 7.10AE signals RMS values and the variances (a) no load and four speeds, and (b) 50 Nm
load and four speeds

Figure 7.11AE signals RMS values and the variances (a) $paeeds under 100 Nm load and (b)
four speeds under 150 Nm load.
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7.4.2 Kurtosis as a Tool for Fault Diagnosis

In this section the possibility of detecting and diagnosing fuel injector faults using kurtosis is
investigated. In cylinder number 1 fuel injecipressure was altered from a healthy pressure (270
bar), first to 235 bar, 325 bar and then subsequently disconnected. The instantaioybnden
pressure is shown igure7.12. There arecleardifferences between the peak pressures of the four
case (especially at high load) and, as expected, introducing the fault increases the peak pressure,
causethe peak pressure depends ondbmbustion rate in the initial stages, which is influenced by

the amount of fuel taking part in thmcontrolled combugin phase, which in turn is governed by

thedelay period [34].

Figure 7.12In-cylinder pressures of diesel engine cylinder 1 at 2000 rpm, (a) at no load and (b) at
150 Nm load

Figure 7.13 presents a possible detection method whereby faults are Yopludting the kurtosis

of the AE signals from the diesel engine against its RMS value.

The spectra of the AE signals in the low frequency band show a clear difference between the AE

signal for the healthy and faulty cases. At low frequencies it easgtéatda clear difference see
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Figure 7.13. At high frequencies it is more difficult to detect a clear difference, because there is

clear signal, but at lower frequencies the differences can be seen clearly.

Figure 7.13Plot of kurtosis against RMS fordhAE spectrum below 20 kHBIlue) 270 bar, (Red)
235 bar, (Green) 325 bar and (yellow) full misfire

7.4.3 Analysis in the AngularDomain

Angulardomain of the AE signals under the four given loads at (engine speed was fluctuating
between 950 and 1000 rpnare presented ifrigures 7.14, 7.15 and 7.16. These show the

comparison of healthy AE signals with those obtained with the three seeded faults.

For the reduced injection pressur&3%), a clear difference can be seen no load operation just
before $0°, eFigure7.14a),compared with thether load conditions.

189



Figure 7.14AE signals in the angulatomain (87% injection pressure).
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Figure 7.15AE signals in the angulatomain (120% injection pressure).
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Figure 7.16AE signals in the angulalomain (full misfire)
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The rapid transient event of the no load condition indicates an obvious injectormpha due to

the pressure reduction. However, for other load conditions this feature is not so clearly observed in
this angularxdomain presentain. This shows that mor@dvancedanalysis is required to achieve

full fault diagnosis.

For the increased injection pressyr20%) againa clear differencas seen for the no load

conditionaround 360%ee 7.5(a), ompared with the other loamnditions.

For full misfire the AE signal in Figure 7.16 show the same distinctive and a clear AE everft at 360
for all load conditions, that is there is no AE peak and this allows the misfire to be detected

straightforwardly in the angulatomain.

7.4.4 Analysis in the FrequencyDomain

The AE signals in the frequendpmain are obtainebly applyingthe Fast Fourier Transformation
(FFT) to raw timedomain AE signalsFigures 7.17, 7.18nd 7.19 give spectraomparison for
three faulty cases respectively.can be seen that high AE energy is mhain a frequency range
from 10 kHz to45 kHz and aclear changeanbe observed in the spectrum between the healthy and

faulty cases.

For the three faulty cases, the main frequency components shift slightly & frigduency bands.
It may indicate that the engine responds with sharper impacts or more violent flow processes, which

are basic symptoms of the faulty operation.

However, t is impossibleto determine which cylinddnras a faulty injectofrom the spectim and

to differentiate between the three faulty cases
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Figure 7.17Spectra of the AE signals for 87% injection pressure.

194



Figure 7.18Spectra of the AE signals for 120% injection pressure
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Figure 7.19Spectra of the AE signals for full misfire
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7.4.5 Analysis in the AngularFrequency Domain

Angular domain analysishows that AE signals in the angutbbmain can diagnose the no load
condition but not higher load conditions, whereas spectrum representation allows fault detection for
all cases butat diagnosis. To combine the capabilities of both the angular and frequency domains,
joint angulaffrequency analysis is applied to the AE signals. Previously work [285, 286] has shown
that the smoothewigner distributionis effective in analysis of injéar impact induced vibration.
However, recent advances in signal processing show that the wavelet transform is more suitable for
the analysis of highly nestationary signals such as AE from engines. Therefore, the measured AE

signals is analysed with amtnuous wavelet transform (CWT) using a Morlet wavelet [287].

Figure 7.20Angularfrequency representation of healthy engine and engine with 87% injection
pressure

For a more detailed study, CWT results are presented centred on the combustioncycierf 1.
The two graphs in the top of Figure 7.20 show CWT results for a healthy engine under no load and

a high load respectively. It can be seen that the combustion AE events occurs around 365° and its
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high frequency content increases under high.ltm@ddition, the amplitudes of the spectral peaks
also increase. The AE event due to fuel injection happens just after 355° and both its frequency

range and amplitude increase with load.

Figure 7.21Angularfrequency representation of healthy and 12084ction pressure

With the introduction of the small decrease in injection pressure, the CWT results change
substantially. CWT results shown in bottom graphs have higher AE amplitudes, indicating higher
impact from needle valve opening due to reducgection pressure. For the no load case, the
combustion event is substantially reduced, indicating poor combustion occurring in the cylinder. In
contrast, the high load condition show a very high AE combustion event with a much wider
frequency range. Thiwews that the combustion occurs violently because of pooafasiization

and more fuel is injected caused by reduced injection prefiije
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Figure 7.22 Angularfrequency representation of healthy and full misfire

Figure 7.21 shows result of highejection pressure (120%), CWT results differ substantially from

that healthy case. CWT results shown in bottom figures have low AE amplitude at no load and
higher amplitude at high load. This indicates lower impact from needle valve opening due to the
increased injection pressure. For the zero load case, it shows no combustion AE event around 365°
indicating no combustion occurring in the cylinder. In contrast, the high load condition show a very
high AE combustion event (good combustion) with extendeguency range. This shows that the
combustion occurs weakly because despite good fuel atomization less fuel is injected caused by the

increased injection pressure.

These changes in the CWT due to the presence of these faults show that it is poséibtenoate
a small injection fault from healthy conditions and successfully diagnose it under both high and low

load conditions.
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Figure 7.22 present the CWT results for a healthy engine and full misfire for both low and high load
conditions. It is obvios that neither the combustion AE event nor injection show on the CWT

results and hence this fault can be detected and diagnosed without difficulty.

7.5 Lubrication Monitoring Using Piston Slap Intensity

One of the driving factors for the development mbdern diesel engines is engine pollutant
emission £80. The pollutant could be of used oil which ends up in landfills, in sewers, or directly

in the environment where it contributes to spoiling freshwater resources and degrading ecosystems.
To minimise his aspect of pollution advanced technologies are needed for all aspects of engines,

including engine lubrication oil.

The performance of the piston slap in a diesel engine is directly associated with the friction, and
wear, which are in turn closely réda to engine knock, lubrication oil and fuel. Understanding the
relation between engine oil and piston slap intensity is important for developing advanced diesel
engines. Many studieaglentified that liner and its lubricatiorare notresponsible fothe geatest
proportion of the engin@ilures.Engine fults encountered included cracked liners and abnormal,

excessive wear caused by poor lubricating conditions.

In this section engine lubricating oil condition and quality are evaluated by anallgsimgaistic
emission signal from the diesel engine in certain frequency bands. Initially the engine was tested
using good quality lubricating oil (20W50 type) at the full level (healthy case); subseql@®ily

of oil was removed (engine oil level was 90%) anentlengine oil level was 110% (10% added),

the removed and added oils were measured by the engine capacity from the engine specification,
while the engine was run at tvapeed (1000 and 2000 rpm) with different loads but at constant
coolanttemperaturg90+5°C). The AE signals were measured using an AE sensor mounted on the
side of the engine cylinder block.

Simultaneously cylinder pressure data was collected fromltheylinder using a combustion
pressure sensor. The engine speed waatgeto speedghe acoustic emission was sampled at 2
MHz and 6 segmentsere collected in each experiment. In the three tests no effects on the cylinder

pressure were detected in the tid@main waveforms of the AE signal.
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Figure 7.23RMS of AE signalat two speeds

By taking the RMS values of the signals, some changes could be observed as seen in Figure 7.23. It
was found that the RMS values of the frequency band 10 to 50 kHz are affected by the level of the
oil. Certaincomponents of the AE signals in this frequeband increased when the oil level was
reduced by 10%. It was considered that these changes in amplitude of the components in this
frequency band are due to piston q1a82,287].

As can be seen in figure 7.23 there are clearly changes between theehbaselihe two oil levels at

1000 rpm. At 2000 rpm there is a smaller but similar change for oil decrease, but nothing significant

for the 10% increase.

The component amplitudes in this frequency band were found linearly proportional to the engine
speedand load
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7.5.1 Engine Load

Previous studies have shown that piston slap intensity increases when the load is incréaised.

study the engine speed was set at 1000rpm and the load was varied from zero to 350 Nm in steps of
100 Nm. The timeaveraged RIS values for the frequency bat@ to 50 kHzare shown irFFigure
7.24[286]. The load affects the magnitude of the cylinder pressure, which directly relates to the

driving force on the piston, thus increasing engine load and slap intensity.

Figure 7.24 RMS value of AE signal 10 kHz to 50 kHz with change in engine load at speed of
1000rpm.

7.5.2 Oil Temperature

Oil temperature was increasébm 30 to 90 in steps of % (controlled from the panel
control, where there is oil temperature indicatat #re temperature start measurement when engine
starting until engine warmed up by collecting data in each stepQif@). Figure7.25 shows the
RMS spectral amplitudes of structub®rne stress waves as the oil temperature increAseah oil
temperatee 306, the viscosity is ~50%igher than for fully warmed up conditions (g0 Ol
temperature)287).
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Thus, with cold oil the duty parameter (viscosity*speed/load) in the Stribeck curvag26gh and
there is more possibility for hydrodynamic lubricatitian for boundary or mixed lubrication in the

piston assembly (see Figure 5.1).

Increasing oil temperature increases piston slap intensity as the result of two effects:

1. Increasing the oil temperature decreases its viscosity dramatically, which pregdekamping
in the oil film between the piston and the cylinder walls.

2. Increase in oil temperature is accompanied by an increase of cylinder liner temperature, which
has the effect of enlarging the clearance between the piston and liner so the motsopistbth
would be less restricted, increasing the shagnsity [287].

Figure 7.25Effects of oil temperature on RMS value of AE signal 10 kHz to 50 kHz with change in

engine temperature at speed of 1000rp

7.5.3 Engine Speed

The effect of engine g@d on pistonlap was studied at engine speefi100Q 1100, 1200, 1300,
and 1400 rpm at a load of 100m. Figure 7.26 shows that increasing engine speed incredse
acceleratiorof the cylinder blocklncreasing the speed increases theyiimder prssure and the

SLVWRQYV NLQHWLF HQHUJ\ DQG WKHVH DUH WKR8OUHDVRQV
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Figure 7.26Effect of engine speed dAMS value of AE signal 10 kHz to 50 kHz with change in

engine speed at constant load of 100 Nm

7.5.40il Type

Engine oil should have certain acceptable properties for satisfactory lubrication of the engine, of
ZKLFK YLVFRVLW\ LV RQH RI WKH PRVW LPSRUWDQW DV LW DI

The effects of oil viscosity on the capgcof piston slap to generate AE signals were investigated

by changing the oil viscosity by using two different types of engine oil;-BOVEnd 20W50. Table

7.2 presents some of their typical and relevant properties. Between oil changes the oil veas left t
drain for 30 mints and the oil filter was renewed.

The engine speed was set to 1000 rpm, and the AE signals were recorded at different temperatures
and engine loading&igure7.27 shows the consequent changes in the AE signal. It was difficult to
discen any clear effects on the AE signals as a consequence of changing the oil type using only the

mean spectral componen28y].

By band pass filtered the signals using a digital band pass filter beti@eand 50 kHzand
calculating the RMS values of thgysals, clear differences could be observed, see FigureTha7
intensity of the impacts is less when using higher viscosity oil, because of its higher damping

characteristics.

The RMS values in the case of 260 are less €200 and 350 Nm but more @atvould be needed

to confirm the intermediate loadBy increasing the otemperaturehis effect became less.
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Table 7.2Typical properties of the oils used.

Typical properties 10W,30 20W:50
1 | Viscosity @100ce | 11.0 17.5
2 | Viscosity @40 C° 72 153
3 | Viscosity Index 143 125
4 | Viscosity, -25C° <7000 <9500
5 | Viscosity, -20cCe <7000 <9500
6 | Viscosity, -15¢C¢° <7000 <9500
7 | Sulphated Ash, wt.% 1.2 1.2
8 | Yield Stress None None
9 | Total Base # 7.75 7.75

Figure 7.27Effects of engine oil viscosity on amplitude of AE signal
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7.6 Conventional Techniques: Limitations and Drawbacks

The main drawbacks of the conventionaltieels of analysis; such as tirdemain or angular

domain extracted features (see Section 7.4.3), spectral analysis and statistical parameters (see
Section 7.4.); is that they give limited information, especially when the sampling frequency is very
high as it is in AE data acquisition. Tirequencydomain analysis gives only information about the
frequency components of the measured signals and in the case of diesel engine AE condition
monitoring these frequency components are dominated by the firing frequencies of the engine and
its harmotics (as seen in Section 7.4.4). The low frequency aigtier thar?0 kH2) is dominated

by the combustion event and it is difficult to detect any other AE event sources such as injection
process event, exhaust and intake valve event sources. More ads@gnegrocessing techniques

have been investigated and applied in this chapter,-fteggiency domain analysis using

continuous wavelet transform (CW3ge Section 7.4.5
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CHAPTER EIGHT
SIMULAT ION AND MODEL VALIDATION

This chapter evaluates the models devetbpsing parameters of a healthy fesiroke diesel
engine. The mathematical equations are solved numerically in a MATLAB environment to give
displacementspeedacceleration, piston taral force, gas torque, friction power, indicated power

and inertia torque.The model has proved to be useful results, which can be used successfully for
fault detection and diagnosis.
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8.1 General Concept

Chapter Five developed a matheiat model for the foustroke diesel engine to predict likely
piston slap and friction signatures. The derived mathematical equations now have to be solved.
Because the differential equations are both coupled and nonlinear (also some of the many algebraic
equations to be solved are highly nonlinear), it is not possible to derive a closed form of solution
and numerical methods are used. Importantly, an initial validation of the model is performed by
comparingthe predicted parameters over the work cycla teealthy engine.

The method of solving the set of nonlinear and coupled differential equations that make up the
model is based on a fourth order Ruitgdta algorithm [55, 101]. The step size in the algorithm is
adaptive, allowing longer steps when thadtions to be integrated are smooth and smaller steps
when the function changes rapidly. The simulation of the dynamic operation of the engine becomes
the solution of repeated simultaneous equations for a number of initiath@lunelary problems,
correspoding to each element of the system. Knowing the initial values of all variables and the
interaction which take place across the boundary of each element during the small time intervals of
the iterations, the values of all variables can be determined pidgess is repeated successively

for the complete work cycle of the engine.

8.2 Influence of Piston Displacement

Piston secondary motion (displacement) in the pistginder gap has a direct influence on
cavitation destructionlubrication, and oil consmption via the cylindefpiston group, on friction
losses and cylindepistongroup wear, on engine reliability and wibration, AE and noise

Piston displacement occurs undlee action ofateral forcs. Friction oppose piston motionin the
form of: thefriction force between pistoskirt and cylinderthefriction force between piston rings
and pistonsthe friction force between piston rings and tbginder; the friction moment inthe
piston pin connectionsand the friction moment between the coruting rod andconnecting rod
neck.

It was found that piston displacement takes ptmmrding to variation itheforces acting on itlf
the sign ofthe force changeghe piston starts to move freely from one walkhe cylinder shell to

the opposite

208



Figure 8.1 Piston lateral displacement and cylinder lateral displaceatantgine speed 1497 rpm

and brake torque 420 Nm

In this case, the top and bottom edges of the piston start to move simultaneously. Then the bottom
edge of the piston skirt outgis the top edgd-igure 8.1 shows the relative lateral displacements of

the piston and cylinder at engine speed of about 1500 rpm and load of 420 Nm. This figure shows
experiments results and the environment between the piston skirt and the cylindgrdimges due

to the crank rotation and cylinder pressure. As can be seen, the magnitude plot has a high magnitude
of about 5 m, and which is the peak found in the frequency spectra of the plstdiirst phase of

free motion ends when the bott@dge ofthe skirt comes in contact with the opposite sifl¢he

cylinder shell. As soon as the bottom edge closesgée the top of the skirt starts to rotate
(rollover) relativeto the bottom. The rollover takes place with thetlmgitis squeezedut of the gp

being removed by the togdge of the piston skirt. In this way, the radial mowdrihe piston is a

result of a change in the directionfofceand it is compound.

Piston free motiorrannot be realized simultaneousglith a change in the sigof theforce (sign as

in Equation5.26). In order formotion to beinitiated it is necessary to overcome frictional forces
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including moment resistance. The starttbé piston{ Wee lateraimotion in the unloadgdirection
is delayed from thenoment of sign chaye intheforce by betweenl520° from the deadcentreof
the intake stroke, compressisinoke, and exhaustroke.

During the exhausttroke, the piston is displacedice near the operatial TDC. The moment the
free lateral mtion of the piston beginsorrespondso 10#5° after TDC.The wholeof the
resistanceo pistondisplacement igquivalent to the valuef the force at themoment piston free
motion begis anddepends ostroke and operational mode of the diesel engine.

The resistance foes andnmoments do not influendie maximum rate fgpiston displacement, but
they dodetermine the startgh moment of piston lateral fremotion and hence thend of the

displacement: pistoimpact on the piston shell.

8.3 Influence of Piston Sliding Velocity

Regardless as to whether or not the transmission properties of the cylinderabdagkderstood,
further investigation of the signals is still constructive as it may reveal information about the factors

which govern the amount of AE generated.

Figure 8.2Piston sliding velocity at constant engine rpm

The consistency during the cycle of the continuous events proposed to relate to the piston liner
contact is seen in Figure 8.2 for data acquired from the AE sensor positiotiexcglnder block.
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The plotshows the amourdf piston lateral velocity aanengine speed ofb@mut 1500 rpm and load
of 420 Nm.

Due to the foustroke cyclestrokes 1 and 3 follow the same motion and similarly strokasd24
are grouped together. The figure emphasises that Atgds related to piston velocityt is also
clear that there is a distinction between the directions of piston velocity; at a given piston
displacement the AE energy is greater for velocity towards the cylinder head than towards the

crankshaft.

The pidon trajectories for cylinders 1 and 3 are essentially the same although the engine firing order
dictates that the trajectory for cylinder 3 is 180 degrees out of phittseylinder 1. The firing

order further determines that cylinder 2 follows the samedtory with cylinder 3, although 360
degrees out of phase in terms of the engine cycle, and similarly cylinder 4 and cylinder 1 are 360

degrees out of phase.

Figure 8.3 Piston lateral velocity and cylinder liner respoasengine speed 1497 rpmddorake
torque 420 Nm
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Bursttype AE events, are noteds occuring at maximum piston speeds when the direction of

piston acceleration changes and also at certain angles on the piston upstroke.

The precise origins of theg®E events are notnown. One pasbility is that they occur due to
disruption of piston liner contact as the direction of piston acceleration changes; another is that they

result from impacts caused by movement of the pushrod tappets.

There are also two possible explanations identifeedie difference in the amount of AE geatexd
between acceleration directions. Firstly, the direction of acceleration may impact upon the piston
ring dynamics causing a change in the tribological behaviour and consequently a change in the AE
generation pperties. This is obviously dependent upon the AE generation being sensitive to
changes inpiston sliding contact behaviour, this has besmown in other applicationand for
instance, diffeent AE generation characteristics have been observed for ehffeontact areas at

the heasslider/diskinterface inHDDs [250, 251]. This explanation alscelieson the AE measured

at the centrdine of a cylinder being dominated by tipéston liner interaction in that particular

cylinder.

The second explanation cmerns crossylinder propagation. Given the apparent relationship
between piston speed and AE activity the effects of any -cydssler propagation will be most
obvious when the piston velocities for cylinders 2 and 3 are greatefatheylinder 1. Thepiston
kinematics is such that these circumstances occur when the directibe piston incylinder 1
acceleragstowards the crank. This provides asgibleexplanation for what seemingly appeared to

be an acceleration related feature. The issue ofscydmder propagation is significant as it
suggests that to achieve monitoring of specific cylinders it may be necessary to develop spatial

reconstitution techniques to decompose the signal into its constituent parts.

Considering that the AE measuredta tentrdine of anycylinder will likely involve contributions

from each of the four cylinders comEonswhich related AE activity to solely the motion thie
pistonin onecylinderwill be inaccurate. Rather, the AE data should be compared to a adiohin

to varying extents(depending upon their relativémportance) of all the piston motions.
Determination of each cylinders contribution would require knowledge of the complicated
transmission properties of the cylinder block and of the source AE lewdlphaseat each piston

liner contact. The complexity of this task limits what can be achieved here and instead the mean

piston speed of all four pistons is used as an approximationdistinction is made between
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directions of pistorspeedsince the ojective is to compare the AE activity with the overall piston
speed characteristics. It is observed that the mean piston speed resembles more accurately the
profile of the AE energy during the cycle than the individual cylinder piston speed, which may
imply that it offers a more realistic representation of the signal compaosition.

The principal observatioftom tests on the engins that AE activity appearto be generated from
pistonliner contactand that the selection of sensor position greatly affeetsneasured strength of
this activity. Furthermore, it has also been established that for this activity there is a relationship

between pistonelocity and the amount of AE generated.

8.4 Influence of Cylinder Block Displacement

The glinder block is oe of the majorstructures of a diesel engine; generate AE due to
combustion gas pressure, oil film pressuaad frictionon the piston skirtand in the crankshaft
bearings. AE analysis of cylinder block is helpful for analysing the AE characteagtics whole

engine.

Figure 8.4 Displacement and velocity of cylinder block
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The AE sensor position othe engine cylinder blocthat produced the largest AE signal was the
upper positionfollowed by the loweandthen the mid position. This indias that AE propagation

from the liner to the external surface of the cylinder block odoestabove the water jackén this

study we mounted the AE sensor above the water jacket).

Figure 84 shows the data collected froimet AE sensothatwas mountean theupper side of the
engineblock. This data provides a way of identifying the existence of piston slap and friction, and
theirintensitieshowever it is deficient in representing the dynamics of the piston.

From the figure &, a distinct peak i®bserved at approximately 33 degree AT itis
consideredhat the peak is caused by piston slap. Also, the magnitude of the peak is an indication of
the intensity of impact. These observations mean the cylinder block displacement data can be used
as atool in identifying the existence of piston slap (by finding acceleration), and measuring
intensity effects due to changes in different engine parameters.

Thus when analysing piston slap data the results will be represented in terms of engine block
displacement. Also, oil film thickness measurements can be used when applicable in discerning the

dynamics of the piston.

8.5 Engine Friction Measurement

Due to the importance of friction losses in a diesel engine, we have developed a method to measure
engine fiction loss with high accuracy. In spite of its importance pastendeavours to measure
engine friction,its accurate measuremestnot easy since the amount of friction is relativetyall
compared with powerdissipated in thebrakes or cylinder pressre, and so on. Accurate
measurements of the piston assembly frictionaarespecially difficult and challenging problem

and friction measurement of the piston assembly under firing condiéomainsa challenging

problem.

8.5.1 Engine Friction using Cowentional Technique

The Indicated power (IP), Brake power (BP) aRdction power (FP¥or two engine oils 25v60
and 10w30 for anengineoperatingat eight differenttest conditions are given in TalBel It was
observedthat there wa a rise in enginefriction with the increase in engine speed (rpfor) all
conditions which indicates that speed is one of the most important factors for engine fi@iten.

parameters on which engine friction depend are engine whdiscosity, oil temperaturetc.
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However, in this casthe engineoil temperature was controlled @&C) for both lubricantsothe

effect of engine lubricant tempeuae on friction can be ignored.

Table 8.1Indicated power (IP), Brake power (BP) dfriction ppwer (FP) for 25w60 and10w-30

oils undemrescribed engine operating conditions

Engine | Torque IP (kW) BP (kW) FP (kW)
Speed Nm
rpm 0]] o]] o] o]]
20w 10w 20w | Ol 20w oll
50 30 50 10w30 | 50 10w-30

1000 50 7.31 7.76 5.22 5.24 2.09 2.52

1000 100 11.78 | 12.38 | 1046 | 1051 | 1.32 1.87

1000 200 2275 | 2287 | 2091 | 2096 | 1.84 1.91

1000 300 3458 | 34.24 | 3142 | 3141 | 3.16 2.83

2000 50 20.89 | 20.44 | 10.55 | 10.49 | 10.34 | 9.95

2000 100 31.48 | 31.12 | 20.98 | 20.94 | 10.50 | 10.18

2000 200 50.60 | 48.85 | 41.78 | 41.83 | 8.83 7.02

2000 300 68.81 | 68.20 | 6283 | 62.95 | 5.98 5.25

At high speed and low loaghgine friction power is significantly highéiour to five times as great)
compared to low speed and low load becabsgiston ring assembly and bearings aperating
predominantly inthe hydrodynamic lbrication regimeand ttere is a strong dependence of
hydrodynamic friction on engine speé&ihd oil viscosity. This strengthens th&rgumentthat the
contribution of hydrodynamic friction in an engine is highban the boundary and mixed
lubrication fridion. At low speed, for all load levels (engine operating in boundary and mixed
lubrication regime)t was observed that there is marginal change in engine fribetween theils.

BP = IP £P (8.1)
At high speed, high load the friction power is reduced to a level comparable to the low speed, high

load condition; this may be explained with the helpghaf weltknown fact that the coribution of

friction as a percentage of indicated power output reduces as load increases, whicthisvahso
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Figure 8.5. It may also be dédedthatthe VKHDULQJ RI1 W KldyeRslwoulbdlLb® Bdsiér at X E
high speed and high load which helps fantreduction.

Figure 8.5 Engine friction power at different operating conditievigh lubricatingoils of 20w-50

and 10w30.

8.5.2 Brake Specific Fuel Consumption

The brake specific fuel consumption is defined as the fuel flow rate per unit povpet. duts
desirable to obtain a lower value of BSFC meaning that the engine used less fuel to produce the
same amount of worKhis is one of the mosmportant parameters for engine development
Brake specific fuel consumptioBEFCQ was calculated aan enginespeed of 2000 rprfor loads
applied to the engintor both engine lubricantsee Table 8.2. Theercentage reduction BSFC
obtained with changing the lubricant to one of lower viscosag alsacalculated. Results indicate
that there is signifiant reduction of fuel consumption of angine when lower viscosity grade oil
was used. Similar trends were observed for gasaése vehicle duringa chassis dynamometer
study p8§.

As we saw in the previous sectiongie friction power can be rededt by usinga lower viscosity
grade oil at highspeed and at all load points withaaffecting the engine adversely, whialso

corroborated by thBSFC resultandwhich showed fuel saving of approximately 2%
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Table 8.2 Brake specific fuel consumptiqg/(kW.hr)) of an engin@perating at 2000 rp@and

different loads (torque)

Torque BSFC (g(kw.hr)) % Reduction

(Nm) 10W30 | 20W50 due to changs
in oil

50 367.30 | 372.27 1.33

100 269.74 | 275.22 1.99

200 256.65 | 259.26 1.01

300 231.46 | 234.04 1.10

8.5.3 Friction M easurementUsing AE

Friction in the piston assembly is the most complex as large variations in the speed and load occur
over a single cycle. Friction arises because both the piston rings and the piston skirt rub against the
cylinder liner. Tte rings are loaded against the liner throughtpnsion and under the effect of the
in-cylinder pressure. The skirt will tend to lean against the liner as a result of the reaction of the
connecting rod. It is generally assumed that the piston iskintthe hydrodynamic regionf the
lubricating oil throughout the engine cycl@he piston ringdhave a more complex operation and
whenthe piston isat mid-stroke, hydrodynamic lubrication occurs.

As the piston approaches TDC or BDC, the reduction in speegsdhe oil film to break down. At

TDC combustion, this is enhanced by the buitdof the cylinder pressure, which increases the
loading further. This has been observed by measuring the frictional force acting on the cylinder
liner; a spike is seen arodiDC and BDC, characteristic of a move into the mixedlsmdhdary
lubrication regimes Overall, piston friction occurs mainly in the hydrodynamic regime and is
therefore highly sensitive to the lubricant viscosity.

Figure 8.5 shows the indicated powes load for two speeds and the two types of Ail.increase

of engine speetheans an increase in power for a given load, and an increase in load for a given
speed also means an increase in power. There appeared to be very little change in power with

changein oil. The rate of increase of power appears to be slightly larger for the higher engine speed.
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Figure 8.6 shows engindriction powervs load for two speeds and the two types oflbitan be
seen that friction power greateratthe higherspeed andor the range considered spdesa more
pronounced effecon the friction power than load. This may show that the increase in cylinder
pressure (i.e. load) does not leadasmuchincrease irfriction asan increase irctylinder speed.
This means that thieigh peaks of the thrust force at TDC, shown in Fig@&@ and 8.3result in

less friction and hence less AE effdbianspeed changes.

Figure 8.6 Indicated power vs. loaat engine speeds 1000 rpm and 2000 rpm with lubricatilsg
of 20w-50 and Dw-30
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Figure 8.7 Friction power vs. loadtengine speeds 1000 rpm and 2000 rpm with lubricatitsgpf
20w-50 and 10w30

The results in Figure.B show clearly that the low quality oil consumes more power than the other.
This confirms that oil quély has a significant influence on engine performartes difficult to
differentiate betweerthe oil type in the results for friction power, although 2@A/&hows
marginallyless friction pwer in the load range of from 50Nm toQm at1000 rpm (see Fige

8.6), which is to be expected because it hager viscosity.During the tests, the oil and water
temperatures were maintained8#5°C.

There are many sourcesmichanical friction lossdsesidepiston assembliriction (such as main
bearings, war pump, oil pump, etc.)

Figure8.7 shows theelative frictionpower vs. loadturvesattwo different engine speeds 1000 rpm
and 2000 rpm with lubricatingils of 20w-50 and 10w30. In thesetests the friction losses of the
water pump, oil pump, and otheechanical parts ataken intoaccount. The friction of the water
pump and the timing chain are included in the camshaft assembly loss. The oil pump friction is
included in the crankshaft assembly loss. In Figuve the piston assembly friction is pessible

for about45% of the total engine friction lossgseeSection 42.2). As expectd the crankshaft
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assembly friction loss increaswith increasing engine speed. This means that the dominant friction
mechaism of the crankshaft assembly sva the hydrodynamic region.

The camshaft assembly friction losses also incrgaae the engine speed increasedt not as
strongly ador the crankshaft assembly. This can be explabexzhusehe main lubrication reme

of the camshaft assembly is boundamy mixed lubrication. The friction losses of the piston
assembly decrease with increasing speed in the low speed regions but increase in the high speed
regions. That is, as expected, at low engine speeds the piston assembly friction shows that the
bounday and mixed lubrication characteristics are dominant. However, as the engine speed
becomes higher, the dominant lubrication mechanism is converted to hydrodyReonicthese
considerationst can be deduced th#te hydrodynamic friction forcbetween twastates (between

two regions/regimes of the qilould be different and can affestichpiston dynamics such as slap

and secondargnotion.

While examining the friction results it is important to bear in mind that the measured piston
assembly frictional frce is the summation of four main components: two compressions rings, an oil
control ring, and the piston skifftherefore a change in a variable may produce different and even
conflicting effects for each component. For example at moderate lubricantr&tunps the piston

skirt operates in the hydrodynamic regime whereas the piston rings operate in the boundary to
hydrodynamic lubrication regimes. Any increase in lubricant temperature would bring the piston
ring lubrication conditions more towards boundancreasing the friction loss wherea<dEse in
viscosity would reducéhe friction contribution from the piston skirt owing to a reduction in shear
loss.

At low oil temperatureat the start of the power stroke the piston assembly friction is highubec

of severe lubrication conditions, resulting in boundary lubrication but, as the piston picks up
velocity, just before and after mitroke, the friction decreases owing to a high entraining velocity
dragging more lubricant into the pistdimer interface.

Thus the pistodiner interface enters the hydrodynamic lubrication regime. At-strioke, the
entraining velocity is high and under hydrodynamic lubrication conditions, this results in an

increase in friction due tahigh shear rate. A similar piatelican be seen for other piston strokes.

At high temperature, because of severe lubrication conditions, a sharpfrisgean can be usual at
the start of the power strokalso the friction at the start and end of each stroke is high as the film
thickness in this region is relatively small because of a low entraining velocity and low lubricant

viscosity, but at midstrokes there is a slight decrease in friction. One of the main factors
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responsible for the difference in friction loss during upward amaindvard piston strokes is the

flow and availability of lubricant on the liner surface, as the piston uncovers and covers the liner.

The flow and availability of lubricant is also dependent on the engine speed.
The friction contribution fronskirt diner interaction is mainly due to shear losseaglenced by a

continuous decrease in power lossudsicant temperature increases at any engine speed

Figure 8.8 Relative frictionpower vs. loagttwo different engine speeds 1000 rpm and 2000 rpm

with lubricating oils of 20w-50 and 10w30

8.5.4Indicated M ean Effective PressureMeasurements

The IndicatedMeanEffective Pressurg(IMEP) method can determine the piston assembly friction

forcefrom the measured cylinder pressure, the connecting rod forcéhe@pdton assembipertia
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force For the measurement of the connecting rod force and the piston assembly inertia force,

information about the piston dynamiciseded

The measured piston friction force cannot provide amfprmation about the lubrician
mechanism. That is, the measured piston assefmtiipn using the IMEP method includes lots of
information, such as piston viscoligbrication friction components, mixed lubrication friction
components, and piston skiriction. In addition theriction measurements using the IMEP method
result in avery accurate measurement of forces acting on the compistien assemblybut itis
necessaryo include the piston assembly inertial force and assume thatehedegreas the engine
TDC position, tle start of the power strok€he sudden change in the sign of thetional force at
the end of each stroke is due to tiange in the direction of piston travielwas seen that, at low
lubricant temperaturetiere is a slight drifat the end of theompressiorstroke (between 675 and
720 degree} causing the frictional force to cross the zero datuma slightly. The effect was

reduced considerably higher lubricant temperatures.

Figure 8.8 is fom lubricant temperature about 9°C, because o$evere lubrication conditiores
sharp rise in frictiorcan be seen at the start of the power stroke. Alséritteon at the start and
end of each stroke is high #s film thickness in this region is relatively smiaéicause of a low
entraining velocif and low lubricantiscositybut at midstroke there is a slight decrease in friction.
At any engine operating condition, the maximum friction takes place at the start of the power stroke
as the lubrication condition at this point is in the boundary regming to the peak combustion
pressure. At the end and start of each stroke the pisten friction is more towards boundary
lubrication, whereas at mistroke it is generally hydrodynamic because of the relatively high
entraining velocity.

Some factorsffecting IMEP areZ89:

. Compression ratio

. Airffuel ratio,

. Volumetric efficiency,

. Ignition timing,

. Valve timing and lift, and

o O A W N PP

. Air pressure and temperature.

In the IMEP method, the piston pin friction force was neglected when calculating the pigion fric

force from the measured pressure force, connecting rod force, and the inertia force. The piston pin
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exerts a frictional force on the piston assembly and affects the piston ffictc@nand dynamics.

However, it is very difficult to measure the pistpin friction force.

Figure 8.9 IMEP vs. loadattwo different engine speeds 1000 rpm and 2000 rpm with lubricating

oils of 20w-50 and 10wB0

8.6 Lateral Force on Piston

The lateral force transmitted from the wsBsh to the piston is defined byeHateral force balance

on the wristpin (see Figure 5.4)This force,combined with the lateral pressure force around
FRPEXVWLRQ 7'& GULYHV WKH SLVWRQYY ODWHUDO PRWLR
constrains it, and supports the drivirgde. The contribution of gravity is negligible.

The lateral displacement and lateral impact velocity of the piston are initially unknown, and solved
for iteratively based on satisfying a lateral force balance on the piston. The piston tilt significantly
impacts both the lateral pressure force generated around combustion TDC, and theylristen

bore clearance distribution.

During the intake and exhaust strokes there are significant fluctuations in th@iwifistce due to

the wristpin and connectingod inertias, and corresponding fluctuations in the cylinder force due to
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these plus the added effect of piston inertia. These fluctuations are due to the fact that at light loads,

WKH FRPSRQHQWTY ODWHUDO LQHUW L Dnds BbUWélineeLahQhel tigidD Q W

cylinder bore during piston slap. It is expected that, in the physical system, oil would significant

GDPS RXW WKLV PRWLRQ $W KLIJKHU ORDGV WKH SLVWRQT\

WKH SLVWRQ TV ne@idgidlewompariedité tRd°latye driving force.

As shown in Figure 8.9 (upper one), the force supported at the jpdinder bore interface is

essentially a function of combustion chamber pressure and connexdiggle. In the absence of

a significantDPRXQW Rl LOQWHUIHUHQFH YDULDWLRQV LQ WKH VL

the ideal function of pressure force are:

1. Piston and wrispin axial inertias lead to a difference between the pressure force on the piston,
and the axial force on theonnectingrod. The balance of combustion chamber pressure and
component inertias can significantly shift the timing of +sicbke piston slap during the intake
and exhaust strokes.

2. The angle at which the connecting rod acts generates a lateral fordbdramal load.

3. Connecting rod inertia and wripin friction shift the moment balance on the connecting rod,
altering the angle of action of the connecting rod force and the resulting lateral force on the
connecting rod. The wrigdin friction does not gnificantly impact the lateral force transmitted
to the pistonConnecting rod inertia can significantly shift the timing of +sitbke piston slap,
and in high speed, low load running conditions, increasing component inertias significantly
change the latal force as they become more significant compared to the pressure load.

4. The wristpin lateral inertia introduces further fluctuations in the lateral force. These
fluctuations, and those due to lateral motion of the connecting rod small end, are depandent
the detailed piston cylinder bore interface interactions, and can be considered to represent a

significant source of uncertainty in the motion of the system.

5. The lateral component of the combustion chamber pressure force can become significant around
combustion TDC, but is highly dependent on piston tilt.

7KH VLGH IRUFH GULYLQJ WKH SLVWRQTV PRWLRQ LV WKH V
F\OLQGHU ERUH LQWHUIDFH E\ WKH QHW ODWHUDO IRUFH
additional fluctuations to the piston cylinder bore interface force, and the translation of the piston
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across the cylinder during piston slap interrupts this force, particularly in the upper section of the

cylinder bore where there are significant clearances.

PLVWRQ VODS EHJLQV WR RFFXU ZKHQ WKH VLGH IRUFH GU!

timing of this sign changes and tends to occur for two reasons:

1. The axial force transmitted through the components changes sign. This tends tatauoahr
strokeduring the intake and exhaust strokes as the inertia and pressure force terms balance, but
may also occur in the compression or expansion strokes at high speed, low load running
conditions. The exact timing is dependent on the pressure trace.

2. The connectip URG DQJOH FKDQJHV VLJQ 7KH WLPLQJ RI WKL)
geometry, and for an engine with no crankshaft offset will He180, 360" and 548 crank
angle. There is a small shift in this timing due to the fact that the-gimstonnectig rod force

does not lie along the connecting rod axis.

There is a small delay between the initiation of piston slap, and the piston actually leaving the
cylinder bore surface. The piston may then translate freely across the cylinder, during which time
there is no piston cylinder bore interface force, before making contact with the other side of the
cylinder bore. In cases where there is an interference fit, the piston will remain in contact with both
sides of the cylinder bore throughout this process. possible, even without an interference fit, for

the piston to remain partly in contact with each side of the cylinder bore if there is sufficient tilt.
There are many uncertainties in the interface force at the piston cylinder bore which affect the
detailed distribution of the force. These uncertainties incluéé]{2

1. Local surface geometry,

2. Asperity contact force,

3. Friction coefficient, and

4. QOil film thickness.

The impact force on the majtinrust side is considerably larger than the correspondingvaiu
the minor thrust side. This is because the offset positidhe wrist-pin creates a larger clearance
on the majothrust side, thus the impact velocity is greater there. Tkasasogous to a ball falling
upon an oily plate from a greateeightresulting in a larger impact force. It can be obseied,
on the major thrust side, the contact force attainm@gimum value at the maximum combustion
pressire

As the contact force dramatically decreases on the major sidestthe corresponding lua on the

minor thrust side begins facreaseat aroundhe crank angle of 60°, which is nearly ethed of
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pistontravel inthe downstroke sensek-rom the Figure 8.9 we can sttt at the TDC a lateral
displacement has resultedan almost alignegiston orientation (see figufer the crank angle of

0°). As the pistonrmovesdownwards, the lateral displacement increases dramatically with rising
pressure towards the major thrust side, culminating in a lateral displacement, and a corresponding

tilt towards the major thrust side.

Figure 8.10 Piston lateral force, lateral displacement and lateral impact velocity
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These motions are responsible for the Higtustforce After combustionmaximumpressure}he
piston tilting motion reverses in dealth rapid emergence of clearanme the major thrust side (i.e.
a reduction in rigid body approaatith respect to the major thrust sidé&he piston continues
this manner, where the combination of lateral minor thrust and reversal of tilting raaiggrirom
the major thrust side leads to the diminutiontled gap on the minor thrust sideggnd this isthe
reason for the emergenoéincreasing contact forces on the minor thrust side. Frorcyule, at
90° crankangle, thelateral motion reverses to orapproaching the minor thruside. This is
indicated inFigure 8.9 by the negative values tditeral displacemenft the same time, the tilt
angle is generally reducingintil a totally aligned configuration is observed at the BIRE,
expected. This isvhere the fewundulations in the tilt angle adkie to increased lubricargactions
due to the approach of the piston towards cylitm@e on the minor thrust side.

On the upstroke of the pistdrom BDC (i.e. for crankangles greater than 180°) the prsaligns
itself to the minor thrust side with small tilt anglése to low combustion pressures. The inertial
dynamics ofthe enginedisplaces the piston lateraltpwards themajor thrust sideAt 360° the
power strokecycle is complete. The tilt angle@ the corresponding laterdisplacement values at
0° and 360° should ideally be tsame, if the transient analysis is to yield a repeatable dyate.
clear that a number of such cycles should be included in the transient abalydise to the
compuational time and memory constraintswias clear that such an undertakimgs impractical
and that a clear picture of transient contact behaviour should emerge with the initial analysis. Any
further extension of the analysis can only lead to refinemietiteoresults in a quantitative sense,
but not for the fundamental understanding of the physical phenomena.

8.7 Influence of GasTorque on the Piston

The gastorque signal is a very important signal for power train conioé gastorque is affected
by many different sources such as fuel injection, quantity, oil temperatur@and so on.The
maximum torque value represents the maximum pressure in the cylinder during the combustion
stroke.
As a consequence of therge fluctuationsin engine torque durgnthe cycle, the variations in the
rotational speed are obvious Figure 8.10; the sudden drop in theiston velocity and its
subsequent increase can be linked with riegative and positive peaks of thastorque. The
amplitudes of the cyclic speed fluations tend tancrease as the mean engine speed decreases
owing to thefact that at low engine speed the cycle time is longthaedengine deceleration at the
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end of the compressiostroke is dominant and vice verskhis is a very important criteriom i
making compromisebetween the flywheel size, the engine speerkgponse and the engine low

idle speed limit.

As shown in FigureB.1Q the cylinder pressure is quiggmilar at different engine speed$he
combustion pressure can result in significaatial deformation of the piston, relative to the piston
cylinder bore clearance, particularly close to combustion TDC. The upper portion of the piston is
deformed outwards, while the lower portion bends in the soft, central portion of the skirt bends
further inwards that the more rigid outer edge. Pressure deformation becomes significant over the

compression and expansion strokes.

Figure 8.11 Cylinder pressure and gas torque
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Thus, the effect of engine speed on the friction fafcthe piston assebly is complicated by the
effect of engine speed on cylinder pressureaddition to the direct dependence on engine speed.
Basically, it is known that the ggsessure behind a ring provides the major contribution to the
sealing force. Thus, in theaseof the top compression ring the gasethe combustion chamber
passdown the clearance space between the piston clawghand the cylinder liner and then into
the top ring groove to load the rear face of the ring. Thus, this top groove pressurdladfaisten

ring assembly friction since the high groove pressure exerts piston ring sidardragcreases the
normal load of the ring against the cylinder liner. It is usudllomication analyses of piston ring
packs to assume that the pressure inttipering groove is at all times equal to the combustion

chamber pressure.

8.8 Influence of Inertia and GasTorques on the Piston

The inertia ofthe engine will affect itsperformanceFor realtime monitoring anccontrol of the
engine he torque produckby a cylindemwill have two components, thgas pressure torque ahe
reciprocatinginertia torque.The gas pressure torquéepends, almost exclusively, on the engine
load and could vary from cylinder wylinder even under steadyate operating corgbns. The
reciprocatinginertia torquedepends only on engine speed and is fairly unifeemall cylinders
Under steadystate operating conditions, the total torqueresponding to a given cylinder, may be
considered a periodic function of time (craarkgle) Figure 8.11 representise resultant inertia and
gas torques throughout the cycle for several engine spkedscpected, the inerti@rquehasthe
samemagnitude atny engine speedslhe resultant torque between gas and inertia has similar

fluctuations at different engine speeds as seen in the figure.

The resulting friction force of the piston assembly can be computed using inforratioarning

the pressure force, the connecting rod force, and the inertial forces of the conreettng pistn
assembly.The friction torque can be calculated from the measured inertia torque amshe
pressure torque.

From Figure 8.11 the axial inertia result in significant radial deformation of the piston, relative to
the piston cylinder bore clearance, pardarly at TDC and BDC. Negative axial acceleration results

in a positive axial inertia force, deforming the piston upwards. The lower portion of the skirt is
deformed outwards while the crown bends inwards, and the soft, central portion of the sldrt bend

further outwards that the more rigid outer edges.
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Although the values of inertia torque and pressure torque are zero, the friction torque at each crank
angle is the resultant torque generated by inertia, cylinder pressure, and friction. Thus, the inerti
and pressure torque influence the instantaneous torque at each crardndritlereforethe inertia
andgaspressure torque must be considered to allow the friction tonfolenation to be extracted

from the measured torque at each cranile. The ttal inertia torque is just the sum of linear

inertia torque and angular inertia torque.

Figure 8.12 Inertia, gas and resultant torques

8.9 Lubricant Chemistry

Lubricants are the result of a base stock wluah be of either mineral or organicgn and a

collection of additives which represent only a smralttion of the final product [g. Dieselengine
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oil viscosities are highly dependent on the temperancedecrease exponentially with increasing
temperatured89. The relationship betweethe viscosity and the temperature is quantified by the
viscosity index (V1) which is an arbitrary scalesessing the change in viscosity betwegriJ3and
1000U& ,GHDOO\ WKH VFD QHLOR U &d<Ferf@m SaKsRst@ilg ircad engiradls

now should have VI levels above 1500 achieve thisadditives known as viscosity modifiers or
viscosity index improverscan beused. These are polymenicolecules that have a temperature
dependent structurext low temperatures, they coil into a ball dmave little effect on the fluid
viscosity but, at highemperatures, they uncoil and become surrourimedil and considerably
increase the oil viscosity. FiguB12 shows thekinematicviscositytemperature relationshiger

two oil types. As can be se¢heir viscosities decrease similarly with increadieigperature1OW-
30typedecreases much less with increagemperature compared with 20%0.

There are some important additives which atesigned toimprove boundarubrication
characteristicsreducing the friction coefficient on the extrenteft-hand section of the Stribeck
curve (Figire5.1). Thesemolecules have a polar constituent that attachésetéubricated surface,
while organic chains in thenolecule absorb a layer of oil. They are veffective at reducing
friction in boundary lubrication as longs the temperature does not rise so as to cause
decomposition of the molecule or desorption ofamilthe surfaceSome other additives necessary

in lubricating oilsaresometimes used.

To cakulate the viscosity of a given lubricant at any temperature the Vogel equation (8.2) may be

used for straight weight oils.
RL Gt §—; (8.2)

Where k, and are constantdetermined for each lubricant with units of cSt fobkQ G U& IRU

a&and & T is the temperature of the lubricant thé&andv is the kinematic viscosity at the desired
temperature in cSt.

There weredifferencesn resultswhich maybe due to opratingconditions (loading, temperatures,
soot contaminationetc.) and which highlight the difficulty gferforming accurate testing in this

area.

Figure8.12indicates the effect of temperatuon the oil viscosity of the two teshgine ois. The
oil viscosity is much lowr when it is warmerAs shown in Figuré.12 at 30°C the oil viscosity
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could be ten times highéhan for fully warmed up conditions (90fCThus, withhot oil the duty
parameter (viscosity*speed/load) in the Stribeck cusveeducd and there isa greatepossibility
for boundary or mixed lubricatiomhan for hydrodynamic lubrication irthe piston assembly

friction.

Figure 8.13 Kinematic viscosities vs. oil temperature for the two types of lubricating oil [287].

8.10 Piston andwWrist -Pin Motion

8.10.1 Lateral Motion

The lateral motion of the piston is driven by the wpst lateral force, and constrained by the
piston cylinder bore interface. The side force is essentially a function of the axial pressure load on
the piston andhe connecting rod angle, with shifts due to component inertias. It is expected that the

side force on the piston will change sign for two reasons:

1. When the connecting rod angle changes sign, which for an engine with no crankshatft offset is at
0, 180, 36(and 54Ccrank anglalegres.
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2. When the axial load on the connecting rod changes from compression to tension, which is
determined by the pressure trace and component inertias, and typically occurs aksiubkaid

during the intake and exhaust strokes.

8.10.2 Tilt

Piston tilt is determined by the moment balance on the piston, about thgiwrstis. The wrist

pin friction moment tends to drive piston rotational motion approaching combustion TDC, while the
friction and normal moments at the piston cyliidd ERUH LQWHUIDFH FRPELQHC
rotational inertia, determine the tilt during intake and exhaust strokes. All four are significant during
combustion. In some cases, particularly when there is-pinsbffset, the combustion chamber
pressuranoment will also significantly affect piston tilt around combustion TDC, and can be used

to counteract the wristpin moment.

Approaching combustion TDC, the connecting rod is rotating clockwise (negative), and drives both
the wristpin and the piston tmtate clockwise, decreasing piston tilt. The large loads on the wrist

pin bearings at this point result in a large negative moment being applied to the piston. At TDC the
side force on the piston goes to zero and piston slap is initiated. As the pastels across the
cylinder bore it rotates rapidly clockwise until contact is made on the upper portion of the skirt,
generating a very large positive moment, which in turns results in rapid, anticlockwise rotation of
the piston and brief oscillation untiie tilt reaches a stable positive tilt.

Piston tilt throughout the rest of the cycle is determined by the balance of normal and friction
PRPHQWY FUHDWHG DW WKH SLVWRQ F\OLQGHU ERUH LQWEF
balance is very sersie to the point of action of the normal force at the piston cylinder bore
interface, which in turn is dependent on the local geometry.

Oscillations occur as the piston hits the cylinder bore at an angle, and then rotates, over correcting,
to find its bdance point. To complicate matters further, the piston profikgsificantly changed

by radial deformation due to combustion chamber pressure, axial inertia, and contact with the
cylinder bore.

As can be seen in Figure 8.13, in the absence of sigrifieast-pin and pressure moments, the
SVWDEOH™ SLVWRQ WLOW QHJOHFWLQJ RVFLOODWLRQV LV D

1. Deformed piston geometry: The location of the minimum clearance point and the slope of the

profile determine the amount of tilt required to shift theapof action of the contact force,
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2. Cylinder bore geometry: The average cylinder bore gradient, over the load bearing area of the
piston, significantly contributes to piston tilt, and

3. Piston cylinder bore friction coefficient: Around combustion TDC, thgnificant friction
moments generated affect piston tilt, while throughout the rest of the cycle it was found to have

very little effect.

Figure 8.14 Stablepiston tilts[289].

8.11 Summary

Fuel economy of large, diesel engines is critical paréorce metric for engine manufacturers.
Demands for increased fuel economy are coupled with corresponding improvements in engine
performance, durability, and emissions. One method of improving fuel economy is to reduce the
losses due to mechanical frictianthin the engine. Mechanical friction accounts for between 10%
and 15% of the indicated work output of the engine. Reductions in mechanical friction directly

improve engine thermal efficiency and fuel economy.
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The angular motion of the piston is drivieyi the friction moments at the piston wrist pin and piston
cylinder bore interfaces, and the moments generated by the pressure force and piston cylinder bore
side force. In the absence of wxsh offset, the wrispin friction moment dominates this monie
balance approaching combustion TDC until piston slap occurs, at which point the piston
interactions with the cylinder bore also becomes significant. Away from combustion TDC, where
the loads transmitted through the system are much smaller, the pissserdially searching for a
stable position on the cylinder bore where the side force and friction force moments will balance.
The oil film thickness plays a significant role in piston tilt, effectively changing the geometry
constraining piston motion, dnresulting in larger tilt, particularly during piston slap and an
increase in land contact at combustion TDC.

Accurate determination of the friction generated at the piston cylinder bore interface continues to
pose a significant challenge. The oil filmdkness can have a significant effect on reducing friction
generation at the piston cylinder bore interface, but the accuracy of these results come into question
when we compare the different surface representations, particularly approaching combustion TDC
and throughout the expansion stroke, where there significant variations in the friction predicted.

The net normal force generated by the piston cylinder bore interface is relatively by the lateral
wrist-pin force, the proportion of it that can be supprby hydrodynamic vs. asperity contact
pressure is not. At small clearances, small variations in surface geometry or piston deformation may
result in significant variations in the hydrodynamic and asperity contact pressure, and
corresponding changes in tresulting contact friction.

Further investigation is required to determine the degree of accuracy that can be placed on friction

predictions.
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CHAPTER NINE
CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

This chapter summarises the research work described in this thesis achievements and relates them
to the objectives as defined in sectiob.4. The key conclusion is that useful information for
detecting and diagnosing faults can be exidcfrom the acoustic emission signals from a diesel
engine, in a normal laboratory environment without the necessity fotesting More importantly

most of the used techniques and signal processing methods are inexpensive and their limitations
and dravbacks are well defined.

The chapter ends by addressing areas of future work that would helpfully extend some of the main
topicssuch as the mathematical modeleloped in this thesis.
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9.1 Review of Research Objectives and Achievements

9.1.1 Owerview

The primary incentive for the work in this thesis has been to address the growing requirement for a
system that can monitor runningnobtions at the piston assembdynd cyliner liner contact in
four-stroke diesel engines. The possibility of agimg this through analysis of nantrusive AE
measurements has been investigated since prior work indicated a sound technical basis. AE
monitoring has previously been found to be an effectual tool for examination of other engine
processesdl, 67, 73, 85109, furthermore, the friction and wear processes expected to occur at the
piston,rings andliner contactand slap impact occur at piston skirt and liner cordeetknown AE
generating sourced29-140] and finally, it has been shown that AE signalspaigate from the
internal liner surface to the external engine surfaces where measurements can ldd thade |

In this work a number of s#s were conducted on a JCB fatroke diesel engin@here the effect

on AE generation at thgiston, rings and linerantactof parameters such as piston sliding speed,
piston skirt friction, piston impact forces and lubricatingvegire evaluated in order to clarify and
understand the AE source mechanisms.

Discussions of results from the separate tests haga preseed in the previouhaptes. The
conclusions from all chaptease brought together in this Chapter to clarify what has been achieved.
Overall conclusions regardy monitoring of the diesel engirsge then drawn and implications for
application towards emge monitoring are discussed. i$iChapter closes with recommendations

for future work.

9.1.2 Objectives and Achievements

The achievements of this research are outlined in this segtenresearch focused on the diesel
engine condition monitoring via ¢hanalysis of its acoustic emission sign&lsth theoretical and
experimental work was carried out. A variety of signal processing techniques were used to extract
useful information from the generated AE signals about the engine condition and to ddtect an
diagnose certain quantified seeded faults. This was achieved in a typical untreated engineering
laboratory. The main achievements of this work are presented below in the same order they appear

in Section 1.5.

Objective 1: To review condition monitoringf diesel engines.
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Achievement 1A review of CM generally and for diesel engines in particukas presented in
Chapter1, Sectionl.4 precededby a general introduction to the procedure for implementing a

diagnostic system.

Objective 2: To review the L HVHO HQJLQHYV SULQFLSDO IDXOWV DQG
techniques used to monitor and evaluate these faults.

Achievement2: A review of theCM of the diesel engine and engine fundamentals ywersented

in Chapter2, Section2.4 precededy ageneral introduction to the field of CM. An overview of the
frequency of occurrence of the principal diesel engine faults was given in Subsection 2.4.1,
followed by an introduction to the CM techniques most commonly used to detect and diagnose

these faults

Objective 3. To study diesel engine AE sources and to investigate what information can be
extracted from AE measurements regarding engine operation. This necessitates an evaluation of AE
signals acquired from the AE sensor with the aim of correldéiatyres in the AE signals to actual

events occurring within the engine.

Achievement3: A review of AE generation and how it can be measured and analysis to provide
information useful folCM of diesel enginew/as presented i@hapter3. The use of AHor engine
CM has been found to offer greater diagnostic capabilities than comparable techniques, due to

higher spatial reolutions and signéb-noise ratios.

Objective 4: To study specifically AE signals arising from the lubrication condition, which &ya k
element of engine operation and impacts upon engine performance, emissions and reliability and,
importantly, is an event which presently lacks a suitable monitoring tool even though a number of
techniques have been used in the past. The influence @&f efigine parameters such as engine
speed, load and temperature will be also investigated in order to develop understanding of the source
mechanisms responsible for AE generation, and thereby of the aspects of interfacial behaviour

which can be monitored.

Achievement 4The diesel engine an AE system was introduced in Chapter 4, Section 4.3. The
major sources of the acoustic emission signals were presented and discussed in Section 4.3.1, 4.3.2

and 4.3.3, emphasis being given to mechanical impact anidrfirevents generated AE. Section 4.5
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discusses the AE measurements and compares the three basic signal processing techniques used fc
AE data processing: time domain, frequency domain and the-ftageency domainlt is

considered useful to provideorief review of other approaches AE signal processing

Objective 5: To develop a mathematical model of the diesel engine to be used for CM. The

experimental results will be used to verify the model prediction.

Achievements: The main concern in this modedas the dynamics of the pistons. In Chapter 5 a
mathematical model is developed for the numerical simulation of the behaviour of the diesel engine
used in the test rig. The model consists of piston equations (displacement equation, speed equation
and accearation equation) and governing equations (piston motion equation, piston ring normal and
friction forces, wristpin friction equation, cylinder liner support equation, and skirt liner friction
equation). The information gained from such simulations canused to help develop more

advanced models for the CM.

Objective 6: To introduce specific quantified faults into the engine and both measure and predict

the effects on engine performance

Achievement 6. A description of the test rig was given in Chaptr This included the
specifications for the particular diesel engine used and details of the measuring equipment and test
system see Figure 6.2.

It was decided in Section 6.6 that, given the relative frequency found in the literature review, the
faults that would be introduced in to the engine would be reduction and increase of injection
pressure (and a disconnected fuel pipe), and changes in the quality, level and temperature of the oll
in the engine. These faults would, of course, influence the combysticess, the pressure pulse it
generated and the timing of the impacts of the injection process. The problem which the research
programme was to address was whether or not the consequent changes in the AE signal from the
engine could be reliably detectadd used to diagnose the fault.

AE sensor for the measurement of the AE signal from the engine were integrated with the existing
test rig, including the conventional condition monitoring instrumentation already being used,;

cylinder pressure and injectidine pressure.
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Objective 7: To apply signal processing methods and techniques (time, frequency and time
frequency domain analysis) to extract fault features for early fault detection and compare their

performance.

Achievement7: Severalsignalprocessingnethods were applied to the data collected from the AE
sensor. Although initial emphasis was focused upon-tioreain analysis, data was also examined

in the frequency and timequency domains. Each of the three processing methods was evaluated
for its usefulness in fault detection, diagnosis and assessment of severity level. Attention was also
given to the practical implications of the use of the various methods. The results from the AE signal
analysis is presented in Chapter 7.

Not only can featuresdm the time domain be relatively directly interpreted, and this is a major
benefit of this means of analysis, but they can be used for immediate fault diagnosis. Frequency
analysis of the acoustic emission signals while useful for detection of injectts ifaumisfiring.

More advanced means for signal processing included the use of CWT in Chapter 7.

Objective 8 To allow the advanced CM techniques investigated and developed in this thesis to be

used for demonstration in educational and training p@gposencerning diesel engines.

Achievemeni8: A wide variety of computer simulated codes and advance measurement techniques
were developed and prepared in this research work, as tools for diesel engine CM. For example the
ability of continuous Wavelet Trsform (CWT) was presented in Section 7.4.5. Outside the
University of Huddersfield there are a number of students and professionalswidelevho have

expressed an interest in the work.

Objective 9 On the basis of the investigation conducted in thikvio provide useful information

to guide future research in this field.

Achievement9: In this field of research there remains much for any subsequent researcher to
undertake. In particular, the development of the mathematical model and application $fnal
processing techniques, to further extend this work to CM and fault detection and diagnosis of diesel

engines. Suggestions are listed below, in proposed possible future work.
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9.2 Conclusions

This work has established that continuous AE activity in signal acquired from the cylinder block is
related © sliding contact. The potential benefi$ this research have importanbnsequence
Particularly consideringthat the current methodssessingiston running condition in engine is
limited tothe periodic inspections and oil analysis.

On the basis ofhis researchAE monitoring offers diagnostic informatidhatmay be exploited to

offer monitoring of engine condition and performan€he question is about finding the way of
extracing this information from the signals. Theain aim of the analytical ethods used in this

work wasto characterise changes in the signals tauadkerstanding of the AE sourddowever it

is possible that these methazEnalso be used as the basis of a monitoring systeminstancein

the tests conducted dhe engine the AE energy of the signalshere friction was the predominant
sourceas it clearly increased as running conditions deteriorated. Similarly, the gradient of the
engine load verses AE energy relation increased. These paraomiklde collected whereegh
trended over time or evaluated against a predetermined knowledge archive in order to identify
running condition.

However, since these diagnostic features are based on the measured AE amplitude the information
they povide is inherently qualitative. F@xamplethe AE amplitude is a function not only of the
intensity of source mechanism but also of the seseresor transmission and the sensor response

characteristics.

9.2.1 Conclusiors Relating to AE Measurement Statistical Parameters

It was found tht conventional tim&lomain statistical parameters such as RMS, mean and variance,
for diesel engin@E signals servéas good condition indicators.

Abnormal engine behaviour could be detected as these parameters deviated from baseline values
which make tkse parameters suitable for online CM. However, two problems were found to be
associated with the use of these parameters. They are sensitive to many differenfrevents
different sourcesandthis often requires further investigation to attain a diagndihis drawback

might be overcome, in certain circumstances, by signal averaging and/or using appropriate filtering.
Frequencydomain analysis gives information concerning the frequency components of the
measured AE signals and, because the energy ¢aitdrese frequency components are dominated

by the combustion event of the engimkich, while it gives a good indication about the combustion

process swamps other sources with a relatively much lower energy cddéetatiin frequency
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bands are associat&ith certain engine events, i.e. piston slap excitations are in the frequency band
of 15 to 35 kHz Higher order statistics as Kurtosis is one of useful statistical parameter to give a

quick indication of engine health.

9.2.2Conclusions Relating to Time Representation

Conclusion1: Engine operation conditions affect tA& intensity generally, an increase in either
engine speed or load leads to a corresponding increase AtttHa terms ofAE source, increase

in engine load appears to have amsfyer effect than a corresponding increase in speed; this will
increase the accuracy for fault detection sas$mall faults.

Conclusion 2:The variation of théAE peakamplitudewith changeof the amount of fuel injected
into the cylinderrelative to thehealthy condition confirms& method forinjector fault detection.
Injector faults suctas lowpressurehigh pressure andisconnected injector (misfirean be clearly
detected and diagnosed, and the cylinder where the fault is ococarirge identifid. These types

of faults can be easily identified on different cylinders with the same sensor position.

The detection of such faults avoid the engine running under faulty conditions which may lead to
high fuel consumption, high levels of emissions, araeased engine noise and vibration which

may lead to further mechanical problems.

Conclusion3: The workhasshown that a wide range ehginefaults can besuccessfully detected
and diagnosed using limited number of sensors asuinpletime- and frequeay-domainanalysis
of the AEwave The timedomainanalysis offers clear and powerful detection and ribags of
most injectorfaults compared with frequency analysis which give a clear detection only caske

of a blocked injector.
Conclusion 4: It has been shown that for injector fault detection basedABrwaveforns, the

identifying feature in case of reducing injectipressure is amcrease in the pressure paakhe

cylinder due to increadduel injected and timing change thecombustion proess.
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9.2.3Conclusions Relating to TimeFrequency Representation

Time-frequency analysis techniqyeghether linear or bilineaare capable giresentinghe results

in either two or three dimensional plots in which the time, frequency and amplitodeation can

be observedUnfortunately, in the case of diesel engine AE signals their capabilities are limited due

to complexity of the signal88ased upon the results in Chapter 6, the CWT was found to be able to
detect high frequencghort time transignsignals and its higher frequency range gives good
condition moniteing information. It was applied to detect certain engine $ab#cause most of the

engine faults occur as transient such as injection and piston slap impacts. These transients could be
captured using the ability of CWT to capture impacts, and calculating the energy content of these

transient impacts could be a good condition monitoring.

9.3 Overall Conclusions Regarding Monitoring of Diesel Engine

This work has established that doobus AE activity inthe signals aquired from the cylinder

block of a fourstroke diesel enginis related to sliding contact at theston assembly liner contact

Conclusionl: Wear component would be expected to be a factor since the condition &tdgfro

pistons are important elements that affect piston frictional behaviour.

Conclusion 2: A further concern from commercial application of AE monitoring may be the
complexity and reliability of the AE measurement hardware. Experigaced from this project
suggests that sensors of sufficient robustness for-tenmg application are available (wideband
sensor was installed on engine for several running hours with no obvious deterioration in sensor
construction or response). Moreovpiezoelectric type sensors are already applied on the cylinder
block of some engines to detect the occurrence of knock conditions. A further issue is the
sophistication of DAQ hardware required as the high sampling rate necessary for raw AE
acquisition maybe excessive for incorporation within a mixed sensor array. However, the use of
RMS AE reduces the sampling frequency to a more acceptable level and this work has shown that

such measurements are an adequate base from which to evaluate piston runiting.cond

Conclusion 3: The diagnostic information can be obtained without the need for intrusive

measurements or expensive engine modifications. It therefore represents a new and promising
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opportunity which may be of significant benefitusers of JCB hegvduty engine and one which

complements existing monitoring systems.

Conclusion 4: In addition AE measurements can be made on alirenbasis and are therefore
available for potential integration into engine management systems. This means that asavigil as
diagnosis of problems the information may be used to adjust operating conditions so as to optimise

operating costs or component lifetimes.

9.4 Contribution to Knowledge
The work conducted by the author and described by this thesis included sespsels that are
novel and not previously implemented by other researchers or practitioners. A summary of these

aspects is given below.

Contribution 1: The author believes that the application of AE for detection and diagnosis of
friction in heavy duty désel engine faults is novel (Chapter 8). No work has been found in the
literature that describes the use of the analysis for CM of heavy duty diesel engine using AE data,

either experimentally or using a mathematical model.

Contribution 2: The author beéives that the usef CWT techniques for the analysis of the acoustic
emission spectrum for a heavy duty diesel engine monitoring for CM is novel (Chapter 7) as no
reports in the literature have been found using CWT for fault detection and fault diagmoses f

heavy duty diesel engine.

Contribution 3: Theauthor believes that the application of lubrication monitoring by AE in order to
detect piston slap intensity (Chapter 8) has not previously been employed for heavy duty diesel

engine.

9.5 Recommendatns for Future Work

Although diesel engine CM has been a topic of study over the past few years, it is still an open field
and many problems have still to be resolved. This thesis has dealt with some of them, but the author
identifies the following possle directions for future research. There are several areas in which

further research is recommended, including aspects of dynamic modelling, signature recovery.
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Recommendation 1in the modern diesel engines major AE sources such as piston slap and
combusion process are reasonably well understood and controlled. However, some minor sources
such as wear due to decrease of oil film thickness, cavitation and lubrication blow by need to be
modelled and a better understanding of these sources is required.

Remmmendation 2:Integration of AE measurement based system with measurements taken
directly from the engine, such as vibration and Instantaneous Angular Speed (IAS), could be very
useful in building a reliable diesel CM system.

RecommendatiorB8: The invesgations using the AE waveform predicted by the model could be
extended to investigatée capabilitiesof piston cylinder bore friction coefficients as a function of

axial position.

Recommendation4: Induce scuffing conditions. In this work scuffing wast considered
therefore, although AE monitoring has been shawnbe sensitive to changes in lubrication
condition, the ability to detect scuffing cannot be confirmed. In order to induce scuffing the cylinder
should be starved of lubricant for a longeriod of time and action should be taken to prevent an
oil mist entering the cylinder via the scavemgets. If this fails to induce scuffing, water injection

should be considered as a means to aid the removal of lubricating oil from the sliding surfaces

Recommendatiorb: Investigate Blind Source Separation and Independent Component Analysis

techniques as possible new robust feature extraction methods.

Recommendatior®: The exploration of more advanced techniques such as AE classifications using

neuralnetworks to detect and diagnose engine faults at an early stage.

Recommendatior/: Combire the method developed here with oth&M methods, such athe
noisefrom the engine system, to improve detection performancénarehsanformationabout the

engne condition.

Recommendation 8Test other diesel engines typés,see iftrendsoccur in AE measurements
where enginesize,injection type, turbo size are varyinghese would be the transparent to AE to

build-up online commercial system of AE for CM.
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Recommendation 9tnvestigation of how the findings of this work can be applied towards engine
monitoring and management. This will likely involve the development of signal processing
techniques to improve the accuracy, efficiency and robustness ahé#gsis. These may also be
more amenable to automation and integration with engine management systems. Particular
application is foreseen as an element of a cylinder lubrication control system for the purpose of

optimising oil dosage rates.

Recommendtion 10: Long-term testing over a wider range of engine and correlation with engine
performance and maintenance activities would allow a knowledge archive to be developed of the
changes in AE activity during the service life of a cylinder and pistonoénie features which

characterise various running conditions.
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