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Abstract

Preventive Maintenance (PM) is an important activity that uses the systematic inspection, detection, diagnosis and
correction before the incipient failures occurrence in order to keep equipment in a satisfactory operational state. The
study focused on the processing plant that run continuously under harsh operation conditions based on the relief valves
data. This paper developed a model to improve the preventive maintenance performance. The model developed based
on availability and maintainability to measure PM performance. The model tested by two scenarios in order to
determine the probability of failure at normal operation. The first of scenario was associated with the system failed
for corrective maintenance. The second scenario was associated with the system down for preventive maintenance.
The findings showed that the model provided information as the most significant characteristic to prolong the life time
of equipment / system and improve preventive maintenance performance. Therefore, the study concluded that
improvement of preventive maintenance performance for any processing plant has become essential to reduce the
probability of failure resulting from corrective maintenance and improve the reliability of system. The model could
support for any processing plant in terms of the maintenance cost effectiveness, the production losses and the system
sustainability.
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1. Introduction

Preventive maintenance (PM) is an important activity for any processing plant run under the harsh operation
conditions. PM normally accounts a significant contribution to keep facilities in a satisfactory operational state. There
are many objectives of performing PM, which include an increase in the life time of equipment, increase in the
productivity, decrease in the production losses due to the totally shutdown resulting from the overall maintenance,
reduction in the maintenance cost and mitigation in the risk. In addition, PM can contribute in improving the reliability
of certain equipment or the system performance.
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There are mainly two the planned types of maintenance; Corrective Maintenance (CM) and Preventive Maintenance
(PM). Well application of PM will contribute in reducing the CM (Elwerfalli and Magespi, 2021). Therefore, PM is
defined as the scheduled activities necessary to return the system to the normal operation to perform its function. On
the other hand, CM is defined as the unscheduled and unexpected activities, which implements after the failure
occurrence to restore the system to its normal state (Elsayed, 1996).

Plant is always subject to the maintenance due to some pieces of equipment failure. These pieces can be critical
equipment that may cause to the totally shutdown of plant and increase the operation risks and production losses.
Therefore, this work aims for maximizing the effectiveness of PM in order to avoid these losses and risks.

The poor implementation of PM will help to grow CM event. Consequently, the scheduled actions of PM should be
taken into account periodically to reduce the probability of failure and to increase the availability and reliability of
system and avoid unexpected breakdown of equipment (Ruiz et al. 2007).

A typical Relief Valves (RVs) at refinery plant for Sirte Oil Company (SOC) is selected to demonstrate this study.
RVs are designed to release overpressure resulting from builds up in vessels and piping systems before pressure
reaches unsafe levels. The leakage in the RV is one of the most common failure, which occurs between the disc and
the seat of valve under normal operating pressure due to temperature limitations and fouling process. Figure 1 shows
the internal mechanism of the RVs (API RP521, 1997).
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Figure 1. The internal mechanism of RV

In particular, RV is a significant equipment at the refinery plant. Thus, this study will highlight real data of the RVs.

In general, there are three failures can face the RVs. These failures can be divided into three stages:

e The first stage is called debugging stage, which often occurs early in the life of the RVs due to the design errors,
the manufacturing defects, assembly faults or poor-quality control. The failure rate is high, then decreases
moderately over time. Failure's indicator in this stage occurs by the high vibration, low efficiency, fluctuated
temperature and leakage (Tsarouhas, 2012).

e The second stage is the middle stage of the bath-tub curve, which called a random failure due to poor operation.
This stage is usually given the significant considerations during useful life of RV and is the most important period
to evaluate RV activities, especially RV that characterizes by a constant failure rate.

The third stage is life cycle of RV where the failure rate gradually increases with the time due to the obsolescence or
the poor maintenance as depicted in the Figure 2. During this stage, part of RV starts with the wear-out, which is
considered an indicator for declining of the functional performance of these pieces of equipment. Therefore,
maintenance activities should be early conducted to prolong life cycle of RV and to improve availability of system.
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Figure 2. The bathtub curves of the RVs

This study focuses on some considerations in the second and third stages, which can contribute in achieving the main
goal of paper. These considerations are associated with improving PM performance in terms of the scheduled time
based on the failure rate and down rate of system in the long-run associated with the operation period (maintenance
interval) and the short-run associated with maintenance period (maintenance duration) as showed in Figure 3.

The failures and repairs can't occur during a certain time period. However, they occur randomly based on the shape
parameter (B). Figure 3 shows that when Mean Time Between Failure (MTBF) is very large with comparing to the
Mean Time to Repair (MTTR), both reliability and availability of system would be very high. This means that the
MTBEF parameter is dominated availability of system. On the other hand, when MTTR is very small. This means that
the system can be returned to the normal operation easily without any threat. Typically, both the MTBF and MTTR
parameters should be determined accurately to achieve a high degree of plant availability.
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Figure 3. Operation and maintenance period of a repairable system

A good implementation of the PM can increase the reliability, availability and decrease maintainability, especially
when it is accurately planned and conducted. A successful maintainability and availability are often depended on
design stage, which can help maintenance and operation teams to make an appropriate decision of the maintenance
procedures and maintenance duration required for repairs and replacements, and to determine start-up period of
system. Therefore, it is desirable to have short repair and replacement times in order to increase availability of the
system.

A decrease of maintainability is one of the PM tasks, which conducts by the periodic on-condition monitoring. This
will contribute in improving PM activities based on being performed on the RVs. This cannot only lower the costs
resulted from PM, but it can also lead to improve efficiency of the plant to become a proactive process rather than a
reactive process (Flynn, 2005). In addition, PM can enhance RV performance and mitigate the risk when PM is
accurately managed.

The PM should be included how the improvements can be measured and how it suitable for the maintenance

practitioners. Consequently, this study designed to improve the PM performance for processing plant that run under
harsh operation conditions resulting from the fluctuating temperatures and the higher pressures with aiming to
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minimize downtime, maximize uptime of the system, cut the direct and indirect costs and reduce production losses
and the risks.

2. State-of-the-art on the improvement of the PM

In real-life applications of PM often face complicated decision problems due to uncertainty. These problems increase
difficultly during the normal operation period when they must take the proper decision to determine duration and
interval of maintenance. A recent review of the literature showed that previous studies focused on the repairable
components in the random failures stage and analyzed according to the costs and the benefits of maintenance activities
without taking the availability and maintainability into account to consider the risks in order to avoid the random
estimation of the maintenance interval.

Hagemeijer and Kerkveld (1998) develop risk-based inspection approach of the pressurized equipment. This approach
is based on the determining risk by evaluating the consequences and the probability of failure in order to optimize
inspection, maintenance efforts and reduce the risk at Brunei plant. Dey (2001) presents risk-based inspection and
maintenance model to reduce time spent on inspection of oil pipelines.

Dyke (2004) suggests many steps to improve PM performances for refinery process. The best practice is one of the
used tools in the specialist expertise to assist management in the planning tasks and execution of PM. In addition, the
benchmarking technique is to measure performance of PM that includes duration and interval for each major process
unit. The initial results of these steps were developed and implemented over the PM cycle. Cowing et al. (2004)
propose a dynamic probabilistic model to develop operation, shutdown phases on the long-term.

Krishnasamy et al. (2005) identify the critical equipment using risk assessment along with the Weibull model to
develop cost-effective maintenance policies of critical equipment by reducing the overall risk of the power plant.
Lenahan (2006) uses APT software program to schedule and optimize the PM by increasing interval of PM for the
fuel and lubricant production company.

Al-Mishari and Suliman (2008) propose the six-sigma approach for equipment reliability in maintenance applications
to evaluate the weaknesses of traditional methods in the reliability centered maintenance. However, Six Sigma may
require good information and data for most processes, which are not often available. Chiodo and Mazzanti (2008)
estimate the reliability of electrical components to present theoretical and practical tools in order to select the
appropriate reliability models for the power system components.

Khan et al. (2008) present a risk-based methodology to estimate optimal inspection and maintenance intervals using
availability modelling to mitigate failures risk and enhance the overall availability of system. Dhillon and Cheng
(2008) integrate the reliability, availability and maintainability of a robot-safety system to help maintenance engineers
and reliability practitioners in improving system availability.

Hameed, et al. (2014) report that risk, availability and reliability are interminably interlinked. When availability of
plant is high, this means that reliability can be high, if risk is low. Ahmed et al. (2015) present a risk-based failure
assessment approach to improve safety and availability of complex system.

Aljaroudi, el at. (2015) propose methodology associated with risk-based assessment and based on probability of failure
and consequences of failure to determine the level risk and critical failure for crude oil pipelines leakage and burst,
where these consequences are related to the financial losses that include production losses and environmental damage
using the probabilistic model.

3. The Proposed Model

In the life cycle of any processing plant has operational period (system uptime) and maintenance period (system
downtime / failed). The system downtime is the scheduled shutdown of plant to execute PM activity before failure
occurrence (t). The system failed is the unscheduled shutdown of plant to conduct the repairs associated with the CM
activity after failure occurrence (t). The plant remains the out of service until a repair / replacement is completed at
the predetermined duration of maintenance. This cycle of operation and maintenance continue throughout the lifetime
of the plant as shown in Figure 4.
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Figure 4. Life cycle of operation and maintenance of the system

The Markov model is an applied tool focusing more on the practical application. Therefore, this model is considered
a rational choice, being simple user for any a processing can be improved PM based on the states and transitions
diagram. This diagram consists of nodes that represent a working, failed and down states of the system. These nodes
are determined by arrows that represent the transitions rate from repair rate, failed state and to the working state at
any point in time. The Markov model designs to study the probabilities and characteristics of system based on the time
and state to make the model more realistic in order to enhance its applicability at any processing plant.

Availability of the system is one of the most important measures to improve PM performance, which may be computed
using Markov model. this model looks at a system as one of many states. many probable scenarios can be applied (for
example, is that in which all the items comprising the system are in the working. Another probable state is that in
which an item has failed but the other items continue in the working. A third probable scenario is that an item failure
leads to the system failure).

The proposed model uses either system downtime or system failed completely. When the system downs, this means
that the system will subject the PM activity based on down rate (Awq). When the system fails, it means that the system
will undergoes the CM activity based on failure rate (Awr) (Figure 5). In addition, this model can predict other items
such as CM rate (N ) and PM rate (naw), availability rate (A), Probability of Failure (PoF) (Kumar and Chaturvedi,
2008).

System System
working Failed

Figure 5. Markov state diagram for repairable system

The PM rate (naw), CM rate (nsw) and failure rate (Awr) of the system are constant. After PM or CM, the system would
be as good as new. Table 1 shows these rates associated with the RVs.

Table 1. Real data of Relief Valves

state 1 2 3 4
symbols Naw Niw Awd Awe
Rates 1.97x102 2.28x10? 1.6x107 2.08x10

Markov model formulation can be expressed according to the probability of system Pi(t), and i function at time in
state w, d, and f.

The Pi with w means that (system is working / normally),

The Pi with d means that (system is down / PM) and
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The Pi with f means that (system is failure / CM)

_ [R1+nfw) (R1+ ndw)] Rit _ [(R2 +ndw) (R2 + ‘r]fw)] R2t [ nfwndw
Pw(t) = [ R1R1- R1R2 € R1R2 - R2R2 e [ TRire M

Pd(t) _ [(Rl. Awd)+ (Awd nfw)] Rq¢ _ [(de. nfw)+ (R2. Awd) eRZt + [nfw.hwd] (2)
R1R1-R1R2 R1R2—-R2R2 R1.R2

Pf(t) — [(Rl. Awf) + (Awd . ndw) eth _ [(Awf. ndw) + (R2. }\wf)] eRZt + [Awf ndw (3)
R1R1-R1R2 R1R2—-R2R2 R1.R2

When the time is large. It means that the Equations (1, 2 and 3) become in the steady state:

_ nfw.ndw
Pw = [[ndw nfw ]+ [Awd .nfw]+[ndwxwf]] )
_ nfw.aiwd
Pd = [[ndw nfw ]+ [Awd nfw |+ [ndwhwf]] (5)
_ Awf ndw
Pf= [[ndw nfw ] + [Awd nfw [+ [ndw Awf] (6)

Ebeling (1007) reports that the system failure rate can be expressed as Equation.

Asystem(t) = Y=, Ai(t) @)

Where;

Py, P4 and Prare probabilities of the systems in the steady state (system is working-w, system is failure-f / CM and
system down system-d / PM).

RiR;=N=[ndw.nfw] + [Awd.nfw ]+ [ndw Awf] ®)

Ri+Ry=—[M] = — [Awf + Awd + ndw + nfw ] )

At the steady-state, probability of the system can be written as a summation of probabilities equal to 1 as shown in
Equation. (9).

Pi= Y:Pi =Py +Pg+Pr=1 (10)

4. Results and Discussion

Figures 6, 7, 8 and 9 show that there are three periods to perform the PM activities once every 600, 630, or 660 days.
In order to maximize the effectiveness of PM and to avoid any threat related to associated with critical equipment may
lead to the totally shutdown of the system, it is necessary to conduct PM activities in the earliest, once every 600 days.
At this time, Py, is 38.14%. The Py, is considered low, it indicates that there is the operational risk should be taken into
account to make shutdown of the system for starting in the PM activities. In addition, the reliability of the system at
600 days reaches to 65.91%. This percentage considers low. Thus, the reliability can be improved based on the PM
activities once every 600 days.

Four variables were integrated in the Markov model to improve the PM performance. These variables included Awd,
Awt, Niw, and Naw. In each time of one variable was changed with remaining other variables as fixed to determine an
effect in each one. In addition, three variables were extracted Py, P4 and Py, which assisted in estimating the optimum
time of the PM for equipment. Table 2 shows an influence of each variable on the RVs.
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Table 2. Input and output variables of the RVs

Input variables Output variables
An increase in the Awf results in a decrease of the An increase in the Pw, it means that the RVs
dout Pw and undergoes the RVs to many failures. Py will normally operate without any problem.
On the other hand, A decrease of the Pw, the
RVs will face some operational failures.
An increase in the Awd means that the RV is to An increase of Pd, the PM activities will be
require the PM activities. more effective on the RVs. However, a
Awd Pa | decrease of the Pd, it means that no a need to
the implementation of the PM activities on
the RVs at this time.
An increase in the nfw indicates that the RVs An increase of the Pf indicates that the PM
should perform PM to avoid implementation of activities should be carried out on the RVs to
the CM activities due to the unexpected failures. p mitigate failure. Otherwise, a decrease of nfw
Tt " | means that the RVs can be less probable to
fail (it is not necessary to perform the PM
activities at this time).
An increase in ndw shows that the PM activities
of the RVs were carried out effectively. on the
T contrary, a decrease in the mn4w indicates that the
PM performance was conducted with a low
quality.

Implementation of the model can involve practical example to achieve an effective PM policy based on the real data
of RV. Based on the Equations 1, 2 and 3, it found that the selected real data for variety of time (t) are in between 600
and 660 days to conduct the PM activity.

As time (t) = 600 days, Py (t), P4(t) and Px(t) become 0.3843, 0.3121 and 0.3034, respectively. When time (t) is very
large, the model identifies four scenarios in the steady-state probabilities according to the Equations 4, 5 and 6. These
scenarios depend on the following variables; Aws, Awd, Naw and Mgy These variables associated with the failure and
repair data are adopted from (OREDA, 2002). The next step is to compute Py, P4 and Pr of RV, which contribute in
developing the model.

4.1 The First Scenario:

In the first scenario, it is necessary to change in the A, with remaining other variables as fixed as shown in Table 3.
Awd = 1.6x102, naw = 1.97x1072 and 1y = 2.28x1072 per day as adopted from the OREDA [22]. Table 3 shows that both
the Py, and P4 are increased with time. However, Pris gradually decreased with time. This means that Py is an inversely
proportional with Pr. Therefore, P4 of equipment can continue in an increase with time until a certain time (630 days),
the P4 must be more or equal to the Prto perform the PM activities.

Beyond 630 days, the CM policy can be more effective than the PM to the RVs maintenance. Consequently, PM
activity will be an expensive in terms of time and cost when the operation time less to 630 days. However, the PM
policy will be more reliable than the CM policy when the operation time of RV is equal to 630 days. Figure 6 indicates
that the PM activities can be performed its task on the RV when P4 > 30.957x1072. In addition, implementation of the
PM will be less cost when Ayr of RV less than 2.08x102. Consequently, the PM activities can be determined using the
conditional probability;

PM(t) =P (Awr < 0.0208 / P4 > Py)
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Table 3. 1% scenario by changing in the Awr

State datys - - N  Mw  RLR2 P, Py Py
1 960 0.0075 0.016 0.0197 0.0228 0.00096 0.46704 0.37932 0.15363
2 930  0.0085 0.016 0.0197 0.0228 0.00098 0.45766 0.37171 0.17062
3 900 0.0095 0.016 0.0197 0.0228 0.00100 0.44866 0.36439 0.18694
4 870 0.0105 0.016 0.0197 0.0228 0.00102 0.44000 0.35736 0.20263
5 840 0.0115 0.016 0.0197 0.0228 0.00104 0.43167 0.35059 0.21773
6 810 0.0125 0.016 0.0197 0.0228 0.00106 0.42365 0.34408 0.23226
7 780  0.0135 0.016 0.0197 0.0228 0.00108 0.415924 0.33780 0.24627
8 750  0.0145 0.016 0.0197 0.0228 0.00110 0.40847 0.33175 0.25977
9 720  0.0155 0.016 0.0197 0.0228 0.00111 0.40128 0.32591 0.27280
10 690 0.0165 0.016 0.0197 0.0228 0.00113 0.39434 0.32027 0.28537
11 660 0.0175 0.016 0.0197 0.0228 0.00115 0.38763 0.31483 0.29752
12 630 0.0185 0.016 0.0197 0.0228 0.00117 0.38115 0.30957 0.30927
13 600 0.0195 0.016 0.0197 0.0228 0.00119 0.37489 0.30448 0.32063
14 570  0.0205 0.016 0.0197 0.0228 0.00121 0.36882 0.29955 0.33162
15 550 0.0208 0.016 0.0197 0.0228 0.00122 0.36704 0.29810 0.33484
16 510 0.0225 0.016 0.0197 0.0228 0.00125 0.35726 0.29016 0.35256
17 480 0.0235 0.016 0.0197 0.0228 0.00127 0.35175 0.28569 0.36255
18 450 0.0245 0.016 0.0197 0.0228 0.00129 0.34641 0.28134 0.37224
19 420  0.0255 0.016 0.0197 0.0228 0.00131 0.34122 0.27713 0.38163
20 390 0.0265 0.016 0.0197 0.0228 0.00133 0.33619 0.27305 0.39075
0.5 —e— Pf Pd e PW
0.45 T ——
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0.35 ;_T;v-d’r:‘—_‘
0.3
E o0.25
0.2
0.15
0.1
0.05
o
1 2 4 5 6 7 8 9 10 112 12 13 14 15 16 17 18 19 20

4.2 The Second Scenario:

In this scenario should change the Aywq with remaining variables (A = 2.28x1072, Ngw = 1.97x10°2 and g, = 2.28x1072
per day) as constant. Table 4 illustrates that both the P,, and Pr are moderately increased with time. However, Py is
decreased with time. This means that Pris an inversely proportional with Py. P4 of RV will continue in a decrease with
time, until the P4 reaches to 1.85x10% at 600 days. This explains that P4 should be equal to or greater than Py to become
PM tasks more effectively than CM. Therefore, when Ayq > 0.016, it is necessary to implement the PM activities rather
than the CM activities. The RVs should be undergone to the scheduled the PM activities once every 600 days to avoid

STATES

Figure 6. 1st Scenario P(t) and Awf

any activity associated with the CM based on the conditional probability.

PM(t) = P (hwa > 0.016 / Py > Py)
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Table 4. 2™ scenario by changing in the Ayq

State days ;uwf kwd MNdw Niw R1.R2 Pw Pd Pf
1 960 0.0208 0.0065 0.0197 0.0228 0.00100 0.44598 0.14715 0.40686
2 930 0.0208 0.0075 0.0197 0.0228 0.00103 0.43611  0.16603  0.39785
3 900 0.0208 0.0085 0.0197 0.0228 0.00105 0.42666  0.18409 0.38923
4 870 0.0208 0.0095 0.0197 0.0228 0.00107 0.41762  0.20139  0.38098
5 840 0.0208 0.0105 0.0197 0.0228 0.00109 0.40895 0.21796  0.37307
6 810 0.0208 0.0115 0.0197 0.0228 0.00112 0.40063  0.23387  0.36549
7 780 0.0208 0.0125 0.0197 0.0228 0.00114 0.39265 0.24914  0.35820
8 750 0.0208 0.0135 0.0197 0.0228 0.00116 0.38497 0.26381  0.35120
9 720  0.0208 0.0145 0.0197 0.0228 0.00119 0.37759 0.27792  0.34447
10 690 0.0208 0.0155 0.0197 0.0228 0.00121 0.37049 0.29150  0.33799
11 675 0.0208 0.0160 0.0197 0.0228 0.00122 0.36704 0.29810 0.33484
12 630 0.0208 0.0175 0.0197 0.0228 0.00125 0.35706 0.31719  0.32574
13 600 0.0208 0.0185 0.0197 0.0228 0.00128 0.35070 0.32934 0.31994
14 570  0.0208 0.0195 0.0197 0.0228 0.00130 0.34457 0.34107 0.31434
15 540 0.0208 0.0205 0.0197 0.0228 0.00132 0.33865 0.35240 0.30894
16 510 0.0208 0.0215 0.0197 0.0228 0.00134 0.33292  0.36334  0.30372
17 480 0.0208 0.0225 0.0197 0.0228 0.00137 0.32739  0.37392  0.29867
18 450 0.0208 0.0235 0.0197 0.0228 0.00139 0.32204 0.38416  0.29379
19 420  0.0208 0.0245 0.0197 0.0228 0.00141 0.31686  0.39406  0.28906
20 390 0.0208 0.0255 0.0197 0.0228 0.00144 0.31184  0.40366  0.28449
—t— Pf Pd e pPw
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4.3 The Third Scenario:

In this scenario, nsy should also change with remaining variables as fixed. Table 5 shows that the Pd and Pw at steady
state are decreasing with time. However, P; is significantly increasing with time. This means that PM activities of the
RVs should conduct when 1 > 0.0228 to become more efficiency than the CM activities. Therefore, the system
should subject to the scheduled PM activities once every 600 days to increase the availability and decrease

6 7

8

maintainability based on the conditional probability;

9 10

g

11 12 13

STATES

Figure 7. 2" Scenario P(t) and Awd

PM(t) = P (s > 0.0228 / P4 > Py)
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Table 5. 3" scenario by changing in the ngy

State days )wa kwd MNdw Niw R1.R2 Pw Pd Pf
1 960 0.0208 0.016 0.0197 0.0137 0.00089 0.30026 0.24386 0.45587
2 930 0.0208 0.016 0.0197 0.0147 0.00093 0.30987 0.25167 0.43845
3 900 0.0208 0.016 0.0197 0.0157 0.00097 0.31877 0.25890 0.42232
4 870 0.0208 0.016 0.0197 0.0167 0.00100 0.32704 0.26562 0.40733
5 840 0.0208 0.016 0.0197 0.0177 0.00104 0.33474 0.27187 0.39337
6 810 0.0208 0.016 0.0197 0.0187 0.00107 0.34194 0.27771 0.38034
7 780 0.0208 0.016 0.0197 0.0197 0.00111 0.34867 0.28318 0.36814
8 750  0.0208 0.016 0.0197 0.0207 0.00114 0.35498 0.28831 0.35670
9 720  0.0208 0.016 0.0197 0.0217 0.00118 0.36091 0.29313  0.34595
10 693 0.0208 0.016 0.0197  0.0228 0.00122 0.36704 0.29810 0.33484
11 660 0.0208 0.016 0.0197 0.0237 0.00125 0.37177 0.30194 0.32628
12 630 0.0208 0.016 0.0197 0.0247 0.00129 0.37674 0.30598 0.31726
13 600 0.0208 0.016 0.0197 0.0257 0.00132 0.38145 0.30981 0.30872
14 570 0.0208 0.016 0.0197 0.0267 0.00136 0.38592 0.31343 0.30064
15 540 0.0208 0.016 0.0197 0.0277 0.00139 0.39015 0.31687 0.29296
16 510 0.0208 0.016 0.0197 0.0287 0.00143 0.39417 0.32014 0.28567
17 480 0.0208 0.016 0.0197 0.0297 0.00147 0.39800 0.32325 0.27873
18 450 0.0208 0.016 0.0197 0.0307 0.00150 0.40165 0.32621 0.27213
19 420 0.0208 0.016 0.0197 0.0317 0.00154 0.40513 0.32904 0.265828
20 390 0.0208 0.016 0.0197 0.0327 0.00157 0.40845 0.33173 0.25981
0.5 —e— Pf Pd  em— Pw

0.45
0.4
0.35
0.3

P(T)

0.25
0.2
0.15
0.1
0.05

4.4 The Fourth Scenario:

This scenario illustrates the PM performance by changing in the ngw with remaining other variables as fixed. Table 6
shows that both the Py, and Py are steadily decreasing with time and inversing with the Pq. The Pq is increasing with
time until it is becoming the P4 equal or more to the Pr. This indicates that the PM activities advisable conduct it on
the RVs once every 660 days to improve reliability of the system. On the other hand, it is necessary to implement the

6 7

PM activities using the conditional probability.

8

9 10 11 12 13 14 15

STATES

Figure 8. 37 Scenario P(t) and nsy

PM(t) = P (aw < 0.0197 / P4 > Py
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Table 6. 4th scenario by changing in the ndw

State days )wa kwd MNdw Niw R1.R2 Pw Pd Pf

1 960 0.0208 0.016 0.0075 0.0228 0.00069 0.24718 0.52732 0.22549
2 930 0.0208 0.016 0.0085 0.0228 0.00073 0.26353 0.49605 0.240413
3 900 0.0208 0.016 0.0095 0.0228 0.00077 0.27804 0.46829 0.25365
4 870 0.0208 0.016 0.0105 0.0228 0.00082  0.29102  0.44347  0.2655

5 840 0.0208 0.016 0.0115 0.0228 0.00086 0.30270 0.42115 0.27614
6 810 0.0208 0.016 0.0125 0.0228 0.00091 0.31325 0.40096 0.28577
7 780 0.0208 0.016 0.0135 0.0228 0.00095 0.32284 0.38263 0.29452
8 750 0.0208 0.016 0.0145 0.0228 0.00099 0.33159 0.36589 0.30250
9 720 0.0208 0.016 0.0155 0.0228 0.00104 0.33961 0.35056 0.30982
10 690 0.0208 0.016 0.0165 0.0228 0.00108 0.34698 0.33646 0.31654
11 660 0.0208 0.016 0.0175 0.0228 0.00112 0.35378 0.32346 0.32275
12 630 0.0208 0.016 0.0185 0.0228 0.00117 0.36008 0.31142 0.32849
13 603 0.0208 0.016 0.0197 0.0228 0.00122  0.36704  0.29810 0.33484
14 570 0.0208 0.016 0.0205 0.0228 0.00125 0.37136 0.28984 0.33878
15 540 0.0208 0.016 0.0215 0.0228 0.00130 0.37644 0.28014 0.34341
16 510 0.0208 0.016 0.0225 0.0228 0.00134 0.38118 0.27106 0.34774
17 480 0.0208 0.016 0.0235 0.0228 0.00138 0.38563 0.26255 0.35180
18 450 0.0208 0.016 0.0245 0.0228 0.00143 0.38981 0.25457 0.35561
19 420 0.0208 0.016 0.0255 0.0228 0.00147 0.39374 0.24705 0.35920
20 390 0.0208 0.016 0.0265 0.0228 0.00152 0.39744 0.23996 0.36258

—— Pf Pd e Pw
0.6
0.5

P(T)
\
\
\
\
\
\

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
STATES

Figure 9. 3™ Scenario P(t) and Mgy

5. Conclusions

The PM activities has become an essential to achieve sustainability for any a processing plant run continuously under
operational harsh conditions to avoid implementation of the CM resulting from the unexpected failures, which can
cause the effects on the assets, safety, and the environment. In this paper, Makrov model used as an effective tool to
determine the optimum time of the PM activities of system. This will save time and efforts spent to return the RVs to
the normal operation conditions. The system may undergo to the CM activities when the Pf is higher than Pd. This
means that the CM activities manages based on the policy "run-to-failure". Therefore, the PM activities should be
executed once every 600 days to avoid the fluctuation of operation risk after the predetermined period. In general,
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when the Pd equal or more than the Py, it indicates that the RVs in a need to perform the PM activities at a certain
time. The results of the improvement of PM performance using Markov model showed that can be ensured also the
decrease of production losses and maintenance costs due to the RVs maintenance to an acceptable level and enhanced
the reliability of system. The proposed study can be applied to the critical equipment that cannot be maintained during
the normal operation state of unit/system at any an industrial environment. Consequently, a suggestion for future
research is the implementation of the Markov model on the rotating critical equipment that cannot be maintained
during the normal operation state applications, it is necessary to determine the model parameters of a particular system
and to take the components cost into account based on the real data of maintenance records in order to lead to a
sustainable refinement for all critical equipment using Markov model.
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