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SELECTION OF MAINTENANCE TASKS

A report prepared by Brenda Dean and Peter Rombos, Wardrop Engineering Inc.,

under contract to the Atomic Energy Control Board.

ABSTRACT

Two methodologies for maintenance task selection, Reliability Centred

Maintenance (RCM) and Degradation Mode Analysis (DMA), are compared with

regard to application in the nuclear industry and potential for application at

CANDU nuclear power plants.

RCM is the favoured one of the two methodologies. It is more thorough than

DMA, is well supported within the US nuclear industry, and - with experience

in application - is gaining cost effectiveness. There is interest in the use

of RCM in other nations, including France and Japan, and it is already being

implemented at Bruce A NGS and Bruce B NGS in Canada.

DMA lags behind RCM in development and currently there is little experience to

support claims of major benefits at reduced cost. Significant advantages over

RCM need to be demonstrated if DMA is to gain acceptance in the nuclear

industry.

RESUME

Deux méthodes de sélection des tâches d'entretien, soit la maintenance axée

sur la fiabilité (MAF) et l'analyse du mode de dégradation (AMD) sont

comparées sur les plans de leur application dans l'industrie nucléaire et de

leur application possible dans les centrales nucléaires CANDU.

La MAF est la préférée des deux méthodes. Elle est plus détaillée que l'AMD,

a beaucoup d'appui dans l'industrie nucléaire des États-Unis et sa rentabilité

s'améliore avec l'expérience. D'autres pays, dont la France et le Japon,

s'intéressent à l'utilisation de la MAF gui est déjà mise en œuvre dans les

centrales nucléaires Bruce A et Bruce B au Canada.

L'AMD tire de l'arrière sur la MAF au niveau du développement. L'expérience à

l'appui des grands avantages qu'on prétend en tirer à un coût réduit est en

outre limitée. Pour que l'AMD soit acceptée davantage dans l'industrie

nucléaire, il faudra démontrer qu'elle présente des avantages importants par

rapport à la MAF.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the

statements made or opinions expressed in this publication and neither the

Board nor the authors assume liability with respect to any damage or loss

incurred as a result of the use made of the information contained in this

publication.

WSXT i»AQE(S)
left SilANK



- V -

SUMMARY

The purpose of this review is to compare two methods of maintenance planning,

Reliability Centered Maintenance (RCM) and Degradation Mode Analysis (DMA),

with regard to application in the nuclear industry and potential for

application at CANDU nuclear power plants.

The objectives of this review are:

1. To provide an assessment of RCM and DMA methods for

application in the development and implementation of plant

maintenance programs at nuclear power plants.

2. To enable the AECB staff to formulate a position on the

selection of maintenance approaches for application at CANDU

nuclear power plants.

To achieve these goals, we conducted a literature review and survey of

maintenance methods being used in various industries, with particular emphasis

on RCM and DMA. The literature review focused on nuclear power industries in

the USA, France, Japan and Canada, and on chemical processing industries and

the aircraft industry in Canada. The survey focused on maintenance planning

practices in the Canadian nuclear industry, and in Canadian chemical and

aircraft industries.

In the USA nuclear industry review, particular attention was paid to the

nuclear power plants which participated in the Electric Power Research

Institute (EPRI) pilot projects, which tested the use of RCM in the nuclear

industry. In the review of the Canadian nuclear industry, the current

practices at Canadian CANDU stations were reviewed. Particular attention was

focused on Bruce A NGS, which has been implementing an RCM program over the

last 3 years.

Although we did not find sufficient candidates for a detailed study comparing

RCM and DMA, the information obtained from the surveys, and from visits to

Bruce A NGS, Bruce B NGS and a petrochemical plant, enabled us to perform a

more limited case study, illustrating the benefits of predictive maintenance

and RCM.

All of the information obtained in the above tasks was used to assess the

merits of RCM and DMA for application in the nuclear industry, in general, and
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Canada, in particular.

Both RCM and DMA programs can offer a nuclear plant the benefits of

maintenance optimization through the establishment of a structured, well-

documented maintenance plan. However, DMA lags behind RCM in development, and

there will be a need to demonstrate significant advantages over RCM if DMA is

to become an acceptable alternative. So far, there is little experience with

DMA to support claims that it could provide substantial benefits at reduced

cost.

A definite place has been established for RCM, in the nuclear industry,

through several successful pilot programs and cost-effective improvements.

Further demonstrations, by EPRI and the electrical utilities in the USA, by

EdF in France, and by Bruce A and B in Canada, will likely increase its

popularity and lead to further improvements and cost-reductions.

The benefits of predictive maintenance (PDM), which are claimed for DMA, are

also achievable through RCM. In addition, RCM is a more thorough methodology

than DMA. RCM, in exploring other alternatives in addition to PDM (such as

time-based preventive maintenance, run-to-failure, and design changes), can be

used to determine a more cost-effective maintenance plan.

Further evaluation of RCM and DMA methodologies may be warranted in a few

years time, when there is more experience in the application of DMA. By that

time, there should be more evidence of the effectiveness of both RCM and DMA,

which would provide a better basis for comparison.
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SELECTION GF MAINTENANCE TASKS

1. INTRODUCTION

Wardrop Engineering Inc. has been retained by the Atomic Energy Control Board

of Canada (AECB) to perform a study comparing two methods of maintenance

planning, Reliability Centered Maintenance (RCM) and Degradation Mode Analysis

(DMA), with regard to application in the nuclear industry and potential for

application at CANDU nuclear power plants.

The objectives of this study are as follows:

1. To obtain a critical review of the merit of RCM and DMA

methods for application in the development and

implementation of plant maintenance programs at nuclear

power plants.

2. To enable the formulation of an AECB staff position on the

selection of maintenance approaches for application at CANDU

nuclear power plants.

1.1 Scope and Outline

The scope of the study includes a literature review, an industry survey, a

review of CANDU maintenance practices and a case study. These activities

focused on gathering information related to the use of RCM and DMA, in Canada,

the USA and other countries.

This report includes a historical summary of the development of the two

methodologies; a review of the application of RCM and DMA in Canadian

industries, the USA, France and Japan; a comparison of the two methodologies;

and an evaluation of which logic process provides the most beneficial means

for identifying maintenance tasks and activities at nuclear power plants.

The industries reviewed and surveyed were the aircraft industry and chemical

processing industries in Canada, and the nuclear industry in Canada, the USA,

France and Japan. These countries were selected because much of the

historical development of RCM and DMA occurred in the USA, and France and

Japan have extensive nuclear industries, as well as a high interest in

maintenance planning.

The review of schemes for planning maintenance activities at CANDU nuclear

plants involved a survey of the CANDU stations in Canada, since their

experiences and approaches are of immediate interest to the AECB. Bruce NGS A

was the primary station surveyed, as it has already incorporated RCM into some

of its maintenance practices. Supplementary information was obtained from

Bruce NGS B, Pickering NGS, Darlington NGS and the stations at Point Lepreau
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and Gentilly, to obtain background information on the current status of their

maintenance programs.

The plant case study included a review of the application of RCM at an Esso

plant and at Bruce NGS A, and the application of a predictive maintenance

program at a Petro Canada plant. No suitable candidate for a case study of

the actual DMA methodology was found.

All of the information obtained in the above tasks was used to assess the

merits of RCM and DMA for application at CANDU nuclear power plants.

The historical background and the descriptions of RCM and DMA arc provided in

Section 2 of this report. The results of the industry review are presented in

Section 3, and the case study results are presented in Section 4. Section 5

evaluates the merits of RCM and DMA, and their future prospects in the nuclear

industry. The conclusions and recommendations of this report are outlined in

Section 6.
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2. BACKGROUND

The issue of appropriate, timely and cost-effective maintenance in the nuclear

industry has become of increasing concern as nuclear power plants grow in size

and complexity. Also, as many older plants approach the end of their design

life, their maintenance burden increases. In addition, optimization of

maintenance is always a concern where worker safety is affected by maintenance

activities (e.g. potential exposure to tritium during maintenance in CANDU

stations). Therefore, formalized maintenance planning methods are receiving

more attention from both government regulators and industry.

In the USA, the Nuclear Regulatory Commission has issued a new

regulation - 10CFR50.65, "Monitoring the Effectiveness of Maintenance at

Nuclear Power Plants", (known as the "Maintenance Rule") - which is to take

effect in July 1996.' (See Appendix A) This rule was devised with the goal of

ensuring that the effectiveness of maintenance would be assessed on an ongoing

basis in a manner which would assure that "key structures, systems and

components are capable of performing their intended function." This rule will

have repercussions, not only in the USA, but also in other countries which

might use the rule as a reference in developing their own regulations

regarding maintenance.

In the USA, many nuclear power plants (NPPs) are intending to use Reliability

Centered Maintenance (RCM) as a method to comply with the Maintenance Rule.

This method, which was developed for use in the USA nuclear industry with the

support of the Electric Power Research Institute (EPRI), has been used and

investigated by about 50 nuclear power plants in the USA in the past six

years.2 Other countries have developed or are considering implementation of

similar maintenance optimization practices. For example, Electricité de

France (EdF) has been using a simplified version of RCM,3 and the Japanese

nuclear industry has shown increasing interest in RCM.4 In Canada, RCM

practices are being investigated and implemented at Bruce Nuclear Generating

Station A (BNGS A) and preliminary results are now being published in

technical papers and presented at conferences.3

Another methodology for maintenance planning, Degradation Mode Analysis (DMA),

has been proposed recently as an alternative to RCM.6 This methodology

focuses on predictive maintenance (PDM) tasks (i.e. "on-condition" and

condition-based maintenance) . Although DMA, as a formalized procedure, has

not received the same attention as RCM, its advocates claim that it will offer

similar advantages with less cost and complexity.

As these methodologies are potential candidates for use in Canada at CANDU

stations, the AECB needs to be able to knowledgeably assess the

appropriateness of their application. Therefore, the AECB requires an
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evaluation of the two methodologies, in the form of an independent critical

review which identifies the advantages and disadvantages of each.

2.1 Maintenance Terminology

The maintenance terminology used in this report is outlined in the glossary

provided in Appendix B.

The relationship of RCM and DMA to maintenance is outlined in Figure 1. Both

RCM and DMA are analytical methodologies used in maintenance management

programs to aid in determining appropriate plant maintenance. Balanced plant

maintenance is considered to be a combination of corrective maintenance (CM)

and preventive maintenance (PM).

Corrective maintenance is performed for components that fail during the course

of their operation. These components may be those that are operated on a run-

to-failure (RTF) basis, or they may be components that fail despite the PM

performed on them. Depending on the severity of the failure, the importance

of the component, and its accessibility for repair, CM may be performed while

the system is online/ during the next planned shutdown, or after immediate

shutdown of the system.

In any plant, there are always some components and systems operated on a run-

to-failure basis, as regular maintenance is impractical for them. Generally,

however, reliance on CM is undesirable. Repairs made following a failure are

typically three times more expensive than the same repairs made during normal

PM. Failures can cause safety concerns, can occur when production demands are

greatest, and often result in extended or unplanned downtimes (leading to lost

production time). In addition, CM can result in large expenditures if premium

prices have to be paid to obtain new parts quickly . The repairs require time

for investigation (i.e. location of the failure), and to obtain spare parts if

they are not in stock7.

Preventive maintenance consists of time-based maintenance tasks and condition-

based (i.e. predictive) maintenance tasks.

Time-based tasks are performed at specified frequencies, based on experience,

reliability analysis and opportunity, to prevent the occurrence of failures

requiring CM. These intervals may be based on elapsed time, or on hours of

operation. Maintenance intervals are often based on the statistical life of

components (i.e. failure-rate or mean-time-between-failures). Therefore, due

to statistical uncertainty, the mode of operation, environmental effects, or

external events, some components may fail before the next scheduled
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RCM
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Figure 1: Outline of Maintenance Terminology
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maintenance. Thus, time-based tasks do not eliminate the need for corrective

maintenance.

Predictive maintenance (PDM) consists of maintenance activities determined by

the condition of the system or equipment. This may be based on "on-condition"

maintenance (i.e. regular inspection and or testing of equipment to determine

its state of functionality and the need for repair), or condition monitoring

(i.e. periodic or continuous monitoring of equipment and system parameters

during operation to determine if they are operating within prescribed limits).

PDM takes into consideration the observed degradation of system or component

performance, so that maintenance can be done before the system or component

fails, or degrades to an unacceptable level. When an imminent failure is

identified, maintenance staff can ensure that the appropriate resources are

available, and can schedule the repair so that it will have the least impact

on production and safety. PDM, therefore, greatly reduces the need for

corrective maintenance and improves the overall productivity, safety,

profitability and effectiveness of the plant.

Some of the most common techniques used in PDM are:

vibration analysis;

oil analysis;

ultrasonics;

thermography;

process parameter monitoring;

visual inspection.

RCM and DMA are formalized programs for optimizing and sustaining maintenance

management. They are distinguished by the scope of application, the methods

of system selection for analysis, the analysis methods applied, and the

criteria used for task assignment. The scope of RCM is fairly broad in that

it may be used to decide actions related to CM, PM (time-based or PDM) , or

design modification. DMA is more focused, applying only to PDM tasks.

2.2 History of RCM and DMA

RCM, as a maintenance philosophy, has been practised in the aircraft industry

for over two decades. The RCM program was developed to reduce the amount of

maintenance required, while ensuring that the in-service reliability of

aircraft is not compromised and is economically achieved. It was introduced

to the nuclear industry through studies and pilot programs (initiated by EPRI)

in the USA during the 1980s. Several variations of RCM are currently in use.

In 1991, DMA was introduced as an alternative to RCM by D.E. Sonnett et al.,

who work for one of the companies (Life Cycle Engineering Inc.) involved in

several of the EPRI sponsored RCM pilot projects.8
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2.2.1 Development in the Aerospace Industry

Before the 1960s, airlines practised PM with the common belief that it was

sufficient to prevent an inordinate number of failures from occurring.

However, maintenance experience often showed that the systems overhauled at

specified intervals did not show any amount of wear, and that overhaul tasks

were actually introducing early life failures. Late in the 1960s, the airline

industry initiated efforts to develop more systematic methods to establish PM

programs. This was done to address the problems of too frequent maintenance,

the increasing complexity of maintenance planning and increased regulations

from governing bodies. To provide the economic justification for operating

the new wide-bodied airplanes (such as the Boeing 747), maintenance programs

had to be optimized for maximum benefit with minimum effort and cost.

In 1967, an FAA/Industry Maintenance Steering Group (MSG) applied decision

theory to the problem of preventive maintenance task identification. This

became the basis of maintenance planning for the Boeing 747 in 1968 and is now

known as MSG-1. The 1970s saw the emergence of a revised edition, MSG-2. This

version was the subject of a report, by Nowlan and Heap, on a study for the US

Department of Defense (DoD)9. The report became the definitive version of

RCM. The latest version in use is MSG-3, which was developed in 1980.10 By

1986, through the use of RCM, the airline industry had operated for 16 years

with no significant increase in maintenance costs."

2.2.2 Interest by the Nuclear Industry

There are several aspects which are common to both the commercial airline

industry and the nuclear power industry. Both industries have key driving

concerns such as safety, adherence to regulations, technical complexity and

the need for continuous long-term operation. Therefore, in 1984, when EPRI

conducted an initial study to examine beneficial practices and procedures that

could be transferred to the nuclear power industry, practices in the airline

industry were of significant interest. The EPRI study determined that RCM was

one of the most beneficial methodologies to transfer to the nuclear industry.12

2.2.3 EPRI Pilot Studies

EPRI further evaluated the suitability of RCM through pilot applications at

selected nuclear power plants (NPPs). This involved three studies conducted

at the following locations in the USA:

Turkey Point (Florida Power and Light)

Component Cooling Water System12 (1985)

W.B. McGuire (Duke Power, NC)

Feedwater System " (1986)
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San Onofre (Southern California Edison)

Auxiliary Feedwater System l3 (1987)

The first two studies were performed using the RCM approach, unmodified from

the airline industry. These two studies clearly showed that RCM was

applicable to systems in a typical nuclear power plant.

The San Onofre study went further by applying RCM to a standby system, which

is considered a non-typical application. This type of system is common in

nuclear plants and presented challenges to traditional RCM.

2.2.4 Later Pilot Programs

The next step in developing RCM for application to the nuclear industry was to

implement it on a large scale in a nuclear plant. For this purpose, the Ginna

NPP (Rochester Gas & Electric) and San Onofre NPP (Southern California Edison)

Units 2 and 3 were selected.

Ginna, a small utility with many years of experience, has maintained a high

availability and reliability throughout its lifetime. In the pilot program,

the plant's focus was to maintain the status quo to ensure its license

renewal. San Onofre's focus was to justify the optimization of its PM program

and technical specification testing requirements.

A key objective at both plants was to implement RCM on a large number of plant

systems as part of a PM evaluation program. The projects were to show the

cost-effectiveness and feasibility of integrating RCM into the existing

operating environment. These objectives were also consistent with the

objectives of the utilities (i.e. maintenance cost reduction, optimization of

resources, more favourable PM to CM cost ratio, improved plant availability

and improved safety).

Both utilities viewed the RCM projects as part of an overall maintenance

improvement program. Both projects began in Spring 1988 and all of the

analyses on 12 to 20 systems were completed by August 1990.'" Both

demonstration projects are considered to be successful, and have provided

valuable lessons for the benefit of other utilities undertaking RCM.8

To facilitate communications and exchange of experiences between practitioners

of RCM, EPRI developed an EPRI RCM Users Group (ERUG) . The group meets every

nine months and is considered to be a "major force" in the development of RCM.

This group provided input to the Institute of Nuclear Power Operations (INPO)

during the development of the INPO reports on "Good Practice on Preventive

Maintenance" .15'16
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2.2.5 The NRC "Maintenance Rule"

The Maintenance Rule (i.e. 10CFR50.65, "Monitoring the Effectiveness of

Maintenance at Nuclear Power Plants")1 is the first performance-based

regulation put out by the US Nuclear Regulatory Commission (NRC). Issued on

June 10, 1991, the rule is to take effect in July, 1996. The rule was

implemented in recognition of the impact of maintenance on the performance of

nuclear power plants. Its uniqueness derives from the fact that it requires

establishment of goals only if performance is unacceptable. The rule focuses

on ensuring that structures, systems and components (SSCs) perform their

intended function when required to do so. However, there is presently some

confusion over what is meant by goals and monitoring in a nuclear power plant.

In addition, the rule does not specify the methods required to provide such

assurance.

In 1992, the Nuclear Management and Resources Council produced a draft

guideline entitled "Industry Guideline for Monitoring the Effectiveness of

Maintenance at Nuclear Power Plants".17 The purpose of this guideline was to

clarify some of the terms presented in the Maintenance Rule and to suggest a

methodology for complying with the rule. The methodology, now called Risk

Focused Maintenance (RFM), combined Probabilistic Risk Assessment (PRA) and a

stylized form of RCM to focus maintenance on safety systems and safety-related

systems .'8

While RCM is advocated as a method for compliance with the Maintenance Rule,

some plants may find it of little benefit. It is understood that whether a

plant will benefit from the implementation of this rule or not will be a

function of the effectiveness of existing plant maintenance plan. Therefore,

by using RCM, some utilities may incur considerable expense to prove

compliance, without finding a significant benefit to their maintenance

activities."

2.2.6 Applications in France and Japan

(a) FRANCE

The French nuclear power program is one of the most extensive in the world.

It is one of the largest investments ever made in France and is regarded as an

outstanding success in terms of both national independence and economic

balance of trade.

France committed itself to an ambitious energy policy centred around nuclear

energy in 1974 following the first oil crisis. This led to a commitment to

build 60 nuclear plants. As of 1992, 56 were operating and 4 were under

construction. This amounts to a total installed power of 60,000 MWe, or about

75% of the electricity generated in France.20
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The French approach to nuclear power technology is founded upon the principles

of

commitment to the program by public authorities

a standardization policy based on the choice of a single

technology (i.e. PWR)

an industrial organization adapted to this standardization

progress by stages, to allow technical development and

incorporation of operational feedback without harming the

standardization strategy.

The central organization which manages France's electricity program is

Electricité de France (EdF). The stations operated by EdF comprise mainly PWR

units of three standard types, primarily distinguished by size (i.e. 900 MWe,

1300 MWe and 1400 MWe) .21

The standardization which is the central philosophy of the French nuclear

program is also reflected in its approach to maintenance. Maintenance

programs are defined by a National Maintenance Department, which directs the

maintenance policy for all the nuclear power plants run by EdF.22

The EdF RCM program is described in references 22 and 23. EdF (operating 57

nuclear units in 1993) spends over $1.5 billion US per year on maintenance

activities.3 One of the major concerns of EdF is to maintain and improve

safety to a satisfactory degree, while controlling maintenance costs.

Understanding of the relationship between equipment reliability and its

requirements for maintenance is viewed by EdF as an important stage in the

development of an effective maintenance policy. Therefore, in 1990, the

organization decided to adopt RCM as the basis for its maintenance standards.

The objectives of EdF's RCM program are to

maintain and improve plant safety and availability;

implement a structured and rational approach to maintenance;

allow qualitative use of feedback experience;

control costs and optimize maintenance.

A pilot study was conducted on the Chemical Volume Control System (CVCS) in

1990 - 1991.23 Following this, EdF decided to extend the program to about 30

important systems of the 34 operating 900 MW units, over a period of nearly 2

years (1992 - 1993) and at a cost of about $10 million US.

The project is managed by the Maintenance Department with a cross-departmental

team of engineers (i.e. from Maintenance, Nuclear Safety and Operations

departments). The planned and continuing activities include
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validation of the EdP reliability data bank, SRDF (which is

expected to be useful for Probabilistic Safety Assessment (PSA),

also);

establishing compatibility of the program with the existing Plant

Management Information System;

analysis of systems for 1300 MW units (1994 -1995) ;

designing RCM workstation concepts.

The CVCS pilot study, performed at a cost of about $2.5 million US and labour

of about 75 man-months, included a comparison of the basic PM program (in

existence for 10 years) with the optimized program derived from RCM. RCM

recommendations leaned towards an increase in surveillance (monitoring) and

testing tasks, and a reduction in inspection and control tasks.

The recommended maintenance tasks derived from RCM were found to be similar to

those recommended by Maintenance Department specialists (based on engineering

judgement). The RCM program was found to have the advantages of traceability,

consideration of the functional consequences of failures and degradations, and

capability for updating.

At the end of the pilot study, it was expected that there would be a 2 year

return time for investment in an RCM program for 900 MW units.

The EdF RCM process is described in Section 2.3.1 (b) .

(b) JAPAN

In Japan, there are a total of 40 commercial nuclear plants (i.e. 21 BWRs,

18 PWRs and 1 GCR) . These provide a total generating capacity of over

32,000 MW, which is about 26% of the electricity supply in Japan. The goal of

the Japanese nuclear industry is to enhance the reliability and availability

of its NPPs without sacrificing safety.4

Japanese nuclear power plants are required to shut down regularly for

maintenance and inspection outages in conjunction with plant refuelling. The

schedules for these outages are part of a 10-year inspection plan submitted by

each plant to the Ministry of International Trade and Industry (MITI; the

Japanese regulatory authority for nuclear power plants). Updates of these

10-year plans are sent to MITI yearly.24

The inspection program requires the plant to shut down for a three to four

month maintenance period. These planned outages usually occur about every 12

months. During the outage, approximately 70 key items are compulsorily

tested. In addition, voluntary inspections and maintenance are performed on

other plant components.4 The inspections include nondestructive testing,

overhaul inspections, and functional tests designed to investigate and
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mitigace the effects of aging in plant systems. Preventive maintenance

practices are extensively used; valves, pumps and other components are

disassembled and checked regardless of whether they have shown any degradation

or failed in service.

Before the plant is restarted, extensive post-maintenance tests are performed

to ensure that all systems are working correctly. From all of these

maintenance activities, MITI collects and analyzes a large amount of data on

equipment performance. The results of these analyses are used to recommend

modifications to maintenance and inspection practices.24

Generally, unit outages are scheduled sequentially, and outage inspections and

maintenance are done by a workforce of about 2000 subcontractors per unit.

The normal operating staff of a power station (about 400 to 500 for 3 to 4

units) do not participate in the inspection outages.4

The nuclear power plants in Japan have shown a high degree of reliability.

Over the past decade, the duration of periodic inspections has fluctuated very

little (ranging from 20% - 30% in most years) , while unit availability has

increased slightly and stabilized in the range of 70% - 77%. Plant

unavailability due to problems or other causes is only on the order of a few

percent.

Despite the good record of the NPPs, the Japanese nuclear industry aims at

enhancing their reliability and availability even further. Therefore, the

Japan Power Engineering and Inspection Corporation, in conjunction with the

electric power companies and equipment manufacturers, has been investigating

RCM since the late 1980s.

As is evident from the practices described above, the Japanese give a high

priority to plant safety and reliability. Their approach to maintenance

favours rigorous inspections and frequent overhauls, even though this may

incur more expense than other countries would be willing to accept. In

accordance with this philosophy, the Japanese approach to RCM favours

detailed, quantitative analyses and extensive use of computer models and

databanks, such as SATOMI ("Scheme Advising system Toward Maintenance

Idealization"; PM data), RICA ("Recovery disposal Introduction system in

Component Analysis"; CM data), CMICO ("Contract Management Information of Cost

Optimization"; maintenance cost data), and MEDUSA (Mechanical fault Diagnosis

Using Spectrum Analysis; a condition monitoring system) ."

In the late 1980s, the Nuclear Power Safety Information Research Centre

(NUSIRC) introduced a Fault Tree Analysis (FTA) code system, and performed

various analyses for the main systems of a typical Light Water Reactor (LWR).

The methodology established for these FTAs has many aspects similar to the RCM

methodology, including system selection and FMEA (preparatory to developing
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the fault trees). The analyses were first performed qualitatively, then

quantitatively using US reliability data (i.e IEEE std.500, WASH-1400 and

NUREG/CR-2815) . Refinements are being performed using failure-rate data

specific to Japanese plants.

From review of the analysis results, and in consideration of the current

Japanese maintenance practices, the following conclusions were drawn by the

Japanese nuclear industry:4

1. Collection of relevant RCM data from domestic sources is difficult in

Japan, since maintenance is usually performed before potential failures

reveal themselves. USA data are found to be conservative for Japanese

NPPs.

2. EPRI indicates a trend shifting from qualitative FMEAs to quantitative

FTA or "GO" analysis (a method of modelling the state of the system

under given conditions). Use of quantitative techniques is favoured in

Japan, as it avoids uncertainty in the analysis.

3. The criteria used, in the logic-tree-analysis (LTA), to determine

maintenance tasks should be supplemented and clarified (using

quantitative indicators) to ensure impacts on plant safety and

operability are taken into account. In addition, the LTA should be

supported by other methods (e.g. monitoring and diagnostic techniques,

or plant life evaluation), when used for selection of the appropriate

kind, frequency and detail of maintenance activities.

4. Evaluation of the effectiveness of RCM may be difficult, and an

appropriate method of evaluation needs to be found. As a minimum, it

must be shown that PM reduction recommended by RCM does not degrade

plant reliability.

5. Standards of plant safety for NPPs worldwide are affected by the

practices, regulatory attitudes and social environment of each country.

In Japan, the PM policy focuses on actual operating results and

experience. Economic considerations (i.e. optimizing -PM to reduce

costs) are of less interest than in other countries. Therefore, it will

be more difficult and will take more time to link PM reduction with

economic advantage.

In the Japanese view, their current method of developing maintenance programs

has goals similar to those of RCM. If the Japanese nuclear industry

determines that application of "western" RCM methods is acceptable, it will

probably develop a modified version, which conforms more to Japanese

maintenance philosophy and practices.
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2.3 Description of Reliability Centered Maintenance (RCM)

RCM is a systematic approach to a determination of optimum maintenance

strategies and procedures. The RCM methodology identifies the maintenance

actions that will have the greatest probability of success in assuring plant

reliability with minimum cost. RCM is also used to evaluate the impact of

plant changes on reliability.

It should be noted that RCM is not merely analysis. It is implemented as part

of an integral reliability program. It uses reliability analysis techniques

to aid in maintenance planning, but is of little use unless its

recommendations are carried out.

The RCM program consists of selection of the systems to be included in the

program, analysis of those systems, implementation of the recommendations

produced as a result of the analysis, and establishment of an RCM Living

Program. Figure 2 outlines the steps of the RCM program. Each step of the

RCM program contributes to documentation and traceability of plant

maintenance, and updating of the documentation to ensure that it remains

current.

Application of the RCM analysis methodology varies to some degree among the

utilities around the world. This is mainly due to adaptation to local

organizational procedures and methods. However, all applications of RCM are

similar in their basic approach.

Figure 3 shows the typical steps of an RCM analysis. The analysis proceeds

from identification and definition, through failure analysis, to maintenance

task selection.

In the identification and definition stage, the analyst becomes familiar with

the system, its functions and operation. This stage includes collection,

review and documentation of system data (or review of existing documented

information), definition of system boundaries and subsystems, and

identification of system functions and functional failures. Sources include

design drawings and manuals, operating procedures and technical

specifications, and maintenance history.

Failure analysis may be done by one of various reliability analysis methods,

such as Failure Modes and Effects Analysis (FMEA), Fault Tree Analysis (FTA),

or "GO" modelling. The analysis may be qualitative or quantitative, depending

on the analytical resources available and the perceived advantages or

disadvantages. Examination of the consequences of the failures leads to

identification of critical failures. Typical criteria for criticality are

safety, availability (i.e. production), and maintenance costs.
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RCM System
Selection

I.
RCM Analysis
for System 4

RCM Analysis
for System 3

RCM Analysis
for System 2

RCM Analysis
for System 1

RCM Results
Implementation

I
RCM Living
Programme

Figure 2: Outline of the Steps of an RCM Program
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COLLECT, REVIEW AND DOCUMENT SYSTEM DATA.
UNDERSTAND SYSTEM DESIGN AND OPERATION

r
DEFINE SYSTEM BOUNDARIES AND SUBSYSTEMS

r
IDENTIFY SYSTEM FUNCTIONS AND FUNCTIONAL FAILURES,

ASSIGN COMPONENTS TO EACH FUNCTIONAL FAILURE

r
PERFORM FAILURE MODE AND EFFECTS ANALYSIS ON •

EACH FUNCTIONAL FAILURE

IDENTIFY CRITICAL:COMPONENTS AND FAILURE MODES

f

IDENTIFY FAILURE CAUSES FOR EACH CRITICAL FAILURE
MODE

r

SELECT APPROPRIATE AND COST-EFFECTIVE PREVENTIVE
MAINTENANCE TASKS

r

PERFORM TASK COMPARISON WITH CURRENT PM
PROGRAM

>l

IMPLEMENT RECOMMENDATIONS INTO CALL-UP SYSTEM

Figure 3: Typical RCM Analysis Flow Diagram
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The results of the failure analysis are used to determine recommendations for

mitigating actions, such as:

failure finding tasks for hidden failures;

time-based PM tasks;

condition-based PM tasks with condition monitoring;

design modification to eliminate the cause of failure;

allowing the equipment to run to failure.

The selection of these actions is determined through Logic Tree Analysis

(LTA) . Figure 4 shows a typical logic tree used for RCM Task Selection.

Implementation of the recommendations derived from the RCM analysis requires

the support of the management and the organization and staffing of a

multidisciplinary RCM project team. The role of this team is to evaluate and

implement RCM recommendations, and to develop and sustain an RCM living

program. Performance of the RCM analysis may also be a function of this team.

For effectiveness, the team should be composed of experts in the areas of

maintenance, operations, system engineering, reliability engineering,

instrumentation and control, and computer services. This helps to ensure that

the analysis is complete and has been reviewed by all disciplines. It also

allows documentation of the collective knowledge of plant staff. In addition,

the involvement of staff from all interested departments increases the ability

of the team to implement changes, by increasing confidence in the

justification for those changes.

Implementation of RCM recommendations may lead to any or a combination of the

following:

reduction in existing PM tasks;

modification of PM tasks (often from time-based to

condition-based);

introduction of additional PM tasks;

system design modifications.

The results of these changes are expected to be decreased maintenance costs

and labour requirements, increased reliability and safety, and reduction in

plant downtime. The extent to which these benefits are realized for any

particular plant depends on the status of its maintenance program prior to

implementation of RCM.
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A key part of RCM implementation is the establishment or integration of a

maintenance history database. This provides a means for recording experience

feedback, allows analysts to measure the effectiveness of RCM-induced changes,

and facilitates updating of the RCM analysis.

Development of an RCM living program ensures the establishment of an ongoing

procedure to sustain and update the revised PM program. Although most of the

benefits of RCM are realized in the implementation phase, many of these

benefits may be lost without the support of a living program, as the analyses

and the PM program will become obsolete. Also, the living program provides

evidence of the effectiveness of the RCM program.

The objectives of the living program are:

to monitor RCM effectiveness;

to ensure that the PM program is updated to account for changes in

design, operations, etc.;

to track and evaluate corrective maintenance;

to evaluate the impact of new technologies on PM;

to keep RCM documentation current.

Since no RCM living program has yet been fully established, the choice of the

most appropriate criteria to determine RCM effectiveness remains to be

developed. Possible indicators of RCM effectiveness may be

change in maintenance labour and material costs,-

change in the amount of CM required;

change in the maintenance-induced forced outage rate;

change in plant (or safety system) unavailability.

2.3.1 Varieties of RCM

Since its spread from the USA commercial airline industry to other industries,

RCM has developed into several different varieties. Distinction between these

different types of RCM can be confusing, since the differences may result from

modifications to suit a particular industry, adaptation to practices in a

particular country, or expansion to broaden the scope of the methodology.

The three main varieties of RCM are:

Reliability Centered Maintenance (as defined by Nowlan and Heap);'

MSG-3,-10

RCM II.26
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These varieties are mainly distinguished by the form and scope of the

decisions in the logic tree analysis.

The RCM version defined by Nowlan and Heap in 1978 is based on MSG-2, and is

often known as "classical RCM". The varieties adopted in the nuclear industry

are based on this version.

The airline industry now follows MSG-3, which is outlined in the Air Transport

Association's "Maintenance Program Development Document". This version is

broader in scope and logic discipline than MSG-2.

The version called RCM II was developed in 1990 by John Moubray, a British

consulting engineer who has been involved in the application of RCM to

numerous different industries. This version differs from classical RCM mainly

in the addition of considerations for environmental consequences and in the

improvement of the decision logic for hidden failures.

Figure 5 shows a comparison of the main differences between these three RCM

versions.

(a) EPRI RCM

In the development of RCM for the nuclear industry, the initial EPRI pilot

studies at Turkey Point and McGuire used classical RCM. The pilot study at

San Onofre, because it was applied to a standby system, presented challenges

to the classical RCM methodology.

Therefore, modifications were incorporated into RCM, to facilitate its

application in the US nuclear industry. These were the introduction of

Quantitative Reliability Techniques (e.g. FTA and GO modelling) as

alternatives to FMEA*, and redefinition of the LTA to better address hidden

failures. Failure analysis is performed only for failures identified as

significant. Significant failures are determined through a modified LTA that

incorporates a criticality scale for ranking each functional failure. In this

report, this version will be referred to as "EPRI full RCM".

Since the completion of the demonstration projects at Ginna and San Onofre,

efforts have been made to streamline the RCM process for the nuclear power

industry by reducing the amount of time required to perform an RCM analysis.

Instead of performing FMEA on all components in a system, streamlined RCM

applies full FMEA only to critical components. This necessitates an

appropriate method for determining component function importance. All

noncritical components or systems are analyzed by other means. It is

FMEAs may be qualitative or quantitative, since they may incorporate Mean
Time Between Failures (MTBFs) or failure rates if desired. However, their
primary value is in qualitative analysis.
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Lubrication

Multiple failures
which affect
safety

Failure-linding

Safely
consequences

The environment

Treated separately

Not handled as a separate issue

Failure-finding is a compulsory
default action if no preventive task
can be found: does not specify
criteria for deciding whether failure-
finding is technically feasible and
worth doing

Encourages users to select the first
appropriate preventive task without
considering subsequent categories

Not considered

A question about lubrication is incor-
porated at the head of every task
selection column

Asks if the multiple failure could
affed salety right after asking if the
failure is evident. Yes and no
answers lead to two separate col-
umns: "Yes" defaults to compulsory
redesign, "no" to desirable redesign

Asks about failure-finding before
seeking preventive tasks: Specifies
failure-finding task selection criteria

Encourages users to consider tasks
from all categories before making a
selection

Not considered

Lack of lubrication is treated like
any other failure mode, except for
total loss lubrication which is
treated separately (seepage 154)

Asks if the multiple failure could
affect salety at the foot of the
hidden function column (question
H4) and leads to the same defaults
as MSG3

Seeks to prevent failures before
considering failure-finding because
the latter implies that components
can spend time in the failed state.
Specifies failure-finding task
selection criteria

As for Nowlan and Heap

Considered in question E

Figure 5: Comparison of Three RCM Versions
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predicted that streamlined RCM can result in analysis reduction times up to

50%. RCM may be further streamlined by developing generic component templates

to determine the best PM tasks to apply to particular types of components.

(b) EdF RCM

Figures 6 and 7 show the steps of the French (EdF) RCM process and criticality

definition. The main steps of EdF RCM are:

system level analysis (to identify critical components);

analysis of significant failures for each critical component;

maintenance task selection;

incorporation of experience feedback.

In this approach to RCM; FMEA is conducted at the system analysis level, while

FMECA (Failure Modes, Effects and Criticality Analysis) is conducted during

the analysis of critical components. These analyses consider degradation of

the component, as well as failure. Examples of the FMEA and FMECA forms are

shown in Tables 1 and 2.

The EdF RCM procedure identifies functional consequences that can be severe

for safety, production or maintenance (coded as SS,SG,SM). Functional

analysis of the system is achieved by parallel development of equipment trees

(i.e. division of equipment into systems, functional groups and components)

and functional hierarchy trees (i.e. division into process functions,

elementary technical functions and sub-functions). These trees are developed

to four levels, the bottom level corresponding to the most elementary

components and functions. Preventive maintenance tasks are allocated to

prevent failures and degradations which will affect the elementary items at

this level. EdF has developed an RCM handbook which contains precise

definitions and relevant information for the analysts, to ensure that the

analysis is consistent and comprehensive.

The process of maintenance task selection is achieved through LTA. The

failures are classified according to their severity and evidence as follows:

I evident Severe for Safety,-

II evident Severe for Generation or Maintenance costs;

III hidden Severe for Safety;

IV hidden Severe for Generation or Maintenance costs.

Condition-directed tasks (i.e. monitoring, tests, inspections and controls)

and time-directed tasks (e.g. replacements) are both considered in the

selection process. Lubrication is considered as a separate task, related to

the lubrication plans rather than the maintenance program. All tasks derived
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RCM PROCESS

SYSTEM LEVEL ANALYSIS

FMEA

CRITICAL COMPONENT LIST
FEEDBACK

EXPERIENCE

ANALYSIS OF SIGNIFICANT
FAILURES FOR EACH CRITICAL]

COMPONENT
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MAINTENANCE TASK
SELECTION

MAINTENANCE TASK

FMECA

LOGIC TREE

Figure 6: EdF RCM Process Outline
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Figure 7: EdF Selection Diagram for Critical Functions
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Table 1: EdF System FMEA

System FMEA

System : CVCS

Functional
failure mode

Loss of flow to
the charging line
and seal injection
subsystems

Component

Pump
RCV 01 PO

Contactor
6.6 kV of
RCV 01 PO

Sub system : 3 charging pumps subsystem

Component
failure mode

Fails to run

Fails to run

System effect

Temporary fail
of charge and
seal water
injection

Temporary fail
of charge and
seal water
injection

Plant effect

Shutdown due
to technical
specifications
if repair
duration
> 14 days

Shutdown due
to technical
specifications
if repair
duration
> 14 days

Severity

S.P. if repair
duration
> 14 days

S.P. if repair
duration
> 14 days

Evident/hidden
failure

Evident

Evident

S.P.: Severe for Production
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Table 2: EdF System FMECA

Component FMECA

System : CVCS Component : Gear reducer

Item
Item functional

failure
Component

effect Causes
Failure
number

Deg.
Number

Dcg.
Number/
overhauls

Severity Criticality Detection
method

Bearing Loss of guiding Fails in rur * Failure of
ball bearing

* Failure of
journal bearing

22 18 S.P.M
>14Days

S.P.
if>14Day:

Acceptable

Acceptable

Vibrations
Overheating

Vibrations
Overheating

S. P. : Severe for Produclion
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from the LTA are reviewed for relevancy, effectiveness and economic interest.

In the logic tree itself, the steps are followed from the least expensive to

most expensive options.

The task of feedback analysis involves gathering information for EdF's

reliability databank (SRDF), the significant event data bank, the history data

bank, and specific information files held by the Maintenance Department.

To achieve this, feedback information is analyzed to produce:

failure rates of equipment;

failure rate by functional sub-group;

types and causes of failures;

types of degradation and means of discovering them;

causes of degradations.

The RCM database for EdF is to be centralized at the corporate level. It will

include past data (starting from 1978) that has been screened by site

maintenance experts.

The advantages and disadvantages of the EdF RCM process are viewed (by EdF) as

follows:22

1. Two-step FMEA/FMECA. The first step, for "macro"

components, such as pumps, valves etc. is useable by the

system engineer, and can be applied generically. The second

step, for detailed analysis of component parts, is useful to

the mechanical engineer responsible for the components.

2. Depth of analysis. The FMEA is prepared to the same level

of detail as that for a classical program. The FMECA on

component parts includes causes and details on physical

degradations as well as failures. This provides

traceability, but can lead to increased time and cost.

3. Systematic feedback. In the nuclear industry, a systematic

mechanism for analysis of feedback, although high in cost,

is essential for modification of the RCM analysis as part of

the living program. For EdF, this has special value because

of the large number of identical reactor units.

EdF favours developing quantitative criteria for determining criticality, and

use in quantitative reliability models, such as those developed for PSA.

The EdF approach to RCM, while apparently simple, has been criticized by

practitioners of the EPRI RCM method as being too complex. Performing FMEAs
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and FMECAs at different stages of the process is considered to be excessive,

as is performing analysis down to the elementary component level (e.g. shafts,

gears, and bearings). Such depth of analysis is not considered relevant to

the primary task of deciding when and how to maintain equipment.

2.4 Description of Degradation Mode Analysis (DMA)

Degradation Mode Analysis is part of a program similar to that of RCM. It can

be regarded as a formalization of the process to decide where and how

predictive maintenance (PDM) should be applied'.

The concept of DMA was introduced by Sonnett et al. of Life Cycle Engineering

Inc. in 1991.6 The method was developed as a means to "more directly and

economically achieve the major benefit of reliability centered analysis,

namely predictive maintenance."

Throughout the 1980s, over 60% of US nuclear stations used RCM to upgrade

their maintenance practices. Life Cycle Engineering Inc. (LCE) participated

in five of these RCM programs. From their experience in these programs,

Sonnett et al. decided that the expense of implementing RCM was, in many

cases, more than was warranted. Therefore, they devised DMA as a less

expensive alternative.

The decision to focus on PDM was made in recognition of the fact that PDM, as

well as RCM, is advocated in the nuclear industry. It is viewed as a method

of providing efficient, safe, and cost-effective maintenance. Also, both PDM

and RCM programs are considered in the US guidelines for upgrading

maintenance, and proposed regulations for Plant License Renewal (PLR) . l5'16>17 In

addition, experience in RCM studies indicated a strong move towards increased

PDM, and identified PDM as the area in which most maintenance benefits are

realized.

The steps of a maintenance management program involving DMA are as follows:

system selection;

partitioning;

functional failure analysis;

component selection;

degradation mode analysis (DMA);

selection of Conditions to be Monitored (CTBM);

maintenance history review;

PM task selection;

implementation;

PDM is regarded as actual monitoring and maintenance activities, as
distinct from DMA, which is a method of analysis used for management of
PDM tasks.
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living program.

These are similar to the steps of RCM, differing mainly in the type of

analysis performed and the method of task selection.

DMA monitors only applicable and effective components in a system. These are

determined through the preliminary steps to identify critical components, in a

manner similar to that of RCM. However, the focus is more on components that

have been proven cost effective to monitor.

The elements of DMA are shown in the worksheet of Table 3. In performing the

analysis, the analyst itemizes the following information for each component:

Part identification;

Mode of degradation;

Parameter exhibiting degradation;

Technique(s) to monitor the parameter;

Indicators of accuracy and correlation,-

Difficulty/Problems/Expense of technique;

Candidate Conditions to be Monitored (CTBMs),-

Remarks.

In addition, the analyst performs a review of equipment maintenance history,

which aids in deciding on appropriate Conditions to be Monitored (CTBMs) .

Frequencies for the PDM tasks are initially based on expected lifetimes of the

components, on previously measured degradation rates, and on the operating

schedule. Plant-specific data files are used to aid in determining

frequencies. Where information is lacking, frequencies are chosen to allow

adequate trend analysis between outages and over the life of the component.

Also, monitoring techniques that are inexpensive and easy can be applied more

frequently to obtain better data.

In order to reduce analysis time and effort, the analyst may be supplied with

a list of the most up-to-date and applicable PDM methods (with relevant

information), from which to select the Conditions to be Monitored (CTBMs).

Also, the analyst can establish generic techniques which are applicable to a

large number of components of similar type, and implement them

programmatically. Components can be grouped into generic types, and, where

necessary, specific component assessment can be done as a minor variation on

the generic model. Additionally, computerization of the analysis (as done for

RCM) reduces analysis time, and increases consistency.

DMA was tried successfully in non-utility industries (e.g. US Navy Nuclear

Submarines) and at Cooper NPP in Brownsville, Nebraska (Nebraska Public Power

District) .
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Table 3 : Example of a DMA Worksheet

DEGRADATION MODE ANALYSIS
WORKSHEET Pago 1 of _1_

System Circulating Water

C1C CWP-A. B. C. D

Component Nam» Circulating Water P»mp

Manuitcturer Byron Jachson Modal 102 PMn Priority C • toad Threetanlnq - Spam)

Waar
Part

1. imptilor

2. Ball
Bearings

Mod* of
Degradation

Eroilon

Fatigue

Parameter
Exhibiting

Degradation

Flow

Power
Consumption

Phyilcal Condition

Nolie

Waar Partleuleloa

Temperature

Phyilcal Condition

Technique! lo
Monitor

Parameter

Head Flow Port Tell

Power Input va Load '
Pert Test

Physical Dimensions

Vibration Anatyslui

Oil Anatyila

Temperalur* Monitoring

Physical Condition &
Dimensions

Accuracy and
Correl.t.etiim

y

Good

Fair., .

Oood

Excellent

Excellant

Good

Good

Olfflculllea
Problème

Ssytam doee not have flow meter

Requires shutdown lo Install last
equipment

Disruptive, require* shutdown &
power racfucllon

Nona

Non circulating oil reservlort
require itmpilng Iront driln

RTO'a Installed but readings not
logged

DIsru'plK/a, requires shutdown L
power reduction

Expenaa

Requires purchase of
non Intruirva flow
meter (52000), *
mhrs lo perform

Requires purchase of
powerfactor meter
|J 10001, 8 mhrs to
perform

Requires 32 mhrt to
perform

Eqpt. In house,
requires 1 mhr to
perform

Requlrea 1 mhr to
perform, lab costs
(200/sampla

None

Requires 48 mhrs lo
perform

Viable CTDM
Candidates/ Remarka

Proceed K flowmetar
rnqulrfid for other tolls

Do not proceed

Accomplish it planned
overhaul «a vaVdafton

Proceed

Proceed

Proceed

Accomplish at planned
overhaul a> validation

Prepared
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2.5 Contrast of RCM and DMA Methods

Table 4 outlines both RCM and DMA approaches. Both methods are the same in

the areas of system selection, partitioning, maintenance history review,

implementation and carrying out a living program.

In functional failure analysis, DMA places more emphasis on identifying

failures with respect to quantifiable (i.e. measurable) system performance

parameters. In component selection, DMA places more emphasis on components

that have a historic record as being cost effective to monitor. In PM task

selection, DMA focuses on establishing PDM tasks and frequencies to obtain

data for

condition assessment and trending of components to predict their

useful life;

support of outage planning for repair and replacement;

support of PLR submissions;

providing data and justification to optimize tasks for

just-in-time maintenance (JIT).

Such objectives may also be achieved through PDM tasks recommended by RCM,

although the scope of RCM is much broader and includes other considerations.

The main difference between RCM and DMA is in the method of analysis. RCM

uses reliability analysis techniques, such as FMEA/FMECA and Fault Tree

Analysis, while DMA analyzes the degradation mechanisms of critical

components, identifies parameters which can be measured to determine the

components' condition, and selects the most appropriate of these for

integration into the predictive maintenance program.

In addition, RCM recommendations for PM may apply to time-based or condition-

based tasks, whereas DMA focuses on condition-based tasks only.

DMA is considered to be less expensive than RCM because it is not necessary to

perform a comprehensive RCM analysis to derive a series of "applicable and

effective" PDM tasks. Therefore, use of DMA to identify PDM tasks is expected

to require one quarter of the time and effort typically required for a

classical RCM analysis.

While it provides a structured methodology for selection of applicable and

effective PDM tasks, Sonnet et al. stress that the limitations of DMA must

also be recognized. DMA alone does not achieve a complete assessment of PM

and CM. It does not focus on identification of unnecessary maintenance tasks.

It does not substitute for RCM as a method of maintenance optimization, but is

advocated where extensive optimization of the kind provided by RCM is not
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Table 4: Outline of RCM and DMA Approaches6

TYPICAL RCM APPROACH

System Selection . \

Partitioning

Functional Failure Analysis

Component Selection

Failure Modes and Effects Analysis

Logic Tree Analysis

Maintenance History Review

PM Task Selection

••• :": •:•••••.•••:. v I m p l e m e n t a t i o n

;; Living Program

DMA APPROACH

' ' • • • :•-'• :•••.:••.•:• . ' • • ' . S a m e • ; ' • . • ' . ... . •

-....: • Same

Similar

Similar

Degradation Mode Analysis

Conditions to be Monitored

Same

Similar

Same

Same
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warranted. DMA may be considered where baseline PM and CM are satisfactory,

but there is room for PDM improvement or updating; where there are limited

resources available for RCM; where RCM was done but did not result in much

PDM; or where funding is such that RCM analysis would take many years to

accomplish.6

Sonnett et al. suggest that DMA may be done if the plant management is

undecided as to whether RCM should be pursued. Because of similarities of

approach, if the plant management decides to do RCM at a later time, the

effort expended on DMA may be used to focus RCM analysis on critical systems

and problem conditions.
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3 . INDUSTRY REVIEW

3.1 Appl ica t ions in Non-nuclear Indus t r i e s

3.1.1 Aircraft Industry

In our survey of the aircraft industry, we contacted DeHavilland Aircraft and

several airlines, including Air Ontario, Air Canada and Canadian. We received

a useful response only from DeHavilland.

The literature review and conversations with DeHavilland indicate that

aircraft companies and airlines have been using RCM exclusively for

approximately 20 years. There are no examples of non-RCM maintenance programs

to use for comparison with RCM.

Furthermore it was the opinion of personnel in DeHavilland's Reliability

Department that the key concepts of DMA (i.e. monitoring components to develop

a maintenance plan) were already covered by MSG-3. Hence they did not see the

need for DMA as a separate methodology.

3.1.2 Chemical Industry

In our survey of the chemical industry, we contacted the following companies:

Esso (Sarnia, Ont.);

Dupont (Maitland, Ont.);

Petro Canada (Mississauga, Ont.).

The information we received from them is summarized in Sections 4.1 and 4.2.

RCM is of interest in some chemical industries, but so far little has been

done to implement RCM programs. There was no awareness of DMA (in the form

described by Sonnett et al.) . However, the fundamental premise of DMA (i.e.

the predominant use of PDM), is well known and accepted.

In general, the chemical industry favours the use of PDM in chemical plants,

as it reduces costs and downtime for the plants. The use of advanced sensing

equipment enables personnel to perform the most typical monitoring tasks of

vibration monitoring, oil analysis and thermography with little specialized

training. Use of PDM as the sole source of plant maintenance, however, is not

favoured. The usual approach is to let PDM decide when preventive maintenance

will be performed".

PDM is considered to be best suited for the monitoring of wear on bearings in

pumps, compressors and motors. Currently, efforts are continuing to extend
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the applicability of PDM to other areas of application, such as electric

motors.

An accepted rule of thumb is that every dollar spent on PDM can save $10 in

maintenance costs.27 It is also generally accepted that (rating costs against

pump power) preventive programs cost $ll-13/yr/HP, and a PDM program costs

$7-8/yr/HP. Regardless of the benefits, PDM programs are considered to be

expensive to install. They are usually affordable for large companies, but

not small companies (i.e. approximately 12 employees and budgets of $1

million). Maintenance departments of small companies are usually not

adequately computerized to provide the infrastructure required to properly

execute a PDM program.

3.2 Applications in the Nuclear Industry

In the nuclear industry, PM in large plants is considered to be an 'expensive

necessity. The Utility Data Institute has shown PM of US NPPs costs

approximately $2 billion US per year.

Initially, few maintenance programs for NPPs were based on an understanding of

the merits of different PM tasks and component failure modes. Most programs

had their origin in the vendors' conservative recommendations.

Following the EPRI pilot studies, over 50 NPPs in the USA decided to

investigate RCM. About 26 plants are planning significant investments in RCM

programs, and another 28 plants are conducting pilot studies.14

A demonstration project for streamlined RCM is being conducted at Philadelphia

Electric Company's Limerick plant. A demonstration of the RCM Living Program

is being conducted at Boston Edison's Pilgrim plant.

An EPRI RCM workstation has been developed, which is expected to reduce

evaluation and implementation costs by about 30%. In addition, the EPRI RCM

Technical Handbook and "Guidelines for the Selection of Preventive Maintenance

Task Intervals" are expected to provide assistance in reducing RCM

implementation costs.28

DMA, as a recently proposed alternative, is not yet sufficiently known in the

nuclear industry in general. Therefore, little has been done to test this

methodology. We contacted Cooper NPP in Nebraska to find out the results of

their DMA pilot study, but received no useful information.
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3.3 Applications in the Canadian Nuclear Industry

3.3.1 Maintenance Policies and Regulatory Control in Canada

In the Canadian nuclear industry, maintenance policies are documented in the

Operating Policies and Procedures for each station. These outline general

station policies such as maintenance conditions, maintenance priorities,

radiation protection regulations, requirements for maintaining the

independence of channels and systems, testing requirements, and requirements

for ensuring pressure boundary integrity.29

Canada does not use a "Maintenance Rule" or other regulations similar to that

of the US NRC for controlling the standards of maintenance at nuclear

facilities. Instead, relevant requirements are integrated into the operating

licenses of each station. These requirements allow the AECB to review station

maintenance procedures and ensure that the AECB is informed of all 'changes and

significant events.

For example, the operating license for Darlington Unit 4 contains the

following clauses:

" CONDITIONS GOVERNING THE OPERATION OF THE NUCLEAR FACILITY.

GENERAL REQUIREMENTS

A.A.11 Maintenance at the nuclear facility shall be of such a
standard that, in the opinion of the Board, the
reliability and the effectiveness of all equipment and
systems as claimed in the Safety Report and the
documents listed in the application are assured. Any
significant changes to the maintenance program for the
nuclear facility outlined in Station Reference Plan
D-SRP-1.08-3 issued 13 March 1990, and prepared by
Ontario Hydro, shall require approval by the Board
prior to their implementation.

A.A.19 Reports shall be made promptly to the Board of:

i) any degradation, weakening or incipient failure of
components or systems whose failure would constitute
or significantly increase the probability of a hazard
to the health and safety of the public or the nuclear
facility operating staff;

A.A.22 Review reports concerning the operation and
maintenance of the nuclear facility ... shall be sent
to the Board at regular intervals acceptable to the
Board.

A.A.24 Adequate records shall be kept of operation,
maintenance, test results, periodic inspections ... to
demonstrate compliance with the Atomic Energy Control
Regulations and this licence."30

Compliance with these requirements necessitates the establishment of a well-

controlled, well-documented maintenance program, which includes an effective
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predictive maintenance program for monitoring degradations and predicting

incipient failures.

3.3.2 CANDU Maintenance Planning

Table 5 provides a brief summary of the sizes and capacity factors for the six

Canadian CANDU Stations. Each of these stations was surveyed regarding its

current maintenance practices. The results of this survey are summarized

below.

a) Gentillv (Quebec)

Status

Gentilly 2 is a single-unit 600 MWe station, in commercial operation since

1983. It currently has a lifetime capacity factor of about 76%. The capacity

factor for 1993 was close to 86%, showing a marked improvement in plant

availability.31

Maintenance Practices

Gentilly relies on the experience and judgement of its maintenance and

technical engineering support staff. Most PM is time-based. The frequency is

determined by manufacturers' recommendations and by reliability studies.

These practices have been in use for 10 years.

Maintenance planning is determined by manpower availability, and comparison of

actual PM achieved against PM objectives.

One problem caused by the current practices is interference of maintenance

with productivity. Planners have to consider the impact of PM on operation,

and the possible need to postpone activities so that they have less impact on

plant availability. A computer facility to co-ordinate and track maintenance

activities would be useful in improving maintenance scheduling.

Information on maintenance costs and labour were not provided, but such

requirements have remained fairly stable over the life of the plant. Future

objectives are to optimize maintenance costs and labour.

Gentilly does not use RCM or DMA, but is planning to adopt RCM.
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Table 5: Summary of Canadian Nuclear Power Plant Performance
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b) Point Lepreau (New Brunswick)

Status

Point Lepreau is also a single-unit 600 MWe station, in commercial operation

since 1983. It currently has a lifetime capacity factor of 91%. Its capacity

factor for the first three quarters of 1993 was over 94%.3I

Maintenance Practices

Point Lepreau uses a combination of PM and CM. About 60% - 70% of maintenance

is PM (currently over 6000 tasks) . Approximately 75% of the PM tasks are

time-based and 25% are condition-based. Most of the time-based PM tasks have

been in place sinc.e the start-up of the plant. Newer PMs, introduced in the

last 4 - 5 years, are mainly condition-based.

Point Lepreau has a predictive maintenance program, which includes such

activities as vibration monitoring, oil analysis, thermal vision, and valve

diagnostics. The program is applied to components of many systems, including

most rotating equipment of more than 5 HP, steam lines, breakers, junction

boxes, electric monitors, motor-operated valves (MOVs) and air-operated valves

(AOVs).

The main problem caused by the current maintenance practices is the

introduction of too many PM tasks, resulting in high labour demands and

maintenance costs. Maintenance costs (including maintenance, engineering and

technical staff) comprise about 40% of the overall plant budget. The

maintenance department consists of approximately 145 people out of a total

plant staff of 450. The plant is looking for ways to cut costs and maintain

reliability.

In the early years of the plant, PM was based on information in maintenance

manuals and design manuals (i.e. as determined by system engineers). These

tasks were usually time-based and often led to duplication of effort and

unnecessary maintenance. The plant is now trying to replace time-based tasks

with condition-based tasks.

Point Lepreau does not practice RCM or DMA. Its approach to maintenance is

ad-hoc, not formalized.

Point Lepreau has no definite plans to use RCM or DMA. RCM has been

considered, and station staff have attended the EPRI course on RCM. In the

view of Point Lepreau staff, RCM might be useful if starting again from the

beginning, but an RCM program is not worthwhile at this stage in the life of

the plant. Point Lepreau has a good operating and maintenance record.
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Therefore, RCM (or even streamlined RCM) would probably require too much time

and manpower involvement, and not enough payback.

Point Lepreau staff also expressed an interest in learning more about DMA, and

indicated that condition-based tasks would be preferred over time-based tasks,

if starting again from the beginning.

c) Pickering A and B (Ontario)

Status

Pickering A and B comprise eight 500 MWe units. The units of Pickering A have

been in operation since 1971 - 1973 and have an average lifetime capacity

factor of 66%. The capacity factors for 1992 were close to 90% for Units 2

and 3. Unit 1 had. a 1992 capacity factor of 64% due mainly to planned and

forced outages. Unit 4 was down in 1992 for a planned outage.33

The units of Pickering B have been in operation since 1983 - 1986 and have an

average lifetime capacity factor of 84%. The capacity factors for 1992 were

between 82% and 93% for Units 6 - 8 . The capacity factor for Unit 5 was

approximately 29%, mainly due to forced outages.34

Maintenance Practices

Pickering uses a combination of time-based, condition-based and run-to-failure

in its maintenance planning. The majority of maintenance is time-based, since

many systems are accessible only during outages.

Pickering has a predictive maintenance program. Functions such as oil

analysis, vibration monitoring and periodic inspections have been in effect

since the station was commissioned. As technological advances have provided

more diagnostic opportunities, this program has been expanded to include MOV

and AOV diagnostics and computerized vibration analysis using expert system

software.

Initially, PM at Pickering was identified by call-ups and CM was identified by

maintenance routines which emphasized field experience and system ownership

(i.e. responsibility). As more units were commissioned, the plant became too

large and complex for such a simple system.

Work was then identified using the deficiency report (DR) and call-up (CU)

system and put on a daily or weekly schedule by the planning department, based

on priority. The problems with this method were:

mandatory maintenance work was often not identified before the

plan was prepared;
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lack of co-ordination on work involving multiple groups and

prerequisites ;

little or no communication between maintenance and technical

staff;

no feedback on call-up results;

priority decided by the planning department instead of the

maintenance department;

the status of work was not adequately conveyed from the field to

the planners;

call-ups received low priority from the planners and the

maintenance philosophy became "production first - breakdown

maintenance only";

there was no continuity between the lessons learned from one

outage to the next in terms of maintenance planning.

Some of these problems were addressed by:

computerizing the DR and CU system to improve feedback and

retrieval of maintenance history;

better outage co-ordination, with a dedicated outage crew and

improved preparation;

initiation of Integrated Operational Planning (IOP) ;

designated field assessors to ensure adequate preparation for

planned tasks;

increased use of predictive maintenance.

Pickering is presently introducing streamlined RCM into the plant. The fuel-

handling maintenance shop has been selected for the initial part of this

program, because the shop already uses a similar approach to maintenance,

based on historical information and reliability. In the past, the fuel-

handling equipment had major reliability problems, before the maintenance

approach was changed by a dedicated maintenance task-force. The results of

applying streamlined RCM to the fuel-handling shop will be used as a basis to

select further systems to include into the program. In addition, an RCM

training program will be established.

Pickering hopes to be able to use RCM to refine the call-up system and

determine the best use of predictive maintenance, and also to determine the

need for new predictive maintenance tools and maintenance procedures.

It is anticipated that the first benefits realized from RCM will be a

reduction in the CM and PM backlog.
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d) Bruce A (Ontario)

Status

Bruce A consists of four 750 MWe units, in commercial operation since

1977 - 1979. In 1992, these units had an average lifetime capacity factor of

72%. The capacity factors for 1992 were between 60% and 79% for Units 1, 3

and 4. Unit 2 was down for most of the year. The low capacity factors were

mainly due to forced outages and power derating.35 Bruce A is currently

attempting to restore its performance after a severe decline in its capacity

factor in the late 1980s.36

Maintenance Practices

Maintenance at Bruce A is a combination of time-based, condition-based and

run-to-failure. The ratio of PM to CM is about 30%/70%. The early history of

the plant was characterized by high reliance on CM. Bruce A is currently

implementing an RCM program as part of its overall plan to optimize

maintenance and improve operability. This program is discussed in the case

study in Section 4.3.

e) Bruce B (Ontario)

Status

Bruce B consists of four 750 MWe units, in commercial operation since

1984 - 1987. These units have an average lifetime capacity factor of 84%. In
1992, the unit capacity factors were between 70% and 86%.37

Maintenance Practices

Bruce B practises a combination of time-based, condition-based and run-to-

failure maintenance. Currently, the station has over 12,000 call-ups. These

practices have been implemented over time, based on station capabilities and

existing industrial standards.

The current cost of maintenance at Bruce B is about $17.6 million per year.

Of this, the labour cost is about $13.5 million per year.

Bruce B is beginning an RCM program that will be plant-wide at maturity.

Bruce B staff view RCM as an unbiased means to resolve task selection

disputes. Also, RCM promotes prioritization of tasks based on the cri-teria of

safety, regulation, and outage prevention.

Full RCM analyses are being applied to some systems, such as the Emergency

Coolant Injection System (ECI) and Main Steam Generator System. These are
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70% - 80% complete. Less critical systems (i.e. service and peripheral

systems such as Main Power Output, Breathing Air, Service Air and Maintenance

Cooling) are being subjected to a criticality checklist review.

Bruce A has a lead of 2 years over Bruce B in implementing RCM. Bruce B has

recently purchased the EPRI workstation to aid in its RCM efforts. This

should help to accelerate the analysis. However, Bruce B has less manpower

available than Bruce A.

Bruce B plans to apply full RCM to about 30 systems, and to use other methods

(such as criticality checklists) for the remaining systems. The selection of

systems to include in full RCM was determined by a system ranking matrix.

This matrix considered the relationship of each system to the reactor,

regulatory concerns, production, repair effort, maintenance effort and

specialized function. The ranking was done by three shift-supervisors.

Bruce B and Bruce A have agreed to share information, where practical.

Bruce B hopes to involve Bruce A, Pickering and Darlington in a program to

share RCM experience and data. Each station would analyze different systems

and share the results. In the view of Bruce B, a minor effort would be

required to adapt the results to address similar systems at other stations.

Such a program would help to distribute the costs and reduce the overall cost

of RCM implementation at each station.

f) Darlinaton (Ontario)

Status

Darlington consists of four 850 MWe units, in commercial operation since

1990 - 1993. The average lifetime capacity factor is 62%. In the second

quarter of 1993, Units 2 and 3 had capacity factors of over 90%. The capacity

factor for Unit 1 was 33%, mainly due to planned and forced outages. The

capacity factor for Unit 4 was 59%, mainly due to maintenance outages and

forced outages.38

Maintenance Practices

Darlington practises a combination of time-based, condition-based and run-to-

failure maintenance in the proportions of about 60%, 30% and 10%,

respectively. Currently, the overall cost of the maintenance program is of

the order of $50 million to $100 million per year.

Maintenance practices are based on the past experience of Ontario Hydro with

its other stations and on recent experience in the nuclear industry. They

have been in effect since start-up of the station.



- 44 -

Darlington does not use RCM or DMA, although the station has some elements of

a predictive maintenance program. In general, PM tasks are selected according

to manufacturers' recommendations and past experience. Since the station has

been in full operation for only one year, it does not have enough direct

experience to be able to assess the effectiveness of its current practices.

Recently, Darlington has undergone a complete reorganization. Therefore, it

is in the process of consolidating its maintenance program. The station is

planning to start an RCM program similar to that of Bruce A and Bruce B.

3.3.3 Ontario Hydro's Reliability Data System

Ontario Hydro currently performs Probabilistic Risk Assessment of its safety

systems, using fault-tree analysis (FTA) and a comprehensive component

reliability data system, which is currently under development. This data

system will be used to aid in assuring reliability in all activities at an NPP

(i.e. design, procurement, operation and maintenance). It will be used for

optimization of plant surveillance and periodic testing, RCM applications,

spare parts management, plant-specific PRA and implementation of an

operational reliability program. The data system will collect event data,

engineering data and operating history data. It will then verify, review and

analyze the data to provide usable records of co-ordinated information, such

as

failure modes;

failure mechanisms;

failure rates (average and confidence limits);

average repair times;

restoration times;

maintenance person-hours;

radiation dose during maintenance;

trend data for predictive analyses.39

The data system is expected to play a useful role in the development of RCM at

Ontario Hydro's nuclear stations. Currently, the only station that has

applied RCM extensively is Bruce NGS A.
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4. CASE STUDY

4.1 RCM in the Chemical Industry (Esso, Sarnia)

Esso's polymer plant in Sarnia, Ontario was the only company we contacted in

the chemical industry that currently practices RCM. The plant's head of

maintenance is a proponent of the RCM methodology, and it is through his

efforts that Esso has adopted such a strategy.40'41

The plant refines petroleum products to produce polymers such as

polypropylene. Many of the processes used are hazardous due to the high

temperatures and pressures involved. The key goals at this plant were to

improve the reliability of the equipment and increase the safety of the

workers, while reducing the cost of maintenance.

The RCM applied by Esso is almost identical to that used in the aircraft

industry.

The Esso RCM team was cross-functional, composed of staff from Mechanical

Engineering, Electrical Engineering, Maintenance and Operations departments.

This is considered to be the most effective approach to RCM. RCM was applied

to selected systems which are critical to production. System selection was

also influenced by the need to improve safety.

The current program has been in effect for 4 years. The program initially met

with resistance because of a general opposition to change, and unfamiliarity

with RCM by many senior staff. The RCM program provided more precise

maintenance plans and covered areas (i.e. electrical) that were not covered by

the previous maintenance plan. The program has resulted in a marked

improvement in availability (less downtime) and no safety breaches. There has

also been a decrease in the amount of manpower and maintenance required on the

equipment, with an improved reliability.

Esso has also found that a well documented analysis provides the maintenance,

operations and technical departments with an understanding of the relevant

issues and tasks required to maintain critical equipment.

Costs to implement the RCM program are not available because the current

program is still being modified as it is being developed. Also, cost savings

in maintenance as a result of the RCM program are not available.

Esso staff was of the opinion that DMA, from the description we provid.ed, had

minimal differences from RCM which were not of consequence.

Because of confidentiality considerations, Esso was unable to participate in a

more detailed follow-up for this report.
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4.2 PPM Applications in the Chemical Industry

(a) Dupont (Maitland)

Dupont Canada (Maitland, Ontario) produces polymer material (i.e. nylon). The

maintenance program currently in use is Total Productive Maintenance (TPM).

This program is applied to selected systems that are judged to be critical to

the "value added chain" of the company. The program has been in use for the

last 10 years in some areas, and 25 years in others. This program, like RCM,

also ran into the problems of resistance to change when it was first proposed.

With implementation of the TPM program, Dupont sees itself as moving away from

CM and (conventional) PM and towards PDM. The advantage of the program is

that the equipment operates at capacity when required to do so. Significant

dollar savings in maintenance costs and reduced production time have resulted

from the program. However, there are no quantitative measures of savings

available.

At this time Dupont is unable to participate in a more detailed follow-up,

because of tight schedule demands. However, they may be able to participate

in a follow-up study at a future date. No mention of confidentiality issues

was made.

(b) Petro Canada (Mississauoa)

The maintenance philosophy described for Petro Canada's Mississauga plant is

site-specific; it does not apply to all Petro Canada plants.

Petro Canada currently owns the refinery located on Southdown Road in

Mississauga, Ontario. The plant has been in operation since the 1940s. Until

recently, the plant was a fully integrated producer, using raw crude oil to

produce gasoline and lubricants. Currently, this plant uses a gas-oil

feedstock (produced in the nearby Oakville plant) to create a clear base stock

suitable for blending to create lubricants. All processes in the plant are

continuous.

The petrochemical industry is highly regulated. All refinery systems, and the

components required to build them, are subject to the requirements of American

Petroleum (API) standards and regulations. For example, API-610 dictates the

overall design of pumps used in the industry, and API-750 is a regulation that

deals with all hazardous operations in the plant. To comply with API-750,

"Haz-ops" are performed.

Haz-ops are part of a review process that determines how a particular

component will be affected if there is a change in a process variable or the

system process. Besides analysis and deductive methods, Haz-ops also include
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interviews with personnel who are most familiar with the component. In

addition, a multi-discipline, cross-functional team is assembled which reviews

the whole system. Haz-ops differ from FMEAs, since an FMEA focuses on the

component, rather than the system.

The Petro Canada plant currently uses a combination of PDM, time-based PM,

FMEAs and Haz-ops. Time-based PM has been in use for 15 years, PDM for

10 years and FMEAs and Haz-ops for 2 years. Haz-ops and "what-if" (i.e. event

modelling) are currently applied to all units, new and old. FMEAs are done on

critical equipment (e.g. charge pumps) of selected systems. The systems

selected for FMEA are those which are critical to production, undergo severe

service and have potential safety and reliability problems.

These methods are not formally integrated into a maintenance planning system,

but they do provide valuable input to maintenance planning. These procedures

allow Petro Canada to monitor and adjust the maintenance program as required.

They also allow the maintenance department to focus on problem areas.

Currently, there is a PM and PDM department that consists of mechanics trained

in vibration analysis techniques. For most equipment, there are historical

files of data gathered using a hand-held data-capture device called a "Beta

Monitoring System" . For each capture run, the device is programmed with the

details of each component to be measured and the data to be obtained. A

technician visits each component in turn and captures the data relevant to

that component's operation. Once the run is completed, the captured data are

downloaded into a data file and analyzed.

PDM is currently in use only on rotating equipment and steam traps. The

decision to base maintenance on time or condition is strictly a function of

what task is easier and more representative of the equipment. Sometimes

suitable PDM technology to monitor a piece of equipment under harsh conditions

is difficult to find.

The original incentive to adopt the current maintenance program, 4 years ago,

was the overall poor reliability found in the plant at that time.

To keep track of plant reliability, a reliability factor is used. At the

beginning of each year, the factor is set at 100%. As the number of incidents

affecting production increases, the factor is decreased. Three to four years

ago, the reliability factor was 35%.

A fundamental change in attitude and a reorganization of the department was

necessary to allow the establishment of a PDM program. This also included

changing the workforce to bring in personnel with knowledge of PM and PDM. As

a result of these changes the current reliability factor is approximately 82%.

With the current maintenance program, the reliability is expected to level off
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at 95%. Once this level is achieved, then the focus will turn to maintaining

this level while reducing the costs for maintenance.

Unfortunately, the PDM, FMEA and Haz-ops programs are costly in both manpower

and hardware. The PDM program required a hardware cost of $40,000, and an

initial manpower cost of $20,000. The ongoing manpower cost for the PDM is 2

men/yr. FMEAs and Haz-ops cost $50,000/yr to maintain. The manpower required

is one-half man/yr for past and current needs, with a future projection of

one man/yr.* However, the increased costs to set up the program are

justified. Plant reliability has been increasing continually for about 4 - 5

years without an increase in costs.

Presently, the goal is to incorporate safety checks on the equipment while

maintenance is being performed. Beginning this year, the period between

shutdowns was increased from 3 years to 4 years. This increase, which was

based on business considerations, also increases the reliability demands on

the plant.

Overall, plant staff have found that the best approach to determining the

optimum maintenance program is to use several methods. This provides the

ability to tailor maintenance practices to each piece of equipment. In

consideration of this, the Maintenance Department regards RCM methodology as

too rigid to be applied at this particular plant. The program is not flexible

enough to be readily integrated with existing maintenance practices, and

cannot easily be adapted to suit the particular needs of the plant equipment.

4.3 RCM in the Nuclear Industry (Bruce A NGS)

In our case study of Bruce A, we reviewed the RCM program literature provided

to us by the Maintenance Support Unit (see Figure 8) . He also visited the

plant and discussed various aspects of the program with several members of the

Maintenance Support Unit. In addition we observed a demonstration of the RCM

workstation used by Bruce A to perform the RCM analyses.

Bruce A began its PM improvement program in August, 1991. The decision to

optimize the PM program resulted from a declining capacity factor and

increasing backlog of maintenance activities. RCM was seen as a means to

reduce maintenance costs and improve reliability. A pilot project was

initiated to assess the current maintenance program and to avoid the pitfalls

of other RCM efforts in the nuclear industry. This program ran for 3 months.

From past EPRI findings, implementation of recommendations was the major

problem area of RCM. To avoid this problem, Bruce A developed a procedural

These manpower figures apply only to the Maintenance Department.
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framework to make RCM and the PM living program part of the station

maintenance program. A plan and mechanisms to allow RCM implementation were

in place before RCM analysis began. The plan was tested by performing

technical evaluations on new PM tasks and implementing the results. A PM

Engineering Group (PME) was developed to oversee implementation. The PME

group is a composite group that includes individuals from all maintenance-

related aspects of the plant (i.e. technical personnel, nuclear operators,

control technicians and maintenance assessors). Finally, complete procedures

were defined, describing how the program will function throughout the life of

the station.

Analysis began in December 1991 with the aid of a consultant company. The

emphasis at this stage was on system analysis and technology transfer from the

experienced consultants to Bruce A staff. By April 1992, Bruce A was

continuing the analyses on its own. RCM was initially applied to four plant

systems: D.C. Power, Main Moderator, Moderator Auxiliaries and Moisture

Separator/Reheat. The EPRI RCM workstation was used to perform the analysis.

The workstation allows system evaluation and maintenance task selection to be

performed efficiently and consistently.

Following the analysis of the first four systems, it was decided to apply full

RCM only to systems which are critical for safety and power production.

Streamlined RCM and Criticality Checklist techniques would be applied to the

other systems.

RCM streamlining is done in the analysis stage. This method focuses only on

the primary design function of the system. Therefore the number of components

to analyze can be reduced by excluding components which do not have an impact

on the primary system function. Such streamlining has the disadvantage that

it is less rigorous than full RCM. Thus, it presents the risk that some

important component failures may be missed from the analysis. However, it

reduces analysis time and provides adequate support for the RCM living program

on systems that are not critical for power or safety.

The third method, Criticality Checklist is usefully applied to service and

support systems. In this method, each component of a system- is subjected to a

checklist review. A series of questions are reviewed to determine if the

component is critical or non-critical. If the component is classified as

critical, it is subjected to further RCM analysis.

By applying the streamlined RCM and Criticality Checklist techniques where

appropriate, the effort, time and cost of RCM analysis could be significantly

reduced. In addition to the original 4 systems, 20 systems were chosen for

the application of full RCM. Eighteen systems will be analyzed by streamlined

RCM, and 15 systems will be subjected to a Criticality Checklist.
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As of January, 1994, 31 systems have been analyzed and 25 have had
recommendations implemented.

4.3.1 Expected Benefits

The expected benefits from the RCM program are:

a) Identification of causes of failures and assignment of appropriate

PM tasks;

b) Addition of PM tasks where necessary;

c) Adoption of more cost effective predictive tasks to avoid costly

CM;

d) Elimination of duplicate and unnecessary PM tasks;

e) Modification of PM tasks to ensure they address causes of failure.

Some benefits, such as maintenance effectiveness and component availability,

may not become apparent until 2 years after the completion of implementation.

Overall, Bruce A expects to save $30 million per year after plant wide

implementation of the RCM program. Of this total savings, $9 million will

come from maintenance costs and $21 million from improved plant generating

capability. The maintenance estimate takes into account the reduction in CM

work.5

4.3.2 Findings and Opinions

The findings and opinions of the Maintenance Support Unit are summarized

below.

i) The RCM Program

The staff of the Maintenance Support Unit were all very much in favour of the

RCM program. One staff member expressed the opinion that any plant that

believes its maintenance effort and costs are under control without a program

like RCM is fooling itself. He stated, "We also thought, before RCM, that we

were under control. They [other plants] just don't know what they are talking

about. "

A key advantage of the program is that of single point responsibility.

Control and implementation of an RCM program can only occur by ensuring

responsibility by a single group, proper support from the planning and system

engineering groups, and full support of the management.

RCM at Bruce A works because it involves several people from various

departments. The program allows several different parties to be involved and

to contribute to the process. Control is maintained by ensuring the tasks can
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be changed only after a consensus has been reached between the Maintenance

Department, the technicians, the system engineers, and the Planning

Department.

Also, since the group includes maintenance personnel who keep close connection

to where the work will be performed, feedback from the maintenance crew is

facilitated and they have more confidence that their concerns are being

addressed.

Implementation of RCM recommendations is dependent on the current capability

of the plant personnel. Additional capability can also be developed if the

benefits outweigh the costs.

As an example, it took 4 years to develop the capability to implement the

recommendations for MOVs. All MOVs are currently subjected to condition

monitoring. Bruce A employs many monitoring methods such as vibration

analysis, lube-oil analysis, and thermography. Each monitoring method

requires not only equipment but the necessary training for effective use of

that equipment.

ii) Acceptance

Bruce A has found that it needed 3 - 4 years to overcome resistance to the

changes being implemented. However, as staff began to understand their role

in the RCM program and found that they had the opportunity to have their own

concerns addressed by a group dedicated to improving maintenance problems,

acceptance of the changes increased.

RCM requires a culture change. Its implementation and flexibility are limited

only by the attitude and approach of the people that work with it. The PM

program, being based on the RCM approach, is viewed by personnel as one of

integrity and is taken seriously.

The RCM program has particularly gained plant personnel support since it has

been found to reduce or eliminate the "fire fighting" strategy of the past.

By providing a controlled method in which maintenance tasks-must be

technically justified, RCM prevents a ballooning of the number of tasks to be

performed.

iii) Comparison with Other Methods

In France, EdF performs RCM in an isolated manner at head office. This

results in little acceptance of the results at the plant level. Also their

method of RCM is costly, since it performs FMEA at two stages. The first FMEA

is done on the components, and the second is on the parts in the components.
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Such a level of detail is costly and is not really necessary for selecting

maintenance tasks.

Japan has no true RCM-type program at all. Its whole maintenance method is

based on MTBF and replacement. The components are chosen such that their MTBF

is equal to or greater than the time between service intervals. At each

service interval, a complete inspection of the shutdown plant is performed and

all necessary parts are replaced. This results in high reliability, but at a

very high cost.

The method of TPM used by Dupont requires a flexible, cross-trained workforce.

At Bruce A, this is not possible because of the high degree of labour

division, the specialized skills required for the maintenance tasks, and the

union environment.

Bruce A holds consensus meetings after the initial analysis. These meetings

include representatives from all involved departments, to ensure that the

tasks selected are feasible, consistent and agreeable to all departments.

Moubray26 advocates performing these meetings at the start of the analysis.

This difference is attributed to Moubray's processing background, in which

little reference material on the process is available. Hence, the need for

operator input at the initial stages. Since there is adequate documentation

of systems available at Bruce A, the analyst has ample resources to perform

the analysis without the need for initial meetings.

iv) Costs

A full cost-benefit analysis of the results of the RCM program is not yet

available, since Bruce A is still developing its living program. The station

requires at least 2 - 3 years of operation under the living program to provide

values with confidence. A preliminary evaluation of the cost-benefit of RCM

implementation, however, is expected to be available later this year. The

overall trends show a decrease in the labour and time required to perform

maintenance. There has been no comparison of maintenance costs before and

after RCM implementation.

v) Changes and Benefits

Through the implementation of RCM, the goal is to minimize CM tasks in the

plant. The backlog of CM prevents completion of PM tasks. Often it was found

that assignment of one PM task replaced several CM tasks.

Some benefits are evident in Table 6, which shows the 1992 and 1993 changes in

PM tasks as a result of feedback from the field and RCM recommendations.
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Table 6: Bruce A Preliminary RCM Implementation Results

Year

1992

1993

Total

Call-ups Deleted

348

464

812

Call-ups Revised

667

2779

3446

New Call-ups Created

611

809

14J20

Hours Saved

4879

10073

14952

Hours Added

7104

7086

14190
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In addition to an overall saving in work-hours (which can be applied to

addressing the maintenance backlog) , revision of the call-ups helps to

maintain or improve plant performance.

vi) Regulatory Requirements and Safety

RCM has enabled the plant to meet the licensing and regulation requirements,

by focusing the maintenance resources on priorities.

Safety of the workers has also improved, since a Task Analysis form must be

completed for each PM task before the task is done. This form ensures that

all necessary preparations and safety considerations have been made. This

allows the worker to begin work immediately upon receiving the task

assignment, since all necessary resources and prerequisites (i.e. drawings,

tools, safety equipment, site preparation, etc.) will have been confirmed

beforehand.

PRAs at Bruce A are done only for high risk (i.e. safety and safety-related)

systems. Where these have been done, the results of the FTAs may be

integrated into the RCM analysis as a replacement for the FMEAs. However, the

disadvantage of PRAs is that they determine only failure modes and not causes

of a failure. Therefore, the system still has to be reviewed for failure

causes.

vii) RCM Workstation

Before 1991, there was no standard workstation for the performance of RCM

analyses and program co-ordination. Only Life Cycle Engineering had a

customized one.

Bruce A has participated with EPRI in the beta testing of its RCM workstation

software. In return, Bruce A receives free software updates and has the

opportunity to provide input on how to improve the software to suit the needs

of CANDU stations.

The reliability data used in the workstation program can be-obtained from

either plant specific databases, general Ontario Hydro data, or other

reference sources such as IEEE.

The workstation is essentially a database assistant that allows the analyst to

perform the RCM analysis in a structured and consistent manner. It can also

be used to maintain a historical record of the rationales for decisions, thus

reducing the likelihood of improper, arbitrary changes.
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viii) Current and Future Efforts

Currently, Bruce A is in the process of establishing the living program as the

necessary final step of the RCM methodology. Bruce A recognizes that RCM

cannot provide a 100% PM program unless it is used in conjunction with a

living program.

The living program will consist of the following activities:

periodic review of PM results and CM performed;

periodic review of significant event reports (SERs) and

engineering change notices (ECNs) to identify significant

experience and design changes;

verification that selected task intervals are appropriate;

identification of new failure modes and causes;

revision, addition or deletion of PM tasks to reflect operating

and maintenance experience, and design or operational changes;

periodic review of outside experience and research, to keep aware

of the most up-to-date methods.

Bruce A intends to monitor the effectiveness of the program using a PM

Effectiveness Monitoring form, as shown in Table 7.

In the future, the Maintenance Support Unit will establish a PDM program.

However, this must wait until several years' worth of data have been

collected. Prom the data, component trends will be determined for use as a

basis for maintenance activities.
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Table 7: PM Effectiveness Monitoring Worksheet

Rocord ft: WP Rowiow Dato: Y M D

Equipment Code: Work Package If:

1. Immodiato Action Roquirod:

3. PM Review/Action Flag:

Y/N 2. Monitoring Roquirod: Y/N

Y/N

(Itom #3 is Basod on Itom #2 Rocurronco. TWICE (or «ho Samo REASON or THRICE (or Difforont REASONS. Whichever Comes First.)

Reason For Monitoring/Action

Technical Contents:

Frequency:

Spore Parts:

Work Hours:

Radiation Doso:

Y/N

Y/N

Y/N

Failure:

Degradation:

Comments:

Coda/N
Failure Mode/Cause

Code/N
Mechanism

Y/N

Y/N/X (X = Information Not Availablo)

PM Review/Action Complete: Y/N Completion Date: Y M D PMEM Evaluator:
Codo
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5. EVALUATION

The points of evaluation for RCM and DMA are as follows:

cost

labour requirements

complexity/simplicity

effectiveness

ease of implementation

ease of sustaining

long-term prospects.

5.1 Cost/Labour/Time

Both RCM and DMA require a substantial commitment of time, effort and money to

implement.

For RCM, the justification for this commitment is growing, as more plants

obtain feedback from their pilot programs and studies. In some of the earlier

pilot programs (e.g. Turkey Point and McGuire), the cost and effort required

for RCM analysis was found to be onerous. The high costs of classical RCM

result from the requirement to consider all components and their failure

modes, without regard to criticality. Therefore, many plants viewed RCM as an

expensive methodology, especially since the potential benefits varied

according to the state of a plant's existing maintenance program. Often,

plants with good maintenance records considered that RCM would require a large

investment, with little potential benefit.

With the introduction of streamlined methods, increasing availability of

handbooks and data sources, and the development of an RCM Workstation, the

cost, effort and time required for RCM analysis has been significantly

reduced. For example, the EPRI RCM workstation is expected to reduce the cost

of evaluation and implementation by about 30%.M Therefore, RCM is being

viewed more favourably. The justification for RCM costs may increase further,

as experience with RCM is gained, particularly with demonstrations of

streamlined RCM. The results of the streamlined RCM project' at Philadelphia

Electric Company's Limerick plant, and the preliminary results of streamlined

RCM applied to systems at Bruce A and Bruce B, should give an indication of

this in the near future.

One of the advantages claimed for DMA is that it reduces analysis time and

effort to about one-quarter of that required by RCM analysis. Due to lack of

information on DMA pilot projects, we have no evidence to substantiate this

claim. Also, as RCM analysis costs decrease, the cost advantage of DMA

analysis is likely to diminish, particularly when regarded in conjunction with

the lesser benefits to be derived from DMA.



- 59 -

In addition, analysis is only one part of a DMA or RCM program. In most

respects, both programs follow a similar methodology. The expense and effort

of system selection, maintenance history review, implementation and a living

program are likely to be the same, whichever methodology is used.

Another consideration is that sole reliance on PDM to improve plant

maintenance can increase maintenance costs, since state-of-the-art monitoring

equipment and methods can be expensive and complex. Highly monitored systems

often required specialized training, and too many monitors and alarms with

complicated interlocks can result in an increase in false indications, adding

to downtime and failure-finding activities. RCM, in considering options other

than condition-monitoring, allows the maintenance planning group to select

effective activities that may be less expensive.

5.2 Effectiveness

Increasing competitiveness in industries such as the airline and chemical

industries make cost-effective reliability of production a key concern. This

is also true in the nuclear industry, which has to compete with other forms of

energy production. In addition, reliability has always been a primary

consideration for plant safety systems. Therefore, plants can no longer

afford to rely primarily on the run-to-failure philosophy. This is

exemplified in the case of Bruce A, which relied heavily on CM in its early

years, and eventually began to show declining capacity factors. While

reliance on CM was not the only factor contributing to this decrease in

capacity factors, it likely had a significant effect. Elimination of its CM

backlog is a major goal at Bruce A.

To decrease the CM burden, optimize PM, and maintain or increase reliability,

industries are relying more on PDM, computer-aided maintenance scheduling and

documentation, experience feedback, and analytical methods to aid in

maintenance planning.

Since most maintenance optimization or improvement programs tend to explore

all of these options at once, it is often difficult to assess how much of the

benefit arises from differences in approach. The examples of Dupont's

Maitland plant and Petro Canada's Mississauga plant show that any well-

organized program to get plant maintenance under control will be beneficial.

Much of the benefit derived at Bruce A was a result of establishing better

communications between departments and improving feedback from the field.

What these cases illustrate is that a successful maintenance program requires

the following elements:

a) a well-established infrastructure to allow it to operate;

b) support and promotion by the management;
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c) effective implementation of recommendations for improvement;

d) constant feedback and review to allow the program to adapt to the

changing needs of the plant.

If any of these elements are missing, the program will fail, or lose its
effectiveness.

Comparison of DMA and RCM is particularly difficult, since we have no examples

of the application of DMA to illustrate the claims of its potential benefits.

In fact, it is questionable whether a proper comparison of RCM and DMA can be

made at this stage in their development. RCM is just beginning to show

results in applications outside of the aircraft industry. DMA has been

proposed so recently that very few plants have heard of it, and even fewer

have considered it as an option. However, the two methodologies can, at

least, be compared on the basis of their differences in focus. A program

using either method will realize many of the same benefits in gaining control

of plant maintenance, but RCM offers more options to address system problems,

since it does not look at PDM alone.

The advantages of PDM are evident in cases such as that of Petro Canada's

Mississauga plant, which showed an increase in its reliability factor from 35%

to 65% over 4 years. For a plant that has relied heavily on CM, or which has

an excess of time-based PM tasks with inappropriate maintenance intervals, PDM

can greatly reduce unnecessary maintenance. However, as stated above, the

added expense and complexity of monitoring need to be considered, and

maintenance optimization requires the consideration of all options.

One apparent advantage of DMA analysis over RCM analysis is that it analyzes

equipment degradations, as well as failures. However, this advantage is

illusory, since the importance of degradation monitoring is mainly as an

indicator of incipient failure. In RCM analysis, if a possible failure of a

component is identified, and a PDM task is assigned to address this failure,

the degradation mechanism of the component will be taken into account as part

of the plant's PDM program. Documentation of potential degradation mechanisms

for equipment can be incorporated into an RCM program as easily as it is

incorporated into a DMA program.

Both methodologies, if applied as full programs can improve plant

productivity, safety and life cycle management, and can contribute to meeting

regulatory requirements. RCM, however, is the more thorough of the two. It

is also better known at nuclear plants because of the publicity of the EPRI

studies, and recommendations for its use in complying with the US NRC .

Maintenance Rule. In addition, its effectiveness is evident from the ongoing

research, pilot projects and demonstrations by EPRI and other organizations,

such as EdF and Ontario Hydro. Therefore, any plant that wishes to optimize

its maintenance is more likely to choose RCM than DMA.
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5.3 Complexity

DMA cannot really be evaluated on the basis of complexity, as we have no

examples of its use. However, as stated above, sole reliance on PDM can

result in complex monitoring schemes for systems.

The complexity of RCM has decreased since streamlining methods have been

applied and the EPRI RCM workstation has been introduced. Avoidance of

unnecessary complexity helps to make RCM an attractive option as the central

basis for a PM optimization program. Versions of RCM such as that developed

by EdF tend to be excessively complex. A program that applies the appropriate

level of detail to each plant system is more likely to be acceptable, and will

definitely reduce the costs of implementation.

The French and Japanese studies of RCM have tended to advocate the increased

use of quantitative reliability techniques. Increased reliance on-

quantitative analysis is also apparent in the EPRI version of RCM. In some

cases, where production and safety are critical, such techniques may be

beneficial. The results of PRAs performed for Ontario Hydro systems, for

instance, can be incorporated into the plant's RCM program. However, complete

reliance on quantitative techniques such as FTAs and GO modelling would be

wasteful. For many systems, the results of a qualitative FMEA (or an FMEA

with basic MTBF information) are sufficient to allow judicious selection of

maintenance tasks. In addition, FTAs provide information on failure modes,

but not on failure causes. Therefore, if FTAs are used, a further step in the

analysis is required to identify failure causes. This increases the

complexity of the analysis.

One option for simplifying RCM analysis is the production of generic analyses

for certain types of components. This should help to reduce the amount of

work required to analyze a system, as long as the generic cases are

sufficiently applicable or can be modified to suit a particular component with

little effort.

The development of the RCM workstation has definitely helped to decrease the

complexity of RCM analysis. It can be used to obtain a structured and

consistent analysis, with a minimum amount of training required. The station

helps to standardize the analysis through a step-by-step approach, and by

providing information on typical failure modes, failure causes, failure rates,

and task options. Analysis can be further simplified by avoiding duplication

of effort. For example, in analyzing failure modes, the workstation can

indicate when a component has already been identified as critical, so .that it

does not have to be re-analyzed. Ongoing improvements in the RCM workstation

software will likely reduce the complexity of RCM analysis even further.
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5.4 Ease of Implementation and Sustaining

The success of any maintenance optimization program requires the following:

acceptance by the management and maintenance staff;

training and equipment for analysis;

establishment of appropriate databases and documentation methods;

assignment of staff to an implementation group;

integration with existing plant programs;

support for a living program.

DMA cannot yet be evaluated on the basis of its ease of implementation.

However, a full DMA program, because it is similar in outline to the RCM

program, would most likely be no easier or more difficult to implement.

In the implementation of RCM at Bruce A, the Maintenance Support Unit found

that there was initially resistance by plant staff. However, as staff began

to understand and to see the benefits of the RCM program, acceptance of the

changes improved significantly. This emphasizes the importance of ensuring

that staff are made aware of the reasons for changes, and are given the

opportunity to contribute to the program.

Training and equipment for RCM analysis are becoming increasingly available.

The EPRI RCM workstation, EPRI courses in RCM, and RCM handbooks and manuals

have greatly facilitated the establishment of RCM programs in the nuclear

industry.

Appropriate documentation and databases for RCM have yet to be fully

developed. Actual experience with RCM programs in the long term will help to

prove the effectiveness of documentation methods and identify areas for

redress. The development of databases requires several years of plant,

experience in order to obtain plant-specific data. The availability of useful

generic data is increasing, but such information must always be viewed as less

reliable, due to uncertainties of the conditions under which it is obtained.

Integration of an RCM program with existing plant programs can present a major

point of difficulty. While the examples of Bruce A, Bruce B and Pickering

show that some plants are willing to address the problems of integration,

other plants (e.g. Point Lepreau) view the RCM program as too rigid or too

dominant, not allowing the flexibility to choose some aspects and reject

others.

It is difficult to assess the ease or difficulty of establishing a living

program, since most nuclear plants have not yet reached that stage of the RCM

program. Bruce A is just beginning to establish its living program, and
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certainly has well-developed plans for this stage. However, it cannot be

adequately assessed until it has been operating for a few years.

5.5 Future Prospects

RCM has become the favoured methodology in the USA for showing compliance with

the NRC Maintenance Rule. In addition, continual improvements and adaptation

of RCM through EPRI studies, handbooks, courses and workstations have

increased its popularity in the US nuclear industry. Other countries, such as

France and Japan, have accepted the basic RCM philosophy and are intending to

develop it to suit their own needs. Improvement of RCM is ongoing, and will

likely increase its popularity in the future.

In Canada, Ontario Hydro stations are already investing their time and effort

in RCM. Bruce A and B have already started RCM programs and achieved good

results. Bruce A is already beginning its living program. Pickering and

Darlington are intending to start RCM programs soon. In Québec, Gentilly is

also interested in RCM. Point Lepreau, in New Brunswick, has investigated the

possible use of RCM, but does not see that it would be of any real benefit.

This is mainly because the plant has addressed its own maintenance concerns

recently and because its reliability has always been high.

In light of the high success of RCM, increasing interest, and substantial

improvements in approach and cost-reduction, DMA is likely to be of little

interest. At present, because it has only recently been proposed and has not

received a large amount of publicity, it is little known in the nuclear

industry. In addition, Cooper NPP in Nebraska is the only station to have

performed a pilot study involving DMA in the nuclear industry. Results from

this are not readily available, nor are the results from the only other

application, in US Navy Submarines.

DMA is not likely to compete with RCM for plants that require substantial

maintenance optimization, since it offers fewer options. Proper optimization

of maintenance requires review of all alternatives. In addition, the most

useful aspects of DMA (i.e. maintaining up-to-date records of PDM technologies

and reviewing potential component degradation mechanisms), can easily be

incorporated into a plant PDM program as part of an overall RCM program.

Sonnett et al. advocate the use of DMA mainly for plants that cannot afford an

RCM program, or which do not require substantial maintenance optimization but

are interested in improving their PDM programs. However, in the first case,

it is unlikely that a DMA program will cost much less than an RCM program,

since the main difference in cost is in the analysis - and even this

difference is diminishing. Therefore, DMA will probably be no more affordable

than RCM. In the second case, a plant which is satisfied with its maintenance

program will not wish to incur the expense of establishing a new program. If
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that plant is interested in improving its PDM program, it may be interested in

DMA, but it would also require a high incentive for implementation. Without a

significant motivation for adopting such a program (i.e. reliability, safety

and/or cost) it is unlikely to win the acceptance of management.

In the future, if there are gains in popularity of DMA and its use increases,

a further evaluation of this methodology may be worthwhile. At present, it is

far behind RCM in development.
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6. CONCLUSIONS

Both RCM and DMA programs can offer a nuclear plant the benefits of

maintenance optimization through the establishment of a structured, well-

documented maintenance plan. However, DMA lags behind RCM in development.

There will be a need to demonstrate significant advantages ovc=r RCM, if DMA is

to become acceptable. So far, there is little experience from DMA to support

claims that it can provide substantial benefits at reduced cost.

RCM has established a definite place in the nuclear industry. With the

demonstration of successful pilot projects, with the central role of RCM in

meeting the requirements of the US NRC, and with continuing improvements to

facilitate analysis and reduce costs, RCM is becoming more popular in the USA,

and throughout the world. Further demonstrations, by EPRI and the electrical

utilities in the USA, by EdF in France, and by Bruce A and B in Canada will

likely increase its popularity and lead to further improvements and

cost-reductions.

The benefits of PDM, which are claimed for DMA, are also achievable through

RCM. In addition, RCM is a more thorough methodology than DMA. RCM, in

exploring other alternatives in addition to PDM (such as time-based PM,

run-to-failure, and design changes), can be used to determine a more cost-

effective maintenance plan.

Further evaluation of RCM and DMA methodologies may be warranted in a few more

years, if there are gains in the popularity of and experience with DMA. By

that time, there should be more evidence of the effectiveness of both RCM and

DMA, which would provide a better basis for comparison.
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APPENDIX A
THE NRC MAINTENANCE RULE

10 CFR 50.65 (1-1-93 Edition)

Requirements for monitoring the effectiveness of maintenance at nuclear power

plants.

(a) (1) Each holder of an operating license under §§50.21 (b) or 50.22

shall monitor the performance or condition of structures, systems,

or components, against licensee-established goals, in a manner

sufficient to provide reasonable assurance that such structures,

systems, and components, as defined in paragraph (b), are capable

of fulfilling their intended functions. . Such goals shall be

established commensurate with safety and, where practical, take

into account industry-wide operating experience. When the

performance or condition of a structure, system or component does

not meet established goals, appropriate corrective action shall be

taken.

(2) Monitoring as specified in paragraph (a) (1) of this section is not

required where it has been demonstrated that the performance or

condition of a structure, system, or component is being

effectively controlled through the performance of appropriate

preventive maintenance, such that the structure, system, or

component remains capable of performing its intended function.

(3) Performance and condition monitoring activities and associated

goals and preventive maintenance activities shall be evaluated at

least annually, taking into account, where practical, industry-

wide operating experience. Adjustments shall be made where

necessary to ensure that the objective of preventing failures of

structures, systems and components through maintenance is

appropriately balanced against the objective of minimizing

unavailability of structures, systems, and components due to

monitoring or preventive maintenance. In performing monitoring

and preventive maintenance activities, an assessment of the total

plant equipment that is out of service should be taken into

account to determine the overall effect on performance of safety

functions.

(b) The scope of the monitoring program specified in paragraph (a) (l) of

this section shall include safety related and nonsafety related

structures, systems and components, as follows:

(1) Safety related structures, systems, or components that are relied

upon to remain functional during and following design basis events

to ensure the integrity of the reactor coolant pressure boundary,
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the capability to shut down the reactor and maintain it in a safe

shutdown condition, and the capability to prevent or mitigate the

consequences of accidents that could result in potential off-site

exposure comparable to the 10 CFR part 100 guidelines.

(2) Nonsafety related structures, systems, or components:

(i) That are relied upon to mitigate accidents or transients or

used in plant emergency operating procedures (EOPs); or

(ii) Whose failure could prevent safety-related structures,

systems, and components from fulfilling their safety-related

function; or

(iii) Whose failure could cause a reactor scram or actuation of a

safety-related system.

(c) The requirements of this section shall be implemented by each licensee

no later than July 10, 199S.
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GLOSSARY

AOV

ASME

BWR

CM

CM I CO

condition-based

Air Operated Valve

American Society of Mechanical Engineers (USA
equipment standard)

Boiling Water Reactor

Corrective maintenance - maintenance performed

after a system/component fails. Often unplanned,

but may be allowed for by run-to-failure

strategy.

Contract Management Information of Cost

Optimization

Predictive maintenance principle whereby

components are monitored continuously or

periodically and are maintained or repaired when

their performance degrades below an acceptable

level.

condition-directed

task

CTBM

CU

eves

DAFOR

DMA

Task whose frequency is determined by the

condition of the equipment/component as

determined by condition-based principles.

Conditions to be monitored

Call-up

Chemical Volume Control System

Derating Adjusted Forced Outage Rate - forced

outage rate of a unit adjusted for derating (i.e.

reduction of power output).

Degradation Mode Analysis - analysis used in a

formalized method of selecting maintenance tasks.

Based on selection of appropriate predictive

maintenance techniques.

DR Deficiency Report

ECI Emergency Coolant Injection
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GLOSSARY

EPRI

FMEA

FMECA

FTA

GCR

GO

IEC

INPO

IOP

IPMP

JIT

leak-before-break

LTA

LWR

MEDUSA

MITI

MOV

Electric Power Research Institute

Failure Modes and Effects Analysis

Failure Modes, Effects and Criticality Analysis

Fault Tree Analysis

Gas-Cooled Reactor

Probabilistic risk assessment methodology, based

on modelling of the state of the system and its

components

International Electrotechnical Commission

Institute of Nuclear Power Operations

Integrated Operational Planning

Integrated Preventive Maintenance Program

Just-in-Time

Principle of system design/operation by which

components with containment functions will not

fail catastrophically (e.g. sudden break), but

will show evidence of imminent failure, through

functional deterioration (e.g. low level

leakage).

Logic Tree Analysis

Light Water Reactor (= PWR or BWR)

Mechanical fault Diagnosis Using Spectrum

Analysis

Ministry of International Trade & Industry

(Japanese nuclear regulatory authority)

Motor Operated Valve
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GLOSSARY

MSG

MTBF

Maintenance Steering Group

Mean Time Between Failures

NFGD

NPP

Nuclear & Fossil Generation Division (EdF)

Nuclear Power Plant

NRC

NUMARC

on-condition

PDM

PLR

PM

PRA

Nuclear Regulatory Commission

Nuclear Management & Resources Council

(Washington D.C. )

Predictive maintenance principle whereby

components are inspected or tested periodically

and are maintained or repaired when their

performance degrades below an acceptable level.

Predictive maintenance - use of "on-condition"

and condition monitoring techniques to track the

state of components and systems, and predict the

need for maintenance

Plant License Renewal

preventive maintenance - maintenance performed

before failure of the system/component, usually

on a planned basis. Frequency may be time-based

or condition-based.

Probabilistic Risk Assessment

PSA

PWR

QRT

RCM

probabilistic Safety Assessment

pressurized Water Reactor

Quantitative reliability techniques

Reliability Centered Maintenance - formalized

method of selecting maintenance tasks or other

actions. Based on reliability analysis of

systems and components.
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GLOSSARY

REH

RICA

RPV

RTF

SATOMI

SSCs

time-directed task

TPM

WMS

Review of equipment history-

Recovery disposal Introduction system in

Component Analysis (Japan)

Reactor Pressure Vessel

Run-to-failure - concept of allowing components

to run until they fail, then performing

corrective maintenance or replacing them.

Scheme Advising system TOward Maintenance

Idealization (Japanese maintenance plan)

Structures, Systems & Components

Task whose frequency is determined by actual time

elapsed or actual time in use. Times are usually

based on past maintenance experience.

Total Productive Maintenance

Work Management System
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