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Preface

My interest in, and fascination with, cylinder pressure measurement began in 2002/2003 when | was
assigned as Junior Engineering Officer aboard the multi-purpose frigate HNLMS Van Galen. At the
time, | accepted without question the advice of the Chief Propulsion Engineer, namely that the exhaust
gas temperatures of all cylinders of our diesel engines should be as uniform as possible. To achieve
this, we manually adjusted the output of the individual high-pressure fuel pumps. The only cylinder-
specific metric readily available was exhaust gas temperature—and thanks to these adjustments, the
temperatures aligned almost perfectly.

However, | later reviewed reports based on cylinder pressure measurement of our cruising diesel
engines, which revealed a striking disparity in individual cylinder performance. Some cylinders were
barely producing more than idle output, while others delivered significantly above average power, even
up to the point of overloading. This experience taught me the importance of not relying solely on exhaust
gas temperature as a performance indicator.

| was more than a bit surprised, when | learnt, in 2012, while serving as Head of Engineering
aboard the ocean-going patrol vessel HNLMS Groningen, that fuel injection on our main engines was
controlled based on exhaust gas temperature. My immediate question was: how does that affect
cylinder pressure? The answer came closer in 2019, when, working with the Department of Maritime
Systems of the Defence Materiel Organisation, | was involved in the acquisition and installation of a
cylinder pressure measurement system on HNLMS Groningen. Bringing the system to full operational
status, | had to overcome several challenges, partly due to the onset of the COVID-19 pandemic soon
after the contract was signed, but even more so because the system was not initially fully compatible
with the engines. Despite these obstacles, the system was successfully brought into operation, thanks
in large part to the support of the Royal Netherlands Navy’s Maintenance Organisation (DMI). | am
especially grateful to Wouter Mooij of DMI, without whose technical expertise, ingenuity, and hands-on
involvement, the system would never have come to life.

With a fully operational cylinder pressure measurement system installed on an active vessel, | was
inspired to make this system the focus of my MSc thesis. Until then, | had doubted whether | would
ever find the time to complete my degree alongside a full-time job, family commitments, ownership of an
old farmhouse with a decent piece of land (and the work that comes with it), and other responsibilities.
However, this project had already demanded a significant portion of my working time and was beginning
to generate a wealth of data, information, and insights of academic relevance. With effective time
management and, perhaps, some much-needed guidance, | began to believe that finishing my thesis
was within reach.

That guidance came largely from Youri Linden, who was just beginning his PhD project and proved
invaluable in reviewing my early drafts and helping me stay on track. A big thank-you is in order for Youri.
| also owe gratitude to Rinze Geertsma and Peter de Vos, who, while too busy to concern themselves
with every detail, encouraged me to maintain focus on the bigger picture. My thanks also go to Kon-
stantinos Kiouranakis, who generously shared his deep insights during several in-depth discussions
covering multiple aspects of my research. In addition, | am grateful to Henk Knoll—my thermodynam-
ics teacher and later colleague at the NL Defence Academy—whose knowledge and experience with
critical aspects of cylinder pressure measurement greatly enriched my understanding.

| also want to thank my parents for their constant support and unwavering confidence in me. Their
steady presence over the years has meant more than | can express. But foremost, | want to thank Vera
and our wonderful children, Roos and Joris, who inspire me every day to strive for what truly matters.
Without Vera’s unwavering support and encouragement, this thesis would never have been completed.
Over the past months, I've fallen short in contributing my fair share at home—if | ever truly did—and |
know | have some making up to do.

J.M.T. Bongartz
Delft, July 2025



summary

Cylinder pressure measurement of diesel engines can be a step toward enabling condition-based main-
tenance, moving beyond traditional maintenance strategies based solely on engine running hours. This
thesis investigates the application of a continuous cylinder pressure measurement system for condition
monitoring of marine diesel engines. It addresses the question how such a system can be used effec-
tively for the analysis of engine performance, combustion, and fault detection and diagnosis of a naval
vessel’'s main engines. To answer this question, a comprehensive methodology is proposed and tested
on an ocean-going patrol vessel of the Royal Netherlands Navy. The main diesel engines of this vessel
have been retrofitted with a permanent, multi-cylinder pressure measurement system, enabling simul-
taneous, high-frequency, crank-angle-resolved pressure acquisition. The setup includes piezoelectric
sensors, a crank-angle encoder, and a custom synchronisation mechanism.

In order to obtain useful information from the raw cylinder pressure data, these data have to be
preprocessed first. Preprocessing steps applied in this thesis include:

1. Synchronising pressure data with crank angle using a method that determines the TDC shift
based on a temperature-entropy diagram of a non-firing engine.

2. Applying the correct pressure offset, preferably using the air intake manifold pressure. Alterna-
tively, if this pressure is too unsteady, a linear least-squares regression method is used.

3. Averaging the cylinder pressures over 25 cycles to reduce random noise.

4. Applying cubic-spline smoothing to reduce non-random noise. A tunable smoothing parameter
dictates the trade-off between curve smoothness and fidelity to the original data.

The preprocessed data are subsequently used to derive several performance and combustion-
related indicators, using a single-zone heat-release model. Performance indicators include indicated
mean effective pressure (IMEP), compression pressure, and peak pressure. Combustion characteris-
tics are assessed through net heat release, thermodynamic efficiency, and crank angles corresponding
to key energy release thresholds.

Cylinder-to-cylinder comparison of these parameters enables the identification of anomalies that
may indicate underlying faults. Rejection criteria should be defined based on manufacturer guidelines,
though these may need to be adapted. Notably, since OEM specifications only cover peak pressure and
exhaust gas temperature, these criteria can be supplemented with operational experience. A structured
diagnostic approach involves distinguishing whether the root cause lies in compression (e.g., valve
leakage, excessive blowby) or combustion (e.g., injector malfunction).

In this study, particular attention was given to a suspected malfunctioning fuel-injection pump, iden-
tified through deviating exhaust gas temperature. However, analysis of pressure-derived parameters
did not support this diagnosis; instead, another cylinder was found to exhibit signs of underperformance.
This study further argues that IMEP is a more reliable parameter than peak pressure, while the angle of
peak pressure is of limited diagnostic value. Exhaust gas temperature is also found to be less effective
for localising faults.

In conclusion, the results of this study suggest that cylinder pressure measurement holds substantial
promise for condition monitoring applications. However, validation of rejection criteria requires actual
fault cases, which highlights the need for a database of known faults, including their symptoms. The
study also recommends routine system checks, automation of data processing, and clear assignment
of system ownership. It also recommends to implement a method for determining the correct TDC shift
for the engine under load.
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Introduction

The topic of this thesis is the marine diesel engine, the workhorse of the vast majority of naval and
merchant vessels, used for propulsion (as the main engine) and power generation (as the auxiliary
engine). Thanks to its favorable fuel economy and proven reliability, the diesel engine has served
as the primary power source for ships for over a century. As maintenance strategies evolve, there
is an increasing interest in applying data-driven methods to improve reliability and efficiency of diesel
engines. This research examines the use of data obtained from cylinder pressure measurement as a
step toward enabling condition-based maintenance for the main diesel engines on a specific class of
vessels within the Royal Netherlands Navy.

This introductory chapter begins by outlining the motivation for the thesis, including a description of
the underlying problem (Section 1.1). It then presents the research questions (Section 1.2), followed
by the plan of approach (Section 1.3). Lastly, the structure of the thesis is described (Section 1.4).

1.1. Motivation

The Holland-class ocean-going patrol vessels (OPV’s) of the Royal Netherlands Navy (RNLN) are
manned with a small crew, much smaller than crews of similar-size frigates in use of the RNLN. This
is enabled by a high degree of automation. However, the limited size of both the crew and the ship’s
engineering department limits the capacity to perform all required maintenance tasks. In addition, un-
foreseen defects that require repair, compete with the already scarce capacity available for scheduled
maintenance. In particular, the vessels’ main diesel engines require significant maintenance capacity
from the engineering crew. In case of engine failure there is often too little time and resources available
for adequate root-cause analysis and repair. As a result, maintaining the availability and reliability of
the main diesel engines is a continuous challenge.

Traditionally, marine diesel-engine maintenance is time-based, i.e., based on engine running hours
and/or calendar time, rather than engine condition. There is, however, an ongoing trend from time-
based maintenance towards potentially more efficient maintenance programs such as predictive or
condition-based maintenance: maintenance based on the condition of an asset. This allows the mainte-
nance actions to take place before a failure occurs, i.e., not too late, and from an efficiency perspective,
preferably not too early [70]. Condition-based maintenance requires measurement, data acquisition
and processing of data on the condition of the asset, in support of maintenance decision making. In
many situations, this approach has proven to provide better results in preventing unexpected failures
and reducing total maintenance costs than other maintenance programs [33].

In recent years, fault detection and diagnosis (FDD) methods have been designed for marine diesel
engines. These methods have proven vital in maintaining the efficiency and reliability of marine diesel
engines [43]. An important parameter suitable for assessing engine health is the cylinder pressure [71].
Measurement of cylinder pressure, in addition to engine health assessment, may be used for many
purposes. Examples hereof are online combustion failure detection [40, 54], prediction of emission
formation [27, 41], noise control [55], estimation of cylinder trapped mass [75], the study of ignition
timing [26], or cylinder-pressure based engine control [25] to name just a few.

In line with the trend sketched above, and in order to improve their availability and reliability, the
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main diesel engines of one of the RNLN OPV’s, HNLMS Groningen, have been equipped with a cylinder
pressure measurement system. Furthermore, the Netherlands Ministry of Defence (NL MOD) consid-
ers to have a cylinder pressure measurement system installed on diesel engines in future RNLN ships.
HNLMS Groningen’s system is intended to measure the pressures of all cylinders of the two four-stroke,
medium-speed, V12 diesel engines.! An important feature of the system will be to measure and pro-
cess the pressures of all cylinders simultaneously and continuously. This is a big contrast with the
manual cylinder pressure measurements traditionally performed within the RNLN on medium-speed
diesel engines; here cylinder pressures are taken sequentially, which may take up to 30 minutes per
engine per measurement, generating no more than one data set once a year. Real-time cylinder pres-
sure measurement and analysis allow the state of the engine to be assessed at any instant. Hence, it
may help to identify failures in an early stage and to analyse the cause of occurring failures. Moreover,
the ability to record cylinder pressure data more frequently allows for meaningful trend analysis and
opens the door to machine learning applications by building an extensive dataset. In this way, continu-
ous cylinder pressure monitoring represents a significant step toward condition-based maintenance in
diesel engines.

1.2. Research objective

The RNLN aims to make optimal use of the installed cylinder pressure measurement system on its OPV
HNLMS Groningen. Looking ahead, the NL MOD also intends to evaluate whether the operational ben-
efits of such systems justify their costs for potential integration into future naval platforms. The objective
of this research is to evaluate how a cylinder pressure measurement system can be effectively applied
on naval vessels to support the analysis of engine performance, combustion processes, and fault detec-
tion. This includes understanding the system’s technical implementation, identifying performance and
combustion-related indicators from pressure data, and assessing the system’s diagnostic capabilities.
Through this, the study aims to determine the added value of cylinder pressure data over traditional en-
gine monitoring parameters and to establish a foundation for data-driven engine condition assessment
in maritime operations. Thus, the main research question that is addressed in this thesis is:

How can a cylinder pressure measurement system of a naval vessel’s main engines be
used effectively for the analysis of engine performance, combustion, and fault detection
and diagnosis?

The effective implementation of a cylinder pressure measurement system on a naval vessel requires
careful consideration of several key aspects, each leading to specific research questions. The following
thematic overview presents these aspects, along with the corresponding subquestions:

a) System understanding and implementation

1. What are the key components and operating principles of a cylinder pressure measurement
system?

2. What are the technical and operational requirements for implementing such a system on the
main engines of a naval vessel?

3. How does the marine environment affect the accuracy and reliability of cylinder pressure
measurements?

4. What preprocessing steps are required to convert raw cylinder pressure data into usable
formats for analysis?

b) Engine performance and combustion analysis

5. What useful performance indicators can be derived from cylinder pressure data?

6. In what ways can cylinder pressure data provide additional value or insights beyond tradi-
tional performance parameters (e.g., fuel consumption, engine load, and power output)?

7. How can cylinder pressure data be used to characterise the combustion process in marine
diesel engines?

c) Fault detection and diagnosis

"The reader is assumed to be familiar with the working principles of a turbocharged diesel engine.
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8. Can a malfunctioning fuel-injection system be detected through cylinder pressure analysis?
9. How does pressure-based fault detection compare in accuracy and timeliness to other diag-
nostic methods?

Together, these thematically grouped subquestions form a comprehensive framework for address-
ing the main research question. The themes highlight the critical areas of cylinder pressure measure-
ment. Understanding the system’s technical foundations establishes a baseline for reliable data acqui-
sition. Investigating its role in engine performance and combustion analysis reveals how operational
insights can be derived from pressure data. Exploring fault detection capabilities underscores the sys-
tem’s diagnostic value. Collectively, these subquestions support a comprehensive assessment of the
system’s value and practical implementation.

1.3. Plan of approach
To systematically address the main research question, this thesis adopts a structured three-step ap-
proach. Each step contributes to answering specific subquestions and builds toward the development,
validation, and demonstration of a comprehensive methodology for the analysis of cylinder-pressure
data from marine diesel engines.

1. Literature review: The first step involves performing an extensive literature review. This review
includes a thorough examination of existing studies, technical documentation, and academic pub-
lications relevant to cylinder-pressure data analysis, combustion diagnostics, and fault detection
in diesel engines. The objective is to identify established methods, assess their applicability, and
uncover existing gaps in knowledge.

2. Methodology development: In the second step, a methodology is developed dedicated to the
analysis of cylinder-pressure data. The method is structured into four main components: prepro-
cessing, performance analysis, combustion analysis, and fault detection and diagnosis. This step
builds upon insights gained from the literature review and is designed to ensure methodological
effectiveness and operational relevance.

3. Method application and demonstration: The final step involves applying and demonstrating the
developed methodology using operational cylinder-pressure data obtained from the Royal Nether-
lands Navy vessel HNLMS Groningen. This practical implementation validates the effectiveness
of the proposed approach and serves to answer the remaining subquestions by evaluating the
methodology under real-world operating conditions.

1.4. Thesis outline
This thesis is organised as follows:

» Chapter 2 reviews the relevant literature on cylinder pressure measurement, organised into four
key themes: (1) system understanding and implementation, (2) data preprocessing, (3) engine
performance and combustion analysis, and (4) fault detection and diagnosis (FDD). The chapter
concludes by identifying a research gap.

» Chapter 3 outlines the research methodology, which is based on analysing cylinder pressure data
collected under comparable operating conditions across three different periods. The chapter also
provides a detailed description of the implemented measurement system.

» Chapter 4 describes the preprocessing steps applied to the raw pressure data to ensure accuracy
and consistency. These include: (1) synchronisation of pressure and crank angle, (2) determina-
tion of pressure offset, and (3) pressure averaging and smoothing.

» Chapter 5 presents the methodology used to assess cylinder performance and combustion char-
acteristics, as well as to support fault detection and diagnosis. Diagnostic criteria are based on
manufacturer guidelines and relevant literature.

» Chapter 6 presents the results obtained by applying the proposed methodology to engine data
collected during operational deployments at sea, recorded on three separate occasions over a
period of eighteen months.

+ Finally, Chapter 7 provides the main conclusions and offers recommendations, including sugges-
tions for further research.



Literature review

This chapter presents the main findings of the literature review conducted in support of this thesis. Sec-
tion 2.1 introduces the fundamental principles of cylinder pressure measurement. Section 2.2 discusses
data preprocessing techniques used to improve measurement accuracy and reliability. In Section 2.3,
the potential for performance and combustion analysis based on cylinder pressure data is explored.
Section 2.4 reviews various fault detection and diagnosis (FDD) methodologies applicable to diesel
engine monitoring. Finally, Section 2.5 summarises the key insights from the literature and identifies
the research gap addressed by this thesis.

2.1. System understanding and implementation

Modern cylinder pressure measurement systems comprise a set of components that together form a
complete measurement chain. The role and function of each component in this chain are discussed in
this section.

2.1.1. A typical measurement system - components
The cylinder pressure in a diesel engine (or any reciprocating internal combustion engine) varies with
the position of the crankshaft. This variation results primarily from changes in cylinder volume, combus-
tion processes, and heat transfer, and to a lesser extent from flow-related phenomena such as crevice
flow and blow-by [28]. Hence, measurement of cylinder pressures may generate useful information
related to engine operation, specifically to the compression and combustion stages, overall engine
performance and performance of individual cylinders.

A system designed to measure the cylinder pressures of an internal combustion engine typically
consists of the following components:

* Pressure transducers

Several types of pressure transducers exist, e.g. piezoelectric, piezoresistive and optical sen-
sors. Piezoelectric pressure transducers are by far the most commonly used type. This type of
sensing element produces an electric charge proportional to the mechanical force (and pressure)
applied to it. The element thus reacts only to a pressure change, which makes it unsuitable for
static pressure measurements [62]. For cylinder pressure measurement, this is not an issue,
since this type of measurement typically involves a highly dynamic environment and requires a
highly dynamic measurement chain [47]. Piezoelectric pressure transducers are generally used
because of their high frequency response and relative (but not complete) insensitivity to environ-
mental conditions. Combustion engine research suggests that the most accurate measurement
results are obtained when the sensors are flush mounted in the cylinder head [58], see Figure
2.1. However, this may increase the severity of thermal shock since the sensing element is then
directly exposed to the extreme combustion temperatures. Thermal shock is a shift in sensor out-
put caused by high rates of heat flux to the sensing element. Careful design of the transducer can
limit its sensitivity to temperature changes: the transducer can be protected by a small front plate
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that has one or several passages leading to a small cavity volume in the vicinity of the transducer
face. For detailed combustion analysis and extremely accurate measurement tasks, water-cooled

— SN\
Sensor Flush Mounted Kistler Type 6061

Figure 2.1: Flush mounted transducer [24]

transducers are commonly applied. In general, these are more stable and less sensitive to errors
induced by thermal conditions than non-cooled transducers [62]. The water-cooled type is widely
preferred for use in single-cylinder research engines, but is less suitable for small-bore engines
because of spatial restrictions. Cylinder heads of medium speed, marine diesel engines usually
have provisions for mounting an indicator valve. This can be used for (permanent) mounting of
a pressure transducer as well. For mobile measurements, the pressure transducer is commonly
mounted on the indicator valve and moved from one cylinder to another, in order to perform the
pressure measurement on all cylinders [5].

Charge amplifiers

The charge amplifier converts the tiny electric charge signal produced by the pressure transducer
into an output voltage for further processing. The charge amplifier should do so without affecting
the signal or introducing any unwanted filtering effects [62]. The voltage may then be converted
to an industry-standard 4-20 mA signal. This reduces the vulnerability to noise [19].

Crank angle encoder

The measured cylinder pressure must be referenced to the crank angle, which is the function
of the crank angle encoder. Since the cylinder volume is a (usually known) function of the crank
angle, it suffices to know this angle. Many engines are fitted with a toothed wheel and induc-
tive sensors used by the engine management system to provide information on the crankshaft
position. It is common practice to omit one tooth on the wheel in order to provide a reference
point during every revolution [62]. For field applications, when the crank angle information from
the engine management system is not available to the cylinder pressure measurement system, it
will be necessary to install an inductive pick-up sensor to be used in combination with a toothed
wheel, e.g. the engine’s flywheel. It may be necessary to install an additional sensor to provide
a reference point every revolution.

Another way to determine the crank angle at any instant is to use an optical transmitter and re-
ceiver, combined with an engine-mounted marker disk. Its use, however, is mostly restricted to
lab applications [1].

Data acquisition and data processing

The analog cylinder-pressure and crank-angle signals must be digitised and brought together
to be processed further. A common method is to digitise samples at fixed time intervals and then
transform time into crank angle by assuming a constant rotational speed during the engine cycle
[1]. The sampling can also be triggered by a crank angle encoder so the cylinder pressure can
be related to the crankshaft position [18]. In either case it is necessary to synchronise the crank
angle with the cylinder pressure.
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2.1.2. Performance requirements
In order for a cylinder pressure measurement system to provide useful data, following requirements
need to be met:

» The measured pressure must be converted to absolute pressure by using the correct reference
pressure [7]. Pressure referencing (or pegging) is necessary since commonly used pressure
transducers only respond to a change of pressure [62].
The phasing (or synchronising) of cylinder pressure versus crank angle should be sufficiently
accurate, within 0.2° at least [28] or, for detailed combustion analysis, even within 0.1° [62, 68].
A sufficient amount of data points must be available. The number of points that qualifies as
sufficient, depends on the purpose of the measurement. For example, in order to calculate the
gas temperature from the cylinder pressure, the number of data points would have to be at least
500 per crankshaft revolution [67]. In order to compare different pegging methods, Randolph [59]
used pressure data with 1° increment (hence ’only’ 360 data points per revolution). This does not
contradict the previous point, as long as pressure and crank angle are well synchronised.
» The clearance volume must be accurately known [28]. This is equivalent to knowing the cylinder
bore, stroke and geometrical compression ratio. These parameters are usually available from
engine documentation.

2.2. Preprocessing cylinder pressure data

In order to obtain sufficiently accurate cylinder pressure data, it is necessary to limit following common
sources of error [28]:

* incorrect phasing of cylinder pressure with crank angle;
* incorrect pressure referencing;

+ fluctuations with regard to pressure signal;

+ thermal shock of the pressure sensor.

The latter, thermal shock, may be virtually eliminated by careful design of the pressure sensor:
special heat shields, coating of the transducer membrane, water cooling and temperature effect com-
pensating design [56]. Thermal shock will not be discussed further here. The former three sources of
error are now discussed in more detail.

2.2.1. Determination of TDC

Although it has no influence on the measured values of (absolute) cylinder pressure, incorrect phasing
of the pressure with crank angle will lead to significant errors in the calculation of certain parameters,
including IMEP, indicated efficiency and rate of heat release [13]. This is a consequence of the cylinder
volume being derived from the crankshaft position. As a rule of thumb, every 0.1° phase error will
increase the error in IMEP with 1% [6].

The position of top dead center (TDC) is usually taken as a reference to which the position of the
crankshaft (crank angle) for a certain cylinder is expressed. When analysing cylinder pressure data, it
is of vital importance, therefore, to determine TDC with sufficient accuracy. TDC may be determined
by a static or a dynamic method. In the static method, a dial gauge is used to measure the distance
from the fuel injector hole to the top of the piston. This distance is minimal at TDC, but the vertical
displacement of the piston around TDC is too small to accurately determine TDC. It is better to start
at a position around 90 degrees before the (expected) TDC position, note the distance and mark the
position on the flywheel. Then slow-turn the engine until the same exact distance is measured on the
dial gauge and mark the position on the flywheel. Now, TDC is the exact value in the middle of the two
[62].

In contrast, dynamic methods make use of an engine during operation. Most methods use a mo-
tored, or non-firing, engine. In the (hypothetical) absence of heat transfer and other irreversibilities, the
peak pressure would occur precisely at TDC, when cylinder volume is minimal. Because of inevitable
heat transfer, however, the instant (or crank angle) of maximum pressure comes just before TDC. The
difference between TDC and the angle of maximum pressure of a non-firing cylinder is called the ther-
modynamic loss angle, or simply loss angle. Hence, determining the (thermodynamic) loss angle is
equivalent to establishing the position of TDC. The loss angle typically has a value of 0.5° to 1.0°. This
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may seem like a minor value but the effects of a poor TDC determination are very significant: a 1°
inaccuracy may lead to a 10% error in IMEP [3], and even a 25% error in total heat released during
combustion [57]. The loss angle, therefore, needs to be taken into account. Nevertheless, assuming
the maximum pressure to occur at TDC may be regarded as a fast and simple starting point.
Several methods exist to determine the thermodynamic loss angle. Explicit formulas have been derived
for the loss angle as a function of the heat loss per crank angle [66]. However, if the heat loss is not
known in sufficient detail, which will likely be the case with an engine in the field, this method will be
unreliable.

Here is a short selection of the many dynamic methods that can be found in literature to determine
TDC position:

» Tazerout [69] proposed a method based on inspection of a temperature-entropy diagram of a
motored engine. When the position of TDC is incorrect, a loop is observed in the T-s diagram,
around the maximum temperature. The loop scales with the magnitude of the error in TDC po-
sition. In order to construct the T-s diagram, the values of temperature and entropy need to be
calculated at any instant.

Stas [68] describes a method to determine TDC, based on a measured pressure-versus-crank
angle (p-«) diagram of a motored engine cycle. The method follows the change of the polytropic
exponents at the inflection points of compression and expansion curves. The method shows that
the thermodynamic loss angle depends heavily on the heat transfer, and even on which heat
transfer formula is being used.

Nilsson [52] introduced a method based on symmetry of the pressure signal during compression
and expansion of a non-firing cylinder. The method determines a pressure offset in order to
account for heat transfer. Nilsson found the ’'symmetry’ method’ to provide slightly better results
than the ’inflection point’ method. However, the effectiveness of the symmetry method relies
heavily on the estimation of an exponent that varies from engine to engine, which may make the
method less suitable as a general method.

Oskam [53] applied a method that used the p-a diagram of a firing cylinder. The tangent to the
graph of the derivative dp/da is constructed in a descending part of the graph before TDC. Then,
TDC is the position where the tangent intersects with the o axis. This method is extremely sen-
sitive to fluctuations of the pressure signal; if the pressure trace is not very smooth, the method
gives an inaccurate TDC value, leading to erroneous calculations of e.g. heat release or combus-
tion temperature.

Table 2.1 presents an overview of the described methods to determine TDC, including assessment
criteria that help to select a suitable method. The criterion practicality is the author’s (subjective) inter-
pretation of the simplicity versus difficulty to succesfully implement the method. Some methods require
a substantive amount of estimation and calibration of parameters, making it sensitive to errors, hence
less practical, whereas other methods require interpretation of cylinder pressure data only.

Table 2.1: comparison of methods to determine TDC

Method practicality | accuracy | firing/motored
static -- ++ n.a.
maximum pressure ++ - motored
T—s diagram (Tazerout) + + motored
inflection points (Stas) +/- + motored
symmetry (Nilsson) +/- ++ motored
tangent (Oskam) +/- -- firing

Which of the described methods is the most suitable, may differ from engine to engine. Based on
the above the method by Tazerout appears to be the most suitable method to be implemented on board.

2.2.2. Pressure referencing
An inherent characteristic of piezoelectric pressure transducers is that these respond only to a change
in pressure. Referencing the measured pressure to a known value (also called zero-level correction or
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pressure pegging), therefore, is a necessary step. Many methods, that can be divided into two classes,
exist to determine the pressure offset. The first class uses an external (additional) pressure sensor in
order to reference a measured cylinder pressure to the external pressure at some instant during the
cycle. The second uses numerical algorithms on the gathered pressure data in order to determine the
pressure offset [3].

In a leading study, Randolph [59] compared nine different pressure-referencing methods. Three of
these made use of an extra pressure sensor, either in the intake or the exhaust manifold:

» The cylinder pressure at inlet bottom dead center (IBDC) is set equal to the absolute pressure in
the intake manifold each cycle.

» The average cylinder pressure during the exhaust stroke is set equal to the exhaust backpressure.
» The pressure at exhaust TDC is set equal to the measured backpressure.

Pegging at IBDC proved to give better results than the other methods tested in this study, including
numerical procedures like forcing a fixed or variable polytropic exponent during compression. Refer-
encing to a single point, however, may lead to a very noisy pressure trace due to inevitable fluctuations
(noise) in the signal from the pressure transducer. In order to reduce this potential for error, Randolph
suggests taking the average of three pressures as the reference value: 1° before IBDC, at IBDC and 1°
after IBDC. In addition, it is advisable to peg every cycle, preventing long-term drift of the piezoelectric
devices.

Zhang [78] proposed a pegging algorithm that does not require an additional pressure sensor. As-
suming that the compression phase is a polytropic process (i.e. pVV™ = constant), this algorithm uses
a least-squares method to calculate the sensor offset as well as the cycle-to-cycle variation of the poly-
tropic exponent n in an iterative procedure. The effectiveness of the proposed method was compared
with that of two other algorithms:

* A least squares method with n assumed constant.
* A non-linear least squares method with variable n.

The first method performed poorly as a consequence of the assumption of a constant n. The second
method resulted in severe oscillations of both n and pressure offset. In contrast, the proposed method
was found to produce stable and reliable results, at acceptable computational cost.

It is also possible to determine the pressure offset as well as the TDC position simultaneously. The
method developed by Baskovic et al. allows both values to be determined in a single calculation [3].
The method identifies characteristic deviations of the heat-release rate specific for the TDC and the
pressure offset during the compression and expansion phase after combustion. A second refinement
step can be done in order to obtain very accurate results. A drawback of the method is the fact that it
is based upon a thermodynamic model, which incorporates heat transfer calculation, making it difficult
to implement.

Table 2.2: comparison of pressure referencing methods

Method practicality | accuracy | sensor/numerical
pegging at IBDC ++ ++ sensor (intake)

average exhaust pressure - + sensor (exhaust)

pegging at exhaust TDC - +/- sensor (exhaust)
assuming constant n + - numerical
variable n +/- +/- numerical
cyclic variation of n +/- ++ numerical
pressure offset and TDC - ++ numerical

Table 2.2 gives an overview of the described methods to determine the pressure offset. As before,
the criterion practicality reflects the author’s view of the difficulty to successfully implement the method.
Based on the above, it is obvious that pegging at IBDC will be the author’s method of choice: the extra
pressure sensor usually is available in the intake manifold and the method is accurate.
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2.2.3. Smoothing the pressure trace

Several phenomena make it necessary for the cylinder pressure signal to be smoothed before it can
be used for control purposes or diagnostics. Fuel injection and the rapid rate of combustion cause
appreciable pressure fluctuations in the cylinder, which are measured by the pressure transducer. In
addition, the position of the pressure transducer may give rise to significant acoustic pressure oscil-
lations. Ideally, the pressure sensor should be flush-mounted in the combustion chamber, but often
this is not possible. In that case, the indicator channel together with the volume of the chamber at the
end of the channel, where the pressure sensor is mounted, will act as a Helmholtz resonator. The fast
pressure rise at the entrance of the passage due to the combustion causes the gas to vibrate at a cer-
tain natural frequency, due to the compressibility of the gas. The frequency of the oscillating pressure

waves is given by [73]:
c A
I=5Viv @1

where c is the velocity of sound, A the cross-sectional area of the channel, L the length of the channel
and V the volume of the chamber. The velocity of sound ¢ = /yYRT, where « is the ratio of specific
heats of the in-cylinder gases and R the specific gas constant. These oscillations are superimposed on
the combustion pressure, see Figure 2.2, making information like e.g. peak pressure difficult to extract.
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Figure 2.2: Fluctuations in pressure signal due to oscillations in indicator channel [24]

A typical indicator channel may consist of several tubes and passages of differing lengths and
diameters, in which case the natural frequency of the pressure wave cannot be calculated using Eq.
2.1. As an alternative, the formula developed by Bergh and Tijdeman [4] can be used to describe the
dynamic response of a pressure measuring system. This (elaborate) recursive formula is a complex
transfer function of the pressure ratio between two adjacent volumes of the indicator channel. In a
comparative study of three different methods (1. Helmholtz resonator, 2. organ pipe model, 3. Bergh
and Tijdeman) to determine the resonance in indicator channels of different geometry, the method of
Bergh and Tijdeman was found to give excellent agreement between theory and experiment [24].

Pressure fluctuations may lead to inaccurate pressure measurement and, as a consequence, to
significant errors when computing e.g. the rate of heat release from cylinder-pressure data. This is
the result of the differentiation involved in applying Eq. 2.6 and 2.8: differentiation amplifies the high-
frequency noise and oscillations present within the pressure trace. It is therefore necessary to smooth
the pressure trace before performing heat-release calculations [80].

A common first step in smoothing is averaging the pressures from many engine cycles. The result-
ing graph of the averaged cylinder pressure as a function of cylinder volume or crank angle is a much
smoother one than the graphs of the individual cycles. Averaging is a simple and effective method
to reduce the random noise of the pressure measurement. The method does, however, not eliminate
systematic errors. Also, averaging many cycles is not effective during transient engine operation. On
the other hand, when the engine is operating in steady conditions, cycle-to-cycle variations will appear,
caused by small differences in the amount of fuel injected and the injection timing. To minimise the
effect of these cycle-to-cycle variations, usually several consecutive cycles are measured and aver-
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aged, since one randomly chosen cycle may not be representative of the engine’s steady operating
conditions [56].

In addition to or instead of averaging the cylinder pressures, a mathematical smoothing algorithm
can be used. Examples hereof are curve fitting by means of parabolas, higher order polynomials or
splines. Another method is to apply a moving-average filter, which averages a few points to every point
in the trace. These mathematical algorithms may be regarded as low-pass filters [80].

Payri et al. apply a three-step approach in the processing of cylinder-pressure data [56]. Prior to
averaging (step 2) and filtering (step 3), it is suggested to determine the optimal number of cycles to be
averaged (step 1). Increasing the number of cycles to be averaged will at first decrease the standard
deviation of pressure samples at each crank angle. There is, however, a point at which adding another
cycle to those to be averaged, does not add any more information: the standard deviation will not
decrease further. Payri et al. found a number of 25 cycles to be optimal, but the optimal number may
vary from engine to engine and from operating point to operating point.

A drawback of these algorithms is that these do not physically interpret the data. Rather, they
manipulate the data mathematically, introducing the risk of losing information from the measurement.
A method that is claimed to not have this drawback, was proposed by Ding et al. [15]. The heat-
release analysis is based on the averaged but unsmoothed cylinder pressure signal; the procedure is
as follows:

Separate the closed-cycle pressure signal (after IVC) from the overall pressure trace.

Take the average of 15-25 cycles.

Calculate the reaction coordinate (Eq. 2.10) from the averaged data.

Fit the reaction coordinate with a multiple Wiebe function (Eq. 2.11) using curve fitting techniques.

Calculate the pressure and temperature of the cylinder contents, performing a heat release cal-
culation with the fitted (and smoothed) reaction coordinate as input.

a s =

When using a third or higher order Wiebe function, calculated parameters such as peak pressure,
peak temperature and indicated power appear to converge. The recommendation therefore is to use
at least three Wiebe functions to fit the reaction coordinate. The result is a smooth pressure trace and
an accurate description of the heat release in the engine.

2.3. Engine performance and combustion analysis

Many applications of cylinder pressure measurement are described in the literature. Examples are
engine health assessment [56, 71], online combustion failure detection [40, 54], prediction of emission
formation [27, 41], noise control [55], estimation of cylinder trapped mass [75] and the study of ignition
timing [26], or cylinder-pressure based engine control [25] to name just a few.

For the purpose of this thesis the most relevant applications are:

determination of engine performance indicators;
heat release analysis;

characterisation of combustion progression;
engine faults and diagnosis.

HPoODN =

2.3.1. Engine performance analysis
The first three will be addressed in this section. Section 2.4.2 is dedicated to engine faults and diagno-
sis.

Many important and commonly used engine performance indicators can be derived from cylinder
pressures. Among these are cylinder peak pressure, engine torque, indicated work, indicated power
and indicated mean effective pressure. The peak pressure and the crank angle at which the peak
pressure occurs, give a first indication whether all cylinders are performing equally well.

If the cylinder pressure p is properly synchronised with the crank angle 6, the instantaneous torque M
of one cylinder as a function of crank angle can be determined as follows [18]:

v (0)

M(0) = (p(0) _PO)W (2.2)
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where p(#) is the absolute cylinder pressure and p, the crankcase pressure. The term dV'(6)/d0, i.e.
the derivative of the cylinder volume with respect to crank angle, follows from (known) engine geometry.
The instantaneous engine torque can be determined by summing the torques of the individual cylinders,
taking into account the engine’s firing order and, in case of a V-engine, the V-angle.

The cylinder pressure throughout the engine cycle as a function of the cylinder volume can be plot-
ted on a p-V diagram (or indicator diagram). The indicated work is the work produced by the gas on
the piston for a cycle and corresponds with the enclosed area of a complete engine cycle plotted in an
indicator diagram:

W; = f pdV (2.3)

With W; known, the indicated mean effective pressure can be calculated: IMEP = W;/V,, where
V, is the cylinder displacement volume.

Another useful performance indicator is the mechanical efficiency. This parameter accounts for power
losses due to friction, as well as the power required to drive the inlet and exhaust valves, the engine-
driven cooling water pump(s), lubricating oil pump and fuel oil pumps [37]. These power losses, when
grouped together, are called friction power P;. The mechanical efficiency is defined as: 7, = W./W;,
where W, is the effective work output per cycle, or, equivalent but more practical, as P,/ P;, where P, is
the effective power or brake power and P; is the indicated power. The brake power is the usable power
delivered by the engine to the load and is normally determined by measuring the output torque and
rpm of the engine shaft [28]. The brake power is equal to the indicated power of all cylinders together
minus the friction power: P, = P, — P;. The indicated power per cylinder P; = W;n. /2 for a four-stroke
engine, where n. is the number of engine revolutions per second.

2.3.2. Heat-release analysis

The release of the chemical energy during combustion of the injected fuel is termed the heat release.
Heat-release analysis is an important part of internal combustion engine research, and, in particular, of
diesel engine research. In order to analyze the heat release, often a single-zone combustion model is
applied. Following assumptions apply to a single-zone combustion model [18]:

» The cylinder contents and the thermodynamic properties are uniform.
* The combustion is modeled as release of heat.
* The heat release is uniform in the chamber.

Additionally, the gas mixture may be considered to behave as an ideal gas. The relatively simple
single-zone models may be preferable to the potentially more accurate multi-dimensional thermody-
namic models, since they are less complex, numerically more efficient and normally provide similar
results for many parameters [8]. A heat release model for the contents of the engine combustion cham-
ber, modeled as an open system, starts with the first law of thermodynamics, which in differential form,
takes the form [20]:

dU = 06Q — 6W + Xh;dm; (2.4)

where dU is the (infinitesimal) change in internal energy of the in-cylinder mass, §Q is the heat input,
oW is the work output, dm; is the mass entering the cylinder (flow out of the cylinder is negative) and
h; is the enthalpy of the mass entering or leaving the cylinder.

The heat release is referred to as net heat release when the heat transfer from the cylinder contents
to its environment is ignored. The net heat release can be determined from the temperature and
pressure rise. The gross heat release is obtained when heat transfer effects are included. This quantity
thus depends heavily on an accurate estimation of the heat ’loss’ from the cylinder contents to the
cylinder wall, cylinder head and piston crown. Assuming ideal gas behaviour, the following relation for
determining the net heat release can be derived from Eq. B.1 [8]:

1
5Qnrmet = 0Qnpgr — 6Qui = ——pdV + ——Vdp (2.5)
v—1 v—1

where 6Qnr net, 6Qnr.gr and Q. are the (infinitesimal) net heat release, gross heat release and heat
loss, respectively; v is the ratio of specific heats, ¢, /c,. Eq.2.5 is convenient to use since the terms pdV’



2.3. Engine performance and combustion analysis 12

and Vdp readily follow from an indicator diagram, or, equivalently, from pressure-versus-volume data.
However, the heat release thus calculated is very sensitive to incorrect values of 4. This parameter is
not constant but is a function of temperature. It may be approximated using a linear function [20] or a
second order polynomial [8].

For combustion analysis, the rate of heat release is a commonly used quantity, (see e.g. [28] or
[66]). The net apparent heat-release rate is defined as the instantaneous heat released by combustion
minus the instantaneous heat-transfer rate (the heat ’loss’) from the cylinder contents to its immediate
environment. Assuming ideal gas behaviour this amounts to:

. . dr dv
NAHRR = Qco’m,b - Qloss - mcv% +pE (26)

In order to be able to use Eq. 2.6, the mass of the cylinder contents needs to be known. The in-cylinder
mass at any instant after the intake valves close (IVC) and before the exhaust valves open (EVO), is
equal to the mass trapped in the cylinder at IVC, plus the mass of injected fuel minus the amount of
blowby, i.e. the gas leaking from the combustion chamber past the piston rings into the crankcase. As
several studies show, e.g. [44, 50], the blowby rate in normal operation, as a percentage of total air
flow through the engine, is of the order of 0.5-1%. This may seem small enough to neglect. Neverthe-
less, blowby can seriously affect the compression and combustion expansion pressure diagrams [38].
Blowby is discussed in more detail in Section 2.4.2.

It is not straightforward to determine the trapped mass at IVC. The trapped mass may be estimated
using the cylinder pressure. If the gas temperature is known, the total mass in the cylinder can be
calculated using the ideal gas law. The difficulty is to determine the gas temperature at IVC, which will
be considerably higher than the air temperature in the intake manifold. This is a result of heat pick-up
when the intake air flows past the hot intake valve, as well as mixing with the remaining combustion
gases [64]. Conversely, if the in-cylinder mass is known, the gas temperature can be computed through
the ideal gas law since pressure and volume are known [18].

When the gas temperature is known, the instantaneous heat transfer to the walls can be estimated
by using correlations as those developed by Woschni [76] or Hohenberg [29]. Both engine researchers
developed correlations based on an assumed relationship between the dimensionless Nusselt and
Reynolds number for turbulent flow in pipes: Nu = ¢Re’®. From this equation, correlations for the heat
transfer coefficient 1 can be found, in which h depends on gas temperature, pressure, velocity and
cylinder bore. Then, assuming uniform gas temperature and wall temperature, using Newton’s law of
cooling the instantaneous heat loss (or heat transfer rate) is found:

Qloss = hAAT = hz AZ(T - Twall,i) (27)

where the index ¢ indicates cylinder wall, cylinder head and piston crown. The respective surface
temperatures cannot be measured directly in an engine in the field. Instead, these temperatures will
have to be estimated. Then, if Qloss may be estimated with reasonable accuracy, the gross apparent
heat release rate, or instantaneous combustion heat rate, follows:

. T .
GAHRR = Qompb = mcv% + p% + Qloss (2.8)

The main error in the calculated gross heat release data when using a heat release model as described
here, is due to uncertainties in the calculated charge-to-cylinder wall heat transfer [8]. Dividing GAHRR
by the fuel’s effective combustion heat u ..., the mass rate of fuel burnt, or the combustion reaction
rate £ on a mass basis, is found:

2 , dT dv s
5 _ Qcomb _ Tncvﬂ +pﬂ + Qloss (29)

Ucomb Ucomb

The value of u.,.,,, Needs to be evaluated at the existing temperature.
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2.3.3. Characterising combustion
The process of combustion in a diesel engine is extremely complex. In the diesel engine combustion
process four separate combustion phases can be identified [28]:

1. Ignition delay: the period between the start of fuel injection and the start of combustion, expressed
in units of time (ms) or crank angle degrees.

2. Premixed (rapid) combustion phase: this phase is characterised by a high heat-release rate
caused by rapid burning of the fuel that has mixed with air during the ignition delay period.

3. Mixing-controlled combustion phase: the burning rate in this phase is controlled primarily by the
mixing process of the fuel vapor with air.

4. Late combustion phase: a small, still unburned, fraction of the fuel continues to burn at a lower
rate during the expansion stroke.

The progression of combustion follows from integration of the combustion reaction rate, Eq.2.9. For
convenience, the resulting quantity may be made non-dimensional and expressed as a percentage of
the total mass of fuel burnt. The normalised reaction coordinate or normalised combustion progression
X is then obtained:

g
= 2-1
X / — dt (2.10)

where my o is the total mass of fuel burnt. The normalised reaction coordinate equals unity by definition
at the end of the combustion. The progression of combustion may also be expressed as the crank
angle(s) at which a fraction of the total mass of fuel has been burnt, e.g. 10%, 50% or 90%. The values
also follow from integration of Eq.2.9. This parameter is convenient to use since it is independent of
engine rpm.

Other useful parameters related to combustion are the start and end of combustion, expressed in
crank angle degrees before or after TDC, and the combustion duration, usually expressed in crank
angle degrees. The question is what point of the pressure trace should be identified as the start of
combustion (SOC). At SOC, there is a sharp increase of the cylinder pressure. Several methods exist
to determine the location of the SOC: the pressure recovery point method, the location of 50% of the
peak pressure-rise rate, the zero-crossing point of the peak-pressure rise slope, the peaks of second-
order pressure derivative traces, and NAHRR change rate traces. In a comparative study [79], it was
found that the pressure recovery point produces the most consistent result. Due to the evaporative
cooling upon the fuel injection, the cylinder pressure decreases below the motored pressure trace.
The pressure is recovered as heat is released from the high-temperature reaction.

If cylinder pressure data are available, the state of the cylinder contents for the closed-cylinder pro-
cess can be determined at each incremental crank angle step, by using the mass and energy conser-
vation equations, along with the gas state equation. A diesel engine combustion model that assumes a
single homogeneous gas in the cylinder and uses crank-angle based data, is called a zero-dimensional
crank-angle model [21]. Combustion may be modeled by using phenomenological models of either one
zone, which are a compromise of process representation and accuracy, or multiple zones, which offer
more detailed representation of the combustion process and better prediction of exhaust gas emissions
[2]. An example of the latter is the two-zone diesel engine combustion model developed by Linden [41]
in order to predict the formation of nitric oxide (NO). An example of the former is the zero-dimensional
crank-angle model developed by Ding [16]. Ding’s combustion model approximates the normalised
reaction coordinate by means of Wiebe functions', assuming ideal gas behaviour. Wiebe functions are
widely used in engine research as a single-, double-, or multiple-function combustion model for inves-
tigating a wide variety of engine processes, including prediction of engine performance and emission
formation [23]. The multiple Wiebe function is expressed as

ibk (1=e™) (2.11)
k=1

where 7 represents the dimensionless time. Ding [16] applied a nonlinear least squares fitting method
in order to determine the parameters a, b and m for different orders k of the Wiebe function.

"This function is named after the Russian engineer and scientist lvan Wiebe (also spelled as Vibe or Vybe).
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A zero-dimensional crank-angle model may be combined with a mean-value engine model to sim-
ulate engine operation and predict engine performance parameters. This approach allows calculation
of in-cylinder parameters that would not be available in case of a pure mean-value approach. Mean-
value engine models average engine performance over the whole operating cycle and are based on
the assumption that engine processes can be approximated as a continuous flow through the engine

[2].

2.4. Fault detection and diagnosis

Engine failure can seriously affect ship’s operation and even endanger personnel present in the engine
room. Engine reliability, therefore, is of paramount importance. Incipient faults have to be addressed
before they lead to engine failure. This section first discusses fault detection and diagnosis (FDD)
methods commonly applied in order to enhance diesel engine reliability. Then it zooms in on engine
subsystems and components with the aim of identifying healthy versus unhealthy engine behaviour.

2.4.1. FDD methods for diesel engines

As stated in the Introduction, FDD methods are commonly employed to improve diesel engine reliability.
In a comprehensive study into FDD methods specifically tailored for marine diesel engines, Lv et al.
identified four categories of FDD methodologies [43]:

1. model based;

2. data driven;

3. knowledge based;

4. hybrid (i.e. a combination of the other three)

These categories are discussed next.

Model-based methods include mathematical models that describe the physical and thermodynami-
cal processes taking place in the diesel engine. These methods require that the user have a certain
level of knowledge and understanding of the underlying physical principles of the engine. An example
is the marine diesel engine failure simulator by Pagan Rubio et al. [54]. In order to model engine com-
ponents like the air filter, compressor, air cooler, manifold, cylinders, turbine and ducts, the researchers
performed numerous test-bench measurements on a high-speed diesel engine at different loads and
constant rpm (generator operation), measuring a vast amount of parameters including cylinder pres-
sure and exhaust-gas temperatures. The developed model is able to reproduce the effect of a number
of typical failures. Hence, it is possible to recognise the symptoms of a failure before this failure endan-
gers the correct engine behaviour. The simulator has proven to be to able to identify failure symptoms
of a diesel engine and build a reliable failure database for diagnostic purposes.

Another example of a model-based method is the thermoeconomic fault diagnosis method by Xu et
al. [77], based on the second law of thermodynamics. This method analyses the exergy flow of each
engine component with respect to its surroundings. Increased exergy loss is an indicator of component
degradation. Due to the functional coupling between the engine’s components, this method may not
be able to accurately locate the fault, but the result may narrow the search for a faulty component.

In contrast, domain knowledge is unimportant in the case of data-driven strategies; these rely mainly
on the quality of historical engine data. Feeding operational data to the data-driven model allows the
model to identify normal conditions so that any other conditions may be considered abnormal and di-
agnosed as faults. However, in order to identify and classify specific faults, data on faults is required.
Since the amount of studies on fault-prognosis methodologies is limited, the lack of fault data may
prove to be an obstacle [74].

Examples of data-driven FDD methods are machine-learning algorithms like artificial neural net-
works (ANN). Using an ANN, Karatug et al. have developed an engine performance model and pro-
posed a fault-diagnostic approach based on comparing the real and estimated values of engine param-
eters [36]. First, the measured engine parameters are normalised. Then, the correlation between the
normalised variables is determined. Evaluation of these variables allows for diagnosing a combustion-
related fault with a decision-making system. The developed fault-decision system applies to three
different fault scenarios: anomalous injection timing, piston ring failure and clogged injection nozzle.
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According to the authors, minor and major faults can be prevented by the developed fault-diagnostic
approach.

In another research project, a data-driven FDD-method has been developed to isolate the dam-
aged injector of an internal combustion engine [51]. The method is based on statistical analysis of the
fuel-rail pressure in the time domain as well as an FFT (fast Fourier transform) frequency analysis of
the same signal. Using an arrangement of three ANN’s, the method extracts the relevant features of
the fuel-pressure signal from the injection rail, even when the engine’s fuel-pressure regulator compen-
sates the pressure variation caused by a faulty injector. As such, the system is capable of accurately
detecting and isolating a damaged injector.

Knowledge-based FDD methods rely on the availability of expert domain knowledge and/or a set
of rules to diagnose faults [43]. The systematic approach enables the determination of fault causes
and corresponding solutions. In a study performed by Kang et al., a hierarchical level FDD method is
proposed, combining domain knowledge of dual-fuel engines with advanced data analysis techniques
[35]. The hierarchical levels are 1. the entire engine, 2. subsystems, and 3. individual components or
sensors. The method is intended to detect and diagnose abnormal engine conditions based on engine
performance curves, using dynamic thresholds to account for varying loads. The researchers argue
that it is preferable to use dynamic thresholds rather than OEM limits in order to detect engine abnor-
malities in an early stage.

Hybrid models combine aspects of different categories of methods. A recent contribution in this field
is the introduction of an expert system for the diagnosis of marine diesel engines introduced by Gharib
et al. [22]. They developed an expert diagnosis system for marine diesel engines enabling the user to
assess abnormal operation and increase the reliability and efficiency of marine diesel engines. Another
example of a hybrid model is the framework described by Coraddu et al. [12], which combines physical
models with data-driven models in order to determine the dynamic state of a four-stroke diesel engine.
For the in-cylinder process a two-zone zero-dimensional combustion model was used. The modelling
approach results in accurate, reliable and computationally efficient models.

2.4.2. Engine faults and their effect on cylinder pressure

In order to distinguish healthy from faulty engine behaviour, one should look at the difference between
normal (healthy) and actual engine parameters. Deviations from normal behaviour could be indicative
of an incipient fault in any of the diesel engine subsystems. Obviously, it is necessary to identify and
quantify those engine parameters that indicate healthy versus unhealthy/faulty engine behaviour. It is
helpful at this stage to give a formal definition of the term fault. One may define a fault as an unper-
mitted deviation of at least one characteristic property or parameter of the system from the acceptable,
usual or standard conditions [17]. The deviation may be quantified either as an absolute value, e.g. the
difference between the observed and the reference value of some parameter, or as a relative value,
i.e. a percentage of the reference value. A fault may be assumed to occur when the deviating value
exceeds a certain limit for a given parameter. The permissible deviation will differ from parameter to
parameter and from engine to engine.

According to a study on engine health assessment by applying a digital twin, the overall engine health
status and the health of individual cylinders may be quantified over its entire operating envelope by
inspecting the following engine parameters [71]:

* brake specific fuel consumption;
 peak cylinder pressure;

+ IMEP;

+ cylinder exhaust gas temperature.

The study suggests that the exhaust gas temperatures of underperforming cylinders are likely to
decrease significantly with respect to those of healthy cylinders. A deviating exhaust gas temperature
provides a first indication of the cylinder condition but cannot by itself explain the actual cause of the
anomalies. A significant reduction in the IMEP or peak pressure of the underperforming cylinder may
also be observed. Underperforming cylinders may also be identified by applying a heat-release analysis
based on cylinder pressure measurement [39].
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The failure source and the failure manifestation are not a simple one-to-one mapping relationship.
On the one hand, one fault source may correspond to multiple fault manifestations; on the other hand,
multiple fault sources may correspond to one fault manifestation. Or multiple failure sources may cor-
respond to the cross-coupling phenomenon of multiple failure manifestations [77].

Among the faults that may occur in a diesel engine, there are more than a few that will affect cylinder
pressures. Hence, monitoring of the cylinder pressures may reveal these faults. Faults that can affect
cylinder pressures, may be divided over the subsystems where they occur. The following is a list of
diesel engine subsystems, in which any of the below mentioned faults might occur, which are likely to
affect cylinder pressures [31, 32]:

1. Inlet and exhaust system: Possible issues are excessive pressure drop in the air filter, leaks in
the intake air manifold or exhaust manifold, and high pressure losses in the exhaust ducting.

2. Cylinders / compression loss: Typical faults include intake valve seat failure, excessive blowby
past piston rings, and improper valve clearance.

3. Turbocharger: Faults may involve malfunction of the air compressor or the exhaust gas turbine,
both of which can impair charge air delivery.

4. Air cooler: Common issues include reduced cooling efficiency and excessive pressure drop
across the cooler, both of which affect intake air density and cylinder filling.

5. Increased friction losses: This may result from factors such as insufficient lubrication, main
bearing wear or insufficient cooling. While not directly linked to individual cylinder faults, increased
mechanical friction raises the indicated mean effective pressure (IMEP) required to maintain con-
stant engine output. These effects tend to impact all cylinders uniformly rather than a single
cylinder.

In the following paragraphs, the above-mentioned engine subsystems and their possible faults and ef-
fects with regard to cylinder pressures are explored further. The equations that can be used to describe
and detect the faulty behaviour, are also treated concisely. It is worth noting that different faults can
have the same effect, in which case it is necessary to identify more symptoms. In many cases, it is
possible to find a unique combination of symptoms that allows unequivocal identification of a specific
failure [54]. Additional sensor information to the cylinder pressure data will then be required.

Fuel injection system

Many engine faults, malfunctions and failures have their origin in the high-pressure fuel-injection pump
and fuel injectors. Causes may be incorrect injection timing, injector blockage or fuel-injection equip-
ment being out of calibration, or, most commonly, leakage in the delivery valve/nozzle valve [34]. It is
of considerable interest, therefore, to detect and diagnose these faults before they lead to failures of
the combustion process.

The following method may be used to that end. The difference in pressure between the combustion
pressure and the motored pressure can be used for engine health supervision as well as injection
control [40]. The motored pressure is assumed to be equal to the measured cylinder pressure and
symmetric around TDC until the start of injection. Hence, for crank angles 6 < 0;,,; :

pmotored(_e) = p'rneasu'r'ed(a) (212)

The intermediate section, where |0 < |6,,,], is filled by a curved segment according to: pr.otored =
ald|*® + b. From inspection of the pressure difference, the burnt fuel mass and injection angle can be
reconstructed. Then, the mass fraction burnt can be approximated by

pmeasured(e)
MFB#)  ————*> —1 213
( ) pmotm'ed(e) ( )

By comparison with reference values, the proper functioning of the fuel injection system can be moni-
tored, and possible injection faults may be detected.
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Inlet and exhaust system

Intake and exhaust systems can have a considerable influence on engine power and torque. The
exhaust back pressure in diesel engines with an exhaust-gas driven turbocharger should not exceed
the level prescribed by the engine manufacturer. Thus, it is particularly important to avoid high flow
resistance in the exhaust system. The pressure drop across the air-intake filter and air cooler, which
is proportional to the square of the volumetric intake flow, must also be limited [48].

The air filter must filter dust fractions out of the intake air. A clogged air filter has increased flow resis-
tance; this effect can be described by introducing a constant K that multiplies the nominal (quadratic)
flow resistance during normal conditions:

Ap: Kaf,nomV2 (214)

Here, Ap is the pressure drop across the air filter, a ¢ ., the nominal proportionality constant, and 1%
is the volumetric flow rate of the intake air.

A similar equation applies to the pressure drop of the intake air across the air cooler. In that case,
the constant K accounts for the obstruction of the air through the air cooler by e.g. dust deposits. The
effect of both failures is that, due to the increased flow resistance, the intake-air manifold pressure
will decrease. The same effect can be observed in the case of a leaking air manifold. Exhaust man-
ifold leakage or excessive pressure drop in exhaust ducts also lead to a decrease in intake manifold
pressure [54].

Compression loss

Loss of compression may be the result of cracks in the cylinder head, a blown head gasket, a leak-
ing intake or exhaust valve, excessive blowby past the piston rings or cylinder liner due to wear [14].
Obviously, these faults lead to lower peak pressures of the faulty cylinder. Close inspection of the
pressure-versus-crank angle trace during the compression phase could reveal that this is due to the
loss of compression. The pressure loss due to leakage is determined by the mass flow of gas (or
blowby rate) out of the cylinder, which depends on the pressures inside and outside the cylinder. The
following generic equation may be used to calculate the mass flow per unit area through an orifice with
area A [11]:

— = v 215
A= JRT (2.15)

The value of the dimensionless flow function ¥ is determined by the ratio of the pressures inside
and outside of the cylinder (in the crankcase), p;. /pout- Assuming isentropic compressible flow, U is a
complicated function of the pressure ratio:

Y41

/ 27 \/ pout pout) v (216)
-1 pzn Din

The above formula is valid for non-choking flow. Choking occurs above the critical pressure ratio when
the velocity of sound is reached somewhere in the flow path [65]:

Pin_ (7“> " 2.17)
Pout 2
In the case of choking ¥ is limited to:
Py
- (2 ) (2.18)

For common values of v ranging from 1.33 to 1.4, choking occurs when p;,, /po.: >1.85 to 1.89. Given
this relatively small pressure ratio, choking is expected to occur during most of the compression stage
and power stroke. Especially in the case of a turbocharged engine, the ratio of the charge air pressure
to the (essentially atmospheric) crankcase pressure may be well above this value during most of the
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operating conditions. The value of ¥ then is independent on the pressure ratio and equals 0.67 to 0.68.
In order to be able to calculate the mass flow out of the cylinder, the area of the orifice needs to be
known, which may likely not be the case. However, if the cylinder pressure is known as function of
the cylinder volume or crank angle, a value of the orifice’s area may be chosen so that the that the
calculated pressure agrees best with the measurements.

Turbocharger

The turbocharger directly affects cylinder pressures: the compressor delivers the proper charge pres-
sure of the combustion air and the exhaust-gas driven turbine supplies the required shaft power to drive
the compressor. Dust particles may cause abrasive wear and deposits of fine particulate matter can
form on the compressor walls in turbocharged engines, reducing compressor efficiency and air mass
flow rate [54]. Injecting a cleaning fluid routinely during operation is an effective measure to clean
compressor surfaces of deposited fine particulate matter.

The correct working of the turbocharger may be verified by comparing the actual operating point
with the compressor and turbine charts. A compressor chart typically shows the pressure ratio and
the isentropic compressor efficiency as a function of the (non-dimensional) mass flow for different com-
pressor speeds. The turbine chart typically shows the non-dimensional mass flow and the isentropic
turbine efficiency as function of the turbine pressure ratio for different turbine speeds [65].

The characteristic charts for the compressor and the turbine may likely be unavailable. To overcome
this problem, Kouremenos and Hountalas used the method of operation similarity to reproduce the
charts from shop test data [38]. The method requires the following data in order to be able to construct
the turbine and compressor charts:

pressure before and after the compressor;

pressure before and after the turbine;

air temperature before and after the compressor;
exhaust gas temperature before and after the turbine;
5. rotational speed of the turbocharger.

PN~

Not all of the above-mentioned parameters may be available, in which case it will be necessary to
estimate the values.

The isentropic efficiency, mentioned previously, is a useful performance indicator of the turbine and
the compressor: it is a measure of how efficient the compression or expansion stage is executed in
comparison with the idealised adiabatic and internally reversible (isentropic) process. In the case of
the compressor, the isentropic efficiency is defined as:

__isentropic compressor work  has — hy

. = = 2.19
actual compressor work ho — hy ( )

The isentropic turbine efficiency is defined as:
= actual turbine work ~ hy — ha (2.20)

isentropic turbine work ~ hy — ho,

In the above equations, h is the specific enthalpy at entrance state, h, the specific enthalpy at exit
state and hy, the specific enthalpy at exit state for the isentropic process. In both equations, the exit
pressures are taken the same in the actual and the isentropic case. This parameter can be found using
measured data of inlet and outlet temperature and pressure of both components.

An alternative method for estimating the compressor performance chart is the method by Casey
and Robinson [10]. The objective of this method is to calculate the values of the polytropic efficiency
and the work coefficient \ for specific values of the flow coefficient ¢ and tip-speed Mach number M
the dimensionless parameters )\, ¢ and M are defined as:

* X\ = (ha — h1)/u? , where us is the circumferential speed of the impeller blade tip;

« ¢ =V /(uaDy?) , where D, is the impeller tip diameter;

* M =us/a; , where a; is the inlet speed of sound.

The method allows the performance chart of a centrifugal compressor stage to be obtained from

limited data without knowledge of the compressor stage geometry. The equations provide a fully pa-
rameterised system of algebraic functions for the performance chart.
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2.5. Conclusion

This section concludes the literature review. First, the most important findings are presented. Second,
a research gap is discussed. Based on the findings of this chapter the most important conclusions are:

1. System understanding and implementation

It may be challenging to equip an existing engine on board of a ship with permanent instrumen-
tation for continuous cylinder pressure measurement. Ideally, the pressure transducers are flush
mounted, but this is likely not possible. Instead, they will have to be mounted on the connection
in the cylinder head to the indicator channel, giving rise to pressure fluctuations that are picked
up by the sensor. This also has a beneficial effect, however, namely it limits the potential effect
of thermal shock.

Another critical aspect is the synchronisation between the measured crank angle and cylinder
pressure. This can be realised by installing a sensor on the engine’s flywheel that 'counts’ the
teeth, together with a sensor for reference. Both the pressure and crank angle signal have to be
in phase in order for the data generated to be useful. In order to determine the absolute cylinder
pressure, an additional pressure sensor may be required for reference. In addition, sufficient data
points have to be available, at least one per crank angle degree, but preferably more. Provided
that these requirements are met, the system should be able to provide useful data.

2. Preprocessing cylinder pressure data
In order to be able to extract useful information from cylinder pressure measurement, it is a pre-
requisite to have sufficiently accurate data. Three conditions to achieve this were identified:

(a) Correct phasing of cylinder pressure with crank angle
One of the (dynamic) methods described in 2.2.1 should be applied to determine the TDC
position, taking into account the thermodynamic loss angle. Thus, it is verified that the syn-
chronisation error between crank angle and cylinder pressure is sufficiently small; literature
suggests that 0.2° is the maximum allowable fault. A dynamic TDC determination method
appears more suitable than a static one, since the latter involves elaborate measurement on
the engine on board, which would be impractical, whereas the former requires interpretation
of measured values.

(b) Correct pressure referencing
The cylinder pressure must be referenced (pegged) to a known (absolute) pressure. Using
the pressure sensor in the engine’s intake manifold, if present, would be the obvious choice.
Then, the pressure at inlet bottom dead center is set equal to the intake manifold pressure
each cycle. Alternatively, one of many numerical algorithms could be applied to determine
the pressure offset.

(c) Smoothing of the pressure signal
In order to mitigate the adverse effects of inevitable pressure fluctuations and noise during
measurement, the pressure trace must be smoothed. Averaging a number of cycles elim-
inates random noise, but systematic errors will persist. Further smoothing will have to be
done by using filtering or curve-fitting techniques, to which purpose several methods are
available.

3. Engine performance and combustion analysis

A number of parameters relating to engine (or cylinder) performance and combustion, which can
be determined from cylinder pressure data, have been identified. Parameters like IMEP, heat-
release rate and (normalised) combustion progression can readily be calculated by analysing
the pressure-volume relation, using a one-zone combustion model, together with a model for the
heat ’loss’. However, determining the heat flow from the cylinder contents is not straightforward.
While there are proven correlations for calculating the heat-transfer coefficient, there is not a
general method to determine the cylinder wall temperature. Thus, calculation of the heat flow is
accompanied with large uncertainty. This potentially introduces a large error leading to inaccu-
rate calculation of the heat-release rate and derived parameters.

4. Fault detection and diagnosis
Four categories of FDD methods exist that are suitable for diesel engines. Of these, only purely
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data-driven methods do not require the user to have domain knowledge. However, using cylinder-
pressure data 'without’ knowledge does not appear feasible to the author. A (hybrid) combination
of a model-based, knowledge-based and data-driven method would appear to be more suitable.
A thermodynamic model is required to analyse combustion and a knowledge-based and/or data-
driven method in order to detect and assess anomalies.

Faults on component level may be detected by comparing actual engine parameters with param-
eters taken from the same or a similar engine, like measurements taken at the test bench in the
engine factory. Incipient faults that arise during operation may thus be detected; examples are
faults in the turbocharger or the fuel injection system, a leakage in the intake or exhaust manifold,
or gas leakage from a cylinder through the piston springs or an intake or exhaust valve. Accept-
able values of the deviations from the benchmark values will have to be established; there may
be some arbitrariness here, if the engine manufacturer does not provide these values.

In addition, it is important to note that different faults may have the same effect on cylinder pres-
sures. In order to allow unequivocal identification of a particular fault, it may be necessary to
identify a unique set of symptoms, not only from cylinder pressure data but from other opera-
tional engine data as well. It should also be noted that the cylinder pressure may not be the
parameter best suited to indicate a potential fault. In the case of the turbocharger it would be
more appropriate to analyse rpm and air intake manifold pressure, rather than cylinder pressure.

Research gap

Studies about cylinder pressure measurement mainly concern lab engines, since diesel engines in the
field are generally not equipped with such a system. Although there is ample literature about research
on the topic of FDD methods for diesel engines, only a few of these studies use cylinder pressure data,
as these data are not commonly available. Instead, in most cases readily available engine sensor data
are analysed. Therefore, a largely unexplored field is cylinder pressure measurement in support of
FDD-methods of marine diesel engines. This may be regarded as a research gap.

Notably, a few studies have considered cylinder pressure data for diagnostic purposes. One such
study [53], however, overlooked the essential step of preprocessing, incorrectly assuming that the
raw pressure data were already accurate with respect to crank angle alignment and pressure offset.
Another study uses cylinder-pressure data to develop a digital twin for engine health assessment [71].
Interestingly, they applied a numerical algorithm to determine the pressure offset and the TDC position
simultaneously. They also acknowledged that the resulting heat-release curves were inaccurate due
to an unspecified error. Payri et al. [56] present an in-depth discussion on preprocessing cylinder
pressure signals, including filtering. However, their work is limited to preprocessing alone and does not
extend to engine condition monitoring or diagnostic applications.

This suggests that a comprehensive methodology for cylinder pressure analysis, including both data
preprocessing and diagnostic interpretation, could make a valuable contribution to engine condition
monitoring and fault detection. This thesis aims to address this need by investigating the potential of
cylinder pressure measurement to assess engine performance and combustion characteristics, and to
enable fault detection and diagnosis in marine diesel engines.



Research methodology and
measurement system

The three-step Plan of approach of this thesis was outlined in Section 1.3. The first step—the literature
review—was presented in the preceding chapter. Itidentified a key research gap: the limited application
of cylinder pressure measurement data for diagnostic purposes in marine diesel engines. This thesis
aims to contribute to closing that gap, as its central objective is precisely to explore the diagnostic
potential of such data.

This chapter outlines the research methodology used throughout the remainder of this thesis. While
the second explicitly stated step in the Plan of approach is the preprocessing of cylinder pressure data,
this assumes that a selection of suitable measurement data is already available. However, the prior
and implicit step—collecting and selecting the appropriate cylinder pressure datasets—is, while not
academically central, essential to the practical execution and reliability of this research.

Accordingly, this chapter begins by presenting the overall research methodology, including data
collection and selection (Section 3.1). It then describes the cylinder pressure measurement system in-
stalled on HNLMS Groningen in detail (Section 3.2). Lastly, it provides an overview of the Ocean-going
Patrol Vessel’s main engines (Section 3.3), as certain engine-specific details are crucial for understand-
ing the subsequent analysis and results.

3.1. Research method

Although not strictly part of the research scope, the installation and commissioning of the cylinder pres-
sure measurement system on HNLMS Groningen was largely carried out by the author. As such, it
may be considered the zeroth step of this research. The next step involved collecting operational
measurement data. Since the commissioning of the system, it has recorded a substantial amount of
operational data over a period exceeding two years, including more than ten months of sailing. Sev-
eral hundred cylinder pressure measurements—each comprising a corresponding dataset—have been
collected. Consequently, a selection must be made for detailed analysis.

In line with the identified research gap and the overarching research question, this study primarily
focuses on detecting anomalies in engine behaviour. Ideally, such analysis requires a known instance
of a fault or failure occurring during system operation. One such case occurred in August 2024, when
the crew of HNLMS Groningen replaced the fuel-injection pump of the starboard main engine due to a
deviating exhaust gas temperature (see Figure 3.5).

This case is particularly relevant for two reasons. First, it allows for a direct comparison of cylinder
pressure data before and after the component replacement. Second, the fuel-injection pump is also
the subject of a parallel research effort—the frontrunner project—which investigates its operational
lifespan, replacing the pump only after failure. Both the frontrunner project and the specific case of
the replaced pump are discussed in greater detail in Section 3.3. To evaluate potential degradation
of the component over time, and to assess the impact of its replacement, a baseline is required. For
this purpose, data from March 2023 are used. At that time, the engines had just completed a major
overhaul at the 16,000 running hours mark, the scope of which is also outlined in Section 3.3.

21
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Additionally, during the same period, HNLMS Groningen’s hull was cleaned and the vessel became
the only ship in its class to be fitted with a Hull Vane—a fixed, wing-like spoiler mounted below the
stern. The Hull Vane generates hydrodynamic lift, thereby reducing the ship’s resistance through the
water. It is intended to lower fuel consumption and emissions, while improving propulsion efficiency.
High-speed testing before and after installation on HNLMS Groningen confirmed its positive effect on
performance [63], with a 10% reduction in fuel consumption across the full operational profile, peaking
at a 16% reduction at 17.5 knots.

Given these modifications, it would not be appropriate to compare data collected before March
2023 with data collected afterwards. The ship lacked the Hull Vane and likely had a more fouled hull,
both of which affect the required engine power at a given speed. Moreover, the engine had not yet
been overhauled. Therefore, only data collected from March 2023 onward are considered valid for
comparison under consistent operating conditions.

For this research, datasets were selected based on identical propulsion control setpoints to ensure
comparability. The focus is on analysing cylinder pressure data from the following three periods, all
under similar operational conditions:

* March 2023: Immediately after completion of the 16,000-hour engine overhaul and the installation
of the Hull Vane. The total running hours of starboard main engine

» August 2024 (pre-replacement): Prior to replacement of the fuel-injection pump and fuel injector
in cylinder B2 of the starboard engine.

» August 2024 (post-replacement): After replacement of these components.

The next steps, following the collection of raw measurement data from the occasions described above,
are as follows:

1. Preprocess the raw data using the approach developed in Chapter 4. This includes accurate align-
ment of the TDC position, pegging to the correct reference pressure, and appropriate smoothing
of the original pressure trace to enable subsequent analysis.

2. Analyse the preprocessed data according to the methodology described in Chapter 5, focusing
on performance evaluation, combustion analysis, and fault detection and diagnosis.

3. Present and interpret the results of this analysis, as detailed in Chapter 6.

3.2. Cylinder pressure measurement system of HNLMS Groningen

This section describes the cylinder pressure measurement system installed on HNLMS Groningen. The
system provides continuous monitoring of cylinder pressures during engine operation. It is connected
to all cylinders of both main engines, enabling individual cylinder pressure measurements in real time.
Figure 3.1 illustrates the main components of the system and their integration with the engine. The
system relies on three primary input signals: cylinder pressure, crank angle, and a trigger pulse. Addi-
tional data—such as engine speed, cylinder exhaust gas temperature, intake manifold pressure, and
turbocharger RPM—are supplied by the ship’s Integrated Platform Management System (IPMS).

Each engine is equipped with twelve piezoelectric pressure sensors—one per cylinder—mounted
via a 6 mm small-bore indicating channel in the cylinder head. The sensors are not directly mounted
on the indicating channel but are mounted in an adapter that is screwed onto the cylinder head. These
sensors convert the cylinder pressure into an electrical charge, which is subsequently transformed into
a voltage signal by a charge amplifier. This analog signal is then digitised by an analog-to-digital (A/D)
converter. The digitised pressure signal must still be referenced to a known pressure. In this case this
is the intake manifold pressure. This step is further explained in Section 4.2.

Crank angle resolution is achieved using an optical encoder that detects the 360 teeth on the engine
flywheel, providing pressure readings at every 0.5° of crankshaft rotation. A trigger bolt mounted on
the flywheel passes a dedicated trigger sensor once per revolution, establishing a reference position
for accurate crank angle alignment and data synchronisation. While the system continuously buffers
pressure data in real time during engine operation, actual recording of this data is event-driven and
occurs under one of the following conditions:
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Figure 3.1: Conceptual sketch of the cylinder pressure measurement system of
HNLMS Groningen showing the main components




3.3. Main engine characteristics 24

1. Manual initiation by the operator from the ship’s technical control room.
2. Automatic initiation at predefined time intervals configured by the operator.

3. Automatic initiation in the event of an engine shutdown, in which case the buffered data from the
last 50 engine cycles is saved.

Figure 3.2 presents two typical plots that can be derived directly from cylinder pressure data. The
first plot (Figure 3.2a) shows cylinder pressure as a function of crank angle for a selected cylinder
and engine cycle. The crank angles corresponding to BDC and TDC are shown in the graph.” To
generate this plot from the raw measurement data, two preprocessing steps are required: pressure
referencing and synchronisation of the pressure signal with the crank angle. These preprocessing steps
are discussed in detail in Chapter 4. The graph highlights the peak pressure, pmax, and its corresponding
crank angle, denoted as apmax.

Figure 3.2b displays the corresponding indicator diagram, i.e., the pressure—volume diagram for the
same cycle. The indicated work, W;, is represented by the area enclosed by the curve, which can be
computed by integrating the pressure—volume data.
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Figure 3.2: Pressure-versus-crank angle diagram and indicator diagram:
(a) p-0 diagram, showing pmax and apmax, (b) indicator diagram, showing W;.

3.3. Main engine characteristics

This section describes the main characteristics of the Holland-class OPV main engines. These engines
are medium-speed, four-stroke, V12, turbocharged marine diesel engines. They were builtin 2008 and
2009 and are certified in accordance with IMO Tier | NO, emission regulations, which have been in effect
since 2000. As such, they predate the more stringent Tier |l requirements introduced in 2011. Table 3.1
lists the key engine specifications.?

The starboard engine rotates clockwise, while the port engine rotates counterclockwise. Figure 3.3
shows a cross-sectional view of the MAN 12V28/33D engine [46]. The left side of the figure illustrates
the intake system: fresh combustion air enters the cylinder through two inlet valves, which are supplied
by a common intake air manifold serving both cylinder banks. The inlet valves are actuated via a
pushrod and rocker arm by the camshaft located to the left of the cylinder.

Also visible on the left side is the high-pressure fuel pump, driven by the same camshaft. Each
cylinder is equipped with its own unit-type fuel pump, which includes a solenoid valve. This valve
controls both the fuel injection quantity and timing, based on commands from the engine’s electronic
monitoring and control system. Figure 3.4 shows a detail of the fuel-injection pump and the fuel injector
mounted in the cylinder head.

By the convention adopted in this thesis, TDC corresponds with 0° CA. Hence, inlet BDC is at -180°.

2The exhaust valve opening (EVO) angle listed in Table 3.1 corresponds with the data provided by the OEM. However, analysis
of the p— 6 diagram suggests this value—75° before BDC—is likely incorrect. A more plausible value is approximately 30° before
BDC.
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The right side of Figure 3.3 depicts the exhaust system. Exhaust gases exit the cylinder through
two exhaust valves, which are actuated—again via pushrod and rocker arm—by the camshaft on the
right. Each cylinder bank has its own exhaust manifold, which routes the exhaust gases to the turbine
of its dedicated turbocharger.

The engine’s monitoring and control system plays a critical role in balancing cylinder-to-cylinder
performance. In particular, it adjusts injection timing and duration via the solenoid valves in an effort to
equalise exhaust-gas temperatures across all cylinders.

Figure 3.3: Cross section of engine 12V28/33D

Frontrunner project

As part of a research initiative by the Netherlands Defence Academy, the high-pressure fuel pumps of
the main engines are no longer being replaced strictly according to the prescribed maintenance sched-
ule. Instead, fuel pumps are only replaced upon failure. Under the original equipment manufacturer’s
(OEM) guidelines, these components are typically replaced every 8000 operating hours, which sched-
ule is designed to prevent unexpected failures based on the manufacturer’s experience. Although this
interval is considered conservative and generally effective, the possibility of sudden fuel pump failure
can never be fully excluded.

Since these fuel pumps typically exhibit no clear signs of degradation prior to failure, replacement
is commonly based solely on accumulated running hours. In principle, individual cylinder exhaust gas
temperatures might serve as failure indicators. However, this signal is rendered ineffective due to
the presence of an exhaust-gas temperature balancer in the engine. This system equalises cylinder
exhaust temperatures by adjusting the fuel injection duration per cylinder, with a maximum adjustment
of £3° crank angle. The exact start of injection (SOI), however, is proprietary information and is not
disclosed by the OEM.

Given the high cost associated with preventive replacement of fuel pumps, this setting presents an
ideal opportunity to test the frontrunner concept in practice. In this context, continuous cylinder pressure
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Table 3.1: Holland class OPV’s main engine characteristics [45][46]

Number of cylinders 12

Number of revolutions per cycle 2

Nominal engine power 5400 kW
Nominal engine speed 1000 rpm

Idling engine speed 400 rpm

Bore 280 mm
Stroke 330 mm
Displacement volume 20.32 dm3
Connecting rod length 640.6 mm
V-angle 52°

Geometric compression ratio 13.8

Inlet valve opening (IVO) 69° before TDC
Inlet valve closure (IVC) 30° after BDC
Exhaust valve opening (EVO) 75° before BDC
Exhaust valve closure (EVC) 48° after TDC
Valve overlap 117°

Nominal piston speed 1" m/s
Nominal brake mean effective pressure 26.6 bar
Nominal firing pressure 190 bar

Fuel injection pressure 450 bar
Direction of rotation starboard engine CCw

Direction of rotation port-side engine CwW

Firing sequence starboard engine A1-B4-A4-B2-A2-B6-A6-B3-A3-B5-A5-B1

Firing sequence port-side engine A1-B5-A5-B3-A3-B6-A6-B2-A2-B4-A4-B1

measurement may serve as a valuable diagnostic tool, potentially revealing anomalies related to a faulty
injector or a degraded fuel pump.

Case study: Fuel pump replacement

As mentioned in Section 3.1, the replacement of a high-pressure fuel pump on board HNLMS Groningen
provides an interesting case study. During a deployment in 2024, the crew observed that the exhaust
gas temperature of one cylinder (B2) on the starboard main engine began to deviate noticeably from
that of the other cylinders.

As illustrated in Figure 3.5, the exhaust gas temperature of cylinder B2 increasingly diverged from
the rest over time. Over the course of several days, the temperature difference continued to grow.
Once the deviation exceeded 25 K, and with no indication of stabilisation, the crew decided to replace
both the fuel-injection pump and the injector of cylinder B2. Technically, this replacement was not yet
required; the engine manufacturer allows for temperature differences up to 100 K. However, the crew
opted for a precautionary approach and installed a new fuel pump from the onboard stock.

This event presents a valuable opportunity to investigate whether anomalies in the cylinder pressure
data of B2 were detectable, either at the time of the observed temperature deviation or even earlier,
before the exhaust gas temperature began to diverge.

Major 16,000-hour overhaul

In 2023, the main engines of HNLMS Groningen underwent a scheduled major overhaul as part of the
16,000-hour maintenance cycle (16k service). During this overhaul, key engine components—including
cylinder heads, cylinder liners, fuel injectors, pistons, connecting rods, connecting rod bearings, and
main bearings—were replaced. The high-pressure fuel pumps were also removed and tested at the
Royal Netherlands Navy’s fuel pump testing facility. Following successful testing and approval, all
pumps were reinstalled.
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Figure 3.4: Fuel injection system of the V28/33D engine, showing the unit pump assembly. The system consists of a
fuel-injection pump with integrated solenoid valve (bottom), a double-walled high-pressure fuel line, and the fuel injector.
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Figure 3.5: Exhaust gas temperatures of all cylinders on the starboard main engine, highlighting the
rising deviation of cylinder B2 (pink line) over a period of, roughly, 24 hours.

This approach constitutes a deviation from the OEM’s prescribed maintenance procedure, which
would typically require full replacement. However, it was permitted under the conditions of the fron-
trunner project described earlier. Notably, the last complete replacement of all 24 high-pressure fuel
pumps took place in November 2021, during the 8,000-hour maintenance interval.



Preprocessing cylinder pressure data

This chapter outlines the steps involved in preprocessing the raw data collected by the cylinder pres-
sure measurement system of HNLMS Groningen. To extract meaningful information from the cylinder
pressure data, it is essential to first process and manipulate the raw measurements. As detailed in
Section 2.2, several preprocessing steps are required before the data can be analysed.

The initial step is to synchronise the pressure signal with the crank angle. This is explained in Sec-
tion 4.1. This step is necessary because, in the measurement system setup aboard HNLMS Groningen,
pressure and crank angle are not automatically aligned with sufficient accuracy, as discussed in Sec-
tion 3.2. The next step involves referencing the measured pressure to a known value (Section 4.2).
This process, commonly known as "pegging,” is necessary because piezoelectric pressure sensors do
not measure absolute pressure but instead respond to pressure changes. The third step is to smooth
the pressure signal (Section 4.3). Smoothing is crucial for obtaining reliable results, particularly for pa-
rameters that require pressure differentiation, such as the heat-release rate. The detailed procedures
for each of these steps are explained in the following sections.

4.1. Synchronising pressure and crank angle

The cylinder volume depends on the position of the piston and is therefore a function of the position of
the crankshaft. In order to be able to construct an indicator diagram or calculate the IMEP accurately
the cylinder pressure must be related to the cylinder volume and therefore the crank angle. In principle,
it suffices to know the exact crank angle of one reference cylinder, since the crank angles of the other
cylinders can be inferred from this reference. The top dead center (TDC) position is usually taken as
the reference for the crankshaft position. Several parameters are very sensitive to an error in the TDC
position. An error of only 1° will lead to incorrect indicator diagrams, as well as major errors in the
calculation of performance indicator as indicated work, indicated power or IMEP (10%) and total heat
release (25%) as well as combustion duration.

4.1.1. Tazerout method (T—s diagram)

In Section 2.2.1 several methods for determining the position of TDC have been compared. Of the
compared methods, the method by Tazerout [69] appeared to be the most feasible. This method is
based on the thermodynamic analysis of the temperature-entropy (T—s) diagram of a motoring (i.e.
non-firing) engine during the compression and expansion stages. In the case of HNLMS Groningen,
the cylinder pressure data from a stopping main engine are available, since these data are saved
automatically every time the engine is stopped. This feature has been implemented to have the cylinder
pressure data available in case of a failure that leads to an engine shutdown. The data from the last
50 cycles will then remain available for later analysis.

Since its publication, the Tazerout method has been proven to provide reliable results for a wide
range of internal combustion engines. When the TDC position is well calibrated, the compression and
expansion strokes under motoring conditions are symmetric with respect to the peak temperature in
the T—s diagram. In the case of an error in the TDC position, a loop appears which has no physical

28
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significance. The Tazerout method involves shifting the crank angle until the loop in the T—s diagram
appears or disappears. The value by which the crank angle is shifted is called the TDC shift.

In order to be able to construct the T—s diagram, the temperature and entropy values must be
calculated using the pressure signal. The temperature can be found using the ideal-gas law, assuming
the mass of the in-cylinder gas is constant:

_

T
mR

(4.1)
where T is the absolute temperature, p the absolute pressure, V' the cylinder volume, m the mass of
the in-cylinder gases and R the specific gas constant. To calculate the mass, the initial temperature, i.e.
the temperature at IVC is required. This temperature is not measured directly but we can reasonably
assume that the air temperature in the cylinder at IVC will be slightly higher than that of the air in the
intake manifold, which is measured. This is the result of heat transfer from hot engine parts, like the
intake valves and the cylinder wall, to the relatively cold intake air. This "heat pickup” will vary depending
on whether the engine is cold or still hot from previous operation. Hence, to analyse the sensitivity of
the Tazerout method to variation of the initial temperature, this parameter will be varied.
The entropy can be found starting from the T'ds relation, known from thermodynamics:

Tds = dh — vdp, where ds is the (infinitesimal) entropy change, dh the enthalpy change, v the specific
volume and dp the pressure change. With the ideal-gas relations pv = RT and dh = ¢,(T)dT’, where
¢p is the specific heat at constant pressure, it follows that the entropy change is given by

dT d
ar _ pdp

ds = ¢, (T) T )

(4.2)

Integration of Eq. 4.2 provides the entropy value with respect to a reference or initial value s, at initial

pressure po:
dT

p
s=s0+ /cp(T) T Rin . (4.3)
Since the entropy is a function of the temperature, as expressed by Eq. 4.3, the shape of the T—s
diagram might be sensitive to the method by which the intermediate temperatures are calculated. The
assumption of ideal-gas behavior is not necessarily valid at high pressures. Therefore, in addition to
using the ideal-gas law, the intermediate temperatures were also calculated using the more accurate
Redlich-Kwong equation of state:
RT a
v—b v(v+b)TV?
The Redlich-Kwong equation is a two-constant equation of state that is frequently used in thermo-
dynamics; R and v are the universal gas constant and the specific volume on a per mole basis, respec-
tively. The two gas-specific constants (a and b) account for the non-ideal gas behavior. With a and b
set to zero, the Redlich-Kwong equation reduces to the ideal gas law. Since the Redlich-Kwong equa-
tion is not explicit in temperature, calculating the temperature with this equation requires an iterative
procedure. The details of this procedure are described in Appendix A.

p= (4.4)

4.1.2. Results

The pressure data used are extracted from a measurement taken with a stopping engine. In such an
instant, the engine rpm and cylinder pressures decrease with each cycle. Therefore, the pressure data
from a single cycle need to be analysed. In order to be able to analyse the pressure data, the signal is
first smoothed by means of cubic-spline interpolation, see Section 4.3. Using the smoothed pressure
trace and choosing a suitable initial temperature, the intermediate temperatures and the corresponding
entropy values are calculated. Then, finally, the T—s diagram can be drawn.

This procedure is repeated for:

+ all twelve cylinders, since the outcome may differ from cylinder to cylinder;

* initial temperatures varying from 300 K to 340 K, which are temperatures expected to occur during
operation;
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Figure 4.1: T—s diagram showing a loop at the incorrect TDC shift,
temperature calculated by (a) Redlich-Kwong equation and (b) ideal-gas law

» temperature and entropy values calculated by the Redlich-Kwong equation and the ideal-gas law.

Figure 4.1 shows the resulting T—s diagram for an arbitrary cylinder (cylinder 2 of the A-bank) and
an initial temperature of 300 K. Figure 4.1a shows the resulting graph when using the Redlich-Kwong
equation; Figure 4.1b shows the result when using the ideal gas law. Both graphs show a loop for a
TDC shift of 0.8° (green line) and 0.9° (purple line), which disappears at 1.0° (yellow line). Although the
values of both temperature and entropy differ slightly for both graphs, the TDC shift for which the loop
disappears is the same for both methods. In addition, for the initial temperatures checked (300-340 K),
the value does not affect the outcome.

Table 4.1: TDC shift per cylinder (°), » = 0.9, c = 0.074

cylinder | 1 2 3 4 5 6
A-bank | 0.9 1.0 0.9 0.9 0.8 0.8
B-bank | 0.9 0.9 0.8 1.0 0.9 1.0

mean (u) | 0.90

stdev (o) | 0.074

There is, however, a (small) difference between the individual cylinders. Table 4.1 shows the TDC shifts
for all cylinders. The mean value ;. = 0.9°. The values of all cylinders differ from the mean value by
no more than 0.1°. The standard deviation o = 0.074°.

Figure 4.2 shows the probability density function for the (discrete) TDC shift values of all cylinders.
Also drawn is the probability density function of a normal distribution with the same mean and standard
deviation. Assuming that the TDC shift is normally distributed around ., the probability that all the TDC
shift values are in the interval [ — o, 1 + o] is 0.68, and in the interval [z — 20, i + 20] is 0.95; these
values are generally applicable to a normal distribution. Hence, we can say with 95% confidence that
the actual TDC shift lies within the interval [0.75, 1.05].

4.2. Pressure referencing

This section describes the methods used in this thesis to convert the pressure change measured by
the piezoelectric sensors to an absolute pressure. This is done by referencing (or pegging) the cylinder
pressure to a known external pressure, or alternatively, by applying a numerical method to determine
the correct pressure offset.
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Figure 4.2: Probability density of TDC shift across cylinders, including the best-fit Gaussian curve
based on sample mean and standard deviation.

4.2.1. Intake manifold pressure

In Section 2.2.2, several methods have been compared to reference the cylinder pressure to a known
value. There, it was concluded that the most suitable method would be to equate the cylinder pres-
sure at inlet bottom dead center (IBDC) with the (absolute) intake manifold pressure. This conclusion
appears valid for a laboratory engine, but does not necessarily apply to an engine on board of a ship.
Therefore, we now investigate whether the intake manifold pressure is suitable for our purpose. In
fact, this pressure is measured and recorded in the case of HNLMS Groningen with an update rate of
1 Hz. A typical cylinder pressure measurement involves recording the pressure during 25 cycles (50
crankshaft revolutions), which takes 3 to 7.5 s, depending on the actual engine rpm.

During one measurement, the pressure at IBDC for all cycles is equated to the intake manifold pres-
sure at the start of the measurement. This is done automatically by the cylinder pressure measurement
system’s data acquisition functionality. The intake manifold pressure is measured as gauge pressure,
thus as pressure relative to the atmosphere. In order to convert this relative pressure to an absolute
pressure, 1 bar, the assumed atmospheric pressure, is added to the relative value. The resulting pres-
sure is the cylinder pressure that is recorded. During the measurement, the intake manifold pressure
should essentially be constant in order for this method to be valid.

13:38:10
May 3, 2024
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Figure 4.3: Effective intake manifold pressure at moderate sea state, pressure in bar(g)

Figure 4.3 shows a typical intake manifold pressure when sailing with moderate sea state. The
pressure can be seen to fluctuate with an amplitude of the order of magnitude of 0.05 — 0.1 bar. This
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fluctuation appears small enough to regard the pressure as constant.

In contrast, Figure 4.4 shows the intake manifold pressure when sailing in a rough sea. Now, the
pressure fluctuates with an amplitude of more than 1 bar. The pressure can be seen to drop from
2.4 bar(g)! to 1.2 bar(g) and rise again to 2.4 bar(g) in just a few seconds. This is the result of the
rolling and/or pitching movement of the ship, which causes the engine rpm, the fuel mass flow, the
turbocharger rpm and, as a consequence, the intake manifold pressure to fluctuate considerably.

Under these circumstances, during one measurement the intake manifold pressure may increase
or decrease significantly and, consequently, the cycle-to-cycle cylinder pressures. Fluctuations of this
magnitude may therefore be considered too high for this method of pressure referencing. Therefore,
these circumstances require a more robust method. That is the topic of Section 4.2.2

06:05:20 06:05:30 06:05:40 06:05:50 06:06:00 06:06:10 06:06:20 06:06:30
Nov 25, 2023

Figure 4.4: Effective intake manifold pressure at heavy sea state, pressure in bar(g)

4.2.2. Linear least-squares method
When the intake manifold pressure is too unsteady to be used as reference, the pressure offset may be
determined from the recorded pressure data. The linear least-squares method (LLSM) presented here
is a multiple regression method that fits the pressure trace during the compression stage to a polytropic
curve for a given polytropic exponent. This method was proposed by Tunestal e.a. [72] and Zhang e.a.
[78].

First, it is assumed that the measured pressure p,, differs from the true pressure p by an unknown,
constant pressure offset Ap:

p=DPm—Ap (4.5)

The true (absolute) pressure is assumed to follow a polytropic compression curve from the moment
the inlet valves are closed (IVC) until the start of injection (SOI):?

pV" =C (4.6)

Here, n is the assumed polytropic exponent and C' an unknown constant. Eq. 4.5 and 4.6 combine
to give
Pm =Ap+CV™" (4.7)

Eq. 4.7 applies to all measured pressures during the analysed compression phase. Thus, the

"The unit bar(g) indicates the gauge pressure, thus the pressure relative to the atmosphere.

2The exact crank angle at which the fuel injection starts belongs to the intellectual property of the engine manufacturer and
is thus unknown. However, for the purpose of determining the pressure offset, this is not a problem because, as it turns out, it is
sufficient to analyse the period from 100° to 40° before TDC, which is well before SOI.
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following equation applies:
Dm.i v 1 v
N —aprc| | = o {AP} (4.8)
Dm, f 78 v
where index i indicates the initial and f the final value. In matrix notation, Eq. 4.8 can be written as:
y =20 (4.9)

where y is the vector of measured cylinder pressures (the dependent variables), ® the matrix with 1’s
in the first column and V=" in the second (the independent variables), and 6 the vector of unknown
parameters Ap and C, which are to be determined. The least-squares solution 8 of Eq. 4.9 is given
by:

0 — (@T@)_l 3Ty (4.10)

The solution 6 of Eq. 4.10 is the combination of Ap and C that minimises the sum of the squares
of the residuals, i.e. the difference between the values of p,,, and (Ap + CV~"). This procedure can
be repeated for different values of n; this will produce different pressure offsets.

Validation: determining pressure offsets for different polytropic exponents

To validate the linear least-squares method described above, it is first tested on pressure data from the
stopping engine and, second, on data from the engine at full load. In the case of the stopping engine,
the intake manifold pressure is known to be atmospheric and virtually constant. Hence, the calculated
pressure offset should essentially be zero.

The polytropic exponent n depends on the temperature and composition of the in-cylinder gas. It
is not known a priori which value of n best describes the actual compression phase. Therefore, the
procedure is repeated here for different values of the polytropic exponent: n is varied from 1.33 to 1.4
in steps of 0.01; for each n the pressure offset Ap and the constant C are calculated that best satisfy
Eq. 4.8. The value of n that results in a pressure offset closest to zero would be the optimal choice.

The resulting pressure offset is shown in Figure 4.5 (a) as a function of n for the stopping engine.
The scattered dots represent the calculated values of the individual cylinders for a given n; the line
connects the mean pressure offset values of all cylinders for varying n. The value n = 1.38 gives
a mean pressure offset that is practically equal to zero with a standard deviation of 0.01 bar. Thus,
n = 1.38 would be the value of choice. Figure 4.5 (b) shows the pressure offset for the engine at full
load. Choosing a polytropic exponent of 1.37 gives the pressure offset closest to zero; the standard
deviation is 0.067 bar. The intake manifold pressure at the time of this measurement was seen to fluctu-
ate mildly between 2.77 and 2.86 bar(g). Hence, the uncertainty is + 0.05 bar, a value that is reflected
by the standard deviation. Consequently, any value for n between 1.36 and 1.37 could be equally valid.

Figure 4.6 (a) shows the compression curve according to the polytropic model of cylinder A1 of the
stopping engine. The section shown is the part that is used to determine the pressure offset, which
is from 100° to 40° before TDC. This is well after IVC en well before SOI. Here, n = 1.38 has been
implemented with a pressure offset equal to zero. It can be seen that the polytropic curve practically
coincides with both the measured and smoothed pressure curves. Figure 4.6 (b) shows the small
difference between these curves, zooming in on a small part of the graph. The difference between the
smoothed pressure and the polytropic curve is on the order of less than 0.02 bar, which is small enough
to be neglected. This confirms that n = 1.38 is an appropriate choice for this particular measurement.

Now, the previous step is repeated for the engine under load. A polytropic exponent of n = 1.37 is
chosen, as previously motivated. The result is shown in Figure 4.7. Again, the polytropic compression
curve agrees well with the curves of the measured and the smoothed pressure. Zooming in on a small
part of the graph reveals that the difference between the smoothed pressure and the polytropic curve
is smaller than 0.1 bar, which is sufficiently accurate for the purpose of this thesis.
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Figure 4.5: Pressure offset versus polytropic exponent calculated with linear least-squares method:
(a) stopping engine: n =1.38 gives correct pressure offset of 0 bar
(b) engine at 100% load: n =1.36-1.37 gives correct pressure offset of ~0 bar.
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Figure 4.6: Polytropic pressure-volume diagram vs. trace of measured pressure; (a) part of p-V diagram used for LLSM,
(b) zoom shows good agreement between measured pressure and polytropic model.

Validation: test of robustness

A second validation test assesses the robustness of the method. An intentional pressure offset is
introduced in advance to simulate the effects of (1) rough sea conditions and (2) a malfunctioning
intake manifold pressure sensor. The first test case is performed by adding 1.5 bar to the measured
cylinder pressures of the engine at full load. This would be a worst-case scenario of the effect of the sea
state on the intake manifold pressure, as demonstrated by Figure 4.4. Second, 2.8 bar is subtracted
from the measured pressure. This test represents the scenario of a defect pressure sensor in the intake
manifold. Then, the reference pressure would become zero instead of 2.8 bar(g). Both forced errors
should be undone using the linear least-squares method.

Figure 4.8 (a) shows the results of the first test, i.e. the pressure offset versus polytropic exponent
for the additive error of 1.5 bar. Comparing Figure 4.5 (b) with 4.8 (a), it is apparant that the calculated
pressure offsets for a given polytropic exponent differ by 1.5 bar, which is the desired result. The sign
of the pressure offset is in agreement with Eq. 4.5: the pressure offset Ap is to be subtracted from
the measured pressure. The same conclusion holds for the case of subtracting 2.8 bar: the difference
between the pressure offsets in Figure 4.5 (b) and 4.8 (b) now is 2.8 bar. Now, the negative sign of the
pressure offset indicates that 2.8 bar is to be added to the original pressure.
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Figure 4.7: Pressure-volume diagram of compression phase of engine at 100% load; (a) part of curve used for linear
least-squares method, (b) zoom shows close agreement between polytropic model and trace of measured pressure.

The validation tests support the conclusion that the linear least-squares method implemented here
is a suitable alternative to the preferred method of pegging at IBDC. LLSM appears to be a reliable and
robust method. It provides satisfactory results when appropriate values of n are used: for the engine
under investigation here n = 1.37 for the engine under load and n = 1.38 for the unloaded or stopping
engine.
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Figure 4.8: Pressure offset versus polytropic exponent calculated with linear least-squares method for erroneous cylinder
pressure, engine at full load: (a) additive error due to sea state (1.5 bar) (b) subtractive error due to defect sensor (2.8 bar)

4.3. Smoothing the pressure signal
Smoothing represents the final stage in the preprocessing of the cylinder pressure signal. As outlined in
Section 2.2.3, itis a crucial step in preparing diesel engine pressure data for analysis, as it reduces high-

frequency noise and improves the reliability of derived combustion parameters. It serves the following
purposes:

1. Smoothing reduces rapid fluctuations in the pressure signal, which are often caused by sensor
behaviour or external disturbances.

2. It improves the accuracy and consistency of performance parameters derived from the pressure
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trace, such as peak pressure and the crank angle at which it occurs.

3. It enables more reliable computation of pressure derivatives, which are essential for metrics such
as heat release rate. Since numerical differentiation amplifies noise, smoothing helps reduce
errors in these calculations.

A two-step approach is employed in the final stage of preprocessing the cylinder pressure data. First,
the pressure traces are averaged,® followed by a smoothing operation applied to the averaged trace.

4.3.1. Cycle averaging
Cylinder pressure measurements from multiple engine cycles are averaged to reduce the influence of
random noise. Following the recommendations of Payri et al. [56], 25 consecutive cycles are used for
this purpose. However, this approach is only applicable under steady-state operating conditions, i.e.,
when engine speed is constant and load fluctuations are negligible during the measurement period,
which typically takes 3 to 5 seconds. In the case of the stopping engine described in Section 4.1.2,
where the TDC shift is evaluated, or when heavy sea states induce significant engine oscillations, this
step is not carried out.

Besides averaging many cycles of one cylinder, researchers sometimes average the pressures
across several or all cylinders of an engine. This is, however, not applicable when analysing cylinder-
to-cylinder variations or identifying anomalies specific to individual cylinders.
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Figure 4.9: Effect of averaging on the pressure trace

Figure 4.9a displays the p-6 graph of a single arbitrary cycle (red) and the averaged pressure trace
over 25 cycles (blue). Overall, there is little difference between the individual and the averaged pres-
sure trace. However, during the combustion phase, particularly from just before peak pressure until
approximately 20° ATDC, the averaged curve shows less-pronounced spikes, as Figure 4.9b shows.
Notably, the crank angle where peak pressure occurs (apmax) differs significantly between both curves:
9°ATDC for the unaveraged trace versus 17°ATDC for the averaged trace. Apparantly, cycle-to-cycle
variations cause this large difference. This is a result of the relatively flat, nearly isobaric, nature of
the pressure curve during the combustion stage shown.* Consequently, apmax may not be a reliable
parameter for characterising combustion.

The impact of averaging the original pressure trace on its derivative, the rate of pressure rise, is
now examined. To begin, an appropriate differentiation method is selected. Several approaches exist
for calculating the derivative of a discrete signal sampled at equal time intervals. The following three
common methods are evaluated:

1. Backward difference method: f’(z;) ~ (f(z;) — f(zi-1))/h

A first-order method using the current and previous sample. This is the method used in Simulink’s
Derivative block.

3Throughout this text, the term average refers to the arithmetic mean, i.e., the sum of all values divided by the number of
items.

4This may be regarded as a justification for the isobaric stage in the idealised Diesel and Seiliger cycle.
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Figure 4.10: Rate of pressure rise calculated by three different differentiation methods

2. Three-point midpoint difference: f'(z;) =~ (f(ziy1 — f(zi—1))/2h
A second-order method that averages the forward and backward differences.

3. Five-point midpoint difference: f'(z;) ~ (= f(@it2) + 8f(zit1) — 8f (zi—1) + f(wi—2))/12h
A fourth-order method providing higher accuracy by considering more neighboring points.

The optimal differentiation method minimises noise amplification. Figure 4.10 presents segments of
the derivative of pressure with respect to crank angle, dp/df, computed using the three differentiation
methods. Figure 4.10a shows the graph just after SOC, where the cylinder pressure rises rapidly. The
curves derived using the backward difference method (red) and the five-point midpoint method (blue)
exhibit the highest amplitude of visible oscillations. In the subsequent combustion phase shown in
Figure 4.10b, when the pressure is decreasing (dp/df < 0), this trend persists. Overall, the backward
difference method amplifies the noise to the highest extent: the curve displays a pronounced sawtooth
pattern, while the five-point midpoint curve is marginally smoother. The three-point midpoint method
produces a slightly smoother signal still with reduced high-frequency fluctuations, thereby producing
the least noisy derivative. Consequently, the three-point midpoint method is selected as the preferred

differentiation technique.
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Figure 4.11: Rate of pressure rise for unaveraged and averaged pressure trace
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Next, the effect of averaging on the derivative of the pressure trace is analysed. As shown in Figure
4.11a, the impact of averaging appears limited—particularly during the compression phase and the
late stages of combustion, where the difference between the unaveraged (red) and averaged (blue)
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curves is negligible. However, toward the end of compression and throughout the combustion phase
up to approximately 40°ATDC, the red curve exhibits more pronounced spikes compared to the blue,
as highlighted in Figure 4.11b.

Notably, high-frequency, non-random noise remains clearly visible in the signal. This noise exhibits a
periodicity of 3°CA, which, at the measurement engine speed of 1000 rpm, corresponds to a frequency
of approximately 2 kHz. The likely source of this noise is acoustic resonance within the indicating
channel, as discussed in Section 2.2.3. To demonstrate that this frequency aligns with a typical acoustic
resonance mode, Eq. 2.1 is applied. Using v =1.35, T' =800 K, a channel diameter of 6 mm, a length
of 25 cm, and an estimated resonance chamber volume of 1 cm? at the sensor mounting location, the
equation yields a predicted resonance frequency of approximately 1 kHz. This is of the same order of
magnitude as the observed 2 kHz frequency, indicating that acoustic resonance likely is the underlying

cause. The presence of this remaining noise shows the necessity for the next step in the smoothing
procedure.

4.3.2. Spline-based smoothing

The averaged pressure trace is further processed using a cubic smoothing spline, which approximates
the data with a piecewise cubic polynomial. The underlying mathematical framework is detailed in
Appendix C. A central feature of this method is the smoothing parameter p € [0, 1], which dictates the
balance between smoothness and fidelity to the original data. Lower values of p yield a smoother curve
by allowing greater deviation from individual data points, while higher values produce a closer fit to the
data at the expense of reduced smoothness.

As demonstrated by Zhong et al. [80], cubic smoothing splines are particularly effective for both
steady-state and transient cylinder pressure signals. The method effectively suppresses high-frequency
noise while preserving the essential features of the pressure curve. This approach has been shown to
maintain the integrity of key trends in the data, filtering out unwanted fluctuations.
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Figure 4.12: Pressure (a) and the rate of pressure rise (b) plotted versus crank angle,
unsmoothed versus smoothed, with smoothing parameters 0.5 and 0.1.

The cubic spline smoothing method is applied to a set of averaged cylinder pressure traces from an
arbitrary engine cycle to demonstrate its effect. To illustrate the influence of the smoothing parameter
p, values of 0.5 and 0.1 are used. Figure 4.12 presents segments of the resulting pressure traces
and their corresponding rates of pressure rise. In the left figure, the unsmoothed averaged pressure
trace is shown in blue, alongside the smoothed curves in red (p = 0.5) and orange (p = 0.1). Both
smoothed curves closely approximate the original trace. As expected, the curve with p = 0.5 adheres
more closely to the unsmoothed data but is slightly less smooth than the curve with p = 0.1.

Figure 4.12b displays the rate of pressure rise, dp/df, corresponding to the three pressure traces.
The oscillations visible in the unsmoothed signal may again be attributed to acoustic resonance within
the indicating channel. With a smoothing parameter of p = 0.5, these high-frequency components
largely remain present (red curve). In contrast, the curve smoothed with p = 0.1 (orange) is substantially
smoother and appears to follow the central trend of the oscillations in the unsmoothed signal. This
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suggests that p = 0.1 offers a good compromise, effectively smoothing the derivative signal while still
preserving the underlying characteristics of the original pressure trace.



Performance, combustion and fault
analysis

This chapter outlines the methodology developed for the analysis of cylinder performance, combustion
characteristics, and fault detection. Section 5.1 describes how cylinder pressure measurements are
used to derive certain performance indicators. Then, Section 5.2 presents a methodology for quanti-
fying the heat release within the cylinder during the combustion process. The chapter concludes with
Section 5.3, which focuses on the detection and diagnosis of engine faults based on deviations in
combustion and performance metrics.

5.1. Engine and cylinder performance analysis
In this section, a detailed analysis is conducted using three key parameters that offer direct insight into
individual cylinder performance:

1. Peak pressure and its corresponding crank angle
2. Compression pressure
3. Indicated Mean Effective Pressure (IMEP) and indicated work (1)

If not mentioned otherwise, these parameters are extracted from averaged and smoothed pressure
traces by applying the methods described in Section 4.3, effectively suppressing measurement noise
while preserving the underlying physical phenomena.

5.1.1. Peak pressure and angle of peak pressure

The peak pressure pmax is the highest instantaneous pressure reached within the combustion cham-
ber during a cycle. The corresponding crank angle, apmax, provides information about the phasing
of combustion. Large deviations in pmax across cylinders can indicate uneven combustion, injector
malfunctions, or differences in amount of injected fuel. Similarly, shifts in apmax can signal abnormal
combustion timing or detonation. The use of these parameters is demonstrated now using operational
cylinder pressure data.

Figure 5.1 presents a bar plot comparing various representations of peak pressure obtained from
a 25-cycle cylinder pressure measurement. Data from six cylinders (B bank) are displayed. For each
cylinder, the two leftmost bars represent the highest and lowest peak pressures recorded across all
individual cycles. As shown, these can differ by more than 10 bar. The third bar shows the average
of the peak pressures from the individual cycles, which is slightly higher than the fourth bar: the peak
pressure derived from the averaged pressure trace.

The three rightmost bars correspond to the peak pressures obtained from the averaged and subse-
quently smoothed pressure traces, with varying smoothing parameters. These values are consistently
lower; notably, smaller smoothing parameters (p) result in lower peak pressures. The close agreement
among the five rightmost bars indicates a strong correlation, suggesting that the choice among these
specific peak pressure definitions has minimal impact on the overall assessment.

40
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Figure 5.1: Different ways of presenting peak pressures of a cylinder bank (six B-bank cylinders).

Figure 5.2a illustrates the cylinder-to-cylinder variation of the mean peak pressures across all 12
cylinders. The data reveal a substantial spread: the difference between the highest and lowest average
peak pressure is approximately 14 bar. This level of variation could be indicative of several factors,
including normal manufacturing tolerances, uneven combustion conditions, or potential mechanical or
fuel system imbalances. However, at this stage, it is unclear whether such a discrepancy falls within
the expected range for this engine or if it signals an underlying anomaly. A broader dataset, including
repeated measurements under varying conditions, is required to draw meaningful conclusions.

Complementing this, Figure 5.2b presents the cycle-to-cycle variation of peak pressure for a single,
arbitrarily selected cylinder, based on a 25-cycle recording. In this case, the peak pressures span a
range of approximately 12 bar from the lowest to the highest observed value. Similar magnitudes of
cycle-to-cycle variation are observed across all cylinders, suggesting that this variability is characteristic
of the engine under the given operating conditions.
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Figure 5.2: (a) Mean peak pressure per cylinder (25-cycle average); (b) Frequency distribution of peak pressure.

Next, the angle of peak pressure is examined. Figure 5.3 presents the frequency distribution of
the crank angles at which maximum pressure occurs (apmax), effectively illustrating the cycle-to-cycle
variation in the timing of the combustion peak.

Notably, the distributions differ significantly between cylinders. In Figure 5.3a, the angles of peak
pressure are distributed over a narrow range of approximately 3°CA, indicating relatively consistent
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peak timing across cycles. In contrast, Figure 5.3b shows a much broader distribution—spanning
about 13°CA—suggesting a high degree of variation in the peak pressure angle for that cylinder.

As discussed in Section 4.3.1, this broader spread does not necessarily indicate poor combustion
quality, nor does it directly imply issues with injection timing or ignition. Instead, it reflects the quasi-
isobaric nature of the combustion process in this specific operating point. In such cases, the pressure
remains nearly constant over a range of crank angles during peak combustion, making the exact crank
angle at which maximum pressure occurs less physically meaningful.

Therefore, relying on the angle of maximum pressure as a diagnostic indicator can be misleading.
This analysis supports the conclusion that apmax is not a reliable parameter for assessing cylinder
performance, particularly under conditions where the pressure peak is broad and flat.
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Figure 5.3: Frequency distribution of angles of maximum pressure of (a) cylinder A5, and (b) cylinder B2.

5.1.2. Compression pressure

Compression pressure is typically evaluated near top dead center (TDC) of the compression stroke,
specifically just before the start of injection (SOI). It serves as an important indicator of the engine’s
ability to compress the intake air, and is influenced by several mechanical and thermodynamic factors,
including valve sealing quality, piston ring condition, cylinder wall wear, and intake air conditions (such
as pressure and temperature). For consistency and comparability, compression pressure is usually ex-
tracted at a fixed crank angle prior to fuel injection. This approach avoids variability caused by changes
in combustion timing and allows for comparisons across cylinders or over time. Since the precise timing
of SOl is proprietary information held by the engine manufacturer (OEM), the measurement is decou-
pled from injection timing and instead referenced to a fixed crank angle during the compression stroke.
This ensures that the metric remains usable even when SOl is unknown or variable.

Figure 5.4 illustrates both the cylinder-to-cylinder variation and cycle-to-cycle variation of the com-
pression pressure. Specifically, Figure 5.4a displays the compression pressure measured at three
crank angles before TDC (45°, 30°, and 20° BTDC) across all cylinders. Also shown is the mean
compression pressure at 20° BTDC, providing a benchmark for comparison. These data help assess
uniformity in compression behaviour across cylinders and may reveal excessive gas leakage from the
cylinder.

Figure 5.4b presents the frequency distribution of the compression pressure at 15° BTDC for a
single, arbitrarily chosen cylinder. This reveals the cycle-to-cycle variation in compression pressure,
which can be affected by transient effects, measurement noise, or other slight differences from one
cycle to another.

At this stage, it remains unclear whether the observed differences in compression pressure—both
across cylinders and between cycles—are within the expected margin for this engine, whether they
indicate meaningful deviations due to, e.g., wear, leakage, or if they are the result of load variation
during the measurement. A larger dataset and further analysis would be needed to determine whether
these variations are significant.
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Figure 5.4: Compression pressure - cylinder-to-cylinder and cycle-to-cycle variation: (a) compression pressure at three crank
angles, showing the minimum and maximum value; (b) Frequency distribution of compression pressure.

5.1.3. Indicated Mean Effective Pressure (IMEP)

The indicated mean effective pressure (IMEP), introduced in Section 2.3.1, is a key engine performance
parameter that quantifies the indicated work output per cycle, normalised by the engine’s displacement
volume Vj. It is defined as:

Wi 1
IMEP = ViV, 7{p(9)dV (5.1)

Here, W; denotes the indicated work, p(6) is the cylinder pressure as a function of crank angle 9,
and dV represents the infinitesimal change in cylinder volume due to piston motion. The integration is
carried out over a complete engine cycle (720° CA).

IMEP is typically expressed in bar and can be interpreted as the hypothetical constant pressure that,
if applied uniformly during the expansion stroke, would produce the same work output as that obtained
from the actual pressure trace.

In this work, IMEP is used instead of the indicated work ¥}, as it facilitates comparison between dif-
ferent engines by accounting for variations in displacement volume. While W is specific to a particular
engine geometry, IMEP is a normalised metric, making it more universally applicable in performance
benchmarking and diagnostics. Furthermore, IMEP is sensitive to both combustion efficiency and me-
chanical condition, and is therefore widely used in engine health monitoring [54].

To calculate IMEP from measured data, the indicated work W; must first be determined by numeri-
cally integrating the pressure-volume data over a full cycle. For the discrete data sampled at uniform
crank angle intervals (0.5° CA), this is done here using the trapezoidal rule:

(pi +pit1) (Vigr = Vi) (5.2)

where:

» p; and V; are the pressure and corresponding volume at crank angle index i,
 n is the total number of data points across one complete engine cycle.

To convert the result to IMEP in bar, the calculated Wi (in joules) is divided by the displacement volume
Vg (in m®) and multiplied by 105.

Figure 5.5 shows IMEP calculated over 25 cycles for each of the 12 cylinders. Subfigure 5.5a illus-
trates the cylinder-to-cylinder variation in IMEP, calculated from the averaged and smoothed pressure

For the evaluation of IMEP, the degree of smoothing has minimal impact. Due to the nature of integration, short pressure
spikes are effectively mitigated, resulting in IMEP values that are virtually identical whether based on smoothed or unsmoothed
pressure traces.
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traces over 25 engine cycles. Especially the B-bank exhibits notable differences: cylinders B1, B2 and
B3 show relatively high IMEP, whereas cylinders B5 and B6 underperform. This trend aligns with the
peak pressure variation shown earlier in Figure 5.2a, suggesting a consistent pattern in performance
imbalance across cylinders.

Figure 5.5b presents the cycle-to-cycle IMEP distribution for one arbitrarily selected cylinder over
25 cycles. The spread, ranging from approximately 27.5 to 32 bar, is considerable and highlights the
variability in combustion performance even within a single cylinder.
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Figure 5.5: Indicated mean effective pressure (IMEP): (a) cylinder-to-cylinder variation, based on mean values over 25 cycles;
(b) frequency distribution for a single cylinder.

5.2. Combustion model

Several parameters may be used to quantify combustion, as described in Section 2.3. The net apparant
heat release rate (NAHRR) and the gross apparant heat release rate (GAHRR) are useful parameters
that quantify the instantaneous heat that is released by the combustion of the injected fuel. The GAHRR
is directly proportional to the burn rate of the fuel (see Egs. 2.8 and 2.9) and is calculated from the
NAHRR by adding the instantaneous heat-transfer rate.

As discussed in Section 2.5, the calculation of the heat-transfer rate is subject to considerable un-
certainty. This is primarily due to the strong dependence of the heat-transfer rate on the cylinder-wall
temperature, a parameter that cannot be measured directly. Consequently, the use of the GAHRR, as
well as the derived normalised combustion progression, may introduce significant inaccuracies. Nev-
ertheless, it should be quite feasible to include a heat-transfer submodel. It would require the following
steps:

1. Determine the gas temperature Tjy,s using a thermodynamic equation of state, based on the
estimated initial mass and temperature of the cylinder contents at IVC.

2. Estimate the heat-transfer coefficient &, typically based on empirical correlations.

3. Estimate the surface temperature T,4 of the (1) cylinder wall, (2) cylinder head and (3) piston
crown.

4. Compute the instantaneous heat loss, i.e. the total heat transfer rate as the sum of h A(Tyas — Twan)
for the three components, where A is the (instantaneous) surface area exposed to the in-cylinder
gases.

To derive GAHRR and the corresponding fuel mass metrics, the following additional steps are neces-
sary:

5. Determine GAHRR by adding the calculated heat loss to the NAHRR.
6. Obtain the fuel mass burn rate by dividing GAHRR by the lower heating value (LHV) of the fuel.
7. Integrate the fuel burn rate over time to determine the cumulative mass of fuel burnt.
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8. Update the total in-cylinder mass by adding the mass of fuel burnt to the initial gas mass at each
integration step.

It should be noted that many of the above steps involve rough estimations of highly uncertain parame-
ters. Therefore, incorporating a heat-transfer model does not inherently enhance the accuracy of the
simulation. It does, however, substantially increase the model’s complexity. To avoid this drawback,
the NAHRR is adopted here as the primary metric for quantifying the net energy released during com-
bustion. The methodology is detailed in Section 5.2.1. The implementation of the combustion model
in MATLAB® - Simulink® is presented in Section 5.2.2.

5.2.1. Calculation of net heat release

The net apparent heat release rate (NAHRR) on a per-crank-angle-degree basis is calculated using

the following expression: J .

v pdV 1 Vdp

NAHRR(H)_Wi1 =0 Y1 s

where + is the ratio of specific heats, defined as ¢, /c,. Eq. 5.3 is derived by applying the first law of

thermodynamics to the cylinder contents after IVC, under the assumption of ideal gas behaviour. The

derivation is provided in Appendix B.

For cylinder-to-cylinder comparison, a constant value of v may be used, as proposed by Liu and
Dumitrescu [42]. A value of v = 1.35 is typically appropriate, as it is close to the average of the values
during the compression and expansion strokes. Conveniently, when using Eq. 5.3 with a constant ~,
there is no need to determine the temperature of the in-cylinder gas.

The (absolute) cylinder pressure p is known from measurement and dp/d6 follows from differenti-
ation of the pressure with respect to the crank angle 6. Derived from engine geometry, the cylinder
volume V depends on 6 through the following relationship:

(5.3)

Vo Va (1 +L/R —cosf — \/(L/IR)* — sin® 0> (5.4)

Vo) =—3+35

Here, V5 is the cylinder displacement volume, e the volumetric compression ratio, and L/R the ratio of
connecting rod length to crank radius. For the HNLMS Groningen’s main engines, these values are
taken from Table 3.1. The derivative of V' with respect to the crank angle, dV'/d#, is given by

in 6 cos 0
& _ Ve (sin9+ Sinvcos ) (5.5)

2 VLR —sin? 6

The terms V and dV'/d# evaluated by the respective Eqs. 5.4 and 5.5 are then be substituted in Eq.
5.3 in order to evaluate NAHRR.

As an example, Figure 5.6 shows a graph of NAHRR versus 6 of a random engine cycle of the
12V 28/33D engine. The four combustion stages, as described in Section 2.3.3, are discerned in the
graph. The inflection points in the NAHRR trace are the defining points of the transition between the
combustion stages 2-3-4 [42]:

1. Ignition delay: immediately after the start of the fuel injection (SOI), the NAHRR is negative be-
cause of the evaporative cooling effect of the injected fuel droplets.

2. Premixed combustion: the rapid rise of NAHRR starting at the minimum and ending at the inflec-
tion point.

3. Diffusive combustion: the phase between the two inflection points where NAHRR peaks.

4. Late combustion: the descending part of the graph until NAHRR is virtually zero.

When all terms in Eq. 5.3 have been evaluated, this differential equation may be integrated to give
the cumulative apparant heat release as a function of the crank angle:

0
Qnet(0) = [ NAHRR(6)d0 (5.6)
SOoC
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Figure 5.6: Net apparant heat release rate showing different combustion stages:
(1) ignition delay, (2) premixed combustion, (3) diffusive combustion, (4) late combustion

By definition, Qnet(f) = 0 at the start of combustion (SOC). The cumulative apparant heat release at
the end of combustion (EOC) is the net total heat release:

EOC
Qnettot = Qnet(EOC) = / NAHRR(6)d6 (5.7)
soc

Figure 5.7a shows Qnet versus @ for an arbitrary cylinder and engine load. The two graphs shown
represent Qnet derived from both the smoothed and unsmoothed pressure trace; the graphs appear
to agree well. Figure 5.7b zooms in on a small portion of the graph near the origin and shows a
local minimum of the smoothed curve, which suggests that the combustion starts here. Then, Qnet is
defined to equal zero, here at -4°. The unsmoothed curve highlights the highly irregular nature of the
data, indicating that this definition of SOC is somewhat arbitrary. For instance, choosing 0° as SOC
would be equally justifiable given the steep rise in the graph immediately thereafter. A reasonable
conclusion is that identifying the exact start of combustion in the cylinder, based on these cylinder
pressure measurements, is unfeasible. However, this phenomenon does not appear to affect the value

of Qnet significantly.
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Figure 5.7: Cumulative apparent heat release Qnet

The cumulative apparent heat release enables a cylinder-to-cylinder comparison of the total energy
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released during combustion. Figure 5.8 visualises the crank angles corresponding to specific cumula-
tive heat release values for the engine operating at 100% MCR load: 10 kJ (Q10), 25 kJ (Q25), and so
on. Up to 75 kJ, the curves remain relatively flat, though minor variations are apparent. In particular,
cylinders A5 (5) and B5 (11) appear to exhibit a delayed start of combustion. For cylinder B5, this delay
persists throughout the combustion process. Most notably, the 100 kJ threshold is reached more than
10 crank angle degrees later than in the other cylinders, indicating a retarded heat release profile.
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Figure 5.8: Crank angles corresponding to cumulative heat release thresholds (Q10, Q25, Q50, Q75, Q100)
for each cylinder, highlighting cylinder-to-cylinder variations in combustion phasing.

The fraction of the net energy release from SOC up to a specific crank angle 6, ERX, is defined as
the ratio of the net cumulative heat release to the total heat release:

_ Qnet(0)
ERx= Qnet,tot (58)

The normalised energy release ERXx is a similar quantity to the commonly used MFB (percentage
mass of fuel burnt, see Section 2.3.3). By definition, both dimensionless quantities ERx and MFB take
on values ranging from 0 at SOC to 1 (100%) at EOC. The latter quantity is based on the GAHRR and
requires a heat-transfer model, wheras the former, based on the NAHRR, does not. Essentially, the
ERx curve describes the chemical energy (or heat) release of an engine cycle as a function of the crank
angle, after subtracting the heat loss to the surroundings.

Figure 5.9a presents the normalised net heat release as a function of crank angle for an example
cylinder. This curve effectively illustrates the progression of the combustion process, indicating the cu-
mulative energy released during the expansion stroke. Key combustion milestones are marked where
the normalised heat release reaches 10%, 50%, 90%, and 95%, denoted as ER10, ER50, ER90, and
ER95, respectively. These are visually highlighted with vertical red lines at crank angles of 2.1°, 16.6°,
36.6°, and 46.6°.

Combustion is largely complete by approximately 80° crank angle, beyond which the energy release
becomes negligible. This representation provides insight into the timing and duration of the combustion
event within the cylinder.

The second part of Figure 5.9b compares the crank angles corresponding to specific energy release
points (e.g., ER10, ER25, ER50) across all cylinders. This comparison reveals cylinder-to-cylinder
variations in combustion phasing. Most notably, cylinder A5 shows a delayed energy release relative to
the other cylinders. While this deviation could suggest a potential anomaly—such as delayed ignition,
injector irregularity—it may also fall within the normal statistical variation observed in multi-cylinder
engines. Such comparisons are useful for identifying cylinders with atypical combustion behaviour and
can inform further diagnostics or targeted maintenance actions.
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Normalised Net Energy Release - Case 100% Crank Angles at Key Normalised Energy Release points (Case 100%)
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Figure 5.9: Normalised net heat release at 100% MCR. (a) Cumulative energy release curve for a representative cylinder,
highlighting key combustion milestones (ER10, ER50, ER90, ER95). (b) Comparison of crank angles corresponding to specific
energy release levels across all cylinders, illustrating cylinder-to-cylinder variation in combustion phasing.

5.2.2. Simulink® model

The calculation of the parameters NAHRR and Qe is performed using the MATLAB® - Simulink® model
shown in Figure 5.10.2 The model has two inputs:

1. The angular velocity w (omega) of the crankshaft (rad/s), equal to 27n /60 where n is the recorded
engine speed (rpm) at the time of the measurement.
2. A set of measured cylinder pressures (Pa).

All units used in this model are fundamental Sl-units, e.g. J, J/s or W. More convenient units as kJ/°
crank angle or kW are the result of post-processing. The crank angle ¢ (theta) is calculated by integra-
tion of w. The integrator also fulfils the task of synchronising the pressure with the correct crank angle.
This is done by assigning the proper initial value to the integrator, using the TDC shift determined by
the method explained in Section 4.1. The function block "cylinder volume” calculates V' as a function
of # using Eq. 5.4. Rather than differentiating the cylinder volume, the term dV /dt is calculated using
the function block "dV/dt”. This analytical function uses Eq. 5.5, multiplying the term dV /df by df/dt,
or w. The multiplicators K1 and K2 represent the terms
1 Y
K1—7_1,K2—7_1

from Eq. 5.3. The term dp/dt, or the rate of pressure rise (RoPR), is produced by the differentiator
block "dp/dt”, which computes the time derivative of the cylinder pressure. This parameter represents
the rate at which the cylinder pressure increases during combustion, and is typically measured in pres-
sure per unit of crank angle (e.g., bar/°CA). A higher RoPR indicates a more rapid combustion process,
caused by a larger amount of fuel being burned in a shorter time. This can lead to increased engine
power output but may also result in higher thermal and mechanical stresses on engine components.

The model output is:

1. The net apparent heat release rate NAHRR (J/s).
2. The cumulative apparent heat release Qnet (J).
3. The indicated work W; (J).

The output NAHRR (in J/s) results from adding the terms K,Vdp/dt and K, p dV /dt.3 Output Qnet
(in J) is the result of integrating NAHRR. By definition, Qnet = 0 at SOC. However, the exact moment

2The model is time-based rather than angle-based. This allows for the model to be extended with a (time-based) heat transfer
model at a subsequent stage, if so desired.

3In order to express NAHRR in the more convenient unit of kJ/°CA, the value must be divided by w. This is done during
post-processing in order to keep the Simulink model as concise as possible.
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Figure 5.10: Simulink model for determining NAHRR and Qpet

or crank angle of SOC is not known a priori. Hence, the integrator "Qnet” is arbitrarily given an initial
value of 0 at the start of the simulation, resulting in a certain offset at SOC. After the simulation, the
initial value may then be adjusted with the correct offset. Starting with the new, correct initial value, the
simulation can then be repeated to give the correct Qpet.

In addition, the model computes the indicated work by integrating the term pdV /dt. The indicated
work W, is defined as § pdV (Eq. 2.3) for a whole engine cycle (i.e., 720°CA). Accordingly, the final
output of the integrator block "Wi” corresponds to the total indicated work V.

Once both the net total heat release, Qnettot, and the indicated work, W, are known, the thermo-
dynamic efficiency of the cycle can be evaluated. This metric quantifies how effectively the engine
converts the chemical energy of the fuel—after accounting for heat losses (as represented by the net
heat release)—into useful work. The thermodynamic efficiency, .y, is defined as:

W,
Qnet,tot

This definition is consistent with the thermodynamic treatment of internal combustion engines, as
outlined by Klein Woud [37]. Determining the effective efficiency or the indicated efficiency would
additionally require the evaluation of mechanical losses and heat transfer effects; this is not done here.

The efficiency g can be computed on a per-cylinder basis to assess the relative performance
of individual cylinders. Significant deviations in g between cylinders may indicate issues related to
combustion quality, injector performance, or cylinder-specific losses.

As previously discussed, the current model does not include a heat-transfer submodel. Conse-
quently, it eliminates the need to calculate the temperature and composition of the in-cylinder gas
mixture, as well as the need for uncertain estimations of surface temperatures of the cylinder wall,
cylinder head, and piston crown.

(5.9)

d =

5.3. Fault detection and diagnosis

This section outlines the diagnostic methodology employed to detect and identify specific faults based
on cylinder pressure measurements. The approach combines manufacturer guidelines with indepen-
dent diagnostic criteria to evaluate engine condition and cylinder-specific performance.

Diagnostic thresholds and reference conditions
The first step in the diagnostic process involves consulting the operational guidelines provided by the
original equipment manufacturer (OEM). According to these guidelines, the nominal peak pressure at
nominal engine load is 190 bar, with an allowable deviation of up to 7 bar from the mean across indi-
vidual cylinders. Similarly, for exhaust gas temperatures, a maximum permissible deviation of 100 °C
from the mean of all cylinders is specified [45].

For performance parameters not explicitly addressed by the OEM, supplementary standards must
be applied. Hountalas [30] proposes a general diagnostic rule allowing a maximum deviation of +3%
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from a “"reference engine” — typically an engine in a verified nominal condition, such as that observed
during a factory acceptance or test bench trial.

In this study, the reference point is established using data from HNLMS Groningen immediately
following a major engine overhaul and scheduled maintenance carried out in March 2023, after approx-
imately 16,000 operating hours. This post-maintenance condition is assumed to represent nominal
engine performance, and thus serves as a benchmark against which subsequent measurements can
be evaluated. Comparisons with later data sets allow for the detection of deviations in cylinder per-
formance, which may indicate the development of mechanical wear, injector faults, or other system
anomalies.

Monitored parameters and diagnostic strategy
The following parameters are evaluated to assess cylinder-level performance and combustion quality:

+ Peak pressure, averaged over the measured cycles.*
» Compression pressure at fixed crank angles before TDC.
* Indicated mean effective pressure (IMEP).

» Combustion characteristics: net total heat release Qnettot, and crank angles corresponding to
characteristic intervals of net cumulative energy release (e.g., Q10, Q50, Q90).

» Thermodynamic efficiency, defined as W;/Qnet tot-

Comparative analysis across cylinders enables identification of abnormal behaviour indicative of
potential mechanical issues or deviations in fuel delivery. As the focus of this work is the fuel injection
system, deviations in compression pressure are of secondary interest. If, however, an anomaly in peak
pressure is detected, it may result either from combustion irregularities or from gas leakage (e.g., via
valves, piston rings, or liner wear). To differentiate between these causes, compression pressure is also
assessed. If compression pressure remains within the expected range, the root cause is more likely
related to combustion — potentially implicating injector or fuel-injection pump malfunction, incorrect
fuel quantity, or timing deviation.

Influence of operating conditions and sea-state

Itis important to acknowledge the potential influence of external conditions during measurement. Due to
vessel motion, minor fluctuations in engine load may occur even within the short duration (3—5 seconds)
required to acquire 25 consecutive engine cycles per cylinder. These dynamic effects may partly explain
the cycle-to-cycle variations observed earlier in Section 5.1.

Therefore, if a parameter exceeds the +3% diagnostic threshold, further investigation is required to
determine whether the deviation reflects a genuine fault or is a consequence of transient load variation
due to sea-state. In such cases, a correlated rise or fall in multiple parameters (e.g., peak pressure,
IMEP, and total energy release) across all cylinders may indicate a global load change, rather than a
cylinder-specific issue.

Diagnostic outcome

The analysis of various indicators extracted from cylinder pressure measurements taken at different
times is aimed at the early detection and identification of emerging faults, particularly in the fuel injec-
tion system. By combining OEM tolerances with data-driven comparisons to a known-good reference
state, this method provides a framework for onboard condition monitoring and informed preventative
maintenance decisions.

4The crank angle of peak pressure is not considered a reliable diagnostic indicator, as motivated in Section 5.1.



Results

In this chapter, the methodology outlined in the preceding chapters is applied to operational data col-
lected from HNLMS Groningen. As described in Chapter 3, the performance of the engine and its
individual cylinders is assessed on three distinct occasions. First, immediately following a major over-
haul conducted in the first quarter of 2023 at approximately 16,000 operating hours. Two subsequent
data sets are then examined for comparison: one acquired in August 2024 during a transit period—prior
to the replacement of a fuel injection pump, around 3400 running hours later—and another obtained
following the installation of the new pump. This three-point comparison enables an analysis of the
engine’s condition and performance over time, including the effects of maintenance interventions.

Section 6.1 presents and analyses the parameters related to overall engine performance, offering
insight into trends and deviations at cylinder level. This is followed by Section 6.2, which focuses on
parameters associated with combustion behaviour, particularly the net-energy-release characteristics.
Finally, Section 6.3 evaluates the results in the context of the fault detection and diagnosis (FDD)
framework introduced earlier.

6.1. Performance analysis results

This section presents the results of the engine performance analysis. The methodology outlined in
Section 5.1 is applied to the measurement data obtained from the vessel at sea. As outlined previ-
ously, particular attention is given to starboard main engine and, specifically, cylinder B2, due to the
replacement of its fuel-injection pump. The performance of this cylinder is compared to that of the
other cylinders across the three measurement occasions. Nonetheless, as deviations may also occur
in other cylinders, all cylinders are considered in the analysis.

During each of the selected measurements, the vessel was operating at the same propulsion control
setting: a virtual propeller shaft speed of 200 rpm, which corresponds to an actual propeller shaft speed
of 223 rpm and a diesel engine speed of 967 rpm." Although external conditions such as wind and sea
state inevitably vary, this approach ensures that operating conditions are as consistent as possible
across the different measurements.

The performance parameters (1) peak pressure, (2) compression pressure, and (3) indicated mean
effective pressure (IMEP) are evaluated for all cylinders using averaged and smoothed cylinder pres-
sure traces. This enables cylinder-to-cylinder comparison and the identification of abnormal operating
behaviour.

Peak pressure
Figure 6.1 presents the peak pressures for all cylinders, averaged over multiple engine cycles. Included
in the graph is:

1. A red dotted line representing the overall mean peak pressure, calculated as the average of the
peak pressures across all cylinders.

"The maximum propulsion control setting is 230 rpm, corresponding to the maximum engine speed of 1000 rpm.
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2. The percentage deviation from this overall mean for each cylinder, where green indicates a posi-
tive deviation and red bars a negative one.

3. The maximum and minimum peak pressures per cylinder, indicated by an 7-shaped marker.

For Case 1 and 3, the average peak pressures are based on 25 engine cycles for every cylinder,
while Case 2 is based on 9 cycles.? Case 1 (Figure 6.1a) represents the condition immediately follow-
ing the major engine overhaul, whereas Case 2 (Figure 6.1b) corresponds to the state of the engine
approximately 17 months later, shortly before the replacement of the fuel-injection pump in cylinder B2.
Case 3 (immediately after the replacement) is shown in Figure 6.1c.

In Case 1, cylinder B2 exhibited the highest peak pressure of all cylinders. By Case 2, its peak
pressure had decreased significantly, falling below the average value. In the first dataset, cylinders A1,
A5, and B5 appear to underperform relative to the other cylinders. In Case 2, cylinder B1 displays a
notably higher peak pressure, while cylinders A3, A5, and B5 show below-average performance.

In Case 3, following the replacement of the fuel injection pump, cylinder B2 appears to have re-
gained its original high-performance state, producing the highest peak pressure. At the same time,
peak pressures across the remaining cylinders are reduced. Of particular note is cylinder B5, whose
peak pressure declined further.
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Figure 6.1: Cylinder-to-cylinder variation of peak pressures averaged over multiple engine cycles for each cylinder:
(a) Case 1, based on 25 cycles, shortly after overhaul. (b) Case 2, based on 9 cycles, just before fuel-injection pump change.
(c) Case 3, based on 25 cycles, right after fuel-pump change.

2While 25 cycles were originally recorded for all cases, the data for Case 2 were partially corrupted: the pressure signals for
all B-bank cylinders were misaligned with the crank angle across all cycles. This issue was corrected by manually phase-shifting
the pressure traces relative to a reference cylinder from the A-bank. Each B-bank cylinder required a different shift per cycle, with
the misalignment increasing progressively over the measurement window. Details of this procedure are presented in Appendix
D.
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Compression pressure

The compression pressures for Cases 1, 2, and 3 are shown in Figure 6.2, measured at crank angles
of 45°, 30°, and 20° before top dead center (BDTC). Also shown is the mean value of the compression
pressure at 20° BDTC. While some variation in compression pressure is observed between cylinders,
it is not considered significant, as the deviations remain within £3%. The I-shaped markers atop each
bar represent the minimum and maximum pressure values at 20° BTDC. Notably, the B-bank cylinders
in Case 3 exhibit greater variation. It is unclear whether this reflects a genuine physical difference or
is the result of measurement error.

The purpose of including this parameter is to help identify, or rule out, possible causes of anomalies
in the cylinder pressure trace. In particular, low compression pressure may indicate leakage past the
piston rings or through the intake or exhaust valves, which would affect the overall pressure during the
cycle.
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Figure 6.2: Cylinder-to-cylinder variation in compression pressure for all cylinders, with the red line indicating the average
compression pressure at 20° BTDC. (a) Case 1: no notable anomalies; (b) Case 2: cylinder B4 shows elevated variation; (c)
Case 3: the entire B-bank exhibits above-average variation.
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Indicated mean effective pressure (IMEP)

The IMEP, defined by Eq. 5.1, is the third performance parameter considered in this analysis. It is
directly proportional to the work output and power contribution of individual cylinders. Figure 6.3 il-
lustrates the cylinder-to-cylinder variation in IMEP across the three cases. The values presented are
cycle-averaged IMEP figures, with the mean IMEP across all cylinders also shown to facilitate compar-
ison. Initially, cylinders B1, B2, and B3 exhibit notably higher IMEP values than the others, whereas
B5 and B6 appear to underperform. The A-bank displays a relatively uniform performance. In Case
2, cylinder B2 shows a notable reduction in IMEP, consistent with the observed drop in exhaust gas
temperature. This decrease in load appears to have been offset by increased contributions from the
other cylinders in the B-bank.

In Case 3, following the installation of a new fuel injection pump, the IMEP of cylinder B2 is restored
to a level more than 3% above the average. The overall distribution in Case 3 closely resembles that of
Case 1, with cylinders B5 and B6 continuing to underperform, compensated by stronger performance
from B1 and B2. Notably, the low peak pressure values observed in cylinders A1, A3, and A5 are not
reflected in their corresponding IMEP values. This suggests that the diagnostic value of peak pressure
as an indicator of cylinder performance is limited.

Notably, in Case 3, the mean IMEP across all cylinders (21.9 bar) is 4% lower than in the other
two cases (22.8 bar), indicating that the engine is operating at a 4% lower load overall, although the
propulsion control setting is the same. This is likely due to more favourable weather conditions.
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Figure 6.3: Cylinder-to-cylinder variation of cycle-averaged IMEP: (a) Case 1, (b) Case 2, (c) Case 3.
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6.2. Combustion analysis results

This section presents the results of the combustion analysis, based on combustion characteristics quan-
tified by the following metrics: (1) net total heat release, (2) crank angles corresponding to characteristic
points of the cumulative net heat release (e.g., 10 kJ, 25 kJ, 40 kJ), and (3) thermodynamic efficiency.

Net total heat release

The net total heat release Qnettot, based on the net apparant heat release rate, from all cylinders, is
the first combustion-related parameter to be examined for the three cases. Figure 6.4 illustrates how
Qnettot, defined by Eq. 5.7, varies across the cylinders. The resulting trends closely resemble those
observed in the IMEP distribution across the cylinders (Figure 6.3). As before, the A-bank exhibits
relatively uniform values, while cylinders B1 and B2 initially show elevated energy release, and B5 and
B6 underperform. Prior to the replacement of its fuel injection pump, cylinder B2 displayed a noticeable
drop in heat release, which appears to have been compensated by the other cylinders on the B-bank.

The two quantities, Qnet 1ot and IMEP, appear to be strongly correlated, which is expected: a higher
energy input generally results in a greater indicated work output. It is noteworthy that the mean value
of Qnettot across all cylinders increased from 82.5 kJ in Case 1 to 84 kJ in Case 2, representing a
1.8% increase, while the IMEP remained constant between the two cases. This observation suggests

that the overall thermodynamic efficiency decreased by approximately the same proportion during that
period.
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Figure 6.4: Cylinder-to-cylinder variation of total net energy release: (a) Case 1, (b) Case 2, (c) Case 3
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Cumulative net heat release

Figure 6.5 shows the cumulative energy release levels across all cylinders, illustrating cylinder-to-
cylinder variation in combustion phasing. Shown are the respective lines corresponding to an energy
release of 10 kJ (Q10), 25 kJ (Q25), 40 kJ (Q40), and so on. Initially (Case 1), cylinders A1, A5, and B5
stand out because of the relatively late energy release values. The differences between the individual
A-bank cylinders are small compared to the B-bank cylinders. In particular, B5 shows distinct peaks
at Q75 in Cases 1 and 3, suggesting that the late combustion phase extends significantly longer than
other cylinders. Overall, it is B5 that stands out in its cylinder bank.
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Figure 6.5: Cylinder-to-cylinder variation in cumulative net heat release for: (a) Case 1, (b) Case 2, and (c) Case 3. The lines
indicate the crank angles at which each cylinder reaches specific cumulative heat release values—10 kJ (Q10), 25 kJ (Q25),
and so on—highlighting differences in combustion phasing between cylinders.
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Thermodynamic efficiency
Figure 6.6 presents the thermodynamic efficiencies (1) of all cylinders for the three cases examined.
Deviations from the mean are expressed as relative percentage differences with respect to the average
ng value. In Case 1, the differences between cylinders appear minor. Cylinder A1 shows a slight deficit
of -1.8%, which, being within a 3% margin, is not considered significant.

In Case 2, the thermodynamic efficiencies of all B-bank cylinders decrease noticeably, following
a 2% drop in ny for cylinder B2. This results in a 1.5% reduction in the overall mean thermodynamic
efficiency. After the replacement of B2’s fuel-injection pump (Case 3), its ng increases by approximately
1.4%. Overall, the variations between cylinders remain small (less than 3%), making it difficult to draw
firm conclusions regarding the condition of the fuel-injection system.
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Figure 6.6: Cylinder-to-cylinder variation of thermodynamic efficiency: (a) Case 1, (b) Case 2, (c) Case 3.

6.3. FDD results

This section presents the results of the fault detection and diagnosis on a per-cylinder basis. As outlined
in Section 5.3, both the engine OEM’s criteria and a general threshold of 3% allowable deviation for
any individual cylinder relative to the others are applied.

We begin by examining the peak pressures. Strictly speaking, the OEM guideline, which specifies a
maximum allowable deviation of 7 bar from the mean, applies only under nominal conditions (i.e., 100%
MCR). One might expect that cylinder-to-cylinder variation would diminish at lower loads. However, a
comparison of Figure 5.2a (100% load) and Figure 6.1a (~75% load) reveals that the differences remain
similar. Therefore, we continue to apply the OEM guideline under the part-load conditions of Cases 1,

2,and 3.
Based on these criteria, cylinders A1, B2, and B5 would be classified as non-compliant in Case 1.
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In Case 2, all cylinders meet the criterion and are considered to be operating satisfactorily. In Case
3, cylinders B2 and B5 again fall outside the acceptable range. lIronically, cylinder B2 would have
to be rejected both before and after the replacement of its fuel-injection pump—yet not at the time the
decision was made, which was based on a deviating exhaust gas temperature. Hence, strictly adhering
to the OEM guidelines regarding peak pressure does not appear to be the most prudent approach.

The next parameter under consideration is the compression pressure. As outlined in Section 6.1,
compression pressures were examined at fixed crank angles of 45°, 30°, and 20° BTDC. The inter-
cylinder variation remained within a 3% tolerance range. This indicates that there is no appreciable
leakage (blowby) past the piston rings® or through the intake or exhaust valves.

Next, we consider the IMEP. According to the +3% criterion, five out of six cylinders on the B-
bank would be classified as non-compliant in Cases 1 and 3, as shown in Figure 6.3. In Case 2,
however, cylinder B2 falls within the acceptable range. Based on this metric, there is no indication of a
malfunction in its fuel-injection system. Rather, cylinder B5 stands out due to underperformance, likely
causing other B-bank cylinders, particularly B1 and B2, to compensate by delivering slightly higher load.
This suggests a load imbalance rather than a fault in B2 itself.

The first combustion parameter under consideration is the total net heat release, Qnet 1ot- Although
in Case 2 three A-bank cylinders deviate by more than 3% from the mean, the overall variation within
the A-bank remains approximately 3%. In contrast, the B-bank exhibits a variation exceeding 10%,
indicating a notable imbalance in combustion performance. Most notably, cylinder B1 appears to com-
pensate for the underperformance of cylinder B5.

The second combustion parameter considered is the net cumulative heat release, specifically
the crank angles corresponding to characteristic intervals of the cumulative heat release curve. The
observed variations suggest that combustion in cylinder B5 occurs relatively late compared to the oth-
ers. However, it would be difficult to define a definitive rejection criterion based on this metric, as the
acceptable range of variation is not clearly established.

Lastly, the thermodynamic efficiency is examined. Overall, the values exhibit minimal variation.
In all cases, cylinder-specific efficiencies remain within a range of 3% of the mean. Therefore, based
on this metric, no corrective action would be considered necessary.

Conclusion

The observed trends suggest that cylinders B1 and B2 have been compensating for the underperfor-
mance of cylinder B5, and to a lesser extent, B6. The crew’s decision to replace the fuel-injection
pump and injector of cylinder B2, triggered by its increasingly deviating exhaust gas temperature (see
Fig. 3.5), is understandable. It is possible that these components were indeed beginning to degrade,
although not yet to the extent that immediate replacement was necessary.

However, based on the evaluated parameters quantifying cylinder and combustion performance,
there is no conclusive evidence to justify the rejection of the fuel-injection pump and injector of cylinder
B2. On the contrary, the data consistently indicate that cylinder B5 is significantly underperforming. This
is reflected in its lower peak pressure, reduced IMEP, decreased total net energy release, and delayed
combustion. Importantly, these issues are not attributable to poor compression, suggesting that the
combustion process itself is impaired, likely due to inadequate fuel delivery. Given these findings, it
would be prudent to examine the condition and functionality of the fuel-injection pump and injector of
cylinder B5.

3As discussed in Section 2.3.2, a blowby rate of 0.5-1% of total air flow is considered normal.



Conclusions and recommendations

This chapter presents the main conclusions of this thesis and provides recommendations based on the
findings of this research. In Chapter 1, the central research question was formulated as follows:

How can a cylinder pressure measurement system of a naval vessel’s main engines be
used effectively for the analysis of engine performance, combustion, and fault detection
and diagnosis?

To address this question, several subquestions were formulated and investigated throughout the
thesis. These subquestions are answered concisely in Section 7.1, followed by a final answer to the
central research question. Section 7.2 then presents recommendations for practical implementation,
along with suggestions for future research to further improve the usefulness and effectiveness of cylin-
der pressure measurement in naval applications.

7.1. Conclusions - answers to research questions

This section lists the conclusions of this thesis in the form of answers to the research subquestions
posed in Section 1.2. Then, an answer to the main research question is provided.

1. What are the key components and operating principles of a cylinder pressure measure-
ment system?

The primary components of a permanent cylinder pressure measurement system include pres-
sure sensors, usually of the piezoelectric type—one for every cylinder—mounted in the cylinder
head; charge amplifiers (one per sensor); an A/D converter; and a data acquisition system. Piezo-
electric pressure transducers do not measure absolute pressure but respond only to changes in
pressure. To relate the pressure to an absolute value requires an additional sensor. For this
purpose, the pressure sensor in the intake manifold is typically used.

Crank-angle measurement and trigger mechanisms are also essential, usually mounted on the
camshaft and/or crankshaft. The system generates discrete data sampled at fixed crank-angle
intervals, which can then be processed and analysed.

2. What are the technical and operational requirements for implementing such a system on
the main engines of a naval vessel?

A critical requirement is the capability for continuous cylinder pressure measurement and au-
tomated recording, in contrast to traditional intermittent methods where an operator manually
measures each cylinder in sequence. This conventional approach is time-consuming and less
reliable due to varying engine conditions during acquisition. In contrast, an automated system
continuously samples and buffers pressure data from all cylinders simultaneously. Data recording
is event-driven, e.g., triggered manually by the operator, at pre-defined time intervals, or automat-
ically in case of a sudden engine shutdown. For reliable comparison of measurements over time,
it is critical that data be collected under comparable engine conditions, such as similar loads,
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speeds, and environmental factors. This can be integrated into regular operational procedures,
for example, during (daily) turbocharger flushing, which typically occurs at high engine load and
provides a consistent reference condition.

From a technical integration standpoint, it is essential that the system be compatible with the en-
gine. When the system is installed as a retrofit and is not supplied by the engine OEM, it may not
be fully compatible with the engine’s existing layout. This was the case on HNLMS Groningen,
where a custom synchronisation solution had to be developed. The original camshaft-mounted
position sensor could not be used, because this signal is not accessible outside the engine man-
agement system. Instead, a metal bolt was installed on the flywheel to serve as a trigger for an
inductive sensor, providing a crank-angle reference once per revolution. In addition, a crank an-
gle encoder was installed to ensure accurate timing correlation between the crankshaft position
and the pressure signal.

3. How does the marine environment affect the accuracy and reliability of cylinder pressure
measurements?

A key advantage of the implemented system is its capability to perform continuous cylinder pres-
sure measurements while at sea, with each data acquisition requiring only a few seconds. In con-
trast, sequential cylinder pressure measurements may take up to a half hour per engine, during
which time engine load may fluctuate due to changing wind and sea conditions. By significantly
reducing measurement duration, the system minimises the impact of such variations, improving
the accuracy and reliability of the collected data. Furthermore, the system enables the collection
of a sufficient number of measurements to support trend analysis over time.

However, under rough sea conditions, even brief measurements can be affected by fluctuations
in engine parameters, as demonstrated in Section 4.2. In particular, variations in intake man-
ifold pressure during data acquisition may compromise measurement accuracy if not properly
accounted for. Furthermore, when comparing measurements taken at similar or identical propul-
sion control settings but at different times, differences in weather and sea state can result in
significantly different engine loads. In general, higher sea states impose greater loads on the
engine, leading to increased cylinder pressures and derived performance parameters. Interpre-
tation of such data must consider these external influences to avoid misdiagnosis.

4. What preprocessing steps are required to convert raw cylinder pressure data into usable
formats for analysis?

As described in Chapter 4, the first step involves ensuring that the pressure signal is correctly
aligned with the crankshaft position by accurately determining the TDC position. The method
adopted in this work employs a temperature—entropy diagram of the stopping engine to identify
TDC. The second step is to reference the cylinder pressure to a known pressure, which, in this
case, is the intake manifold pressure recorded by the ship’s automation system. In situations
where the manifold pressure fluctuates significantly or the pressure sensor is faulty, an alternative
method is required. For such cases, a linear least-squares approach is used to determine the
appropriate pressure offset.

The final step in the preprocessing procedure is the smoothing of the pressure signal. Initially,
pressures may be averaged to reduce both random noise and cycle-to-cycle variation. However,
averaging alone does not eliminate non-random noise, necessitating an additional smoothing
step. In this work, a cubic spline method is employed for this purpose. This not only smooths
the original pressure trace but also ensures that the derivative of the pressure signal is suitably
smooth, which is essential for accurate combustion analysis.

5. What useful performance indicators can be derived from cylinder pressure data?

The most useful cylinder performance indicators identified in this study are the indicated mean
effective pressure (IMEP), compression pressure, and, to a lesser extent, the peak pressure pmax-
The compression pressure and pmax can be readily extracted from cylinder pressure data. The
IMEP requires integration of the pressure—volume diagram across the engine cycle. Comparing
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the respective values of these performance indicators across the different cylinders provides in-
sight into the relative performance and condition of each cylinder. It is important to note that pmax
and IMEP are not necessarily well correlated: as this study has shown, a cylinder exhibiting a
high pmax compared to others does not automatically produce a high IMEP, and conversely, a
low pmax does not necessarily indicate a low IMEP. In this context, IMEP is the more informative
metric, as it directly reflects the net work output of the cylinder. The distinction between IMEP
and pmax is important to keep in mind, as in practice, such as during engine factory acceptance
tests, only peak pressures are often recorded, rather than the full cylinder pressure trace.

The crank angle at which the peak pressure occurs (APMAX) was also evaluated in this study.
However, this parameter exhibited such high variability under normal, steady operating condi-
tions, that it was deemed less suitable for diagnostic purposes.

6. In what ways can cylinder pressure data provide additional value or insights beyond tradi-
tional performance parameters (e.g., fuel consumption, engine load, and power output)?

Parameters like fuel consumption and engine load or power typically reflect the overall engine
performance, representing the combined effect of all cylinders. In contrast, cylinder pressure
measurement has the advantage of enabling performance evaluation on a per-cylinder basis.
Specifically, a low pmax Mmay be caused by inadequate compression due to, e.g., leakage. If poor
compression can be ruled out, a low pyax and/or low IMEP is more likely related to combustion
problems, narrowing down the range of potential causes.

Comparing the pressure-based performance indicators may identify imbalances, inefficiencies,
or anomalies such as misfiring in specific cylinders, issues that may not be evident from aggre-
gate parameters like fuel consumption or overall power output. Furthermore, when measured
continuously, cylinder pressure measurement provides real-time feedback on engine condition,
enabling proactive diagnostics and predictive maintenance.

7. How can cylinder pressure data be used to characterise the combustion process in marine
diesel engines?

Cylinder pressure data forms the basis for analysing combustion-related parameters. This the-
sis has focused on (the rate of) net heat release, as well as thermodynamic efficiency. These
parameters are derived from the pressure trace and provide insight into the combustion process.

The gross heat release rate, which is directly proportional to the rate of fuel burnt, is a useful com-
bustion parameter but requires the incorporation of a heat transfer model to account for energy
lost to the cylinder walls. Such models introduce significant uncertainty and can compromise the
accuracy of the results. For this reason, this thesis has focused solely on the net heat release
rate, which can be determined directly from the pressure data without the need for heat transfer
modelling.

The net heat release rate, and its integral, the net energy release, provide insight into combus-
tion phasing. This thesis has introduced a way for visualising the progression of the net energy
release, by displaying cumulative energy release values at various crank angles for all cylinders.
This approach clearly reveals cylinder-to-cylinder differences. Absolute values of net energy re-
lease (in kJ) were chosen over normalised (non-dimensional) values, as normalisation may ob-
scure underperforming cylinders and hinder accurate diagnostics. In addition, this thesis has
examined the thermodynamic efficiency which quantifies how effectively the net fotal released
energy (@net) is converted into work. Deviations in this parameter may indicate suboptimal com-
bustion timing: if combustion occurs too early or too late relative to the piston’s position, pressure
may not act optimally on the piston, reducing work output.

8. Can a malfunctioning fuel-injection system be detected through cylinder pressure analy-
sis?

The analysis conducted in this thesis has identified several anomalies that may indicate a malfunc-
tioning fuel injection system, particularly in relation to combustion behaviour. Cylinder underper-
formance is characterised by reduced values of net total energy release and/or thermodynamic
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efficiency. These anomalies typically coincide with late combustion phasing and low IMEP. Im-
portantly, these findings were not accompanied by any irregularities in compression behaviour,
allowing compression-related issues to be ruled out as the underlying cause. This is a promising
result, highlighting the potential of cylinder pressure analysis as a diagnostic tool for detecting
fuel injection faults.

However, it is important to acknowledge that no components examined in this study were con-
firmed to have failed. As such, while the results support the feasibility of the proposed fault de-
tection and diagnosis methodology, they are not conclusive. Validation would require confirmed
fault cases or evidence of component damage to definitively assess the method’s effectiveness.

9. How does pressure-based fault detection compare in accuracy and timeliness to other
diagnostic methods?

Traditionally, exhaust gas temperature is used to detect fuel-injection malfunctions. This thesis
examined a specific case involving a potentially faulty fuel-injection pump and/or injector, ini-
tially flagged due to a deviating exhaust gas temperature. Several pressure-derived performance
and combustion indicators were applied to assess this case. Although some deviations were
observed, no conclusive evidence linked them directly to a specific fault in the injection system.

Interestingly, the exhaust gas temperature of the cylinder in question remained within OEM-
specified limits, suggesting that the suspected fuel-injection pump may have been replaced pre-
maturely. Post-replacement testing of the pump across three test points showed low flow at
medium speed; however, due to the absence of defined rejection criteria, this result was incon-
clusive. However, after the component was replaced, exhaust gas temperatures across cylinders
were well aligned.

Despite its widespread use, exhaust gas temperature appears to be a limited diagnostic indi-
cator. In this case, it indicated an issue in a different cylinder than the one identified via cylin-
der pressure analysis. This discrepancy highlights a key limitation: at moderate fault levels, ex-
haust gas balancing systems may mask injection-related issues, making fault localisation difficult.
Moreover, exhaust gas temperature alone cannot reliably distinguish between compression- and
combustion-related anomalies—something pressure-derived parameters are better suited for.

While metrics like peak pressure and IMEP are helpful for assessing general engine performance,
they do not pinpoint specific faults such as valve leakage or excessive blowby. These are more
effectively detected through deviations in compression pressure. However, the conclusions drawn
here remain indicative; definitive validation of pressure-based diagnostics requires the presence
of known, verifiable faults to validate the diagnostic insights drawn from pressure data.

Answer to the main research question

Based on the findings of this study, it may be stated that a cylinder pressure measurement system
can be used effectively to analyse engine performance, combustion, and fault detection and diagnosis
(FDD) in naval main engines, provided that a structured methodology is applied. this methodology
consists of the following key components:

1. Preprocessing of raw cylinder pressure data
To ensure accuracy and consistency, the raw pressure signal must be preprocessed. This in-
volves synchronising cylinder pressure with crank angle, determining the correct pressure offset,
and applying averaging and smoothing techniques to reduce noise and improve signal quality.

2. Analysis of performance and combustion parameters
Following preprocessing, several performance and combustion-related parameters can be de-
rived. Performance indicators include the indicated mean effective pressure (IMEP), peak pres-
sure, and compression pressure. Combustion-related indicators include the total net heat release,
thermodynamic efficiency, and the crank angles at which specific thresholds of heat release are
reached.

3. Fault Detection and Diagnosis (FDD)
Cylinder-to-cylinder comparison of these parameters may reveal anomalies, which can be used
to identify possible faults. Rejection criteria should be defined based on manufacturer (OEM)
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guidelines—though these may require adaptation—and, since the OEM has only specified criteria
for peak pressure and exhaust gas temperature, supplemented by operational experience. A
structured approach to diagnosis involves determining whether the root cause lies in compression
(e.g., valve leakage) or combustion (e.g., injector malfunction).

In conclusion, it may be stated that the findings of this study are promising in terms of the potential
and added value of cylinder pressure measurement. It will, however, require actual faults to validate
the rejection criteria.

7.2. Recommendations

The following recommendations aim to further enhance the usefulness for the Royal Netherlands Navy
(RNLN) of this measurement method and the analysis of the data it provides.

1. Setup and operational use of a permanent cylinder pressure measurement system

+ Conduct regular checks of the cylinder pressure measurement system.
Due to the complex and sensitive nature of the system, it cannot be expected to operate
reliably for prolonged periods, e.g., for the duration of a mission, without active supervision.
The system has demonstrated recurring malfunctions that have disrupted data collection
and analysis. Hence, the system requires regular oversight to ensure proper functioning,
and cannot simply be installed and left unattended. In the author’s opinion, routine checks
should include:

(a) Performing a measurement and verifying that the pressure traces for all cylinders and
cycles are properly aligned.

(b) Confirming that the recorded pressure at inlet bottom dead center corresponds to the
intake manifold pressure, as expected by default.

(c) Ensuring that measurements are being stored according to the predefined time intervals.

» Automate data collection and analysis.

At present, these processes are highly labour-intensive and require specialised engineering
skills and in-depth knowledge of engine behaviour, qualifications held by a limited number
of already overextended personnel within the RNLN and the Ministry of Defence. This de-
pendency poses a significant risk to the successful adoption and long-term viability of this
technically advanced system. The methodology proposed in this thesis offers a practical
solution to automate the preprocessing and analysis of cylinder pressure data, thereby re-
ducing reliance on scarce human expertise and enabling more consistent and more frequent
use of the system.

+ Establish clear ownership of the system and its data.

This recommendation is closely tied to the two previous points. Presently, ownership is not
clearly defined, which creates the risk that the system will not be properly maintained, regu-
larly used, or that the data will go unanalysed. Onboard engine specialists are responsible
for the engines, but not for stand-alone measurement systems like this one. Moreover, they
lack the time and qualifications required for the system-specific maintenance tasks, includ-
ing dismounting sensors and adapters for engine overhauls, reinstalling them afterward, and
assess whether the system is functioning properly, or perform troubleshooting.

From an operational standpoint, user access is also a concern. Initially, the system was
conveniently integrated with the Integrated Platform Management System (IPMS). However,
after an IPMS update this link was not restored, making the software more difficult to access.
This increased threshold discourages regular use by the crew.

 Establish a database of engine faults and damage cases, along with associated symptoms.

Although this study has resulted in a preliminary framework for anomaly detection at the
cylinder level, the limited number of observed fault cases prevents a full validation of its
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effectiveness. Preferably, a comprehensive database should correlate specific fault types
with characteristic deviations in cylinder pressure signals, ideally at various stages of de-
velopment. However, the construction of such a database would require a broad range of
cylinder-level malfunctions—an undesirable scenario from an operational standpoint.

If possible, use flush-mounted pressure sensors.

Using long, small-bore indicating channels introduces acoustic waves within the channel,
which become superimposed on the measured pressure signal. This non-random noise
must be removed—typically through smoothing or filtering—before calculating combustion-
related parameters that rely on the pressure derivative. However, these signal processing
steps can lead to a loss of important information. In contrast, flush-mounted sensors elimi-
nate the need for indicating channels and thus avoid introducing such acoustic disturbances,
reducing the need for aggressive filtering and preserving more of the original signal integrity.
This may require modifications to the cylinder heads, which could be impractical or infeasible
for engines already in service.

2. Preprocessing

Develop and adopt a method for determining TDC position in a loaded engine.

The method employed in this thesis is applicable only in non-firing conditions and assumes
a uniform TDC shift across all cylinders and cycles. When pressure data are not accurately
synchronised with crank angle, and if the TDC shift varies between cylinders and/or cycles,
a more robust and flexible method is needed. A linear least-squares method, similar to the
one used for determining pressure offset, may offer a viable solution.

3. Cylinder pressure analysis

Exercise caution when considering the crank angle of peak pressure (apmax) as a perfor-
mance indicator.

This parameter exhibits significant variability both across cylinders and between engine cy-
cles, even under normal engine conditions. This limits the parameter’s reliability for anomaly
detection. Superficial or hasty analysis may therefore lead to misinterpretation and erro-
neous conclusions.

The use of peak pressure as an anomaly indicator is not recommended.
While peak pressure correlates reasonably well with IMEP, it is not a reliable indicator by
itself. IMEP is a more robust parameter for anomaly detection purposes.

Investigate compression pressure when anomalies in IMEP are detected.
This helps to either identify or rule out leakage as a potential source of the anomaly.

Report on maintenance tasks that may influence cylinder pressures.

The engineer analysing cylinder pressure data should be fully informed about the engine’s
maintenance status. As we have seen, certain maintenance activities can significantly im-
pact the pressures within individual cylinders. An example is the replacement of a fuel pump
or injector, as demonstrated in this thesis. Other interventions that may affect cylinder pres-
sures include adjusting valve clearance, replacing a piston, or changing piston springs. Fur-
thermore, as shown, replacing a fuel pump in one cylinder can influence the pressures not
only in that cylinder but also in others.

Suggestions for further research
The cylinder pressure measurement system on HNLMS Groningen provides ample opportunity for new

research.

Some suggestions are:

» Compare and evaluate different dynamic methods of TDC determination (see Section 2.2.1); de-
termine which of these methods is most accurate. This is particularly relevant, because it was
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observed that the cycle-to-cycle synchronisation varied significantly during certain measurements.
For these instances, a method is required that determines TDC for firing cylinders.

Compare different smoothing or filtering methods with regard to the pressure signal. Evaluate
whether and to what extent each method affects the combustion-related parameters.

With regard to heat transfer from the cylinder: there is a large uncertainty in the values of the heat
transfer coefficient h as well as the cylinder wall temperature (ref. Eq. 2.7) during combustion.
This uncertainty impacts the calculated instantaneous heat transfer rate and, as a consequence,
the heat release rate. It would be interesting to determine the influence of the parameters that
make up the value of h and the assumed cylinder wall temperature on the heat-release rate. How
would this relate to the net heat release parameters determined in this thesis?

» When the opportunity arises, it would be interesting to verify whether there is a difference in mea-
sured cylinder pressures and derived parameters before and after engine overhaul, or before and
after engine modification."

As described in Section 2.3.1, the indicated power can be derived from cylinder pressure data.
When, in addition, the engine’s torque would be measured, the engine’s friction power and me-
chanical efficiency can be determined. This provides insight in the specific engine losses. Alter-
natively, the propeller shaft torque may be used, together with (known/assumed) gear box losses,
to calculate the engine’s mechanical efficiency and friction losses.?

"The OPV’s engines will be modified during the planned mid-life upgrade scheduled from 2025-2028. Most significantly, the
charge-air coolers of all engines will be replaced.

2|n June 2025, HNLMS Groningen is performing maneuvering trials to determine the influence of the Hull Vane. During these
tests the propeller shafts will be equipped with accurate torque sensors. This would be a good opportunity for the suggested
research.



Redlich-Kwong equation of state

In Section 4.1, the Redlich—Kwong equation was introduced as a more accurate alternative to the ideal
gas law. This equation of state was originally proposed in a 1949 paper, where the authors stated: “An
equation of state containing two individual coefficients is proposed which furnishes satisfactory results
above the critical temperature for any pressure” [60]. While acknowledging that the theoretical basis
for their model is “by no means rigorous,” Redlich and Kwong justified its use on the grounds that it
provides a high degree of accuracy through relatively simple means. As a result, the Redlich-Kwong
equation has become widely adopted in Thermodynamics. The remainder of this section outlines how
the Redlich—Kwong equation can be applied to various gases.

The Redlich—-Kwong equation is an empirical, two-constant equation of state that improves upon
the (two-constant) van der Waals model, particularly at higher pressures [49]. It is expressed as:

RT _ a
v—-b v(v+b)TV?

p= (A1)

where:

 constants a and b account for the non-ideal behaviour of gases;
* R denotes the universal gas constant, 8314 J/kmolxK.
« 7 is the specific volume in m3/kmol.

With a¢ and b set to zero, Eq. A.1 reduces to the ideal gas law. The constant a accounts for the attractive
forces of the individual molecules in the gas; constant b is a correction for the non-negligible volume of
the molecules. Both a¢ and b can be evaluated in terms of the critical pressure p. and critical temperature
T, of the gas, using the fact that following mathematical conditions apply to the critical point:
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Physically this means that in a p—V diagram, the critical isotherm (i.e., the isotherm that passes through
the critical point) has an inflexion point and a horizontal tangent at the critical point. Applying these
conditions to Eq. A.1 results in three equations with three unknowns: a, b and v.. Solving these
equations gives the following result for a, b and @, in terms of critical pressure and temperature:
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Egs. A.3 and A4 provide a means to calculate the Redlich-Kwong parameters a and b for gases with
known critical properties. Table A.1 lists these constants, along with the molar mass and critical point
data, for several substances commonly encountered in combustion engine analysis.

Table A.1: Molar mass, critical point and Redlich-Kwong constants of several substances

M T, Pe a b
Gas (kg/kmol)  (K) (bar)  (J m3K®%/kmol?)  (m3/kmol)
Air 28.97 132.6 37.36 1.602 x 10° 0.02557
Carbon dioxide 44.01 304 73.9 6.444 x 108 0.02963
Water 18.02 647.3 2209 1.426 x 107 0.02111
Nitrogen 28.01 126 33.9 1.553 x 10° 0.02677

For a gas mixture, the Redlich-Kwong constants a and b are found using the following procedure. For
an n-component gas mixture the value of a is calculated using

a = ZZyiyjaij (A6)

i=1 j=1

where y; and y; are the respective mole fractions of components i and j. The coefficients a;; of the
cross terms can be related to the properties of the pure components by the assumption: a;; = ,/a;a;
[60]." The value of b follows with

b= i:yibi (A7)
i=1

Temperature determination: fixed-point iteration method

In Section 4.1, the in-cylinder gas temperature was determined using the Redlich-Kwong equation of
state (Eq. A.1). Because this equation is not explicit in temperature, the gas temperature cannot be
directly solved from Eq. A.1. Instead, a numerical algorithm, known as fixed-point iteration (see e.g.
[9]), is applied to calculate the temperature. The steps involved in this iterative approach are discussed
below.

First, for convenience, Eq. A.1 is written as

p=C1T — CyT7 /2 (A.8)

introducing constants C; = R/(v — b) and Cy = a/(9(v + b)). Second, Eq. A.8 is written as
T=— + 27712 (A.9)

Then, an initial value T, for the temperature must be estimated. This value must be reasonably close
to the actual temperature to ensure that the algorithm converges. To this end, one may apply either
the ideal gas law or the Van der Waals equation, which are both explicit in temperature. The initial
value thus obtained, Ty, is then substituted in the right-hand side of Eq. A.9 to give the second approx-
imation, 77, which is then substituted in the same manner to give T5. This procedure is repeated until
|T, —Tn—1| < &, where ¢ is the specified tolerance, or until the specified maximum number of iterations
has been reached.

"Redlich and Kwong, in their original paper [60], described the use of a geometric mean as “somewhat arbitrary,” noting that
another form of mean could be equally valid.



Definition and derivation of NAHRR

In Section 5.2.1, the net apparent heat release rate (NAHRR) was introduced as the primary metric for
quantifying heat release during combustion. It was defined in Eq. 5.3. This section provides a step-by-
step derivation of that expression, starting from the First Law of Thermodynamics. The differential form
of the First Law for an open system is:

dU = 6Q — 6W + > h;dm; (B.1)

Here:

* dU is the infinitesimal change in internal energy of the in-cylinder gas;

* 4@ is the net heat added to the system;

» 0W is the work done by the system;

* h; is the specific enthalpy of the entering or exiting mass;

* dm,; is the mass entering or leaving the cylinder (positive for inflow, negative for outflow).

To proceed, we apply the following assumptions:
1. The combustion heat is represented by the gross apparent heat release:
5Qhr,gr = hf dmf

where h¢ is the lower heating value (LHV) of the fuel, and dm is the incremental mass of the fuel
injected.

2. The net heat input §Q is replaced by the heat loss to the surroundings, denoted 0Qoss, Which is
positive when heat flows out of the cylinder.

3. The work done by the gas is modeled as:
W =pdV
4. Assuming ideal-gas behaviour, the change in internal energy is given by:
dU = mec, dT
Substituting these expressions into Eq. B.1, we obtain:

3Qhrgr — 0Qoss = pdV + me, dT (B.2)

Assuming the in-cylinder gas behaves as an ideal gas, the equation of state is:

pV =mRT
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Taking the total differential of the ideal gas law:

pdV +Vdp=mRdTl (B.3)
Solving Eq. B.3 for dT" and substituting into Eq. B.2 yields (canceling m):
5Qhr,gr — 0Qioss = pdV + %}(p av +Vv dp) (B.4)
Using the definition v = ¢, /¢, and the ideal-gas relation R = ¢, — ¢, = (y — 1)c,, we find:
w_ 1
R ~v-1

Substituting this into Eq. B.4:

1
0Qnrgr — 0Qioss = pdV + ﬁ(p dV + V dp)

or:
1
6Qhr,gr — 0Qloss = Lp dV + ——=Vdp (B.5)
v—1 v—1

This matches Eq. 2.5 introduced earlier.

Finally, dividing both sides by the crank angle increment df and defining the net apparent heat release
rate on a crank-angle basis as:

5(;2 — 5(;2
NAHRR(Q) = —hr,gr loss
we obtain the final expression:

v dv 1 dp
NAHRR(0) = — V— B.6
O =P =1 2 (B.6)
This equation allows the net apparent heat release rate to be calculated directly from the pressure trace,
conveniently eliminating the need to estimate heat losses.




Cubic spline smoothing method

This section outlines the cubic smoothing spline method used throughout this thesis for processing and
denoising cylinder pressure signals. The technique was originally introduced by Reinsch [61] and has
since become a well-established tool in numerical data analysis. It provides a way to balance how
closely the function follows the noisy data against the smoothness of the resulting curve.

To reduce the influence of measurement noise in the cylinder pressure signal, a cubic smoothing
spline is applied to the averaged pressure trace. The technique constructs a smooth function f(z) by
fitting a piecewise cubic (third-degree) polynomial to the observed data. Unlike cubic-spline interpola-
tion, which passes exactly through all data points, smoothing splines aim to approximate the data while
controlling the curvature of the resulting function.

The smoothing spline is the solution to a variational problem: among all twice continuously differen-
tiable functions f € C2[xy, z,,], find the one that minimises:"

P> (- Jw) +(1-p) [ (@) s ©)

To
where:

* (z;,y;) are the measured data points; z; indicates the crank angle, y; is the measured cylinder
pressure;

+ f(x) is the smoothing spline to be determined:;

« f”(x) is the second derivative of f, which measures its curvature;

* p € [0, 1] is a smoothing parameter that determines the trade-off between closeness to the data
and smoothness of the function.

The first term in Eq. C.1—the error term—aims to minimise the sum of squared differences between
the function f(x) and the measured data points y (i.e., the cylinder pressure). The second term—the
roughness term—penalises curvature, thereby promoting smoothness in the fitted function.

By applying the Euler-Lagrange equation to Eq. C.1, Reinsch demonstrated that the solution to
the optimisation problem is a function f () composed of piecewise cubic polynomials defined on each
subinterval:

f@)=ai+bi(z—z;) +ei(r—x) +di(z —2:)%, o<z <zipy (C.2)

Using cubic polynomials ensures that f(x), f'(z) and f”(x) are continuous at their common endpoints.
The smoothing parameter p controls the trade-off between fidelity to the data and the smoothness of the
resulting curve. When p = 1, the minimisation reduces to an interpolation problem where f(z;) = y;
for all . At the other extreme, when p = 0, the minimiser is the function with minimal curvature—a
straight line. Intermediate values of p result in a compromise: high-frequency noise is suppressed
while essential signal features are preserved.

"In his original paper [61], Reinsch incorporated relative weights for the errors, y; — f(x;), with these weights determined
by the standard deviation of the measured data points y;. The built-in MATLAB function csaps supports the inclusion of such
weights. In addition, csaps allows specifying a weight function (vector) for the roughness penalty term. Here, the weight function
is omitted; it is set to one across all data points.
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Manual correction of corrupted
pressure trace

As discussed in Section 6.1, the pressure trace for Case 2 exhibited significant corruption: all B-bank
cylinder pressure signals were misaligned with respect to the crank angle. Figure D.1 illustrates this
issue for cylinder B2 showing raw, unsmoothed pressure data across 25 engine cycles.

Erroneous Pressure vs. Crank Angle Diagram - Case 2 - B2
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Figure D.1: Corrupted pressure data for cylinder B2 (25 cycles). Several traces are visibly offset in crank angle, with
erroneous zero-bar minimum pressures.

Several cycles are completely out of phase—misaligned by approximately 360°CA. Additionally, the
traces exhibit an unrealistic minimum pressure of 0 bar, indicating that the automatic pressure referenc-
ing procedure was evidently not executed correctly. All B-bank cylinders demonstrated similar behavior.
Even cycles that appear correct at first glance—those with pressure peaks shortly after top dead center
(TDC)—are in fact misaligned, as shown more clearly in Figure D.2a. During the compression stroke,
pressure traces should be well aligned; however, the misalignment is clearly evident.

To address these faults, a reference cycle was selected from an unaffected A-bank cylinder. Cylinder
A1 was chosen, and the corrupted B-bank traces were manually aligned to match this reference. For
each B-bank cylinder (B1-B6), a TDC shift angle was visually determined to best align the compression
stroke with that of the reference. Due to the labor-intensive nature of the correction, only the first nine
cycles of each measurement were manually corrected per cylinder, resulting in a 6 x9 correction matrix
of TDC shift angles. The resulting pressure traces, after implementing the TDC shift angles, are shown
in Figure D.2b. The pressure traces now are well aligned.
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(a) Before correction: misaligned pressure traces of 9 cycles. (b) After manual correction: pressure traces are visually aligned.

Figure D.2: Cycle-to-cycle variation in cylinder pressure before and after manual alignment.

This process highlights the necessity for an automated correction method. The automated synchro-
nisation procedure used elsewhere in this thesis—introduced in Section 4.1—relies on pressure data
from a stopping engine. However, that method is not applicable in this case, as the correction must be
applied within a single measurement taken from an engine operating under load.

The root cause of this anomaly remains unclear. Since A-bank data were unaffected, it is unlikely
that the issue stemmed from the trigger sensor, crank angle encoder, pressure sensor, or charge am-
plifier. Instead, the fault likely originated from the analog-to-digital (A/D) converter. Notably, the system
uses separate A/D converters for the A-bank and B-bank cylinders. Strangely, data collected in Case
3, just three days after Case 2, do not exhibit any such issues. Figure D.3 shows pressure traces for
cylinder B2 in Case 3, all of which are well aligned and free from anomalies. The same applies to
all other cylinders in that measurement. An explanation for this temporary malfunction could not be
identified by the author.

Pressure vs. Crank Angle Diagram - Case 3 - B2

140
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100
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s @ o
(=] o o
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Figure D.3: Correct pressure traces from cylinder B2 in Case 3 (25 cycles).
No misalignment or referencing issues are present.
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Cylinder pressure measurement of diesel engines can be a step toward enabling condition-
based maintenance, rather than maintenance based solely on engine running hours. This
thesis investigates the application of a continuous cylinder pressure measurement system
for the condition monitoring of marine diesel engines. It addresses the question of how such
a system can be used effectively for the analysis of engine performance, combustion, and
the fault detection and diagnosis of a naval vessel’'s main engines. To answer this question,
a comprehensive methodology was developed and tested on an ocean-going patrol vessel
of the Royal Netherlands Navy. The main diesel engines of this vessel were retrofitted with
a permanent, multi-cylinder pressure measurement system, enabling simultaneous, crank-
angle-resolved pressure acquisition.
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Following the preprocessing of the raw cylinder pressure data—including synchronisation,
referencing, and smoothing—the data were ready for quantitative analysis. Key perfor-
mance parameters such as peak pressure, indicated mean effective pressure, and com-
pression pressure were directly extracted from the pressure traces. Combustion-related
quantities, including the net apparent heat release rate and thermodynamic efficiency, were
computed using a single-zone heat-release model. All parameters were evaluated on a per-
cylinder basis and subsequently compared across cylinders and against a reference dataset.
The measurement campaign covered an 18-month operational period and revealed several
noteworthy anomalies. It also included the replacement of a suspected malfunctioning fuel-
injection pump.
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