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Abstract

When continued operation and function of a ship’s systems are required,
unforeseen system failure or breakdown can often have disastrous and costly
consequences. Ship owners and operators require ships to be operating at full
capacity as often as possible in order to remain profitable. This places the ship’s
engineering department under pressure to plan maintenance schedules which
optimise reliability and minimise downtime. The industry as a whole has been
slow to respond to the need for better maintenance planning, often relying on

manufacturer’s recommendations for the setting of service intervals and the

replacement of parts.

Monte Carlo Methods have proved to be a powerful tool in the nuclear sector and
for around three decades remained exclusive to that industry. In recent years
researchers have realized the vast potential and flexibility contained in the
methodology and its possible application in other fields. One of the problems
which 1s inherent to Monte Carlo Methods is the handling of rare events. Often to
remain statistically significant, variance reduction techniques need to be
implemented. One of the principal methods is the use of forced simulation. In the
marine industry, due to the high levels of salinity, this problem of rare events
becomes less significant. It is also the case that often the process mediums used
are of a much lower quality than in other industries. This all contributes to the

failure probabilities being much higher, negating the need for any forced

simulation.

The majority of current reliability and maintenance practice is based on time to
first failure, or time between failures. Delay-time modelling is a concept which
has been developed to be relevant in the operating culture of today’s industry.
Delay-time analysis provides engineers with a tool which can help to minimise
downtime of a machine or plant item, based on an inspection period. Classical
delay-time analysis is mathematically arduous and takes time, however the
benefits of implementing the technique are well proven and recogmsed. Monte
Carlo Methods lend themselves well to delay-time techniques and could offer an

automated analysis tool which requires very little user input. The availability of
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such a tool to marine engineers would allow for better inspection and maintenance

scheduling based on minimising downtime.

This research work is evidence of the implementation of Monte Carlo Methods in
the creation of a simulation based mainténance methodology in the marine
environment. The Monte Carlo Methods have been used to provide a measure of
the unreliability of a complex marine cooling system. The unreliability measure
has been used to perform a delay-time analysis using Monte Carlo Methods to
suggest an inspection regime based on minimising downtime. The complex Monte

Carlo Method has been extended to give an indicator as to the optimum staft level

based on system downtime and a staff cost.
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Chapter 1 — Introduction

Summary

This chapter will present the background to this research work and will
discuss the problems that exist in the Marine Industry when conducting reliability

and maintenance studies. The aims and objectives of the research work are stated

which will address some of the problems outlined previously. The research

methodology and scope of the thesis are highlighted.

1.1 Background of the Research

The first documented use of Monte Carlo Methods was by Buffon (1777) in his
‘Needle dropping experiment’, Laplace provided some valuable insights into
Buffon’s work and Lord Kelvin did some work in kinetic gas theory. The
technique was essentially revived in 1945 by Fermi, von Neumann and Ulam in
the development of the Manhattan project. It was certainly at this time that, owing
to its nature, the technique acquired its name. The first Monte Carlo algorithm
used to solve linear equations, conceived by von Neumann and Ulam, was

published in a paper by Forsythe et al (1950) and other important contributions
were made by Curtiss (1954) and Halton (1962, 1994).

Since then with the various developments in the computer industry and the amount
of computer power now available, even in home PCs, Monte Carlo techmques
have been taken to levels which were unimaginable in the ‘infancy’ of the Monte

Carlo Method (MCM). Monte Carlo remains a very powerful tool in the nuclear
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sector and for around three decades it remained exclusive to that industry. In

recent years researchers have realized the vast potential and flexibility contained in

the methodology.

A great deal of work has been done using Monte Carlo Methods especially
concerning Reliability, Availability and Maintainability (RAMS) problems (Dubis,
1986), (Labeau, 2000), (Marseguerra & Zio, 2002), (Zio, 1995), (Barata et al.
2002). Despite the technique proving its worth in the nuclear industry very little
work has been done with Monte Carlo techniques in the marine industry on RAMS
based problems, (Zio et al. 2004). Papers are available showing the application of
Monte Carlo Simulations in other ways. Dowd (2006) uses Monte Carlo
techniques for the prediction of marine ecological growth; Soares & Garbatov
(1996) use Monte Carlo Methods to examine the reliability of a ship hull girder.

Mechanical failure has been a major cause of marine accidents in the past,
examples include “Brear”, “Savannah Express” and “MV Symphony” (MAIB,
1991-2005). The motor tanker Brear sailed for Quebec on the 3™ January 1993
having left Mongstad fully laden with a cargo of 84,700 tonnes of light crude oil.
On the evening of the 4™ J anuary at 04.40 hrs the main engine failed followed by a
failure of the auxiliary generator. This left the ship without electrical power and

she was adnift just ten miles off the southern tip of Shetland eventually grounding
at 11.19 hrs.

On the 19" July 2005, at 11.46, the Savannah Express, one of the largest container
ships in the world at 94483 gross tonnage, collided with a linkspan at its berth in
Southampton docks. The engine lost astern engine power shortly before she
turned to come along side resulting in the collision. The damage to the ship was
only minor; some paint damage to the bulbous bow, however the damage to the

linkspan was considerable and it was unable to be used again until extensive

repairs had been carried out.

At 20.15 on the 4™ October 1999 the MV Symphony experienced a steering gear
failure on board the ship; as a consequence the vessel collided with the central

support of the Lambeth Bridge on the Thames, London. Although in this instance

L — . E—— —— — — . [ —_—
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there were no injuries to either passengers or crew there was some damage to the
wheelhouse of the symphony. The examples given are just a few instances where
mechanical failure has led to the occurrence of undesirable events, namely
collisions and groundings. Monte Carlo techniques have the power and flexibility,
given appropriate information, to simulate all of the system failures shown above.
Such techniques if implemented correctly could provide us with further
information on system failure modes and also be used to predict maintenance

periods which would optimise a components useful lifetime without jeopardising

system integrity.

In order to demonstrate the viability of Monte Carlo techniques in the marine

environment, case studies must be carried out, with generic models which

demonstrate some of the information that the models can yield.

1.2 Research Aims and Objectives

The primary aim of this research work is to demonstrate how MCM can be applied
in the marine industry. The intention is to show a number of ways, through the use
of case studies, in which application of MCM can aid marine engineers in their
understanding of marine systems. This will enable them to make better and more

informed decisions relating to maintenance and reliability. The following three

objectives each contribute to this primary purpose.

The first objective 1s to develop a methodology which will allow the unreliability
of a complex marine system to be assessed. The methodology will provide a
framework from which the unreliability of the system, as a whole, can be
determined from the individual component failure rates. The modelling of the
system will be achieved through simulation using MCM. It will show the effect of
using equal, deterministic repair times for each component, as well as individual
repair times for each component. Completion of this objective will be the first
demonstration of the MCM and how it can be applied to the marine industry. It

will serve as a basis for the development of further technical work developed
through the thesis.

_ . — .~ _ _. » o me o e e = . . . - . o — —_ - _— e e h e me TR . Rt n e —m o ————— ——— ——— e . -
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The second objective is to develop, through simulation, an advanced risk-based
maintenance methodology for marine equipment. The methodology will provide a
framework to optimise the inspection and maintenance activities of the system.
The modelling technique used will be delay-time analysis (DTA). The application
of the DTA will differ from the classical analytical approach, through the
application of simulation techniques. The result of the optimisation will be to
establish an optimum inspection interval based on minimising downtime. The

methodology will consider perfect and imperfect inspection, as well as perfect and

imperfect repair.

The third objective 1s to develop a decision making methodology based on cost
and system downtime. The methodology will provide a framework which can be
used to assess staff levels for a given marine system. Providing a cost benefit
analysis, the methodology will indicate how making more staff members available

for the maintenance of a particular marine system may not provide an associated

reduction in system downtime.

The objectives are set out in order to fulfil the main aim of the research.
Throughout the research project a number of case studies have been used to
demonstrate each of the associated methodologies. A marine cooling system for a
main engine has been presented as a case study to demonstrate each of the
proposed approaches. The inclusion of this same marine system, a number of
times, 1s intentional to demonstrate how MCM can be applied in a number of ways
to offer large amounts of information to a marine engineer. This large amount of

information and the inherent ability of simulation models to allow ‘trial and error’

permutations of system operating conditions will allow marine engineers to

achieve more informed, improved decisions.

Where possible ‘real life’ data was used from the marine industry, sourced from
the Offshore Reliability Data handbook (OREDA). In the absence of appropriate

historical available data, expert judgement has been used.
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1.3 Statement of the Problem

In the marine environment maintenance is often conducted in a preventive way.
Maintenance and inspection scheduling i1s determined by manufacturer
recommendations. The development of a simulation based maintenance
methodology could offer a better solution for systems analysis in the marine
environment. MCM are widely implemented in the design and analysis of systems
in other industries. While a great deal of work has been done in the area of
reliability, availability and maintainability studies in other sectors, very little work
exists in the practical application of Monte Carlo Methods to marine systems.
Research work in the marine environment is often hindered by a lack of historical
data (Pillay & Wang 2003). As a consequence of this, more qualitative research is
conducted. There 1s a need for some quantitative models which can provide
information to enable better decision making (Wang 2006). A simulation based
maintenance methodology can offer quantitative results on the unreliability of

complex systems based on individual component failure rates. The simulation of

marine systems allows for ‘trial and error’ runs to assess the impact of decisions

before they are applied to real systems.

1.4 Research Methodology and Scope

The methodology of the research work is the development of a simulation based
maintenance model. The research work uses indirect MCM to provide information
on system unreliability. Integrating DTA and simulation provides an optimised
maintenance and inspection regime based on minimising downtime. Finally the

Monte Carlo model is extended to provide information as to optimum staff level to

minimise system downtime and statt cost.

The scope of the research project was to develop a simulation based maintenance
methodology. The purpose of the methodology is to provide information relating

to the unreliability of a complex marine system, suggest an optimum inspection
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and maintenance regime to reduce downtime and provide information as to

optimum staff levels to reduce system downtime and staff cost.

1.5 Structure of the Thesis

The thesis comprises seven chapters. Chapter 1 provided an introduction to the
research work, stated the aims and objectives, outlined the problems associated
with current maintenance strategies in the marine environment and outlined the

methodology and scope of the research.

Chapter 2 documents a review of the current literature relating to MCM,
maintenance and decision making methods. The extensive work presented based
in other industries and the lack of work in the marine environment highlights the
need for research in this area. Consideration is given to the analytic hierarchical

process as a decision making tool and draws attention to the inability of the

method to assess the possible impact of decisions on a system.

Chapter 3 serves as an extension to the literature review introducing the MCM.

The chapter introduces the Monte Carlo modelling techniques through the use of a
simple model with three components in parallel. The inclusion of this chapter

prevents further repetition of the basic MCM which forms a fundamental part of
all the models developed in the following technical chapters.

Chapter 4 is the first technical chapter. It presents the application of MCM to a
complex marnne system. Three different operating scenarios are considered, the
first case is a system where all the components have equal deterministic repair
times and the system 1s not returned to operation until all components are repaired.
In the second case the component repair times are different and individual to each
type of component. In the third case the components all have equal deterministic
repair times but the system is returned to operation as soon as enough components
are available for normal system function. All three cases are discussed and

comparisons are made concerning the differences in system unreliability.
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Chapter 5 documents the application of DTA using simulation. DTA provides
optimum inspection intervals based on minimising downtime. The delay-time
methodology is introduced and an estimation of the arrival rate of defects, A, is
made based on the unreliability data presented in Chapter 4. The DTA wia
simulation relaxes some of the assumptions made i1n classic DTA. This allows for
analysis considering perfect inspections, imperfect inspections and imperfect

inspections with imperfect repairs.

Chapter 6 takes the complex Monte Carlo model presented in Chapter 4 and
extends it to give information regarding staff levels. The model takes a prescribed
staff level which alters during a trial as failures occur and repair actions need
addressing. At a time when a failure occurs which requires repair and the staft
level is insufficient to support the repair action, the system essentially ‘waits’ to be
repaired. This leads to an increase in system downtime. At a certain point the
staff level will minimise the system downtime. A further increase in staff level

will cause additional staff cost. The model aims to ascertain this staff level which

minimises downtime and a cost model is presented.

Chapter 7 draws conclusions from the research work. The conclusions from the
main technical work will be presented and the contribution to research will be

outlined. Limitations of the research will be presented and suggestions for future

work will be made which can expand upon this body of work.
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Chapter 2 — Literature Review

Summary

This chapter will give an overview of maintenance concepts and their role
within the marine industry, historically and at present. A comprehensive literature
review will be presented considering all of the methodologies used in this thesis.

The need and justification for further research in this field will also be presented.

2.1 Introduction

Before any research work can be carried out the current field of knowledge must

be defined. This i1s achieved with an extensive literature review which, when
carried out properly will ensure the novelty of the research. This chapter contains

a review of past and present work completed using Monte Carlo Methods as well

as several topics relevant to the research work. Presented first is a review of
literature pertinent to MCM and some key contributions which have been made are
outlined. A review of current research work concerning systems and reliability
studies is presented. Second is a review of current maintenance methodology
including preventive, corrective and condition based maintenance. The possible
application of total productive maintenance in the marine environment 1s
discussed. Finally a review of decision making methods is conducted. Analytic

hierarchical process has been identified as a decision making tool widely used.
The consideration of these three key areas serves to highlight the need for further

research.
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2.2 Monte Carlo Methods

The technology available to modern marine engineers in an ‘average’ engine room
has, over recent years, become ever more complex. As engine control rooms
become more automated, the critical systems of the ship’s main engines and
ancillaries are constantly monitored. Emphasis 1s often placed on preventive
maintenance. In systems where continued operation and function of the systems is
required, unforeseen system failure or breakdown can often have disastrous and
costly consequences. Ship owners and operators require the ships to be operating
at full capacity as often as possible in order to remain profitable. This places the
ship’s engineering department under pressure to plan maintenance schedules
which optimise reliability and minimise downtime. MCM has proved to be a
powerful tool in the nuclear sector and for around three decades remained
exclusive to that industry. The MCM was originally developed during the
Manhattan project. Nuclear shielding needed to be developed to control radiation
from the radioactive material. This proved challenging due to the random nature
intrinsic to the way in which neutrons are emitted from the nuclear source. MCM

were developed to model the neutrons pathway through the shielding material;

with each interaction with the atoms in the shield the neutron has a chance of
being deflected or absorbed. Traditional MCM model the free flight path of the
neutrons and examine the interactions and collisions. Goldfield & Dubi (1987)

modified the method to consider reliability issues. In recent years researchers

have realized the vast potential and flexibility contained in the methodology and

its possible application in other fields.

Some of the first work in MCM was published concerning calculating the position,

energy and flight directions of particles in different mediums (Cashwell & Everett
1959), (Gerbard & Spanier 1969), (Dubi 1986), (Lux & Koblinger 1990). The
MCM was later extended to include safety analysis of engineering systems and
plants (Lewis & Bohm 1984), (Wu & Lewins 1992), (Dubi 2000), (Marseguerra &
Zio 1993), (Marseguerra et al. 1998), (Marseguerra & Zio 2001). Zio (1994) made
a further contribution with a technical note on biasing the transition probabilities in

direct Monte Carlo which leads to simplification of the sampling procedure and
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improved computational efficiency. Marseguerra et al. (1998) produced a paper
on dynamic rehability via Monte Carlo Simulation and showed how MCM is
capable of handling dynamic probabilistic safety assessment problems.
Marseguerra et al. (2001) considered the application of biased MCM to
unavailability analysis for systems with time dependant failure rates and found that
biasing schemes based on uniform distributions provided a more even distribution
of failures over the component lifetime. Barata et al. (2002) simulated a repairable
multi-component deteriorating system for ‘on condition’ maintenance optimisation
determining degradation thresholds for maintenance intervention. Labeau & Zio
(2002) presented two separate approaches for simulation, a direct component
based approach and an indirect system based approach. Comparisons of the two

approaches were made with respect to computing time and variance.

A great deal of work has been done using Monte Carlo Methods especially
concerning Reliability, Availability and Maintainability (RAMS) problems (Dubi
1986), (Labeau 2000), (Labeau & Zio 2002), (Marseguerra & Zio 2002), (Zio
1995), (Barata et al. 2002), (Bevilacqua et al. 2000), (Accumoli 1996), (Zio et al.
2007). Marine engineers and the marine industry in general have failed to realise
how useful a tool this could be to the marine industry. Very little work has been
done with Monte Carlo techniques in the marine industry on RAMS based
problems (Zio et al. 2004). Papers have reported the application of Monte Carlo
Simulations in other ways. Aalbers et al. (2001) have developed a software
system for safer rig moves based on a MCM. Dowd (2006) used Monte Carlo
techniques for the prediction of marine ecological growth; Guedes Soares &
Garbatov (1996) use Monte Carlo to examine the reliability of a ship hull girder;

Santos & Guedes Soares (2004) use Monte Carlo Simulation to predict damaged
ship survivability.

2.3 Maintenance

Maintenance 1s a huge area of interest and research for engineers. A number of
papers based on maintenance strategy and decision have been published (Barbera
et al. 1996), (Q1 et al. 1999), (Wang et al. 2000), (Wang & Majid 2000), (El-haram
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& Horner 2002), (Emblemsvag & Tonnig 2003), (Beebe 2003), (Backlund &
Akersten 2003), (Wang & Hwang 2004). Maintenance costs form a significant
part of the overall operating costs in ship operations (Mokashi et al. 2002). Pillay
& Wang (2003) define maintenance as the combination of all technical and
administrative actions, including supervision actions, intended to retain an entity
in, or restore it to a state, in which it can perform a required function. The ISM
Code states that all ship operators ‘should establish and implement procedures to
identify equipment and technical systems the sudden operational failure of which

would result in hazardous situations’ (ISM 2002). In meeting these requirements

the company should ensure that:

e Inspections are held at appropriate intervals.

 Any non conformity is reported with its possible cause, if known.
® Appropriate corrective actions are taken.

e Records of these activities are maintained.

Soncini (1996) suggests that most ship owners understand the need of having good
control over accounting and purchasing and are found to be at the same level as
their land based counterparts; however the same cannot be said when it comes to
maintenance and stock control. Pintelon et al. (1997) introduce the ‘maintenance
concept’, defined as the set of various maintenance interventions (corrective,
preventive, condition based, etc.) and the general structure in which these

interventions are brought together. The total cost of maintenance is difficult to

calculate due to the number of factors involved.

Maintenance activities fall into two main categories, namely corrective
maintenance (CM) and preventive maintenance (PM). CM is performed when
action is taken to restore a system to a working condition after the system has

failed. A CM maintenance concept can often lead to high maintenance related

costs for the following reasons (Tsang 1995):

e The high cost of restoring equipment to an operable condition under crisis

situation.
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e The secondary damage and satety/health hazards inflicted by the failure.

e The penalty associated with lost production.

Reliability-centred maintenance (RCM) is a process which, when implemented
etfectively can produce PM concepts and reduce these kinds of CM associated
costs. Developed 1in the late 1960’s by the US aviation industry (Nowlan & Heap
1978), RCM 1s a systematic approach used to optimise PM strategies (Ben-Daya
2000). Moubray (1997) defines RCM as ‘a process used to determine what must
be done to ensure that any physical asset continues to do whatever its users want it

to do in its present operating context’. Smith (1993) lists the four predominant

features of the RCM methodology as:

1. Preserve functions of a system.

2. Identify failure modes that can defeat the functions of the system leading to
failure.

3. Priontise function need.

4. Select only applicable and effective maintenance tasks to be completed.

Mokashi et al. (2002) suggest some possible problems with the application of
RCM 1n the marine industry, specifically with application to ships. Furthermore it

1s suggested that total productive maintenance (TPM) could be a good facilitator

for implementing RCM.

TPM and its development started in Japan in the 1970’s where it significantly
improved the effectiveness and profitability of several Japanese companies.
Nakajima (1988) defines TPM as productive maintenance involving total

participation. Rich (1999) gives the five main objectives of TPM relating to

equipment maintenance as:

1. To maximise the overall effectiveness of equipment within the

manufacturing system.
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2. To establish a systematic and comprehensive approach to productive
maintenance for the entire life cycle of the equipment from purchase to
disposal.

3. To integrate and form alliances with other departments within the
manufacturing system such that the implementation of maintenance routine
can be streamlined and become more effective.

4. The development of a company-wide planning process which 1s both a top-
down means of managing the business and a bottom-up process of
improving the production by operator involvement.

5. The development of TPM is that facilitated through the development of

natural and cross functional teams or small groups who are capable of

working autonomously within the factory.

Although these objectives are outlined in consideration of manufacturing systems
the ethos of TPM is certainly applicable within the marine environment. The two
main features of TPM are equipment management and empowerment of
employees. The correct management of equipment in the marine environment will
ultimately aftect the availability of the ship’s systems. The second idea of
empowerment of employees is a feature already well established in the marine
sector. Ben-Daya (2000) outlines problems in the organizational line between
maintenance, production and engineering leading to inefficiency and higher costs.
Furthermore it is suggested that operators be trained to perform mechanical
maintenance tasks and vice-versa, developing a relationship between operations
and maintenance. On board a ship this operations-maintenance relationship
already exists in the engineering department, given that engineers operate as well
as maintain machinery. This could however be extended so that deck officers

were also trained to be able to perform maintenance tasks. Mokashi et al. (2002)

also present this idea of dual competency marine officers.
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Efficiency Effectivenes
—— Maintenance Sutout
pu concept

Fig 2.1 Optimum maintenance concept

Fig 2.1 shows the ‘optimum’ maintenance concept presented in Pintelon (1999).
The efficiency of a concept is dependent upon the input. Ultimately all
maintenance concepts are dependent upon appropriate information being available
concerning equipment. To enable marine engineers to make educated informed
decisions concerning maintenance decisions, methods must be developed which

provide the marine engineer with information about unreliability, availability and

downtime.

2.4 Decision Making Methods

Decisions and decision making forms a basic part of all interactions with the
outside world. All people make a number of decisions everyday with little
structured thought or consideration for consequence. Often decisions that we
make as human beings are rationalised based on past experience. However there
are often situations where decisions have to be made based on no past experience
or prior knowledge. Decision making and particularly decision making in areas of
little or no previous experience has become a mathematical science (Figuera et al.
2005), (Saaty 2008). Theses decision problems often represent complex muiti
criteria situations (Anderson et al. 2003), ( Saaty 1980). The Analytical Hierarchy
Process (AHP) is an example of a process which aids decision making. AHP is

especially appropriate for complex decisions which involve the comparison of
decision criteria that are difficult to quantify (Pillay & Wang 2003). It breaks
down a decision problem using the following steps (Saaty 2008):

1. Define the problem and determine the kind of knowledge sought.
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2. Structure the decision hierarchy from the top with the goal of the decision,
then the objectives from a broad perspective, through the intermediate
levels (criteria on which the subsequent elements depend) to the lowest
level (which usually is a set of alternatives).

3. Construct a set of pairwise comparison matrices. Each element in an upper
level is used to compare the elements in the level immediately below with
respect to it.

4. Use the priorities obtained from the comparisons to weigh the prionties in
the level immediately below. Do this for every element. Then for each
element in the level below add its weighted values and obtain its overall or
global priority. Continue this process of weighting and adding until the

final priorities of the alternatives in the bottom most levels are obtained.

AHP has been applied in many areas, including the marine environment (Brown &
Haugene 1998), (Lirn et al. 2004), (Ugboma et al. 2006), risk and safety analysis
(Sii et al. 2001), (Sii & Wang 2003), transportation systems & policies (Arslan &
Khisty 2005), (Lambert et al. 2006), (Shang et al. 2004), (Berrittella et al. 2007),
military applications (Cheng 1997), (Cheng et al. 1999), conflict resolution (Saaty
2007), pipeline feasibility studies (Dey & Gupta 2001), education (Drake 1998),

(Grandzol 1998) and numerous others. Attempts have been made to create a

reference text as a source of various examples of structured decision making using

AHP (Saaty & Forman 1993), (Saaty & Ozdemir 2005).

2.5 Justification for the Research

The literature survey has shown that there are many maintenance techniques
available to marine engineers. CM has been shown to lead to high maintenance
related costs (Tsang 1995). As a result CM is not often seen in the modern ship’s
engine room. RCM could play a strong role in the marine industry, where
maintenance is carried out predominantly to preserve function and failure modes
are identified which can cause a system to fail. Mokashi et al. (2002) identify
some problems associated with the application of RCM. TPM is suggested as a
good facilitator of RCM. PM strategies implemented onboard the ship are often
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done so according to manufacturer’s recommended service and overhaul intervals.
Service and overhaul typically involves a system being taken offline completely,
dismantled and inspected. O-rings, bearings and other ‘consumables’, within the
piece of equipment are often replaced with no regard for condition. All the
maintenance techniques shown require application of the method before the effect
on the system can be ascertained. The optimum maintenance concept (Pinelton
1999) 1s introduced, in order for progress to be made toward the ideal more
information is needed. All of the maintenance concepts outlined and currently
available to marine engineers are not flexible and powerful enough to allow trial
runs of ‘what if’ scenarios. A MC model can be developed for any piece of
equipment, the main limitations being the ability of the analyst and the computer
power available. However the length of simulation run-time considered
appropriate is dependent upon each different situation and application. To a ship
design office a three day run-time may be considered acceptable if the information
obtained is of enough importance. Conversely if a model is needed to make real-
time decisions then this could be considered inappropriate. Research in the marine
industry is often impeded by a lack of data; MCM can be applied in such cases and

used to produce quantitative estimates of the effects of various

decisions/configurations on system reliability.

The use of MCM in the nuclear and chemical industry is widespread, some
examples of which are discussed in this chapter. The simulation of an entire
system, 1f conducted properly, offers a virtual model for engineers to work with.
This has obvious advantages, if the model truly reflects the behaviour of the real
system. Optimal maintenance scheduling can be decided upon by working with
the simulation. MCM is powerful enough to deal with numerous sources of data,
expert judgement and subjective data can be used to deal with any problems
relating to a lack of historical data. Furthermore the simulation program could be
linked to current failure databases, update itself as the system ages and more
accurately reflect the system as more information becomes available. The MCM
can 1n theory deal with any size of system. Despite all the advantages of this
method, well proven in other industries, the volume of work done with MCM in

the marine industry considering system analysis and system reliability is very
small.
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This thesis has addressed this problem by practically applying MCM to a complex

marine system. Chapter 5 implements MCM integrated with delay-time methods

to provide optimum inspection intervals based on minimising downtime.

AHP is a decision making method which is based on importance ranking of factors
that are intrinsic to the decision making problem. Past experience and the effect of
a decision in similar circumstance often have a bearing on future decisions. Saaty
(2008) states that there are two possible ways to learn about anything. The first is
to examine and study it in itself to the extent that it has various properties,
synthesise the findings and draw conclusions from such observations about it. The
second is to study that entity relative to other similar entities and relate it to them
by making comparisons. This work and the models presented address the later, by
modelling systems estimations of the systems various behaviours are made this are
then related to the real system via comparison. This is seen in many areas of the
marine industry, new ship designs are often, in the first instance, based on existing
designs which serve a similar purpose. Chief Engineers on board a vessel will
make decisions about system operation and maintenance often based on their
experience. The qualification system within the marine industry, concerning
ship’s officers, is based both on technical knowledge and time of service to allow
crew members to obtain the necessary experience. When making decisions
regarding systems of which we have limited past experience and no similar
systems exist, then the engineer faces a problem. Simulation can address this
problem as simulation models can be used to provide quantitative estimates of the
eftects of decisions in terms of unreliability, system downtime and cost. Chapter 6
gives a practical example of how this can be achieved. The complex system
presented in Chapter 4 is simulated and the effect of different staff levels on the
system downtime is assessed. The results presented in terms of system downtime

and costs suggest a staffing level which is sufficient to address maintenance tasks.
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Chapter 3 — Monte Carlo Methods

Summary

This chapter serves as an extension to the literature review and the basis of
MCM will be established. The theory presented forms the fundamental theoretical
basis of all the technical chapters presented hereafter. In order to facilitate the

demonstration of Monte Carlo Methods an example is presented consisting of

three components in parallel.

3.1 Introduction

In order to demonstrate the viability of Monte Carlo techniques in the marine
environment case studies must be carried out, with generic models which
demonstrate some of the information that the models can yield. Obviously there
are an infinite number of areas where the technique could be applied in the marine
environment. The studies undertaken will concentrate on main engine failure and
as such it is necessary to indicate all possible failures which could lead to this
undesired event. British shipbuilders research department published work
concerning the failure analysis of an entire ship, included was a fault tree analysis

of a main engine failure and has been used as a basis for the work. The fault tree

1s shown 1n fig 3.1.
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Fig 3.1 Fault tree analysis concerned with the failure of a ships main engine

(British Shipbuilders 1990)

It can be seen from the fault tree that failure of the sea water pumps would
certainly lead to a failure of the main engine. In light of this it was decided to
model the cooling system and perform a Monte Carlo analysis in attempt to
demonstrate the valuable contribution which the technique could have in the
marine industry. The first part of the chapter looks at cooling systems on board in
general so that a generic cooling system can be devised. Although the cooling
system used in the analysis is not case specific the generic nature of it is such that
it can be applied to most specific systems with minor modifications. The second
part of the chapter reviews the methodology essential to the Monte Carlo
techniques implemented. The final part will show the system which has been

analysed, the results, discussion and conclusions.

3.2 Engine Cooling Systems — Brief Overview

Diesel engines generate a great deal of heat, only one third of which is converted
to useful work (Calder 2007). The remaining two thirds must somehow be
released to the environment so that the engine temperatures do not become
dangerously high. Excessive temperatures can break down lubricating oils,
causing engine seizure or cracking of the cylinder head. Just under half the heat is
lost to the exhaust and just under half is lost to the cooling system while the rest of

the heat is lost in various ways such as radiation from engine surfaces.
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Cooling systems for the main engine on board a ship historically used saltwater.
However the cooling water in such systems acted as an electrolyte. In a cooling
water system many different metallic elements are used thus galvanic elements are
formed and galva<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>