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Summary

In this thesis an assessment has been carried out to discover whether reliability centred
maintenance (RCM) is an applicable method to construct a maintenance program for a specific
system on board a vessel within Wilhelmsen Ship Management’s (WSM) fleet. Constructing
efficient and appropriate maintenance programs for technical equipment on ships has become a
key concern in the maritime industry. This is a result of a growing concern towards
environmental and safety aspects, as well as an increased usage of capital intensive vessels,
giving large downtime costs if normal operation is interrupted (Rasmussen, 2003). Maintenance
programs connected to technical ship systems are commonly defined by recommendations from
manufacturers and classification societies (Mokashi et al., 2002).

Yet, it is not necessarily given that the recommended practices are outlined in an optimal manner
considering the equipment in its operating context (Linton, 2011, Wang et al., 2010). Henceforth,
the issue addressed within the present study is how the RCM practice can be employed as an
alternative approach, which is of relevance to create a maintenance program more on the
premises of the equipment. This has been achieved by analysing an engine and its auxiliary
systems installed on a vessel operated by WSM. These included the engine’s sea- and freshwater
cooling system, lubrication oil system and fuel system. The purpose has been to evaluate the
RCM applicability in a maritime context and discuss if the resulting maintenance program could
obtain an improved effect for a vessel’s operation compared to following the common trend in

traditional maritime maintenance.

The development of the analysis is based on the RCM perspective of Moubray (1997) and
criteria outlined in SAE International (1999). The technique provides advantages in handling
various equipment and focuses on maintaining the function of a system in a cost effective
manner (Selvik and Aven, 2011). The analysis was performed for the equipment through four
stages. This involved establishing function descriptions, functional failures, failure modes,
effects and criticality (FMECA) worksheets and proper maintenance tasks, focusing on each
listed failure mode. System explanations were also included to describe the equipment being

analysed. Criticality and risk evaluations were carried out in accordance with WSM’s outlined
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consequence parameters, frequencies and risk matrix. The majority of the data input was set
during an RCM workshop at WSM’s office. The first three stages founded the necessary basis to

determine the final maintenance program.

Applying the RCM process on the engine determined that the most critical failure modes
potentially leading to engine stop were failure of its auxiliary systems, disregarding any engine
component failure. The FMECA pointed out that the majority of failure modes at the lowest
causation level were considered to have low criticality. Failure modes obtaining the highest risk

indexes were:

e Closing valve failure and blackout of switchboards in the seawater cooling system
e Lack of chemical dosing in the freshwater cooling system
e Contaminated oil, filter failure and old oil in the lubrication oil system

e Wear/fatigue and assembly error for the purifier in the fuel oil system

The information gathered in the FMECA enabled tailoring the maintenance to handle each
evaluated failure mode, resulting in a program of both corrective and preventive actions. Further,
the results were structured to provide a framework for continuous improvement and update of the

maintenance program.

The results provided a thorough arrangement of equipment data applicable for legitimating the
choice of tasks in the maintenance program. Most of the evaluated failure modes received low
risk indexes, resulting in more corrective means than expected. This indicated that it could be
relevant for WSM to evaluate the vessel’s spare part program. The diversity of tasks in the
maintenance program corresponded well to the perception of RCM prioritising actions that

improve system reliability.

Due to limited time during the RCM workshop, the extent of equipment included in the analysis
had to be reduced from the initial plan. However, this illustrated one of the known drawbacks of
RCM, which is its extensive need for time and resources. From the analysis, it is clear that RCM
may very well suit a maritime context. Constructing a maintenance program by employing this
practice would provide beneficial results for a shipping company. Yet, the method is mainly
considered applicable to fit equipment that by function failure would be critical towards safety

and/or operation.
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Sammendrag

| denne oppgaven har det blitt undersgkt om paélitelighetsbasert vedlikehold (RCM) er en
anvendelig metode for & konstruere et vedlikeholdsprogram til et teknisk skipssystem pa et fartay
innen Wilhelmsen Ship Managements (WSM) flate. A konstruere effektive og hensiktsmessige
vedlikeholdsprogrammer for skipsteknisk utstyr har blitt viktig & ta i betraktning i den maritime
naeringen. Dette er et resultat av voksende interesse for miljg- og sikkerhetsaspekter, i tillegg til
en gkt bruk av kapitalintensive fartayer, som resulterer i store nedetidskostnader ved stopp i
normal operasjon (Rasmussen, 2003). Vedlikeholdsprogrammer knyttet til skipssystemer blir

ofte utformet basert pa anbefalinger fra leverandgrer og klasseselskap (Mokashi et al., 2002).

En usikkerhetsfaktor knyttet slike anbefalinger er at de ikke ngdvendigvis er formet pa et
optimalt vis med tanke pa hva som passer utstyret og dens operasjonelle kontekst (Linton, 2011,
Wang et al., 2010). Problemstillingen som derfor belyses i denne oppgaven er hvordan RCM
metoden kan benyttes som en alternativ tilnaerming, for & skape et vedlikeholdsprogram som er
utformet mer pa utstyrets premisser. Dette blir gjort ved & analysere en motor og dens
hjelpesystemer pa et skip som WSM opererer. Dette inkluderer motorens sjg- og
ferskvannskjglesystem, smareoljesystem og drivstoffsystem. Hensikten har vert a evaluere om
RCM er anvendbar i en maritim sammenheng og diskutere om det resulterende
vedlikeholdsprogrammet kunne ha en positiv pavirkning for et operasjonelt fartgy sammenliknet

med a fglge den vanlige trenden i tradisjonelt maritimt vedlikehold.

Utviklingen av analysen er basert pA RCM tilnarmingen til Moubray (1997) og kriteriene
definert i SAE International (1999). Metoden er tilpasningsdyktig til & benyttes pa ulike typer
utstyr og fokuserer pa a opprettholde funksjonen til et system pé en kostnadseffektiv mate
(Selvik og Aven, 2011). Analysen ble utfart gjennom hovedsakelig fire stadier. Dette innebar
etablering av funksjonsbeskrivelser, funksjonsfeil, utfere failure modes, effects and criticality
analyse (FMECA) og opprette passende vedlikeholdsoppgaver, med fokus pa oppfarte
feilarsaker. Utfyllende systemforklaringer er tatt med for a beskrive utstyret som blir analysert.
Kritikalitet- og risikovurderinger ble gjort i samsvar med WSMs egne konsekvensparametere og

risikomatrise. Mesteparten av det benyttede datagrunnlaget ble gitt under en RCM workshop pa
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WSMs kontor. De tre fgrste stadiene av analysen dannet den ngdvendige basisen for a kunne

utforme det endelige vedlikeholdsprogrammet.

Ved & anvende RCM prosessen til a analysere motoren ble det fastslatt at de mest kritiske
feilarsakene som kan fare til motorstopp var svikt i et av hjelpesystemene, sett bort i fra
motorkomponentsvikt. Resultater fra FMECAen papekte at de fleste feilarsakene pa nederste

niva var knyttet til lav kritikalitet. Feilarsaker som fikk de hgyeste risikoindeksene var:

e Svikt i lukkeventilen og blackout av tavler i sjgvannskjglesystemet
e Mangel pa kjemisk dosering i ferskvannskjglesystemet
e Forurenset olje, filtersvikt og gammel olje i smareoljesystemet

o Slitasje-/-tretthet og monteringsfeil for separatoren i drivstoffsystemet

Informasjonen som ble etablert i FMECA oppsettet gjorde det mulig a skreddersy vedlikeholdet
for & handtere hver feilmodus, noe som gav et program med bade korrigerende og forebyggende
vedlikeholdstiltak. Resultatene ble strukturert slik at de kan benyttes som et rammeverk for
kontinuerlig forbedring og for a holde vedlikeholdsprogrammet oppdatert.

Resultatene gjorde det mulig a etablere en gjennomfgrt mengde med utstyrsdata som kan
benyttes til & begrunne valget av tiltak i vedlikeholdsprogrammet. De fleste av de evaluerte
feilarsakene har fatt lave risikoindekser, noe som resulterer i flere korrigerende
vedlikeholdstiltak enn forventet. Dette indikerer at det kan veere relevant for WSM & vurdere
fartayets reservedelsprogram. Det ulike mangfoldet av tiltak i vedlikeholdsprogrammet
samsvarer godt med oppfatningen av RCM som farst og fremst fokuserer pa a prioritere tiltak

som forbedrer systemets palitelighet.

Pa grunn av begrenset tid under RCM workshopen matte omfanget og utstyrsmengden reduseres
i forhold til hva som var opprinnelig planlagt. Dette korresponderer med en kjent ulempe ved
RCM, knyttet til at det er en krevende prosess bade med tanke pa tid og ressurser. Analysen har
vist at RCM godt kan passe i en maritim sammenheng og et vedlikeholdsprogram konstruert ved
a benytte metoden vil kunne vere fordelaktig for et rederi. Likevel er metoden i hovedsak ansett

til & passe utstyr som ved funksjonssvikt vil vaere operasjons- og/eller sikkerhetskritisk.
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1 Introduction

1.1 Background and motivation

Wilhelmsen Ship Management (WSM) is one of the main providers of third party ship
management services in the world. By working as a third party, the company acts as an owner of
the vessel in the period of the charter. WSM directs operations, provides crew in addition to
paying operating and voyage costs. Maintenance work is an essential part of a vessel’s operation

and is consequently within the responsibility of WSM.

Outlining a vessel maintenance strategy that preserves reliable and safe operation is of great
interest to third party companies, ship owners and the society. There are numerous motives for
this conclusion. An evident reason is that accidents connected to maritime activity could result in
large, harmful impacts towards people and the environment. From another perspective, an
appropriate maintenance strategy helps in avoiding a vessel’s downtime and off-hire, which is
correlated with negative factors, such as large costs and undesirable publicity. Thus, considering
these aspects it is obvious that establishing an appropriate maintenance strategy should be a key
objective for a maritime company as WSM.

However, it is not necessarily straightforward to define and plan a vessel’s maintenance tactic.
The rapid growth of complex systems on maritime vessels, combined with comprehensive
system interoperability requirements makes it challenging, but necessary to create a plan that is
both thorough and effective. Essential elements in constructing a maintenance strategy are the
development of a maintenance program, including planning and completing maintenance actions.
Traditional maintenance programs connected to a ship’s technical systems are often a result of
recommendations from manufacturers, legislation and classification societies (Mokashi et al.,
2002). Class approval of machinery and propulsion components are commonly based on
inspection and condition monitoring performed after specific operating hours. Knowing that the
manufacturer has obligations in case of claims, the shipping companies typically follow the

recommended practices in terms of inspections and operating hours without further questions.
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Yet, using a more analytical approach would facilitate a reduction in unnecessary maintenance

work and better tailor the maintenance plan to its context.

Most knowledge connected to methods of achieving an optimal maintenance strategy originates
from experiences in land-based industry (Murthy and Kobbacy, 2008). Consequently,
transferring results and suitable maintenance methods into a maritime context cannot be done
scrupulously as there are clear differences in operating onshore and at sea. MainTech AS has
extensive experience from a variety of industries in facilitation of operation, maintenance and
inspection. A maintenance method that the company has utilized to achieve successful
maintenance programs is reliability centred maintenance (RCM). This is supported by several
maintenance experts (Rausand, 1998, Rasmussen, 2003, Moubray, 1997). The methodology
combines operational and technical data with information based on employees’ experience. This
creates a program that prioritises maintenance needs and concentrate resources on those tasks
that promote system reliability. Consequently, this method may be an adequate approach as an

alternative to the traditional maritime maintenance mind-set.
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1.2 Objectives

The thesis aims to examine if the RCM practice can be utilized to achieve a successful

maintenance program in a maritime context. The maintenance program intends to be an

applicable element in a maintenance strategy at a higher level aiming for continuous

improvement. Compared to traditional maritime maintenance, methods such as the RCM

procedure could have an improved effect towards operational availability, safety, costs and

reputation.

The main objectives of this thesis were:

1.

Present the traditional maintenance practice that is common in the shipping industry,
including challenges and areas suited for improvements

Describe the RCM method, what the essential steps of the process are, positive and
negative aspects

Perform an RCM analysis on a machinery system for a ship operated by WSM, including
illustrations and descriptions of relevant systems and equipment

Based on the results from the RCM procedure, establish an applicable maintenance
program that suits the system under consideration and systematically facilitates execution
and planning of maintenance tasks

Discuss whether the analysis results support that the RCM procedure suits a maritime

context

3]



1.3 Scope and limitations

The scope of this thesis is to exemplify the practice of RCM by analysing an engine on board one
of WSM’s operating vessels. Further, the assessed functional failure is shutdown of the engine
due to failure of auxiliary systems. The evaluated auxiliary systems connected to the engine are
the lubrication oil system, fuel oil system, seawater- and freshwater cooling systems. System
illustrations corresponding to the vessel’s arrangement along with a thorough description of the
components included for each system is outlined. Additionally, in accordance with the RCM
process, functional statements, identification of functional failures, failure modes and effects
analysis (FMECA) worksheets and a final maintenance program for each auxiliary system are

presented.

The RCM analysis focuses on failure modes that may cause engine stop and utilizes a decision
tree procedure to outline suitable maintenance tasks for the final strategy. The included
maintenance tasks are both preventive and corrective means. To facilitate proper communication,
the resulting maintenance program is created in a manner that suits both the maintenance
management planning the tasks and the personnel executing them. The RCM process and
established maintenance program are utilized as basis to evaluate the applicability of the method

in a maritime context.
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1.4 Structure of report

The work of the thesis is mainly completed in four main steps; initial literature review,
descriptions of the RCM method, RCM analysis of specific machinery equipment that constructs

a maintenance program and evaluation of the results from the analysis.

Chapter 2 covers the literature review, discussing different aspects of maintenance, including
demonstrating why maintenance is a key concern for companies, also in the maritime industry.
Chapter 3 provides a proper description of the method utilized in the thesis, RCM. This involves
all necessary steps and how information was gathered. Chapter 4 explains the systems and

equipment that are analysed, by proper descriptions and illustrations.

Chapter 5 presents the results of the RCM analysis, including FMECA worksheets and a
resulting maintenance program. Chapter 6 contains discussions and evaluations of the analysis

results.

Chapter 7 presents the obtained conclusion and chapter 8 offers recommendations to WSM and

comments for further work.

Appendix A provides the original problem description outlined in collaboration with the

supervisor and cooperating companies.
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2 The relevance of maintenance

In today’s society there exist a fundamental expectation that businesses and organizations
function in a reliable and efficient manner. A tendency to increase the pressure towards running
operations with little to no downtime can be found in many sectors such as transportation,
communication and manufacturing (Murthy and Kobbacy, 2008). Additionally, industries
typically develop in a direction with continuous growth of the technical complexity level for
important systems and arrangements (de Boer et al., 1997). To provide safe and well-functioning
operation that meets requirements from both the society and regulatory authorities there has to

exist a maintenance philosophy in the relevant organisation.

The general opinion of maintenance has changed greatly from a historical point of view. During
the last century, the perception of maintenance has transformed from being a costly, unavoidable
part of the production or operation, to more of a strategic choice. Most sectors seem to recognise
that maintenance might contribute to beneficial results, thus making it highly relevant to
implement as a key concern in the business (Alhouli et al., 2011). Nowadays, it is largely
accepted that maintenance significantly affect environmental issues, safe operation, availability
and energy economic factors (Rasmussen, 2003). However, maintenance is a wide field of study,

and to achieve beneficial results necessitates constructing a proper maintenance strategy.
2.1 Constructing a maintenance strategy

Since the perception of maintenance has changed in a positive direction during the last decades,
the connected field of study has also developed greatly. As a result, an increase of scientific
research and theories concerning maintenance has successfully evolved. Yet, there exists
potential for improvement in the use of terminological expressions. Maintenance terms are being
used interchangeably, often causing confusion as the intended meaning of the expression is
unclear. The following section shortly explains some of the key maintenance terms mentioned
throughout the thesis. The last section includes a description of what the suggested structure of a
maintenance strategy could be. Mainly, the thesis uses the terminology defined by Standard
Norge (2010).
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2.1.1 Explanation of relevant maintenance terms

In general, maintenance is connected to all actions that aim to restore or retain an item’s
condition so that it can perform a required function. The activities can be a combination of
technical, administrative and managerial approaches, which is performed throughout the item’s
lifecycle. In this setting an item can be a part, component, subsystem, functional unit or system
that can be individually described and considered (Standard Norge, 2010). Maintenance
objectives correspond to the assigned target for maintenance actions, e.g. cost reduction,
increased availability, safety etc. Determination of maintenance objectives, responsibilities and
implementation of planning, controlling and improving maintenance activities are performed by

the maintenance management.

The maintenance plan outlined by the management should be structured and include documents
explaining the activities, procedures, resources and time scale required to carry out the
maintenance work. Altogether, the management method utilized to achieve maintenance
objectives is the maintenance strategy. l.e. the strategy more or less gathers all areas of
responsibility within an organisation’s maintenance work, including planning, managing and
executing the maintenance activities. Establishing a proper maintenance strategy is challenging,
requiring a clear and unambiguous structure. An approach suitable for managements of various

sorts is suggested below.
2.1.2 Maintenance strategy model

The maintenance strategy should aim to reduce and/or exclude the chance of equipment and
system failure that may lead to undesired consequences. In other words, clarifying a proper
strategy for maintenance is an essential step towards creating a basis for safely operating
complex systems in a way that ensures effectiveness, reliability and as little downtime as

possible.

An applicable structure of a proper maintenance strategy is illustrated in Figure 1. This is a
management model developed by the Norwegian Petroleum Directorate (NPD) through a
maintenance strategy study performed in 1998. It also corresponds well with the maintenance
strategy model outlined in the NORSOK Standard z-008 (2011). The model systematically

shows a maintenance strategy loop that contains the elements necessary to obtain an
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organisation’s maintenance objectives and goals. In other words, after the objectives are outlined

the means of how to achieve them are defined in the maintenance strategy loop.

Firstly, performance standards and accept criteria are defined. A next step is to create a
maintenance program suited for the systems under consideration. The next elements are related
to planning and execution of maintenance activities. Furthermore, the last steps contain processes
that facilitate continuous improvement of the maintenance strategy, i.e. reporting, analyses and
improvements. These are essential elements necessary to ensure that the maintenance strategy is
efficient and applicable as time passes. This reveals the dynamic nature of a maintenance
strategy, i.e. it highly depends on feedback and updates to obtain best results.

Maintenance strategy loop

Resources
Objectiv Performarnce Maintenance People
JECUVES % standards and > Planning
and goals . program
= accept criteria =
$ e N y Documentation
Improvements Administration Execution —>
and supervision Supporting
A v systems
Analyse 4 I?pgéhng
eechac Spare parts
Result
Risk level Availability

Figure 1. Maintenance strategy corresponding to the management model proposed by Norwegian
Petroleum Directorate (1998).
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Processes in the loop are made possible by resource input, such as people, documentation,
supporting systems and spare parts. Every element in the loop may consist of several smaller
progressions, resulting in an own specific output. Here, the general results are connected to risk
level and availability. Yet, there may be different/additional results, mainly depending on which
objectives being defined from the beginning. Added in the middle of the loop is administration
and supervision. Firstly, these are parties responsible of leading and structuring the maintenance
management. To ensure that every element in the maintenance loop is fulfilled, the
administration must control its development. Typically, this requires supervision, but it is also
possible to accomplish through encouragement and support. The latter is important to ensure that
all relevant personnel understand the value of planned maintenance activities and are motivated
to implement them. The maintenance strategy loop shows that managing maintenance is
generally a learning process requiring an apparent administration that facilitates continuous

enhancement.

The main concern further is mainly related to one of the elements in the maintenance strategy
loop. Aspects of creating a maintenance program are discussed in the succeeding sections.
NORSOK Standard z-008 (2011) refers to a maintenance program as a structure that includes
maintenance intervals as well as written procedures for maintaining, testing and handling
relevant components. Reliability centred maintenance (RCM) is one of several applicable
methods to use for such intentions. One of the advantages of RCM is its ability to create a
learning process where personnel from different backgrounds cooperate to achieve increased
knowledge of operating equipment. This knowledge directly affects the maintenance program,
which may be updated if necessary. Henceforth, the technique suits a dynamic maintenance
strategy and can greatly help in attaining continuous improvement within maintenance

management.

The method is widely exercised in land-based industry, but not in a similar extent within the
maritime industry. The latter is an industry permeated with traditional perceptions of
maintenance, thus having potential of constructing improved maintenance programs. However,
several operating factors connected to maritime activity are non-existing for land-based
industries. As a result, creating a suitable maintenance program may be more complex and

challenging compared to onshore businesses.
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2.2 Maintenance in the shipping industry

The maritime sector is an international industry and dominates global trading. Ships carry about
90% of all goods worldwide, and is the main transportation sector of the world (Bouwer Utne
and Rasmussen, 2012). The global population is expected to continue its growth, signifying that
maritime transport will remain as a major contributor for the international trade in the future.
Increased focus on environmental friendly solutions, sustainable operation and improved safety
has led to stricter regulations from the International Maritime Organization (IMO) and several
class societies. Which regulations a vessel must comply with depend on class notation and the
respective flag state (Wang et al., 2010). A central international directive is the international
safety management (ISM) code. This is a global standard for safe maritime operation, by which a
majority of the merchant fleet follows (Turan et al., 2011). It states several clear requirements to

safety management systems and maintenance activities.

As discussed in the previous chapter, the pressure to avoid downtime is a common trend in
several sectors. This is especially noticeable in the maritime industry, where the use of capital
intensive installations and vessels leads to large downtime costs if normal operation is
interrupted (Rasmussen, 2003). Consequently, containing a high level of operation reliability and
safety at all times are essential objectives for maritime companies. In this context, executing
appropriate maintenance is crucial to achieve such goals. Traditional maintenance procedures are
often a result of recommendations from manufacturers, legislation and company standards
(Mokashi et al., 2002). Maintenance models and data might also be utilized, although typically to
a less degree (Rausand, 1998).

A common trend in maritime maintenance is addressed by Alhouli et al. (2011). After
interviewing three major shipping companies, they all pointed out that a central factor
influencing the maintenance program is what the manufacturer recommends. This is an available
and reasonably trustworthy source to gather important information related to handling and
maintaining equipment. It is also important to follow their instructions during the guarantee
period. Not following the recommendations could remove the supplier from any obligations in

case of a claim.
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However, the manufacturers may have own motives for presenting their instructions. Fear of
product liability claims may influence the recommended maintenance activities in a too
conservative direction related to maintenance intervals and equipment interaction. This could
lead to maintenance being performed too frequent, which is a waste of resources and
inappropriate for the equipment. Linton (2011) demonstrates this aspect through experience from
the US Coast Guard’s fleet. Here, laboratory tests of a ship’s engine were conducted. As a result,
it was revealed that too excessive maintenance was recommended from the manufacturer. Yet,
the manufacturer did not want to extend the maintenance intervals. As the Coast Guard was

reluctant to ignore possible warrantee claims, the negotiation with the manufacturer stagnated.

Additionally, manufacturers might not receive much feedback from customers after the
guarantee period is over. Therefore, guidelines are not necessarily based on experience data
gathered over a period. As a result, it is plausible to assume that shipping companies may obtain
profitable outcomes by optimizing their own maintenance strategy, merely basing it on the
company’s motives and experience. Wang et al. (2010) points this out as an improved solution
compared to blindly complying with manufacturer’s recommendations. The authors claim that
manufacturers often lack of understanding the working environment. Consequently, the
maintenance may not be adequate for the equipment in its operating context.

Economic aspects must be considered when attaining a suitable maintenance program. For
instance, it is essential to evaluate how maintenance actions could lead to profitable results,
versus the actual costs of implementing them. Improving the maintenance activities to be
economically efficient and provide an appropriate safety level are therefore main concerns when
constructing a maintenance program. Such improvement may be connected to spare part
planning, costs of executing maintenance, reducing downtime costs, packing the maintenance
actions in an efficient manner, etc. (Norden et al., 2013). Henceforth, there exist many
possibilities in reducing operational costs if the maintenance program is optimized for its

context.

Specifically for shipping companies there is an explicit advantage in creating a systematic and
well-documented maintenance program. This is related to costs and procedures of a vessel’s
periodic class surveys. Several central classification societies, e.g. DNV GL and Lloyd’s

Register, have constructed specific class notations for vessels that operate with preventive
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means, such as utilizing condition monitoring maintenance (DNV, 2008, Lloyd's Register, 2013).
The class notations are typically connected to vital equipment, for instance machinery and
propulsion parts. The concepts of condition monitoring are thoroughly described in section 3.5.1.
Yet, the essential point of condition monitoring is that such maintenance tasks involves working
in a predictive manner, routinely measuring the equipment condition to help decide if there

might be need for further maintenance interactions (Rasmussen, 2003).

Economically, obtaining such class notations may become very beneficial for the vessel
operation. Mainly, this is because the class societies reward proactive maintenance approaches
by adjusting their class survey procedures towards a flexible direction. As an example,
Kndédlseder (2015) explains how DNV GL has created such options. The class society has
mainly four arrangements for surveys of machinery parts: renewal, continuous, planned
maintenance system and condition monitoring. Vessels classified for renewal and continuous
surveys require less comprehensive maintenance programs, but necessitate proper surveys every
five years. This reduces the flexibility of the vessel as the survey includes opening up equipment
and/or function test every machinery component, hence causing extensive downtime. Moreover,
it is a costly process and increases the risk of assembly errors when equipment parts are
interfered with.

The two latter arrangements for surveys; planned maintenance system and condition monitoring
are more proactive alternatives that provide increased flexibility for the vessel. These surveys
have yearly audits, but do not require opening up any equipment. The procedures focus on
reviewing the situation on board and checking that the maintenance information corresponds to
the machinery component’s real condition. Henceforth, these surveys offer clear advantages such
as less downtime and reducing potentially harmful interaction with the equipment. As a result,
there is potential for maintenance costs being reduced, especially in a long-term perspective.
Additionally, it is plausible that the equipment’s reliability is improved compared to using the

first class notations.

However, obtaining the proactive notations requires an extensive maintenance program that is
developed by including crew, management and if relevant, third party managements
(Knodlseder, 2015). Implementing procedures of the maintenance program on board must be

done to reflect the real condition of the equipment in a best possible manner. Thus, constructing
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appropriate maintenance programs for this context necessitates the use of both time and
resources. Despite clear advantages in using proactive alternatives, it is a truism that the
traditional maritime approach is to perform extensive class surveys every five years. This can be
seen in Figure 2, showing DNV GL’s distribution of machinery survey arrangements within their

legacy fleet.

1 %
B Machinery Renewal

B Machinery PMS
Machinery CM

B Machinery
Continuous

Figure 2. Distribution of machinery survey arrangements in accordance with DNV GL's legacy fleet
(Knodlseder, 2015).

On the other hand, Algelin (2010) has gathered information related to which maintenance
management techniques various Swedish shipping companies choose to utilize. Interviews with
ten ship owners established statistics of which methods that their companies commonly used.
The ones interviewed represented companies of large to medium size, in summary controlling
177 ships. Most of the shipping companies claimed that they were using a preventive planned
maintenance strategy based on the operating hours of the equipment and general experience.
Henceforth, one can reasonably assume that many shipping companies have proactive tactics in

their business and it does exists a willingness to improve their maintenance procedures.
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2.3 Wilhelmsen Ship Management (WSM)

Wilhelmsen Ship Management (WSM) is a shipping company that frequently encounter
challenges towards obtaining an efficient and applicable maintenance program as well as
strategy. The company provides third-party ship management services to an extensive range of
vessel segments on a global level. Their ship management services include technical
management, crew management and training, dry-docking services, new building supervision,
technical consultancy, amongst others. Wilhelmsen Ship Management (WSM) is a department
within Wilhelmsen Maritime Services, which is a Wilh. Wilhelmsen group company.
Wilhelmsen Maritime Services includes WSM’s ship management services along with port
services, logistics, marine equipment and products to offer efficient solutions to the global
maritime industry (Wilhelmsen Ship Management, n.d.-a). By working as a third party, the
company acts as an owner of the vessel in the period of the charter. As maintenance work is an
essential part of a vessel’s operation, it is within WSM’s areas of responsibility to supervise and

organise the activities.

WSM states that their vision is to “..be the shaper of the ship management industry”
(Wilhelmsen Ship Management, n.d.-b). Further, a mission is to deliver products and services

which significantly improve customers’ operational efficiency.

Wilhelmsen Ship Management operates the vessel that is studied further in the thesis. The
company is in charge of managing the ship, including planning maintenance actions and

strategies. After requisitions from the vessel owner, the ship is kept unnamed.
2.3.1 Maintenance requirements from the ISM code

WSM operates vessels in accordance to the ISM code along with 1SO 9001:2000 and ISO
14001:2004 (Wilhelmsen Ship Management, n.d.-a). Chapter ten of the ISM code specifies
maintenance requirements by which the company must follow. In general, it is stated that the
company ought to form procedures that ensure maintenance activities in accordance with
relevant rules and regulations. More specifically, to meet requirements WSM should ensure that
(IMO, 2002):
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10.2 inspections are held at appropriate intervals;
any non-conformity is reported, with its possible cause, if known;

appropriate corrective action is taken; and

N w N e

records of these activities are maintained.

Furthermore, the ISM chapter clarifies that the company must have procedures of identifying
which equipment and technical systems that could result in hazardous situations if failure would
occur. These actions must be included in the company’s safety management system, which
additionally should provide specific measures of how to improve the reliability of such critical
items. These measures should also include equipment that is not in continuous use, e.g. testing of
stand-by arrangements. Finally, all procedures should be integrated into the ship’s operational
maintenance routine (IMO, 2002). ISO 9001:2000 and 1SO 14001:2004 are not directly
connected to maintenance regulations, but with requirements to quality and environmental

management systems respectively. Consequently, these standards are not discussed further.
2.3.2 WSM’s maintenance guidelines and procedures

WSM has outlined internal procedures in a maintenance manual corresponding to requirements
defined in chapter ten of the ISM code. To structure their maintenance work, the company uses a
software program named BASSnet. The program systematically categorises the vessel’s
equipment by SFI Coding. This is an international standard that classifies components in

maritime systems (Xantic, 2001).

WSM’s maintenance manual contains guidelines towards how the maintenance should be
organised related to planning, responsibility and execution. Stated objectives are to ensure
(Wilhelmsen Ship Management, 2013):

e Proper upkeep of the ship’s structure and equipment

e Timely and safe execution of maintenance activities

e Reduced repair costs and downtime

e Extended machinery life due to a systematically planned preventive maintenance routine

e Effective inventory management
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On board the vessel, supervision and coordination of maintenance procedures is the master’s
responsibility. Under the master’s authority, there is a chief engineer, second engineer and chief
officer. They all have their own responsibilities related to planning repair programmes and keep
the master updated about the condition of the vessel. The chief engineer is responsible for the
machinery maintenance and the chief officer has responsibilities towards the deck maintenance

programme.

On all vessels, WSM states that a planned maintenance committee (PMC) is established. A
committee comprises of the master as chairperson and members are typically the chief engineer,
chief officer, second engineer and electrical officer. Other relevant staff may also be included if
necessary. On a quarterly basis, the committee should inspect all areas of the vessel to construct
a list of necessary maintenance activities during that period. If some planned maintenance needs
external workers, e.g. activities that the crew on board cannot perform, then these should be
listed and forwarded to the company. The PMC should meet weekly to plan the forthcoming
week. The planning is required to be a documented process. The PMC records must be made

available to the attending vessel manager and class surveyor upon request.

Certain factors are taken into consideration when planning the maintenance actions. Most
importantly, WSM strictly follows the manufacturer’s recommended schedule. Other important
factors also influence priority decisions. Such factors can be the criticality of equipment in terms
of safety and environmental protection, the amount of available time and available spare parts.
Additionally, to save time and resources it is advantageous if new maintenance activities are

planned around scheduled class/maintenance surveys.

Except from manufacturer recommendations, WSM sporadically uses condition monitoring and
previous experience as input in the planning process. However, condition monitoring is not
utilized for all vessels in the fleet, by which other preventive solutions are common as an
alternative. Condition monitoring is thoroughly explained in chapter 3.5.1. The maintenance
planning should also consider previous maintenance records and if suitable, change the
maintenance plan according to those. However, the vessel manager or class society must approve

the changes before implementation.
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Operating vessels that are constantly on the move and often in remote places, can make it
challenging to offer available onshore maintenance operators if needed. Failure of a specific item
or system may not be possible to repair straightaway, which can be disastrous in some situations.
Henceforth, WSM requires that the vessels have listed their critical systems and equipment. This
provides a record of vessel equipment that by failure could lead to an ongoing or immediate
hazardous situation towards the personnel, ship or environment. The identification of critical
items should include directions for their inspection, testing, maintenance and spare part stock

availability.

The record of critical items should be delivered and approved by the vessel manager in charge.
The PMC should be aware of critical equipment, enabling that it is strictly inspected and given a
minimum spare part inventory to be maintained. Thereby, the shipboard management should
execute the identification process. The PMC along with the vessel crew prepares and executes
maintenance plans to ensure the functional reliability of these systems. To identify the items, a
few questions related to risk evaluation should be considered (Wilhelmsen Ship Management,
2013):

What is the function of this item?
How can it fail?

What could cause it to fail?
What happens if it fails?

Does it matter if it fails?

o o~ w b E

If the item is on the critical list, identify what components can cause it to fail, based on
experience, probability, usage and stress, and then ask if anything can be done to predict
or prevent failure?

7. What should be done if failure cannot be predicted or prevented?

Such risk evaluation of equipment is greatly connected to the process of reliability centred

maintenance, which is discussed in subsequent sections.

The PMC under the master’s authority has the responsibility to supervise that the planned
maintenance is done in a correct, efficient and punctual manner. Keeping in mind the importance

of costs, quality, safety and environmental requirements should also be evident to the crew
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executing maintenance. Critical equipment is only maintained by licensed officers. The chief
officer organises the maintenance of the hull, deck and lifesaving appliances. Maintenance in the
machinery is delegated to engineer officers by the chief engineer. Both chiefs are responsible of
keeping the maintenance records for their systems in order. Managing the spare parts is allocated
between the master, chiefs and officers. Mandatory spares needed on board the vessel are
outlined by the class society, making the crew on board responsible for the appropriate care and

record of such equipment.

Henceforth, WSM has a structured framework for managing maintenance activities. Yet, the
approach lacks definitions connected to how the organisation plans to meet their objectives. The
personnel in charge of different tasks are clearly stated, as well as how often the on board
maintenance planning is executed. However, it may seem like there is a lack in long-term
planning of maintenance work and an overall maintenance strategy. Furthermore, it is evident
that the quality of maintenance greatly depends on the competence of the on board crew.
Systematically gathering their information is valuable for containing a maintenance strategy with
updated records. It is also apparent that their maintenance program depends on the reporting
procedures from the on-board crew. For WSM to supervise and administrate the maintenance
program on board a vessel, the communication between the vessel and onshore personnel must
be somewhat unrestrained. In order to identify whether a more analytical maintenance approach
could be appropriate for the company, a maintenance method well known from land-based

industries is applied on a machinery system on one of WSM’s vessels.
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3 Method - Reliability Centred Maintenance (RCM)

3.1 The procedure of RCM

“Reliability Centred Maintenance; a process used to determine what must be done to ensure that

any physical asset continues to do what its users want it to do in its present operating text.”

(Moubray, 1997, p. 7)

Reliability centred maintenance (RCM) is a method that provides guidelines of how to create a
maintenance program applicable for various types of equipment and systems. RCM should result
in a program that prioritises maintenance needs and concentrate resources on those tasks that
promote system reliability. The method also provides results that facilitate maintenance planning
and execution as well as further maintenance analyses. It is a technique originated within the
aircraft sector and later successfully adapted to several other industries (Murthy and Kobbacy,
2008). Main principles of the methodology can be summarized by four features (Mokashi et al.,
2002):

1. Preserving functions

2. ldentify failure modes that can defeat desired functions
3. Prioritise function need (using failure modes)
4

Selecting only applicable and effective tasks

RCM focuses on maintaining the function of a system in a cost effective manner that meets both
internal and external requirements (Selvik and Aven, 2011). Such requirements could be the
company’s own maintenance goals and objectives as well as regulatory aspects from

classification societies, flag states etc.

When creating a maintenance strategy by the use of this approach, one may combine operational
and technical data with information based on employees’ experience (Bai, 2003). Working
through the RCM procedure creates a platform for employees at all levels, sharing knowledge
and attaining a renewed awareness about the equipment. The method may progress as a learning

process that reveals maintenance issues not considered before. Therefore, RCM may be an
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applicable framework for systemising operational experience. As a result comes a proper
understanding of the equipment’s behaviour and background, making it possible to tailor the

maintenance strategy to the appropriate context.
3.1.1 Seven questions

The RCM procedure utilized further in the paper involves asking seven fundamental questions
about the asset under review. Answers to these questions form a suitable basis to construct an
optimized maintenance program. The equipment overall should become more reliable as a direct

effect. The basic questions goes as follows (Moubray, 1997):

1. What are the functions and associated performance standards of the equipment in its
present operating context (functions)?

In what ways can it fail to fulfil its functions (functional failures)?

What is the cause of each functional failure (failure mode)?

What happens when each failure occurs (failure effects)?

In what way does each failure matter (consequences)?

What can be done to prevent each failure (proactive tasks and tasks interval)?

N oo gk~ wDn

What should be done if a suitable preventive task cannot be found (default actions)?

Analysing an item by utilizing the RCM process should then establish comprehensive answers to

each question.
3.1.2 Choosing stages of the RCM process

The global perception of what an RCM process should achieve is generally analogous. Even so,
there exist various theories of how the procedure should be performed to attain desired results.
Namely, as the methodology of RCM has developed, a variety of theories concerning the

method’s structure has evolved simultaneously.

There exist various alternatives for RCM processes. For instance, Rausand (1998) describes
twelve steps. To start with, establishing which components that are critical in the relevant
context. Performing this screening process ensures that non-essential components are excluded
further in the analysis, saving vital time and resources. Mokashi et al. (2002) suggests analysing

the ten most cost-exhaustive components or safety significant items.
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Both of these approaches differ from the procedures discussed in the succeeding sections. The
RCM steps outlined further are based on the view of Moubray (1997) and two standards defined
by Society of Automotive Engineers (SAE), SAE JA1011 (SAE International, 1999) and SAE
JA1012 (SAE International, 2002). As the popularity of using RCM has increased over the past
years, there has developed an emerging demand towards creating an international standard of
minimum criteria for an RCM process. SAE JA1011 is a standard that clarifies such criteria,
setting out minimum principles that any process must comply with in order to be classified as
RCM. The SAE JA1012 standard is utilized as a guideline towards the terms and key concepts
utilized in SAE JA1011. Process descriptions and the terminology defined in the standards are
unambiguous and well explained, creating a detailed procedure that is adjustable for several

industries.

Following these standards in addition to Moubray (1997), the RCM stages progresses in
compliance with the questions outlined in section 3.1.1. This includes working through each
point, creating a systematic overview of the unanswered aspects within each of the seven
question. As a result, more components are included from the beginning. Some may argue that
this leads to unreasonable amount of work, raising questions whether all accomplished results are
valuable information or not. However, excluding components early in the process could possibly
hinder revealing weak and maintenance relevant components at a subsequent time in the
analysis. Due to such different perspectives, one must consider which approach that may suit the
specific situation and early in the process evaluate the amount of equipment necessary to

analyse.

A proper description of each stage in the RCM practice is presented in the following chapters.
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3.2 Functions

The first step of the RCM analysis is to establish a proper function description of the equipment
under evaluation. SAE International (1999) suggests that four key concepts are covered in a

functional description:

e Functional statements
e Performance standards
e Operating context

e Primary and secondary functions

Functional statements for the different items must be formulated in a manner that covers all
relevant descriptive parameters, e.g. speed, output or product quality. One way of formulating
the statements is by using an object, a verb and a desired performance standard. E.g., a specific
water pump (object) should pump water (verb) by 10 I/min (performance standard). Classifying
the functions in this manner makes it possible to cover several items in an intuitive manner. In

addition, it is easier to discover potential deviations in expected output during normal operation.

Ideally, the performance standard consists of an upper and lower level of acceptance, i.e. creating
an interval of permitted behaviour. This is helpful when addressing the failure states in the next
step, as it is possible to have both complete and partial failure of equipment. The performance of
an item can be divided into desired performance and built-in capacity. To establish suitable
maintenance it helps to distinguish between the two concepts, i.e. what the item can do (built-in
capacity) and what the users want it to do (desired performance). The built-in capacity should

evidently be higher than the desired performance, otherwise the item is not maintainable.

ABS (2003) recommends creating a functional hierarchy that includes the functional groups with
the main systems and subsystems at different levels. As a comment, systems categorized by
classification codes, such as the SFI code, simplify the process of creating a functional hierarchy.
This is due to how the SFI code is constructed to follow the same logic as a functional hierarchy.
The hierarchy helps visualize a system’s functional structure and identifies smaller subsystem
packages for application in the succeeding steps. In a machinery system, characteristic

subsystems might include components associated with pumping, heating, cooling, purifying,
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lubricating, regulating and monitoring. Figure 3 illustrates an extract of how a functional

hierarchy can be constructed for a ship’s seawater cooling system.

Seawater cooling
system
1 1 | 1 1
1 | 1 1 1
Cooling Cooling Cooling Cooling
lube oil fuel oil freshwater charge air

Figure 3. Excerpt of a functional hierarchy connected to the seawater cooling system.

Furthermore, the function description should include each relevant item and a clarification of
what its users expect it to do in its specified operating context. Clarifying the context is of high
relevance as this affects functions and performance expectations as well as the nature of the
failure modes that may occur. Different factors are to be included when considering an item’s

operational context. Examples may be location, process intensity, redundancy and spare parts.

Particularly in the maritime industry, the context is an important and challenging topic.
Compared to how the method is used in land-based industry, the operating context is one of the
main concerns when utilizing RCM on ship systems. Vessels are constantly on the move,
operating at different locations worldwide. This affects the ship systems, e.g. due to changing
environmental conditions. For instance, a vessel’s cooling systems greatly depend on seawater
flow and temperature. If a vessel is operating in the North Sea one month and continuing in the
South China Sea the next, seawater content and temperature change as the ship travels to its new
location. This may affect the function and load of system parts, like pumps and pipework. Other
changing parameters can be larger waves, currents, humidity and temperatures. In land-based
industry, such changes for the operating context are not typical. This makes it easier to create a

generic maintenance plan that can be transferred to similar systems and facilities.
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Most types of equipment have more than one function. Consequently, it is necessary to identify
the ones being relevant for the maintenance plan under development. Generally, it is typical to

divide functions into two main categories, primary and secondary functions.

Primary function:
Safely transporting passengers and crew from port to port

x4 Secondary functions:
1. Transport goods and merchandise securely
2. Sailing non-stop with high reliability
3. Providing a comfortable trip for the
passengers

A A

0O 00 0O 0 0O O

Figure 4. Primary and secondary functions connected to a passenger ferry.

Primary functions are the main reasons for why the item is acquired in the first place. Figure 4
shows an example of the primary and secondary functions for a passenger ferry. The ferry’s
primary function is to carry passengers and crew safely from port to port. On component level,
primary functions are usually relatively easy to recognise. For instance, an item’s name is likely

to be based on its primary functions.

Secondary functions are those expected of the item additionally to its primary functions. These
functions may not be as obvious to discover as the primary ones. Listing the secondary functions
can create an extensive list, making it important to evaluate which ones being relevant to take
further in the analysis. For instance, the passenger ferry illustrated in Figure 4 is likely to have
supplementary secondary functions than those listed. Primary functions may very well be
depending on secondary functions. Thus, cascading effects of secondary function failure could
be severe. Consequently, the consequences following failure of a secondary function must not be
underestimated. To evaluate such consequences, it is necessary to study potential functional

failures.
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3.3 Functional Failures

After establishing what the intended purposes of the equipment are, one must look into the
situations where it may fail to fulfil these. Standard Norge (2010) defines failure as “termination
of the ability of an item to perform a required function”. Here, it is important to distinguish
between the failure state, being the functional failure and the events that made the failure occur,
i.e. the failure modes. RCM experts frequently interchange the terms failure mode and functional
failure. Murthy and Kobbacy (2008) refer to failure modes as how items may fail to fulfil its
purpose, i.e. as functional failures. However, Moubray (1997) refers to failure modes as the

causes for functional failures. This is the terminology emphasized further.

Overall, this step should identify the different ways an item may fail to fulfil its intended
functions. As discussed, an item typically has more than one function. Thus, in the event of a
failure it can suffer from a diversity of different failure states. Figure 5 shows how a pump may
operate normally for its primary function, pumping 500 L/min. However, if the secondary
function is to deliver water at 5 bar, it fails due to a leakage in the pump. On the other hand, the
pump could fail delivering 500 L/min, meaning that the primary function is unfulfilled. If the

pressure is accurate, then the secondary function is acceptable.

500 L/min ‘Ti 500 L/min
5 bar 3 bar

Figure 5. A. Centrifugal pump operating as wanted. B. Centrifugal pump leaking, not delivering required
pressure.
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Only addressing that an item has failed without any further explanation is a vague statement that
holds back essential information about the equipment. For instance, pronouncing failure of a
ship’s main engine could mean that the entire engine is broken and completely shut down. On
the other hand, it may also mean that it is usable, but partly broken in a way that makes it
possible to run the engine as usual. Therefore, the importance of the first step should become
clear at this stage. Here, the clarification of functions and especially performance standards is
used systematically. In the case of a ship’s main engine, a performance standard could be
‘running continuously at 900 rpm’ or ‘delivering 3000 kW’. This means that a functional failure
might be ‘delivering less than 3000 kW’, which could be intolerable depending on the defined
upper and lower limits of performance acceptance. It is important to distinguish this step from

defining failure causes, here referred to as failure modes (SAE International, 1999) .
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3.4 Failure modes, effects and criticality analysis (FMECA)

When the functions and functional failures have been established it is necessary to study these
further. The next steps in the RCM process define sources that lead to functional failures and
evaluate the sequence of events following a failure. A failure modes, effects and criticality
analysis (FMECA) is a fundamental part of the RCM process that systematically cover the next
stages. The analysis method involves two main parts, the failure modes and effects analysis
(FMEA) and the criticality analysis (CA) (Kim et al., 1996). The FMEA aims to identify
potential failures, their modes and effects on performance. The CA ranks the significance of
potential failures according to the failure pattern, mean time between failure (MTBF) and the
severity of the failure consequence. In the performed analysis, MTBF is employed on both
repairable and non-repairable units. However, the most consistent approach is to distinguish
these two categories by also utilising mean time to failure (MTTF) for non-repairable items
(Utne et al., 2012). MTBF denotes the time elapsing from when the unit is put into operation
until it fails. Moreover, effects on relevant consequence parameters are studied, e.g. effects

towards safety of the personnel, the environment, costs etc.

Constructing an FMECA is commonly obtained by gathering a team of relevant experts that have
knowledge about the analysed equipment (Turan et al., 2011). Systemizing the FMECA by using
worksheets is common practice, but the preferred structure and content varies. The table below is
an excerpt of how an FMECA worksheet may be constructed. Function, functional failures,

failure modes and effects are included.

Table 1. An excerpt of FMECA worksheet.

Function Functional Failure Failure  Failure mode Effect
failure mode mode Level 3
Level 1 Level 2
1. Duetz engine 1. Engine 1. Sea water a. Sea 1. No cooling effect, temp.
generates 1140 kW  stops during cooling strainer Plankton/schools  increase of engine, shutdown
operation system failure = blockage of small fish/ of engine.

2. Marine growth = No cooling effect, temp.
increase of engine, engine
shutdown.

3. Closing valve  Not possible to isolate
failure strainer, can't open nor close
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Furthermore, consequences and risk indexes are included. The risk index (RI) is commonly
referred to as a risk priority number. This value is often found by multiplying three factors,
occurrence, severity and detection (Xiao et al., 2011). However, a simplified approach is utilized
in the FMECA presented in the succeeding sections. Rausand (2011) defines the risk index
connected to a hazardous event, as the logarithm of the risk associated with the occurrence. The
index can then be found by adding the consequences (C) and frequency (F) of the failure mode,

as shown below.
RI=C+F

This is considered as sufficient for the analysis that will be performed as frequency categories
tend to be logarithmic (Utne et al., 2012). In a more extensive risk assessment, it could be
appropriate to consider alternative methods to better rank the criticality and risk. The input for
the risk priority number suggested by Xiao et al. (2011) compared with the input for the risk
index utilized by Rausand (2011) has one main difference worth mentioning. The factor
connected to detection is not included in the latter version, meaning whether the failure mode can
be easily detected or not. Yet, SAE International (1999) covers this aspect by stating that the
consequence categorization process should separate hidden and evident failure modes. Therefore,
a column stating whether the failure mode is hidden or evident is included in the FMECA

worksheets.

The values defined for the frequency and consequences vary from 1-5, hence resulting in risk
indexes from 2-10. The risk index is utilized in a risk matrix, which is discussed further in
section 3.4.3. Failure modes, effects and consequences are thoroughly explained in the

subsequent sections.
3.4.1 Failure Modes

The functions of the equipment have now been established, together with what ways it may fail
to deliver its purpose. A natural continuation is to decide the causes of each failure state. Hence,
all likely causes to the functional failures should be listed. Events that cause the functional
failures are often referred to as failure modes. SAE International (1999) outlines that it is the

owner or user of the equipment that helps to identify and accept which failure modes that are
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considered as reasonably likely. Consequently, these are natural participants to include in an
FMECA expert team.

Recognizing the causes makes it possible to tailor the maintenance program to better prevent

them and reduce the likelihood of functional failures from happening in the first place.

Primary function: Contain water

Functional failure: Leakage

Failure mode 1. Corrosion

Failure mode 2. Open valve

Figure 6. Different failure modes for a seawater pipeline.

The operating context should be apparent during this process, since it greatly affects the failure
modes. Additionally, the context can be used systematically to organise similar items and their
failure modes. A main challenge with this stage is to find a suitable limit for the detail level of
the failure modes. Failure modes can be broken down into several causation levels, which might
make it hard to decide when to stop analysing. The gathered information should be sufficient to
cover all essential causes, without going into extensive detail. A rule of thumb is to go deep
enough to enable the discovery of an appropriate maintenance strategy (SAE International,
1999).
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3.4.2 Failure effects and consequences

Before studying the consequences of a functional failure, it is necessary to describe exactly what
happens when each failure mode takes place. This is referred to as the failure effects. The effect
descriptions should cover the development of a functional failure if no particular actions are
performed to detect or prevent them from happening. A possible approach to explain the effects

in a better way is to discuss five factors suggested by Moubray (1997):

e The indications implying that a failure has happened

e |f the failure poses a threat to people and/or the environment,

e Whether the failure may be a threat to productivity or other operative relations
e How the failure may cause physical damage

e Which activities that are necessary to repair the failure

Studying the failure effects is closely related to studying the consequences. However, the main
result should be knowledge about the sequence of events following a failure. l.e., not focusing

too much on how large impact the failures may have, which is covered in the next step.

There are various methods of evaluating the consequences of failures. A common approach is
firstly to distinguish between hidden and evident failures. Hidden failures are those that may
occur in normal circumstances without being detected. The contrary is an evident failure, which
on its own will be discovered naturally if it occurs. There are often challenges with hidden
failures as their effects may become evident at a delayed point of time, possibly creating more
severe consequences. As a result, such failures are generally suited for predictive means.
Additionally, the failures resulting in consequences for people and/or the environment should be
differentiated from the ones affecting only economic factors. To evaluate the consequences one
must establish consequence and frequency parameters. These can be utilized to establish a risk

matrix that shows the criticality of the various functional failures and/or failure modes.
3.4.3 Risk matrix, consequence and frequency parameters

A functional failure and its failure modes may have consequences of varying severity levels.
When evaluating the consequences SAE International (1999) states that hidden and evident

failure modes should be distinguished. It is of great importance to evaluate the severity level as it
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significantly affects how much a company is willing to invest in their maintenance program.
Henceforth, the concept of risk and criticality are central aspects in this part of the analysis. It is
important to evaluate which consequences that are most critical, resulting in a high risk level.
Reducing the severity of these consequences is an obvious goal when shaping the maintenance
program. This means that the critical consequences found at this stage will affect the decision-

making at the end of the analysis.

Rasmussen (2003) defines criticality as a measurement of the risk that arises when a failure
mode happens, which includes evaluating consequences and frequency of the failure. A risk
matrix uses these as input values and systematically shows criticality levels of the different
failure events. The criticality of the consequences is commonly categorized by using parameters
such as: humans, environment, availability and costs. Yet, this may vary depending on company
policies and type of operation. Figure 7 illustrates a risk matrix that shows by colour and number
the criticality of events, corresponding to the matrix utilized in WSM. The risk index is presented

in each cell and calculated as discussed in the introduction part of section 3.4.

1 2 3 4 5
Co'?sequences - Negligible Minor Moderate | Significan Severe
requency | t
5 Very high (daily/weekly) 6
4 High (once a month) 5
3 Medium (twice a year) 4
2 Low (less than every year) 8
1 None (less than every 2 years) 2

Figure 7. 5x5 risk matrix in accordance with the one outlined in WSM.
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A minimum requirement towards a useful risk matrix is to differentiate between an outcome with
low risk (green) and one with high risk (red). The region dividing these areas represents
intermediate, medium risk levels (yellow). l.e. the green area represents a tolerable risk, the
yellow may be tolerable with mitigation and the red is an intolerable level. Depending on the
acceptance criteria, the yellow area may also be considered as intolerable. For instance, in the
event of leakage in a seawater pipe due to corrosion, this may happen twice a year and have
moderate consequences towards humans, environment and costs. The risk index becomes six,

which is in the yellow region and mitigations might have to be evaluated.

Consequences and frequencies utilized in the risk matrix are divided into severity levels. The
matrix above illustrates the result of consequences and frequencies categorized by five levels.
The consequences and frequencies receive a value between 1-5, providing a risk index between
2-10. The utilization of severity levels decides how big the risk matrix becomes. If the
consequence and frequency levels are divided into three levels instead, the risk matrix is 3x3 and

not 5x5 such as the one above.

Characteristics connected to each consequence parameter may be tailored to the suitable context.
A matter of categorizing consequences is shown in Table 2. The data is based on how WSM sort
their parameters. This also applies for the classification of frequencies demonstrated in the risk

matrix on Figure 7. Similar classification is utilized in succeeding sections.
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Table 2. Categorizing of consequence parameters.

Categor.

Costs
- Human Environment Off-hire  (maintenance Reputation
Severity
and loss)
grade|
Fatality/ Long term impact on More > 1 million $ Loss of charter
5 permanent ecosystem. Restitution than a
disability time > 10 years week
Lost work Medium long term 4-7 days <1 million $ Company exposed to
4 day impact. Restitution time society through
1-10 years media/detention
3 Restricted =~ Short term, local impact ~ 2-4 days <500 000 $ Major nonconformity
work Restitution time < 1 year
Medical Temporary impact. 12-48 <100000 % None conformities from
2 treatment Restitution time < 1 hours external parties including
month customer complaints
1 First aid Insignificant damage Less than <10000 $ Minor observations from
12 hours external parties

Risk matrices are utilized widely in organisations as appropriate tools to help identify, rank, and
prioritize possible outcomes. The matrices also visualise what the risk of different events could
be in a structured manner, which is easily understood. However, it is important to underline that
risk matrices have its flaws. Thomas (2013) emphasizes that there are several deficiencies to be
aware of, e.g. risk acceptance inconsistency, range compression issues and negatively correlated
frequency and consequences. A conclusion may be that the risk matrix should not be used
passively as a verifying mechanism to state that an activity is sufficiently safe. The results of real

value lie within the discussion and process that initially creates the relevant risk matrix.
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3.5 Maintenance task analysis

As one of the final steps in the RCM process, it is now possible to begin shaping a suitable
maintenance program. Results from the FMECA, including the consequence analysis clarify
which failure modes that lead to the most severe outcomes. These are essential during the
decision process, as they need special attention when planning necessary maintenance tasks. This
stage mainly forms a plan of how to prevent or predict each critical failure. The executed

maintenance tasks may be of two primary sorts, preventive or corrective.
3.5.1 Maintenance task classifications

It is common to divide maintenance tasks into two classifications, whether it is corrective or
preventive. Corrective maintenance is recognized as a mean to handle unforeseen occurrences,
classically in cases where equipment have run to failure. Preventive maintenance (PM) intends to
reduce wear or damage from evolving in the equipment in a more planned manner. Formally,
one might categorize it as maintenance meant to avoid, reduce or eliminate the consequences of
failures (Dai, 2013). Furthermore, preventive maintenance is typically divided into periodic

overhauls or condition monitoring (CM).

Periodic overhauls are general inspections of an item to decide its need for repair or replacement
and/or renewal of parts with limited life expectancy. This type of maintenance is often
determined by a known relationship between time and reliability, i.e. operating hours/usage vs.
wear/fatigue (Bai, 2003). Condition monitoring is a generic term where the item is regularly
inspected and/or monitored to decide if the unit operates as required. This kind of monitoring
should not interrupt normal operation and may include functional tests, general inspections
and/or measurements of various parameters (Rasmussen, 2003). The measurements will be
compared with predefined performance standards, hence revealing if the analysed item is
operating as normal or indicating a deviating behaviour. Figure 8 demonstrates how the different

maintenance tasks are connected.
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tasks
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Replacements

Figure 8. Classification of maintenance tasks in accordance with Dai (2013).

From a safety perspective, preventive maintenance is generally a wise choice as it continuously
provides essential information about the status of the equipment. This might help to detect
damage at an early stage. However, performing maintenance too often is not beneficial either.
Apart from unnecessary costs of extensive maintenance work, it may not be appropriate for the
equipment either. This is connected to the risk of executing maintenance incorrectly. Vinnem
(2014) supports this aspect, stating that more than fifty percent of the hydrocarbon leakages from
the offshore industry in the period 2001-2011 happen due to human intervention. On board a
vessel, incorrect maintenance work might be connected to assembly errors (Chief engineer, May
2015). This can cause increased stress loads or operational errors for rotating parts. Thus, when
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utilizing preventive activities it must be clear that it is possible to gain an improvement of the

system’s reliability and/or that the former status of the equipment is obtained.

As an alternative, planned corrective maintenance can be appropriate in some cases. It is evident
that this type of maintenance is often a last minute solution. However, it can also be the intention
of a company to run parts of the equipment until it fails. This is illustrated in Figure 8 as
corrective maintenance is categorised as either planned or unplanned, in addition to being
associated with condition based maintenance. Whether corrective means are considered as ideal
is mainly affected by the criticality level of the equipment (Selvik and Aven, 2011). l.e. if there
are low consequences for the failure mode connected to a component, it might be economically
efficient simply to repair the part after it has failed. However, a suitable functional hierarchy or
similar grouping structures of the equipment should be included to justify the use of corrective
means. As a result, it is clarified what function and interactions the item has related to other
equipment. This is important for illustrating the additional components and/or systems that may

be affected by the item’s functional failure.

The strategy formulated by the use of this final step should provide information about all planned
maintenance means. Moubray (1997) continues by recommending the practice of decision trees

to help establish efficient and applicable maintenance tasks.
3.5.2 Decision tree

Decision trees are commonly used to select the type of maintenance that is suitable for different
failures, e.g. the one illustrated on page 41. The content of the decision trees are based on a

predefined logic, depending on the system and context of the analysis.

Generally, there are a few important principles that must hold when constructing a maintenance
program, independently of the decision tree or approach utilized. Firstly, the proposed
maintenance actions must be applicable, i.e. the activities must either reduce the impact of a
failure, reduce the probability or completely prevent it from occurring. Secondly, the
maintenance activities must be cost-effective. It is very unlikely that a company is willing to

invest in maintenance tasks if the costs of doing so are higher than the costs following a failure.
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Consequenses on Consequenses on
environment/safety? production?

Condition Condition Condition Condition
monitonng OK? momtormg OK? momtormg OK? monttoring OK?

No Yes No IJ | Yes No

ertodic restauration

Yes
No
No Yes
Component Component Component Component
replacement OK? replacement OE? replacement OK? replacement OK?
o Yes No Yes No Yes No
Run to fatlure’ Bun to failure/  Yes
. . redesign i
Function test OK? fask combiation redesign
OK?
Yes No Yes
No Redesign Maintenance task
combination
Consequenses to
environment/safety?
No Yes
Redesign Run to failure/redesign

Figure 9. Simplified version of the decision tree utilized to establish applicable maintenance tasks.

Figure 9 is a simplified description of the decision tree utilized further in the analysis, inspired
by the RCM approach at MainTech AS and Moubray (1997). Appendix B demonstrates the
complete version of the decision tree. To establish maintenance tasks for each failure mode the
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RCM expert team starts in the top left corner. The decision procedure is driven forward by
assessing binary options at each question box. By working through the decision tree, data for
appropriate maintenance tasks is gathered. The decision tree shows that not all paths lead to
preventive maintenance solutions. This is connected to the fact that planned corrective
maintenance may sometimes be the most cost-effective solution, given that there are minor
consequences of letting the component run to failure. The decision tree process complies with
the criteria outlined by SAE International (1999), especially when it comes to dealing with

safety/environmental consequences before evaluating economic consequences.

3.5.3 Failure patterns

Another essential aspect is to take the probability of function failures into consideration. This
may change as time goes by, resulting in a specific failure rate pattern. This means that some
failures are closely related to the age of the equipment, thus making it possible to better foresee
when the failure may occur. There exist different types of failure patterns as illustrated in Figure
10.

A D
|

B E
|

c F
— ]

Figure 10. Different failure rate functions, versus time (Moubray, 1997).
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The six different patterns show the failure rate function on the vertical axes and time on the

horizontal. Wheeler (2007) explains the different patterns:

e Pattern A illustrate a typical ‘bathtub curve’. This shows that some equipment may just as
likely fail in the beginning of its lifetime, as in the wear out period in the end

e Pattern B is age-related, connected to an increasing probability of failure throughout the
lifetime of the equipment

e Pattern C illustrate the characteristic failures affected by component wear-out phenomena

e Pattern D reflects a condition-related form, e.g. connected to wear-out due to
environmental conditions

e Pattern E denotes random failure, meaning that the functional failure may occur at any
time

e Pattern F is connected to infant mortality, meaning a high number of early failures

These diagrams clearly show that foreseeing the point at which the equipment may fail is
challenging for some sorts of equipment, as one cannot always predict when the failure is likely
to occur. Consequently, determining an optimal maintenance interval may be very difficult. Still,
if the point of failure is possible to discover, establishing a P-F interval is necessary for outlining
when the maintenance tasks should optimally be performed.

3.5.4 P-Finterval

Utilizing preventive maintenance presupposes certain requirements. Firstly, it must be possible
to identify equipment conditions that indicate functional failure, or that a failure is likely to
happen in the near future. In other words, there must exist a possibility for detecting the failure
by preventive measures for the interaction to be effective in the first place. Additionally, to
justify the use of such maintenance actions, a P-F interval ought to be established. This is an
interval illustrated by the curve in Figure 11. It gives an estimate of the time it takes from a point
where a potential failure may be detected to the point where it deteriorates into a functional
failure. The time between the preventive maintenance actions should then be less than the P-F
interval (SAE International, 1999).
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When proactive tasks are infeasible and not worth doing, it may be a better solution to perform

default and corrective actions.

Point where failure
starts to occur

———

<—P-F interval—»

Point where we can find
out that it is failing

Condition

Point where it has failed

Time % (functional failure)

Figure 11. P-F curve with the related P-F interval in accordance with Moubray (1997).

3.5.5 Corrective activities

The last and final step in the RCM process concerns the equipment that does not suit a proactive
approach. Typically, this means that corrective maintenance could be applicable. As pointed out
in section 3.5.1, corrective activities can be a planned procedure. Moubray (1997) suggests
applying default actions for equipment that does not fit any other effective or applicable task.

Alireza et al. (2010) suggests the following default actions:

e No scheduled maintenance, i.e. letting equipment run to failure

e Redesign

Possible candidates suited for default tasks are components with a random failure pattern, i.e.
those with functional failures difficult to predict. Consequently, this makes it challenging to plan
an effective maintenance interval. Working through the decision tree on page 41, the default
maintenance tasks are placed on the lowest level in the tree. Ending up at this level means that

the above maintenance alternatives were not adequate options, such as periodic component
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replacement or condition monitoring. Thus, it illustrates that this approach planned corrective

maintenance is only chosen by eliminating preventive measures first.

Letting the equipment run to failure is a cost-effective solution that avoids spending money on
unnecessary preventive activities. Nonetheless, for such equipment failures there must exist no
doubt that the outcomes are close to negligible. As for ships, choosing this maintenance
alternative often necessitates available spare parts. This is another aspect especially challenging

in the maritime industry, as the vessels in their operating context are constantly on the move.
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3.6 Pros and cons of RCM

3.6.1 Positive aspects of RCM

The development of RCM in the aviation industry has delivered amazing results and inspired
other industries to improve their maintenance practices (Dhillon, 1999). Since then it has become
an acknowledged process, being well known in the field of maintenance. The method is highly
adaptable for many types of systems and can provide technical maintenance analyses throughout
an item’s lifetime (Siddiqui and Ben-Daya, 2009). An option is using RCM during the operation
phase to adjust existing maintenance strategies. New experiences related to failure rates, causes
and consequences might develop throughout the equipment’s operation, thus making it necessary
to keep the maintenance program updated. RCM makes this possible by being a dynamic method

that creates a framework for continuous flow of information.

In a maritime context, RCM may be useful due to different reasons. As discussed in section 2.2,
several shipping companies rely on manufacturers recommendations when constructing their
maintenance program. This means that the sense of ownership and maintenance control of
essential systems may not be in the hands of the ones that operate them on a daily basis.
Shipping companies may then lose valuable competence during a system’s operational lifetime.
For instance, an operator that regularly performs maintenance actions outlined by a
manufacturer’s manual has likely gained useful knowledge about the equipment. This may be
information about how, when and why different functional failures happen, or generally
indications about the condition of the equipment. If such information was processed and properly
put into a data collection system, optimizing the maintenance activities would become easier.
Additionally, the developed maintenance competence would be kept in the shipping company.
Overall, this may lead to savings during the operational lifetime of a vessel, as the equipment is

more reliable and downtime is less likely.
3.6.2 Negative aspects of RCM

Utilising RCM is a wise choice once used in the correct way and for the appropriate context.
However, it is necessary to highlight the existing drawbacks related to the process. Although

RCM caused great results in the aviation industry, applying it rigorously to ships could have
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some hurdles. Mokashi et al. (2002) address a few disadvantages, as discussed in the following

paragraphs.

The personnel working on board the vessels represent one of the challenges. Typically, during a
shift shipboard crew are overloaded with tasks and areas of responsibility related to operation
and maintenance. The crew often come from different backgrounds not necessarily with much
specialised training, particularly in a theoretical manner. Maintenance methodologies that
contain extensive amounts of information may be perceived as complex and inapplicable. The
working teams are frequently changing, which makes it challenging to ensure that essential
information is communicated effectively at all times. Additionally, the personnel are seldom
trained in risk assessment techniques and maintenance management. A result could be that the
personnel have an ambiguous view of why the required maintenance tasks are necessary.

Consequently, a lack of motivation to perform the activities correctly may grow.

The maritime environment is a challenging setting from an RCM point of view, especially
compared to onshore facilities. Operating in the ocean creates a much more unstable framework,
not making it possible to draw the same conclusions as one can do onshore (Bouwer Utne and
Rasmussen, 2012). For instance, equipment conditions like tightness, lubrication and cleanliness,
can often be taken for granted in other industries. Conversely, these are constantly a source for
concern in a maritime environment. Furthermore, data collection of various types of equipment
is much more portable in land-based industries as the surrounding milieu is not constantly
changing. Additionally, there is no easy access to a failure databank due to commercial
sensitivity reasons. Some industries require the equipment suppliers to deliver proper failure
mode analyses, which greatly help implementing RCM. Yet, this is not a common trend in ship
operations (Wang et al., 2010).

How portable the RCM results are from ship to ship may also be an issue. As each item analysis
is done for specific operational contexts, the extent of transferable information may be limited if
used for a similar item on another ship. Operating at sea also makes the ships isolated from repair
and spares. This means that if critical equipment functions fail, the location of the ship greatly
affects repair time. Hence, a failure mode analysis should consider this when looking at the

consequences.
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The common approach RCM has on redundancy is not well suited for ships. Typically,
equipment with redundancy is assigned to corrective maintenance, i.e. letting it run to failure
(Mokashi et al., 2002). However, due to space restrictions ships cannot allow multiple
redundancies, which may be more typical in other industries. On a ship, critical systems might

only have single redundancies, meaning that run to failure solutions could be disastrous.
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3.7 Gathering information; meetings and workshops

As clarified throughout the chapter, RCM is the method applied further in the thesis. To illustrate
how the RCM approach may suit a maritime context, it is used to analyse a part of the machinery
system connected to one of WSM’s operating vessels. The analysis largely follows the RCM
perspective of Moubray (1997). Results are presented in chapter 5, which aim to reflect the
procedure presented in previous sections of this chapter. Certain parts of the results have been
achieved through meetings with MainTech AS and WSM. Additionally, an FMEA performed for
the vessel’s propulsion system has been utilized to establish suitable functional failures. As for

the arranged meetings, four occasions have been used to gather information for the thesis:

e 30" of January 2015, WSM office at Lysaker
Agenda: Start-up meeting to outline general objectives of the thesis and decide upon

which vessel from WSM’s fleet to analyse
Present (apart from author): Engineer (MainTech AS) and two Fleet Managers (WSM)
o 7" of April, MainTech AS office in Trondheim

Agenda: Discuss and decide which technical system from the vessel that is suited to study

further in the RCM analysis. Exchange instrument diagrams of auxiliary systems.
Present (apart from author): Vessel Manager/Superintendent (WSM)

o 27" of April 2015, WSM office at Lysaker
Agenda: RCM workshop. Establish FMECA information related to the vessel’s

propulsion system for further accomplishment of the RCM analysis
Present (apart from author): Engineer (MainTech AS), Vessel Manager (WSM) and two
Fleet Managers (WSM)
o 5" of May 2015, Borg Harbour, Fredrikstad
Agenda: Visit vessel at the quay, meet crew and be presented to the technical systems on

board.
Present (apart from author): Vessel Manager (WSM) and relevant vessel crew, such

electrician, chief engineer and engineer officer

Out of these occasions, the meeting of greatest importance for the analysis was the RCM

workshop.
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3.7.1 RCM workshop

FMECA worksheets are a vital part of the RCM analysis, containing fundamental data that
essentially constructs the final maintenance strategy. In chapter 5, the analysis’ resulting
worksheets are presented. Information given in these worksheets were chiefly gathered during a
workshop 27" of April 2015, at WSM’s office in Oslo. The agenda of the workshop was to
discuss the engines and thrusters connected to a specific vessel, in accordance with the RCM
methodology. The workshop was possible to accomplish due to collaboration between MainTech
AS and WSM. Apart from the author, people present were:

RCM Facilitator and Engineer at MainTech AS
Vessel Manager at WSM (in charge of the ship under consideration)
Two Fleet Managers at WSM

As most content of the FMECA worksheets was outlined by the author in advance, the first part
of the workshop discussed the reliability of proposed data. Specifically, this concerned
suggestions towards functional failures, failure modes and failure effects. For the remaining
time, WSM provided the analysis expert opinions related to the residual content of the FMECA.
This was particularly connected to MTBF data, failure patterns and consequence effects.
Throughout the workshop, WSM’s own consequence parameters and risk matrix was utilized.
Each failure mode at the lowest level was considered. Due to lack of time, only the auxiliary
systems connected to one engine received sufficient amounts of data to perform a suitable RCM
analysis. Henceforth, the maintenance strategy was outlined for this engine with additional focus
on its auxiliary systems. A proper description of the vessel, its propulsion system with the

relevant engine and connected auxiliary systems are thoroughly described in the next chapter.
3.7.2 Failure Modes and Effects Analysis (FMEA) from 2010

In 2010, an FMEA was performed for the vessel that is analysed further in the thesis. The scope
of the work was to reveal any single point failure of the equipment that could result in failure of
station keeping during operation. The analysis showed that the worst-case scenario was failure of
a bow thruster. This is during an operational situation, i.e. typically when the vessel is in
dynamic positioning (DP) mode. There are strict requirements towards how much power the

vessel needs to contain its position, and losing one forward thruster leads to difficulties with

[52]



controlling the ship’s bow part . The executed FMEA lacked of proper functional descriptions
and did not contain precise explanations towards possible failure modes. Functional failures were
commented, as well as partly their effects. Yet, the FMEA was performed due to requirements
for DP vessels (DNV GL, 2014), and was not meant to establish a maintenance program.
Henceforth, the only results utilized from the FMEA were the functional failures suggested for

the engines.

Before presenting the results from the executed analysis, the succeeding chapter provides proper

system descriptions of the vessel and equipment examined by the RCM procedure.
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4 System description

4.1 Vessel, machinery and propulsion characteristics

The RCM process is performed for an engine of a vessel within WSM’s fleet. The vessel has
operated in more than thirty years and is fitted with a dynamic positioning (DP) system, a large
inventory of spare parts and various operating equipment. It operates worldwide, which includes
locations that may be both remote and with harsh weather conditions. The vessel must comply
with regulations from its classification society, DNV GL. A central classification notation
connected to the vessel is its status as DYNPOS-AUTR. This notation is granted to vessels that
utilize a DP system. More specifically, there are different groups of which DP vessels can be
classified within. Generally, the degree of availability, robustness and redundancy of the DP
system decides which classification notation the vessel receives. DYNPOS-AUTR refers to a
dynamic positioning system with redundancy in technical design and with an independent
joystick system back up (DNV GL, 2014). Furthermore, it is required that loss of position should
not occur in the event of a single failure. A single failure refers to any active equipment and
various static components, defined by failure modes under the description of DYNPOS-AUTR
(DNV GL, 2015). To comply with the DP requirements, the ship has been retrofitted more than
once, and is generally equipped with redundant systems.

4.1.1 Propulsion and machinery

A part of the vessel’s machinery system has been analysed with the RCM methodology. It is a
vessel of both conventional and diesel electric propulsion solutions. The ship is equipped with
five thrusters, all connected to their own separate engine. The ship is reliant on station keeping
during operation, hence fitted with DP systems. As a result, the machinery equipment is arranged
to comply with regulations and guidelines of DYNPOS-AUTR. A regulatory example is outlined
by DNV (2011), stating that the vessel’s position must be maintained without disruption from
any single failure. Here, full stop of thrusters and subsequent start-up of available thrusters is not
considered as an acceptable disruption. All thrusters are needed during operation, thus logically

requiring a reliable system with a high level of redundancy to avoid downtime.
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Figure 12. Sketch of the cable laying vessel and its arrangement of propulsion equipment.

Figure 12 illustrates the main parts of the vessel’s propulsion system. There are five thrusters and
each one have its own dedicated source of power. In the aft of the vessel, the main propulsion
equipment is placed. This is where the main engine room is located, containing two main engines

and four auxiliary diesel generators.

Two thrusters are installed in the forward part of the ship. There is a tunnel thruster (TT) in the
bow, referred to as thruster 1. It is supported by its own diesel electric power source, including
an electric motor, supplied by an alternator. The alternator converts mechanical energy from the
connected diesel engine into electrical energy. The engine that drives thruster 1, is the main
component from the machinery system taken further in the analysis. Figure 13 and Table 3 show

the engine and its characteristics.

Table 3. Characteristics of the tunnel thruster engine.

Engine type
Power output
Speed (revolutions per minute)
Alternator type

Connected thruster

2-stroke Duetz MVM BA 16M 816C
1140 kW
1800 rpm
Stamford MSC 734B 440V 1640A
Brunvoll propeller, SPA — VP —1300
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Figure 13. Picture of the vessel’s tunnel thruster engine.

Overall, the vessel has relatively dependent machinery and propulsion equipment. A failure of
one engine or thruster should not necessarily affect the failure of others since they are separated
into independent systems. However, losing the power from only one thruster is considered as an
unacceptable situation during DP operation. This is due to the station keeping capabilities and
DP requirements of the ship. At exceptionally favourable weather conditions, the vessel may be
capable of holding its position with one reduced thruster. Nevertheless, this cannot be taken as
very liable since such circumstances would be a state of coincidence and pure luck. In transit, the

circumstances are different, mainly depending on the aft propulsion thrust.

The redundancy of the propulsion equipment indicates that a failure of more than one thruster
and/or engine should be unlikely. However, it is important to remember that the propulsion and
machinery equipment is depending on other structures, i.e. requiring reliable systems on all
levels. The auxiliary systems are essential for the prosperity of the thrusters and engines.
Arrangements of special concern connected to the tunnel thruster are the fuel system, water-
cooling systems and lubrication oil system. Automation and compressed air systems are
additional auxiliary systems that would be natural to include. However, these are disregarded in
the RCM analysis due to lack of available data and system descriptions. System descriptions of

auxiliary systems relevant for the analysis are presented in the following section.
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4.2 Auxiliary systems

4.2.1 Water cooling systems

Sea and freshwater are used as cooling medium for several important components connected to

the engines and thrusters.

The primary mission of seawater is to circulate through heat exchangers that in turn cool fresh
water, lubrication oil and charge air. The cooling system in the forward part of the ship is
displayed in Figure 14, being in accordance with the vessel’s arrangement drawings. lcon
descriptions are given in appendix C. Sea chests allow seawater to enter the cooling system
through sea suctions equipped with filters and isolation valves. The water flows through
pipelines fitted with gate valves, non-return valves and filters. Thermometers and manometers
measure temperature and pressure, ensuring that the performance standard of the water is
fulfilled. Seawater pumps are installed to ensure correct speed and pressure for the circulating
water. To avoid undesirable sediments and contain the cooling effect of seawater, there are limits
at which rate the desired temperature of the circulating seawater rises. A reasonable upper limit
for the temperature is 50°C (White, 2008). When the seawater reaches its upper temperature
limit, it is discharged back into the ocean. The system illustration on page 60 shows that the

seawater circuit cools charge air, lubrication oil, freshwater, gear oil, steering and pitch control.

Essential components of the engine are cooled by the freshwater cooling system. This typically
includes cylinders, bearings, casings and pistons. Seawater is not an appropriate option to use
directly as corrosion and fouling would become a problem. After removing heat from the engine
parts, the freshwater is in turn cooled by the seawater cooling circuit. The temperature must be
kept within a specific interval. If the water is too cold, it may cause thermal shocking that can
lead to component failure. On the other hand, too hot water will not remove any heat and is
likely to cause excessive wear on the apparatuses. A suitable temperature interval for the
freshwater is between 60 — 90°C (Sandbakken, 2010). The freshwater receives chemical dosing

to keep it slightly alkaline, which will prevent corrosion and scale formation.
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Figure 14. Sea and freshwater cooling circuit in the bow part of the vessel.

4.2.2 Lubrication oil system

Lubrication oil has mainly two functions, lubricating gliding surfaces and cooling various
components, e.g. bearings and pistons. The oil is pumped from a draining tank, regularly placed
underneath the engine. It is cooled by the seawater cooling system, filtered and supplied to the
engine at appropriate pressure. Cascades of lubrication oil is poured onto the moving parts of the

engine and then drained through the bottom into the draining tank.
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The lubrication oil is important to avoid friction and extensive wear of the engine’s components.
It is vital that the oil is clean, otherwise it may quickly loose its lubricating and cooling effect.
Thus, the filters are central components for this system. The filters ensure that the lubrication oil
contains a minimum of sediments and contaminants. Regularly cleaning the filters for deposits
are necessary to avoid clogging of the system. However, one of the manometers would detect
this, due to the resulting pressure drop in the circuit. Cooling from the seawater system is also of
high importance since the viscosity of the oil decreases as the temperature rises. Lower viscosity
means that the lubrication oil loses its initial lubrication effect and becomes too thin. By
analysing sliding surfaces, Yuan et al. (2004) clearly showed that elevated lube oil temperatures
increased the probability of both adhesive, and corrosion wear. Since a reduced lubrication effect
greatly influences a rotating machinery containing multiple sliding surfaces, this system has to be

reliable and operative whenever the connected engine is running.

The ship under consideration has a lubrication system in the bow as seen in the system
illustration below. Applied icons are described in appendix C. There are two lubrication oil
pumps for each thruster, both electrically driven. If the power supply to the operating pump
should fail, a different switchboard will drive the standby pump. Thus, the latter pump should
start automatically without interruption to the thruster. To equalize wear and prevent
deterioration of the pump’s shaft seals, the on board crew switch between using the two of them.
This provides analogous operating hours and ensures that the pumps are tested regularly. The
system is equipped with manometers and thermometers, respectively checking that the lube oil’s
pressure and temperature is kept within its performance standards. After the oil has lubricated the
engine parts, a three-way valve checks its temperature. Based on the temperature values the

valve passes the oil either towards the cooler or back into the circuit within the engine.
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Figure 15. Lubrication oil system in the bow part of the vessel.

4.2.3 Fuel oil system

The vessel has been retrofit from operating on heavy fuel oil to utilize solely diesel fuel. The fuel

oil system provides the engine with diesel fuel for the combustion process. A simplified system

drawing is given in Figure 16. The main settling and service tanks are placed in the aft part of the

vessel. Fuel oil is supplied from settling tanks, via purifiers to the service tanks. To enter the

forward fuel system, the diesel oil flows via two transfer pumps passing the oil to the bow part

from one of the aft starboard service tanks. The tank system is redundant, thus if one tank shuts

down, another can take over to supply the forward engines. As with the lubrication oil, it is of
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significance that the oil is clean. Henceforth, the purifiers located in the aft part of the ship

ensure that contamination by foreign objects and water is kept at a minimum.

Purified fuel oil flows to the forward diesel service tank where it is separated into two circuits,
one flowing to the tunnel thruster engine and one to the retractable thruster engine located further
in the same engine room. The forward service tank has a local sight glass, drain cock, level
switch and a quick closing valve (QCV) on the outlet lines. The sight glass makes it possible for
the operators to check the oil level of the service tank visually. If there is a humid environment
inside the service tank, water is drained from it through drain cocks. The QCV fitted on each
branch line from the tank is a safety measure in case of an emergency in the engine room, e.g. in
the event of a fire. The two QCV’s are grouped together such that a single activation will close

both valves, shutting off all fuel supply to the forward thruster engines.
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Figure 16. System illustration of the vessel’s forward fuel oil system.
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As a description the main system and its subsystems have been established, it is possible to
perform an analysis of the equipment, following the stages described in chapter 3. To exemplify
how the RCM procedure may be used for a machinery system, it has been performed for the
tunnel thruster engine and its auxiliary systems, supposing that the vessel is in a DP situation. l.e.
being a state at which the TT engine’s function is vital. A maintenance program for the engine is
the main result after the process. In addition, improved equipment knowledge and better

reliability of the system is evident advantages of the procedure.
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5 Results; RCM for tunnel thruster engine

5.1 Functions

The tunnel thruster’s functions are evaluated in DP operating mode. During station keeping, the
tunnel thruster is essential for manoeuvring the bow part of the vessel. It was installed to ensure
that the vessel could keep its position at locations with challenging environmental conditions.
Figure 17 displays the location of the TT engine. More extensive engine characteristics are

presented in section 4.1.

Figure 17. Excerpt from general arrangement, showing TT engine in the forward engine room.

5.1.1 Functional statement

The tunnel thruster (TT) engine generates 1140 kW of power. The power is transmitted through
an alternator at 1800 rpm that in turn drives an electric motor. The electric motor drives the TT

with a power of 960 kW at 892 rpm to station keep or manoeuvre the forward part of the ship.
5.1.2 Operating context

The TT engine is analysed under an operating condition, i.e. considered to be in DP state. The
engine is located in the forward engine room, driving the TT via an alternator and electric motor.

In the same engine room is the other bow engine, which is connected to azimuth thruster no. 2.
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The TT propulsion system is fitted with equipment that has to handle humidity and constant
vibrations from the ship and/or running engines. A main problem is therefore wear and tear on
several components, as well as corrosion. Small leakages from diverse components occur
regularly in the engine room, most likely due to old equipment and constant vibrations.
However, due daily checks and several pressure and temperature detectors, bilge systems and
high/low level alarms it has previously been detected in time (Chief engineer, May 2015). An
annual DP trial report from 2014 showed that the TT engine’s operating hours were 11210 hours,
which is about 10 % of the noted value for the main engines (Anonymous external company,
2014). As the TT was installed later than the main engines and only runs in DP and manoeuvring
situations, its operating hours are quite logical. The vessel operates on a global level. As a result,
some of the auxiliary systems are affected when the vessel changes locations. In particular, the
seawater cooling systems may experience an increased amount of microorganisms and fouling

when operating in warmer waters.

The engine is generally equipped with several redundant solutions. The system illustrations listed
in section 4.2 shows that the auxiliary systems have parallel branch lines fitted with redundant
pumps and valves, which step in if the primary branch fails. The vessel has available spare parts
that are essential if subsystems would fail, for instance pumps, valves and filters.

5.1.3 Primary and secondary functions, performance standards

The TT engine’s primary function, secondary functions and performance standards are illustrated

in Table 4.

Table 4. Primary function, secondary functions and performance standards for the TT engine.

Duetz diesel engine

Prlmgry The engine generates power that is transmitted via an alternator
function
Secondary Operate with appropriate Run with low friction Run with effective fuel
functions temperature between rotating parts consumption
PETTEITIENEE Generate 1140 kw Operate at 1800 rpm
standards
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5.1.4 Functional hierarchy

The functional hierarchy of the vessel’s machinery and propulsion system is shown in Figure 18.

The hierarchical placement of the TT engine and its auxiliary systems are marked in red.
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Figure 18. Functional hierarchy of the TT engine in its operational context.
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5.2 Functional failures

Functional failures for the TT engine may occur if the engine fails in fulfilling its primary and/or
secondary functions. Mainly four functional failures are considered as relevant for the TT

engine:

1. Engine stops during operation (no major failure of engine component)
2. Engine runs at lower speed/effect than required during operation

3. Engine runs at higher speed/effect than required during operation

4. Engine stops due to major failure of a component part

The first functional failure is categorised in such way that it does not include a major failure of
an engine component, which is covered by the fourth functional failure. This is done to
distinguish between the two main failure modes that could cause the engine to stop, i.e. a failure
of auxiliary systems or failure of an engine component part. These two functional failures
demonstrate failure of the engine’s primary function. If the engine stops it cannot deliver power
to the alternator and in turn, the electric motor connected to the TT will stop. When the vessel is

in a critical state during DP operations, this is a highly unwanted consequence.

The second and third functional failures are connected to erroneous speed of the engine. These
failures do not necessarily represent failure of the engine’s primary function, but can be
connected to failure of secondary functions. For instance, incorrect speed of the engine does not
provide effective fuel consumption, friction between moving engine parts may increase and the

engine temperature may change in either directions.

The first functional failure, the engine stopping during operation is analysed further, presented in
the succeeding sections. In a thorough RCM process, the three remaining functional failures

should be included to preserve all required functions of the TT engine correctly.
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5.3 FMECA

FMECA for the TT engine is structured in worksheets that include a diversity of parameters.
Failure modes are listed, covering the different reasons for why the TT engine might stop, as
well as effects considered as probable. The failure modes are divided into three levels of detail.
This is done for establishing an appropriate database of what the independent causes for each
failure mode might be. The level of detail concerning the failure modes enables identification of

the appropriate maintenance tactics to apply.

Rasmussen (2003) and White (2008) suggests several failure modes especially connected to
corrosion and erosion of pumps and pipelines that are utilized in the FMECA worksheets. Kim et
al. (1996) discusses failure modes related to general material fatigue for components exposed to
a flowing medium and/or continuous vibrations. These suggestions are also taken into
consideration in the FMECA. In addition, system descriptions from Norwegian Shipowners'
Association (1999) has contributed to clarify that essential equipment parts for each auxiliary
system is included in the FMECA. Remaining failure modes were discussed and set at the RCM

workshop described in section 3.7.1.

An intention behind the constructed worksheets is to concentrate on every listed failure mode,
analysing the features of each one. This is done by evaluating failure patterns corresponding to
those illustrated in Figure 10, propose an approximate mean time between failure (MTBF) as
well as judge if the failure mode is hidden or evident. The MTBF is the proposed time at which
failure happens if no maintenance activities are performed. Furthermore, the criticality of each
failure mode is assessed in accordance with the consequence parameters defined in Table 2,
section 3.4.3. For each consequence parameter the failure mode receives a number between 1-5.
Combining this value with the MTBF, here utilized as the frequency, gives the risk index.
Finally, the gathered information is applied in the decision tree process, as outlined in section
3.5.2. The suitable maintenance tasks are listed as the last point, even though this formally is a
part of the maintenance task analysis. Thus, the resulting maintenance tasks are properly
presented in chapter 5.4.
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Table 5 shows the first part of the FMECA worksheet. The engine stopping during operation is
highlighted, as this functional failure will be analysed further. Remaining functional failures are
also listed, with an initial level of probable failure modes. Disregarding component failure, the
first level of failure modes that cause the TT engine to stop are failure of the engine’s auxiliary
systems. This includes failure of either the seawater cooling system, freshwater cooling system,

lubrication oil system or fuel oil system.

Table 5. Excerpt of FMECA for TT engine, including first level of failure modes.

Tunnel Thruster Diesel Engine

Function Functional failure Failure mode
Level 1
1. Duetz type MVM BA 16M 1. Engine stops during 1. Seawater cooling system failure

816C, a 2 stroke engine. The  operation (no major failure of
engine generates 1140kW of  engine component).
power at 1800rpm.

2. Drives the tunnel thruster,
a Brunvoll propeller type

. Freshwater cooling system failure
. Lubrication oil system failure

. Fuel oil system failure

= Bk WD

2. Engine runs at lower . Fuel starvation

speed/effect than required during

operation
2. Calibration failure
3. Governor failure
4. Software/hardware failure - control
system
3. Engine runs at higher speed 1. Too much fuel oil

than required during operation
2. Governor failure

3. Software/hardware failure - control
system

4. Unforeseen catastrophic failure = 1. Engine bearings failure
of a component part.

2. Crankshaft seizure

3. Cylinder or piston failure
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Appendices D1-D4 contain the created FMECA worksheets for the engine’s auxiliary systems.
Each worksheet is an extended version from the first level of failure modes that are highlighted
in Table 5. In other words, each worksheet evaluates failure of the sea- and freshwater cooling
systems, lubrication oil system and fuel oil system. The values listed under each consequence
category equals the consequence value plus the frequency value, i.e. resulting in a risk index for
each of the consequence parameters. The risk indexes listed in the second column from the right

shows the highest value from the indexes given under each consequence parameter.
5.3.1 Failure of seawater cooling system

Failure of the seawater cooling system will eventually lead to an engine shutdown. As explained
in section 4.2.1 is the seawater essential for cooling freshwater, lubrication oil and thruster
control systems such as the pitch and steering. It is therefore mainly subsequent effects of having
seawater cooling system failure that lead to the engine stopping. This may include reduced
cooling from the freshwater leading to overheating of the engine or that reduced effect from
other subsystems leads to excessive wear of the engine, such as reduced lubrication effect from
the lube oil system. An illustration of the failure modes at different causation levels connected to

the seawater cooling system is displayed in Figure 19.
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Figure 19. Failure modes connected to seawater cooling system failure.

Appendix D1 contain the entire FMECA worksheet connected to the seawater cooling system.
Figure 19 illustrates that sea strainer blockage, single pump failure, pipeline failure or standby
pump failure are failure modes at the second level. At the next level, established failure modes
are corrosion, erosion and general wear or fatigue damage. If the sea strainer is blocked, the
effects may be complete or partly stop of the seawater flow. In addition, larger objects can get
into the system and create material damage or block the pipelines and pumps. Estimated effects
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following failure of the seawater pump are problems with the circulation of water and in worst
case, completely stop of the water flow. Pump failure can happen if it is damaged, loses power
from supporting switchboards or the electric motor fails. Effects connected to system pipework
failure are pressure drop for the circulating water and reduced amount of water circulating. This
also poses a risk towards a leakage of seawater in the engine room. However, the vessel has
installed bilge alarms and manometers solely committed to detect leakages. The standby pump is
a redundant solution, aiming to step in if the initial seawater pump fails. Yet, most standby
pumps on board the vessel are utilized regularly to avoid mechanical damage due to lack of

rotation and standstill operation.

Appendix D1 presents MTBF values that range between one year to ten years and more. The
lowest values are typical for failure modes connected to the sea strainer, where sudden blockages
and fouling may happen due to a marine environment. Next, electrical and mechanical failure
modes receive MTBF numbers around 5 years. The remaining majority of failure modes occur in

larger intervals, i.e. more than ten years between each failure.

The failure patterns are mostly of type B, meaning that the likelihood of the failure mode is age
related. This includes failure modes that evolve after a certain time has passed, and then develops
quickly. The table shows that this pattern is typically given to wear, corrosion, erosion and
fouling occurrences. Failure pattern C is also utilized. This indicates a steady increase in the
failure mode probability, but no distinct wear-out zone. Failure pattern E and D are not age
related and are instead connected to failure modes that may occur at a more random point in
time. These are listed for failure modes connected to electrical failure or sudden blockage of

external objects in the sea strainer.

The risk indexes for each failure mode are generally low. Only closing valve failure and blackout
of sub switchboards get a high score, both due to higher values for the cost consequence
parameter. These failure modes are placed in the risk matrix on page 81. The remaining failure

modes are not illustrated in the risk matrix as they all receive the lowest possible risk index.
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5.3.2 Failure of freshwater cooling system

Appendix D2 contains FMECA results related to failure of the freshwater cooling system. From
illustrations and descriptions in section 4.2.1, it is evident that this system is less complex than
the seawater cooling system. This is reflected in the reduced number of possible failure modes
listed for the freshwater system. The circuit of freshwater is shorter and in direct contact with the
engine component. One might therefore say that compared to the seawater cooling system, a
failure of the freshwater cooling has more of an immediate effect of the engine performance. If

the cooling should fail completely, the engine gets overheated and shuts down.

Pump engine failure
Material failure
Freshwater - L
cooling system :

failure

Chemical dosing
\ ——
Lack of du.,mg

Figure 20. Failure modes connected to freshwater cooling system failure.

Figure 20 illustrates that failure of the freshwater cooling system may be caused by single pump
failure, system pipework failure or chemical dosing failure. A standby pump system is not
installed, hence the absence of such a failure mode. The freshwater pump may fail due to the
same reasons as the seawater pump. Yet, it does not include corrosion, since the flowing medium

is freshwater. System pipework failure has corresponding failure modes as those for seawater
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pipework, including material failure, fouling and external loads due to ship/engine vibrations. As
there is a smaller amount of freshwater circulating, the effect of a leakage mainly poses a risk

towards engine shutdown more than flooding the engine room. The freshwater receives chemical
dosing to avoid corrosion and scale formation in the system. As listed, lack of dosing may lead to

a diversity of corrosive attacks, cavitation and leakages.

The FMECA table in appendix D2 demonstrate that the failure patterns are mainly of type B, in
particular failure modes connected to material failures and fouling. Failure pattern C is
mentioned for vibration loads causing pipework failure. Failure of the pump engine and lack of
dosing receives failure pattern D and E, which is not age related. This is mainly because the
pump engine failure is often connected to relatively random electrical cuts, and lack of dosing is

often due to unforeseen human error.

The only failure modes that are considered as hidden are connected to pump failure, either
because of wear damage of pump or pump engine failure. Most of the risk indexes are low, but
the failure mode considering lack of dosing receives slightly higher values, this because the
freshwater is in direct contact with the engine. Consequently, lack of chemical dosing may also
harm the engine’s component parts and not only the cooling system. As the operating context is
considered to be during station keeping, repairing the damages may be costly, time-consuming
and lead to delay in operation. This is reflected in the risk index values for off-hire, costs and

reputation.
5.3.3 Failure of lubrication oil system

If the lubrication oil system was to fail, it could lead to great friction damages to the engine. As
the TT engine has several sliding and rotating parts, the lubrication oil plays a vital role to reduce

the abrasion load on the engine components.
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Figure 21. Failure modes connected to lubrication oil system failure

Appendix D3 contains the FMECA worksheet connected to failure of the lubrication oil system.

Figure 21 shows that failure modes connected to this system are failure of attached pump,

pipework failure, erroneous viscosity of lube oil and sump tank failure. Failure modes connected

to pump failure differs somewhat from the water cooling pumps. The circulating oil may be

contaminated and contain constituents that create more wear on other system parts, such as the

pump. Filter failure and contaminated oil could cause a breakdown of the pump, leading to

reduced lubricating effect and possibly an engine stop.

Failure modes for system pipework failure correspond to those presented in the previous

worksheets, though incorrect assembly procedure is added as a potential cause. Such errors may

happen during inspections or maintenance activities. When assembling work is done incorrectly,
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it may lead to stress loads in the pipes that increases the chance of cracks and fatigue damage.
Another failure mode is erroneous viscosity of lube oil, which generally is most vital if the
temperature of the oil gets too high. As a result, the oil becomes too thin and loses its lubricating
effect. This may lead to excessive component wear, causing engine breakdown. Viscosity
inaccuracies can be caused by temperature detector failure, fuel contamination or old oil.
Contamination from fuel is often caused by a leaking fuel valve. Sump tank failure could lead to
system failure as the tank is the main supply source for lubrication oil. The failure might happen
due to a tank leakage; given that the tank’s low-level alarm also fails.

Once more, the listed failure patterns in appendix D3 are dominated by category B. It is typically
linked to failure modes with problems such as contaminated oil, material failure and assembly
error. C is also an age-related pattern that is listed, hereby connected to wear damage on the
attached lube pump. Pattern E is set for failures of the temperature detector and sump tank,
indicating that these failure modes happen at a random basis. In this case setting a value for
MTBEF is challenging. However, with expert opinions from WSM it was decided that these

failure modes are rare, hence given MTBF values of ten years or more for both failure modes.

Failure modes connected to the lubrication oil’s purity are considered as hidden, i.e. filter failure,
old and contaminated oil that damage the pump and contribute to erroneous viscosity. The
remaining failure modes are evaluated as evident. Furthermore, the risk indexes connected to the
hidden failure modes obtain higher values, generally due to their relatively short MTBF interval.
The lubrication oil is in contact with several engine parts and is dependent on being cleaned
regularly. As a result, it is constantly vulnerable towards contamination, explaining why the
MTBF interval is shorter. Dealing with contaminated lube oil could become costly, hence the
higher values for this consequence parameter. Sump tank failure is not likely to occur frequently,

but may have greater consequences towards off-hire and costs.
5.3.4 Failure of fuel oil system

A fuel oil system failure directly affects the engine as it loses its provision of fuel, leading to
problems with the combustion process. A leakage of fuel in the engine room is also hazardous
considering the risk of fire. The complete FMECA table connected to failure of the fuel oil

system is given in appendix DA4.
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Figure 22. Failure modes connected to lubrication oil system failure.

Figure 22 shows that the system may fail due to fuel starvation or failure of the purifier,
pipework, transfer pump or QCV. Fuel starvation can happen by fuel filter blockage, empty tank
or air leaks in the fuel circuit. The fuel filter and service tank are both fitted with alarm
equipment that helps prevent functional failure. The equipment includes an indicator showing the
pressure drop through the filter and for the service tank; a sight glass physically showing the fuel
level of the tank and a low-level alarm. l.e. these must also fail for obtaining full effect of a fuel
starvation. Air leaks may lead to irregular combustion and varying RPM of the engine,

eventually causing the engine to stop.
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When the purifier fails, water and unwanted particles are not separated from the fuel. If so, the
fuel is typically circulated back to the settling tanks and not supplied to the engines due to its low
quality. In this case, as the fuel purifiers are in the aft of the vessel, the fuel would not be
transferred to the forward engine room at all. Purifier failure may be a result of blockage, general
wear damage or assembly error. The latter may also cause leakage of either water or fuel from

the purifier.

Pipework failure may occur due to the same reasons as for the lubrication system. It is listed that
the risk of fire in the event of pipeline leakage is small as the circulation pressure of the fuel is
relatively low, approximately 2-3 bar. Additionally, the engine room is equipped with bilge

alarms that should detect a potential leakage or flooding.

Transfer pump failure is generally critical, as the forward service tank that supplies the two
forward engines would not receive any fuel. However, as the system is redundant, both pumps
have to fail to attain full effect of this failure mode. The transfer pump may fail due to a leakage,
filter failure, fatigue or human error. By filter failure, the pumps may partly work. Yet, it would
be more time-consuming and the transferred amount of fuel would be reduced. Human error is
listed as a potential failure mode because the transfer pumps work manually. An essential
component is the QCV connected to the fuel circuit. If this malfunctions, the fuel will enter the
engine in spite of it being unwanted. The valve is therefore tested regularly, as a malfunction
poses a risk especially in the event of a fire.

The failure modes presented in appendix D4 have failure patterns of type B, C and E. Failures
connected to wear and fatigue, filter damage, assembly errors and leakages are of sort B. Pattern
C is only set to QCV malfunctioning, indicating a steady increase in the probability of failure
occurring. Type E is connected to human error, empty service tank, contaminated oil blockage
and air leaks in the fuel circuit. Blockage of the purifier due to contaminated oil and mechanical
failure of the QCV is listed as hidden failures. The MTBF values vary between five months to
more than ten years. The risk indexes obtain higher values for failure modes with MTBFs less
than two years. This can be observed for fuel filter blockage and wear of the purifier. Assembly
error and wear connected to the purifier obtain higher values on all consequence parameters.
This is connected to the potential high cost and time-consumption caused by failure of the

purifier. Additionally, it can lead to consequences within the reputation category if operation is
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delayed. Filter failure related to the transfer pump also has higher risk values due to similar
reasons. Empty tank receives slightly higher risk index for off-hire. This is mainly because the

failure mode might lead to downtime, especially if the tank is empty due to external damage.
5.3.5 Risk matrix

The risk matrix below shows the failure modes that obtained highest risk indexes in the FMECA
worksheets. Notations for each failure mode corresponds to those that was utilized in the
FMECA, whereas SW, FW, LO and FO denotes seawater cooling, freshwater cooling,
lubrication oil and fuel oil, respectively. l.e. SW: a.3 refers to closing valve failure in the
seawater cooling system. The majority of the remaining failure modes obtained low risk indexes,

not illustrated in the risk matrix for simplicity reasons.

1 2 3 4 5

Consequences —

Negligible Minor Moderate | Significant Severe
Frequency |

5 Very high
(daily/weekly)

4 High (once a month)

3 | Medium (twice a year)

2 Low (less than every
year)

1 | None (less than every 2
years)

Figure 23. 5x5 risk matrix illustrating the failure modes with highest risk indexes.
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5.4 Establishing activities in the maintenance program

The last column of the FMECA worksheets presented in the previous section show proposed
maintenance activities connected to each failure mode. By utilizing the decision tree given in
chapter 3.5.2 it was possible to establish suitable maintenance activities for each failure mode.
As a result, the maintenance actions are a combination of corrective and preventive means. The

distribution of maintenance tasks is displayed below.

Many failure modes receive the maintenance sort ‘run to failure’. Specifically, this allows the
failure mode to take place. l.e. maintenance actions to restore the component to its initial state
are only executed after the failure mode has occurred. In general, hidden failure modes do not fit
for this sort of maintenance. This is because such failures are likely to be detected at a delayed
time, and by then potentially have caused extensive damage. It is therefore logical that the
decision tree process resulted in no hidden failure modes receiving ‘run to failure’ maintenance
tasks. A majority of the remaining maintenance actions are categorised as condition monitoring.
Just a few failure modes are connected to functional testing, periodic overhaul/replacement and

restoration.

Maintenance tasks for auxiliary systems
30

25

20

15

10

Periodic
restoration
3

Periodic overhaul  Function test
1 1

Figure 24. Chart showing the distribution of activities in the maintenance program.
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Run to failure maintenance tasks is mainly dependent on spare part management. This is
apparent since the decision of applying these actions in the first place, is based on the idea that it
is safe and economically efficient to let the item fail instead of using preventive means. In other
words, spare parts must be available to replace the component or its parts when it fails. The
remainder of maintenance tasks are considered as preventive. Applying this sort of maintenance

necessitates more planning concerning how and when the activities should be executed.

Table 6 to Table 9 show the proposed maintenance strategy meant for the auxiliary systems
covered by the FMECA. Failure modes are referred to using the notation from the FMECA
worksheets in the previous sections. The tables list maintenance tasks, a description of the
procedure and the time intervals by which the maintenance should be executed. In addition,
failure patterns and risk indexes from the worksheets presented in the previous section is
included to better perceive the correspondence between these parameters and the maintenance

that was chosen.
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Table 6. Maintenance tasks description for the seawater cooling system.

Failure

Maintenance tasks for seawater cooling system

Maintenance

Maintenance task description

mode
a.l
a.2
a.3

a.4

b.1

b.2
b.3

b.4
b.5

cl
c.2
c.3
d.l
d.2

d.3

d.4

task
Run to failure

Run to failure
Overhaul/replace

Condition
monitoring

Periodic
restoration

Run to failure

Condition
monitoring

Run to failure

Condition
monitoring

Run to failure
Run to failure
Run to failure
Run to failure

Periodic
restoration

Condition
monitoring

Condition
monitoring

When pump delivery pressure is falling and/or temp. is
rising check strainer for blockage, clean the strainer
from objects.

Remove the marine growth physically or with
chemicals.

Change valve with a new one

Perform water flow measurements, a performance
standard must be established when strainer is clean.
Deviating flow (less) indicates blocked strainer.

Open pump, visually check for corroded elements in
the pump, and renew elements if corrosion has
occurred.

Change pump/eroded pump parts.

Vibration measurements on bearings, casing: octave
band analysis - contiguous and fractional octave filters,
avg. output from each filter measured successively.

Repair from chief electrician

Vibration measurements, frequency analysis - Fast
Fourier Transformation of data.

Change pipework, repair holes that leak seawater
Remove fouling with marine growth chemicals.

Repair damaged pipework, consider pipework dampers
Change pump parts that is damaged due to a static load

Open pump, visually check for corroded elements in
the pump, and renew elements if corrosion has
occurred.

Vibration measurements, frequency analysis - Fast
Fourier Transformation of data.

Vibration measurements on bearings, casing: octave
band analysis - contiguous and fractional octave filters ,
avg. output from each filter measured successively.
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Table 7. Maintenance tasks description for the freshwater cooling system.

Failure

Maintenance

Maintenance tasks for freshwater cooling system

Maintenance task description

mode
a.l
a.2

a.3

b.1
b.2
b.3
cl

task
Run to failure

Condition
monitoring

Condition
monitoring

Run to failure
Run to failure
Run to failure

Condition
monitoring

Change pump/eroded pump parts.

Vibration measurements on bearings, casing: octave
band analysis - contiguous and fractional octave filters ,
avg. output from each filter measured successively.

Vibration measurements, frequency analysis - fast
fourier transformation of data.

Change pipework, repair holes that leak freshwater
Remove fouling with marine growth chemicals.

Repair damaged pipework, consider pipework dampers
Perform freshwater sampling

Table 8. Maintenance tasks for lubrication oil system.

Maintenance tasks for lubrication oil system

Mesh obscuration particle counter Qil passes through
each mesh and particles bigger than the pores are stuck

Repair damaged seals and bearings, change damaged
Mechanical indicator showing the pressure drop through

Change pipework, repair holes that leak lubrication oil
Change pipework, repair holes that leak lubrication oil
Repair damaged pipework, consider updating/evaluating

Mesh obscuration particle counter -Oil passes through
each mesh and particles bigger than the pores are stuck

Direct reading ferrography — quantitatively measure the
concentration of ferrous particles by subjecting an oil

Failure Maintenance  Maintenance task description
mode task
a.l Run to failure ~ Change pump seal when leak is detected
a.2 Condition
monitoring
in the mesh. Sensors measure the pressure change.
a.3 Periodic
restoration impellers
a4 Condition
monitoring the filter
b.1 Run to failure
b.2 Run to failure
b.3 Run to failure
training and work procedures
c.l Run to failure ~ Change temperature detector
c.2 Condition
monitoring
in the mesh. Sensors measure the pressure change.
c.3 Condition
monitoring
sample to a strong magnetic field.
d.1 Run to failure

Change low level alarm and repair hole in the tank
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Table 9. Maintenance tasks for fuel oil system.

Maintenance tasks for fuel oil system

Mechanical indicator showing the pressure drop through
Repair leakage of tank, change low level alarm, clean
Perform valve inspection and check if they are properly

Evaluate training and procedures for fuel oil transfer,

Detectors measuring amount of water, flow and back
pressure (already installed, due to requirements from

Detectors measuring amount of water, flow and back
pressure (already installed, due to requirements from

Detectors measuring amount of water, flow and back
pressure (already installed, due to requirements from

Mechanical indicator showing the pressure drop through

band analysis - contiguous and fractional octave filters

Mechanical indicator showing the pressure drop passing

Failure Maintenance = Maintenance task description
mode task
a.l Condition
monitoring the filter - pressure drop indicates clogging of filter.
a.2 Run to failure
sight glass
a.3 Run to failure
closed
a4 Run to failure
consider automatic pumps that are triggered by low
level signal from forward day tank
b.1 Condition
monitoring
class
b.2 Condition
monitoring
class
b.3 Condition
monitoring
class
cl Run to failure  Change pipework, repair holes that leak fuel oil
c.2 Run to failure | Change pipework, repair holes that leak fuel oil
c.3 Run to failure  Perform valve inspection, inspect crossings, change
damaged parts
d.1 Run to failure = Change pump, repair/close holes in pump
d.2 Condition
monitoring the filter
d.3 Condition Vibration measurements on bearings, casing: octave
monitoring
avg. output from each filter measured successively.
el Condition
monitoring the valve, pressure drop may indicate wear
e.2 Functional Test if the QCV works by closing and opening it
testing regularly

Maintenance
interval

Every 2nd
month

Every day

Every day

Every day

Every 6th
months

Every year

Every 5th
year

Every year

E

B

RI

The maintenance tasks for each auxiliary system are roughly explained in the tables to obtain a

clear understanding of how the failure modes can be treated. The maintenance procedures

particularly connected to CM are inspired by techniques outlined by Moubray (1997),

Rasmussen (2003) and Chimples et al. (1979). The proposed CM techniques aim to handle and

prevent each relevant failure mode from occurring in a best possible manner. Procedures in the
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maintenance plan can easily be updated if it turns out that a different maintenance approach is a

better alternative.

The interval at which CM is planned uses data from the FMECA, setting the execution time for
CM to be shorter than the MTBF for the relevant failure mode. This is done to enable
discovering the failure mode before it occurs. Additionally, the created CM intervals are thought
to detect larger deviations from the system’s initial condition. The concept is illustrated on
Figure 25. CM carried out at a later point along the P-F curve makes it easier identify specific
symptoms of failure. Monitoring at an earlier time creates smaller deviations, making it
necessary to have sensitive monitoring techniques. Yet, performing CM closer to the point at
which failure occurs gives a smaller P-F interval. This gives the operators less time to react if a

potential failure is detected.

Normal condition

o ] .
Deviation 1
P1
Deviation 2
P2

=

K=

E P2-F interval \

&}

P1-F interval \
) F
Time H

Figure 25. P-F intervals and deviations from normal conditions in accordance with Moubray (1997).

Despite the disadvantages and risk in waiting longer between the CM actions, it is considered to
suit this particular system. This is because the TT engine is not considered as the most vital
machinery part to loose, and there exist spare parts to replace most of the equipment. Pushing the
interval for CM is therefore more cost efficient because you achieve extended time intervals of
maintenance actions and since it is possible to utilize monitoring equipment that measure more
coarse data. Yet, one of the advantages of the maintenance plan is its dynamic composition. This
means that the maintenance interval not only can, but also should be updated throughout a

system’s lifetime.
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Planned preventive maintenance activities

Once a year

Every 5th year

Once a month Every other

L¥¥)

month Every
) 3rd Every 6th Every
month months other year

Figure 26. Chart of planned preventive maintenance.

Results from the maintenance plan can be presented in several different ways. It may also be
used to analyse the maintenance program and the equipment further. For instance, Figure 26
displays the amount of planned preventive maintenance activities in relation with their time
interval. This makes it simple for the maintenance management to understand the activity
amount as well as how often preventive maintenance tasks are executed. A natural continuation
could be to look at the time it takes for performing the maintenance tasks, as well as evaluating
which tasks that can be done while the ship is in transit to avoid downtime connected to the

maintenance.

Additionally, performing a cost-benefit analysis would be suitable to estimate whether the
maintenance program is cost efficient. Due to lack of input data, it was not possible to complete
such analysis for the proposed maintenance program. Yet, Glesnes (2015) has provided a case
study from Karsten Moholt, demonstrating how maintenance costs and possible savings could be
calculated by comparing a traditional maintenance program to a new one. The specific case study
focuses primarily on the benefits of implementing condition monitoring for thrusters. Moreover,
the case study evaluates how maintenance costs can be reduced by extending the maintenance
interval if applicable, as discussed in section 2.2 and supported by Knddlseder (2015). The
calculations are presented in appendix G. There might be inaccuracies in the performed

calculations, as the numbers are only approximate. On the other hand, it demonstrates
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appropriate steps to do a cost evaluation. By exchanging the input data with relevant
maintenance cost data from WSM, it would be possible to perform a similar analysis for the TT

engine and its auxiliary systems.

A continuation to make the maintenance program more efficient is to outline and systemize
which maintenance tasks that can be performed simultaneously. In appendices E1-E3,
worksheets for a maintenance package plan is outlined. These worksheets include a more
thorough explanation of each preventive maintenance task procedure, specification of tasks
categorised within the same maintenance package, which packages or tasks that can be
performed at the same time, as well as suggested crew and equipment to include in the process.

Additionally, a complexity level is proposed to indicate how demanding the procedure might be.

Documentation given in appendices E1-E3 makes the plan more compact. In addition, it should
be utilized as an explaining appliance, ensuring that each maintenance package is properly
understood. Outlining a maintenance program might often be completed by personnel that do not
execute the maintenance. Therefore, it is of great importance to present the maintenance program
in a logical manner, making it easy to interpret for all personnel involved in the execution
process. l.e. the program is outlined to also enhance planning and execution, being other

elements in the overall maintenance strategy, as discussed in section 2.1.

Additionally, it is essential to facilitate good communication and exchange of experience
between the planning and execution personnel. In a maritime context, this classically holds for
the relationship between the people working on- and offshore. Typically, the onshore personnel
in the maintenance management are responsible of outlining and planning the maintenance and
crew on board the vessel execute the planned maintenance tasks. In this context, the maintenance
package plan in appendices E1-E3 are thought of as documentation for the maintenance
management onshore, responsible of the planning. A manner of simplifying the results from

these worksheets towards the on board crew is illustrated in the package plan below.
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Figure 27. Schedule for executing maintenance packages.

Figure 27 presents a schedule that can be utilized on board the vessel. It clarifies in a
comprehensible manner when the maintenance packages should be executed, in addition to
illustrating which ones that can be done simultaneously. The schedule is drawn for a period of
five years. As time goes by, the plan should be updated if the maintenance tasks or time intervals
needs to be adjusted. To complete such changes, input related to the initial plan should be
available. Ideally, such information is best given by personnel that utilize the maintenance plan,

i.e. the on board crew.

Tailoring the maintenance task documents for the on board crew may facilitate better exchange
of information related to the condition of the equipment and status of the maintenance plan.
Additionally, it can help increase the crew’s motivation and understanding of the planned

activities. This can be obtained by using the setup and results from the RCM procedure. Wang et
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al. (2010) supports this by stating that the full benefit of utilizing RCM is only achieved by

including the ship-staff, contributing with their competence and experience of the equipment.

Appendices F1-F3 contain a proposed layout of maintenance report documents. These are meant
for the on board crew in charge of accomplishing the maintenance packages. The documents
utilize the established knowledge from the RCM process to enhance the understanding of why
the maintenance tasks are performed and what the potential hazards of not doing the planned
procedures could be. Table 10 shows an excerpt of the on board maintenance sheet connected to

maintenance package 1. The complete sheet is presented in appendix F1.

Table 10. Excerpt of maintenance task sheet for on board crew.

Maintenance task sheet, for on board crew

Maintenance = Activity executed to Because (effect): Possible Report/Feedback Interval
task (failure mode): consequence:

1.1 CM on Prevent contaminated | You get an increase of | Breakdown of TT | Small deviations, challenges | Once a
attached lube oil the wear on the engine's | engine, large with the maint. tasks, detected | month
pump, rotating parts maintenance/ pump damage/ indications of
lubricating repair costs other type of pump wear,
oil system should the maintenance

interval be changed?
1.2 CM on Prevent filter failure  You get dirty oil that Breakdown of TT = Small deviations, challenges | Once a
attached in lubricating oil increase the wear on the | engine, large with the maint. tasks, detected  month
pump, gvstem engine's rotating parts | maintenance/ pump damage/ indications of
lubricating repair costs other type of pump wear,
oil system should the maintenance

interval be changed?

The maintenance tasks are categorised by using the same notations as presented in the
maintenance package sheets in appendices E1-E3. Failure modes established in the previous
stages of the RCM process are presented to show what the specific maintenance tasks should
prevent. The following column explains the possible effects to provide awareness of the reasons
for why maintenance is done. The next column describes potential consequences to give an
impression of what the outcomes might be if the task is not executed. A report/feedback column
is included to suggest aspects and parameters that the maintenance crew should record to keep

the maintenance program updated.
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Overall, it is clear that the RCM procedure has created a basis for a maintenance program that
includes a long-term plan of maintenance activity, which again can and should be updated by

relevant personnel.
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6 Discussion

6.1 Evaluation of the RCM procedure in a maritime context

The results have showed that studying engine stop due to failure of an auxiliary system created
an analysis that mainly concerned the subsystems in the last stages of the RCM procedure. 1.e.
the TT engine and its main components were not examined much further in the analysis. Other
functional failures could have been studied during the RCM workshop, such as too high/low
engine speed or engine component failure. As a result, the analysed equipment would have
become completely different. Yet, the RCM procedure that has been demonstrated for the
auxiliary systems is just as applicable for the remaining functional failures. That is, the structure
of the presented analysis has created a framework that could be used as a guideline for additional
equipment. This feature of the RCM practice is clearly advantageous. It facilitates an extension
of the analysis to include all engines of the vessel, which would be appropriate in a complete
RCM analysis. These results could then be transferred to similar vessels of WSM’s fleet.

This corresponds well to the indicated adaptability of the method, discussed in section 3.6.
However, section 3.6 also highlights that in a maritime context it is important to remember that a
change in operational context can influence the maintenance program largely. Logically, this
would be important to consider for WSM as well, especially if the practice were to be used on

another operating vessel or system on board.

It took one workday to cover merely one functional failure connected to a single engine, i.e.
referring to the RCM workshop. Consequently, it is evident that it would require a great deal of
resources to analyse the remaining failures of the engine, and even more if other engines were
included. Rausand (1998) avoids taking an extensive amount of equipment through all stages of
the RCM process by suggesting to include a critical item selection before the FMECA. Another
alternative approach to reduce the use of time and resources is discussed by Mokashi et al.
(2002). This is to use Pareto’s 80-20 principle. Roughly, the method consists of analysing all
failures that have occurred during a fixed period with somewhat steady operating conditions.

Twenty percent of the failures leading to eighty percent of the overall operating risk are picked
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out and analysed further. Out of these failures, twenty percent of the systems causing eighty
percent of the failures are then selected for a proper RCM analysis. The authors Mokashi et al.
(2002) claim that using this principle leads to concentrating limiting resources on the most
troublesome failures in an efficient manner. In other words, it may be an appropriate tactic to

make the RCM analysis less extensive.

An underlying effect has shown to become increasingly transparent after working systematically
through the RCM procedure. This is how the process makes people recognise the actual function
and importance of specific systems and its connected equipment. Even though it requires both
time and resources, working through the RCM practice methodically in cooperation with
relevant personnel, suits the maintenance strategy demonstrated in section 2.1. The process
facilitates a clear shift towards emphasizing the reason for why specific maintenance tasks are
performed. This is a contrast to simply accepting the maintenance tasks as the manufacturer
outlines them. Overall, this can be connected to the value of double-loop learning.

Argyris and Schon (1996) comprehensively discuss the theories related to single and double loop
learning in an organisation. Single-loop learning is the most common learning style, when a
management modifies its strategy or action based on results from its previous actions. On the
other hand, double-loop learning goes further and modifies the theory that underlies the action.
In the thesis’ context, single-loop learning is typically related to the traditional approach towards
managing maintenance in the maritime sector. However, by utilizing the RCM practice it is clear
that underlying reasons for planning and executing the maintenance tasks would become evident.
Furthermore, double-loop learning allows the maintenance management to act proactively in a
much more efficient manner, instead of passively utilizing preventive means without actually

knowing if it suits the equipment.
6.1.1 Evaluation of FMECA worksheets

Overall, the FMECA worksheets contain most of the analysis data related to the equipment. The
worksheets systematically show how components within each auxiliary system may lead to
engine stop. It has created a top-down perception of how a functional failure may occur by
different levels of failure modes. When studying effects and consequences, each failure mode
has been addressed and not only the functional failure. l.e. for the seawater cooling system, each
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failure mode at the lower level is analysed instead of simply looking at the subsequent events of
failure by the cooling system. This makes the FMECA structure more complete. Yet, as
discussed in section 3.1.2, it requires a lot of time and the results may be perceived as slightly

overwhelmingly considering the amounts of information.

The presented results have established maintenance tasks that consistently aim to handle the
sources of a potential failure, which is the best way of proactively avoid the failure from
occurring in the first place. Scheduling maintenance by only looking at the functional failures
increases the possibility of planning inappropriate maintenance tasks. Specifically, this may
result in maintenance that either is unfit for the considered equipment, measure useless
parameters or overlook important indications of the condition of the equipment. E.g. establishing
maintenance tasks for detecting corrosion in the seawater pump (failure mode) is a much more
consistent action, compared to outlining maintenance tasks to prevent failure of the TT engine
(functional failure) as a whole.

Yet, the FMECA results contain a slightly unexpected outcome related to the detail level of the
failure modes. As discussed in section 3.7, evaluating consequences and risk indexes for each
failure mode was accomplished during an RCM workshop. Consequently, by using WSM’s
expert opinion, the values should reflect the risk levels connected to each failure mode in a best
possible manner. However, most risk indexes for each consequence parameter generally obtained
low values. This is despite the experts’ joint opinion concerning the severity of losing function of
the TT engine or an auxiliary system. l.e. there was no doubt that such loss could be very critical,
not only towards stopping the engine, but also due to large maintenance costs, downtime and
negative publicity. Obviously, in a process where expert opinions are being outed, there is
always a chance of someone’s personal opinions somewhat erroneously affecting the results.
Yet, this is meant to be avoided in the RCM process by forming a mixed group of participants,
e.g. experts from different backgrounds and relevant personnel. Hence, it is of relevance to

discuss if there are features of the FMECA structure that have led to possible low risk values.

Firstly, a direct cause for the low risk indexes could be the outlined frequencies utilized to
evaluate the criticality. When the frequency with the lowest criticality number corresponds to
‘less than two years’ it is very likely that a lot of failure modes falls under this category. It is not

necessarily straightforward to evaluate how well the risk index results correspond to the real risk
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level for each analysed auxiliary system. However, it is reasonable to assume that the FMECA
risk results could have slightly low values. Analysing the failure modes at lower levels provided
detailed results for each mode. At this point, the attention shifted from looking at each auxiliary
system in an overall manner to focusing more on its separate components. As a result, it may
seem like the risk evaluation lacked in revealing the overall danger and consequence severity if
the superior system actually should fail. For instance, FMECA results for fuel oil system failure
obtained very few failure modes with high risk indexes. Still, if the overall fuel oil system were
to fail, it would clearly have a large impact on costs, off-hire and potentially the environment. In
other words, the detail level seems to have drawn the attention away from the overall risk level
connected to the engine and auxiliary systems. As a result, the maintenance program may
encourage executing quite a noticeable amount of corrective maintenance. This is unexpected, as

the actual trend is more connected to preventive measures recommended from manufacturers.
6.1.2 Evaluation of constructed maintenance program

One of the goals connected to the resulting maintenance program has been to ease the
communication between personnel involved in both planning and execution. As seen in
appendices F1-F3, there are report/feedback columns suggesting aspects and parameters that the
maintenance crew should record. This information is important to optimize, as it can help modify
the maintenance program to better match the real status of the equipment. For instance, if the
engineer officer executes periodic restoration every other year without detecting any indications

of wear or fatigue, perhaps the maintenance interval could be changed to every 3" year instead.

However, to contain an efficient maintenance program the maintenance management should
consider what the appropriate amount of feedback is. This is to avoid a situation where the
vessel’s maintenance crew consider the feedback procedures as repetitive and unnecessary. In
general, the feedback should reflect the knowledge and competence of the maintenance crew,

which should continuously help restoring an updated maintenance plan.

The presented documents for the maintenance crew on board utilize the results from the RCM
analysis in a very advantageous manner, helping to achieve an overall maintenance strategy that
obtains continuous improvement. Yet, this requires good communication between the planning

and executing staff. Additionally, the management must continuously encourage and support
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their maintenance team through their maintenance work. This creates a motivated maintenance

crew that is likely to work towards the common objectives of the superior organisation.

Overall, the maintenance program obtained by the RCM procedure could help WSM in
achieving their maintenance objectives, given in section 2.3.2. Specifically, this is because the
process permits a proper upkeep of the ship’s equipment, by timely and safe execution of
maintenance activities. One of the main goals of RCM is to effectively concentrate resources on
those tasks that gain system reliability. By this, the resulting maintenance program should also

facilitate another stated objective, i.e. reducing repair costs and downtime.

WSM’s last maintenance objective states to use preventive maintenance routines systemically to
attain extended machinery life. One might say that this objective has only been partly fulfilled,
since the RCM practice does not necessarily promote preventive maintenance tasks, e.g. as seen
on Figure 24, page 83. However, preventive means is not necessarily connected to extending the
lifetime of equipment. This is supported by the risk of erroneous maintenance, which was one of
the listed failure modes in the FMECA worksheets. In some cases, by which the RCM practice
analyses properly, corrective means may be more appropriate. If this appears to be unreasonable,
the RCM structure contains information that justifies the choice. Then again, the maintenance

program can be easily updated if preventive means seems to be more suitable after all.

The results and maintenance program did not contain explicit estimations of how the RCM
procedure could have an improved effect towards a vessel’s operational availability, costs, safety
and reputation. However, it is fair to state that the results show strong indications that the
procedure has great potential to achieve this. Improved operational availability would be an
obtained result due to the main goals connected to RCM, as discussed in section 3.1. This also
holds for improving the safety level of the vessel. Altogether, a vessel that is safe, reliable and
has a high level of availability would also have few problems with its reputation. In a
competitive setting, this can be very profitable, as the vessel’s reputation might be decisive for

assigning operational contracts.

In the long run, by implementing the resulting maintenance program operational costs is very
likely to be reduced. Specifically, the economic winnings would be a decrease in repair costs,

less off-hire, less costs of maintenance and unforeseen spare parts. Additionally, by using RCM,
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WSM could obtain class notations from DNV GL or Lloyds, discussed in section 2.2. As a result,
there would be less interference with the equipment and the class surveys would become much
more efficient. l.e. this provides an opportunity to avoid extensive inspections every five years
that are both costly and time-consuming. However, this clearly requires that WSM is consistent
in implementing RCM as a ‘living system’. That is, keeping the maintenance program abreast, or
as Wang et al. (2010) explains it; updating the maintenance program with any newly identified

failure modes, as well as recording the effectiveness of the recommended maintenance actions.
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6.2 Limitations

Despite achieving several beneficial results from the RCM process, some factors limit the
analysis and results. Firstly, the initial idea was to include more systems and equipment in the
examination. This includes the remaining functional failures of the TT engine, and additional
engines. Looking at the functional failure — TT engine stopping, created an FMECA where the
auxiliary systems were emphasized. The TT engine stopping due to component failure was
considered as a separate functional failure, and was not analysed any further. Thus, the engine
and its components were more or less excluded in the main analysis. Including one additional

functional failure would at least have provided results that directly involved the engine more.

Covering additional engines would form results involving a diversity of equipment. The systems
that have been studied are properly covered, but do not facilitate an overall evaluation of the
reliability and risk connected to the vessel’s machinery systems as a whole. A more extensive
analysis would have made this easier. In addition, it would better reveal which equipment that is
critical to keep the machinery and propulsion systems function as desirable. However, it became
evident during the RCM workshop that due to limited time and resources, not all equipment
could be thoroughly studied. The resulting examination is therefore somewhat narrow. Then
again, due to the objectives of the thesis, illustrating each step of the RCM procedure was
considered more important than covering an extensive amount of equipment. As mentioned in
the previous chapter, the results demonstrate a framework that could be employed if the analysis

was developed further.

Considering the FMECA, some assumptions should be commented. For instance, the effect and
consequence evaluation of failure modes poorly covers probability aspects. Even though this part
of the analysis should reflect realistic events following a failure, the probability of it actually
occurring might almost be insignificant in some cases. The redundancy level of the equipment
has an effect on this issue. Yet, redundancy is not properly assessed in the RCM procedure and
its effect on the system’s reliability is only slightly covered in the analysis. The procedure may
therefore trigger ‘worst case scenario’ conclusions, despite the fact that such scenarios might be
very unlikely. Evaluating the frequency of each failure mode should prevent this to some extent,

resulting in low risk indexes in such cases. Yet, here the outlined intervals for frequencies were
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slightly peculiar, especially related to the lowest frequency level ‘less than every 2 years’. This
also makes it uncertain if the choice of calculating risk indexes by adding the frequency and
consequence was correct for this particular analysis. This because the frequency categories from
WSM were not logarithmic, which is an assumption the risk index calculation is based upon
(Rausand, 2011).

Ideally, a comparison of the constructed maintenance program and WSM’s maintenance
approach for the equipment should have been completed; covering WSM’s planned and/or
performed maintenance activities for the analysed equipment. This would make it easier to
perform trend analyses as ABS (2003) suggests, evaluating equipment downtime, equipment
parameters and whether the outlined maintenance program is being properly followed. For
instance, the time it takes for executing the various activities in the maintenance program have
not been considered, including what the mean down time (MDT) connected to the maintenance
work might be. This is essential to assess, because actions corresponding to high values of MDT
would have a negative effect, creating both downtime costs and reduced operational availability.
A comparison would also provide information helping to reveal whether the suggested
maintenance program is realistic, if some of the maintenance can be done while the ship is in
transit, if changes on WSM’s routines should be done, if the new program could lead to
achieving beneficial factors for WSM etc. However, it was not possible to obtain this
information from WSM. In retrospect, analysing a system having such information available

would likely have been a better choice than studying the TT engine.

Finalising the examination by performing a cost-benefit analysis such as Glesnes (2015)
presented, would also have strengthened the results. A suitable tactic could be to evaluate the
costs of WSM’s former maintenance program with the one suggested. If so, parameters to
consider would have been planned costs for executing different maintenance actions. That is,
including costs of spare parts, maintenance equipment, personnel and potential downtime due to
the maintenance work. Additionally, downtime costs during operation due to broken equipment
should be included. Establishing data connected to these parameters for both the old and new
program facilitates an evaluation of whether the new maintenance program is economically
beneficial. Additionally, the savings for obtaining alternative class notations as those discussed

in section 2.2 should also be implemented in the cost-benefit equation.
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7 Conclusion

The goal of this thesis has been to construct a maintenance program by applying the RCM
procedure on machinery equipment for a vessel operated by WSM. In order to achieve this, the
work of the thesis has focused on analysing a tunnel thruster engine and its connected auxiliary
systems by the RCM perspective of Moubray (1997). By covering each necessary step of the
RCM procedure, it was possible to outline a program for executing maintenance tasks for the
lubrication oil system, fuel system as well as the sea- and freshwater cooling system. The main
input employed to justify the different choices of maintenance tasks has been FMECA
worksheets, which is an essential stage of the RCM process. The FMECA has utilized WSM’s
own consequence and frequency parameters, in addition to their risk matrix. The FMECA has

received information directly from WSM, which was a key part in constructing the worksheets.

As a last step, maintenance tasks associated with each failure mode has been established in
cooperation with WSM through a decision tree process. No equipment connected to the
evaluated failure modes turned out as highly critical. Yet, some failure modes are classified
within the medium risk area of the defined risk matrix and should not be neglected. The
suggested maintenance program contains a diversity of maintenance tasks, and not all are
preventive means. This is demonstrated for failure modes that receive the maintenance task
category ‘run to failure’. Typically, this turned out to be relevant for equipment with failure
modes that were not critical, easily detected and/or inexpensive to renew. Including corrective
means in the maintenance program illustrates that the RCM procedure does not necessarily
conclude with preventive maintenance as the best solution for all equipment types. This is a
consequence of how the method focuses on establishing economically efficient maintenance

activities that facilitating system reliability.

The structure of the analysis can be utilized generically for similar equipment, but in a modified
version since the operational context must be taken into consideration. The accomplished
maintenance program suits as an essential element in a maintenance strategy corresponding to

the one presented in section 2.1, aiming for continuous improvement. Additionally, the program
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enables improvement of other elements in the maintenance strategy loop, such as planning,

execution and feedback/reporting.

The thesis has shown that RCM is applicable for analysing diverse equipment in a maritime
context. The outcome is a maintenance program that is based on a detailed structure,
systematically showing why the different maintenance tasks are chosen. Despite a lack of proper
calculations, once the RCM practice has been utilized to examine operational equipment, a

company such as WSM is likely to achieve several benefits. This includes:

e Enhanced safety, operational availability and equipment reliability

e Competitive advantages when the vessel obtains a record of high operability and little
downtime

e Costs are reduced due to a maintenance program that leads to efficient maintenance tasks
tailored for the equipment, less operational downtime, less unforeseen corrective
maintenance and better control of spare parts

e Employing the RCM method on machinery or propulsion parts can make the equipment
relevant for an alternative class notation, enabling less extensive and more flexible class
surveys

e Utilizing the employees’ experience and competence to develop and update the
maintenance program facilitates a motivated maintenance crew that work towards the

common objectives as the company

However, executing an RCM analysis has proved to be a comprehensive process, requiring an
extensive amount of time and resources. The author considers this as the main drawback of the
method and is likely to make it less tempting to employ RCM. It takes time before the benefits of
the procedure becomes evident and gets to validate its positive effects. Hence, it is fair to assume
that maritime companies might hesitate to apply the procedure when it becomes clear how
detailed the analysis actually is. l.e., a danger is that initial investments may overshadow the

perception of RCM’s positive long-term effects.

Hence, the RCM procedure is considered to fit equipment that is critical towards safety and/or
operation. This is to avoid analyses becoming too extensive, spending unnecessary time to study

systems uncritical for operational reliability or safety level. Yet, at an initial stage, it may be
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difficult to decide which equipment is critical. Therefore, all relevant experience and historical
data should be utilized in such decision processes or consider the approaches by Rausand (2011)
or Mokashi et al. (2002). This would aid in legitimating the choice of equipment fitted for further
analysis as well as reduce the chance of disregarding essential components.

Overall, in a time where the maritime industry continuously looks for tactics to reduce
operational costs, optimizing the maintenance program could provide significant results. It is
therefore clear that if found applicable and utilized appropriately, the RCM practice could help in
obtaining such results.
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8 Recommendations and further work

8.1 Recommendations and comments to WSM

Constructing a maintenance strategy, which by the RCM practice creates a structure for
continuous improvement, would be ambitious and appropriate long-term tactic for WSM.

Several fallouts from the RCM analysis may be considered as useful for WSM. Central parts are:

e The RCM practice creates learning and makes relevant maintenance personnel utilize
their expertise in an analytical manner. This will facilitate better fulfilment of each work
process in the maintenance strategy loop from chapter 2.1.

e [tis time-consuming to create an initial RCM analysis including FMECA worksheets,
risk matrices, consequence parameters etc. Once a structure is outlined, such as the one
proposed, it is easier and likely less time-consuming to perform the same analysis on
other systems

e The resulting maintenance program is consistent and can be easily updated by operational
feedback from the PMC and the on board crew

e The maintenance program facilitates proper spare part planning. Failure modes connected
to ‘run to failure’ maintenance tasks necessitates available spare parts, creating clear
input that can be applied directly for such planning

e Utilizing the resulting maintenance program enables further reliability studies,
maintenance trend analyses, metrics and analyses to improve the maintenance plan even
more

e If WSM wish to obtain a class notation for their machinery system similar to those
discussed in section 2.2, the class society would require documents describing why CM
and other preventive maintenance actions have been chosen for the equipment
(Knodlseder, 2015). This is exactly what the RCM results can provide

e The resulting maintenance program has created a documental framework that helps WSM
in meeting requirements from IMO (2002). Additionally, the structure enhances the
process of other elements in the maintenance strategy loop, specifically related to

planning and execution
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Furthermore, recommendations for WSM’s further work are:

e Compare the proposed maintenance program to their existing one

e RCM could be utilized in a design phase, for instance an initial RCM analysis for critical
equipment could be demanded when receiving new-builds

e Request more RCM analyses from manufacturers or some documentation describing why
the recommended maintenance program is outlined the way it is

e Perform an evaluation of the existing risk matrix, including consequence parameters and
frequency intervals

e Evaluate which equipment that is suited for an RCM analysis and prioritise equipment

that is critical towards safety and/or operation
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8.2 Further work

To improve the analysis the following is recommended:

e Extending the RCM analysis to include all relevant functional failures connected to a
system, at least for one engine. If the analysis becomes too extensive, Pareto’s 80-20
principle may be utilized (Mokashi et al., 2002)

e Examine and calculate the potentials for reducing operational costs as a result of
implementing a maintenance program constructed by the RCM practice

e It would provide greater knowledge if the obtained maintenance program could be
compared to one that is being applied currently

e An interesting development would be to perform an RCM analysis earlier in a vessel’s
lifecycle, particularly in the design phase

e Evaluate probability and statistical data in a larger extent when studying the failure
modes

e Utilize the maintenance program to execute additional analyses, such spare part planning,
optimizing maintenance intervals, trend analyses etc.

e Study how to effectively and safely choose critical equipment fit for an RCM analysis at
an early stage, with minimum risk of overseeing vital functional failures and failure

modes
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Background: Wilhelmsen Ship Management (W5SM) is a main provider of third party ship
management services worldwide. An essential element within the areas of responsibility to the
company is planning and executing maintenance work. By creating an applicable maintenance
program including maintenance intervals and written procedures for maintaining and handling
relevant components, the results could provide syvstems that are more reliable with less downtime.

Yet, traditional maintenance programs connected to a ship’s technical systems are often a result
of recommendations from manufacturers and classification societies. Class approval of
machinery and propulsion components are commonly based on inspection and condition
monitoring performed after specific operating hours.

Knowing that the manufacturer has obligations in case of claims, shipping companies typically
follows the recommended practices in terms of inspections and operating hours without further
questions. Yet, using a more analvtical approach would facilitate a reduction in unnecessary
maintenance work and a maintenance plan better tailored to its context.

MMainTech AS has extensive experience from a variety of industries in facilitation of operation,
maintenance and inspection. A maintenance method that the company has utilized to achieve
successful maintenance programes is reliability centred maintenance (RCM).

The method should help construct a maintenance program that prioritises maintenance needs and

concentrate resources on those tasks that promote system reliability. Consequently, RCM is
considered an applicable approach as an alternative to traditional maritime maintenance.
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NTNU Trondheim
Norwegian University of Science and Technology
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Objective: The thesis should study the application of RCM for constructing a maintenance
program in a maritime context. The purpose is to evaluate whether the ECM process could have
an improved effect towards a ship’s operational availability, safety, costs and/or reputation.

By this, the thesis should address the following:

1. Discuss the importance of maintenance and maintenance programs

2. Study the traditional maintenance practice common in the shipping industry, relevant
rules/regulations and WSM’s own requirements and procedures

3. Describe the ECM method, including positive and negative aspects

4. Perform an ECM analvsis for parts of a machinerv svstem on one of WSM's vessels

5. Bazed on results from the analysis, establish an appropriate maintenance program that
suits the analysed equipment

6. Ewaluate whether the mamtenance program can obtain beneficial results for WSM

7. Discuss how the BCM analysis and resulting maintenance program may inspire to create
a strategy which 1s continuously striving for improvement

8. Suggest recommendations for WS based on the performed analysis and maintenance
program

9. Conclusions, further work

All necessary input data is assumed to be provided by WSM and MainTech AS.

The work scope mav prove to be larger than initially anticipated. Subject to approval from the
supervisors, topics may be deleted from the list above or reduced in extent.

The thesis must be written like a research report, with an abstract, conclusions, contents list,
reference list, etc.

During preparation of the thesis, it 1s important that the candidate emphasizes easily understood
and well-written text. For ease of reading, the thesis should contain adequate references at
appropriate places to related text, tables and figures. On evaluation, a lot of weight is put on
thorongh preparation of results, their clear presentation in the form of tables and/or graphs, and
on comprehensive discussion.
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Appendix B.

Decision tree applied in the RCM analysis

Will the fimctional failure be NO Could it lead fo consequences NO Could it lead to consequences NO
hidden umder normal operation? towards safety or envircnment? towards production?
YES YES YES
Would CM be technically Would CM be techmically Would CM be technically Would CM be
possible and worth possible and worth possible and worth techmically possible and
implementing to detect implementing to detect implementing to detect worth applying to detect
the failure mode in ime? the fallure mode n time? the faihure mode n time? the failure mode in time?
| vEs o YES NO YES | NO | ves o
Condition Condition Condition Condition
monitoring monitoring monitoring monitoring
Would PR be Would PE_be Would PF. be Would PE. be
technically possible and technically possible and techmically possible and technically possible
worth implementing to worth mmplementing to worth implementing to and worth applying to
reduce the failure rate? reduce the failure rate? reduce the failure rate? reduce the failure rate?
| YES NO YES | NO YES | NO YES | NO
Periodic Periodic restoration Periodic restoration Periodic restoration
restoration
Would PC replacement Would PC replacement Would PC be techmically Would PC
be techmically possible be technically possible possible and worth replacement be
and worth implementing and worth implementing mplementing to reduce techmically possible
to reduce the failure rate? to rednee the fahure rate? the failure rate? and worth anohane to
| YES NO YES | NO YES | NO | YES | NO ‘
Component Component replacement Component  Run to failure Component  Run to f_ailure
replacement replacement  or redesion replacement or redesign
Would a function test be Would a combination of vanious
technically possible and maintenance tasks be techmically NO
worth implementing to possible and worth applying to avoid - Redesign
detect the failure mode? the failure mode from occurmng?

| vEs NO
Function test
NO
Could the failure mode result
In consequences towards
safiety and/or environment? YES

I

YES

Fun to failure
of redesign

Redesign

[IV]

Combination of various
maintenance tasks

CM - Condition Monitoring
PR — Periodic Restoration
PC

— Periodic Component



Appendix C.  List of icons for system illustrations in section 4.2

Gear oil
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S.C. Steering @ Thermometer
cooler
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1<t Gate valve = QCVv
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failure of seawater cooling system

FMECA table
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Appendix G.  Case study from Karsten Moholt.

Rig company «X» has implemented a condition based maintenance (CBM) program for the

thruster units on 22 drill ships and semi-submersibles.
Approximately 140 thruster units.

Costs by reqgular maintenance program

PM maintenance cost for 1 thruster:

» Cost for overhaul = 1060000 USD (every 5 year, pr. unit)
» Estimated PM pr. year = 25000 USD (filters / oil / inspections)
» Total maintenance cost pr. year over a five year period = 237000 USD

Thruster maintenance cost pr. rig (8 thrusters)

» 237000 x 8 thrusters = 1896000. pr. year / 9,5 mill. USD 5 year. (MTBF)

Dry dock cost for maintenance of 8 thrusters:
Day rate = 400.000, - USD x 20 days = 8 mill. USD.
5 year maintenance budget for 8 thrusters = 9,5 mill. + 8 mill. = 17,5 mill. USD

Maintenance budget for 22 rigs with 8 thrusters:

* 1rig=1896000 USD pr. year x 22 rigs = 41,7 mill. USD (Pr. year)

* 41,7 mill. USD x 5 ar = 208 mill. USD (MTBF)

Dry Dock for 22 platforms in 20 days = 176 mill. USD (MDT)
PM budget 22 rigs over 5 years = 384 mill. USD (MTBF + MTD)
PM budget pr year = 76,8 mill. USD (MTBF + MTD / 5 year)

After the first five years, condition monitoring (CM) resulted in only nine thrusters having
deviations, i.e. indicating that the thrusters were operating desirably related to its performance

standards. However, preventive maintenance was scheduled and performed.
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By utilizing CM the maintenance interval could be extended from every fifth year to every seven

and a half year instead. The results were:

Maintenance cost for 1 thruster — 7,5 year interval:

Cost for overhaul = 1060000. (pr. thruster)
PM & CM program = 30000 USD

Yearly maintenance cost pr thruster is;

1060000 / 7,5 year + 30000 = 171300, -
Savings: 65700 USD - pr. thruster pr. year.

Maintenance cost per rig:

» 171300 x 8 thrusters = 1,37 mill per year
» For maintenance interval 7,5 years = 6,85 mill USD. ( Every fifth year = 10,2 mill)

e Costsavings = 1.89 mill USD — 1.37 mill USD = 526000 USD pr. rig

* Cost savings for 22 rigs = 11.5 mill. USD
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