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ABSTRACT:

The use of various maintenance
optimization techniques at Bruce has lead to
cost effective preventive maintenance
applications for complex systems. As
previously reported at ICONE 6 in New
Orleans, 1996, several innovative practices
reduced Reliability Centered Maintenance
costs while maintaining the accuracy of the
analysis. The optimization strategy has
undergone further evolution and at the
present an Integrated Maintenance Program
(IMP) is in place where an Expert Panel
consisting of all players/experts proceed
through each system in a disciplined fashion
and reach agreement on all items under a
rigorous time frame.

It is well known that there are essentially 3
maintenance based actions that can flow
from a Maintenance Optimization Analysis:
condition based maintenance, time based
maintenance and time based discard. The
present effort deals with time based discard
decisions. Maintenance data from the
Remote On-Power Fuel Changing System
was used.

Overall, the study showed there to be a
viable place in the maintenance optimization
of large state of the art industrial complexes
for maintenance strategies containing time
based discard decisions centered on
blending economic and probabilistic
methods to produce the maintenance
decision. This technique proved to be very
useful even in cases involving limited data.

The work represents the initiation of further
cost refinement of the station preventive
maintenance strategy whereby discard
decisions can be based on rigorous
statistical analysis of actual failure data. In
the current atmosphere of deregulation that
is sweeping North America every
competitive advantage must be thoroughly
evaluated and developed.

Note: As of spring 2001 the eight Nuclear
Generating Units at the Bruce Site will be
operated by British Energy pic. through
Bruce Power Inc.
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2.0 INTRODUCTION:

Ontario Power Generation (OPG) operates
20 Candu power reactors with an installed
capacity of approximately 14,300
megawatts. The 8 reactors at the Bruce site
have an installed capacity of about 6,400
megawatts making it one of the largest
Nuclear Generating Sites in North America.

The use of various maintenance
optimization techniques at the Bruce Site
has lead to cost effective preventive
maintenance applications for complex
systems. As previously reported at ICONE 6
in New Orleans (Hill, E. S., and Doyle, E. K.,
1996) several innovative practices reduced
Reliability Centered Maintenance costs
while maintaining the accuracy of the
analysis. The optimization strategy has
undergone further evolution and at the
present an Integrated Maintenance Program
(IMP) is in place where an Expert Panel
consisting of all players/experts proceed
through each system in a disciplined fashion
and reach agreement on all items under a
rigorous time frame.

The experts are comprised principally of
three groups:
-Component Engineers responsible for
development of maintenance strategies for
equipment types.
-System Engineers responsible for overall
system performance. Through the
development the SPMPs (System
Performance Monitoring Plan) they identify
degradation mechanisms for the system
equipment, define a monitoring strategy and
act on any functional failures or
deteriorating data trends.
-System Analysts in the IMP Group who
work with the System Engineer to gather
and analyze available information as it
pertains to system and component
maintenance, thereby developing an
optimized predefined strategy for the
system.
The Expert Panel, which also includes
representatives from regulatory interfacing
groups, environmental qualification groups,

etc., ensures that the Maintenance
Department focuses resources on
equipment important to organization goals
and that plant personnel predict equipment
failures when cost effective to do so.

The refinement of the Station Preventive
Maintenance Strategy continues with the
present effort whereby time-based discard
decisions are based on rigorous statistical
analysis of actual failure data. The work is
being carried out in conjunction with the
Condition Based Maintenance Research
Lab located in the Mechanical and Industrial
Department of the University of Toronto.

It is well known that there are essentially 3
maintenance based actions that can flow
from a Maintenance Optimization Analysis:
condition based maintenance, time based
maintenance and time based discard.

( Figure #1)
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Condition-based maintenance is, of course,
considered the first choice where
economically applicable and is being
intensively investigated at present by the
CBM Lab through the development of
EXAKT software to optimize the approach
(www.mie.utoronto.ca/cbm)



Time-based maintenance is the number two
choice. Though time-based maintenance
has a much longer history of industrial
application than condition based
maintenance it still has many areas of
applicability today. Efforts to optimize this
area are also being carried out by the
Research Lab. An example from this area
would be the recent publication dealing with
the longer term effects/differences of
general versus minimal repairs (Jiang, X.,
Makis, V., and Jardine, A. K. S., 1999).

An investigation into the 3rd and final
category, time-based discard, will be
initiated with the present work. Two
situations will be considered. In the first
situation the optimum time-based discard
decisions will be made as a function of a
"round table" discussion. In the 2nd a
situation will be considered where it is
possible to further optimize the decisions
using reliability analysis.

Maintenance data is drawn from the
Remote On-Power Fuel Changing System.
As the examples and data in the current
effort are from Nuclear Power Reactors
several challenges are presented such as:

-In many cases "zero" failures of non-spared
equipment are permitted.
-Block replacement as opposed to age
replacement of equipment is often
applicable where systems are sealed in
containment structures for years between
outages.
-Regulatory requirements make certain
change out frequencies/conditions a matter
of law.

Therefore, the optimization objectives won't
necessarily be the usual long run lowest
cost of equipment maintenance. Reliability
and availability will often lay the dominant
role.

3.0 OPTIMUM TIME BASED DISCARD
DECISIONS SOLELY AS A FUNCTION OF
"ROUND TABLE" DISCUSSIONS:

Case Study; High Pressure ASME Nuclear
Class III Hose Assemblies.

3.1 EQUIPMENT DESCRIPTION:

The basis of the round table discussions
can perhaps best be understood via a
description of the fuel changing system on
a four unit Candu Power Station and a
historical explanation of some of the
agreements reached between the Candu
Designers and the Regulating Authorities in
the early days of the Nuclear Program.

3.1.1 The Basic Design of the Refueling
System and Class III Hose Assemblies:

The refueling system consists of three pairs
of computer controlled railroad cars that
move on tracks under the reactors, inside a
negative pressure containment system.
When under the particular reactor that
needs fuel large elevating platforms on
each side of the reactor pick refueling heads
off the trolley and positions them at opposite
ends of the channel to be refueled at reactor
temperature and pressure. Each trolley half
has a bank of air compressors, pumps, heat
exchangers, heavy water tanks, etc. and is
only connected to the rest of the station via
control and power cables.

In this environment the Class III hose
assemblies provide the flexibility necessary
to allow the fuelling machine head to be
moved around the reactor face. Four hoses
bring cooling water into the fueling machine
head and four hoses remove the hot
coolant. The integrity of each path is
protected by a Class III check valve on the
low pressure side and a Class I flow fuse on
the high pressure side. Each assembly is
individually registered under the Boiler and
Pressure Vessels through the TSSA
(Formally the MCCR).



OGO©

3.1.2 Some of the Historical Background
of the Design:

The Candu on-line refueling system is
unique in North America and would not be
possible without the flexible link provided by
the hose assemblies. ASME Section III
specifications do not now (nor did they 40
years ago) allow for anything resembling
hoses to be included in Nuclear Class III
designs.

Through much development work, many
consultations with the Regulators,
engineering judgment and operating
experience the current solution was
devised. Many implicit undertakings were
made by the Operators of the day, Atomic
Energy of Canada and Ontario Hydro. One
such undertaking was that the flow fuses
and check valves were to be considered
only as a final line of defense. No hose
assemblies could be allowed to fail in
service. Any hose failure would be
considered a failure of the pressure
boundary.

The primary failure mechanism of the
assemblies is the eventual deterioration of
the elastomer inner liner which allows the
heavy water to corrode and ultimately fail
the carbon steel braid. Over the years
various changes have been made to the
assemblies as better materials have been
developed and vendors have faded from the
scene. However, carbon steel remains the
braid material of choice due to its inherent
strength. All stainless steels and alloys
tested to date yield under reactor pressure
and cannot reliably retain the hose end
fittings.

3.2 BASIS OF THE DISCARD DECISIONS:

Taking into account the failure mechanism,
the historical background, and the
regulatory/safety consequences of failure
the "round table" discussions also focused
on the following field observations:

-During various assembly changeover
programs it was observed in several
instances that the current generation of
hose assemblies start to develop fluid
blisters under the outer hose wrap after six
years.
-At the time the inner liner first would have
begun to leak and the effect of that time
period on the corrosion of the carbon steel
braid can not be known with any degree of
accuracy this type of performance was not
considered satisfactory.
-The hoses are inspected quite extensively
and regularly on a three-week rotation along
with all the other equipment on the trolleys
via a containment entry.

In the final decision process five years was
thought to give a reasonable margin. As
each fueling machine head has a minor
major overhaul scheduled at 4 years the
discard time was set at 4 years. Since the
machines work remotely in containment a
block replacement of all hoses was decided
on.

4.0 OPTIMUM TIME BASE DISCARD
AND REPLACEMENT DECISIONS
BASED ON RELIABILITY AND
REPLACEMENT ANALYSIS TOOLS:

Case Study: Valve Failures on Air
Compressors Serving On-Power Fueling
Machines.

4.1 ANALYTICAL MODEL:

Weibull analysis is one of the classical
reliability analysis techniques. The Weibull
distribution appears to fit a large number of
equipment failure distributions. It can be
used to carry out the reliability analysis of a
component and determine the average run
life and eventual failure pattern. The mean
life, eta, and the shape parameter, beta, can
be identified directly from the Weibull plot.
Beta greater than one indicates a wear out
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failure, beta equal to one denotes a random
failure and beta less than one indicates a
burn in (wear in) failure.

Diagrams of the Weibull density and hazard
functions:

(Figure #2)

(Figure #3)

h(t) =

where X is the reciprocal of a scale
parameter and 9 is a shape parameter.

The second hazard function is a three
parameter Weibull hazard function which
can be represented by the equation,

t-r
n

(/3-D
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Where P, r\ and y are the shape, scale and
location parameters respectively as in the
usual 3 parameter Weibull. The second
hazard function only becomes operative for
t> Y .

Adding the two hazard functions gives the
Hasting Distribution for which the equation
is,

As the Weibull distribution directly models
only a single failure mode researchers have
proposed various Weibull based models to
address the problem of failure data
exhibiting multiple failure modes. The
Relcode software used in this effort uses
the Hastings distribution which was derived
essentially by adding a two parameter
Weibull hazard function and a three
parameter Weibull hazard function,
(Hastings, N. A. J. and Jeff, Y. T. Ang,
1996).

The two parameter Weibull hazard function
can be modeled by the equation,

This equation allows for two failure patterns
to be evaluated such as a combination of
burn in and wear out failures, burn-in plus
random failures, etc. No weighing factors
are required which simplifies the estimation
of parameters.

The Relcode software performs the
distribution calculations. It uses statistical
analysis to optimize the Weibull model fit
among six possible models. Weibull plot,
reliability function, failure rate, etc. can be
calculated and plotted. Optimum
replacement age can be calculated along
with graphs of spare parts requirements as
a function of age or block replacement
policies.
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A diagram of a Hastings distribution
showing both burn-in and wear out
characteristics:

(Figure #4)
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4.2 EQUIPMENT DESCRIPTION:

The trolley air system provides air for air-
operated solenoid valves, control valves
and various servo mechanisms on the
remotely controlled fueling machines. The
compressors are standard vertical
reciprocating units with 8 plate valves each.

A high degree of redundancy is designed
into the air system. No doubt this
redundancy has to some extent resulted in
the preventive maintenance on the units not
receiving the proper attention.

Two compressors travel together on one
trolley pair but only one is required.
Interconnecting air lines produce the effect
of 100% redundancy. Large air reservoirs
exist on each trolley half which theoretically
allow about two fuelling runs to be
completed. Of course, such a maneuver
would never be attempted but the design
calculations do indicate ample capacity to
return safely from an aborted fueling run.

4.3 DATA COLLECTION:

As is often the case in industry, data
collection and verification proved to be quite

a challenge. Difficulties encountered
included,
-What data was available was listed by
compressor serial number and not directly
cross-referenced to locations in the field
(trolley quadrants). Outages are organized
by trolley quadrant.
-Often work reports didn't specify the exact
cause of the compressor failure.
-The repair/replacement effort was not often
clearly specified.
-Sometimes the work reports contained no
information at all.
-The compressors average about 4,380
running hours per year so a 15,000 hour
outage/rebuilding cycle represents a run of
approximately 3.5 years. Time durations of
that length seem to lead to tracking
difficulties, at least in this case.

Extensive perusal of the data records
combined with,

-Discussions with past and present
Engineering staff at the Bruce Station.
-Consultations the Designers.
-Talks with the Mechanical Maintainers,
Control Maintainers and Operators in the
field.
-Meetings with all levels of Maintenance and
Operation Supervision.
-Information gathered from the Darlington
Nuclear Station. Though newer than the
Bruce Station it has the same design of air
compressors installed.

lead to what is believed to be a reasonable
representation of data points for the
Relcode program. Rigorous testing to verify
system improvement/deterioration wasn't
considered feasible due to the fractured
nature of the data. Elementary observations
showed no trends.

The data consisted of age in hours at failure
or suspension for the six compressor units
on the three trolleys over a ten year period.
Suspensions are the valves that are
performing at a known age without failure.
For example, at the scheduled 15,000 hour
overhaul the valves would have been
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operating successfully for 3,000 hours or
5,000 hours etc. from the last repair. Valves
are discarded during repairs/overhauls.

Cost for a preventive repair is considered to
be approximately 2 men for 8 hours or
$1,600. As trolley outages are scheduled at
the rate of one every week a failure results
in the additional cost of rescheduling
planned outage work, I man for 8 hours. So
the corrective repair cost would be
approximately $2,400 for a Cf/Cp ratio of
1.5.

Of course, this is quite a conservative
estimate as a failure would result in the
"spare" trolley being out of service for up to
a week. Any further difficulty with any
system associated with any trolley would
result in an inability to keep up with the
refueling demands of the reactors. In
addition, mechanical maintenance labour
costs don't, as yet, represent the cost of
radiation exposure.

4.4 ANALYSIS:

The analysis indicated that the maximum
model accuracy could be obtained by using
a Bi-Weibull Model. The Weibull plot
resulted in parameters of 3.30 for beta,
3,864 hours for eta and a mean life of 7,874
hours.

The graphing package was able to produce
graphs for, the probability density function,
the cumulative distribution function, the
reliability function and the hazard function.
These graphs are included in Figures 5, 6,
7, and 8, respectively on the next page.

The hazard function graph clearly shows a
combination of two Weibull failure rate
patterns. The first, from zero hours to about

6,000 hours, has the appearance of a burn-
in phenomena although in actuality its most
likely a reflection of the occasional rework
requirement at less than 1,000 hours. The
second pattern extends from about 6,000
hours to approximately 15,000 hours and
clearly shows a wear out phenomena.

The Probability Density Graph provides an
interesting illustration of the two modes with
the transition point being very obvious.
Similarly the change of slope can be seen in
both the Cumulative Distribution Graph and
the Reliability Graph.

As the Hazard Function Graph shows
definite indications of a wear out phase (as
would be expected with the beta value of
3.3) some type of improved preventive
maintenance program is indicated,
depending on the economics. The Hazard
Function, the Cumulative Distribution
Function and the Reliability Function all
indicate a significant change for the worse
at about 7,000 hours.

Due to the service conditions of the
compressors and the fact that they are part
of regularly scheduled maintenance outages
an age based replacement maintenance
policy is not an option. Based on a block
replacement policy and corrective and
preventive maintenance costs of $2,400
and $1,600 respectively the analysis
indicated costs to be minimized at an
outage interval of 8,000 hours.

At the Darlington Nuclear Generating
Station identical compressors are being
operated in very similar conditions. It is
interesting to note that in the 3 years since
the overhaul interval has been changed to
5,000 hours there has not been a single
failure.
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(Figure #5) (Figure #6)
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5.5 CONCLUSIONS:

a) There is a viable place in the RCM
analysis of large state of the art industrial
complexes for maintenance strategies
containing time based discard decision
processes. This includes both discard
decisions based on qualitative data via a
"round table" approach and discard
decisions based on the analysis of
determinate failure data. The strategy is
equally as applicable to very high priced
technologically complex equipment such as
Nuclear Class III flexible pressure boundary
links as it is to rather mundane equipment
such as reciprocating air compressor plate
valves.

b) Weibull based reliability and replacement
tools, such as Recode software, produce
very useful results even with a limited data
base.

c) The collection, manipulation and, indeed,
the very existence of viable historical data
continues to a major problem.

d) Currently the majority of Nuclear
Operators are installing CMMS (Computer
Maintenance Management Systems)
software and computer systems which will
enable performance and failure data to be
properly tracked. Thus the possibility of
being able to implement stochastic models

on a large scale may well be only a few
years away.
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