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Abstract: Reliability engineering in the process industry has received a lot of attention in 
recent years, and many tools and techniques are available, such as Reliability, Availability 
and Maintainability (RAM) modeling, Reliability Centered Maintenance (RCM), etc.  
This paper deals about a case study of a utility plant which is supplying compressed air to 
the aluminium smelter plant. The compressor has been identified for this study based on 
the business criticality. There are seven compressor installed in the plant. Each 
compressor has an integrated dryer unit and all are needed for the plant operation. Weak 
points have been identified based on RCM study. Each compressor has four failure modes 
in series and dryer has two failure modes in series. RBD has been created based on the 
reliability wise connection. The failure and repair distribution have been calculated based 
on maintenance log data using statistical models i.e. Life Data Analysis (LDA). This 
information has been used in RBD as block properties. Results of cost benefit analysis 
have been presented by comparing before and after implementation of strategic 
maintenance action/task based on RCM analysis. 
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1. Introduction 

Availability assumes the top most priority for process plants. The availability of a process 
plant is strongly associated with the equipment parts/item level reliability and its 
maintenance policy. Majority of the maintenance activities of process plant equipment are 
based on equipment supplier’s recommendations. Those recommendations are not always 
based on real experience or usage. Many manufacturers get very little feedback from users 
of their equipment after the guarantee period is over. Fear of product liability claims may 
perhaps also influence the manufactures’ recommendations. Sometime it may be a 
business trick for selling spares. 

In a process plant, keeping asset reliability and availability, and reducing costs 
related to maintenance, repair, and replacement are the top of management concerns. 
Reliability Block Diagrams (RBD’s) are widely used tool to carry out a system availability 
analysis and produce performance predictions [1,2]. An RBD is made up of series and 
parallel relationships that represent equipment dependencies and redundancy levels. When 
reliability and maintenance data is added to the RBD, it can be used to predict downtime, 
the number of interruptions and the Mean Time Between Failures (MTBF). The 
information collated during the Reliability Centered Maintenance (RCM) process is a 
good source of data to feed to the RBD model. RCM has been formally defined by 
Moubray [3] as “a process used to determine what must be done to ensure that any 
physical asset continues to do whatever its users want it to do in its present operating 
context”. RCM provides the use of a decision logic tree to identify applicable and 
effective preventive maintenance requirements for equipment and its parts according to 
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safety, operational and economic consequences of identifiable failures, and degradation 
mechanisms, responsible for those failures. The end result working through the decision 
logic is a judgment as to the necessity of performing a maintenance task. 

1.1.1 Business Case 

The key to any successful aluminium processing plant is the reliable supply of air, gas and 
power. Need for compressed air is undeniable in such plants. The blowers and 
compressors are often in operation 24 x 7 and placed in hot and dusty environments. Such 
conditions can be detrimental to equipment operation and any down time will cost plants 
significant amounts in lost productivity. The best way to ensure the plant’s continuing 
performance and reliability is a regular maintenance routine.  

There are seven compressor installed in the aluminium smelter plant. Each 
compressor has an integrated dryer unit and all are needed for the continuous plant 
operation. Compressor has been observed with higher downtime in the recent past history. 
Hence a business case has been formulated to identify the economic viability of revisiting 
the maintenance policies of compressors. The present paper elaborates the business case of 
comparing various maintenance scenario of a utility plant through systematic reliability, 
availability and maintainability study. 

1.1.2 Case Study Approach 

The study started by obtaining failure and repair data for equipment and its components. 
The sources were reliability interviews and component/equipment databases. Statistical 
analysis based on failure dates of compressor and dryer components from the available 
historical data and this failure point are fit to best distribution (Normal, Weibull etc.,) 
called PDF (probability distribution  function). The probability of success is thus 
estimated. RBD has been constructed based the system hierarchy. Additional block 
properties such as corrective maintenance and preventive maintenance have been defined. 
Monte Carlo simulation on RBD performed to estimate the availability metric. In addition 
to that a systematic approach has been adopted to identify the most critical components 
and the criticality associated with the component failure mode and its effect using Failure 
Mode Effect Analysis (FMEA) method [4]. RCM approach adopted to select the suitable 
maintenance policy for failure modes identified in FMEA. This maintenance policy 
concept is focused on the implementation of preventive or predictive maintenance tasks 
that aim at the reduction of unexpected failures during the equipment normal operation. 
The method of approach adopted in the present study is shown in Figure 1. 
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Figure 1: A Case Study Approach 

2. Compressor Case Study 

2.1.1 Parameter Estimation 

The distribution parameters are estimated through the use of parametric estimation 
methods that fit the distribution to the ‘time-to-failure’ data. Weibull++ (ReliaSoft) was 
used for parameter estimation of compressor and dryer and its failure mode. Table 1 shows 
the parameters with the best fit distribution. 

Table 1: Failure and Repair Distribution Parameters of Failure Modes. 

Sl no Equipment Failure Mode Distribution Parameter 1 Parameter 2 

1 

Compressor 

Positioner Normal µ=5328 hrs σ=1827 
2 Scanner Weibull β=1.711 η=9821hrs 
3 Diaphragm Weibull β=2.296 η=10468 hrs 
4 Vibration probe Exponential m=35460 hrs  -  
5 

Dryer 
Leakage Exponential m=26809 hrs  - 

6 Fiting Broken Exponential m=33003 hrs  - 
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2.1.2 RAM Analysis 

Reliability Block Diagram (RBD) of the utility plant has been constructed in series by 
considering HP compressors and Dryers as shown in figure 2 and 3 Using ReliaSoft 
BlockSim software. The reliability and availability of the compressors are simulated for 2 
year (i.e 17520 hrs). The failure modes of compressor and dryer are each modeled as a 
block and the reliability and maintainability distributions are estimated based on failure 
time and repair time collected by the plant operator as explained in previous section.  
 

 
Figure 2: Utility Plant RBD 

 

  
Compressor RBD Dryer RBD 

Figure 3: Compressor and Dryer RBD 
 

The RAM analysis process works on the principle of Monte-Carlo simulation, this is 
used in line with a mathematical solution to obtain results that can be rather intense (and/or 
impossible) to obtain analytically. Table 2 shows the number of failures of the components 
and number of failures estimated through simulation. Table 3 shows the excerpt from 
compressor database. It can be seen that there is not much deviation from the actual 
number of failures of the components. This validates that the assumed distribution is a 
close representative of component failures and actual number of failures. 

 

Table 2: Validation of Assumed Distribution. 

Sl no Equipment Failure Mode Actual No. of 
Failures 

Simulation: No. of 
Failures. % Error 

1 

Compressor 

Positioner 4 5.02 25.50 % 
2 Scanner 2 1.827 -8.65 % 
3 Diaphragm 1 1.066 6.60 % 
4 Vibration probe 1 0.857 -14.30 % 
5 Dryer Leakage 1 1.254 25.40 % 
6 Fitting Broken 1 1.074 7.40 % 

 



            Reliability Availability and Maintainability Study: A Business Perspective       449 
 

Table 3: Compressor Database Indicating Positioner Failure Mode. 

 
System 

no. 

 
Sub-system 

 
Failure Mode 

Failure Date Failure/ 
Survival 

Time to 
Failure 

(hrs) 
HP1 Compressor Positioner 14-06-2011 S 195 
HP2 Compressor Positioner 14-06-2011 S 195 
HP3 Compressor Positioner 14-06-2011 S 195 

HP4 Compressor Positioner 15-02-2011 F 198 
HP4 Compressor Positioner 25-04-2011 F 69 
HP4 Compressor Positioner 14-06-2011 S 50 
HP5 Compressor Positioner 25-04-2011 F 267 

HP6 Compressor Positioner 14-06-2011 S 195 

HP7 Compressor Positioner 21-01-2011 F 173 

2.1.3 Scenario 1- Run-To-Failure 

Considering the utility plant operating over two years, corresponding to 17520 hours, 
downtime rate of Rs 1, 00,000 per hour as loss and using the reliability probability 
distribution presented in Table 1. Maintenance distribution is assumed as exponential 
distribution with MTTR of 10 hours. Table 4 shows the simulation results of Scenario-1. 

Table 4: Simulation Result of Scenario 1- Run-to-failure. 
Availability 97.05% 
Expected number of failures 52.19 
Corrective Maintenance Downtime 516.6922 Hrs 
Total Downtime 516.6922 Hrs 
Spare/ Material Cost Rs 3,68,680 
Total Downtime Cost 516.6922 x 100000 = Rs 5,16,69,220 
Total Cost Rs 5,20,37,900 

2.1.4 RCM Approach 

RCM methodology has been used to identify the maintenance program for the failure 
modes using RCM++ (ReliaSoft). When components fail, the failure mode describes how 
they do so. FMEA for HP Compressor is partially presented as in Table 5. 

Table 5: FMEA of HP Compressor 

Function Failure Effect Si Cause Oi Di RPNi 
1.1 - HP Compressors 
To Compress air 
from atm 
pressure to 12 
Kg/cm2 at a 
flow rate of 200 
cfm per 
compressor 

Not 
Compressing 
system shut 
down 

Production 
loss of 30-40 
lakhs per 
incident 

 
 7 

Recycle valve 
Positioner 
Failure 

 
4 

  
5 

 
140  

Temperature 
Scanner Failure 

2 3   42 

Diaphragm 
failure 

1 5   35 

Vibration Probe 
Failure 

1  3  21 
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2.1.5 Failure Effect Categorization 

Often it is required to classify the effects of failure as hidden or evident to operator and 
relating it to safety, operational or economic. This can be achieved by Failure Effect 
Categorization (FEC). For the analysis following logic tree with questions leading to 
different categories has been used. The effect categorization should either lead one of the 
categories – Evident Safety (ES), Evident Operational (EO), Evident Economic (EE), 
Hidden Safety (HS), Hidden Operational (HO) and Hidden Economic (HE). The effect of 
production loss of 30- 40 lakhs per incident leads FEC of Evident Operational (EO). The 
functional failure analysis of dryer also leads to losses of 30-40 lakhs per incident. 

2.1.6 Maintenance Tasks Recommendations 

Based on the results of the FMEA analysis, the RCM concepts can be used to recommend 
maintenance tasks to the critical components. The failure of those components can cause 
severe degradation in the performance, significantly reducing the output. 

The compressor and dryer presently analyzed have a complex monitoring system 
based on temperature, pressure and vibration gauges. That system can be used to monitor 
the real-time performance of the critical components of the compressor and dryer allowing 
the use of condition-based maintenance policy to improve the equipment availability [5]. 
Those data can be used to define the trend in the equipment performance and a limit value 
must be selected as a potential failure indicator. This value allows identification of the 
alert level, providing information to schedule maintenance tasks before functional failure 
occurs. The analysis is the basis for the implementation of the predictive maintenance 
policy recommended by the RCM philosophy. Moreover, most of the critical components 
can be assisted with predictive maintenance tasks although, according to manufactures’ 
recommendation, other critical components are assisted with preventive maintenance 
tasks. 

Task selection logic is important in the major industry guidelines for RCM as it 
provides ability to compare the operational costs of potential maintenance strategies. Task 
selection questions are based on the logic of FEC for the associated effect [3]. Proper 
maintenance task is selected by answering the question is given in Table 6. 

Table 6: Maintenance Task Question 

2.1.7 Optimum PM Interval 

Components that wear out are candidates for preventive maintenance. When the cost to 
replace a component before it fails is less than the cost to replace the component after it 
fails, it makes sense to maintain the component preventively. 
     The optimum solution to this problem will be to choose the preventive maintenance 
time that minimizes the cost per unit time. The equation describing cost per unit time is as 
follows: 

Maintenance Task Question Task Type 
Recommended 

1: Is a scheduled service task (such as lubrication) applicable and effective? Service (S) 
2: Is a scheduled failure fining task applicable and effective? Failure-Finding (FF) 
3: Is a scheduled on-condition inspection task applicable and effective? On-Condition (OC) 
4: Is a scheduled repair/replacement task applicable and effective? Repair/ Replace (RR) 
5: Is an up-front one-time task (such as re-design) applicable and effective? One Time (OT) 
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where, CPUT is the cost per unit time, CP is the cost of a planned (preventive) 
replacement, CU is the cost of an unplanned (corrective) replacement, R(t) is the reliability 
function for the component and t is the preventive maintenance time. Note that the costs 
used for this model can be due to a variety of causes, which include things such as 
monetary cost to replace the component, cost of diminished company reputation and cost 
of lawsuits associated with failures. The numerator of this expression represents the 
average cost for a single replacement. It is the costs of preventive and corrective 
maintenance actions weighted by the probabilities that the component will survive or not 
survive the preventive maintenance interval. The denominator of this expression represents 
the average time until a single component is replaced. For more information, it can be 
referred from Barlow and Hunter [6]. 
     The Figure 4 shows the cost per unit time vs. replacement time for positioner, the 
optimal preventive maintenance (PM) time is at 4667 hours at a rate of Rs163.7/hr. Due to 
ease in scheduling maintenance, 6 months (4380 hours) interval was selected which will be 
at Rs164.4/hr. 

 
Figure 4: Cost per unit Time vs. Replacement Time for Positioner. 

2.1.8 Selected Maintenance Tasks 

By answering the questions of table 6 the maintenance task selected are summarized in 
Table 7. 

Table 7: List of Selected Maintenance Task 

Equipment Failure Mode Maintenance Task 
Selected 

Optimum 
Interval (Hrs) 

Selected 
Interval 

Compressor 

Positioner Preventive 
Repair/Replacement(RR) 4667.37 6 Months 

(4380 Hrs) 

Scanner Preventive 
Repair/Replacement(RR) 14117.53 18 Months 

(13140 Hrs) 

Diaphragm Preventive 
Repair/Replacement(RR) 9819.91 12 Months 

(8760Hrs) 

Vibration probe Evaluate a redundancy 
design (OT) NA NA 

Dryer 
Leakage Pressure testing the 

circuit at 20kg/cm2 NA NA 

Fitting Broken Pressure testing the 
circuit at 20kg/cm2 NA NA 
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2,1.9  Scenario 2 

When the plant is down due to corrective maintenance and preventive repair/ replacement 
task and excluding the task of vibration probe, simulating for 17520 hours the following 
results are obtained (Table 8). 

Table 8: Scenario-2: Simulation Results with Selected Maintenance Task 
Availability 97.63 % 
Corrective Maintenance Downtime 372.89 Hrs 
Preventive Maintenance Downtime 42 Hrs 
Total Downtime 414.72 Hrs 
Spare/ Material Cost Rs. 2,88,220 
Total Downtime Cost 414.72 x 100000 = Rs 4,14,72,000 
Total Cost Rs 4,17,60,220 

2,1.10  Scenario 3 

When the plant is down due to corrective maintenance and preventive repair/ replacement 
task and including the one-time task of vibration probe. Seven nos. of vibration probes are 
installed, assuming each having a minimum life of 5 years, the cost of maintenance would 
ideally be spread over its life. Cost of a vibration probe is Rs 15,000 and having a 
minimum life of 5 years it will cost Rs 6000 in 2 years. Simulating for 17520 hours the 
following results are obtained (Table 9). 

Table 9: Scenario-2: Simulation Results Including One Time Task 
Availability 97.89 % 
Corrective Maintenance Downtime 325.45 Hrs 
Preventive Maintenance Downtime 44 Hrs 
Total Downtime 369.75 Hrs 
Spare/ Material Cost Rs. 3,29,905 
Total Downtime Cost 369.75 x 100000 = Rs 3,69,75,000 
Total Cost Rs 3,73,04,905 

Table 10, summarizes the cost in all three cases. It can be seen that Scenario-2 and 
Scenario-3 have a reduction of 20% and 28%, respectively, in total cost over Scenario-1. 

Table 10: Cost Comparisons for all Scenarios ( with respect to Scenario 1) 
 Spare/ Material 

Cost (Rs.) 
Total Downtime 

Cost (Rs.) 
Total Cost 

(Rs.) 
% Reduction in Total  

Scenario – 1  
(Present 
Practice) 

3,68,680 5,16,69,220 5,20,37,900 - 

Scenario – 2 
(Proposed) 

2,88,220 4,14,72,000 4,17,60,220 20% 

Scenario – 3 
(Proposed) 

3,29,905 3,69,75,000 3,73,04,905 28% 

The utility plant has a capacity of 60,000 tonne per annum, having a production rate of 
6.85 tonne per hour. Assuming an average realisation rate of Rs 70,000 per hour, the 
realisation cost of all the three cases is shown in Table 11. 
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Table 11: Realization Cost of Scenario- 1, 2 & 3(1 Crore=10 Million,1US $≈ Rs. 54). 
Scenario Production (tonnes) Realization Cost 

 (Rs. Crores) 
Scenario –1  
(Present Practice) 

116460  815.22 

Scenario –2 (Proposed) 117156  820.09 
Scenario –3 (Proposed) 117468  822.27 

3. Conclusions  

The data from maintenance log book has been statistically analysed to obtain failure 
distribution parameters. Data validation had been done using simulation which showed no 
significant deviation from actual failures. For availability analysis reliability block 
diagram methodology using Monte Carlo simulation has been used for system reliability 
modeling. The results obtained as the total cost due to present practice is Rs 5, 20, 37,900. 
RCM methodology has been utilized to arrive at the best maintenance tasks for the various 
failure modes. By implementation of selected maintenance task there is a significant 
reduction in total cost in the order of 20% and 28% from the present practice. 
     The data collected on field failures are particularly valuable. Because they are likely 
to provide the only estimates of the reliability and availability that incorporate the 
loadings, environmental and maintenance procedure effects found in practice. On both 
component and system levels such a database is valuable for predicting on site reliability 
and availability. The proposed method for reliability and availability analysis would be 
suitable for complex systems since it allows the identification of critical components for 
maintenance planning and also defines quantitatively the system reliability and 
maintainability. Critical components have been identified and FMEA analysis is 
performed on the failure modes associated with the components. RCM philosophy 
introduced to select a suitable maintenance policy that can be formulated to reduce their 
occurrence probabilities. The maintenance policy aims to reduce the system unavailability 
through answering the five maintenance task questions. The recommended task allows the 
reduction of unexpected failure occurrences that results the component failure. It has been 
shown that with effective maintenance planning will lead to significant reduction in 
expenses. The maintenance task for dryer can be looked for future study. 

Acknowledgement: Authors would like to thank the anonymous referees who helped 
improve the paper.  
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