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Risk management of ship machinery is an important issue since machinery out of order can run into
danger, especially for ships at sea. This paper implements risk based maintenance (RBM) to minimize
the frequency and consequences of ship machinery failure. Not only the common steps of RBM, such
as identification of problem, risk assessment, risk evaluation, and maintenance planning are conducted,
but this paper also proposes a new model called ship position estimation. The preliminary
identification i.e. identification of failure causes and symptoms as well as the history of failure time
will be looked at first. In the risk assessment, quantification of the consequences of failure ( Cof)
considers system performance loss, while the probability of failure (Pof] is obtained from the reliability
analysis of the failure time history. Risk evaluation compares the result of the risk assessment with the
risk acceptance criteria in order to determine the level of risk. The proposed model of ship position
estimation recognizes the ship position on the voyage when the analyzed machinery is in a high level
of risk. Maintenance planning is further carried out to keep the machinery under the risk acceptance
level. This paper utilizes a method called system dynamics to create simulation for each step of the
RBM. As a case study, the parts of the pumps in the main engine cooling system are analyzed. The result
of this paper is a proposed maintenance interval which is reasonable enough compared with the
standard for pump maintenance. Additionally, the ship position is included when the pump reaches a
high level of risk.
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1. Introduction

The maintenance strategy of ship machinery should comply with the regulations of the ship classification bureau.
General inspection is carried out every five years, when the ship is at dock. Some machinery is disassembled to examine its
condition. This means that the real condition of ship machinery only can be known every five years on the general inspection
dates. Unexpected machinery trouble can occur between the docking surveys. A corrective maintenance scheme is usually
carried out when a symptom of machinery trouble first appears. If a severe symptom happens when the ship is under
operation, it can lead to a catastrophic incident. Moreover, a maintenance tasks are sometimes difficult to carry out during
ship passage because of limited spare parts availability or the requirement of shore base support [1], Based on this
background, analysis on the risk of machinery breakdown is urgent for sustainability of ship operation.

This paper implements a method called risk based maintenance (RBM) to estimate the risk of machinery failure during
its operation between two docking surveys of ship. By applying RBM, a catastrophic failure of machinery can be minimized
because the risk is kept at an acceptable level by applying preventative maintenance. The demand for doing maintenance is
prioritized based on the magnitude level of the risk. This study also proposes a new model development for RBM, a ship
position estimation for times when the machinery runs under a high level of risk. Benefit of this proposal is that it increases
maintenance planning based on additional information of risk and can be used to guide an engineer to prepare for times of
high level of risks. This research outcome should help management remain in budget since the optimum operation and
maintenance can be reached without the reliability of ship machinery degrading.

Maintenance management has been through a long development process. In the beginning, corrective maintenance
was conducted, after that periodic overhauls were introduced, and then planned preventive maintenance, condition
monitoring, reliability centered maintenance, expert system which finally leads to the current research interest on the
maintenance field, which considers risk as the main core study [2,3], RBM focuses on the management of the risk of failure.
Risk quantification is obtained by combining the results of Cofand Pofanalysis. RBM was initially proposed as a structured
comprehensive method comprised of a step of modules [2], Since that time, RBM has been implemented in many fields of
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study. It was successfully employed to analyze the risk in ethylene oxide production facilities and brought down the original
high risk of the equipment [4], In another study, a proposed RBM development was applied in a power generating plant [5],
The outcome showed that critical risky equipment could be identified and the reliability of the equipment could be increased.
Additionally, it reduced the cost of maintenance including cost of failure. In an oil refinery, a development of RBM has also
been satisfactorily implemented [6],

The literature of RBM mainly discusses problems in the field of industrial applications and transportation systems [3],
In the industrial field, this method specifically appears in mechanical, chemical and electrical fields such in [2, 4, 7, 8, 9], Its
application on transportation system can be found in some research [9, 10], In the marine field, there is little research
considering risk analysis in the maintenance strategy for ship machinery. Some previous studies show a maintenance
strategy which minimizes the total operation cost. The optimization process is carried out by adjusting the appropriate
maintenance interval in order to obtain the minimum total cost of machinery operation [1,11,12,13], There is a necessity to
consider risk analysis in the maintenance strategy of ship machinery because not only total operation cost needs to be
minimized, but the cost-incurring of loss caused by failure, as well. In this paper, the RBM method is adapted for use in the
maritime field, especially for risk management of ship machinery operation.

This study focuses on a case study of the pumps in the cooling system of the ship s main engine. Pumps are needed to
support the main engine work. Pump failure could induce interruption on the cooling system as well as the main engine of
a ship. This paper utilizes system dynamics (SD) simulation to construct a model of RBM on the pump operation. SD is a
powerful tool developed for simulating a complex system [14], Recently, it has being used in maintenance management
appearing in [12, 13, 15, 16], Novelty of this paper is the utilization of SD in constructing part of RBM and estimating the ship
position estimation when high risk appears. In this paper, SD models the proposed RBM technique comprised of five steps:
1. Preliminary identification, 2. Risk assessment, 3. Risk evaluation, 4. Ship position estimation, and 5. Maintenance planning.
The details of the steps of RBM will be discussed in the next chapter. The outcome of this work is a maintenance planning
which reduces the risk of failures of cooling pump in a ship s main engine, and identification of the ship position when the
pump runs into high risk.

93

2. Risk Based Maintenance (RBM) : implemented in the operation of ship machinery

As previously mentioned, RBM is comprised of a number of steps. This chapter will discuss each step of the process in
the application of ship machinery operation. The steps of RBM in this chapter are described as follows.

2.1. Preliminary identification

The focus system is analyzed in detail. The working principle and the potential failure mechanism of subsystems,
machinery and parts of machinery are recognized based on the historical failure data and the result of literature study. The
smallest parts which comprise the machinery are studied. In preliminary identification, the information related to the
machinery s symptoms and causes of failure are identified. These machinery s symptoms and causes of failure are used for
further analysis of the step of RBM.

2.2. Risk assessment
2.2.1 Consequence of failure (Co/) analysis

The outcome of a failure can be defined as system performance loss ( ), financial loss ( ), human safety loss ( ) and
environment loss ( ). This paper adopted an equation from [2] to determine the Cof. The form of the equation is presented
as Equation 1.

Table 1. PDFand Reliability function

Distribution R(t)PDF

Weibull 2 par. (1) (2)

(3)Gumbel max

Gumbel min

* = shape parameter, = scale parameter (weibull 2 parameters)
= scale parameter, = location parameter (gumbel max and gumbel min)

(4)

(5) (6)

The consequence of the failure symptom recognized in the step of preliminary identification is quantitatively calculated
by using Eq. 7. The details on the usage of this equation appear in the case study in the next chapter.

(7)
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2.2.2 Probability of failure (Pof) analysis

The probability of a basic event failure of machinery found in the preliminary identification, is quantified. The record of
machinery failure is utilized in order to know the probability of this failure occurring. This paper uses statistical analysis to
find the failure distribution which best represents the characteristics of the time to failure data of the machinery. There are
three distributions which appear in this paper, i.e. Weibull two parameters, Gumbel max and Gumbel min. The probability
density function (PDF) and reliability function of these three distributions are summarized in Table 1. In the final risk
assessment, risk estimation is determined by combining the results of Cof and Pof analysis. Risk level of each piece of
machinery is found by multiplying the results of Cof and Pof analysis.

2.3. Risk evaluation

Risk evaluation is a step of Risk Assessment for evaluation the result of frequency and consequency analysis. The
estimated risk which results from the previous step is compared with risk acceptance criteria. The machinery which exceeds
the acceptance criteria is subject to maintenance to keep it at an acceptable risk level.

2.4. Ship position estimation

In this step, this paper includes the position of the ship during her voyage when the estimated risk of the machinery is
in the unacceptable risk level. The recognized estimation of location of the ship is important for further planning such as
spare part allocation and maintenance planning.

2.5. Maintenance planning

The recognized position of ship is important if we are to construct an appropriate maintenance plan for the ship
machinery. This is related to when and where the maintenance should be best done. The planned maintenance will reduce
the risk of machinery failure in order to bring the risk down to an acceptable risk level. The following equation is utilized to
determine the maintenance planning in this study.

(8)

Where is the maintenance planning which interprets the remaining operation time for maintenance. is the
interval between maintenance which complies with the risk acceptance criteria. is the current operation time which
indicates how long the machinery has been in operation. If equals zero,
been operated since it was installed or since the last maintenance. Determination of and are derived from Equations 4,
6 and 8 for Weibull 2 parameters, Gumbel max and Gumbel min respectively. They are defined as the following equations
based on their type of failure distribution.

. This means that the machinery has never

Table 2. Properties of the analyzed pumps of the cooling system of ship s main engine

Number
installed

Capacity x head
(m3/h x m)

Power (kW)Pump Name Rpm

SW pump

CCFW pump

JW pump

3 285x 15 18,5

4 190x25 1800 22

2 65x30 11

Equation (9) to Equation (14) shows the and for all the type of distribution, i.e. Weibull 2 parameters, Gumbel max
and Gumbel min. The notation used for the distributions are as follow, = shape parameter, = scale parameter for weibull
2 parameters, while = scale parameter, = location parameter for gumbel max and gumbel min.

Weibull 2 parameters

(9)

(10)

Gumbel max

(ID

(12)
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Gumbel min

(13)

(14)

3. Case study: development of RBM for the cooling system of the ship s main engine

The case study focusses on the pumps which are installed in the cooling system of a ship s main engine. This system
has an important role in keeping the main engine at a working temperature. A breakdown in any part of the cooling system
could disturb the main engine. One of the most important parts of the cooling system are the pumps, because they transfers
the coolant fluid into the cooling system. This chapter will discuss the application of the proposed development of RBM
method in the operation of the cooling pumps of a ship s main engine. Figure 2 illustrates the whole simulation model of
RBM using SD.

Figure 1. Failure causes and symptoms of cooling pump of main engine [17, 18]

In Figure 1, SD model of RBM is constructed of pieces of sub models i.e. 1. Preliminary identification, 2. Risk assessment,
3. Risk evaluation, 4. Ship position estimation, and 5. Maintenance planning. The following description will discuss in detail
about each step of the SD model of RBM. SD model is a method that can be used to interpreting the complex system. In this
paper, some part of RBM will be simulated.

3.1. Preliminary identification

There are three types of pumps analyzed which have typical properties as shown in the Table 2. The total number of
pumps is nine units comprised of sea water (SW) cooling pumps (4 units); central cooling fresh water (CCFW) pumps (3
units); jacket water (JW) pumps (2 units). The pumps failure modes are identified. The common failure causes and
symptoms of the pumps are studied from the pump operation history and reference studies. The overview of some failure
causes and symptoms in the operation of cooling pumps are shown in Figure 1. This figure shows the relation of the common
causes (Cl ~ CIO) and the possible resulting symptoms (S1-S16). Out of all the pump parts, the mechanical seal, the O-ring,
the shaft and the discharge valves are the parts which experience the most trouble based on the records of the ship operation
history. Considering the results of the data, this paper focusses on these common pump part failures.
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3.2. Risk assessment

3.2.1 Cof analysis
The possible symptoms of failure found in the preliminary analysis are taken into account in order to quantitatively

measure the consequence of failure. Actually Cof analysis can be performed in terms of some types of loss as shown in the
Equation 1. The symptoms of failure recognized in the previous step indicate that the consequences of the failure of the
cooling pump can be measured by considering an assessment of the system performance loss conducted in this study. This
study does not perform analysis on human safety, environmental effects or financial consequences. Performance loss
indicated by the symptoms of failure in Figure 1 is classified into their level by utilizing performance function which is
provided in the Table 3. After finding the Ai for each symptom, the result of Cof analysis is obtained by inserting the value of
Ai into Equation 1.

A part of the SD model of RBM in Figure 2 performs Cofanalysis. The highest value of Ai is inserted into the number 1
unit of the SD model. The highest value of Ai is used because it has the highest possibility to induce more serious
consequences greater than the result of Ai from other causes of failure. In this model, the Equation 1 is used at number 2 unit
of the SD model. The results of Cof analysis are then shown at the number 2 unit of the SD model. Table 5 summarizes the
results of the Cof analysis for all of the parts of cooling pump in focus. It clearly shows that entrained air by seal leaks (Cl),
excessive compression/ pressure/ temperature and rough sealing surface (C3 and C4), bent shaft (C5) and discharge valve
failed to open (CIO) result in the most catastrophic consequences, i.e. pump loses prime after starting (S14), mechanical seal
damage/ leaks excessively (S13), coupling fails (S16), no liquid delivery (S4) respectively.

o
>A]

a u

CJ C

ve

Figure 2. SD Model of RBM
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