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PROPOSING A RELIABILITY AVAILABILITY MAINTAINABILITY
(RAM) ANALYSIS IN SHIPBOARD MACHINERY SYSTEMS

SUMMARY

The purpose of the Reliability Availability and Maintainability (RAM) analysis is to
predict the future availability of a system, identify any changes that would be
beneficial to the system if needed. It also supports decisions on whether to implement
these changes. RAM analysis has been used by companies for many years. Companies
conduct RAM analysis in their design and production processes.

Studies on safety and security have increased, especially after World War 1. After the
mid-20th century, applications in many sectors ranging from war technologies to
personal use technologies have increased.These applications were usually done at
electronic devices and rocket technologies. In this regard, the first study in which the
reliability level is determined exactly and the determined values are proved in the
system components with the experiments can be counted as the RAM analysis applied
in the production of missiles in Germany.

The defense industry in particular has played a leading role in the implementation and
dissemination of RAM analysis.Since the products produced with missile and space
technologies are weak in terms of repairability, it is aimed to prevent all possible
malfunctions that may occur after using the product with RAM analysis made during
the production and design stage.

Ships often use ports and anchorage zones as part of their trade. In addition to the needs
of ships such as fuel, oil, spare parts, there are various expenses in ports and iron
regions where they come to make evacuation or loading. Malfunctions that may occur
during maneuvers, if they affect the ship's ability to move, will increase the fixed costs
as well as the payment of the penalty of the ship, the machine or system failing to
repair the deformations and the ship will cause additional burdens due to disruption of
trade.

The RAM analysis, which we investigate, calculates the probability of failure of the
machinery systems during the important operations of the ship. The RAM analysis
predicts the period in which future failures will occur using data from previous years.
If the recommendations provided by the analysis are applied before a risky operation,
the probability of failure will be minimized and the operations will be made healthier.

Before a high-risk ship operation, various measures must be taken to ensure that the
ship's machinery systems continue to operate without fail. However, each measure
increases the operating costs of the ship. Therefore, before a risky operation, it is
necessary to review the standard practices and take additional measures to know the
reliability of ship machinery systems and related components and to determine the
most appropriate times to be spent for maintenance.

The fuel injectors of a ship's main engine are discussed in the data analyzed. The data
of previous years were collected and the relationships between the data were
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examined. As a result of the data obtained, the reliability, availability, and
maintainability rates of the injectors number 1,2,3,4,5,6 and 7 were calculated.

As a result, the reliability of fuel injection valves decreased with increasing working
hours. While the reliability of a newly repaired fuel injector is 100%, it is seen that the
reliability rate is reduced to 31-34% when 4000 operating hours are applied in the
planned maintenance system.

In the analysis, the availability rates for all fuel injectors were found to be above 99%.
This is due to the length of the failure-free operation of the fuel injectors and a short
time is needed to fix the failure.

The maintenance operation will be healthy as long as the period of care is 3.5 hours or
more. The determination of this time is important in situations that may create time
constraints for the ship.

Reliability analysis showed that reliability decreases over time. While it is emphasized
that this problem can be solved by reducing the time between the two maintenance
plans, it has been evaluated that only the preventive and interim maintenance of the
important devices can be satisfied because of the high availability of ships.
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GEMI MAKINE SiSTEMLERINDE GUVENILIRLIK
KULLANILABILIRLIK VE BAKIM KOLAYLIGI ANALIiZi ONERISi

OZET

Giivenilirlik, Kullanilabilirlik ve Bakim Kolayligi (RAM) analizinin amaci, sistemin
gelecekteki kullanilabilirligini 6nceden tahmin etmek, gerekirse sistemde yararh
olabilecek  degisiklikleri tanimlamak ve bu  degisikliklerin  uygulanip
uygulanmayacagina iliskin kararlar1 desteklemektir. RAM analizi sirketler tarafindan
uzun yillardir kullanilmaktadir. Sirketler tasarim ve tiretim siireclerinde RAM analizi
yapmaktadir. Bu sayede sirketler, bir iirlinii tarasladiktan sonraki kullanim
stireclerinde olas1 arizalar1 ve etkilerini gozleyebilmekte ve {iriinle alakali
gelistirmeleri yapabilmektedirler.

Giivenlik ve emniyet konularindaki ¢alismalar, 6zellikle II. Diinya Savasi'ndan sonra
artmistir. 20. ylizyilin ortalarindan sonra, savas teknolojilerinden kisisel kullanim
teknolojilerine kadar bir¢ok sektdrde uygulamalar artis gostermistir. Bu uygulamalar
genellikle elektronik cihazlarda ve roket teknolojilerinde yapilmistir. Giivenilirlik
seviyesinin tam olarak belirlendigi ve sistem bilesenlerinde tespit edilen degerlerin
deneylerle kanitlandig1 ilk calisma, Almanya'daki fiizelerin {iretiminde uygulanan
RAM analizi olarak sayilabilir.

Ozellikle ~ savunma  sanayisi RAM  analizinin  uygulanmasinda  ve
yayginlagtirilmasinda oncii bir rol oynamustir. Fiize ve uzay teknolojileri ile iiretilen
iriinler tamir edilebilirlik agisindan zayif oldugu icin, iiretim ve tasarim asamasinda
yapilan RAM analizi ile iiriinii kullandiktan sonra olusabilecek tiim arizalarin
Onlenmesi amaglanmaktadir.

Artan teknoloji sayesinde Ttriinler kullanima sunulmadan Once bircok testten
gecirilebilmekte ve iirliniin tasarim hatalar1 ve aktif yagsam siiresi boyunca meyadana
gelmesi muhtemel arizalar tespit edilip miidahale edilebilmektedir. Boylelikle, iiriin
piyasaya sunuldugunda olasi arizalar, sadece kullanimdan dolay1 meydana gelebilecek
kullanict hatalar1 ve malzeme yorgunluguna bagli arizalara indirgenmis olmaktadir.

Gemiler, icra ettikleri ticaretin bir parcasi olarak liman ve demir bolgelerini siklikla
kullanir. Gemilerin yakit, yag, yedek parca gibi ihtiya¢larinin yani sira tahliye veya
yiikleme yapmak i¢in geldikleri limanlarda ve demir bdlgelerinde ¢esitli masraflari
mevcuttur. Manevralar sirasinda ¢ikabilecek arizalar, eger geminin hareket
kaabiliyetini etkileyecek arizalarsa, sabit masraflar1 arttig1 gibi geminin ceza 6demesi,
ariza yapan makinede veya sistemde onarilmasi giic deformasyonlar ve geminin
ticareti aksadig1 i¢in karsilacag: ayrica kiilfetlere neden olacaktir.

Gliniimiiz teknolojisinin geldigi noktada, ticari faaliyetlerde de bir hiz yaris1 igerisine
girilmistir. Teslim alina yiikiin/iiriiniin zamaninda ve hatasiz bir sekilde teslim
edilmesi hem iireticinin ¢alistig1 alandaki itibar1 hem de faaliyetlerine artig saglayarak
devam edebilmesi agisindan 6nemini kat ve kat artirmigtir. Ticari faaliyetlerin bir
parcasi olarak gemiler, varis noktasi olan limanlara zamaninva varamadigi her saat
icin ceza ddemektedir. Yasanan zaman kayiplar1 sadece tek seferlik bir ceza olarak
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kalmaylp geminin veya isletmeci firmanin ilerleyen siireclerinde de ticari
faaliyetlerinde azalma ve hatta tamamen durma noktasina gelmesine neden
olabilmektedir.

Aragtirmasii yaptigimiz RAM analizi, geminin 6nemli operasyonlar1 sirasinda
makine sistemlerinde ariza meydana gelme olasiligint hesaplamaktadir. RAM analizi,
gecmis yillara ait verileri kullanarak gelecekteki arizalarin hangi periyotlarda meydana
gelecegini ongdrmektedir. Riskli bir operasyondan 6nce analizin sundugu tavsiyeler
uygulanirsa ariza olasiligi en aza indirilmis ve operasyonlar daha saglikli yapilmis
olacaktir.

Riski yiiksek bir gemi operasyonu Oncesinde gemi makine sistemlerinin ariza
vermeden ¢aligmaya devam etmesi i¢in bir takim 6nlemler alinmalidir. Ancak alinacak
her dnlem gemi isletim masraflarini artirmaktadir. Dolayisiyla riskli bir operasyon
oncesinde gemi makine sistemlerinin ve ilgili bilesenlerinin giivenilirliklerini bilmek
ve yapilacak bakimlar i¢in harcanmasi gereken en uygun siireleri tespit edebilmek i¢in
standart uygulamalarin yeniden gdzden gecirilmesi ve ilave tedbirlerin alinmasi sarttir.

Muhtemel arizalar, ge¢cmis veriler degerlendirilerek ve gelecege dair yorumlamalar
yapilarak tespit edilebilir. Bu arizalarin siddeti, muhtemel zamani, onarim i¢in gerekli
insan ve kaynak giicii, ariza meydana geldiginde sisteme verebilecegi zaafiyet ve
arizalar meydana gelmeden Once bakimmin ne zaman yapilacagi gibi gemi
operasyonlar1 i¢in kritik 6neme sahip veriler, RAM analizi ile tespit edilebilir.

Givenilirlik 6l¢iitii, bir geminin c¢alisan sistemlerinin mevcudiyetini ne kadar siire
koruyacagini tespit etmeye yarayan, hangi zaman araliginda ve hangi gemi sartlarinda
bu mevcudiyetin bozulacaginin tespitinde énemli bir dlgiittiir. Isletmeci tarafindan
yine isletmeci insiyatifinde kararlastirilan giivenilirlik alt sinirina ulasan bir sistem
veya sistem bileseni i¢in riskli operasyon Oncesinde Onleyici bakim planlamasi
yapilmasi, geminin sistemlerinin saglikli ¢calismasi i¢in faydali olacaktir.

Kullanilabilirlik 6lgiitli, geminin bir veya birkag sistem ve sistem bileseninin istenilen
zamanda istenilen gorevi eksiksiz yerine getirebilme olasiliginin olgiitiidiir. Ariza
periyodu kisa, arizasiz ¢alisma periyodu uzun olan bir sistem bileseni icin giivenilirlik
hesaplamlar1 her zaman yliksek degerlerde ¢ikmaktadir. Yaptigimiz calismada da
sonuglar, sistem bilesenlerinin kullanilabilirlik seviyelerini yiiksek degerlerde
cikmistir. Kullanilabilirlik i¢in en anlamli sonuglar kisa arizasiz ¢alisma periyodu olup
onarimin uzun zaman aldigi sistemler ve sistem bilesenleridir.

Bakim kolaylig: 6l¢iitii, bir sistem veya sistem bileseninin ariza meydana gelmeden
once koruyucu bakimlarin yapilabilmesi veya ariza meydana geldikten sonra onarimin
yapilabilmesi i¢in kabul edilebilir tamir siiresinin ol¢iitiidiir. Bir arizaya yapilacak
miidahalenin gerektirecegi en az siireninin tayin edilmesi, bakim operasyonunun
yapilmasi gereken zamanin tayininde direkt etkilidir.

Gemilerinin sik liman ugrakli ¢aligmasi ve g¢alisma temposunun yiiksek olmasi
sebebiyle RAM analiz uygulamasi i¢in bir konteyner firmasinin filosundan bir gemi
secilmistir. Geminin planli bakim sisteminde yer alan biitiin veriler sirket gézetiminde
incelenmistir. Veri araliginin genis olmasi, RAM analizinden elde edilecek ¢iktilarin
anlaml veriler olmasini saglayacagindan filonun en eski gemisi seg¢ilmistir. Planlh
bakim yazilimindan g¢ekilen veriler titizlikle incelenmis ve secilecek sistem bileseni
gemi i¢in kritik 6neme sahip olacak sekilde belirlenmistir. Makineler i¢in en kritik
sistem olmas1 ve bu sistem ilizerinde meydana gelebilecek bir arizanin doguracagi
sonuglarin, 6zellikle manevralarda, ciddiyetinin yiiksek olacag diisiiniilerek yakit
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sistemi secilmistir. Yakit sistemi igerisinde de en anlamli veri dagilimi oldugu
saptanan ve ana makine i¢in kritik 6neme sahip olan yakit enjektorleri belirlenmistir.

Incelenen verilerde geminin ana makinesinin yakit enjektorleri ele alinmustir. Gegmis
yillara ait verileri toplanmis ve veriler arasindaki iligkiler incelenmistir. Elde edilen
veriler neticesinde 1,2,3,456 ve 7 numarali enjektorlerin  gilivenilirligi,
kullanilabilirligi ve bakim kolaylig1 oranlar1 hesaplanmaistir.

Sonug olarak, yakit enjektorlerinin giivenilirliginin ¢aligma saatlerinin artmasiyla
azaldig1 goriilmiistiir. Yeni tamir edilmis bir yakit enjektoriiniin giivenilirligi %100
iken, planlanan bakim sisteminde 4000 ¢aligma saati uygulandiginda giivenilirlik
oraninin %31-34 araligina kadar diistiigii goriilmektedir.

Analizde, tiim yakit enjektorleri i¢in bulunabilirlik oranlarmin %99'un iizerinde
oldugu tespit edilmistir. Bu, yakit enjektorlerinin arizasiz ¢alisma siiresinin arizayi
gidermek icin gereken siireden daha uzun olmasindan kaynaklanmaktadir.

Bakim islemi, bakim siiresi 3.5 saat veya daha fazla oldugu siirece saglikli olacaktir.
Bu siirenin belirlenmesi, gemi i¢in zaman kisitlamalari yaratabilecek durumlarda
Oonemlidir.

Gtivenilirlik analizi, se¢ilen sistem bilesenleri i¢in giivenilirligin zamanla azaldigini
gdstermistir. Iki bakim plan1 arasindaki siireyi kisaltarak bu sorunun ¢dziilebilecegi
vurgulanmakla birlikte, gemilerin yiiksek kullanilabilirligi nedeniyle sadece dnemli
cihazlarin Onleyici ve gecici bakimlarinin yapilabilecegi degerlendirilmistir.
Uygulanacak bakimlar i¢in gerekecek siireler bakim kolayligi oranina gore degiskenlik
gostermekle birlikte bakim icin harcanacak zamanin tespitinde Onemli referans
degerler saglamistir.
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1. INTRODUCTION

Reliability is defined as the completion of its systems or system components within

the specified time and under the specified conditions with failure-free.

A system or system component must operate actively within the life span of the
manufacturer. Warranty periods and warranty conditions are determined by machine
manufacturers based on the experience gained as a result of post-production tests and
feedback from previous productions. The conditions in which a system or machine
works and the knowledge/skill level of the operating personnel are the factors that

directly affect the healthy life span.

1.1 Terminology

1.1.1 Reliability

The life cycle of a system or system component is described by bathtub in reliability
engineering. The Bathtub curve handles the life cycle in three stages. The first stage
is the early stage, where production errors and failures are high; the second stage is
useful life wherein the failure rates have a low constant value; the third stage is aging,

where failure and error rates start to rise.

The failure rate of equipment in the early stage or the aging stage is always high. A
newly manufactured equipment will have many failures due to manufacturing
problems. The failure rate will be reduced with proper maintenance and system

development.

The deterioration rate function of a system or component is generally expressed by a
bathtub curve in the economic life (Figure 1.1).

The life of all parts, system and equipment consists of working (childhood and youth),
maturity (useful life) and wear and tear (aging) phases. In the early stages of the life
cycle from the initial setup of the system to the normal condition time, the probability
of failure starts at a proportionally high level and gradually decreases with the life
cycle. It is at a certain level in the useful life period and has almost constant



degradation rate. In this period, the hardware has the highest operational efficiency. In
the last stage of aging, the rate of deterioration shows a rapidly changing rate of wear
(Er, 2004).

Failure Rate

v

Time
Figure 1.1 : Bathtub curve.

The first deterioration results from design and manufacturing failures. In order to
prevent such malfunctions, tests should be carried out initially and necessary

precautions should be taken. This time is usually very short for mechanical systems.

Malfunctions in the useful life period, where random faults occur, are often caused by

operating failures. In this regard, training of engine officers gains importance.

The failures seen during the wear period are caused by the completion of the life of
the equipment and parts and in this case, the lifespan should be extended with

preventive and productive maintenance (Ergelebi and Ergin, 1997).

Let T be the random variable time to failure. The reliability at t, R(t), is the probability
that the system fails at t (Cha et al, 2004),

t
RO =P(T>)=1-pT<t)=1-F(t) =1 —f FDdt (1)
0

1.1.2 Availability

Availability is defined as the degree to which the system or system components are
operable to perform their tasks optimally at an unknown time. This means that an
equipment must be available during the waiting period for operation. The extent to

which it can perform its task in case of need is explained with availability.



A(t) =P{X(t)=1}5t>0 (1.2)

Availability and reliability are two different criteria. Reliability means that a system
in use completes its task before failure occurs within a specified period of time, and

availability is readily available before commencing work.

The period required to fix the failures and perform maintenance prevents the system
from the condition that is available. Assuming maintenance is carried out at a constant
rate, it can be expressed as follows in a steady state after a temporary conduct has fixed
accessibility (Barbera et al., 2012);

For repairable parts;

Availability = B me r o L3
VAR = Uptime + Downtime ~ MTBF + MTTR (3
For non-repairable parts;
) . Uptime MTTF
Availability = (L.4)

Uptime + Downtime _ MTTF + MTTR

1.1.3 Maintainability

Maintainability analysis is used to evaluate the design and operation of the system or
system components in terms of maintenance procedures and required resources. The
main time intervals that should be considered when performing the maintainability
analysis are as follows: Diagnostics, spare parts supply times, administrative delays,
disassembly/replacement, repair time, assembly, and testing of proper system

operation after repair.

Maintenance is the operation performed at the intervals specified to keep the relevant
system or system component in an optimal condition for operation by the
manufacturer. A repair is a work performed in accordance with procedures
recommended by the manufacturer to return a system or system component that has

failed to return to normal operating conditions.

Maintenance and repair operations require different levels of experience and skills for
each system or system component. The periods required for maintenance and repair

operations vary depending on the competence of the personnel performing the work.



For this reason, one of the works that should be done before determining the time
required for maintenance and repair is to determine the competence level of the

personnel to perform the work.

In the maintainability analysis, the time required for maintenance is determined as the

“mean time to repair” (MTTR).

The maintainability of a system is calculated as follows (Barbera et al., 2012);

M) =P(T<t) = f £(0).dt (1.5)
0

M(t) = 1 — e(CHR) = 1 — e-nt (L.6)

(MTTR, mean time to repair, u, constant repair rate; t, operation time.)
The most commonly used maintenance approaches are as follows.

Preventive maintenance work is the maintenance performed by the manufacturer at
regular intervals to ensure that the system and system components continue to operate
under normal operating conditions. In preventive maintenance performed within the
specified periods, the disassembled system parts are replaced with new ones if they are
outside the conditions specified by the manufacturer. The purpose of preventive
maintenance works is to inspect the systems before they fail and minimize the

possibility of malfunctions that may occur while performing their duties.

Preventive maintenance works have an important place in ship machinery systems.
These maintenance should be carried out meticulously so that the ships can continue
their trade without interruption. Timely and optimal preventive maintenance works
directly affect the reliability and availability of the systems. Preventive maintenance
should be performed with appropriate materials and competence in order to ensure the
most accurate operation of a system at the desired time or to prevent disruption while

working.

The most effective system features that preventive maintenance can be applied are as

follows:
i.  the system component to be maintained must be critical

ii.  system component must have recurrent failures



iii.  have reduced rates for reliability and maintainability

It is one of the most effective maintenance methods to reduce failure rates. The purpose
of preventive maintenance is to reduce the increased failure rate to low levels.
Preventive maintenance varies according to the competence of the maintenance

personnel and the time of maintenance.

Corrective maintenance work is performed in the fastest and most convenient way to
eliminate the malfunctions that occur under normal operating conditions of the system
and system components. It is performed outside the maintenance intervals specified
by the manufacturer. In corrective maintenance, disassembled system components are
restored to normal operating conditions by following the procedures recommended by

the manufacturer.

Vessels have a backup of almost every system. Spare systems are equipped while the
ship is being manufactured to prevent disruption of the operation of the vessels. When
a system or system component fails, the backup of the system is activated and the
normal operation of the ship is resumed. In order to carry out corrective maintenance
in the event of a malfunction, suitable spare parts, competent personnel and the current

operational condition of the ship must be available.

After corrective maintenance work, the maintenance periods of the relevant system or
system component should be updated as preventive maintenance work and the next
maintenance time should be determined as corrective maintenance work also includes
preventive maintenance work. The correct and timely corrective maintenance works

directly affect the reliability and availability of the systems.

Predictive maintenance; monitoring of whether the machinery and equipment are
operating under normal conditions by periodic measurements and controls, evaluating
the results obtained by measuring and checking whether there is a possibility of failure,
and if such a possibility exists, planning and performing the necessary maintenance
and repair activities at an appropriate time.

Predictive maintenance has been proven to significantly increase the safety of the
system (Zhou et al., 2007; Billinton and Allan, 1988). Another definition for predictive
maintenance can be made to detect, analyse and correct faults in machinery and
equipment before they become problematic, and to measure selected parameters and

compare them with predetermined limit values using graphical gradients. The



approach used is to predict the future status of machinery and equipment by monitoring
current and past status (Tavukguoglu, 2003).

As can be understood from the definition of the approach, the main principle of this
maintenance system is to examine the performance of the machines and decide when
they will need maintenance. The breakdown of production is interrupted for a short
time and the predetermined fault is repaired.

Predictive maintenance is to carry out periodic measurements and to address process
or machine parameters to predict them before failures occur. Predictive maintenance
is the basis of a good reliability program. Instead of preventive maintenance such as
lubrication preventing a malfunction, predictive maintenance activities focus on

predicting and predicting potential machinery operations.

When a potential failure is predicted, corrective action is given priority for the engine
with a malfunction (Tavukguoglu, 2003; Kocaciger, 2003). In this maintenance
approach, some parameters related to the engines must be checked and measured.
Through these measurements and controls, thoughts can be formed about the working
conditions of the machine and thus the causes of the failure and/or damage can be
determined. As the cause of the failure is certain, necessary spare parts and equipment
are provided and short-term production is stopped and the failure is eliminated.

Predictive maintenance is the realization of this activity at the most appropriate time
by determining the maintenance-repair requirements of machinery, parts, and
equipment with periodic observation and condition monitoring systems made by using
special devices when necessary. Thus, less downtime, labor, and material expenditure

are caused and the life of the parts is used longer (Swanson. 2001).

Since the cause of the malfunction is already detected in this system, no time is lost to
find the malfunction after the maintenance starts and spare parts may be provided in
advance and the maintenance period is shortened. Again, this system can also prevent
secondary damage, as the equipment is fully serviced before failure and distribution.
For example, in case of failure of any bearing, the bearing can be changed for a short
time before the bearing is displaced, the bearing may be damaged as a result of the
distribution of parts, such as shaft damage can be prevented, so that the parts are used
more efficiently.



Predictive maintenance applications have many benefits in terms of system and system
components. Predictive maintenance helps prevent malfunctions that may occur at
unexpected times. It increases the normal operating period between the two failures
and thus reduces the maintenance costs. Predictive maintenance reduces maintenance
time and extends the useful life of the system and system components. It contributes
to increasing the reliability, availability, and maintainability of the systems
(Kocaciger, 2003; Carnero, 2006).

1.1.4 Reliability Centered Maintenance (RCM)

Over the last two decades, care has changed considerably compared to other
management disciplines. This change is due to the huge increase in the number and
variety of physical assets such as factories, equipment and buildings that are required
to be maintained around the world. New maintenance techniques, changes in
maintenance organizations and responsibilities were required for the maintenance of

these assets, which had more complex designs than before.

In addition, care should respond to changing expectations. Increased awareness of
which equipment failures affect safety and the environment more, the link between
maintenance and product quality, and the reduction of costs by increasing the use of
the factory.

These changes test the limits of skills and behaviour in all areas of the industry.
Maintenance officers, like engineers and managers, have adopted new adaptations of
thought and behaviour. At the same time, the constraints in maintenance systems have
become increasingly apparent, despite the widespread use of computers.

In such an environment, managers have sought new maintenance approaches. They
always want to prevent the wrong start and dead ends that cause great confusion. One
of the strategic frameworks developed for this purpose is “reliability-centered care”.
If applied correctly, reliability-centered care can change the business relationship
between physical assets and those who use and care for them. It also puts new assets

into service more quickly and reliably (Kennedy, 2005; Rausand, 1998).

The definition of RCM should be considered together with the definition of
maintenance concept. Maintenance means ensuring and maintaining the work that

physical assets need to do. In the light of this definition, RCM is the process that



enables the determination of the maintenance requirements of any physical entity
within its own operating system (Maubray, 2001).

RCM is the methodology in which the equipment's functionality, failure modes and
effects analysis, and the assessment of the failure results determine the required
maintenance operations and the time intervals for these operations (Hipkin and De
Cock, 2000).

The RCM process requires the Failure Modes and Effects Analysis (FMEA) with an
engineering approach. FMEA is a method to prevent existing defects and problems in
products and processes. This method is a systematic approach to determine the effect
of failures and the steps to prevent them in terms of the functionality and reliability of
the process. It is a method aimed at analysing and evaluating and reducing the failures
that may occur in the system, design, process or service. The RCM can be an excellent

part of the overall maintenance and production strategy (Hipkin and De Cock, 2000).

1.2 Literature Review on RAM and RCM

Developments in reliability-oriented system analysis and maintenance studies, which
started in the 1960s and continued to develop until today, are applied in many sectors.
There are many studies on the importance and applications of RAM and RCM.
Reliability is one of the most important qualities of good engineering practice.

RAM and RCM are very similar approaches. The main difference between RAM and
RCM is that the RAM approach is more prominent than RCM in the design and
production stages of the products. RCM is a type of approach that aims to improve the
cost-effectiveness of maintenance and provide reliable maintenance applications. On
the other hand, RAM addresses not only maintenance practices but also the life cycle.
In other words, it provides a reliable and usable system structure in the process from

the first production phase of a product to the end of its life (De Sanctis et al.,2016).

Rao and Balasubramanya (1986) have analysed to estimate reliability, availability, and
maintainability using the Markov technique for repairable Dual-VHF Omni Range
(Dual-VOR), a ground-based azimuth navigation system for aircraft. It's another
viewpoint, Carlier et al. (1996) proposed recommendations for determining the

requirements of the RAMS analysis during the feasibility study of the Artillery



Command and Reconnaissance Vehicle (ACRV) for manned spacecraft with a long

orbit stay.

Rausand (1998), in his study examining the structure of the RCM approach, examined
that RCM provides a framework for operating benefit in many systematic maintenance
approaches. In the study, requirements and information for reliability analysis are
emphasized. The study between RCM practitioners and scientists emphasizes that
there will be some future changes for RCM with maintenance optimization. In
addition, Swanson (2001) conducted a comprehensive survey with plant managers and
maintenance managers in his study, which examined the results of the relationships
between maintenance strategies and company performance, and examined the
relationship between proactive and aggressive maintenance strategies and

performance using factor analysis.

Mokashi et al. (2002), RCM applications encountered in the study of problems
encountered in the study, the maritime industry and different industries have benefited
from the process differences and problems. It is emphasized that the cost and the
problems that cannot be solved by other maintenance approaches, especially in the
maritime industry, have become a more economical and reliable system with RCM.
However, as in any system, it is stated that RCM also has problems in practice.

Induction motors are the most widely used type of electrical machine in the industry.
Early diagnosis of abnormal conditions in electric motors is extremely important in
terms of the economic and safe operation of industrial processes. In recent years,
monitoring and diagnostic studies in industrial systems have been increasing in order
to develop new and reliable maintenance technologies. Seker and Ayaz (2002),
working on this subject, have examined the situation monitoring and predictive
maintenance technologies in RCM and industrial processes and presented information
about these issues in their publications. Besides, Gabbar et al. (2003) have conducted
studies on the RCM process mechanism and system design integrated with the
Computerised Maintenance Management System (CMMS). At the end of this study,
they have suggested that the effective way to optimize equipment or plant maintenance
can be achieved by combining various maintenance approaches and functional systems
and proposed the RCM process for this. They have stated that the maintenance system
optimized with CMMS based RCM process has an efficiency over the conventional

maintenance approaches. However, Zhou et al. (2007) proposed an RCM model for a



system that started to wear out due to a defective maintenance program. It is assumed
that the system is continuously monitored and its status is not variable. When the
reliability of the system approaches the limit value R, maintenance is performed. In
accordance with their simulations, it was observed that the maintenance intervals of

the system decreased when RCM was applied.

Eti et al. (2007) aimed to reduce failure frequency and maintenance costs by
integrating RAMS and risk analysis into planned maintenance operations in Afam
thermal power plant. They discussed failure mode impact analysis, failure mode
impact and criticality analysis, feedback information, support systems, and risk
analysis. According to Cebi et al. (2008), the RCM method is based on the principle
that not all the tools in the process are of the same importance and the superiorities of
the method are: Unnecessary control and maintenance activities are eliminated. This
reduces maintenance costs and reduces control frequency. Unexpected tool/hardware
malfunctions are minimal, requiring critical equipment to concentrate. Hardware
reliability increases and root cause analysis can be performed. The high cost of the
initial investment, the existence of the cost of educated personnel and equipment, the
inability to easily realize the financial profit that the method will provide, are the
weaknesses of the method.

Cheng et al. (2008) in their research, to increase the effectiveness of RCM, artificial
intelligence technology combined with RCM analysis and the intelligent RCM
analysis (IRCMA) examined. The basis of the IRCMA is the use of old records of the
RCM analysis as a reference and used during the new analysis. In this way, complex
and repetitive tasks in RCM analysis can be simplified. IRCMA improves the
efficiency and quality of RCM analysis.

Lundteigen et al. (2009) discussed and identified the main RAMS requirements for
safety instrumented systems (SIS). In the study, they have created a new life cycle
model for product development with RAMS analysis. They applied the analysis for a
high integrity pressure protection system (HIPPS) for offshore oil and gas applications.
On the other hand, Sharma and Kumar (2010) applied RAM analysis to the printing
press and washing units of a paper mill. The results are intended to help facility
personnel analyse system behavior and improve their performance by adopting

appropriate maintenance strategies. It's another viewpoint, Diaz et al. (2010) studied
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how RAMS analysis can assist in deciding warranty management to obtain a stock of
spare parts or to anticipate possible complaints from the customer.

Barbera et al. (2012) presented a case study describing the reliability, availability and
maintainability analysis of a Copper Melting Process in Chile. The data collected over
16 months were analysed using parameters of some probability distributions such as
Weibull, Exponential, Normal and Lognormal distributions. The analysis results

showed which subsystems and equipment are critical to reliability and availability.

Barabadi et al. (2015) have conducted a study on the identification and aggregation of
all impact factors on the failure and repair processes of a production facility in the
Arctic Region. Taking into account the challenges of existing data collection methods
and the impact of environmental conditions, they have proposed a methodology for
data collection, making RAMS data more applicable and useful for the design and

operation of the system in different operating environments.

Corvaro et al. (2017) applied RAM analysis to evaluate the operational performance
of the piston type compressor system. In their study, they have identified the most
effective maintenance strategy to be applied to the compressor and suggested a new

approach to managers.

In this research, it is seen how RAM and RCM applications are applied in different
sectors and what these applications are aimed for. The importance of RAM analysis in
terms of continuity of systems and production and maintenance costs, especially in the
aerospace industry where the maintenance process has its limits, is understood.
Preventing unexpected failures and establishing reliability is an indispensable element
for commercial activities. The researches highlight the necessity of reliability analysis

for the systems and the engineering requirements in this regard.

1.3 Industrial Survey

When the maritime field is examined, it is seen that the planned maintenance system
(PMS) software is widely used. PMS is a recording, monitoring and updating system
which is established within the scope of international safety management code (ISM),
which was established for the safe and long-lasting operation of ships, offshore

platforms and another vessel (Bayer et al., 2018).
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Many different planned maintenance software is used in marine fleets. The softwares
use generally works with the logic that the system and system components are
scheduled for maintenance according to working hours or specific date ranges and
informing the user when the scheduled time is approached. Maintenance periods for
an equipment are determined based on tests performed by the manufacturer and user
feedback. The specified maintenance periods are defined in the planned maintenance
system software. The equipment is expected to operate smoothly within the specified
date or operating time range. If the equipment has completed the defined time period
before the malfunction occurs, the PMS software sends a warning to the user to inform
them of the need to maintain the equipment.

Information about the equipment being serviced is processed into the PMS software.
The maintenance time is updated. The PMS software assigns a new maintenance

schedule for the equipment.

If a malfunction occurs before the time of maintenance, the repair is performed on the
software, such as periodic maintenance. The new maintenance period is calculated

from the repair date and the system is updated.

Systems that have repairable elements and are in continuous operation continue to
operate in working-fault-repair-working cycle for an operating period. Each element
constituting the system has its own working cycle and is independent of each other

(Figure 1.2). A repair is to return a defective element to normal operation.

Failure

A 4

Repair

A 4

Running

Figure 1.2 : Working cycle of machinery systems.

In the examinations, none of the PMS software showed reliability analysis and
reliability based maintenance planning. Maintenance intervals are applied as standard
times specified by the manufacturer. Some shipowners have shortened or extended
these maintenance periods by specific rates and updated PMS software, especially for

older ships. However, these updates are hypothetical, not an analysis result.

Ship owners and operators should prepare and review risk assessment procedures to

optimize ship maintenance and to minimize the risk of damage leading to out-of-
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service life and therefore reduce revenue loss. Priority should be given to measures
and corrective actions aimed at improving the reliability of machinery, equipment and

systems, including control, inspection and record keeping.

Akyuz and Celik (2017), demonstrated the shortcomings of the standard PMS system
and introduced a new PMS concept to address the shortcomings. Through their
approach called A'WQOT, they explained the limitations of the current PMS, they aimed
to ensure that the ships work better with the regulation in maintenance planning by

improving the PMS system.

When the maritime sector and other sectors are evaluated in terms of RAM analysis
applications, it is seen that the RAM analysis application is not widely used for these
systems, although they contain similar critical systems. In order to keep up with the
requirements of developing and changing technology, effective maintenance planning
for existing systems is required. However, when the maritime sector is examined, it is
seen that conventional methods are still used. When it comes to effective maintenance
planning, it only comes to mind that quality spare parts and maintenance are
recommended by the manufacturer. However, the quality of the spare parts alone
should not be a criterion. Maintenance planning should be a reliability-based practice
as it is applied in other sectors. With a RAM analysis model to be integrated into PMS

software, it is necessary to control maintenance plans and change them if necessary.

1.4 Reliability Analysis Extension to Ship Machinery Systems

Continuity of sailing is expected due to commercial activities. A random fault in the
system is beyond the control of engineer officers. The ship machinery system consists
of a very complex combined structure. Even the slightest failure of an element of the
system will result in poor results such as a power failure. The effect of these failures

cannot be accept by the ship operators.

The system must remain within the limits of a number of operating conditions in its
performance. These limits are directly related to operation efficiency, such as power
and fuel consumption changes. Limits such as material performance, system stability

limits and failure limits that are not directly felt by the operators are also important.
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In order to reduce the likelihood, frequency and duration of such interruptions and to
improve their effects, it is necessary to increase investment in planning and operation

processes.

It is clear that economic and reliability limits can be opposite, making it difficult to
make operational decisions in both planning and operating processes. The level of
investments will also affect the operating limits of the system and therefore directly

affect adequate and safe working conditions.

This problem is an issue that power system planners, designers and operators have
been dealing with for years. Design, planning, operating criteria and techniques have
been developed over the years to address the complexity between reliability, economic
and operational boundaries. The techniques and criteria developed were first used in
practical applications, all of which are deterministic based and many of them are still
in use. The weakness of deterministic criteria is that it does not reflect the probabilistic
and random natural behaviour of the system such as consumer demands and element

failures.

All factors and uncertainties, which are competing against each other, can be handled
in a purposeful and consistent manner, together with their effects, using reliability
techniques. The results may be related to the economic aspects of ship machinery
system planning and operation. This effect plays an increasing role in current and

future ship machinery system developments.

1.5 Purpose of Thesis

RAM analysis; It is an analysis method that aims to ensure that the existing or new
systems will be operated in the most efficient way under appropriate conditions and
that maintenance activities can be performed with minimum cost and highest accuracy.
The RAM analysis method is frequently used to predict the possible failures of an
equipment or a system and to perform preventive maintenance activities without

failure.

Engine or system manufacturers determine maintenance intervals for the systems and
system components they produce. These periods can be date based or running hour
based. The maintenance period specified for each system may be different from the

maintenance periods specified for the subsystems. In these cases, instead of
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maintaining all of the system, only maintaining the related subsystems can provide
sufficient reliability for system availability and failure-free operation.

The availability of a system is related to the ability to perform the expected task at the
requested time. If the maintenance and repair activities of a system are planned and

carried out in @ minimum time; availability will be high.

Maintenance management on ships is kept under control with planned maintenance
systems. Engine manufacturers, as a result of their tests; they provide users with a list
of maintenance scheduling times for systems, machines and sub-parts according to the
maintenance periods they set. The applications used by the planned maintenance
systems inform the users about the systems, machines or subsystems oncoming the
maintenance time with the warning mechanism established within this list. The
maintenance period of the system components being maintained is processed in these

applications and the next period is determined.

However, preventive maintenance does not increase reliability rate to one hundred
percent. Unexpected malfunctions may occur in the system due to operating errors,
human errors, the quality of the spare parts used and the ship conditions. Any failure

will reduce the reliability of the system.

Today, ships are operating non-stop and accordingly the time allocated for
maintenance is shortening day by day. However, shortening the maintenance time does
not mean that maintenance will not be performed. In order to continue the healthy
operation of the systems and their sub-components, preventive maintenance works
must be performed in a timely and rapidly. Considering the conditions of the ship,
preventive maintenance periods can be postponed or made early maintenance. In these
cases, the next maintenance period doesn’t change, but the cost of maintenance rises

due to early or late maintenance.

Regulatory maintenance works are non-delayable. In order for the ship to continue its
commercial activities, it must work nonstop. Ship machinery systems are usually
equipped with spare systems. In case of any failure, the system which is kept in spare
is activated and the ship continues to operate. Due to the commercial agreements
between ship owners and charterer companies, serious financial obligations arise in
cases such as failure of the ship to fulfill its duty, completion of the mission after the

specified time and failure to complete the duty. For regulatory maintenance work, the
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system component that has failed must be repaired at tolerable times and the ship must

continue to operate.

The reliability of the ship's system and system components is determined by failure
rates. If the reliability and availability of a system or system component is low,
maintenance periods will need to be updated to improve performance and prevent
potential failures. System components with high failure rate can be identified by the
evaluations with RAM analysis and preventive maintenance activities can be applied

before the failure occurs.

The main purpose of this thesis is to provide a new function with the integration of
RAM analysis into ship planned maintenance systems which are limited to
conventional applications. In this way, PMS will gain a productive structure in
determining the periods of maintenance operations, calculating the reliability and

availability of the systems and determining the periods required for maintenance.
The main objectives in this study are;
i. tosystematically utilize PMS records.
ii.  to provide a consistent and systematic analysis method.
iii.  to create a visualization for the evaluation of analysis outputs.

iv. to produce a knowledge management interface through ship maintenance
planning.
v. to provide decision aid to operational and management level at the ship

maintenance planning.

Although RAM analysis provides many benefits for the maintenance planning of
ship machinery systems, there are some points that are limited. The limitations of the
RAM-based PMS are shown as follow;
i.  Long-term chartering.
ii.  Unnecessary maintenance of some system components
iii.  Spare parts requests with an extended delivery time

iv.  Low level of data entry
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2. METHODOLOGY BACKGROUND

Machinery parts for maritime applications are well established to have very high
quality. This means that they are also very reliable. Compared to land-using parts, the
parts can be intended to reduce the danger and damages of idle periods by the tough
setting. The developer and the owner should be satisfied that the quality of the element
should be compensated for increasing costs. Therefore, in addition to efficiency
reasons in working circumstances, the choice of machinery, materials and
configuration for a vessel shall be guided by its reliability, maintainability and

availability indicators.

The reliability, maintainability and availability indicators prediction with related
reliable scores is quantitative data to be provided by reliability and maintainability
engineering. This data can contribute to stronger performance choices, leading to
higher revenues over time. The designers and operators can therefore assess and
enhance the forecast on:

i.  Frequency of inspection periods
ii.  Frequency of repair periods
iii.  Frequency of spare parts request
iv.  Commercial voyage success

v.  Voyage scheduling

2.1 Failure Distribution Model

The failure rate is the frequency at which a system or component fails, where failures
are measured per unit of time.

The failure rate is usually time-based, and the rate differs over the system life cycle.

The failure rate is the level of failure, expressed for example in failures per hour, of a
designed system or component. In practice, a more commonly articulated and used

mean time between failures (MTBF) for quality components or systems is closely
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related. The failure rate is often time-dependent, and an obvious corollary is that the

frequency changes over time compared with the predicted device life cycle.

2.1.1 Mean Time Between Failures

The mean time between failures is the average running time of the repairable system

or system components between the two failures.

Itis calculated as the ratio of the total running time until the first failures to the number
of equipment produced by the equipment produced in industrial systems. In order to

calculate these values, a sufficient amount of devices must be produced and started to

be used.
MTBF B MTBF & MTBF
——————————————————————————————————— B
Normal E '% Normal E E Normal time
Operating E ~ Operating E ~ Operating
Condition Condition Condition

Figure 2.1 : Mean time between failure and mean time to repair cycle.

When ship machinery systems are considered, the mean time between failures should
be calculated not by the number of equipment but by the number of failures. This is
because the ships have two or three backups of a system or system component. MTBF
in ship machinery systems; is calculated as the ratio of the total fault-free operating
times of the respective system or system component to the total number of failures

within a specified period and a specified fault type (Uzgoren et al., 2010).

MTBF = | t.f(t).dt = | [1 = F(t)].dt = | R(t).dt (2.1)
frroe] /

MTBF — Total Working Time 2.2)
" Total Number of Failures '

Where f(t) is the probability density function and F(t) is cumulative distribution

function,

The Mean Time between Failures (MTBF) is a key system reliability parameter for
system or component that can be repaired. It is described as the mean time a system

operates without failure. MTBF can either be determined by the average running time
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before a failure occurred or by taking the mean distribution of the failure. Then, a mean
or expected value is specified (Uzgoren et al., 2010),

o)

[1—-F(t)]dt = fooR(t)dt (2.3)

0

ootf(t)dt = f

0

MTBF =f

0

2.1.2 Mean Time to Failure

Mean time to failure is the average time during which the system component, which
cannot be repaired, is replaced with a new one after a failure and regains normal

operating conditions until the next failure.

On board, some system components are produced as disposable. These components

are replaced when malfunctions occur or during normal maintenance intervals.

For an information on n items with failures ty, to, ..., th,, MTTF is defined as;

1 n
MTTF = —Z t; 2.4)
n i=1

2.1.3 Mean Time to Repair

Mean time to repair is the average time required to restore a system or component that

has failed to normal operating conditions.

The time required for repair depends on the conditions of the ship, the supply of spare

parts and the degree of competence of the personnel to repair.

MTTR = J £ F(6).dt = j [1— M(D)].dt (2.5)
0 0

For an information on n items with repair times t, to, ..., t, MTTR is defined as;

1 n
MTTR = ;Z t; 2.6)

i=1
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2.2 RAM Analysis
Exponential, normal, lognormal and weibull formulas are the most widely used
distributions in reliability and maintainability analysis calculations.

For RAM analysis, we will use distribution methods formulas which are probability
density function, distribution parameters, mean time between failure, standard

deviation, reliability and maintainability formulas (Uzgoren et al., 2010).

2.2.1 Normal Distribution

1 t-w?
Probability Density Function: t) = e 20? (2.7)
f(®) "
h, W Mean = p
Parameters of Distribution: (2.8)
Standard Deviation = ¢
Mean Time Between Failure: n (2.9)
s 2
Standard Deviation: o ’(t Nﬂ) (2.10)
i — 1)
Reliability: R(t)=1- ¢>(—) (2.11)
o =)
Maintainability: M(t) = ¢(—) (2.12)

@(z) is the cumulative distribution function for the standard normal variable (z).

2.2.2 Lognormal Distribution

Probability Density Functi 1 e (2.13)
robability Density Function: t) = e 202 :
f@ T
o Mean = p
Parameters of Distribution: (2.14)
Standard Deviation = ¢
Mean Time Between Failure: e(u+"72) (2.15)
Standard Deviation: o= J92u+02 (e’ — 1) (2.16)
N Int —u)
Reliability: R(t) =1—¢( ) (2.17)
Maintainability: M(t) = ¢( - “)) (2.18)
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2.2.3 Exponential Distribution

Probability Density Function: f(t) = e (2.19)
Parameters of Distribution: Failure Rate = A (2.20)
Mean Time Between Failure: /A (2.21)
Standard Deviation: oc=1/2 (2.22)
Reliability: R(t) =e ™M (2.23)
Maintainability: Mt)=1-e* (2.24)
2.2.4 Weibull Distribution
Probability Density Function: — £(¢) = pa-Ftf-1e~@" (2.25)
Parameters of Distribution: Scalegggameter g (2.26)
Shape Parameter = 3
Mean Time Between Failure: al (1 + %) (2.27)

Standard Deviation:

a=a\/1"<1+%)+1"2(1+%) (2.28)

Reliability: R(t) = e‘(é)ﬁ (2.29)

Maintainability: M(t)=1— e @* (2.30)

2.3 RAM Analysis of Ship Machinery Systems

The standard PMS software used on ships operates with the logic of adding the data
entered into the system to a predetermined period for determining the maintenance
plan. The planned maintenance software processes the entered data and calculates the
upcoming periods for maintenance of the systems and components. According to the
maintenance periods determined by the manufacturer and processed by the user
(technical superintendent and master/chief engineer) informs the maintenance
planning. The responsible engineer exchanges information with the technical
department and carries out maintenance the system component approaching the
maintenance time according to the appropriate navigation and port conditions. During
the last maintenance, the operating hours of the system are noted. The operating hours
are recorded in the PMS software. The software calculates the maintenance pariod
based on the newly entered data and plans the next maintenance.
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The only decision-making mechanism in standard system operation is PMS software.
The system is not carry out maintenance unless the PMS software warns of the

maintenance period. Unexpected failures in systems are exceptions.

The RAM analysis helps determine the reliability of systems and the optimum time
needed for maintenance. The data from the PMS software is processed in the RAM
analysis to determine the possibility of the system failing at any time interval. In
addition, the availability and maintainability of the system are other outputs of the
RAM analysis.

Planned maintenance systems contain long-term data on ship machinery systems. Data
from previous years constitute the source for the RAM analysis. The data collected for
the years under normal operating conditions of the systems are processed in the RAM
analysis. These data examine the intervals at which past failures occurred and the
correlation relationship between them. As a result of the data obtained as an output,
the optimum maintenance period for the relevant machinery systems is calculated.
Data from the RAM analysis gives the tips to the engineers on the reliability and
maintainability of the systems. If the engineers who perform the maintenance deem it
appropriate to perform the maintenance operation and they carry out the maintenance,
the new maintenance time entered into the PMS software creates new resources for the
RAM analysis. If maintenance operation is not to be performed, the next maintenance

schedule is expected.

The output of the RAM analysis can be monitored for each desired operating hour. It
is the initiative of engineers and managers to interpret the outputs and take the

necessary measures.

2.4 Proposed Framework

The standard PMS system used onboard is the only decision-making unit for planning
maintenance. It does not generate an instruction for maintenance before the

maintenance time specified by the manufacturer is reached.

In the standard PMS software, the maintenance decision is based only on the engine's
running hours. Nevertheless; maintenance planning is an issue that needs to be taken
more seriously. Conditions such as spare parts, voyages, and maneuvering are as

important as when maintenance will be performed. If maintenance planning is made
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considering all the conditions, it becomes effective planning. Otherwise, adequate
prerequisites for maintenance may not have been met at the time the software alerts

for maintenance.

As shown in Figure 2.2, if RAM analysis is added to the standard PMS system, this
lack of system can be remedied slightly. In this new system, which we will call
knowledge management unit, machinery data collected for PMS, voyage plans,
weather reports, maneuver records, etc. reports are processed in the RAM analysis.
The RAM analysis evaluates into three categories. At the desired running hour;
machinery data get for ship and company managers in the categories of reliability,
availability, and maintainability. The company and ship managers in the decision-
making position decide whether there is a need for an early maintenance plan
according to the conditions of the ship. If it is decided to make an early maintenance
planning for the related engine, maintenance operation is performed and the planning
period of the maintenance for the related engine is updated in the PMS system. Since
each new system update will improve the data repository, the model outputs will vary

continuously.

If no early maintenance planning is performed, the routine PMS period is expected.
Expecting a routine PMS period will also contribute to the data repository to improve
the RAM analysis.

The knowledge management unit provides the possibility of failure of the required
machinery systems before a risky operation of the ship and the determination of the

optimal times required to maintain.
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3. FIELD STUDY

3.1 Scope

Shipping Company-A owns 36 different tonnage container ships and 6 oil tankers. The
company operates in the Mediterranean, Black Sea and Marmara Sea regions of

Europe and Africa.

The oldest ship of the company was built in 1993. The newest vessel was built in 2017.
The company has 5 vessels with 2800 TEU capacity, 3 vessels with 2600 TEU
capacity, 4 vessels with 2500 TEU capacity, 8 vessels with 1600 TEU capacity, 2
vessels with 1400 TEU capacity and 12 vessels with 1200 TEU capacity. The company
has approximately 61800 TEU containers and 14751 dwt oil carrying capacity.

The data was obtained from the planned maintenance system of the company vessel,
Ship-A, under the supervision of the company official. It was built in May 2001 and
has a capacity of 1208 TEU. The vessel has MAN B&W 7S50MC-C model main
engine that is 11060 kw power.

The main engine is 7-cylinder, 2-stroke direct drive diesel engine. The cylinder
diameter is 50 cm.

3.2 Review of PMS Records

When the planned maintenance system is examined, the data entered since 2005, the
date when the ship joined the company, was seen. Maintenance periods of all systems
and system components, maintenance level, maintenance procedures, dates and times
of maintenance are available in the software. The importance of the maintenance is
grouped as low, medium and high depending on the functions of the component on the

ship and the availability of spare parts.

The fact that there was no data entry or there were irregular intervals in the shipyard
processes after the purchase of the ship in 2005, the data after 2006 were evaluated.
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Considering the length of service and maintenance of the ship, it is seen that much data
cannot be processed in the software.

Data for the main engines and generators were collected and examined. The data has
been determined for the generators, It was seen as they have not regular and there are
deficiencies between them. When the data collected for the main engine is examined,
it is found that many components are serviced once or twice for the total running times.
This is due to the fact that the maintenance periods of these components correspond to
long working hours. To achieve meaningful results, the fuel injectors were evaluated

because the maintenance period was short.

The planned maintenance system includes the running hours during which
maintenance is performed, but there is not include operating hours for maintenance.
The operating hours for maintenance were accepted by the technical inspector of the

company, the chief engineer, based on experience.

3.3 System Oriented Approach

In standard PMS software, the system works as follows. In the planned maintenance
system, the ship is divided into two departments, deck, and machinery. There are
separate sections for each department. When the software is run and any department
is selected, the spare parts inventory list of the department, the planned maintenance
list of the machinery and equipment, and the deficiency reports sections related to

malfunctions appear.

For example; when the machinery department is selected and opened the planned
maintenance list, the names of all systems in the engine room will be listed. In the sub-
headings of the listed systems, sub-lists of the subsystems and system components of
the systems shall be opened. When we select the main engine, all components of the
main engine will appear in the sub-list. The sub-headings of these components appear
as customized headings such as the lubrication system, fuel system, air system. The
historical work list of equipment can be followed by following these steps.
Maintenance procedures for each system component are determined in separate
periods. These periods consist of the values specified in the manual provided by the

manufacturer.

26



After the maintenance of the system or system components, the running hours during
which the maintenance is performed is updated. After this update, the new

maintenance date is scheduled based on the software's defined period.

3.4 Data Collection

Data in these processes were ignored since the data in the first years of the ship's
commercial activities were recorded at irregular intervals. The ship has a seven-
cylinder main engine. There are two fuel injection valves for each cylinder in the ship's
fore and aft positions. As the two injection valves of the cylinder have interfered during
the maintenance and repair operations, the same working hours were found in the
records. For this reason, the injection valves were listed with the cylinder number and

the two injection valves were treated as one injection valve.

In the process of obtaining the data, the main engine of Ship-A was around 90000
operating hours. The records in the period of 2006-2019, which constitute a
meaningful range from the data recorded since 2005, were examined. Due to the
shortage of data in the maritime sector and the lack of recording events, not all of the
selected data were included in the study, although those due to planned maintenance
were included. For this reason, it was accepted that every maintenance performed was

caused by the malfunction.

The main engine manufacturer has set the scheduled maintenance period of the fuel
injection valves to 4000 operating hours. In planned maintenance, the desired
maintenance process is to disassemble the injection valve from the main engine, to test
the fuel injection valve opening pressure, to check whether the injection valve is
voiding through the nozzle holes, if there is not void, the position of the pressure
between the reference values, if there is no leakage, the opening pressure is adjusted
to the desired level and reassembled to the main engine. If leakage occurs in the
injection valves under high pressure, it is desirable to remove the injection valve and
distribute all its parts. Cleaning of parts, replacement of 0-rings, measuring of injection
valve spring height, changing if not within reference values, removal of deformation
of the non-return valve and thrust spindle surfaces, removal of deformation of thrust
spindle and spindle guide surfaces, and control of tension in non-return valve if
necessary. After all, operations are performed, nozzle hole diameters are checked.

Within the permissible range of values, all parts of the injection valve are assembled
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as described by the manufacturer. The opening pressure is adjusted after the injection

valve is collected. The ready injection valve is mounted on the main engine.

When these operations are taken into consideration, even if the fuel injection valves
are not dismantled to that’s internal parts, that can be considered as a fault record due
to irregular opening pressure. In this case, it is foreseen that the received data will be
evaluated as the fault record.

Table 3.1 : Total downtimes for cylinder number 1-7.

Cylinder No N“”!ber of Total Downtime
Failure
1 19 58.9
2 20 61.75
3 19 58.75
4 19 57.75
5 18 54.9
6 21 64.55
7 19 57.85

Table 3.2 : Total running hours for cylinder number 1-7.

Cylinder No Number of Total Running Hours
Failure
1 19 63763
2 20 61203
3 19 63342
4 19 63406
5 18 62428
6 21 64663
7 19 64956

3.5 Data Analysis

The logical data of the collected data between 2006-2019 were evaluated. Each
operating hour in the system indicates the time when the injection valve was removed
from the main machine and brought back into operation. Using the obtained running
hours, the time between failures was calculated. Calculated intervals between failures
were evaluated in terms of correlation coefficients using “Minitab v16.2.4” software.
The exponential, lognormal, normal and weibull distribution methods were determined
according to the correlation coefficient. In the correlation graphs (also Table 3.5 to
Table 3.11), Appendix A, weibull distribution is preferred as the method of distribution

of time between failures. In the correlation graphs (also Table 3.12 to Table 3.18),
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Appendix C, normal distribution is preferred as the method of distribution of time to
repair. For each injection valve pair, weibull and normal distributions were used to
determine the failure rate, reliability and unreliability rates. The formulas between
(2.7) and (2.12) are used in the normal distribution calculations. The formulas between

(2.25) and (2.30) are used in the weibull distribution calculations.

For the shape and scale parameters in the formulas of the weibull distribution method,
values generated from Apppendix B graphs were used. Probability Density Function

was calculated using the scale and shape parameters in the formula (2.25).

For the mean and standard deviation parameters in the normal distribution method
formulas, values generated from Apppendix D graphics were used. Probability Density
Function was calculated using the mean and standard deviation parameters in the
formula (2.7).

Table 3.3 : Mean time to repair.

Mean Time To Repair
(operation hours)
3.100
3.088
3.092
3.039
3.050
3.074
3.045

Cylinder No

~NoO ok W

Table 3.4 : Probability density function for mean time to failure.

Cylinder No  Mean Time to Failure Probability Density

Function
1 3356 0.0013
2 3051 0.0322
3 3334 0.0112
4 3337 0.0043
5 3468 0.00125
6 3079 0.0438
7 3419 0.003804
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Table 3.5 : No:1 F.1.VV. MTBF and distribution correlation coefficient.

. Correlation Standard
Distribution Coefficient Mean Error
Weibull 0.939 3345.74 178.751
Lognormal 0.879 3357.64 185.812
Exponential * 2211.92 411.974
Normal 0.905 3355.95 160.557

Table 3.6 : No:2 F.1.VV. MTBF and distribution correlation coefficient.

. Correlation Standard
Distribution Coefficient Mean Error
Weibull 0.968 3054.85 238.835
Lognormal 0.917 3078.18 270.198
Exponential * 2148.93 403.262
Normal 0.946 3051.15 217.399

Table 3.7 : No:3 F.I1.VV. MTTF and distribution correlation coefficient.

Y Correlation Standard
Distribution Coefficient Meap Error
Weibull 0.928 3328.70 250.645
Lognormal 0.854 3340.40 270.745
Exponential * 2275.99 431.430
Normal 0.885 3333.79 210.342

Table 3.8 : No:4 F.1.VV. MTBF and distribution correlation coefficient.

Distribution Corre_la_tlon Mean  Standard Error
Coefficient
Weibull 0.931 3325.02 204.492
Lognormal 0.872 3339.07 216.948
Exponential * 2236.36 419.999
Normal 0.895 3337.16 182.651

Table 3.9 : No:5 F.I.VV. MTBF and distribution correlation coefficient.

Distribution Corre_la_tlon Mean  Standard Error
Coefficient
Weibull 0.863 3454.14 230.444
Lognormal 0.764 3454.13 234.249
Exponential * 2281.21 436.072
Normal 0.838 3468.22 173.882
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Table 3.10 : No:6 F.I1.VV. MTBF and distribution correlation coefficient.

Distribution Corre_la_tlon Mean Standard Error
Coefficient
Weibull 0.947 3084.53 268.248
Lognormal 0.886 3107.56 305.999
Exponential * 2175.40 399.006
Normal 0.919 3079.19 228.903

Table 3.11 : No:7 F.I.VV. MTBF and distribution correlation coefficient.

Distribution Corre_la_tlon Mean Standard Error
Coefficient
Weibull 0.885 3405.50 242.260
Lognormal 0.791 3406.57 251.780
Exponential * 2267.21 423.573
Normal 0.834 3418.74 186.611

Table 3.12 : No:1 F.1.VV. MTTR and distribution correlation coefficient.

., Correlation Standard
Ristribligeg Coefficient Meag Error
Weibull 0.980 3.09547 0.048150
Lognormal 0.986 3.10096 0.048354
Exponential * 1.89030 0.338640
Normal 0.988 3.10000 0.047974

Table 3.13 : No:2 F.1.VV. MTTR and distribution correlation coefficient.

L Correlation Standard
Distribution Coefficient Mean Error
Weibull 0.976 3.08356 0.040958
Lognormal 0.983 3.08817 0.040882
Exponential * 1.86171 0.323258
Normal 0.985 3.08750 0.040617

Table 3.14 : No:3 F.1.VV. MTTR and distribution correlation coefficient.

. Correlation Standard
Distribution Coefficient Mean Error
Weibull 0.977 3.08799 0.042488
Lognormal 0.981 3.09279 0.042276
Exponential * 1.87337 0.334528
Normal 0.983 3.09211 0.041949
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Table 3.15 : No:4 F.1.VV. MTTR and distribution correlation coefficient.

e Correlation Standard
Distribution Coefficient Mean Error
Weibull 0.928 3.03615 0.030537
Lognormal 0.958 3.03970 0.030382
Exponential * 1.82369 0.324079
Normal 0.958 3.03947 0.030406

Table 3.16 : No:5 F.1.VV. MTTR and distribution correlation coefficient.

. Correlation Standard
Distribution Coefficient Mean Error
Weibull 0.961 3.04683 0.029910
Lognormal 0.967 3.05027 0.029454
Exponential * 1.83458 0.335365
Normal 0.968 3.05000 0.029355

Table 3.17 : No:6 F.I1.VV. MTTR and distribution correlation coefficient.

. W Correlation Standard
Distribiffien Coefficient hESr Error
Weibull 0.958 3.06965 0.042162
Lognormal 0.975 3.07443 0.042288
Exponential o 1.85154 0.313582
Normal 0.976 3.07381 0.042098

Table 3.18 : No:7 F.I.VV. MTTR and distribution correlation coefficient.

. Correlation Standard
Distribution Coefficient Mean Error
Weibull 0.946 3.03944 0.051621
Lognormal 0.977 3.04570 0.052689
Exponential * 1.87192 0.336727
Normal 0.977 3.04474 0.052702
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3.6 Visualisation of Results
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Figure 3.1 : No:1 M/E F.1.V. reliability rate.

The lowest maintenance/repair period was 1816 running hours and the highest
maintenance/repair period was 4015 running hours. The average maintenance/repair

period was calculated as 3356 running hours.

As can be seen in the graphs (Figure 3.1), the reliability of the No:1 Fuel Injection
Valve decreases as the operating hours increase. While the reliability of a repaired fuel
injection valve is 100%, after 1000 running hours of fuel injection valve reliability has
reduced to 76%. After 2750 running hours, the reliability rate has reduced to less than
47%. When it comes to 4000 working hours applied in the planned maintenance

system, the reliability rate has decreased to 33%.
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Figure 3.2 : No:2 M/E F.1.V. reliability rate.

The lowest maintenance/repair period was 1138 running hours and the highest
maintenance/repair period was 4060 running hours. The average maintenance/repair

period was calculated as 3051 running hours.

As can be seen in the graphs (Figure 3.2), the reliability of the No:2 Fuel Injection
Valve decreases as the operating hours increase. While the reliability of a repaired fuel
injection valve is 100%, after 1000 running hours of fuel injection valve reliability has
reduced to 74%. After 2750 running hours, the reliability rate has reduced to less than
44%. When it comes to 4000 working hours applied in the planned maintenance
system, the reliability rate has decreased to 31%.
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Figure 3.3 : No:3 M/E F.1.V. reliability rate.

The lowest maintenance/repair period was 1094 running hours and the highest
maintenance/repair period was 4227 running hours. The average maintenance/repair

period was calculated as 3334 running hours.

As can be seen in the graphs (Figure 3.3), the reliability of the No:3 Fuel Injection
Valve decreases as the operating hours increase. While the reliability of a repaired fuel
injection valve is 100%, after 1000 running hours of fuel injection valve reliability has
reduced to 76%. After 2750 running hours, the reliability rate has reduced to less than
47%. When it comes to 4000 working hours applied in the planned maintenance

system, the reliability rate has decreased to 34%.
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Figure 3.4 : No:4 M/E F.1.V. reliability rate.

The lowest maintenance/repair period was 1701 running hours and the highest
maintenance/repair period was 4054 running hours. The average maintenance/repair

period was calculated as 3337 running hours.

As can be seen in the graphs (Figure 3.4), the reliability of the No:4 Fuel Injection
Valve decreases as the operating hours increase. While the reliability of a repaired fuel
injection valve is 100%, after 1000 running hours of fuel injection valve reliability has
reduced to 76%. After 2750 running hours, the reliability rate has reduced to less than
47%. When it comes to 4000 working hours applied in the planned maintenance

system, the reliability rate has decreased to 33%.
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Figure 3.5 : No:5 M/E F.1.V. reliability rate.

The lowest maintenance/repair period was 1012 running hours and the highest
maintenance/repair period was 4122 running hours. The average maintenance/repair

period was calculated as 3468 running hours.

As can be seen in the graphs (Figure 3.5), the reliability of the No:5 Fuel Injection
Valve decreases as the operating hours increase. While the reliability of a repaired fuel
injection valve is 100%, after 1000 running hours of fuel injection valve reliability has
reduced to 76%. After 2750 running hours, the reliability rate has reduced to less than
48%. When it comes to 4000 working hours applied in the planned maintenance

system, the reliability rate has decreased to 34%.
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Figure 3.6 : No:6 M/E F.1.V. reliability rate.

The lowest maintenance/repair period was 911 running hours and the highest
maintenance/repair period was 4169 running hours. The average maintenance/repair

period was calculated as 3079 running hours.

As can be seen in the graphs (Figure 3.6), the reliability of the No:6 Fuel Injection
Valve decreases as the operating hours increase. While the reliability of a repaired fuel
injection valve is 100%, after 1000 running hours of fuel injection valve reliability has
reduced to 75%. After 2750 running hours, the reliability rate has reduced to less than
45%. When it comes to 4000 working hours applied in the planned maintenance

system, the reliability rate has decreased to 31%.
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Figure 3.7 : No:7 M/E F.1.V. reliability rate.

The lowest maintenance/repair period was 1074 running hours and the highest
maintenance/repair period was 4080 running hours. The average maintenance/repair

period was calculated as 3419 running hours.

As can be seen in the graphs (Figure 3.7), the reliability of the No:7 Fuel Injection
Valve decreases as the operating hours increase. While the reliability of a repaired fuel
injection valve is 100%, after 1000 running hours of fuel injection valve reliability has
reduced to 76%. After 2750 running hours, the reliability rate has reduced to less than
48%. When it comes to 4000 working hours applied in the planned maintenance

system, the reliability rate has decreased to 34%.

As can be seen in the graphs (Figure 3.8), the reliability of the injection valves

decreases as the operating hours increase. While the reliability of a repaired fuel
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injection valve is 100%, after 1000 running hours of fuel injection valve reliability has
reduced to 74-76%. After 2750 running hours, reliability rate has reduced to less than
50%. When it comes to 4000 working hours applied in the planned maintenance

system, the reliability rate has decreased to 31-34%.

The acceptable limit for the reliability ratio is directly related to the operator's
expectations and the navigation/port conditions where the ship is located. The fact that
the reliability ratio is too low is indicative of a failure. The occurrence of an unexpected
fault during the navigation time may not pose serious problems in terms of cost.
However, a malfunction that may occur during the port manoeuvre will result in high
costs for the operating company. Keeping the reliability ratio high at all times is

convenient for the safety of the ship.

The graph below shows a comparison of the reliability rates of the fuel injection valves
(Figure 3.8).

As can be seen in (Figure 3.9), the availability rates for all fuel injectors were found to
be above 99%. This is due to the length of the failure-free operation of the fuel injectors

and a short time is needed to fix the failure.

When the maintainability rates were examined (Figure 3.10), it was calculated as 0%
as long as the time required for maintenance was less than 2.5 hours. When a 3-hour
maintenance schedule is made, the maintainability rates of the fuel injectors are as
follows: No#1 fuel injector 30.85%, No#2 fuel injector 30.81%, No#3 fuel injector
30.02%, No#4 fuel injector 38.14%, No#5 fuel injector 34.01%, No#6 fuel injector
34.69%, No#7 fuel injector 42.03%. With a maintenance schedule of 3.1 hours, the
maintainability rates of the fuel injectors are as follows: No#1 fuel injector 50.00%,
No#2 fuel injector 52.85%, No#3 fuel injector 51.79%, No#4 fuel injector 67,82%,
No#5 fuel injector 65.99%, No#6 fuel injector 55.55%, No#7 fuel injector 59.82%.
When a 3.5-hour maintenance schedule is made, the maintainability rates of the fuel
injectors are as follows: No#1 fuel injector 97.72%, No#2 fuel injector 99,09%, No#3
fuel injector 98.98%, No#4 fuel injector 99.98%, No#5 fuel injector 99.99%, No#6
fuel injector 98.85%, No#7 fuel injector 97.97%.

As can be seen from the results, the maintenance operation will be healthy as long as
the period of care is 3.5 hours or more. The determination of this time is important in

situations that may create time constraints for the ship.
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Figure 3.8 : Reliability rates of main engine fuel injection valve.
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Figure 3.9 : Availability rates of main engine fuel injection valve.
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Figure 3.10 : Maintainability rates of main engine fuel injection valve.
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4. CONCLUSION

Trade has become the most indispensable subject in the world in every age. Ships have
contributed both to the facilitation and acceleration of this trade. Ships are the most
widely used means of transportation both in international freight transportation and

tourism.

Through today's technologies, we strive to do all our work fast and with the least error.
For this purpose, we use new technologies directly or we take care to use our existing
systems with the most effective and least error. However, how much are we doing that

on the ships?

The most important problem that occurs during the routine operation of the ships is
the machinery malfunctions that prevent the operation of the ship. Although the
machinery systems are regularly maintained, the quality of the fuels and lubricating
oils used, the mistakes made by the operating engineers and the quality of the spare

parts used can cause the malfunction at unexpected times.

Failures that may occur especially in port entry-exit, strait crossings, cruising in bad
weather conditions and similar situations where ship operations are risky can create
significant negative results for the ship. Failures that may occur at undesired times will
cause both material and blue damage. Therefore, correct maintenance and prevention

of unexpected malfunctions become important.

Before a high-risk ship operation, various measures must be taken to ensure that the
ship machinery systems continue to operate without failure. However, each measure
increases the operating costs of the ship. Therefore, before a risky operation, it is
necessary to review the standard practices and take additional measures to know the
reliability of ship machinery systems, subcomponents and to determine the most

appropriate times to be spent for maintenance.

The RAM analysis, which we investigate, calculates the probability of failure of the
machinery systems during the important operations of the ship. The RAM analysis

predicts the period in which future failures will occur using data from recent years. If
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the recommendations provided by the model are applied before a risky operation, the
probability of failure will be minimized and the operations will be made safer.

The fuel injectors of a ship's main engine are discussed in the data analysed. The data
of previous years were collected and the relationships between the data were
examined. As a result of the data obtained, the reliability, availability, and
maintainability rates of the injectors number 1,2,3,4,5,6 and 7 were calculated.

The decreasing tendency of the reliability rates of injectors 2 and 6 were found to be
higher than other injectors. Due to the fact that the average duration of failure-free
operation of the respective injectors is less than the other injectors and they fail more

during the total engine running time.

After calculations of availability rates, it was found that, all injectors have an
availability rate of over 99%. The high availability of the injectors is due to the fact
that these injectors have a long interval between two failures and a short interval

maintenance and adjustment time.

The maintainability of injectors 4 and 5 are higher than other injectors when the
working hours for maintenance exceed 3 hours. This may be caused from the

maintenance time obtained on the basis of the data which is lower in these injectors.

However, it is difficult to access the data due to thesis limitations at some points. With
the revisions to be made in PMS records, it may be possible to collect data and analyze
the results without creating extra workload for the employees and preparing the
maintenance planning. It is not specified whether the maintenance is planned or
periodical at the planned maintenance systems. Adding this distinction to PMS
software will contribute to right data collection. Besides, general statements are
included in the explanation part filled by the responsible engineer about the operation
performed. This situation does not adequately express the content of the transactions.
Another feature that should be added to the PMS system is the time spent on the
operation. This data, which is especially necessary for maintainability analysis, will
play an important role to determine the spent time according to the work performed in
the maintenance operation and during determining the time required for the

maintenance that should be planned before the critical operations.

Another feature needs to be added to the PMS system is the monitoring of spare parts

inventory. During maintenance planning, the status of spare parts inventory can be
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checked automatically and deficiencies for maintenance operation can be determined
by the system. Inventory monitoring is important for both right and rapid maintenance.

Due to these deficiencies, some limitations were encountered during the thesis study.
Elimination of these deficiencies before the studies is one of the important conditions

for obtaining a right RAM analysis.

When the data is analysed, it is decided that integrating the RAM analysis into the
PMS system will enable the decision-making roles of ship to operate effectively,
especially in critical equipment. To use the knowledge management unit effectively,
the maintenance on ships should be processed more regularly and then, the data
processed should be elaborated. If the data to be processed are correct, the results will
make it easier to perform the most effective maintenance at the right time and to avoid

unexpected failures.
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APPENDIX A : Correlation coefficient between failure-free times.
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Figure A.1: No:1 F.I.V. correlation coefficient between failure-free times.
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Figure A.2 : No:2 F.1.V. correlation coefficient between failure-free times.
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Probability Plot for No:3 M/E F.1.V.
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Figure A.3 : No:3 F.1.V. correlation coefficient between failure-free times.
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Figure A.4 : No:4 F.1.V. correlation coefficient between failure-free times.
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Probability Plot for No:5 M/E F.1.V.
LSXY Estimates-Complete Data

Weibull

Correlation Coefficient

. Lognormal Weibull
0,863
90 90 @ Lognormal
50 S 0,764
t € Exponential
9 10 o " Normal
& & 0,838
[ 3 10 °
°
1 1
1000 2000 5000 1000 2000 5000
No:5 M/E F.I.V. No:5 M/E F.I.V.
Exponential Normal
99
90
90
3 3
- 5
a 10 a
10
°
1 1
10 100 1000 10000 1000 2500 4000 5500
No:5 M/E F.I.V. No:5 M/E F.I.V.
Figure A.5 : No:5 F.1.V. correlation coefficient between failure-free times.
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Figure A.6 : No:6 F.1.V. correlation coefficient between failure-free times.
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Figure A.7 : No:7 F.1.V. correlation coefficient between failure-free times.
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APPENDIX B : Weibull distribution plotting.
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Figure B.1 : No:1 F.1.V. weibull distribution plotting.
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Figure B.2 : No:2 F.1.V. weibull distribution plotting.
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Probability Plot of No:3 M/E F.I.V.
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Figure B.3 : No:3 F.1.V. weibull distribution plotting.
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Figure B.4 : No:4 F.1.V. weibull distribution plotting.
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Probability Plot of No:5 M/E F.I.V.
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Figure B.5 : No:5 F.1.V. weibull distribution plotting.
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Figure B.6 : No:6 F.1.V. weibull distribution plotting.
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Figure B.7 : No:7 F.1.V. weibull distribution plotting.
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APPENDIX C:

Correlation coefficient between repair times.
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Figure C.1: No:1 F.1.V. correlation coefficient between repair times.
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Figure C.2 : No:2 F.1.V. correlation coefficient between repair times.
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Probability Plot for No:3 M/E F.1.V.
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Figure C.3 : No:3 F.1.V. correlation coefficient between repair times.
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Figure C.4 : No:4 F.1.V. correlation coefficient between repair times.

63
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Figure C.5: No:5 F.1.V. correlation coefficient between repair times.
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Figure C.6 : No:6 F.1.V. correlation coefficient between repair times.

64




Probability Plot for No:7 M/E F.1.V.
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Figure C.7 : No:7 F.1.V. correlation coefficient between repair times.
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APPENDIX D : Normal distribution plotting

Probability Plot of No:1 M/E F.I.V.
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Figure D.2 : No:2 F.1.V. normal distribution plotting.
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Figure D.1 : No:1 F.1.V. normal distribution plotting.
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Probability Plot of No:3 M/E F.I.V.
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Figure D.3 : No:3 F.1.V. normal distribution plotting.
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Figure D.4 : No:4 F.1.V. normal distribution plotting.
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Probability Plot of No:5 M/E F.I.V.
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Figure D.5 : No:5 F.1.V. normal distribution plotting.
Probability Plot of No:6 M/E F.1.V.
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Figure D.6 : No:6 F.1.V. normal distribution plotting.
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Figure D.7 : No:7 F.1.V. normal distribution plotting.
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